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PREFACE

Karl A. GSCHNEIDNER, Jr., and LeRoy EYRING

These elements perplex us in our rearches [sicl, baffle us in our speculations, and haunt
us in our very dreams. They stretch like an unknown sea before us — mocking, mystifying,
and murmuring strange revelations and possibilities.

Sir William Crookes (February 16, 1887)

Chapters devoted primarily to catalysis have been published in earlier volumes of the
Handbook. Note especially chapter 43 on absorption and catalysis on surfaces, chapter 57
on catalysis in organic synthesis, and chapter 61 on coordination catalysts. In this volume
we add several chapters that will continue our coverage of these important applications
of the rare earths.

Patrick Maestro, in his trenchant foreword, has provided a background of the science
and technology for understanding the importance and the basis of the detailed offerings
that follow.

Paul-Boncour, Hilaire and Percheron-Guégan have extended the earlier chapter 43,
on interactions at surfaces of metals and alloys, to reactions such as hydrogenation,
methanation, ammonia synthesis, saturated hydrocarbon reactions, dehydrogenation of
hydrogenated materials, hydrodesulfurization, and carbon monoxide oxidation.

Imamura has reported on the wide variety of catalyzed reactions involving metals and
alloys in the innovated form of metal overlayers or bimetallic compounds with some
transition metals produced from ammonia solutions. These are sometimes deposited on
nonmetallic substrates.

Ulla and Lombardo have focused their attention on catalysis with mixed oxides usually
having perovskite or perovskite-related structures, but other structures are also considered.
Information on the preparation, characterization, and redox reactions of these oxides
are considered. Attention is then given to many physico-chemical applications of these
materials.

Kaspar, Graziani and Fornasiero present a comprehensive discussion on the background
and current role of cerium oxide and associated materials for post-treatment of exhaust
gases for pollution control. These three-way catalysts (TWC) are designed to render
harmless the CO, NO,, and unburned hydrocarbons from internal combustion engines.
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Corma and Lépez Nieto consider the wide field of zeolite catalysts containing rare
earths from their historic use in petroleum refining in the 1960s to other petrochemical
and fine chemical applications today. Application is also found as abatement catalysts for
pollutants like NO, and SO,.

Kobayashi documents the use of the triflates (the trifluoromethanesulfonyl group which
is a hard Lewis acid in both aqueous and organic solutions) as versatile catalysts in
carbon-carbon bond-forming reactions. Their stability in the presence of water, in spite
of their being hard Lewis acids, enhances their growing usefulness.

We acknowledge the help of Serafin Bernal in the early stages of shaping the contents
and inviting most of the authors to contribute to this volume.
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THE METALS AND ALLOYS IN CATALYSIS
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AES Auger electron spectroscopy FWHM Full width at half maximum
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DSC Differential scanning calorimetry LEED Low energy electron diffraction
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Tg Equilibrium temperature XANES X-ray absorption near edge structure
Ty Critical temperature XAS X-ray absorption spectroscopy

THF Tetrahydrofuran XPS X-ray photoelectron spectroscopy
UPS Ultraviolet photoelectron spectroscopy XRD X-ray diffraction

vV Volume

Introduction

The use of rare earths in catalysis has been the subject of a large number of studies due
to their unique electronic properties and their high chemical reactivity. In their review
paper Netzer and Bertel (1982) have described the surface chemistry on rare-earth-related
materials dealing with the interaction between the rare-earth surface and the reactant gas.
They have distinguished reactions of the gas reactant on and with the rare-earth surface.
The studies of the reactions on the surface are performed for a better understanding
of the catalytic processes at the surface and can be regarded as model studies. But the
reactivity of the rare earth with the reactant can also lead to its transformation into oxide or
hydride. Rare-earth oxides have been found to be very good catalysts in many reactions.
Another possible way of using rare earths is as alloys with d transition metals which
are known to be active in catalysis. Few studies on such intermetallic compounds were
presented in the review chapter of Netzer and Bertel (1982), but several new works have
been published in the meantime. In this chapter we will therefore mainly present the
properties of rare earths alloyed with transition metals. Alloying transition metals with
a rare earth is known to modify their electronic properties and therefore their reactivity
with surface reactants. In addition, several intermetallic compounds of rare earths and
transition metals have the property to absorb hydrogen reversibly, a property which can
be used in many hydrogenation or dehydrogenation reactions. However, it was observed
that during several catalytic reactions (methanation, alcohol or ammonia synthesis) the
intermetallic compounds decompose into transition-metal particles and rare-earth oxide
or hydride to form more active catalysts. This catalytic activity can be improved by
an appropriate pretreatment under hydrogen or oxidizing reactants at high temperature.
Intermetallic compounds were therefore used as precursors of new active catalysts which
have been in some cases compared to transition metals supported on rare-earth oxides or
classical supports like Si0; or Al,Os.

The first section of this chapter will deal with the sample preparation, including
alloys, supported metal catalysts and thin films and the activation of the samples
before catalytic reaction through various pretreatments. Concerning the characterization
methods, Netzer and Bertel (1982) have described methods used in surface science
under high vacuum including photoelectron spectroscopy (UPS and XPS), Auger
electron spectroscopy (AES), Electron energy loss spectroscopy (EELS), Bremsstrahlung
isochromat spectroscopy (BIS), also known as inverse photoemission, Low energy
electron diffraction (LEED), work function measurements and thermal desorption. But to
characterize the intermetallic compounds and their transformations, bulk characterization
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methods are also required. Such methods, like in-situ X-ray diffraction (XRD), X-ray
absorption (XAS) and magnetism which have been used in different works, will be
described in sect. 2. In the third section the catalytic properties of the rare-earth alloys,
thin films and bimetallics will be reviewed by type of reaction, starting with hydrogenation
reactions of molecules like olefins, dienes, alkynes, carbon monoxide and nitrogen,
then reactions of saturated hydrocarbons involving skeletal rearrangements. The ability
of intermetallic compounds to absorb hydrogen can also be used for dehydrogenation
reactions. Finally some compounds were also studied in hydrodesulfuration reactions and
carbon monoxide oxidation. Section 4 concerns the discussion about the use of rare-earth
alloys in catalysis, in particular, what is the role played by the rare earth and what are
the perspectives in using such compounds?

1. Sample preparation
1.1. Rare-earth alloys: intermetallic compounds and amorphous alloys

Intermetallic compounds of rare earths and transition metals were prepared by induction,
arc or electron beam melting of the pure components under argon or vacuum. In order to
obtain single phase and homogeneous samples a subsequent annealing treatment varying
from a few hours to several days at appropriate temperatures determined from the phase
diagram was applied. The composition and the homogeneity of the samples were analyzed
using XRD and in a few cases by electron probe microanalysis (EPMA) or energy
dispersive analysis of X-rays (EDAX). Additional surface characterization by XPS were
also mentioned.

Amorphous alloys were prepared by a melt-spinning technique under argon (Bryan
et al. 1988). The inner and outer surface of the glassy alloys were characterized by XRD
analysis. The influence of an annealing treatment was also studied by differential scanning
calorimetry (DSC).

The ability of several rare-earth and transition-metal ailoys (M) to absorb large amounts
of hydrogen reversibly was used to perform hydrogenation or dehydrogenation reactions.
The hydrogenation reaction is exothermic and can be schematized as

M + 1xH, < MH,. M

The hydrides are generally characterized by measuring their pressure—composition
isotherms (PCT diagrams) (fig. 1) which allow one to determine the domain of existence
of hydrogen solid solution (0. phase) and hydride (3 phase), the maximum amount of
stored hydrogen (capacity) and their thermodynamic parameters (AH is the enthalpy
and AS the entropy of the reaction). The PCT diagrams can be obtained using volumetric
or thermogravimetric methods. In the first case the amount of absorbed or desorbed
hydrogen in moles (n) is calculated by measuring the pressure (P) in calibrated and
thermostated volumes (¥, T') and applying the perfect gas rule (PV =nRT). In the second
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Fig. 1. Schematic representation of pressure—composition isotherms (PCT diagram) of M—H, compounds and
corresponding Van ’t Hoff plot.

case the gain or loss of hydrogen is measured through mass change of the compound.
The thermodynamic parameters are calculated using Van ’t Hoff’s law:

AH AS
lnP~ﬁ—7 (AH <0, AS <0). )
More details concerning the intermetallic compounds and hydrides preparation have been
published in the review paper of Percheron-Guégan and Welter (1988).

Before performing the catalytic tests the samples were crushed into fine powders
under argon or air and then activated by different kinds of pretreatments. The cleaning
or the activation of the surface can be obtained by hydrogen pretreatments at room or
low temperature. Siegmann et al. (1978) showed that after several hydrogen absorption—
desorption cycles the LaNis surface was decomposed into La oxide or hydroxide and
small Ni particles. These activation cycles allow one also to obtain more finely divided
powders (5—10 um) than by mechanical crushing (20-30 pm).

Complexation of the alloys with organic molecules can improve the hydrogen storage
capacity and therefore the catalytic activity in hydrogenation reactions (Imamura and
Tsuchiya 1981a,b, Imamura et al. 1982). SmMg; and NiMg, hardly show any indication
of hydrogen uptake. However, if these compounds were crushed into a fine powder
and placed in contact with equimolecular amounts of aromatic molecules (anthracene,
perylene, phenanthrene, chrysene) in the presence of traces of C,HsBr in anhydrous
tetrahydrofuran and stirred for one week, a dark-green powder was formed, the structure
of which could be identified as a complex between the intermetallic and the condensed-
ring compound.

Imamura et al. (1984, 1986a) described a new way of preparing Raney catalysts
using intermetallic compounds as starting materials. They found that, when treated with
1,2-diiodoethane (or dibromoethane) the lanthanide could be etched from the alloy to form
the iodide (bromide), leaving a spongy, high-surface-area skeleton of the other element

(Ni or Co):
R+ CH2CHQI — Rlz -+ C2H4. (3)

Several intermetallic compounds were studied: LaNis, LaNi, LaCos, SmCos, Sm;Cos;
and SmCo,. It turned out that LaNi and SmCo, were by far the most convenient
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for the purpose. For example, after leaching with diiodoethane at room temperature
in tetrahydrofuran under anhydrous conditions and extraction at room temperature, the
decomposed LaNi alloy grains were dispersed in slurry form, and after washing the
resulting powder had a 96 m?/g BET area with a Ni crystallite size of 4nm and a pore
diameter of 6.5 nm.

For the dehydrogenation of alcohols, (Imamura et al. 1987, 1988), the 100-mesh alloy
powders were treated with a solution of a dihalogenoethane (dibromoethane or diiodo-
ethane) in tetrahydrofuran (THF) and with aqueous sodium hydroxide solution. The alloys
were then washed with distilled water, dried and stored under dry argon.

For other reactions like methane, ammonia or methanol synthesis the intermetallic
compounds are used as precursors of new active catalysts. In this case a bulk
decomposition of the starting compounds is required. This can be performed either under
a synthesis gas reactant or by applying either an oxidation pretreatment under air, O,, CO,,
N, O or by hydrogenation at high temperature.

1.2. Supported bimetallic alloys

Supported bimetallic alloys were generally prepared by impregnation or coprecipitation
of salts on the support.

The Pt—R/y-Al,O; catalysts were prepared by impregnating y-Al,O; in solutions
of H,PtClg and rare-earth chloride (Weiqi et al. 1992, Jianhui et al. 1992). The catalysts
were then dried at 393 K and calcined in air at 773 K.

Sohier et al. (1992) prepared RM, compounds from nitrate mixtures or by copre-
cipitation of rare-earth and metal hydroxides. These catalysts were also compared to a
Ni/CeO, catalyst and mixtures of pure Ni with rare-earth oxide or hydroxides.

1.3. Thin films

Thin films of a rare earth on another metal (or the other way round) were investigated
by various authors. However, real alloys were rarely formed and most of the time such
studies were performed from a purely surface science point of view (electronic structure,
spectroscopic properties ...) and with no direct relevance to catalysis. One may quote,
for example, the oxidation studies of tantalum and aluminum with thin cerium overlayers,
carried out at low temperature, which showed that cerium enhances the oxide growth on
both substrates (Braaten et al. 1989). However, the mechanism was not identical. No
alloy was formed with tantalum and a catalytic oxidation took place. On aluminum, the
formation of an intermetallic Ce—Al-O oxide layer was evidenced.

Surface science studies of thin films may be very helpful for the understanding
of the mechanisms of heterogeneous catalysis on intermetallics. This was true in
particular for the AES study of the Ru(0001)—Ce—H; interface performed by Walker and
Lambert (1992) in the context of ammonia synthesis or the growth of cerium films on
polycrystalline rhodium (Warren et al. 1993) on top of which carbon monoxide oxidation
was performed.

In recent years, Schmidt and his collaborators published a series of very detailed
electron-microscopy studies on palladium, platinum and rhodium dispersed on cerium
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Fig. 2. lllustrations of the idealized morphologies of Pt—Ce and Rh—Ce on SiO, after reducing and oxidizing heat

treatments. (a) Treatment of Pt—Ce samples in H, results in the formation of round highly twinned Pt particles.

Amorphous CeH, is also formed and covers the surface of the silica as well as the Pt particles. (b) Treatment
of Pt—Ce in O, causes the oxidation of Ce to CeO, which forms as rectangular structures adjacent to the
Pt particles and as ~25 A particles distributed over the support. (¢) Rh—Ce for high Ce loadings (CeRh 3> 2.5)
prepared by addition of Ce from the salt. After heating in H,, CeRh particles are observed in addition to Rh
and CeH,. The CeRh intermetallic is not observed at lower Ce loadings or in samples where Ce was added by
vacuum evaporetion. (d) After heating in O,, the Ce oxidizes to form large CeO, particles and needles, while

Rh partially oxidizes to Rh,0,. (Chojnacki et al. 1991.)
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films deposited on a silica or alumina substrate. The paper by Chojnacki et al. (1991),
which deals with the microstructure and reactivity (for ethane hydrogenolysis and carbon
monoxide hydrogenation) of Pt—Ce and Rh—Ce particles deposited on silica, is a good
example of the difficulties of such studies and, more generally, of the identification
of active sites in catalysis. This is because cerium forms many different phases with
platinum, rhodium and hydrogen, depending on the experimental conditions (temperature,
reducing or oxidizing atmosphere, concentration of cerium). Figure 2 shows very well the
complexity of such systems. Intermetallic Ce—Rh was formed under reducing conditions
but it was not clear whether it played any role in the catalytic reactivity. Cerium
addition was shown to enhance the activity of the catalysts, especially carbon monoxide
oxidation, but it was hardly possible to give a simple explanation for the relationship
between the microstructure and the catalytic behavior. The picture was even more
complicated by the detection in a subsequent study (Krause et al. 1992) of cerium
silicate, Ce,Si,07, catalyzed by rhodium under reducing atmosphere and stable under
oxygen.

2. Characterization methods
2.1. X-ray diffraction

X-ray diffraction can be used to identify the phases which are present in a catalyst. To
follow the evolution of a catalyst during pretreatment or catalytic reaction (ammonia or
methanol synthesis), in situt XRD experiments have been performed. For this purpose Nix
et al. (1987) have built a high-pressure XRD cell operating up to 50 bar and temperatures
up to 700 K. The reactant gases flow over the catalysts sample heated by conduction from
a cartridge heater. The temperatures are measured and controlled using a thermocouple
fixed into the copper support block (fig. 3).

Sample Holder
Beryllium
Pressure Cell

Central
Driving
Shaft

Cartridge Heater

e O-ring Seal 40mm

Fig. 3. High-pressure XRD cell (thermal insulation not shown for clarity) (Nix et al. 1987).
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The use of appropriate fitting methods, like Rietveld refinements, allows one to obtain
the percentage of each phase. Through the line width (FWHM) analysis and Scherrer
equation it is possible to estimate the mean crystallite size. However this analysis concerns
the size of diffracting domains larger than 30-35 A.

2.2. X-ray absorption

X-ray absorption is a powerful technique to obtain local electronic and structural
properties and has been widely used to characterize catalysts (Yokoyama 1995). This
technique involves the determination of the electronic state through X-ray absorption
near edge structure (XANES) analysis and of the local structure through the extended
X-ray absorption fine structure (EXAFS). The data can be collected not only in a static
but also in dynamic state (in-situ conditions) allowing one to study the catalyst during
pretreatment and catalytic reaction.

EXAFS corresponding to the higher energy range of the XAS spectra (60-1000eV) is
an oscillatory structure due to the interaction of the wave emitted by the photoelectron
with that backscattered by the neighboring atoms. The EXAFS oscillations can be
approximately described as the sum of sinusoidal functions of the closest shells
surrounding the central atom. Appropriate analysis involving the knowledge of calculated
or experimental amplitudes and phase-shifts of the atoms allows one to obtain local
structural parameters such as the nature and the number of neighboring atoms, the
interatomic distances and the so-called Debye—Waller factor. The theory of EXAFS has
been developed in several reference books (Iwasawa 1995) and will not be detailed here.

In the case of very small metallic particles (a few nm) the coordination number of
the shells can be used to determine the size of the metallic particles with an assumption
of their shape (Zhang et al. 1995). This analysis is based on the fact that surface atoms
have lower coordination numbers than bulk atoms. The mean coordination number can
be calculated from the model of metallic particles and compared with the experiment.

XANES corresponds to the excitation of a core electron (1s, 2s, 2p, ...) to empty
bound and quasi bound states. This excitation involves multi-electron and multi-scattering
processes. Different approaches have been developed to analyze XANES: ab-initio
molecular orbital energy, multiple scattering theory, atomic multiplet theory (Vvedensky
1992). However, in many studies empirical edge analyses have been used to determine
the valence or the oxidation state of a metal using reference compounds. For example, in
the case of mixed-valent or valence-fluctuating lanthanides (Ce, Eu, Yb) the valence can
be determined using the ratio of the two white lines observed in the Ly edges (Rohler
1985). For the transition-metal oxides the position and the shape of the edge allow to
estimate the oxidation state and even the symmetry of the site (tetrahedral or octahedral)
considering molecular orbital models.

2.3. Magnetic measurements

The study of the magnetic properties of rare-earth and transition-metal elements as well
as their alloys concerns a very large field in material science both from a fundamental



THE METALS AND ALLOYS IN CATALYSIS 13

and from a technical point of view (Kirchmayr and Poldy 1979). Less magnetic studies
are encountered in the frame of catalysis. For example, magnetic measurements have
been performed to determine the particle size of small Ni or Fe clusters which display
a superparamagnetic behavior below a critical size (Herpin 1968). The composition
of bimetallic particles can be estimated by comparing their magnetic properties with
those of bulk alloys with known composition. This has been performed by France
and Wallace (1988) to characterize decomposed CeNis_,Co, intermetallic compounds.
According to the Curie temperature variation they were able to estimate the composition
of Co—Ni particles on ceria.

On the other hand, in the case of a Pauli paramagnet the magnetic susceptibility is
proportional to the density of states at the Fermi level. The change of the electronic
properties by alloying leads to a variation of the susceptibility. Weigi et al. (1992) and
Jianhui et al. (1992) have measured the susceptibility to observe changes in the electronic
properties of Pd in Pd-R/AL,O; catalysts and to correlate them with their catalytic
properties.

3. Catalytic reactions

3.1. Hydrogenation of olefins

The ability of many lanthanide-based intermetallic compounds to absorb hydrogen has
attracted a lot of research on the hydrogenation of olefins (Netzer and Bertel 1982). The
idea was that a fast diffusion process of absorbed hydrogen from the bulk to the catalyst
surface might help to get better activities and selectivities. Indeed a variety of intermetallic
compounds proved to be more active by at least one order of magnitude than classical
catalysts: LaNis (Soga et al. 1977), PrCos, CeCos, and SmCos (Soga et al. 1979); their
hydrides were even more active. Kinetic studies (Soga et al. 1979, 1980) and in particular
the influence of the hydrogen pressure suggested that the diffusion of hydrogen from the
bulk was the rate-determining step, but the influence of the hydrogen pressure and the
reaction rates varied largely from one hydride to the other.

Imamura and Wallace (1980) used various intermetallic compounds (LaNis, CeNis,
ThNis, ThCos) as precursors. After decomposition under oxygen at 350°C they obtained
catalysts which were clearly more active than the corresponding classical Ni catalysts.
They suggested that geometrical effects were responsible for such a behavior.

SmMg; and NiMg, powders complexed with organic molecules (anthracene, perylene,
phenanthrene, chrysene) (Imamura and Tsuchiya 1981a,b, Imamura et al. 1982) were able
to instantaneously absorb hydrogen at room temperature and exhibited a good activity for
the hydrogenation of ethylene at low temperatures. However, the hydrogenation activity
could vary noticeably depending on the nature of the aromatic molecule. For example,
SmMgj;-naphthalene was six times as active as SmMg;-perylene. These differences were
interpreted in terms of variations of the electronic interactions between the intermetallic
compound and the aromatic molecules.

Imamura et al. (1984, 1986a) described a new way of preparing Raney catalysts using
intermetallic compounds as starting materials as reported in sect. 1. The catalytic results
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depended very much of the preparation procedure. However, optimized LaNi and SmCo,
were found to be more active than conventional Ni and Co Raney catalysts for the
hydrogenation of ethylene and the dehydrogenation of 2-propanol. These catalysts were
stable at room temperature and up to 100°C, but rapid sintering and therefore deactivation
occurred at higher temperatures.

Due to its unique capabilities for storing hydrogen, LaNis was certainly the most
studied compound in hydrogenation reactions. This can be closely related with the
formation of hydrides. When hydrogen is absorbed by LaNis, it dissolves into the lattice
to form a solid solution called o phase. If more hydrogen is added, the a phase is
progressively converted into a [ hydride phase following the equation

a-LaNi5H0‘3 +2. 6H2 — B-LaNi5H5,5. (4)

Depending on the experimental conditions, the occurrence of both phases or of one of
them only, will of course change the catalytic behavior.

Barrault et al. (1986¢) have studied the hydrogenation of propene on LaNis and LaNis-
based intermetallic compounds where one nickel atom was substituted with Co, Fe,
Al or Mn. Replacement of Ni by another metal resulted in an important variation
of the equilibrium pressure of the corresponding hydride, from 10~ (LaNi;Mn) to
1.7atm (LaNis) at room temperature. Hydrogenation of propene exhibited a critical
temperature, defined as the temperature corresponding to a sudden increase in activity.
This critical temperature was systematically 20—-30°C higher than the temperature of
the hydride decomposition. For example, on LaNis the conversion of propene was
0.5% at 40°C while the equilibrium temperature of the hydride is 10°C. The conversion
increased sharply from 0.5% to 40% as the reaction temperature was increased from
40°C to 100°C. This corresponds to an activation energy of 125—150 kJ/mol, noticeably
higher than the ~42 kJ/mol found on classical catalysts. As shown in fig. 4 for LaNi4Fe,
the same trend was observed with all substituted LaNi4;M compounds (M = Co, Fe, Al and
Mn), but, as indicated in table 1, all the critical temperatures of hydrogenation were higher
than with LaNis, which can be related to the fact that LaNis hydride has the lowest
equilibrium temperature at 0.9 atm. These results show that the hydrogenation of propene
takes place at a marked rate only outside the domain of the § hydride stability and it is
likely that the o phase plays a major part in the reaction. No modifications of the bulk of
the catalysts were observed when the samples were analyzed using XRD, but no surface
studies were performed.

Johnson et al. (1992) studied the hydrogenation of 1-undecene in the liquid phase at
35°C on LaNis in various experimental conditions of hydrogen pressure, leading therefore
to catalysts of different compositions as far as hydride formation was concerned. X-ray
photoelectron spectroscopy, AES and magnetic susceptibility measurements showed that
a substantial surface segregation of lanthanum occurred so that the surface was mainly
composed of La,03; or La(OH); and Ni particles. However, the underlying o phase
or  hydride phase play an important role, probably acting as a hydrogen reservoir,
the hydrogen atoms diffusing to the surface through microcracks and grain boundaries,
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Fig. 4. Hydrogenation of propene in the presence of LaNi,Fe: time- and temperature-related evolution of the
amount of propene hydrogenated (Barrault et al. 1986¢).

Table 1
Results for LaNi;M compounds in the hydrogenation of propene?®

Parameter > LaNi, LaNi,Co LaNi,Fe LaNi, Al LaNi,Mn
Ts (K) 313 333 343 373 433
Te (K) 283 303 308 398 413
AT=T3—Tg 30 30 25 -15 20

* Data from Barrault et al. (1986¢).
b T, critical temperature of hydrogenation of propene (P, =0.9 atm, H,/C,H,=9).
¢T’, equilibrium temperature of hydride with P=0.9 atm.

which is helped by the expansion of the catalyst particle due to the lower density of the
hydride phase; indeed, while the a phase was found to favor the catalytic activity, the
conversion was greatly enhanced when the 3 hydride phase was initially present under
the Ni particles. However, even when the hydrogen pressure was maintained above that
required for hydride formation, hydrogen was quickly extracted from the (3 hydride phase,
as the alkene was hydrogenated. This is clearly shown in fig. 5, taken from a subsequent
paper by Johnson et al. (1994) which deals with the hydrogenation of octene. This figure
also shows that, after some time, the system was depleted of octene, the competition for
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Fig. 5. Octene hydrogenation; initial catalyst is 3-LaNisH;. Left axis: open circles are mol H, introduced from
gas reservoit, solid circles are mol H, reacted with octene; symbol size exceeds the error in these quantities.
Right axis: catalyst composition, H atoms per mol LaNis, open circles (with error bars) (Johnson et al. 1994).

hydrogen on the surface decreased and the hydride phase was regenerated. Consequently,

the catalyst composition over most of the reaction period was predominantly a-LaNisH,.

A detailed kinetic study of cyclohexene hydrogenation in a slurry reactor on the metal-
hydride-forming alloys LaNisgAlg,, LaNis9Aly, and LaNis was performed by Snijder
et al. (1993). Such a study is very difficult because, depending on the experimental
conditions (hydrogen pressure and temperature which determine the equilibrium curves
of the metal hydrides), hydrogen may come from two different sources:

— Hydrogen from the gas phase which diffuses into the solvent and then on the catalyst;
in this case we are dealing with a conventional catalyst.

— Hydrogen provided by the hydride, which is therefore both a catalyst and a hydrogen
source. The desorption of hydrogen from the hydride must be added in the equation
of the reaction rate.

Moreover, as the reaction proceeds, the particles may change from the 5 phase to the

o phase.

The mechanism of the hydrogenation reaction for hydrogen supplied by the gas phase
could be described in terms of a Langmuir-Hinshelwood type of kinetic equation,
assuming a fast dissociative adsorption of hydrogen and cyclohexene on two different
sites. Following Wallace et al. (1979) and Johnson et al. (1992) it was assumed that these
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sites were nickel particles and lanthanum oxide or hydroxide sitting on the intermetallic
phase. This implies that the reaction could proceed only at the boundary between these
regions. Whatever the state of the catalyst, o or 3 phase, the aluminum content or the
solvent, the activation energy of the reaction was almost constant, around 37 kJ/mol.
Therefore the authors assumed that the nature of the surface where the reaction took
place was the same in all cases. Both the reaction rate and the adsorption coefficient
of cyclohexene decreased with increasing Al content. This was interpreted in terms of
a decrease in the reaction area due to the presence of aluminum atoms at the interface
between nickel particles and lanthanum oxide or hydroxide, where the reaction proceeds.
Ethanol instead of cyclohexane as a solvent resulted in higher reaction rates, in relation
with a lower adsorption coefficient of cyclohexene. Finally, the transformation of the
[} phase into the o phase as the reaction proceeds resulted in a continuous decrease in the
reaction rate.

Another example of the importance of hydride formation was provided by Zhu
et al. (1997) who studied the hydrogenation of oleic acid into stearic acid on a
LaNiggFeg, catalyst at 90°C. In a first experiment, oleic acid was admitted into the
reactor before hydrogen. No metal hydride was formed because the acid covered the
catalyst powder and hydrogenation was not observed until the mixture was vigorously
agitated. In another experiment, hydrogen was admitted first, the hydride was formed
almost instantaneously and when the oleic acid was introduced, the hydrogenation started
immediately and proceeded quickly. These findings prompted the authors to design a
reactor in such a way that the hydride could be continuously regenerated.

Finally a study of the stabilization of the LaNis hydride by treating the sample under
CO or SO; in a gaseous atmosphere or in a liquid phase was performed by Corré et al.
(1997). The dehydrogenation of the hydride was followed at 100°C as a function of
time. It turned out that the liquid SO, treatment was the most efficient for confining
hydrogen in the bulk of the intermetallic. As a consequence no hydrogenation of 1-octene,
even at 70°C, was observed. Samples treated under gaseous CO or SO, slowly released
hydrogen, and yields of 92—95% of n-octane could be obtained in a reasonable time span,
but at 40°C, whereas non-treated LaNis gave 99% conversion at room temperature.

3.2. Hydrogenation of dienes and alkynes

The design of highly selective catalysts for the hydrogenation of dienes and alkynes is
an important problem. Among the transition metals palladium is well known as being
the most selective of all for the production of mono-olefins. This selectivity can even be
improved when doped, as in the so-called commercial Lindlar catalyst which is composed
of palladium and lead supported on calcium carbonate. There is still a need for stable and
highly selective catalysts, especially at high conversion.

Sim et al. (1989, 1991) have studied the hydrogenation of but-1-ene, buta-1,3-diene
and but-I-yne on a series of RPd; (R=La, Ce, Pr, Nd, Sm) intermetallic compounds.
The reactions were performed at 0°C but all catalysts were submitted to a hydrogen
pretreatment at 300°C. They all exhibited a modification of their properties as a function
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of time under hydrogen. However, they were all stable after 15 hours under hydrogen and,
whatever the hydrocarbon, their order of activity was

CePd; > LaPd; > PrPd; > NdPd; > SmPds. 3)

For all reactions, CePd; was the most active catalyst, and at the same time the least
selective. For the isomerization of but-1-ene into but-2-ene, as compared to the formation
of butane, the order of selectivity was

CePd; < Pd/pumice < LaPd; < PrPd; = NdPd; < SmPd;. (6)

Concerning the semihydrogenation of buta-1,3-diene (fig. 6) and but-1-yne the
selectivities, which were all equal to 99% or more at initial conversion, decreased at
higher conversion. At 90% conversion they varied between 81 and 97% in the following
order:

CePd3 < Lang, < Pd/pumice < Sde3 < Ndeg, < PI'Pd}. (7)

XRD and X-ray photoelectron spectroscopy analyses were performed on all the samples,
initially and after several hours under hydrogen, in order to study the influence of the
pretreatment on the bulk composition and on the surface of the catalysts. These analyses
revealed that the intermetallic compounds were decomposed to various extents:
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— PrPd;, NdPd; and SmPd; exhibited very small changes even after prolonged exposures
under hydrogen; their catalytic properties, low activities, high selectivities for but-1-
ene isomerization and the semihydrogenation at high conversion of but-1,3-diene and
but-1-yne could therefore be considered as characteristic of palladium intermetallic.

— CePd; was more decomposed and the surface could be viewed as palladium atoms
surrounded by a catalytically active cerium compound promoting the availability of
hydrogen atoms on the palladium site and thus leading to high activity and low
selectivity.

— LaPd; was very much like Pd/La,O3; and therefore its properties were very similar to
those observed with Pd/pumice.

3.3. Hydrogenation of various organic molecules

Selective hydrogenation of unsaturated bonds is a very important problem in organic
chemistry. Imamoto et al. (1984, 1987) investigated the hydrogenation of over fifty
molecules (table 2) with different functional groups on LaNis and LaNiy 5Aly s hydrides.
All reactions were performed under nitrogen at 0°C or room temperature and atmospheric
pressure. No or very weak reaction was observed with oximes, sulfoxides, sulfones and
dithioketals even at higher temperatures, but olefins, alkynes, aldehydes, unsaturated
carboxylic acids, nitrocompounds and imines were hydrogenated with very good yields,
generally around or above 90%. The alloys could be used repeatedly without significant
decrease of activity. Semihydrogenation of alkynes into olefins was not easily performed
and, in 0,3 unsaturated carbonyl compounds, C=C double bonds were hydrogenated
before C=0 bonds. For example, citral gave 89% of citronellal after 3 h of reaction at 0°C
while 95% of citronellol were obtained after 12h at room temperature.

Sohier et al. (1992) compared the hydrogenation properties of catalysts derived from
RM, (M=Ni, Cu and Co) intermetallic precursors with those prepared from nitrate
mixtures or by coprecipitation of rare-earth and metal hydroxides. These catalysts were
also compared to a Ni/CeO; catalyst and mixtures of pure Ni with rare-earth oxide
or hydroxides. The intermetallic compounds were submitted to hydriding—dehydriding
cycles, then oxidized by calcination at 293K (partially oxidized) and at 703 K (fully
oxidized). The largest surface areas for oxides were obtained by the coprecipitation route.

The catalysts were tested in isoprene, benzene and naphthalene hydrogenation reactions.
The catalysts prepared by oxidation of the intermetallic at 703 K were found to be more
active than those oxidized at room temperature. In isoprene hydrogenation the catalyst
based on mischmetal has a larger activity than the other alloys and is comparable to the
catalysts prepared by other routes. In benzene hydrogenation the Ni and Ce based catalysts
prepared by coprecipitation were found the most active. In naphthalene hydrogenation
the fully oxidized intermetallics are four times more active than the partially oxidized
ones. In addition they are independent of hydrogen pressure and selective into decaline
formation.
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Table 2
Hydrogenation of organic functional groups with LaNi;H, (Imamoto et al., 1987)

Entry Compound Cond.*  Product Yield

(%)"
1 C,H,; CH=CH, e, 15h Cp,H,, 86
2 Ph,P(0)CH,CH=CH, rt, 11h  Ph,P(0)C,H, 90
3d _C>_</ tt, 11h ,_@_< 88
44 L o rt, 18h o 93

o] o]
o] 0
COOCH, COOCH,
5 rt, 4h 78
78%
COOCH,
: f 19
6! COOH 0°C, 3h Q/COOH 93
7¢  PhC=CPh t, 9h  Ph(CH,),Ph 96
8 PhC=CC=CPh tt, 11h  Ph(CH,),Ph 97
9¢  HOCH,C=CCH,0H 0°C, 6h (Z)-HOCH,CH=CHCH,OH 67
HO(CH,),0H 10
104 C,Hy;CHO tt, 14h  C,H,;OH 98
11¢ G CHO rt, 8h G CH,OH 91
O O
124 ( rt, 9h ( 99
! cHO o CH,OH
139 p-CIC,H,CHO tt,8h  p-CIC,H,CH,0H 95
CHO CH,0H
14 i, 14h 96
/ \ /\
s s

15¢  C4H,;;COCH, rt, 37h  CyH;; CHOHCH, 91
16 2-adamantanone rt, 16h 2-adamantanol 92
17¢  p-CH;0C H,COCH, rt, 37h  p-CH,O0C,H,CHOHCH, 85

continued on next page
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Table 2, continued
Entry Compound Cond.*  Product Yield
(%)°
18¢  PhCOCOPh rt, 11h  PhCOCHOHPh 96
19 PhC=CCOOH rt, 15h  Ph(CH,),COOH 99
20 PhCH=CHCOOC,H; t, 15h  Ph(CH,),COOC,H; 93
21¢  PhCH,0COC(CH,)=CH, 0°C, 4h PhCH,0COCH(CH,), 91
22¢  PhCH=CHCOCH, tt, 17h  Ph(CH,),CHOHCH, 95
23 citral 0°C, 3h citronellal 89
24 see entry 23 rt, 12h  citronellol 95
25¢  PhCH=CHCOPh 0°C, 6h Ph(CH,),COPh 89
269  see entry 25 rt, 43h  Ph(CH,),CHOHPh 99
o] o]
279 R 0°C, 6h égk/“\ 89
OH
284 see entry 27 rt, 33h @;K)\ 95
[o] [o]
29 0°C, 3h 70
\ \>_—d—\
[o]
: :/4 25
OH
309 see entry 29 rt, 3h : :( 90
31 PhCH=NPh rt, 11h  PhCH,NHPh 95
32 phown— ) it 13h propenn—( ) 97
33 p-0,NC,H,COOC,H, i, 13h  p-H,NC,H,COOC,H, 97
34 PhC(=NOH)CH,Ph it, 44h -~
35 PhC(=NOACc)CH,Ph rt, 50h  -°
36 PhSCH,CH=CH, rt, 28h ¢
37 PhCOCH,S(O)CH, i, 15h  —°

continued on next page
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Table 2, continued

Entry Compound Cond.* Product Yield
(%)°

38  PhCOCH,SO,CH; rt, I9h -°

39 PhSO,CH=C(SCHj;), rt, 34h -

{

40 tt, 38h ¢
QO e

41 PhCH, OCONHCH(CH,C,H,OH-p)COOH rt, 18h ¢

42 PhCH,0CONHCH(CH,CH,SCH;)CONHCH,COOCH, rt,36h -°

43" p-CH;0C(H,COCI rt, 48h —¢

44  PhCH=CHCOSC(CH,), rt, 18h -

* Conditions: All reactions were catried out in ¢ rt, Room temperature.

THF-MeOH(2:3) on a 1-mmol scale using 3 g of 4 A recovered alloy was used.

LaNigH;. ¢ No reaction took place.

® Isolated yield. f The reaction was carried out in dry THF.

3.4. Carbon monoxide hydrogenation

3.4.1. Methanation reaction

Early work, as reported by Netzer and Bertel (1982), showed that many rare-earth-
based intermetallic compounds were active methanation catalysts. Coon et al. (1976,
1978) showed that the most active catalysts contained Fe, Co or Ni, in contrast to Al or
Mn. In particular, LaNis and other lanthanide-Nis catalysts gave high conversion into
methane and the activity increased with time. This was probably due to a progressive
decomposition of the intermetallic into lanthanide oxide during the course of the reaction.
Elattar et al. (1978), on the contrary, found a decrease in activity with time on stream
for iron containing intermetallics. But several studies showed that this was due to carbon
deposition during methanation. Atkinson and Nicks (1977) found very good activities
with mischmetal-Ni; catalysts. Luengo et al. (1977) observed that in their decomposed
states CeCo, and CeNi, had activities comparable to Co and Ni but were more selective
towards the formation of higher hydrocarbons.

Since Netzer and Bertel wrote their chapter in volume 5 of this Handbook (1982),
further studies have shown that the best activities are related to more extensive
decomposition. This was, for example, the case with a series of Ni-based intermetallic
compounds (Paul-Boncour et al. 1986). For LaNiuX (X=Ni, Cr, Al and Cu) Ando
et al. (1995) observed that only LaNis and LaNisCr had significant activity in the
methanation reaction. XRD analyses revealed their decomposition into metallic nickel
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Fig. 7. Influence of the activation procedure on the catalytic activity of LaCo, in the intermetallic in the CO, H,
reaction. 7=350°C, P=0.1 Mpa, H,/CO=1. (a) LaCo; initial; (b) LaCo, reduced by hydrogen for 2 h at 400°C;
(c) LaCos oxidized for 3 at 350°C; (d) LaCos oxidized for 3 h at 350°C and reduced for 2h at 400°C.

and La(COs)(OH) and La(OH)s, whereas no metallic nickel was observed for the other
two — inactive — compounds.

Barrault et al. (1983a,b) studied the activity of LaNis, MMNis (MM = mischmetal) and
LaNisMn with or without activation under hydrogen at 430°C, which actually did not
make much difference. These compounds exhibited activities similar to or even higher
than conventional Ni/Al,Os catalysts at comparable reaction temperatures (300-350°C),
and their activity increased with time during the first few hours of the reaction. This
was interpreted as due to a progressive transformation of the intermetallic into nickel
particles in contact with lanthanide oxide, as shown by X-ray powder diffraction studies.
The selectivity towards higher hydrocarbons was very low (2-5% instead of 10-18%
with Ni/Al;03). The presence of manganese in LaNis had a detrimental effect on the
activity.

Barrault et al. (1986a) have shown that the addition of lanthanum or cerium oxides
to cobalt deposited on carbon resulted in a significant enhancement of the catalytic
activity, up to two orders of magnitude, and an increase in the selectivity towards higher
hydrocarbons (50% instead of a few percent). These results prompted them to study
LaCos (Barrault et al. 1986b). This compound exhibited a good activity, although with a
lower selectivity and a higher production of carbon dioxide. The influence of various
pretreatments (reduction, oxidation) on the catalytic properties was studied. Figure 7
shows the variation of the activity with time on CO +H, stream. The main effect of the
pretreatment was.to reduce the activation period, but the selectivities remained similar in
all cases (table 3). After 50 hours the untreated sample (a) had not reached its maximal
activity, whereas that of pretreated samples (b—d) had been stabilized. After 2 hours under
hydrogen at 400°C (b) the activation period lasted about 45 hours, whereas it was reduced
to one or two hours after 3 hours oxidation at 350°C (c,d). XRD and EXAFS analyses
revealed the decomposition of the intermetallic into Co or CoO and La,0s5.

A very detailed high resolution electron microscopy (HREM) study, together with
X-ray absorption spectroscopy (EXAFS) was performed on LaCos, Co/La,0; and
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Table 3
Catalytic properties of LaCo, intermetallic compounds and supported cobalt in the (CO, H,) reaction® (Barrault
et al. 1986b)

Catalyst Pre-treatment Time Activity (x10°) T.O.FE (x10%) Selectivity
-1 5! —1 - T
(h) /molh g Co (S ) CH4 C; CO2
LaCo; None 40 7.2 200 43 11 46
Reduced for 2h at 400°C 40 19 350 44 9 47
Oxidized for 3h at 350°C 25 22 225 43 10 47
Oxidized for 3h at 350°C, 45 20 120 44 10 46
reduced for 2h at 400°C
Co7.2%/Al,0,°>  Oxidized for 3h at 350°C, 10 12 20 36 47 17
reduced for 10h at 400°C
Co7.2%/Si0,° Same 10 15.1 88 51 32 17
C09.4%/Ce0, Same 5 1.0 1 <5 7 90
Co8.7%/La,0;  Same 10 17 20 45 16 36
* T=350°C, P=0.1 Mpa, H,/CO=1. b (CO, H,) reaction at 7 =300°C.

Co/CeQ, (Wang et al. 1987). The dispersive role of the carbonaceous deposit was
clearly demonstrated on LaCos and Co/LayO5 (fig. 8). Small Co particles (2—12nm)
were fixed at the end of carbon fibers and separated from platelets of La,O;. Larger
Co particles (50-200nm) coated with an uneven layer of carbon were also observed.
HREM showed that the small Co particles were generally faulted and their surface
was oxidized. A similar morphology was observed for Co/La,Q; catalyst prepared by
impregnation, which displayed catalytic properties similar to the LaCos—derived catalyst.
The growth of carbon in the LaCos and Co/La, O3 specimens can be attributed to an
appropriate matching of lattice plane spacing (0.342 nm) of the hexagonal La, O3 in the
(1010) direction with the carbon lattice fringe (0.34—0.35nm). The catalytic sites on
Co/CeQ, were completely different: the cobalt particles were strongly oxidized and were
dispersed on cerium dioxide without a carbon deposit. It is not therefore surprising that
its catalytic properties are very different from other catalysts: little activity, and very poor
selectivity in hydrocarbons, even in methane.

Pseudobinary intermetallic compounds were also studied. Paul-Boncour et al. (1991)
compared LaNis and LaNi,Fe. The formation of Ni Fe particles was evidenced by XRD
and Madssbauer spectroscopy. Both the cell parameter (a =0.3544 nm) and the hyperfine
field (H. =264 kG) indicated nickel-rich particles with a concentration close to the initial
stoichiometry (x=0.15). This alloying effect was observed in the catalytic properties
since this sample exhibited a different selectivity from the other RNis_,M, activated
under the same conditions, with a lower amount of methane and larger amounts of the
heavier hydrocarbons (C; and Cs). For CeNis_Co, (x=0, 1, 2, 3, 4, 5) studied by France
and Wallace (1988), the oxidation led to the formation of Nis_,Co, particles on CeQO,.
The Curie temperatures of the decomposed alloys were in agreement with those of bulk
alloys (fig. 9). The T, values, lower after oxidation treatment than after catalytic reaction
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Fig. 8. Typical low-magnification micrographs of the four systems: (A) LaCos(a), (B) LaCo;(d); (C) Co/La,0;;

(D) Co/Ce0,. Areas in (A) have been selected for X-ray microanalysis analysis, and arrows indicate specific
features of interest. (Wang et al. 1987.)

followed by a reducing treatment, were attributed to smaller particle sizes. The surface
compositions measured by AES were in agreement with the bulk compositions. The
CO conversion and the formation of methane both decreased as the Co : Ni ratio increased,
but not linearly. The deviation from linearity was attributed to an alloying effect. Changes
of selectivity were also observed with an increase in methane percentage and a decrease
in the Cs hydrocarbon amount with increasing Co: Ni ratio.

In conclusion, methane and carbon monoxide are not the most desirable products
in those reactions. Hydrocarbons of medium (C;—Cjg) or very high (up to Csqo—Csg)
molecular weights have been produced in recent years from synthesis gas on various
classical catalysts. Lanthanide-based intermetallic compounds do not seem to be very
good candidates for that purpose, if one considers the poor selectivities obtained so far.
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Fig. 9. Thermomagnetograms of the reduced CeNi;_,Co, (ox) (France and Wallace 1988).

3.4.2. Methanol synthesis

The best catalyst for the synthesis of methanol from CO +H, mixtures is coppet/zinc
oxide/alumina. Intermetallic compounds of rare earth and copper can be used as
precursors for low-temperature methanol synthesis as first reported by Wallace et al.
(1982) for RCu, compounds (R=La, Ce, Pr, Ho and Th). The catalytic reaction
was performed under 50bar of CO+H, at 300°C, and XRD analyses revealed the
decomposition of the intermetallic into lanthanide oxide, 20-30 nm copper particles and
copper oxide. Owen et al. (1987) compared the catalytic activity of RCu, compounds,
where R stands mainly for cerium in various amounts, but La, Pr, Nd, Gd, Dy and even
Ti and Zr were also studied (table 4). The intermetallic compounds were inactive and
activation involved oxidation of the alloys using the synthesis gas itself. It started at
low pressures (a few bars) and low temperatures (from 353 K upwards). Methane was
first produced, then methanol was formed and it is believed that the activation on, for
example, CeCu,, involved the following reaction, as already proposed for ThCu, (Baglin
et al. 1981):

CeCu; +2CO + 4H; — CeO, + 2CH,4 + 2Cu. ®

The activity of several of these catalysts was much higher than that of a commercial
copper/zinc oxide/alumina catalyst. In particular they were active at remarkably low
temperatures. This was very puzzling because their dispersion was much lower: surface
areas of 1m?/g instead of 3040, copper particle size 30—50nm instead of 10-20.
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Table 4
Methanol synthesis activity of selected copper—lanthanide intermetallic catalysts (Owen et al. 1987)
Alloy precursor Methanol activity* (molekg™' h™") Activation energy Surface area
Maximum Steady state (kfmole™) (g™
CeCu,® 44.5 25.5Y¥ 50.4 1.7, <1¢
LaCu,," 39 127 <l°
PrCu,® 19 137
NdCu, 13 8.5* 474 0.8¢
GdCu, 12 10* 6.9
GdCu, 5 16 9.5* 55.3
GdCu 19 8* - 4.0
GdCu, 5 <2*
DyCu, 11.5 8*
ZrCu, 6 5% 50
TiCu, <2%
CeAg, Inactive”
MM-Cu(1:1)" 25 13*
ThCu,® ~30 30.5
CeCu, ~9 9.9
Cuw/Zn0O/AL O, ¢ <1 42
Cuw/Zn0/AL O, 8 44.7
 Reactor conditions: CO/H, (0:1), 513K, 50 bar, f Baglin et al. (1980): CO/H, (6:94), 613K, 60 bar,
space velocity Y72000h™', *36000h™". 31,500h7".
b Annealed at 1048 K for 24 hours prior to testing. ¢EJ. Brockner, K.H. Gruendler, L. Morosi,
¢ Cu surface area by N,O decomposition. M. Schwarzman, B. Triebskorn and G. Zirkar, South
4 Krypton isotherm. African Patent no. 795715: CO/CO,/H,, 503K,
¢ Baglin et al. (1981): CO/H, (1:2.4), 523K, 60bar, 50bar, 10000h™" (mole£ 1h™").
22000h". " MM = mischmetal.

Moreover, fig. 10 shows that they were very sensitive to deactivation by carbon dioxide,
which is a product of the reaction, although no visible change of the morphology
was observed (Owen et al. 1987). This is in contrast with conventional Cu—ZnO/
alumina catalysts since it was demonstrated that methanol is generated from carbon
dioxide under industrial conditions (Kagan et al. 1975, Chinchen et al. 1987b).
Analytical Transmission Electron Microscopy performed on a few catalysts derived from
intermetallics suggested that part of the copper was intimately linked with the rare-earth
oxide either as very small particles or in an ionic form. Further studies (Shaw et al.
1990a) showed that, at the temperatures where the CeCu, catalyst was active for methanol
synthesis, only 35-40% of the copper particles were accessible to XRD and most of the
cerium was amorphous. EXAFS studies (Shaw et al. 1991) showed that copper was largely
present as 2—2.5nm particles, which would indeed be undetectable by XRD. Generally
speaking it seemed that the most active catalysts were the less crystalline materials. It



28 V. PAUL-BONCOUR et al.

12+

i
L

Methanol Activity (mol kg h)

T T = 1
2000 4000 6000
Time (min)
Fig. 10. The deactivation of catalysts for methanol synthesis caused by the addition of CO, to a 1:1 CO,H,

gas feed at 50bar, 513K, 72000h™" speed velocity: (curve a) NdCu, (2% CO,); (b) GdCu, (1% CO,);
(c) DyCu, (1% CO,). (Owen et al. 1987.)

was also proposed that the carbon dioxide poisoning was the result of a reaction with
lanthanum oxide.

A detailed study of NdCu, NdCu,, NdCus and CeCu, by the same group (Nix
et al. 1987) using in situ XRD confirmed that there was no correlation between the
apparent copper crystallite size and the catalytic activity. Moreover, it showed clearly
that the ultimate performance of the catalyst depends very much on the structure and
stoichiometry of the precursor and on the conditions (temperature, pressure, flow rates)
of the activation process. In particular, several hydride phases were identified which play
a necessary part in the formation of the final active catalyst, in which their presence
and therefore their possible participation could not be excluded. For example, one can
see in fig. 11 that the growth of methanol production correlates very well with the
appearance of copper particles and neodymium oxide, and follows the rapid formation and
decomposition of an intermetallic hydride phase: hydrogen treatment of the intermetallic
compound at low temperature (350—-373 K) led to the formation of an hydride; at higher
temperatures (423 K) this hydride was transformed into lanthanide hydride which, as the
reaction proceeded at the same temperature, was decomposed into lanthanide oxide and
copper particles. Omission of the hydrogen treatment to form the hydrides resulted in a
relatively inactive catalyst.

Amorphous Cu—Ce—Al and Cu—-MM—-Al (MM =mischmetal) were also tried under
the same conditions of activation and reaction, and they were also characterized by
in situ XRD (Bryan et al. 1988). However, they appeared to be difficult to activate; they
required higher temperatures and they were very quickly deactivated. This is in contrast
with many reports in the literature, on various materials, where the use of amorphous
systems often resulted in substantial improvements of the catalyst performance. A likely
explanation was that the formation of hydride phases, which is a necessary step in the
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Fig. 11. Structural and activity data (arbitrary units) for synthesis gas activation of NdCu at 15 bar and 423 K
showing the correlation between the growth of methanol activity and copper/neodymium oxide peak intensities
(Nix et al. 1987).

activation process as shown in the preceding paper (Nix et al. 1987), could not readily take
place. This is not in contradiction with the statement (Shaw et al. 1990b) that the most
active catalysts are the least crystalline materials (catalyst in their final form), since in
those cases the initial catalysts were crystalline and the activation could therefore proceed
through a hydride phase.

The importance of the hydride phase was indirectly confirmed by Hay et al. (1988)
who performed Temperature Programmed Oxidation experiments on CeCu, and CeCug.
Oxidation profiles in air, nitrous oxide, carbon monoxide and synthesis gas were
compared, in relation with XRD observations. Intermetallic compounds activated under
air exhibited a markedly reduced activity for methanol synthesis, and again hydrogen
exposure was shown to be crucial for the generation of highly active catalysts. The
residual activity observed at high temperatures (>513K) and after exposure to oxygen
suggested the existence of two types of sites, the most active sites being also the least
stable from both thermal and chemical points of view (Nix et al. 1989). This would imply
that activation is best carried out at higher pressures and lower temperatures, as also
suggested by the amazingly low temperature activities observed at high pressures (Owen
et al. 1987). _

The major drawback of these lanthanide—copper alloys is that they are irreversibly
poisoned by low concentrations of carbon dioxide, as already indicated above (Owen
et al. 1987). The same authors also found that ZrCu, and TiCu; produced catalysts
which were active for methanol synthesis, but difficult to activate. In a subsequent paper
Owen et al. (1990) studied ternary lanthanide—Zr(or Ti)—Cu alloys with the hope that the
addition of the larger lanthanide atom could increase the possibility of hydride formation
and therefore the overall properties of these Zr(Ti)—Cu alloys. They prepared a series of
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Fig. 12. Variation at maximum methanol activity (R,,) with R component for catalysts derived from Zr,,R,;Cu,
alloys (12 bar, 513K; also including data for Zr,,Al,,Cu,, and ZrCu,) (Owen et al. 1990).

Gd, Nd, Dy, La, Sm—Zr—Cu together with several Gd—Ti—Cu alloys. High levels of activity
were induced in Zr—Cu and Ti—Cu catalysts by addition of small quantities of lanthanide.
They were as active for methanol synthesis as the corresponding lanthanide—copper binary
alloys. It was not clear, however, whether the increase in activity, as compared to Zr—Cu
and Ti—Cu alloys, resulted from a greater tendency for hydride formation or from the
creation of more oxygen vacancies in Zr and Ti oxides. Although this point was not
fully developed, it seems that ternary alloys of intermediate composition (for example,
Zry7Gdg 3Cuy 5) had a better long term stability, that is a lesser tendency to carbon dioxide
deactivation, than lanthanide—Cu binary alloys. The largest methanol activity for the
Zry 7Ry 3Cug ;-derived catalyst was found to be strongly dependent of the ionic radius
of the R component, with a maximum for the Sm>" ion as shown in fig. 12.

There has been a lot of controversy about the mechanism of methanol synthesis
on industrial Cu/ZnO/alumina catalysts. Chinchen et al. (1986, 1987a) found a linear
relationship between the catalytic activity and the copper surface area. They also found
that copper deposited on other supports had the same turnover number as on the
commercial catalyst. However, Bartley and Burch (1988), Burch and Chappell (1988)
and Burch et al. (1988) observed definite support effects. Frost (1988) proposed that the
chemistry takes place on a metal-promoted oxide phase, the metal promotion operating
through an enhancement of the equilibrium concentration of oxygen vacancies. The fact
that Frost (1988) could generate active catalysts based on silver or gold supported on
thoria, metals which are normally inactive for methanol synthesis, seemed to confirm
his theory. Of course this means that the area of the interface between the metal and
the oxide will be crucial for the activity of the catalyst. To check this hypothesis Shaw
et al. (1990b) studied the microstructure and the activity for methanol synthesis of Ag—Ce
and Ag—Cu—Ce catalysts derived from intermetallic compounds. The activities were very
poor and it appeared that the nature of the metal was more important than the oxide
phase. The authors soon realized that silver was not a good candidate for such a test.
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Oxygen vacancies on an oxXide can be formed if two electrons can be raised to the oxide
band. Any metal which can form a Schottky junction with an oxide will decrease the
enthalpy of formation of a doubly ionized vacancy by allowing electrons to move to the
metal Fermi level. To form a Schottky junction, the work function of the metal must
be high enough. It happens that silver has a work function 0.4 eV lower than that of
copper. For this reason, in a subsequent paper Shaw et al. (1992) reported on the catalytic
activity of CeAu,, remembering that gold has a work function 0.4 eV above that of copper.
Nevertheless no detectable activity could be observed even after activation under CO + H,
and at much higher reaction temperatures. It appears therefore that the chemical nature
of the metal is most important in determining the catalytic properties, although the role
of the support was not fully understood. However, it does not seem that these studies
were totally conclusive since these catalysts derived from intermetallic compounds are
so different from classical Cu/ZnO/alumina: the importance of the hydride phase in the
activation process, no correlation of the activity with the apparent surface area, very small
copper particles probably responsible for the activity, fast deactivation in the presence of
carbon dioxide.

Since classical Cu/ZnO catalysts exhibited a poor stability while the addition of alumina
resulted in much better systems, it was tempting to add alumina to Cu—Ce intermetallic
compounds. Jennings et al. (1992a), prepared ternary Cu—Ce—Al alloys of various
compositions and also tried a variety of other metals (Ca, Cr, Mn, Pd, Zn). Among
these ternary alloys aluminum-containing catalysts were the best. In spite of lower initial
activities as compared to binary alloys, they exhibited a much better long-term stability.
It is believed that the role of aluminum is to stabilize the disperse copper—ceria phases
responsible for methanol synthesis activity, although the mechanism for such a process
remains unclear.

In conclusion, these investigations have shown that many Cu-based intermetallic
compounds, and in particular CeCu,, are very active for methanol synthesis, at much
lower temperatures than conventional catalysts. It is believed that the active site consists
of small copper crystallites in close contact with a CeO, phase (x <2). However, the
performances of these catalysts are severely deteriorated due to their fast deactivation
in the presence of small amounts of carbon dioxide, which is unfortunately a reaction
product, and even though it was shown that, initially, CO, pulses resulted in an increase
in the methanol production (Jennings et al. 1992b, Walker et al. 1992).

3.5. Ammonia synthesis

It has long been ‘recognized that lanthanide-based intermetallic precursors can exhibit
high specific activities for ammonia synthesis (Takeshita et al. 1976). As also reported by
Netzer and Bertel (1982), Takeshita et al. investigated thirty-six intermetallics involving
lanthanides and Fe, Co or Ru. Several of them exhibited specific activities exceeding that
of the best practical catalyst, which is a standard high-activity Fe catalyst prepared in a
more classical way. But the latter, due to its large surface area, was more active on a weight
basis. XRD studies showed that the intermetallic compounds were decomposed into
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Fig. 13. Structural and activity data for N,/H, activation at the anomalous CeRu, sample at 50 bar/450°C
showing the correlation between the rise of ammonia activity and the growth of the ruthenium and cerium
hydride peak intensities (Walker et al. 1989).

lanthanide nitride and finely divided transition metal which was probably the active phase.
Nevertheless the catalytic activity was certainly influenced by the underlying lanthanide
compound. In addition, the comparison of the catalytic properties of various RCos-derived
catalysts (Wallace et al. 1977) indicated a decrease in the relative ammonia production as
their atomic number increased, but no interpretation was proposed for such an evolution.

More recently Walker et al. (1989, 1990) studied the properties of CeRu,, CeCo,
and CeFe,. Due to the extreme sensitivity of these materials to air, they followed the
evolution of their samples in the presence of H, or Hy + N, in a controlled atmosphere
cell for in situ XRD measurements. Exposure of CeRu, to 20 bar of hydrogen at room
temperature resulted in the formation of a ternary hydride phase CeRu;H, (4 <x < 5) and,
more slowly, to another hydride phase of different structure. Raising the temperature up
to 450°C led to a progressive transformation of these phases into cerium hydride, CeH, .
(0<x < 1), and ruthenium particles of 3.5-4nm. A direct exposure of CeRu; to 50 bar
of hydrogen at 450°C led to the same result. The CeRu, precursor was then pretreated
at 100°C in a N,/H, mixture to form the intermetallic hydrides. No ammonia was detected.
On increasing the temperature up to 450°C a striking correlation was found between the
rise of ammonia production and the formation of ruthenium and cerium hydride particles
(fig. 13).

.The behavior of CeCo, was roughly the same, except that no ternary hydride but an
amorphous phase was formed, and the production of ammonia (table 5) was lower with



THE METALS AND ALLOYS IN CATALYSIS 33

Table 5
Activities of the CeH,, ,/M systems at 50 bar in a 1:3 mixture of N, and H, (Walker et al. 1989)

Catalyst system Temperature (°C) Activity x 10°(mol NH,/(g cat.) ! min~'}
CeH,_,/Ru 450 4.55
500 9.17
550 13.80
CeH, ,/Co 450 325
500 4.95
550 6.90
CeH, /Fe 450 2.60
500 3.81
550 5.60

a cobalt particle size of approximately 10nm. CeFe, was even less active, and the size
of the iron particles was about 13 nm. In the last two cases CeN was also evidenced but
there was no correlation with the ammonia production. Likewise the activity for ammonia
synthesis was not related with the amount of exposed metal; this was most striking in the
case of CeFe;.

Since the same Cambridge group (Nix et al. 1987) had observed that lanthanide—
copper alloys activated in CO + H, mixtures gave very active methanol-synthesis catalysts
containing CeO, and ultradispersed copper, all three samples CeRu,, CeCo, and CeFe;
were submitted to a 40 bar CO + H, mixture. Above 250°C the three samples decomposed
into cerium dioxide and transition-metal particles. However these catalysts were inactive
for ammonia synthesis under 50bar of N, +H, at 450°C, and the Ru- and Co-based
compounds displayed a very weak activity at 550°C. Such a deactivation cannot be
explained by carbon deposition on the metal particles since the same behavior was
observed when the samples were exposed to air at room temperature or after the
introduction of 100ppm of water in a nitrogen stream. The encapsulation of the metal
phase by ceria is also unlikely since Cu/CeQ; catalysts derived from CeCu;, precursors
exhibit a very high methanol synthesis activity.

To explain the large difference in activity between the oxide and hydride supports,
Walker et al. (1989) invoked a strong metal-support interaction via the oxygen ions of
the support. A charge transfer from the metal to the support will result in the formation
of M®" species which can inhibit the dissociation of the nitrogen molecule. Since this
is the rate-determining step for ammonia synthesis, this can explain the strong activity
decrease with the oxide supports. This interpretation is consistent with EXAFS results on
Ru supported on MgO, Al;O3 and SiO, supports. They indicated that smaller activities
were obtained for alumina and silica supports which display a stronger metal-support
interaction via the oxygen ions of the support (Bossi et al. 1982).

All these results show that the transition metal is the active phase, but that the support
also plays an important role since Ce hydride-based catalysts are active for ammonia
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synthesis while CeO,-based systems, obtained by pretreatment of the intermetallics with
CO+Hj,, are not. The difference was tentatively interpreted by Walker et al. (1989) in
terms of differences in hydrogen spillover or electronic transfer, or assuming that the
active species consists of very small metal particles, undetected by XRD, and associated
with the hydride phase.

The existence of very small particles was indeed evidenced using in situ X-ray
absorption spectroscopy (XAS) (Walker et al. 1990) which showed that in the active
catalyst CeH, ,—Ru the ruthenium particles were a mixture of approximately 3.5nm
crystallites and very low coordination clusters while the inactive catalyst CeO,—Ru
contained essentially bulk metallic ruthenium.

The interaction of those very small ruthenium particles with the cerium hydride support
may be viewed as electronic or related to a possible spillover of hydrogen from the
hydride. A charge transfer from CeH;,, to the metal will facilitate the dissociative
chemisorption of nitrogen. This is the role already evidenced by alkali metals to promote
the activity of ruthenium: the rate of ammonia synthesis increased with decreasing
ionization potential of the alkali metal (Aiko et al. 1972). This interpretation received
further experimental evidence with the in situ XAS experiments mentioned above (Walker
et al. 1990): when CeRu, was decomposed under H; and CO+H; up to 450°C, the
CeH, . , catalyst displayed a very different near-edge structure than CeO,/Ru, indicating
different electronic states for the Ru particles. To provide a deeper understanding of
this electronic interaction, Walker and Lambert (1992) performed an Auger electron
spectroscopic study of the Ru(0001)-Ce—H, interface. As cerium was deposited on the
ruthenium single crystal, at low coverage (<0.5 monolayer), a significant Ce to Ru
charge transfer was observed through the N, 5O, 3V Coster—Kronig transition. The same
electronic behavior was observed when cerium was deposited in the presence of a
low pressure of hydrogen. In fact the electron transfer from cerium to hydrogen is
very small compared to that of cerium to the ruthenium substrate. As the amount of
cerium increased to one or two monolayers the Ce~Ce interaction became important and
depolarisation effects occurred. This study also indicated that the deposition of cerium
under hydrogen pressure generated a film of bulk hydride with CeH, ;5 stoichiometry.

In addition to this electronic interaction between finely divided ruthenium metal
particles and cerium hydride, a hydrogen spillover was also proposed to explain the high
activity for ammonia synthesis of these catalysts. Since hydrogen in the octahedral sites of
CeH, .. is desorbed at 420°C, atomic hydrogen is certainly present at the temperature of
ammonia synthesis (450—550°C). Therefore spillover of atomic hydrogen at the hydride/
transition metal interface could occur.

3.6. Reactions of saturated hydrocarbons

Reports on the isomerization or cracking reactions of saturated hydrocarbons on rare-
earth-based intermetallic compounds are very scarce in the literature. Imamura and
Tsuchiya (1981b) prepared binary halide catalysts from LaAl,, CeAl,, PrAl,, ErAl,
and ThAl, by reaction with methylene halide. They were used for the isomerization of
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Table 6
Activity and selectivity of various alloy—halogen systems* (Imamura et al., 1981)

Catalyst system Conversion® (%) Selectivity® (%)
Alloy”® Halogen(nmol)
LaAl, Cl, 5.2% 50%
Br,(4.5) 28.8x% 73%
CeAl, Cl, 15.0% 62
Br,(5) 31.7% 58%
L(5) 42.3% 96+
PrAl, Cl, 8.3x% 56x%
Br,(4.5) 39.8x 96+
1,(4.5) 37.1x 97
ErAl, Cl, 252x% 60
Br,(4.5) 39.4% 61
L4.5) 35.0x 93%
ThAl, Br,(5) 25.5% 60+
L(%) 39.1% 95
PI‘G212 Clz 10.0%x T2 5%
Br,(4.5) 6.0%x T 7%
ThGa, Cl, 24 Towkon 605 %%
Br,(5) 46.0x 50wnn
Celn, Br,(6.5) tracexx -
L,(6.5) tracesx -
CeTl, Br,(6.5) - -

* The conversion reaction of #-pentane (2 ml) was performed over the above catalysts in CH,Cl,(8 ml).
® The amount of alloy used was 1 mmol.
¢ Asterisks: *, results obtained at 0°C after 1 h; %x, »*+, data measured at 23°C after 20 h and 3 h, respectively.

n-pentane. High conversions with good selectivities for the isomerization into isopentane
were obtained at room temperature or 0°C (as shown in table 6). The activity increased
in the order Cl <Br = I, and iodine also gave the best selectivities. But the addition of
halogen in large excess generally led to poor selectivities. An interesting point was that
these catalysts were much more active than a simple mixture of aluminum and rare-earth
halides. This suggests that the role of the intermetallic was far from negligible, but the
nature of the complexes formed by halogenation remained undeciphered.

Skeletal rearrangements of saturated hydrocarbons on CePd; were studied by Le
Normand et al. (1984). Hydrogenolysis of methylcyclopentane, isomerization of 2-methyl-
pentane and aromatization of 3-methylhexane were performed at 350 or 360°C. The
results were compared with those of classical Pd/Al, O3, Pd/SiO, or Pd/CeQ; catalysts.
The activity of CePd; itself was very low and palladium atoms seemed to play a minor
role. For example, the initial reaction of methylcyclopentane was the selective formation
of isopentane, which is not observed on classical palladium catalysts. Air treatment at
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Table 7
Activity in ethane hydrogenolysis (Barrault et al. 1983a)
Catalyst Time on stream (h) T (K) Activity x10°
/molh™ (g catal.)™
LaNis 20 669 4.0
MMNi; 20 647 8.0
LaNi 20 654 0.2
693 1.0
La,Ni 20 669 2.0
682 4.0
LaNi,Mn 30 700 0.4
Ni-SiO, * - 650 2000

® Data from Sinfelt (1970).

room temperature or, better, at 120°C, dramatically increased the activity, by two orders
of magnitude or more. Quite clearly the behavior was that of a classical palladium
catalyst supported for example on alumina, with however an enhanced selectivity towards
aromatization and 1-35 ring closure. Obviously a complete rearrangement of the surface
had occurred, leading to the formation of active palladium entities on the surface of
cerium dioxide, as shown by XPS. Still, the activity remained slightly lower than with
a Pd/AL,Os catalyst at the same temperature of reaction. Apparently the poor activity of
the intermetallic compounds for this type of reaction did not encourage further studies
in that direction.

In ethane hydrogenolysis (Barrault et al. 1983a,b). the catalytic activity of LaNis
increases during 25 hours until saturation. This was attributed to the activation of the
catalysts by the intermetallic decomposition into Ni particles and lanthanum hydride
leading to an increase of the surface area from a few square meters to 10 m?%/g. After
reaching saturation MMNis (MM = mischmetal) was found to display the larger catalytic
activity (table 7) (Barrault et al. 1983a).

The influence of the lanthanide element on the magnetic and catalytic properties of
Pt-R (R=Gd, Tb, Dy, Ho and Tm) supported on Al,O3; was investigated by Weigi
et al. (1992) and Jianhui et al. (1992). The heavy rare earths improved the activity and
selectivity of the platinum reforming catalysts in the conversion of cyclohexane, n-hexane
and n-heptane. A relationship was established between the evolution of the relative
magnetic susceptibility and the catalytic activity as a function of rare-earth content: the
increase of the magnetic susceptibility should reflect an increasing number of holes which
favors the aromatic reaction of n-pentane and cyclohexane. A relationship was also found
between the ratio of the susceptibilities xpir/Xr,0, and the aromatization yields of the
R element (Gd > Dy >Ho > Tm > Tb). Nevertheless, such a correlation has to be applied
with care in the aromatization of n-hexane and n-heptane where the lanthanide has to be
located near the acidic centers, since both metal and acidic sites are necessary to perform
isomerization.
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3.7. Hydrocarbon and alcohol dehydrogenation

The ability of intermetallic compounds to absorb hydrogen reversibly can be used as a
driving force in the dehydrogenation reaction of alkanes, alkenes and alcohols, which are
thermodynamically unfavorable at moderate temperatures (Chetina and Lunin 1994). For
example, the dehydrogenation of alkanes into alkenes at 298 K leads to an increase of the
standard Gibbs free energy,

C.Hy, 2 — CHy, + Hy (AGO > O)a (9)

whereas the hydride formation is an exothermic reaction with a negative value of the
standard Gibbs free energy:

M+H, -MH, (AG® <0). (10)

The introduction of an appropriate metal or intermetallic compound can therefore displace
the system towards dehydrogenation. Its absorption capacity can then be restored by
appropriate reaction cycles:

C.Hyy 2 + M — C Hy, + MH,. (11)

The role of the hydride-forming alloy is to absorb the hydrogen evolved from the
hydrogenation reaction, to form a stable compound. The same type of reaction can be
described for alcohol dehydrogenation. The transformation of propan-2-ol to acetone
(Imamura et al. 1987) is accompanied by an increase into a positive standard Gibbs free
energy AG°=25kJImol ™!, whereas the addition of R,Co; intermetallic compounds shifts
it to a negative value AG°=—4,—11kJmol !, for R="Pr, Nd and Sm (taking into account
the hydride formation).

For the hydrocarbon dehydrogenation the intermetallic compounds as mentioned
for LaNi, 7Alp 3 are generally used to remove hydrogen (Imai et al. 1985) and are mixed
with an active catalyst like Pt/Al,O3. But R;Co; (R =Nd or Sm) were used simultaneously
as catalysts and hydrogen acceptors in the dehydrogenation of cyclohexene to benzene and
of n-heptane to methylcyclohexane at 398 K (Imamura et al. 1986b). Only traces of the
n-heptane cyclisation product were observed.

In the presence of Zr,Ni, R,Co; and RFe, intermetallic compounds methanol was
dehydrogenated in CO and H; under mild conditions (356—443K) (Imamura et al.
1988, 1990). Hydrogen was reabsorbed by the intermetallic to form a hydride and
the lanthanides were found more efficient in hydrogen storage than Zr,Ni, whereas
the activity of the intermetallic compounds varies as Zr,Ni>R;Co; >RFe;. This
variation was explained by the possible decrease of catalytic activity of the transition
metal Ni> Co > Fe.

For Nd,Co;Hy 1, Nd,Co;H, ; and Nd,Co;Hs | prepared by hydrogen absorption, the
initial rates of dehydrogenation of propan-2-ol at 317K were 1.1x1073, 6.0x10~*
and 3.5x 107 mmol min™! (g alloy)™!, respectively (Imamura et al. 1987). This activity
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decrease with preliminary hydrogen content is a good indication that the formation of the
hydride is the driving force for the dehydrogenation reaction. In addition, Nd,Co; was
found more active than Pr,Co; and Sm;Co;. The surface of the catalysts was activated
by an attack in a solution of dihalogenoethane. The rare-earth element was leached
out from the alloy forming a halide leaving a porous high-surface-area cobalt at the
surface. The bulk structure of the alloys remained unchanged but the surface analysis by
ESCA revealed that after the treatment the Co/Nd ratio was increased by four, whereas it
remained almost unchanged for the Pr and Sm alloys. This difference in Co enrichment
was used to explain the difference in activity, since Co was supposed to be the active
site for the reaction (Imamura et al. 1987). However the catalytic reaction is irreversibly
inhibited with time. The observed poisoning in the alcohol dehydrogenation (Imamura
et al. 1987, 1988) was attributed to an inhibition of the catalyst by acetone rather than
by a reduction of the hydride-forming capacity. In addition the thermal stability of these
alloys was not very good since a strong reduction of the activity was observed on heating
at 533 K. This deactivation was attributed to a sintering of the surface cobalt particles.

A good way to improve the catalytic properties is to add Pt, Ru or Rh salts at the
surface of the alloys (Imamura et al. 1990). The deposition of RhCl; on DyFe, increased
its activity in the methanol decomposition by a factor of 18. In the same way the addition
of chloroplatinic acid to the alloy suspension of Pr,Co; has a promoting effect, increasing
10 times its activity in the propan-2-ol conversion to acetone. The promoter metal provides
active sites for the dissociative chemisorption of propan-2-ol and therefore favors a rapid
transfer of hydrogen to the hydrogen acceptor by spillover. In addition, the activity of
the Pt-promoted system can be reversibly restored by regeneration cycles, the Pt particles
having a larger thermal stability than the surface Co particles.

Another way to perform alcohol dehydrogenation using intermetallic compounds as
precursors was performed by Ballivet-Tkatchenko et al. (1995). In this case RCu, in-
termetallics were air oxidized between 423 and 1100K, leading to RCu, O, compounds
active in the decomposition of 4-methyl-2-pentanol. XRD analyses show that CeCu, is
transformed into CeO; and CuO, whereas for R=La, Pr and Nd ternary R,CuO, and
CuO compounds are obtained. The surface areas of the oxidized materials are 5—20 times
larger than that of the starting intermetallic compound, and SEM analysis indicates a
more porous surface. CeCu,-derived catalysts are active in both dehydrogenation and
dehydration of alcohol depending on the reaction temperature (at 473K there is only
dehydrogenation). The other R,Cu0O,:CuO compounds catalyze only the dehydrogenation
reaction with an increase of the activity from La to Nd while the activation energy varies
in the opposite order. This change of properties with the lanthanide element shows that
CuO is not the only active site and that the R,CuO, phase plays its role in the catalytic
reaction.

3.8. Hydrodesulfurization

Moon and Ihm (1996) used NdNis as an unsupported catalyst in thiophene hydro-
desulfurization. But the intermetallic compound itself is not active and activation was
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performed by calcination under air at various temperatures from 200 to 700°C followed
by sulfurization using a H,S/He mixture from 200 to 500°C. The reaction was carried out
at 450°C. The best activities were obtained after calcination at 400°C and presulfurization
at moderate temperatures (300°C). The activities under various conditions were correlated
with changes in the surface area of the catalyst. Calcination at 400°C, sulfurization
at 300°C and the reaction itself all contributed to an increase in surface area, with the
formation of microcracks, as evidenced by electron microscopy. Nevertheless the activity
was not much different from that observed with a Nd—Ni bimetallic catalyst previously
studied by the same authors (Moon and Thm 1993), and the preparation of an intermetallic
compound does not seem to bring much advantage.

3.9. Carbon monoxide oxidation

As a consequence of the sensitivity to oxygen of these intermetallic compounds, they
can only be model systems for all reactions involving oxygen. This is well illustrated by
Warren et al. (1993) who studied the oxidation of carbon monoxide on a Rh—Ce surface
alloy. Carbon monoxide oxidation is an important reaction because it is one of the three
major reactions taking place in the removal of automobile exhaust emissions using the
so-called three-way catalysts. It is well known that rhodium is the best transition metal
for the reduction of nitrogen oxides, while platinum and palladium are effective for the
oxidation of carbon monoxide and unburned hydrocarbons, and ceria, due to its oxygen
storage capabilities, is very helpful for the oxidation reactions. In such complex systems
a lot of work had to be done to understand all the processes involved.

As part of this project Warren et al. (1993) first studied by AES the growth of a
cerium film on polycrystalline rhodium. Annealing the sample between 800 and 1100 K
led to the formation of a Ce—Rh alloy, probably Ce;Rh;. Oxidation of this surface alloy
at room temperature followed by a thermal treatment resulted in the agglomeration of
CeO; crystallites on an essentially bare rhodium surface. Chemisorption of CO, in the
absence of oxygen, led to a rapid oxidation of CO into CO; in a similar way to that
observed with a Rh/CeO; catalyst. After a few adsorption/desorption cycles, no more
CO; was produced. It is believed that the CeO, crystallites provide the necessary oxygen
by a spillover process. This process had already been suggested on practical catalysts but
such a surface science study provided a direct proof for it.

The same reaction was studied by Hardacre et al. (1996) on Pt—Ce alloys (PtCe; and
Pt3Ce;). The most active catalyst was produced by N;O (and not oxygen) pretreatment of
Pt;Ce; at 720 K. This higher catalytic activity was related with a higher dispersion of both
the platinum and ceria phases under these conditions. Such a catalyst was as good as the
best classical catalysts prepared by traditional techniques. Ceria spillover of oxygen onto
platinum was also invoked, as in the preceding paper, to explain such a high activity.

4. Discussion and conclusion

Among all studies on the rare-earth alloys in catalytic reactions, only a few concern thin-
film or R—TM bimetallic supported catalysts. In the case of Rh deposited on a thin film
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of cerium, the formation of a Ce—Rh intermetallic under reducing conditions has been
observed (Chojnacki et al. 1991) but it was not clear whether this intermetallic plays an
active role in the catalytic reaction. For the Pt—R/Al, O3 bimetallic catalysts (Weiqi et al.
1992), although the magnetic susceptibility is modified by the addition of the rare earth,
the electronic state of the rare-earth element (metal or oxide) was not fully established.
On the contrary, a large amount of catalytic studies were performed using rare-earth and
transition-metal intermetallic compounds. The fact that most of the catalytic reactions
are hydrogenation or dehydrogenation reactions is no coincidence, but can be related to
the reversible hydrogenation properties of the intermetallic compound in the conditions
of temperature and pressure of the catalytic reactions. This process involves molecular
hydrogen dissociation at the surface of the intermetallic compound before diffusion of
atomic hydrogen inside the bulk to form a hydride. The first detailed surface and magnetic
studies on LaNis (Siegmann et al. 1978) indicated the surface decomposition into Ni or
Ni-rich precipitates and L.a(OH);. The increase of the magnetic susceptibility as a function
of the number of hydrogenation cycles showed a progressive decomposition process which
1s responsible for the decrease in the hydrogen absorption capacity. These Ni particles
are expected to be the active sites for the hydrogen dissociation. Since the catalytic
reaction takes place at the surface of the catalysts involving adsorption, dissociation and
recombination of molecules, the question arises which role is played by the intermetallic
itself. In fact, it has been observed in several hydrogenation reactions that the hydride
(a or 3 phase) should be involved in the reaction. For example, for LaNis and substituted
LaNizyM compounds (Barrault et al. 1986¢) the rise of propene conversion takes place
20~-30°C higher than the equilibrium temperature of the corresponding hydride, with an
activation energy larger than for classical catalysts. This was interpreted by the active
role of the a phase in this range of temperatures, since no bulk decomposition of the
intermetallic compound was observed. In the hydrogenation of 1-undecene (Johnson
et al. 1992), it was observed that the catalytic activity was greatly enhanced when the
LaNis hydride was present under the Ni and La(OH); surface. This can be related
to the high reactivity of the desorbed atomic hydrogen at the surface of the material.
In such a reaction the hydride acts as a hydrogen reservoir but its activity decreases
when all the hydrogen has been desorbed and the properties of the o phase are then
observed.

The hydrogenation properties of the hydride-forming intermetallic compound was also
used as a driving force in alkene, alkane or alcohol dehydrogenation reactions which are
thermodynamically unfavorable (Chetina and Lunin 1994). The intermetallic compound
can be used both as a catalyst and hydrogen acceptor, but its activity and thermal stability
can be enhanced by adding some Rh, Ru or Pt salts at the surface.

Apart from these specific hydrogen absorption and desorption properties, it is clear
that the intermetallic compounds are more often used as precursors of new and more
active catalysts. The decomposition of intermetallic compounds into transition-metal
particles and rare-earth hydride, oxide or hydroxide in the course of the catalytic reaction
was evidenced in a large number of catalytic reactions, especially those involving
CO dissociation, which produces oxidizing species. The rise of catalytic activity was
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related to the large increase in the surface area from a few square meters to 10-50 m*/g,
and to the formation of new active sites. Such catalysts display turnover frequencies
comparable to or larger than classical catalysts. An appropriate pretreatment allows one to
obtain more rapidly an active catalyst. In the case of RCu; compounds, in the methanol
synthesis, their decomposition under hydrogen leads to well-dispersed Cu particles in
intimate contact with small rare-earth hydride or oxide particles. It was observed that such
catalysts imply different reaction mechanisms than conventional Cu/Zn0O/Al, 05 methanol
catalysts where the presence of CO, is essential to maintain a high methanol conversion,
whereas it is a poison for catalysts derived from intermetallic compounds (Nix et al.
1989). This was attributed to the role of ceria which can adsorb the methanol precursor,
whereas CO, forms a strongly bonded carbonate. In ammonia synthesis the cerium
hydride formed by the decomposition of the CeRu, was found to have a promoting
effect on the transition-metal catalytic properties. This effect was attributed to a charge
transfer from cerium hydride to Ru and/or a hydrogen spillover effect at the surface of
the catalysts.

In other reactions, like skeletal rearrangements of saturated hydrocarbons, the decom-
position of CePd; into Pd and CeO, was also found to increase its activity by two orders
of magnitude with an enhanced selectivity towards aromatization and 1-5 ring closure
(Le Normand et al. 1984).

In the case of LaCos starting intermetallic in CO + H; reaction, not only the oxidation
of the rare earth but also the carbon provided by the CO decomposition plays a role
to form a new active catalyst composed of Co particles dispersed from the La oxide
platelets by carbon filaments (Wang et al. 1987). Its catalytic properties are similar to
that of Co/La; 05 but very different from that of Co/CeO, (Barrault et al. 1986b). In this
last case the Co particles are deposited on ceria and an interaction with the support is
expected.

It is also interesting to note that the decomposition of pseudobinary intermetallic
compounds (LaNi,Fe and CeNis_,Co,) leads to the formation of bimetallic transition
metal particles which display different selectivities than the catalysts derived from the
related binary intermetallic compound (Paul-Boncour et al. 1991, France and Wallace
1988). The characterization of the bimetallic particles by XRD, Méssbauer spectroscopy
and magnetism indicated that their composition was close to that of the starting
alloy.

To conclude, intermetallic compounds can lead to very active catalysts with different
selectivities from conventional supported catalysts. But it was observed that their lifetime
was generally short, due to poisoning by reaction products. Although these kinds of
catalysts are not yet too promising for industrial application, essentially due to rapid
deactivation, they remain interesting from a fundamental point of view. However, due
to their specific activity and selectivity compared to conventional catalysts in some
hydrogenation or dehydrogenation reactions, further investigations should be performed
in order to increase their stability.
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1. Introduction

Recently there has been a growing interest in catalytic properties of rare earths (R)
and related compounds (Edelmann 1996, Hogerheide et al. 1996, Inumaru and Misono
1995, Taube 1995, Yasuda 1995, Imamoto 1994). Since rare-earth elements have specific
electron configurations based on 4f orbitals, many intriguing reactions mediated by them
which cannot be achieved by d-block transition metal compounds are expected to occur:

R=R* 1+2¢,, 1)

NH; + €,, = NH; + 1H,, )
R? +2NH; = R(NH,),, (3)
R*" 4+ 3NH, = R(NH,); + ¢, (4)
R(NH,), = RNH + NHj, (5)
R(NH,); = RNH + NH; + 3N, + Hy, (6)
RNH = RN + 1H,, (7

where R=FEu or Yb.

It is known that europium and ytterbium among rare-earth elements readily dissolve
in liquid ammonia to yield homogeneous solutions with a deep blue color, being char-
acteristic of the ammonia-solvated electrons (&) (Thompson 1976). The ammoniated
electron is stable at temperatures near 240 K and is a powerful reducing agent. Moreover,
the reversibility of eq. (1) is high at low temperatures, and so the reversal is used as a
method producing the metallic rare earth in sponge form.! The rare-earth metal solutions
are known to change through varied steps as shown by Salot and Warf (1968), Juza
and Hadenfeldt (1968) and Thompson et al. (1966). The thermal decomposition products
of liquid ammonia solutions of Eu and Yb metals finally yield nitride (EuN and YbN)
through diamide, triamide or imide.

It has been first shown (Imamura et al. 1989a) that when Fe, Ni, Cu or Ag metal
powders are added to this rare-earth metal solution, the dissolved metal in liquid
ammonia reacts with the transition metal to form novel rare-earth metal overlayers
or rare-earth-containing bimetallic compounds. By using such dissolving power of
liquid ammonia, a new preparative method of a novel class of catalytic materials
containing rare earths has been developed, and then, their specific catalysis has recently
been shown. In the preparation of rare-earth catalysts, the type of matrix substrates
which are added to the solutions of Fu or Yb metal in liquid ammonia strongly
influences the mode of interactions and the resulting materials. The catalytic properties
vary markedly with changes in the way in which the rare-earth species exist on
the matrix (Imamura et al. 1991a). Preparation of catalysts composed of Na/Al,O4

! Rockwell Internatl. Co., U.S. Patent 3,770,422 (1973).



THE METALS AND ALLOYS IN CATALYSIS II 47

has long been carried out using ammonia solutions of alkali metals (Blouri et al.
1968).

In view of these facts, a great deal of attention has been here devoted to understanding
how the rare-earth metals exist on the matrix substrate and how this affects the catalytic
properties. In sect. 2, rare earths introduced onto (or into) silica, active carbon and
zeolite, and their catalysis in connection with changes in their chemical state are
characterized. In bimetallic systems, interest in the study of interactions of the rare earth
with the d-transition metal has been aimed at unveiling the correlation of the electronic
and geometric effects with the catalytic properties for hydrogenolysis, hydrogenation,
dehydrogenation, transfer hydrogenation, H,—D; exchange and C¢H;,—D; exchange. The
effects of a rare-earth metal overlayer on such catalytic reactions and related properties
over Co and Ni are largely dealt with. These studies are described in sect. 3.

2. Catalysis of rare earths deposited on silica, active carbon and zeolite from
liquid ammonia solutions

2.1. R/SiO;

When SiO; is brought into contact with a solution of rare-earth metals dissolved in
liquid ammonia, the rare earth reacts readily with SiO,, liberating hydrogen gas with
simultaneous changes in solution color from blue to colorless (Imamura et al. 1992a.e,
1991b). Figure 1 shows infrared spectra of 15wt.% Yb/SiO, obtained when SiO,
previously evacuated at 973 K is treated with the ytterbium solutions. The vibration band
at 3744 cm! of Si0; is assigned to free hydroxyl groups (Iler 1979). This band decreases

absorbance
z
3
3288

3000
4000 9 Fig 1. IR spectra of (a) Si0,, (b) 15 wt.% Yb/SiO, (as prepared)
wavenumber / cm1 and (c) 15wt.% Yb/SiO, evacuated at 573 K.
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immediately upon contact with the rare earth. Strong absorptions are also observed at
3384, 3288 and 1552cm™!, which can be assigned to the NH, species bound to the
rare earth by comparison with IR data of amido—metal complexes (Linde and Juza 1974,
Warf and Gutmann 1971, Hadenfeldt et al. 1970, Hewkin and Griffith 1966). For SiO;
treated with liquid ammonia without rare earth, these bands are not observed and neither
is the decrease in absorptions of the hydroxyl groups. Thus, these data give an indication
that the rare-earth metals dissolved in liquid ammonia preferentially react with the surface
hydroxyl groups of SiO; to form =Si—O-R—NH, (Imamura et al. 1992a,¢):

=Si—OH + R in /ig. NH; — =8i—-O-R-NH,.

There are different hydroxyl types (free, bridged, vininal and geminal) on silica
and their number varies with evacuation temperatures (Voort et al. 1990, Iler 1979).
Considering the evacuation temperature (973 K) used here, it seems reasonable to estimate
the surface density of OH groups as ~1.5 OHnm™ (Voort et al. 1990, Zhuravlev 1987);
the total number of OH groups on SiO, (380m?g ') can be determined. The loading
of 13wt.% Eu or 15wt.% Yb corresponds roughly to the total amount of OH groups
present on the surface of SiO, by assuming a rare-earth metal to OH group ratio of 1:1
in the surface complex. However, the bands of the OH groups unreacted still remain in
the IR spectra (fig. 1) of SiO, with loading of 15 wt.% Yb, due to the varied reactivity
and distributions of the different hydroxyl groups present on SiO,. Such stoichiometric
relationships of the reaction between the rare-earth metal and OH group are almost
achieved when polyvinyl alcohol (PVA) with uniform hydroxyl groups is used. As
described below, PVA is useful for determining the reaction product and its catalytic
properties as a model compound.

PVA, as well as silica, readily reacts with Eu and Yb metal solutions in liquid
ammonia, also releasing hydrogen gas. According to IR spectra of R/PVA, the strong,
broad OH bands (32003500 cm™") of PVA decrease immediately upon reaction with the
rare earth. The absorption of OH groups decreases proportionally with increasing levels of
the addition of rare earths and finally disappears completely upon the addition of rare earth
equivalent to the total amount of OH groups of PVA. The changes in C—O stretching
modes are consistent with that alcohol is converted into alkoxide. This agrees with IR data
reported for various alkoxides of Gd(III) and Er(Il) (Mehrotra and Batwara 1970) and
isopropoxides of rare-earth metals (Brown and Mazdiyasni 1970). Vibration bands are
also observed at 3354 and 3284 cm™!; these are assigned to the NH, species bound at
rare earths (Warf and Gutmann 1971, Hadenfeldt et al. 1970). Thus, the rare earths
dissolved in liquid ammonia stoichiometrically react with the OH groups of PVA to form
PVA-grafted species, following the equation (Imamura et al. 1992a).

—(CHZ—(|JH),,— + R in lig. NHy — —(CH,—CH),—

OH O—-R-NH,

PVA species 1
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This reaction is also consistent with elemental analyses of the product. PVA-grafted rare-
earth products by the reaction of PVA with different levels of rare earth are formed,
which always incorporate R and N in the atomic ratio 1:0.93-0.95. This suggests that
the rare earth can also adopt a trivalent state, which does not hold for this case. However,
slight deviations from R/N ratio = 1 indicate the existence of products other than species 1,
e.g., bound species in bridged or cross-linked form in which a rare earth reacts with a
set of adjacent hydroxyl groups in a polymer or astride two polymers. The PVA-grafted
products obtained when the rare earths equivalent to the total number of OH groups
present on PVA are introduced has an R:N:C atomic ratio of ~1:0.95:2. Thus, the
IR studies and elemental analyses indicate that the OH groups of PVA exhibit highly
quantitative reactivity toward the rare earth to form the PVA-grafted rare-earth (II) amide
species compared with those of SiO,. This is also confirmed by the catalytic reactions
(sect. 2.1.1).

The absorption intensity of NH; groups gradually decreases as Yb/SiO, is treated with
elevated temperatures under evacuation. The absorption bands almost disappear upon
heating around 573K (fig. 1). Decomposition of the rare-earth species bound to the
surface hydroxyl groups occurs, simultaneously leading to an inactivation of Eu/SiO; and
Yb/Si0, for the catalytic reactions (see sect. 2,1.1). Instead, new absorptions appear at
2180-2230cm™" upon this thermal treatment in the range 573-773 K. These bands are
assigned to azides, which show absorptions in a wavenumber region similar to those
reported by Ross (1972). For adsorbed ammonia on Cu/Al,O3, Kritzenberger et al. (1990)
have shown that the bands in the region 1950-2350 cm™ are identified as surface-bound
azides, which are predicted to be possible precursors in the copper nitride formation. This
might suggest the possibility of rare-earth nitride formation vig azide intermediates.

For the rare-earth loading in the range 0—15 wt.% on SiO,, it seems quite certain that
the rare earth combines chemically through the surface hydroxyl groups of SiO,. However,
for R/Si0O; with high loading of rare earth (>13—15wt.%), details on the states of the
excess rare earth present on SiO; have not been obtained. This is further discussed in
sect. 2.1.2.

2.1.1. Catalysis of R/SiO, with low loading

The catalytic behavior of R/SiO, varies markedly with the level of rare-earth loading.
Rare-earth catalysts immobilized on SiO,, formed by preferential reaction of rare earth
with the OH groups on SiO,, exhibit specificity for selective hydrogenation (table 1).
These hydrogenations show interesting features, of use for catalytic reactions (Konishi et
al. 1995, Imamura et al. 1992a, 1991b). First, the rare earth on SiO; can discriminate
between conjugated and non-conjugated C=C double bonds. Thus, buta-1,3-diene, iso-
prene, penta-1,3-diene and cyclohexa-1,3-diene are readily reduced to the corresponding
monoenes at 298 K, with almost 100% selectivity, whereas penta-1,4-diene and hexa-1,4-
diene remain unchanged. A further useful property of R/SiO; is that it shows negligible
or very low reducing power for monoenes (propene and but-1-ene), in marked contrast
to its reactivity with conjugated compounds. The reactivity of buta-1,3-diene is higher by
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Table 1
Various hydrogenations at 298 K over 13 wt.% Ew/SiO, and 15 wt.% Yb/SiO,

Catalyst Reactant Activity Product®
(mmol min' g')

13 wt.% EwSiO, but-1-ene b
buta-1,3-diene 5.9%x10™ but-1-ene (51), cis-but-2-ene (49)
penta-1,4-diene —b
benzene ~b
15wt.% Yb/SiO, propene 5.5x107° _ propane (100)
but-1-ene 4.4%107° butane (100)
buta-1,3-diene 6.5x107 but-1-ene (24), cis-but-2-ene (57),
trans-but-2-ene (19)
isoprene 4.3%107? 3-methylbut-1-ene (18),
2-methylbut-1-ene (27),
2-methylbut-2-ene (55)
penta-1,3-diene 8.7x107 pent-1-ene (17), pent-2-ene (83)
penta-1,4-diene -
hexa-1,4-diene ~b
cyclohexene -b
cyclohexa-1,3-diene 4.6x1073 cyclohexene (100)
benzene 6.3x107 cyclohexene (100)
Sm ethene 1.6x1072 ethane (100)
Yb propene 1.1x1073 propane (100)
(at 323K)
penta-1,4-diene 3.5x107° pent-1-ene (80), pentane (20)

* Selectivity (%) in parentheses.
b The activity is almost zero within detection limits.

over three orders of magnitude than that of but-1-ene. The Yb/SiO;-catalyzed buta-1,3-
diene hydrogenation yields preferential but-2-ene formation with a high cis: trans ratio.
Included in table 1 for comparison are the results on rare-earth metal catalysts prepared
by the metal vapour technique (Imamura et al. 1989b, 1985). They are active for the
hydrogenation of both monoene and diene, but are not selective for conjugated and non-
conjugated dienes. Thus, the immobilization of rare earths on the surface of SiO, leads to
specific catalytic activity. However, upon thermal treatment of R/SiO; above ~573 K, the
catalyst is completely deactivated for the hydrogenation, due to the decomposition of the
rare-earth amide species as shown in IR spectra. Eu/SiO, and Yb/SiO, show rather similar
catalytic behavior, but the activity of Yb/SiO, is much higher than that of Eu/SiO,.
R/PVA, regarded as a surface model of R/SiO,, shows essentially catalytic behavior
similar to R/SiO,. R/PVA has high reactivity with the capability to discriminate between
conjugated and non-conjugated double bonds for the hydrogenation. For three kinds of
Yb/PVA catalysts in which 25, 50 and 100% of the OH groups of PVA are converted
into grafting of Yb species, turnover frequencies (TOF) in terms of molecules of products
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Table 2
Comparison between R/SiO, and R/PVA for hydrogenation at 298 K

Catalyst® Reactant TOF Catalyst* Reactant TOF
x10% s~ x10%s™!
15wt.% Yb/SiO, buta-1,3-diene 1.9 Yb/PVA (0.5:1) buta-1,3-diene 1.2
isoprene 1.3 isoprene 043
but-1-ene 0.0013 Yb/PVA (0.25:1) buta-1,3-diene 0.78
Yb/PVA (1:1) buta-1,3-diene 0.76 EuwPVA (1:1) buta-1,3-diene 0.75
but-1-ene 0.018

2 Ratios of R to OH groups are given in parentheses.

formed per site per second are almost equal to each other and are further comparable to
those for Yb/SiO, (table 2). It can be concluded that the active species of R/Si0; and
R/PVA are identical.

Yb/Si0, is further characterized by the partial hydrogenation of benzene to cyclohexene
with extremely high selectivity of 96-100% (Imamura et al. 1993a). Apart from
conventional catalysts centering around Ru (Struijk et al. 1992, Fukuoka and Nagahara
1991, Niwa et al. 1990, Galvagno et al. 1988), a new catalytic material consisting of
rare earths for the selective hydrogenation of benzene has been developed (Imamura et al.
1993a, 1987a). In spite of thermodynamic disadvantages (AG® at 298 K is 23 kJmol™! for
benzene to cyclohexene and —98 kJmol™! for benzene to cyclohexane), there is a strong
tendency for the reaction over the rare-earth catalysts to stop at the partially hydrogenated
intermediate, rather than to proceed all the way to cyclohexane. Included in table 1 for
comparison are the results on the hydrogenation of cyclohexene and cyclohexa-1,3-diene.
Cyclohexadiene is readily reduced to cyclohexene with almost 100% selectivity, whereas
cyclohexene is virtually inactive for Yb/SiO,. This is a reason why the selectivity of
Yb/Si0; is extremely high.

Eu/Si0; and Yb/SiO; also exhibit high activity for the disproportionation of cyclohexa-
1,3-diene to benzene and cyclohexene, the rates of which are comparable with those of
the metallic nickel catalyst (Sakai et al. 1985), being fairly active for this reaction.

2.1.2. Catalysis of R/SiO; with high loading

Upon increasing loading of rare earth on SiO,, particularly above ~15 wt.%, the hydro-
genation activity for monoenes suddenly appears (fig. 2). The fraction of 13—15wt.%
separates the catalysts with low loading from high loading, in which there is a marked
difference in their catalytic behavior. Evidently, for R/SiO; with high loading the rare earth
is in excess compared with the total number of surface hydroxyl groups present on SiO,.
The first portion of rare earth introduced is consumed for the reaction with the surface
hydroxyl groups up to the fraction corresponding to 13—-15wt.% (as described in
sect. 2.1), and after all the hydroxyl groups are used up, the further loading results in
the existence of the rare earth in an active form for the hydrogenation of ethene. The



52

1E
".‘m 10-1 ;
g -
g | O
g 102 ¢
g £
2
8 L
2
8 103 =

0 E’S L 1

0 10 20 30 40

Yb loading / wt.%

H. IMAMURA

Fig. 2. Rate constant of Yb/SiO, for ethene hydrogenation
(373K) vs. Yb loading (wt.%).

Table 3

Hydrogenation of alkynes at 353 K over 35 wt.% Euw/SiO, and 39 wt.% Yb/SiO,

Catalyst

Alkyne

Activity Hydrogenation products (%)
(mmol min~! g!)

35wt.% Eu/SiO,

39 wt.% Yb/SiO,

Sm

Yb

acetylene
propyne

acetylene
propyne

but-1-yne
but-2-yne
but-1-yne
but-2-yne
acetylene
but-1-yne
but-2-yne

2.6x10™ cis-but-2-ene (76), but-1-ene (24)

a

3.5x10™ cis-but-2-ene (65), but-1-ene (35)

a

1.2x107° cis-but-2-ene (70), but-1-ene (30)

* No hydrogenation occurs, but only isomerization is observed.

R/SiO; catalysts with high loading are probably those in which an excess of rare earth
is present dispersed in almost metallic form on SiO,, as described later. Incidentally,
the hydrogenation activity of 39 wt.% Yb/SiO; is close to that of the rare-earth metals

(Imamura et al. 1989b, 1985).

R/8i0, with high loading additionally exhibits selective hydrogenation of alkynes.
39wt.% Yb/SiO, discriminates between internal and terminal C=C triple bonds for
the hydrogenation of alkyne (table 3); thus, but-2-yne is readily converted to cis-but-
2-ene in high selectivity at 353 K, whereas but-1-yne, propyne and acetylene are not
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hydrogenated at all under the same conditions. The type of hydrogen addition at terminal
and internal C=C bonds by the rare-earth catalysts is completely contrary to that reported
for conventional transition-metal catalysts (Freifelder 1971, Petrov and Forost 1964,
Dobson et al. 1961). As shown in table 3, the catalytic behavior of R/Si0, with high
loading is quite similar to that observed for the rare-earth metal catalysts prepared by
metal vaporization (Imamura et al. 1989b.c, 1988a, 1985). The product selectivity for
39 wt.% Yb/SiO,-catalyzed but-2-yne hydrogenation is analogous to the results obtained
for the Yb metal catalyst.

In the light of such catalytic properties of R/SiO,, some of the rare earth introduced,
especially up to the fraction of 0—15wt.%, is preferentially bound to SiO, to form
=Si—~0O-R-NH; species, and the rest seems to deposit in active metallic form on SiO;

with high dispersion. The properties of the latter species largely reflect the hydrogenation
of monoenes and alkynes.

22. RIC

The rare earths (Eu/C and Yb/C) introduced onto active carbon (C) by impregnation
from a liquid ammonia solution of Eu or Yb metals are changed through varied
steps (metal, amide, imide or nitride) by thermal treatments (Imamura et al. 1999a,
1996a, Konishi et al. 1995), as shown in egs. (1)—(7) (Salot and Warf 1968, Juza and
Hadenfeldt 1968, Thompson et al. 1966). Simultaneously the hydrogenation activity for
ethene varies markedly (fig. 3). Upon evacuation of 60wt.% Yb/C above 473K, the
hydrogenation activity appears even at 203 K. The activity increases with increasing
evacuation temperatures, passes through a maximum around 773 K with an enhancement
by over three orders of magnitude and then, the catalyst is completely deactivated upon
evacuation at 1373 K. 60 wt.% Eu/C also exhibits a similar temperature dependence of
activity. Eu/C shows the highest activity when evacuated around 573 K. It is found that
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Fig. 3. Effects of evacuation temperatures of Ew/C and Yb/C

evacuation temperature / K on the hydrogenation of ethene (203 K).
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the activity of R/C is comparable to that of conventional Ni/SiO; catalysts. The changes
in rare earths on active carbon are followed by XRD.

When Yb(Il) and Yb(IIl) amide are treated at 423K, new diffraction peaks around
31.7,36.5, 52.8 and 62.0° begin to appear. These peaks observed at 503 K are satisfactorily
indexed to a cubic lattice, a=4.85 A, being in substantial agreement with the results
of ytterbium imide characterized by Hadenfeldt et al. (1970). Upon further treating
above 773-873 K, XRD eventually displays the conversion to YbN:

Yb(NH;),, Yb(NH;); — YbNH or imide-like species — YbN.
(<373K) (423-773K) (>773-873K)

The changes in XRD of europium amide are summarized as follows:

Eu(NH,), — Eu(NH;), and EuN — EuN.
(< 503K) (503-573K) (>573K)

The catalytic properties of rare-earth amide [Eu(NH,),, Yb(NH;), and Yb(NH,)s]
prepared separately, imide and nitride have been further investigated for comparison. The
possibility of rare-earth amide and nitride as active species can be consequently ruled
out. Baba et al. (1992, 1993) report that ytterbium introduced into zeolite rapidly lost its
hydrogenation activity upon evacuation above 900 K. It is concluded that imide or imide-
like species formed on R/C during the thermal decomposition processes of europium
and ytterbium amide to nitride at 503-573 K and 423-773 K are active catalysts for the
hydrogenation of ethene, respectively. Unlike the ytterbium system, no indications of
EuNH formation are recognized, but the possibility that EuNH species generated slightly
or fleetingly on the catalyst surface by the thermal treatment catalyze the hydrogenation
is high. Juza and Hadenfeldt (1968) find no evidence of EuNH during the thermal
decomposition of amide to nitride, but Howell and Pytlewski (1969) report the formation
at 503K. In R/zeolite as described later, the formation of EuNH is suggested (Baba et
al. 1995).

Moreover, it has been shown (Imamura et al. 1995a) that such rare-earth imide or imide-
like species exhibit oligomerization activity of alkynes. Selective cyclic dimerization and
trimerization of propyne and ethyne to cyclohexadiene and benzene occur at 453 K during
the oligomerization, respectively, in which the active catalysts are characterized as rare-
earth imides induced by the thermal treatment of R/C.

2.3. R/zeolite

Europium and ytterbium (R/zeolite) introduced into K*-exchanged Y-zeolite by impreg-
nation from liquid ammonia solutions similarly show various catalytic reactivities with
changes in evacuation temperatures (Baba et al. 1992). The changes in the chemical state
of rare earths with the evacuation temperature are studied by IR and X-ray absorption
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Table 4

Fraction of R** and R** evaluated from XANES of R/zeolite
Evacuation Fractions (%) Evacuation Fractions (%)
temperature (K) R R3* temperature (K) R> R3*
Eu/zeolite Yb/zeolite
303 53 47 333 16.4 83.6
423 75 25 473 38.6 61.4
473 63 37 573 442 55.8
573 53 47 773 22.0 78.0
673 40 60 873 10.2 89.8
773 52 48 973 11.0 89.0
973 88 12

peak intensity /arb. units

Fig. 4. TPD spectra of gases desorbed from Yb/zeolite. The

300 400 500 600 700 800 900 1000 dashed line expresses NH; desorbed from zeolite without rare
desorption temperature / K earth.

fine structure (XAFS), combined with temperature programmed desorption (TPD)
measurements. For Yb/zeolite, IR exhibits the presence of Yb amide, which is observed
up to 423 K. In XANES spectra, Yb L,-edge absorption is observed at 9972 and 9979 eV
and the corresponding peaks of L;-edge XANES are at 8939 and 8946 eV, respectively.
These are very close to energy values attributed to the 2p — 5d electron transition of
Yb(II) and Yb(III), as reported for YbAL, and YbAl; (Prabhawalkar and Padalia 1983,
Hatwar et al. 1980, Rao et al. 1980). It is evident that Yb/zeolite contains at least two
kinds of Yb species. XANES shows that the sample as prepared consists of Yb(III) species
mainly and that the Yb species exist as 16.4% Yb(II) and 83.6% Yb(IlI) upon evacuation
at 333 K (Tanaka et al. 1993). As shown in table 4, the fraction of Yb(II) increases with
increasing the evacuation temperature and reaches a maximum of 44.2% around 573 K.
Then, the fraction of Yb(II) decreased to reach a minimum at 873K. In TPD (fig. 4)
obtained in this temperature range, N, is continuously desorbed, while H; is desorbed
with two maxima at 400 and 780K. A maximal desorption of NH; appears at 540 K.
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This NHj desorption corresponds to the decomposition of Yb amides [Yb(NH,), and/or
Yb(NH;)s] to the imide species (YbNH):

Yb(NH,); — YbNH + NH; + 1N, + Hy,  Yb(NH,), — YbNH + NHs.

The fraction of Yb(III) species increases at an evacuation temperature >600 K, owing to
the decomposition of Yb imide to Yb nitride with evolution of hydrogen:

YbNH — YbN + 1H,

Eu/zeolite follows similar changes in Eu species with elevating the evacuation
temperature: amide — imide — nitride (Tanaka et al. 1995). According to IR, Eu amide
decomposes to imide around 420 K and to nitride around 610 K. The fraction of Eu(Il) and
Eu(IIl) is summarized in table 4. When the evacuation temperature of Eu/zeolite is
elevated from 303 to 423K, the fraction of Eu(ll) increases from 53 to 75% and
simultaneously the desorption of H, and N, is observed in TPD. This corresponds to
the decomposition of Eu(IIl) amide to Eu(Il) imide:

Eu(NH,); — EuNH + 1H, + N,.

Subsequently, the fraction of Eu(Il) decreases and the Eu(Ill) species increases about
2.4-fold in the range of 423 to 673 K. This is due to the conversion of Eu(Il) imide to
Eu(IIl) nitride:

EuNH — EuN + H,.

At evacuation temperatures higher than 673 K, the fraction of Eu(ll) increases again
to reach 88% at 973 K. Further decomposition of Eu(IIl) nitride to Eu(I) nitride is
presumed.

The changes in catalytic activities of rare earths introduced into zeolite with the
evacuation temperature suggest that the Eu(II) and Yb(II) imide species formed exhibit
activity for the isomerization and the Michael reaction (Baba et al. 1993, 1995). Unlike
the results on R/C (Imamura et al. 1996a), the nitride species obtained by evacuating
R/zeolite around 900K are catalytically active for the hydrogenation of ethene. However,
there is a difference in valence state between europium nitride and ytterbium nitride; the
former is divalent, while the latter is trivalent.

3. Catalysis of rare-earth metal overlayers or bimetallic compounds
3.1. Catalysis of R—Co and R—Ni

3.1.1. Hydrogenolysis of alkanes
Co and Ni are normally active for the hydrogenolysis of alkanes, whereas Eu and Yb
metal powders prepared by the metal vapor technique are not active under similar reaction
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Fig. 5. Relative rates of ethane hydrogenolysis (473K) us.
Eu, Yb/at.% R content (at.%) in R—Co and R—Ni.

conditions. The hydrogenolysis activity of ethane shows a tendency to decrease with
increasing content of rare earths in R—Co (Imamura et al. 1992b) and R—Ni (Imamura
et al. 1991d) (fig. 5). Similar kinetic behavior is observed in the hydrogenolysis of
cyclohexane. The extent of the decrease in activity is significant even upon addition
of small amounts of rare-earth metals. The catalytic activity of 10.6at.% Eu-Ni is
~500 times lower than that seen for pure nickel. The product distribution remains
unchanged regardless of alteration in proportion of rare-earth metal introduced; ethane is
exclusively decomposed to methane, and cyclohexane undergoes hydrogenolysis to low-
molecular-weight alkanes, primarily methane.

As will be discussed later, the continuous decrease in the hydrogenolysis rates is
probably due to the rare earth exclusively blocking an active Co and Ni surface atom,
resulting in a decrease in the number of specific sites available for structure-sensitive
reactions such as alkane rearrangements. If cobalt and nickel are presumed to be active
sites for the hydrogenolysis, the behavior is as expected. The Eu- and Yb-containing
systems exhibit similar catalytic behavior.

3.1.2. Hydrogenation of alkenes

The hydrogenation behavior of the R—Co (Imamura et al. 1992b) and R—Ni (Imamura et
al. 1991d) bimetallic catalysts also varies markedly with changes in the content of Eu or
Yb (fig. 6). The influence of rare-earth content on the catalytic activity is very different
from that observed for the hydrogenolysis reaction described above. Upon the addition of
small amounts of rare earths, the hydrogenation activity decreases slightly but it increases
conversely for further addition. The dependence of activity on rare-earth content reveals
a distinct minimum in the region of 2—4 at.% rare earth and the activity of R—Co and
R—Ni increases in the higher-content region. The influence of rare-earth content on the
catalytic activity is similarly observed for the hydrogenation of propene and buta-1,3-
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diene (Imamura et al. 1995¢, 1991c¢). Since rare earths alone shows negligible or very
low activity (Imamura et al. 1989b), such a dependence of activity strongly suggests that
the existence of some synergetic effects between the rare earth and cobalt (or nickel)
metals, rather than the individual component elements, constitutes active sites for the
hydrogenation. Comparing both Eu- and Yb-containing systems on the basis of the same
atomic fractions of rare-earth metals added, Eu—Co and Eu—Ni show higher activity than
Yb—Co and Yb-Ni, respectively.

The rate of hydrogenation is represented by a first-order rate equation with respect to
the hydrogen pressure irrespective of the changes of rare-earth content in the catalysts:

rate=r=%k Py, (8)

where £ is the rate constant and Py is the pressure of hydrogen. For Eu—Ni and Yb-Ni,
the apparent activation energies for ethene hydrogenation vary between 29 and 58 kJ mol™!
(fig. 7). For the variation in rare-earth content, Arrhenius behavior is observed over the
entire temperature range studied (196-253K). An activation energy of 54kJmol™' is
determined for ethene hydrogenation on Ni. For rare-earth-covered surfaces, the apparent
activation energies show a tendency to decrease and fall in the range 29-33 kJ mol~! for
R-—Ni with higher rare-earth content. R—Co shows similar variations in activation energies
with varied levels of rare earth (fig. 7). For the Eu-containing system, there is a marked
tendency for the activation energy to decrease with increasing rare-earth content.

The rates of hydrogenation increase noticeably with an increase in evacuation
temperature of R—Co and R—Ni from 290 to 673K. For 4.8at.% Eu—Ni, there is
>10°—fold increase in activity for changes in temperature between 373 and 673 K.
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3.1.3. H, adsorption, TPD, H,—D, isotopic exchange, and IR of adsorbed CO

As the rare-earth metals are introduced onto the Co and Ni surface, H, chemisorption
at first decreases to reach a minimum around 2—4 at.% and increases in the region of
higher content (table 5). These results are qualitatively compatible with those obtained
for the hydrogenation (fig. 6). The initial decrease in catalytic activity indicates a
decrease in the active sites on Co and Ni by surface coverage. This is consistent with
the results on the surface composition evaluated by X-ray photoelectron spectroscopy
(XPS) (table 6); for Eu—Co and Eu—Ni, the peak intensity ratios of Eusq: Coyp (or Nipp)
increase proportionally with the addition of Eu to Co (or Ni) (Imamura et al. 1991c,d).

Table 5
H, chemisorption by R—Co and R—Ni
Catalyst H, chemisorption (umol g™) Catalyst H, chemisorption (umolg™)
Co 12.9 Ni 37.8
1.2 at.% Eu-Co 10.2 1.2 at.% Eu—Ni 20.0
3.6 at.% Eu—Co 20.7 3.3at.% Eu-Ni 7.2
8.1at.% Eu—Co 327 6.6at.% Eu-Ni 253
1.3 at.% Yb—Co 6.7 10.6 at.% Eu—Ni 345
3.5at.% Yb—Co 20.0 1.4at.% Yb-Ni 8.4
7.5at.% Yb—Co 23.2 3.0at.% Yb-Ni 8.9
10.0at.% Yb—Ni 17.0
Table 6
Surface composition of Eu—Co and Eu—-Ni by XPS
Eu—Co Eus,: Co,, Eu-Ni Busy, 1Ny,
2.8at.% Eu—Co 33 2.0at.% Eu-Ni 2.0
18.1 at.% Eu—Co The Co,, peak is not 3.1at.% Eu—-Ni 5.1
observed within detection | 82 at.% Eu—Ni 6.6
limits 14.8at.% Bu-Ni 11.2

In TPD for hydrogen, two binding states, 3; and 3, as reported by Christmann et al.
(1974) and Volter and Procop (1973), can be discerned on nickel, which occurs at 430 and
510K, respectively. When small amounts of rare-earth metal are introduced onto Ni, the
intensity of the H, desorption peak around 430K decreases (Imamura et al. 1991d).
An additional desorption peak at ~840K is observed in the region of high rare-earth
content, and this peak increases markedly with increasing proportion of rare earths. The
TPD profile of R—Ni with high content shows the alteration in characteristics of hydrogen
adsorption.



60 H. IMAMURA

25

20
u-Co

ot
8]

A
Yb-Co

ot
<

relative rate

/.
Eu-Ni

Yb-Ni

1
8 10 12
0 2 4 6 Fig. 8. Relative rates for H,—D, exchange vs. R content (at.%)
Eu, Yb/at.% in R-Co and R-Ni.

The activity of isotopic exchange between H, and D, as a function of rare-earth
content in R—Co and R—Ni (fig. 8) is quite similar to that seen for the hydrogenation
of ethene (Imamura et al. 1995b, Imamura and Yoshimura 1994). The apparent activation
energies for the exchange reaction also decrease markedly in the high-content region.
Certainly the presence of rare-earth metal on Co and Ni strongly influences the state
of hydrogen adsorption, resulting in enhanced reactivity to dissociate hydrogen on the
surface. Upon the addition of rare-earth metals, the Co and Ni surface is gradually
covered and simultaneously certain interactions occur to produce new active centers with
improvements of the surface properties, especially in the adsorption characteristics of
hydrogen. Thus, R—Co and R—Ni-catalyzed alkene hydrogenation, in which the process
involved in the adsorption of hydrogen is a rate-limiting step, is promoted.

CO on Ni/SiO, shows two adsorption states, a linear form and a bridge form, which
are observed at 2048 and 1972 cm™ !, respectively (fig. 9). Upon introduction of rare earth
onto Ni/Si0,, the relative concentration of the bridged CO species decreases much more
rapidly than that of the linear ones (Imamura et al. 1992¢). The proportions of the
linear and bridged forms, the total amount of adsorption and its variations directly reflect
changes in the surface composition or structure with changes in the content of rare-earth
metals introduced. The decrease in the bridged form also gives an indication that the
rare earth covers the active Ni surface, resulting in a relative decrease in the chance of
finding an adjacent pair of Ni atoms compared with the chance of finding an isolated
Ni atom. The dependence of total absorbance assigned to adsorbed CO on the rare-earth
content evidently has a distinct minimum, which is analogous to that observed for the
hydrogenation of ethene (fig. 6). In addition, it should be noted that the CO linear bands
shift somewhat to higher frequencies with increasing rare-earth content, as shown in fig. 9.
IR studies of dinitrogen adsorbed on Eu—Ni/SiO, and Yb—Ni/Si0, have also been carried
out (Imamura et al. 1999b).
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3.1.4. Surface features
From the results of H, adsorption (Imamura et al. 1992b, 1991d), IR spectra of CO
(Imamura et al. 1992¢) and XPS (Imamura et al. 1991c,d), inactivation of R~Co and
R-Ni in the low-content region is deemed to be a consequence of rare-earth coverage
on the catalytically active 3d-transition metal surface. In structure-sensitive reactions,
such as alkane rearrangements, a continuous decrease in hydrogenolysis rates is observed
(Imamura et al. 1992b, 1991d). In the higher-content region, it is deduced that some
synergetic interactions between the rare earth and 3d-transition metals appear; catalytic
activation of hydrogen is enhanced, resulting in a marked increase in the specific activity
(TOF) of the hydrogenation. Thus the cobalt and nickel metal surface are gradually
covered with rare-earth metals and remarkable synergy simultaneously occurs to produce
highly active centers for the hydrogenation. For the variation of hydrogenation activity
as shown in fig. 6, at least two effects are competitively operative; reduced activity
resulting from the coating of catalytically active cobalt or nickel surfaces with rare-
earth metals and enhanced activity arising from combined actions of rare-earth and
3d-transition metals. The former effect is pronounced in the low-content region (0-3 at.%)
and the latter becomes more prominent than the former in the higher-content region. In
particular, the latter effect results in a decrease in activation energies of the hydrogenation
with simultaneous drastic changes in the adsorption characteristics of hydrogen, leading
to enhanced activity of R—Co (Imamura et al. 1992b) and R—Ni (Imamura et al.
19914d).

The variations in apparent activation energies of hydrogenation from 54 kImol™! in Ni
to 29-33kJmol™! in 6.0at.% Eu-Ni or 8.5at.% Yb-Ni (fig. 7) are discussed in this
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connection. If the effect of the adsorption equilibrium on the first-order rate constant &
in eq. (8) is considered, k is expressed by the following relation:

k=k K, ®

where k; is the true rate constant and X is the equilibrium constant of hydrogen. According
to the Arrhenius law, the apparent activation energy E, associated with £ is expressed as

E,=E —q., (10)

where E; denotes the true activation energy and ¢, is the heat of hydrogen adsorption. The
rare earth strongly influences the adsorption state of hydrogen with subsequent activation
processes and consequently the apparent activation energy E, is directly dependent on
the magnitude of ¢,. This effect is more pronounced for the catalysts with higher rare-
earth content. In comparison between the Eu- and Yb-containing systems, the fact that the
hydrogenation activity of the former is usually higher than that of the latter is possibly
associated with differences in the decrease of the activation energy. The superiority of
Eu-containing systems in activity is similarly observed for the hydrogenation of diene
and Hy—-D; equilibration in which the catalytic activation of hydrogen is important to
determine the activity (Imamura et al. 1995b, 1992b, 1991c,d, Imamura and Yoshimura
1994).

If the rare-earth metal exists uniformly on the cobalt and nickel surface, the content
of 2—4 at.% rare earth which leads to the minimum activity corresponds to roughly one
monolayer coverage of the parent metal particles with Eu or Yb. The more activated
R—-Co and R-Ni ovetlayers are those in which the rare earth exists on the cobalt and
nickel surface above the amount equivalent to one monolayer. To provide information
as to the factors responsible for the dependence of activity on the rare-earth coverage,
cobalt and nickel fine particles with different particle sizes (15-28 nm) (produced by
a gas-evaporation method; Vacuum Metallurgical Co. Ltd) are used (Imamura et al.
1995¢). As shown in the results for R—Ni (fig. 10), the activities (k/min~! g”!) increase
with decreasing average size of the parent Ni fine particles used, and the level of rare-
earth content corresponding to the minimum activity increases with a decrease in the
average Ni particle sizes. Eu—Ni with Ni particle size of 19 nm shows promoting effects
by introduction of more than ~6 at.% Eu, while for the samples with Ni of 28 nm even
introduction above ~2 at.% is sufficient. For R—Co prepared with different particle sizes
of Co (15, 21 and 25 nm), similar results are obtained (Imamura et al. 1995c). The content
of the rare earth causing the minimum activity also increases with decreasing average size
of the Co fine particles as a precursor. An interesting feature is that such variations in
activity as a function of proportion of rare earths introduced onto the Co and Ni particles
with different average sizes suggest occurrence of nearly uniform coverages of the parent
metal surface with Eu or Yb deposited from liquid ammonia solutions. Furthermore, this
indicates that the synergy of the R—Co and R—Ni binary systems markedly appears when
the surface coverage rises above certain values.
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It is well known that rare earths combine with the 3d-transition metals to give a
large number of alloys and intermetallic compounds, many of which absorb hydrogen
copiously (Percheron-Guégan and Welter 1988, Buschow 1984). LaNis is considered the
paradigm among these compounds (van Vucht et al. 1970). Since hydrogen is absorbed
dissociatively (Andresen 1978, Kuijpers and Loopstra 1971), the gas must exist, at least
fleetingly, as monatomic hydrogen on the surface (Wallace et al. 1978). This indicates that
the surfaces of the rare-earth intermetallics are quite active for hydrogen, a feature that
has attracted interest in them as active hydrogenation catalysts (Netzer and Bertel 1982,
Oyama and Haller 1982, Wallace 1982, Wallace et al. 1980). The remarkable synergy
in the region of high rare-earth content may be involved in the formation of a certain
surface-alloy layer in analogy with the studies of controlled deposition of rare earths onto
single-crystal 3d-substrates reported by Nix et al. (1988) or Andersen et al. (1987, 1988a).
To make sure of this, the effect of H, pre-treatment is investigated. It has been shown
(Soga et al. 1979, 1977) that for the hydrogenation of alkene over RNis and RCos, the
catalytic activity of their hydrides is much higher than that seen in the dehydrided state,
and that the activity increases with an increase in hydrogen concentration in the hydride.
After Eu—Co and Eu—Ni are treated with hydrogen under the same conditions, they are
used for the catalytic hydrogenation of propene. As shown in table 7, such a pre-treatment
with hydrogen results in an enhancement of activity (k') of Eu—Co and Eu—Ni (Imamura
et al. 1995¢). When 10.3at.% Eu—Co and 9.1at.% Eu—Ni after the H, pre-treatment
are subjected to evacuating at 573K for 1h, their activities (k") almost return to the
original values (k) obtained for the untreated catalysts. These facts lead to speculations
of the formation of hydrogen-absorbing surface intermetallic phases as a result of
interactions between the rare earth and 3d-transition metal, which absorb hydrogen by the
H, pre-treatment and desorb the hydrogen by the subsequent evacuation treatment. The
effect of the H, pre-treatment on the activity is more pronounced for the R—Co systems
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Table 7
Effects of H, pre-treatment on hydrogenation activity of Eu—Co and Eu-Ni*
Catalyst k/min~'g! k'/fmin~ g™’ Kk k' /min'g!
[H, treatment®] [evacuation®]
Co 0.021
1.3 at.% Eu—Co 0.011 045 41
3.5at.% Eu—Co 0.0092 0.20 22
6.5 at.% Eu—Co 0.062 0.78 13
10.3 at.% Eu—Co 0.078 1.79 23 0.13
Ni 0.13
3.1at.% Eu-Ni 0.12 0.25 2.1
5.9 at.% Eu—Ni 0.090 0.19 2.1
9.1 at.% Eu-Ni 0.39 3.64 9.3 0.35
12.2 at.% Eu—Ni 0.69 2.65 3.8

* See the text. Reaction temperature: 203 K for Eu—Co and 195K for Eu—Ni.

® Eu—Co and Eu—Ni, previously evacuated at 673 K for 2 h, are exposed to hydrogen (200 Torr) for 1h at 203K
and at 195K, respectively.

° The catalysts after the H, pre-treatment are evacuated at 573K for 1h.

than for the R—Ni systems (table 7). This is considered to be due to the fact that R—Co
intermetallics has usually lower hydrogen-equilibrium pressures compared with R—Ni in-
termetallics (Kuijpers 1973) and, hence, under conditions of the same H, pre-treatment
the concentration of hydrogen taken up by R—Co is probably higher than that of R—Ni.

The remarkable synergy in these binary systems is probably involved in complex effects
which consist of electronic and geometric factors. Studies on rare-earth—3d-transition
metal intermetallics have made it abundantly clear that there is electron transfer from
rare earth to transition metal (Wallace 1973). For Yb/Ni(100), the controlled deposition
of rare-earth metal at low coverages can be described as adsorption of Yb on the
surface, while at higher coverages a considerable reaction with the Ni substrate is
observed (Andersen et al. 1987, 1988a). A ¢(10x2) LEED pattern develops, owing to
the formation of a specific surface intermetallic compound. Similar behavior has been
observed for Nd/Cu(100) with charge transfer from Nd to Cu (Nix et al. 1989, Nix and
Lambert 1987). Such interactions are presumed to occur for R—Co and R—Ni with high
rare-earth content, which enhances the capacity of this surface to dissociate hydrogen
molecules.

R—Co and R—Ni are further characterized by changes in their catalytic properties upon
thermal treatment (Imamura et al. 1992b, 1991d). The catalysts are usually used after
evacuation at 673 K. The catalytic activity for the hydrogenation and H,—D, exchange
increases ~10~10° times by treatment between 373 and 673 K (Imamura et al. 1995b,
Imamura and Yoshimura 1994). However, this change in evacuation temperature leads
to only 1.5-fold increase in H, chemisorption of 10.6at.% Eu—Ni, which does not
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correspond to the extent of the increase in activity. The surface areas simultaneously
change with evacuation temperature, and then, XPS suggests rearrangement of surface
morphology or structure (Imamura et al. 1991e). Thus, it is presumed that the thermal
treatment leads to the improvement of catalytic sites with changes in surface structure.
For structural studies of Yb/Ni(100) (Andersen et al. 1988a, 1987) and Nd/Cu(100) (Nix
and Lambert 1987), rare-earth metal deposition at 300K leads predominantly to the
formation of disordered overlayers, whereas an ordered intermetallic surface compound is
formed at elevated temperatures. In addition, the overlayer-to-intermetallic transition has
been observed for Nd/Cu(111) (Nix et al. 1988), Sm/Cu(100) (Andersen et al. 1988b),
and Sm/Cu(111) (Jaffey et al. 1989). If such a surface reconstruction upon the thermal
treatment also occurs in the present systems, this seems to have an effect on increasing
the activity of R—Co and R—Ni in view of the catalytic properties of the rare-earth—
3d intermetallics.

3.2. Dehydrogenation of cyclohexane

The variations in activity for the dehydrogenation as a function of Eu or Yb content in
R—Ni (fig. 11) are very similar to those for the hydrogenation; the rates of dehydrogenation
decrease upon addition of small amounts of rare earth, pass through a minimum at
~4 at.% rare earth and then increase on further addition (4—14at.%) (Imamura et al.
1993b, 1992d). Cyclohexane is highly selectively dehydrogenated into benzene (~100%)
regardless of alteration in proportion of rare-earth metals added. On the whole, R—Co and
R-Ni exhibit a similar behavior in the composition range investigated, but the activity
of Yb-containing systems is generally higher than that of Eu-containing systems. The
dehydrogenation activity also increases noticeably with increasing evacuation temperature
of the catalysts from 373 to 673 K. For 10.0 at.% Yb—Ni, there is a ~500—fold increase
in the activity in this temperature range.
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cyclohexane dehydrogenation (473K) vs. R content
Eu, Yb/at.% (at.%) in R—Ni.



66 H. IMAMURA

In a study of the kinetics of the dehydrogenation of cyclohexane over R—Ni, the
reaction rates are represented by a rate law of the following form, irrespective of rare-
earth content:

__ kP
1 +(k1/]€2)Pc’

y (11, 12)

where P, is the pressure of cyclohexane, and k; and %, are constants. This rate expression
is also found to be applicable for other catalyst systems for cycloalkane dehydrogenation
(Hishida et al. 1970), in which %k, stands for the rate constant of the first hydrogen
abstraction and k; for that of the second one. A general mechanism of dehydrogenation is
indicated by Sinfelt (1970), involving consecutive reaction steps in the reaction sequence

CsHi 5 CeHij(ad) + H(ad) ~% CsHyo(ad) + H,
C6H]0(ad) — C6H6 + 2H2

(13)

The active catalysts are those in which the first hydrogen atom can be abstracted easily
(Fujii et al. 1991, Hishida et al. 1970). The rate constant k; obtained from eq. (12)
increases with increasing content of rare earths (4—-14at.%) in Yb—Ni (fig. 11) and the
surface of Yb—Ni with high rare-earth coverage is found to be more activated.

Apparent activation energies for the dehydrogenation vary between 70 and 83 kJ mol™!
for R-Ni. An activation energy of 83 kJmol™' is obtained for pure Ni, which is close
to that observed for nickel-alumina (Balandin 1958). For rare-earth-covered Ni surfaces,
the apparent activation energies decrease to 70—71kJmol ™!, particularly for catalysts with
high rare-earth content. The decrease in activation energy is more pronounced for Yb—Ni
than for Eu—Ni, which is compatible with the results of dehydrogenation rates (fig. 11).
Thus, the presence of rare-earth metals on the Co and Ni surface strongly enhances
efficiency of the catalytic activation of the C—H bond [involved in rate constant &; in
eq. (13)] which controls the dehydrogenation reaction. It has been shown (Imamura et
al. 1990, 1988b, 1987b) that the rare-earth—3d intermetallic compounds are active as
dehydrogenation catalysts.

The variations in activity of C¢Hj;—D, exchange reaction over Eu—Ni and Yb—Ni
(fig. 12) are analogous to those observed for the dehydrogenation of cyclohexane. It can
be concluded that both reactions proceed through similar intermediates. Usually the rates
of adsorption and desorption of the deuterium and hydrogen deuteride are certainly rapid
compared with the corresponding rates for the hydrocarbons; thus, the rates of exchange
are limited by the adsorption or subsequent dissociation of cyclohexane. This indicates
that the presence of rare earth on the Ni surface leads to acceleration of these processes.
Table 8 shows the initial distributions of deuteriocyclohexanes found for Eu—Ni and
Yb—Ni with varied levels of rare earths. The effect of rare earths on the isotopic
distribution patterns of cyclohexane is evident, in particular at higher content. The isotopic
exchange patterns on Ni exhibit a mimimum between d; and d; species and a maximum
at dy—d; and dg—d;, species. R—Ni with low rare-earth content (2.1 and 2.5 at.%) shows
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Fig. 12. Relative rates of C;H,,—D, exchange (473 K) vs. R content
Eu, Yb/at.% (at.%) in R-Ni.
Table 8
Initial distribution of deuteriocyclohexane obtained by CyH,,—D, exchange reaction

Catalyst Deuteriocyclohexane (%)

d] dZ d3 d4 d5 d6 d7 dB d‘) d] o dl 1 d] 2
Ni 26 1 - - - - - 2 6 16 25 24
2.1at.% Eu-Ni 50 - - - - - - - 8 17 17 8
8.2 at.% Eu-Ni 50 34 11 5 - - - - - - - -
10.2 at.% Eu-Ni 70 23 7 - -~ - - - - - - -
2.5at.% Yb-Ni 56 7 - - - - - - - 7 15 15
8.0at.% Yb—Ni 68 24 8 - - - - - - - - -
10.0at.% Yb-Ni 48 37 12 2 1 - - - - - - -

distribution patterns similar to pure Ni (Burwell and Tuxworth 1956, Rowlinson et al.
1955), whereas the catalysts with high content (8.0-10.2 at.%) exhibit different patterns.
For 10.2at.% Eu—-Ni and 10.0at.% Yb-Ni, cyclohexane yields deuteriocyclohexanes
characterized by a continuous decrease in concentration from d; to d;» species; thus,
increasing content of rare-earth metals on Ni leads to less multiple exchange. Since the
multiple exchange requires a free site adjacent to the site or sites by which a hydrocarbon
molecule is bound to the surface (Hegarty and Rooney 1989), the geometric discussions
of rare earths introduced on the Co and Ni surface (as described in sect. 3.1.4) apply for
such variations in isotopic distribution.
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3.3. Catalysis of R—Pd/SiO; with considerable hydrogen uptake

Upon introduction of the rare-earth metal onto the Pd surface, the hydrogenation behavior
of propene is markedly changed, and the following catalytic features are observed
(Imamura et al. 1996b, 1994):

(1) Considerable hydrogen uptake by the catalyst during the initial step.

(2) Rapid hydrogenation using hydrogen taken up by the catalyst.

(3) Supported R—Pd catalysts are effective; unsupported ones are not.

(4) Hydrogen uptake occurs only in the presence of propene.

When Yb-Pd/SiO; (0.042g; Yb/Pd=10.43) is brought into contact with mixed gases
of propene (35 Torr) and hydrogen (35 Torr) at 193 K, the catalyst shows rapid hydrogen
uptake over a period of ~10 min at the start of the reaction, followed by the hydrogenation
of propene (fig. 13). No reaction of propene with hydrogen is observed during the initial
hydrogen uptake; there is an obvious induction period for the hydrogenation. As shown in
fig. 13, the catalyst absorbs at least 0.115 mmol of hydrogen and all the hydrogen taken
up by the catalyst is consumed to hydrogenate efficiently propene. Thus, the R—Pd/SiO;
bimetallic system is an interesting example of synergism involved in the enhancement of
the ability to take up reactive hydrogen species and to hydrogenate propene using them.

It has been shown that Pd catalysts simultaneously absorb hydrogen during the reactions
in which hydrogen participates (Palczewska 1975). However, XRD of Yb—Pd/SiO, after
the hydrogen uptake shows no indication of PdH. The amounts (0.115 mmol) of hydrogen
species taken up by Yb—Pd/SiO, exceed those corresponding to stoichiometric palladium
hydride (PdH) by about 12-fold. Even if hydrogen is fleetingly absorbed in the Pd metal,
the absorbed hydrogen is so stable under these reaction conditions (Lewis 1967) that
it cannot thermodynamically desorb to react rapidly with propene as shown in fig. 13.
Consequently, no absorption of hydrogen by palladium as an acceptor site is expected. The
rare-earth component present on the catalyst can also absorb hydrogen to form more stable
metal hydrides (YbH, and YbH;) (Libowitz and Maeland 1979), but the circumstances
are similar for the rare earth. When unsupported Yb—Pd is examined, substantial uptake
of hydrogen by the catalyst occurs during the reaction (fig. 14). However, such hydrogen
all exists in the form of palladium hydride, and hence is too stable to react with propene,
as opposed to the results observed for the supported R—Pd/SiO,. Some questions still
remain as to which sites accept the hydrogen in (or on) R—Pd/SiO;. In supported catalyst
systems, the support materials (SiO;, Al,O3, ZrO;, MgO and TiO;), Pd particle sizes
and Pd dispersion have been found to be important factors in determining the hydrogen
uptake and the resulting catalytic behavior (Imamura et al. 1996b).

A very important feature of the R—Pd catalyst system is that there is no indication of
hydrogen uptake by the catalyst even when R—Pd/SiO; is brought into contact with only
hydrogen at 193 K. Thus, the hydrogen uptake occurs only in the presence of propene. To
determine how the hydrogen uptake is affected by presence of a second gas, two types
of reactions differing in sequence of hydrogen and propene addition are carried out. The
first reaction consists of exposing Yb—Pd/SiO; to hydrogen at 193 K for 30 min, followed
by addition of propene (referred to as H -~ C3Hg). The addition of propene results in
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over Yb-Pd/SiO, (Yb/Pd=0.43). over unsupported Yb—Pd (Yb/Pd=0.03).

rapid hydrogen uptake with subsequent hydrogenation, which is very similar to the results
shown in fig. 13. It is to be expected that the adsorbed propene plays an important role
in the rapid initiation of hydrogen uptake, in which a phenomenon similar to spillover
may exist (Conner et al. 1986). Perylene in Pt black/Ce—Y—zeolite is characterized as
bridges between the Pt black and zeolite of the catalyst to facilitate hydrogen migration
(Neikam and Vannice 1972, Vamnice and Neikam 1971). The hydrogenation kinetics
shows a negative dependence on the hydrogen pressure and a positive dependence on the
propene pressure. In a second reaction, propene is circulated over the catalyst at 193K
for 30 min and then hydrogen is added into the circulating propene (CsH¢ — Hj). The
induction period almost disappears and immediately the hydrogenation of propene occurs
without hydrogen uptake. The kinetic behavior is obviously different from that for the
(H> — C;Hg) run; the rate is approximately proportional to the first power of the pressure
of hydrogen and independent of the propene pressure (Bond 1962).

Upon addition of hydrogen and subsequent propene, rapid hydrogen uptake occurs but
not in the reverse order; the sites for hydrogen uptake are formed in the presence of
both hydrogen and propene. In the (H, — C;Hg) run, the active sites for hydrogenation
are probably formed by the adsorption of propene on vacant sites of the catalyst surface
mostly covered with hydrogen; therefore an induction period is required to a certain extent
to form such catalytically active sites. Once such active sites are formed, the hydrogen
uptake and subsequent hydrogenation process are rapid, in which phenomena similar to
spillover may be contained. Similar hydrogenation behavior is observed even when ethene,
butene or buta-1,3-diene is used instead of propene. From extensive kinetic studies, it is
concluded that the hydrogenation over R—Pd/SiO; is by a rate-limited hydrogen uptake
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and that the hydrogenation proceeds exclusively using the hydrogen taken up by the
catalyst.

3.4. Catalytic transfer hydrogenation with ammonia

The use of liquid ammonia solutions of Eu or Yb enables the preparation of active
catalysts for transfer hydrogenation in which ammonia is a preferred hydrogen donor.
Catalytic transfer hydrogenation using hydrogen donors shows some interesting features
which are of potential synthetic importance and use (Johnstone and Wilby 1985, Hartner
1980, Brieger and Nestrick 1974, Furst et al. 1965).

R-Ni/Si0,, R—Ru/C, R—Cu/S8i0; and R—Ag/ZrO, are active for catalytic hydrogen
transfer from ammonia to organic acceptors (ethene and buta-1,3-diene) (Imamura et
al. 1996¢). Time courses of the reaction on Eu-Ni/SiO, (Eu/Ni=0.72) are shown
in fig. 15, where the hydrogenation of ethene occurs effectively with ammonia as a
source of hydrogen. As ammonia is consumed during the hydrogenation, nitrogen is
stoichiometrically released and hydrogen is scarcely detected in the gas-phase. Thus, the
reaction follows the stoichiometrical relationships: 3C,H4+2NH; — 3C,Hg +N». The
hydrogenation activity varies markedly with rare-earth content in R—Ni/SiO,. Particularly
at high levels of europium, Eu—Ni/SiO; is activated and its activity increases >10-fold
relative to Ni/Si0,. R—Ru/C shows behavior similar to R—Ni/SiO,.

Substrate selectivity by catalysts is also observed in this transfer hydrogenation.
R-Ni/Si0,, R—Ru/C and R-Cuw/Si0, show activity for the hydrogenation of ethene
and buta-1,3-diene, while R—Ag/ZrO; is active for buta-1,3-diene but not for ethene.
The Eu—Ni/Si0,(Ew/Ni=0.61)-catalyzed buta-1,3-diene hydrogenation yields preferential
butene formation with ~100% selectivity. The yield of but-2-ene is relatively high
compared with but-1-ene, and the frans:cis ratio in the but-2-ene isomer is low (~2).
This is strikingly different from the results with Ni/Si0, or R/SiO, alone. Moreover, the
product composition differs from that for normal hydrogenation using hydrogen.

3J’CZH4 -21

pressure / Torr
pressure / Torr

Fig. 15. Transfer hydrogenation of ethene (403K) from
ammonia over Eu—-Ni/8i0, (Eu/Ni=0.72).
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In the transfer hydrogenation on Eu—Ni/SiO, (fig. 15), hydrogen is scarcely detected
in the gas phase throughout the reaction; thus, the preferential addition processes of
hydrogen to the acceptor molecules occur immediately before coupling with subsequent
liberation of hydrogen gas. In the absence of acceptors, ammonia remains unchanged
at 403K, and upon introduction of ethene into the reaction system, the transfer
hydrogenation from ammonia is initiated. For Eu—Ni/SiO; and Yb-Ni/810;, normal
hydrogenation of ethene with molecular hydrogen readily occurs under similar conditions
(Imamura et al. 1991d, 1989a). Therefore, the participation of the donor in the hydrogen
transfer step rather than the dehydrogenation of the donor and the hydrogen addition to the
acceptor is an important factor in determining the activity of the transfer hydrogenation
over R—N1/SiO;. In view of isotopic effects observed when NH;/C,H,, ND3/C,H, and
NH3/C,Dy are used, the transfer hydrogenation proceeds by concerted hydrogen transfer
between ethene and ammonia over the catalysts.

4. Summary and conclusions

Utilization of homogeneous liquid ammonia solutions enables the preparation of a novel
class of rare-earth-containing catalytic materials, especially in low valent states. The
rare earths introduced onto (or into) silica, active carbon and zeolite are changed to nitride
through variation in their valence states upon thermal treatments and simultaneously
the catalytic properties vary markedly. Eu and Yb metal dissolved in liquid ammonia
react readily with reduced transition metal (M: Fe, Co, Ni, Cu, Ru, Pd and Ag) to form
various R—M binary catalysts. Basically there are no limitations in the combination of
metals used, and R—Co, R—-Ni and R—Pd are largely dealt with here. R—Cu and R—Ag
have been reported elsewhere (Imamura et al. 1996d, 1991e, 1989a). These rare-earth
catalysts have been characterized by various techniques (H, adsorption, TPD, IR, XRD,
XANES and XPS) and by catalytic reactions (hydrogenation, dehydrogenation, transfer
hydrogenation, hydrogenolysis, disproportionation, cyclization, H,—D;, exchange and
C6H12—D2 exchange).

The behavior of rare earths introduced onto SiO, varies with the level of rare-earth
loading; for low loading, the rare earth is immobilized on SiO, as =Si—O-R—NHj,,
while the rare earth for high loading exist in a metallic form with high dispersion.
The =Si—O-R—NH, species show selective hydrogenation, especially for benzene and
dienes, and R/SiO, with high loading shows the specificity for the hydrogenation of
alkynes. For R/C, imide or imide-like species formed during the thermal degradation to
nitride show catalytic activity for the hydrogenation of alkene and the selective cyclization
of alkyne. The valence variation of rare earths with thermal treatments of R/zeolite is
monitored by XANES combined with variations in catalysis.

In the rare-earth metal overlayers, the introduction of Eu or Yb onto the Co and
Ni surface leads to a continuous decrease in hydrogenolysis activity, whereas the activity
of hydrogenation, H,—D; exchange, C¢Hj;—D, exchange and dehydrogenation shows a
tendency to increase. A marked decrease in suitably arranged sites with the fractions of
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surface covered by the rare earth is involved in the kinetic behavior of hydrogenolysis as
structure-sensitive reactions. The presence of rare-earth metals on Co and Ni strongly
enhances the capacity of this surface to activate the H-H and C—H bond, resulting
in acceleration of the hydrogenation, isotopic exchange and dehydrogenation in which
the activation processes of H-H and C—H are important to determine the activity. It
is suggested that the reaction of Co and Ni with rare-earth metals dissolved in liquid
ammonia leads to the formation of the intermetallic surface phase. The salient features
of rare-earth metal overlayers through additional studies of adsorption property, TPD and
isotopic reactions are set forth. R~Pd/Si0, shows remarkable synergetic effects involving
considerable hydrogen uptake during the hydrogenation of alkenes and dienes. Catalytic
transfer hydrogenation using ammonia as a hydrogen source is greatly enhanced by

R-Ni/$i0,, R~Ru/C, R—Cu/SiO, and R—Ag/SiO, (Imamura et al. 1999¢.d).
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Introduction

Rare-earth-containing mixed oxides are widely used in many engineering, electromagnetic
and electronic applications. Among these materials, perovskite-type oxides with the
general formula ABO;j are the most widely studied. One important driving force is the
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ability of these oxides to accommodate a large variety of A and B cations with basically
the same crystalline structure. This series of isomorphic solids exhibits a wide range
of electric, magnetic, optic and catalytic properties which are readily applied in various
commercial devices.

A concise, illustrative description of the chronological development of perovskite
catalysis since 1952 is provided in the review of Tejuca et al. (1989).

The rare-earth-containing mixed oxides commonly used in catalytic applications will
be presented in the first section of this chapter. In the second section, the applications
to different types of reactions will be described, making cross-references among them.
The final section will provide a general overview of other miscellaneous applications
connected to their catalytic properties such as photocatalysis, electrocatalysis and gas
Sensors.

1. Rare-earth-containing mixed oxides

The most often found types of mixed oxides are: perovskites (RBO3), K, NiF4-type oxides
(R;BOy), R, 1B, 02,41 (=2 or 3), lamellar perovskites, pyrochlores, spinels, and oxide
solid solutions. Perovskite oxides are, by far, the most commonly used oxides. Therefore,
this chapter will reflect this situation by putting more emphasis on this type of materials.
Within this section the structure, preparation methods and general characteristics of
the mixed oxides will be discussed. Note that R stands for rare-earth elements while
A includes all types of elements.

1.1. Structure

1.1.1. Perouskites (ABO3)
The ideal perovskite structure is cubic, with the B (smaller cation) in six-fold coordination
and the A (larger cation) in twelve-fold coordination with the oxygens. Although there
are some limits regarding the size of the cations that can fit the structure, they are wide
enough as to allow the incorporation of a large variety of elements. Typical A elements
are rare earths, alkalines and alkaline earths, while the B sites are usually occupied by
transition metals.

The tolerance factor (¢), introduced by Goldschmidt (1926) is used to define the range
of ionic radii of the A, B and X elements allowed by the perovskite structure:

;= Fa+7x
V2rg +rx)

where rx =7, In the case of perovskite-type oxides; t=1 for the ideal cubic structure.
0.75 <t < 1.0 are the allowed limits for obtaining a perovskite structure. As ¢ becomes
smaller within this range, the lattice becomes distorted (rhombohedral, orthorhombic,
tetragonal, etc.). For the perovskite structure to exist other constraints apply, such as
minimum cation radii, stability of the elements in six- and twelve-fold coordination, etc.
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Both anion and cation vacancies occur in perovskite structures. The former are more
common than the latter. Vacancies are assimilated into the structure resulting in supercells
of the basic network. Anion excess has been reported in several systems. A cation
vacancies occur more often than B vacancies. This is due to the inherent stability of
the BO;3 groups that permit the absence of numerous A cations without collapse of the
crystalline network. B-site vacancies are not energetically favored, and the few cases of
B-cation vacancies reported in the literature occur in hexagonal perovskites. Rao et al.
(1984) cover in detail numerous examples of anion vacancies and excess as well as A-
and B-cation vacancies. Other reviews, books and book chapters have been published
containing valuable structural information on these materials. The reader is referred to
Galasso (1969), Goodenough and Longo (1970), Wells (1984) and Baran (1990), among
others, for a deeper coverage of this subject.

These mixed oxides allow the introduction of a large variety of cations within the same
structure to study their effect upon the catalytic behavior. This feature is particularly useful
both in practical and fundamental catalytic studies. This is why many articles and several
books have been published on perovskite catalysis.

1.1.2. Perouskite-related structures

The K,NiF, structure (A;BQO,) is favored for some cation combinations, e.g., La;NiOy,
or obtained by mild reduction of the ABO; oxide, e.g., La,CoO,4 from LaCoOQOs. This
structure is made up of perovskite layers separated by AO layers of the rock salt type
in a 1:1 ratio. There are other structures in which the proportion is n:1. With n=2 one
obtains A3B,07, and n=3 yields A;B;0¢ (3 perovskite + 1 rock salt layers).

Lamellar perovskites of the general formula M(A, ;B,0s,, ) are also known and
have been tried as catalysts for reactions such as oxidative coupling of methane. [Barrault
et al. (1992)]. One example of this type is CsCa;Nb3;O;o which consists of blocks built
up from three perovskite layers interleaved with Cs* cations. Other perovskite-related
structures have been discussed by Baran (1990).

1.1.3. Other structures
There are a few catalytic applications in which other mixed oxide structures are cited.
Among them are pyrochlore compounds such as La,Zr,0;, spinels such as AB,O,, and
lanthanum beta aluminates, all of them with well-defined crystalline structures. There
are also a few examples of oxide solid solutions made up of a rare-earth oxide and a
transition-metal oxide.

1.2. Preparation and characterization of mixed oxides

This section will again focus on perovskites with references to the preparation of other
mixed oxides. Note, however, that several methods described for perovskite synthesis may
be applied to other solids.
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1.2.1. Preparation of massive perouvskites

In the last thirty years there has been a permanent search for a synthesis procedure able
to yield homogeneous, high-surface-area materials. Moreover, the best method should
be economical for large-scale production. Setting aside the traditional solid reaction
method (calcination of a mechanical mixture of fine powdered oxides) many preparation
procedures have been reported in the patent and open literature. They all start with the
preparation of suitable solutions containing the cations in the right proportion to obtain
the desired mixed oxide.

Table 1 shows different routes to prepare the required oxides. Starting from one or
more solutions containing the required cations, three main steps are identified: precursor
synthesis, drying and calcination.

The best precursors are obtained using the sol-gel technique for they require lower
calcination temperatures, allow better microstructural and compositional control plus
the flexibility to produce a variety of shapes. Chandler et al. (1993) have reviewed the
chemical aspects of solution routes to produce mixed oxides. The thermal decomposition
of heterobinuclear complexes reported by Skaribas et al. (1991) leads to the production of
perovskite oxides. More recently, Moreau et al. (1996) synthesized binuclear complexes of
La—Ni, La—Co and La—Cu. Upon calcination at ~973 K, the former two complexes yielded
LaNiO; and LaCoO; perovskites while the latter yielded La,CuQ,. The main limitation
in this and related methods is the complicated synthesis of the binuclear complexes that
makes their application for large scale processing very unlikely.

The precursor is usually oven-dried at ~373 K before calcination (table 1). However, it
is also attractive to explore other faster, less involved routes to produce the mixed oxides.
One option is to avoid the precursor synthesis through dehydration of the starting solution.
Freeze-drying has been extensively used for research purposes. The surface areas obtained
are in the mid-range 10-30m?/g depending on the cations involved.

Following either route, a dry solid is obtained which must be calcined (table 1). The
traditional calcination procedure is to heat the solid at 7 > 1000 K under flowing air for
several hours and, sometimes, up to one day. Using metalorganic precursors prepared by
the sol-gel technique a faster calcination procedure can be used to ignite the solid in
air as reported by Merzhanov and Borovinskaya (1972). An even faster calcination is
achieved by “exploding” the precursor inside a calorimetric bomb using pure oxygen at
high pressure as reported by Milt et al. (1995).

A very attractive route is the direct pyrolysis of the liquid solution (table 1). Recently,
Gordes et al. (1995) have reported the successful preparation of several perovskite oxides
in large batches using drip pyrolysis. Undoubtedly, when applicable, there is sizeable time
saving in comparison to any other known method.

1.2.2. Preparation of supported mixed oxides

One important limitation of massive mixed oxides is their relatively low surface area. To
overcome this limitation, mixed oxides supported on high-surface-area refractory oxides
are required. The problem is not easy to tackle due to the strong chemical interaction
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Table 1
Preparation methods of perovskite-oxides®

Starting liquid solutions

Precursor | - Precipitation (selective and
Synthesis non-selective)
- Crystallization
- Sol-gel techniques
* Complexation
* Metalorganic precursors
* Bi-nuclear complexes

Drying - Evaporation
Oven drying - Spray-drying
- Freeze-drying
Calcination - Flowing air - Drip or Spray Pyrolysis
- Combustion - Spray Plasma
- Explosion

Perovskite-oxides

* Excludes the traditional solid reaction method starting from a mechanical mixture of fine powdered oxides.



80 M.A. ULLA and E.A. LOMBARDO

of the components of the mixed oxide and the support which limits the spreading of the
oxide on the surface.

The first attempts to prepare supported perovskites by Gallagher et al. (1974) and
Chien et al. (1975) started from aqueous slurries containing perovskite particles, cordierite
or alumina, and a binding agent. However, after calcination at high temperature the
perovskite powder reacted with the support, generating other compounds with low
catalytic activity.

The reaction between perovskite components and the support material to form other
stable albeit non-catalytic compounds, often takes place. Among others, Nudel et al.
(1987) reported that LaCoO3; could not be formed on an Al,O; support. The only
compound detected after impregnation with an equimolar solution of La and Co nitrates
was the CoAl;Q4 spinel. To overcome this problem several approaches have been
attempted, such as precoating the support with a blocking agent, for example, La(NO3);
to impair the Co reaction with Al,O;, (Nudel et al. 1987, Mizuno et al. 1986, Collongue
et al. 1991). In a similar vein, freeze-drying has been used by Johnson et al. (1976) to
obtain a more homogeneous material, while citrate precursors were used by Zhang et al.
(1988) to achieve high dispersion. However, in all cases, the dispersions obtained were
low even when LaCoO; was formed by reaction of Co(NQOs), with La, 05 as reported by
Nudel et al. (1986). In a recent publication Saracco et al. (1996) prepared MgO-supported
La Cr; - Mg,0; (x=0-0.5) following an approach somewhat similar to Nude] et al.
(1986). In this case, they prepared solid mixtures of La(NO;);.6H,0, Cr(NO3)3.9H,0 and
Mg(NOs3),.6H,O to give a final 17/1 MgO/LaCr; _.Mg,O3 molar ratio which were mixed
with 30 wt% of citric acid and 40 wt% of water. After reaction-dehydration at 455K,
grinding and calcination at 1373 K for 4 hours the desired material was obtained. It is
not clear, however, how much perovskite is supported and which fraction is present as a
composite of perovskite and MgO crystals.

A very comprehensive work was undertaken by Misono and his co-workers, as
summarized in the publication of Mizuno et al. (1992a). Based on their previous studies
they selected ZrO; as the support for LaCoQO; and used a variety of adsorption and
instrumental techniques to characterize the material prepared. This work illustrates the
many difficulties involved in producing a well-dispersed supported perovskite and the
tough job of characterizing a thin overlayer of crystalline material. In order to minimize
the preferential formation of LayZr,O;, the zirconia impregnated with La and Co
nitrates cannot be calcined at temperatures beyond 1123 K. If the temperature is too low
(<1000K) the LaCoQOs will not be formed. At loadings of ca. 4% the surface of the
support should be covered by one layer of LaCoQ;. However, if this solid is completely
dispersed, it will not show any XRD pattern. No other technique will unambiguously
confirm the presence of the perovskite structure. So, the authors resort to probe molecules
that are selectively adsorbed on either ZrO, or LaCoQ; to trace the formation of the mixed
oxide overlayer. This is combined with the use of XPS to follow the evolution of both
Co and La surface concentration.

Figure 1 shows the evolution of the pyridine and NO adsorbed with increasing mixed
oxide loading. Note that at 5%, pyridine is no longer adsorbed while NO reaches a
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Fig. 1. Changes in the amount of NO adsorbed, surface area, and amount of pyridine adsorbed with the amount
of La—Co oxide load: solid circles, amount of NO adsorbed; open circles, specific surface area of La—Co/Zr0O,;
squares, amount of pyridine adsorbed (Zr0O,, solid squares 15m? g™, open squares 26 m* g™!). The amount of
pyridine adsorbed was estimated by the integrated IR peak intensity of pyridine (1446 cm™). With permission

from Mizuno et al. (1992a).
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Fig. 2. XPS intensity ratio (Zcopps/a/I zeaas+3av2) 30 Iisgssall iaassz+3032) as a function of the amount of La—Co
oxide loaded: circles, Icyp/a/Tzasnssay; S4Uares, Iiaesn/lzasaanm. Calculated XPS intensity ratios are
shown as dashed lines. With permission from Mizuno et al. (1992a).

constant value of 9 molecules/nm?. This is symptomatic of total blocking of the zirconia
surface with a LaCoQs-like layer. The XPS data shown in fig. 2 are consistent with this
picture. Other indirect evidence supporting this overall picture shown by Misono and co-
workers is:
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(i) At loadings higher than 5%, first LaCoO; and then La,Zr,O; reflections become
visible in the X-ray patterns.

(ii) At calcination temperatures over 1123 K, e.g., 1173 K, 5.1 wt%, reflections appeared
at 28.7° (shoulder attributed to La,Zr,07), 32.9° and 33.3° (LaCoO3 doublet), and
36.8° (Co30,). The peak intensities of La,Zr, 07 sharply increased at 1373 K.

(iii) The rate of oxidation of propane per m” of exposed oxide (measured at 548 K) was
the same for massive LaCoO; and La—Co(5.1 wt%)/Z10, calcined at 1123 K.

(iv) The EDX composition of individual particles of (La—Co)/ZrO, with loadings
between 2.6 and 7.5% gives La/Co = 1.

More difficult to understand is why the catalytic activity for propane oxidation varies
so much with calcination temperatures between ca. 900 and 1400 K. The activity goes
through a sharp maximum at 1123 K and becomes negligible at 1373 K.

Is it possible to use the same approach to prepare supported LaggSr),Co0O3? The
driving force is the much higher activity of this formulation compared with LaCoOs.
Fujii et al. (1987) impregnated twelve different solids with the corresponding nitrates
and found that ZrO, was by far the best support. However, the Sr substitution did not
increase the catalytic activity of supported perovskite as it does in unsupported ones.
The reason for this phenomenon was later found out by the same group and reported by
Mizuno (1990): Sr preferentially reacts with the support to form SrZrOs. This illustrates
that the preparation method, support, etc., must be tailored for each case.

In a recent publication Marti et al. (1995) reported the preparation of LaggSryMnOs3 . ,
(LSM) supported on LaAlO; and LaAl;;O5. They used both the citrate and the
coprecipitation methods and found no difference in catalytic activity after calcination
at 1370K. The best catalyst for methane combustion was LSM/LaAlO;. No attempt
was made to ascertain the extent of dispersion of the perovskite on the supports.
LaggSrgoMnO; ., supported on LaAlO; was found to be thermally more stable than the
other catalysts investigated.

Another view of the field of supported perovskites emerges from the work of Moreau
et al. (1996). They reported the formation of lamellar silicate/oxide nanocomposites.
They exchanged the sodium cations of montmorillonite with heterobinuclear complexes
containing La and one of the following transition metals: Ni, Co or Cu. Afterwards,
the exchanged silicate was freeze-dried and then heated in air at 673K, a temperature
high enough to form the oxide from the starting complex. The insertion of the X-ray
non-visible oxide produced an expansion of the lamellar structure. This spacing between
layers does not lead to a straightforward calculation of the thickness of the perovskite
(oxide) layers. This is due to the important contraction caused by the thermal treatment
that leads to discontinuities in the oxide layer. The X-ray diffraction patterns of
La—Ni oxide intercalated montmorillonite heated at 673K clearly show a very well-
defined 001 reflection typical of the lamellar structure (fig. 3).

Chemical vapor deposition might be an attractive route to produce supported mixed
oxides. To achieve this, suitably volatile precursors are required.
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Fig. 3. XRD diffraction patterns of Montmorillonite/La,Ni-bis(3-carboxysalicydene) ethylene diamine heated
at: (a) room temperature; (b) 473K; (c) 573 K; (d) 673 K. With permission from Moreau et al. (1996).

1.2.3. Support stabilization

In combustion and exhaust gas treatment applications the reaction temperature is high
enough to facilitate the y-Al,0; — a-Al,0; transition with the concomitant surface area
reduction. The addition of lanthanum improves the thermal stability of y-alumina as
reported by Schaper et al. (1983, 1984) and Matsuda et al. (1984) among others. The
stabilized supports contain two types of mixed oxides: LaAlO; with perovskite structure
and La;05-11A1,05 (lanthanum beta aluminate). The role of the latter is controversial.
Beguin et al. (1991) reported that the ff-aluminate becomes visible at ca. 1500K and at
that point the surface area drastically decreases. They proposed that this phase may be
formed by a solid-state reaction between Al;O; and La;Os.

On the other hand, Kato et al. (1988) studied the addition of different rare-earth oxides
to v-Al,O3 in a 5/95 ratio. They found that in those systems where [-aluminates were
detected after firing at 1473 K the surface area was always higher than in those cases
where only a-AlO; was detected. They concluded that the common feature of thermally
resistant supports is that they have a layered aluminate structure which retards support
sintering.

1.3. Reducibility of perouvskite-type mixed oxides
1.3.1. Bulk reduction

Only the B cations are normally reduced in RBO3. Their reducibility is strongly dependent
on the type of B cations involved and to a lesser extent on the rare earth. Besides, if
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Table 2
Reducibility of perovskite-type mixed oxides

Mixed oxide Reducing Extent of reduction Temperature Reference(s)
atmosphere (e/molecule) (K)
LaCrO, H, 1.3x107 1273 Fierro and Tejuca (1984)
LaMnO, H, 1.0 1073 Fierro et al. (1984)
H,(10%)/N, 1.0 1323 Vogel et al. (1977)
LaFeO, H, 3.0 1270 Tascon et al. (1985)
H,(19%)He 3.0 1270 Wachowski et al. (1981)
YFeO, H,(15%)He 3.0 1013 Carreiro et al. (1985)
LaCoO, H, 3.0 773 Crespin and Hall (1981)
D, 3.0 898 Crespin and Hall (1981)
LaNiO, H, 3.0 748 Fierro et al. (1985)
LaRhO, H, 3.0 703 Gysling et al. (1987)
LaRhO, CO 2.25 850 Tascén et al. (1986b)

the R position is partially occupied by cations in oxidation states <2, the reducibility
increases. The rationale for this behavior is that in order to maintain the electroneutrality,
the B cation is oxidized to a higher oxidation state, e.g. Co!V, and oxygen vacancies are
generated. Usually this oxidation state is highly unstable and easily reduced back to the
original +3 oxidation state. This whole process makes the lattice oxygen deficient and
consequently easier to be attacked by the reducing agent, making it easier to achieve
higher extents of reduction than in the case of A'B!O; oxides.

Under mild reduction conditions B cations with stable lower oxidation states may lead
to the formation of other mixed oxide phases. Increasing the reduction severity usually
leads to a full reduction of the B cation to the metal state.

Table 2 compiles reducibility data reported in the literature. Note that the reducibility
increases going down the table as expected from the increased noble metal character of
the B cations involved. At maximum reduction, 3e/molecule, the solid at this point usually
shows the reflections corresponding to the rare-earth single oxide while the reduced metal
remains invisible due to its small particle size (high dispersion). Only after heating at
higher temperature in an inert gas does the metal sinter and become X-ray visible.

Note that the chromate is hardly reduced and the manganate is only reduced to
le/molecule under extreme reduction conditions. CO is not as effective as H; as a
reducing agent and leaves carbon residues on the surface of the rhodate. Nakamura et al.
(1979) studied the lattice stability at 1273 K at 1 atm total pressure as a function of oxygen
partial pressure. The order of stability of the oxides under these conditions is essentially
the same as that reported in table 2: LaVO; =z LaCrO; > LaFeO3 > LaMnO; >LaCoO4 >
LaNiOs. The order between LaFeO; and LaMnQ; is inverted if the different extents
of reduction are considered. When comparing reduction data obtained with samples of
different origin, special attention should be paid to the particle size and crystallinity of the
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mixed oxides. These are two key factors responsible for the large differences in reduction

temperatures reported in the literature for samples of the same composition.

The reduction process can be reversed by careful reoxidation. There are reports in the
literature that the following mixed oxides have been reversibly reduced and oxidized:
LaCoQs; [Crespin and Hall (1981)], LaNiOs [Crespin et al. (1983a)], LaRhO3 [Tascon et
al. (1986a)] and PrCoQ; [Fierro et al. (1988)]. The sintering of the metals in the reduced
solid should be avoided to achieve reversibility.

Other general features of the mixed oxide reduction are:

— The reducibility of the mixed oxides increases with decreasing size of the R cation.
This is related to the structural stability of the lattice.

— The partial substitution of R by a divalent cation such as alkaline earth facilitates the
reduction. This is due to an increase in anion vacancy concentration that facilitates
oxygen diffusion and the existence of the transition metal cation in a higher, less stable
oxidation state such as Co'V in La;_,Sr,CoO3_,.

— In some instances during mild reduction, stable mixed oxide phases have been
identified. The following cases have been reported in the literature:

LaCoO; 2 La,CoO, + Co®  (Crespin and Hall 1981),
Crespin et al. 1983a,>

Levitz et al. 1983
LaMnO; % La,MnO, (Vogel and Johnson 1975).

LaNiO; -2 LayNi,Os 2 LaNiO, (

More detailed reviews concerning the stability of perovskites in a reducing atmosphere
have been published by Tejuca et al. (1989) and Petunchi and Lombardo (1990).

1.3.2. Surface reduction

The surface of the mixed oxide is expected to be reduced at lower temperatures than
the bulk. This is particularly important in hydrogenation reactions where finely dispersed
metal atoms and/or coordinatively unsaturated sites may be required. Figure 4 dramatically
illustrates how much easier it is to reduce the surface than the bulk of LaCoQO; and
the partially substituted oxides Lag¢Srg4Co0O3; and LaggThg2Co0;. The XPS spectra
show that Co** and Co°® appeared on the perovskite surface at reduction temperatures
at least 100K lower than in the bulk. In the same vein, Gysling et al. (1987) observed a
130K difference between the reduction temperatures needed to detect Rh® on the surface
and in the bulk of LaRhO5.

The Ols signal also yields important information concerning the surface reduction
processes that occur during the H, treatment. In the case of LaCoO5 upon reduction two
Ols signals are detected. One corresponds to lattice oxygen and the other one, at higher
binding energy (BE), is assigned to terminal OH groups. These are formed using the
water produced during reduction with H,. This phenomenon is enhanced when St partially
substitutes La and is suppressed by Th substitution. This is in line with the basicity of
Th <La < Sr. A higher basicity means a greater tendency to form hydroxyls.
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Further important information obtained from the photoelectron spectra is the change
in surface composition that occurs upon exposure to reducing atmosphere at different
temperatures. Figure 5 shows this effect on three cobaltates. The migration of metallic
cobalt to the surface is expected, as Co® cannot possibly fit into the oxide lattice and is
expelled to the grain boundaries.

1.4. Oxygen sorption

As mentioned above, many perovskite structures show oxygen vacancies in their structure
and/or admit excess oxygen under certain conditions. Among the most studied systems
presenting this feature are the perovskites, having in position A a rare-earth and/or
alkaline-earth cation, and on B sites a first-row transition metal. These structural features
must be connected with the interaction of the lattice with oxygen gas and strongly
influence the adsorption—desorption patterns of oxygen.

The temperature-programmed desorption (TPD) of oxygen has been thoroughly studied
by a number or researchers, generally in connection with the catalytic application of mixed
oxides. In what follows the general characteristics of TPD studies will be discussed with
special emphasis on structural information. Those particular features pertaining to a given
type of reaction will be dealt with in the next section.

By far, the most studied perovskite containing excess oxygen is LaMnOj, which
was prepared by Tofield and Scott (1974) by reacting the single oxides in oxygen
at 1473 K. The degree of oxidative non-stoichiometry strongly depends on the oxygen
partial pressure and on both the temperature and duration of the firing as shown by
Kamegashira et al. (1984). The non-stoichiometry can also be modified by the partial
substitution of the A and B cations.

The non-stoichiometry is much less pronounced in other LaMO3; (M =Fe, Co, Ni)
perovskites. Through the partial substitution of the rare earth by an alkaline earth, the
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Fig. 5. Effect of reduction temperature on the XPS calculated atomic ratios of the elements. Trap with liquid
air, py, = 1 atm. With permission from Marcos et al. (1987).

oxygen deficiency becomes apparent and the general formula can then be written as:
La1 _XSI'XMO3 —d-

The TPD of oxygen of these perovskites directly reflects the non-stoichiometry of the
starting mixed oxides and is also influenced by other features of the particular system such
as stability of different oxidation states of the transition metal. The thermograms usually
show up to three peaks that are named o, o and  in order of increasing temperature.
Figures 6—8 show typical TPDs of LaMOj; and La, _,St;MO; 4 ; M=Cr, Fe, Mn, Co,
Ni). The lowest-temperature peak () is assigned to chemisorbed oxygen. The o is
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Fig. 8. TPD profile of oxygen from La, _,Sr,CoO;.
With permission from Chan et al. (1994).

associated with O, chemisorbed at the oxygen vacancies while the highest-temperature
[} peak corresponds to lattice oxygen associated with the partial reduction of the B cation.
The three peaks have also been reported in LaSrNiO, (K;NiF, structure) by Zhao et al.
(1996). Chan et al. (1994) have calculated the amount of «, &’ and B oxygen desorbed
from several lanthanum perovskites partially substituted with either Sr or Ce (table 3).
One monolayer of oxygen coverage is estimated to contain ca. 1 x 10! oxygen atoms/cm?.
Hence, the o desorption is at most equivalent to two layers while the o’ peak goes up
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Table 3
Peak temperatures (7',) and amount of desorbed oxygen from TPD spectra®

x af, Desorbed o T, Desorbed O/Sr BT, Desorbed
X) oxygen K oxygen (K) oxygen
(atoms/cm?) (atoms/cm?) (atoms/cm?)

La,_.Sr.MnO;

0 514 2.32-10" - - 949 2.79-10%
0.2 - - - - 987 2.77-10%
04 - - - - 1020 4.76-10"
0.6 - - - - 1072 7.63-10™
0.8 - - - - 1072 9.92-10'
LaMn; ,Cu,O;

0 514 2.32-10" - - 949 2.79-10%
02 - - - - 949 2.05-10"
0.4 - - - - 1088 5.75-10"
0.6 589 2.18-10% - - 1124 2.66-10%
La,_.Sr,CoO;

0 465 4.03-10% - - 1066 3.07-10"
0.2 466 1.88-10™ 711 7.74-10% 0.13 1080 4.58-10
0.4 485 2.04-10% 713 1.09-10% 0.23 1082 2.32.10%
0.6 499 1.02.10% 740 1.04-10' 0.20 1107 6.79-10%
0.8 506 1.83-10%° 771 1.78-10' 0.16 1108 6.11-10%
La;_.Ce .CoO;

0 465 4.03-10% - - 1066 3.07-10*
0.1 423 1.19-10% - - 1088 1.45-10%°
0.2 451 2.35-10% - - 1096 1.40-10"°
0.4 453 3.18-10" - - 1108 5.79-10

2 With permission from Chan et al. (1994).

to 18 layers of oxygen atoms. These numbers are consistent with the assignments of the
o and o peaks.

In manganites and cobaltates the partial substitution of La by Sr has opposite effects
(figs. 7 and 8) upon the low temperature oxygens (o and o). As a matter of fact, the
ferrates and cuprates behave as the cobaltates. One possible explanation rests on the
different stability of the 4+ oxidation state of the transition elements. Mn** is by far more
stable in the perovskite structure than any of the other three B* cations. This makes the
manganites retain an excess oxygen in their structure, a situation not observed in the
other three mixed oxides. The introduction of Sr instead of La reduces the concentration
of excess oxygen needed to compensate the presence of Mn** in the lattice. Note that the
O1s spectra of perovskites also indicate that adsorbed oxygen is always present on the
perovskite surface together with the intrinsic lattice oxygen.
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Oxygen adsorption at 308 K on LaMOs; (M=Cr, Mn, Fe, Co, Ni) was reported by
Kremenic et al. (1985). They found two maxima for Mn and Co. The reversibly adsorbed
oxygen represents a small fraction of the total adsorption. The double volcano shape of the
total oxygen adsorption plot is similar to the activity plot from total oxidation. The role
played by the different oxygen vacancies and non-stoichiometry in explaining the catalytic
behavior of mixed oxides will be thoroughly discussed in the following section.

2. Applications in heterogeneous catalysis

The different applications have been classified by reaction type: oxidation (sect. 2.1-2.3),
hydrogenation (sect. 2.4), environmental (sect. 2.5) and miscellaneous (sect. 2.6). The
environmental applications have been grouped together in view of the present relevance
of this field. It includes total oxidation of organic compounds and CO, redox processes
such as CO +NO reaction and NO/N;O decomposition.

2.1. Partial oxidation

This section includes the selective oxidation of hydrocarbons and oxygenated compounds,
oxydehydrogenation and ammoxidation. Partial oxidation to syngas and oxidative
coupling of methane will be treated in the following section.

Table 4 summarizes the most relevant applications of mixed oxide catalysts in partial
oxidation. Kremeni¢ et al. (1985) studied the oxidation of C;H¢ and i-C,Hg over
LaMO; (M=Cr, Mn, Fe). These catalysts were effective for the total oxidation of
both hydrocarbons. By increasing the i-C4Hg/O; ratio they could obtain acceptable

Table 4
Mixed oxides in partial oxidation and oxydehydrogenation reactions

Reaction

Catalyst

Reference

i-C,H, — CH,~C(CH,)-CHO
CeH,CH, — C,H;CHO

C,H;OH — CH,~CHO
i-C,H,0H — CH;~CO-CH,

CH, — CH,
i-C,Hy — C,H, (2-C,Hy)
i-C,H,, —1-C,H;

CH,CH, + NH; — C,H,CN

LaMO; (M=Cr, Mn, Fe)
LaCoO,

LaMO; (M=Co, Fe, Cr)
LaMO; (M= Co, Mn, Fe, Ni)

La,_ Sr,FeO,
La,MnMO, (M=Co,Ni, Cu)

La,_,Sr,FeO,
La,_,Sr,FeO,

Ce,321,,0, solid solution on
fluorite structure)

YBa,Cu,Oy, ,

Kremenic et al. (1985)
Madhok (1986)

Agarwal and Goswami (1994)
Shimizu (1986)

Radha and Swamy (1985)

Yi et al. (1996)
Shimizu (1992)
de Leitenburg et al. (1996)

Hansen et al. (1988)
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yields of methacrolein. The activity for methacrolein formation followed the order
LaCrO; > LaFeO; > LaMnO; > LaCo0O; = LaNiOj. Note that this order is coincident with
the stability of the perovskites (TPD and reducibility data, fig. 6 and table 2).

Toluene has been oxidized to benzaldehyde over LaMO; (M= Co, Fe, Cr) with 70%
selectivity at 15% conversion. Agarwal and Goswami (1994) reported the formation of
benzoic and maleic acids together with benzaldehyde. The three perovskites behave quite
similarly, reaching the highest yield to benzaldehyde at 723 K.

Shimizu (1986) studied the oxidation of ethanol to acetaldehyde over LaMO; (M= Co,
Mn, Fe, Ni) and La;_,Sr,FeO;. The partial pressure of both the alcohol and oxygen
were about the same, 0.11-0.2 atm using He as diluent. The pressure dependency for
acetaldehyde formation was 0.5 for both reactants between 573 and 623 K. No CO, was
formed in this temperature range. The total oxidation increased sharply above 623 K. The
activity for the formation of acetaldehyde decreased in the following order: Co > Mn >
Ni > Fe. The best catalyst containing Sr was Lag g St ,FeOs.

Radha and Swamy (1985) studied the reaction of 2-propanol to acetone and hydrogen
over LaMnMOg (M=Co, Ni, Cu). By monitoring the change in conductivity of the
oxides upon acetone adsorption, they concluded that the surface is predominantly covered
with acetone under their reaction conditions. In turn, the desorption of acetone is the rate-
determining step involving electron transfer from the surface to the adsorbed species.

La;_,Sr,FeO;., (0<x<1) has been used in oxidative dehydrogenation of ethane
and isobutene. Yi et al. (1996) studied the former reaction and further investigated the
phase diagram to verify a phase separation between La-rich and Sr-rich perovskites. They
explored the 573—-1073 K temperature region and reported that the maximum ethylene
selectivity occurred at 923 K. At lower temperatures, CO, predominates and at higher
temperatures, cracking and synthesis gas formation occur. DTA and XRD indicate that
a phase separation occurs between La-rich and Sr-rich perovskites. This separation was
reflected in both the conductivity and catalytic activity.

de Leitenburg et al. (1996) studied the oxydehydrogenation of i-C,H,¢ over CeQ,/ZrO;
solid solutions. Ceg gZr( 0, is the best formulation for this reaction. The addition of ZrO,
stabilizes the material against the drop in surface area observed in CeO,. Besides, the
ZrO, addition significantly increases selectivity towards isobutene formation.

Hansen et al. (1988) reported that YBa,Cu3Og., catalyzes the ammoxidation of
toluene. A sharp change in selectivity occurred in their system at a given partial pressure
of oxygen. The bulk composition of the nitrile-selective catalyst was close to YBa; Cu; Og.
When x >0, the catalyst became CO;-selective. These results seem to suggest that the
oxygen stoichiometry plays a key role in the catalyst selectivity for this reaction.

In brief, the results reviewed here are useful indicators that perovskite oxides are
potential catalysts for selective oxidation applications. However, there are not enough
data available to elaborate a rational theory able to explain and later predict the behavior
of perovskites in the selective oxidation of hydrocarbons and oxygenates to higher valued
products.
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2.2. partial oxidation of methane to synthesis gas (syngas)

Over the past several years extensive efforts have been made to find a novel energy-
efficient route for the production of syngas with a H,/CO ratio about 2.0 which is the
desirable ratio for methanol and Fischer—Tropsch synthesis processes.

According to Choudhary et al. (1996a) the following reactions are expected to occur
simultaneously in the partial oxidation of methane to syngas (POM):

CH; + 10, —»CO+2H,  AH°=-52kcalmol™, (1)
CH, +20, —»CO; +2H,0  AH°=-191.5kcal mol". )

Syngas can be obtained as equilibrium product of reaction (1). The main requirement
for a syngas catalyst is therefore to activate methane and oxygen under conditions where
the equilibrium composition is favorable, and where the catalyst is not active for total
oxidation (reaction 2) or coke formation.

Due to the reducing reaction conditions under which the catalyst is working, it is
expected that its surface will be reduced during reaction or during the heating procedure
in nitrogen. On the other hand, Rostrup-Nielsen (1984) proposed that the reaction of
methane and oxygen to produce syngas, CO and H;, over nickel-based catalyst requires
12 neighboring active sites, and to produce coke the requirement is 16 neighboring active
sites. Thus, in order to avoid coke formation, it is important to obtain finely dispersed
metal particles. It is well known that R-based perovskites, after treatment under reducing
atmosphere, can modify the oxidation state of the element in the B site and in many cases
can be reduced to the metallic state, having a highly dispersed B° in the R-oxide matrix.
Thus, these mixed oxides are presented as potential catalysts for POM.

Slagtern and Olsbye (1994) studied the catalytic behavior of La~B-0 (B= Co, Cr, Ni,
Rh) systems for POM. La-based perovskites were obtained in the samples with Co, Cr
and Ni. La-Rh—O and La—Rh—Ni-O samples were amorphous phases. Rh-based saimples
were prepared using RhCl;-4H;O. Elementary analyses showed that Cl remained in these
solids, probably as LaOCIl. This phase was detected by XRD in La—Rh—O catalysts after
the catalytic test (table 6). The gas effluent was analyzed on-line by a gas chromatograph.
The main by-product was CO,, and small amounts of C, hydrocarbons (<0.3%) were
detected.

Table 5 shows the initial methane conversion and CO yield, the latter after 40 h under
reaction condition at 1073 K. The results of the X-ray diffraction patterns of different
samples before and after the reaction test are shown in table 6.

The systems containing Rh and/or Ni gave the highest initial CO yields at 1073 K.
No apparent deactivation was observed on La—Rh—O samples during the 120 h reaction
experiment. After this period, the coke content of the catalyst was 0.25 wt%. The CO yield
obtained over this catalyst indicated that the reaction reached equilibrium. L.aNiQj initially
gave a promising activity and selectivity, but deactivation was observed after 17h on
stream, probably due to coke formation (2.98 wt%).

La—Rh-Ni-O samples presented CO yield comparable to La—Rh—0. Some deactivation
was observed after 20 h on stream, but no further decrease in activity and CO selectivity
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Table 5
Methane conversion and carbon monoxide yield at 1073 K**

Catalyst CH, conversion (%) CO yield (%)

(initial) Initial 40h on stream
LaCrO, 26 3 2
LaNiO, 89 84 46(17h)
La-Rh-O 96 90 93
La—(Rh,Ni}-O 81 80 69
LaCaO, 25 0 76

(89%, 30h) (87%, 30h)

* With permission from Slagtern and Olsbye (1994).
b Reaction conditions: CH,: 0, :N,=2:1:4; F=30cm’ min™, catalyst 0.5ml.

Table 6
XRD analysis of the catalysts before and after the catalytic test™”

Catalyst XRD before test XRD after test

LaCrO, LaCrO,, one unidentified peak LaCrO,, some unidentified peaks

LaNiO, LaNiO,, some NiO NiQ, traces of Ni° + unidentified peaks

La—Rh-O probably LaOCl, traces of Rh® LaOCl, Rh°

La—(RhNi}-O  probably LaOCl probably LaOCl, some La,0; and La(OH),

LaCoO, LaCo0,, some La,0,, traces of Co;0, + La,0;, probably some La(OH);, La,0,CO;
unidentified peaks

* With permission from Slagtern and Olsbye (1994).
® Reaction conditions; see table 5.

was recorded during the testing period (120h), suggesting that Rh could prevent the
formation of coke over Ni.

LaCrO; and LaCoO; were active for total oxidation and CO; was the main product
obtained (table 5). However, after LaCoO; had been 30h on stream at 1073 K, methane
conversion rose from 25% to 89% and CO selectivity increased to 98%.

All samples were expected to be reduced during reaction. NiO, probably traces of Ni°,
and unidentified phases were observed after reaction on LaNiOs;. NiO might be formed
by reoxidation of Ni® during the cooling and storing of the samples. Rh® was formed
during the catalytic test, and was detected in the XRD patterns (table 6).

No reduced metals, Co®, Ni° or Rh°, were observed on LaCoQO; and La—~Rh-Ni—O
samples after reaction. However, very small particles with diameters lower than 50 A
could be formed, which would be beyond the detection limit of the XRD instrument.
Slagtern and Olsbye (1994) suggested that these metal particles might be on the surface
acting as active sites.

The LaNiOs, LaggCay>NiOs, LaggSry;NiOs and LaNi; _,Co,O; catalytic properties
for POM were studied by Choudhary et al. (1996a). Table 7 shows the methane
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Table 7
Surface area of perovskite oxide catalysts and their specific activity in oxidative conversion of methane to
syngas at 1073 K*°

Perovskite Surface area CH, conversion CO selectivity H,/CO ratio
composition (m?g™) (%) (%)

LaNiO, 4.5 77 95 1.91
LaNi, 4Coy,0; 41 64 84 1.70
LaNi, (C0y,0; 3.6 54 76 1.40
LaNi,,Cog 404 34 54 59 1.34
LaNiy,Coy30; 2.7 27 22 1.00
LaCoO, 2.4 12 75 0
La,¢Ca,,NiO, 41 65 86 1.45
Lag ¢Sr,,NiO, 3.5 48 60 1.31

* With permission from Choudhary et al. (1996a).
b Feed = 64.3mo0l% CH, and 35.7mol% O,, GHSV=52x10°cm’ g’ h™'".

conversion, the CO selectivities and the H,/CO ratio for these solids. Conversion of
methane and selectivity to CO decreased as the substitution of Ni by Co increased. The
H,/CO ratio also decreased with increasing substitution.

LaNiO; was highly active and selective. The SEM micrograph and the XRD patterns of
this solid after the reaction showed drastic structural changes, and only phases of La(OH);
and Ni° were identified. Due to the reducing atmosphere at high conversion of methane
to CO and Hj, the bulk reduction of LaNiO; occurred in agreement with an earlier report
by Slagtern and Olsbye (1994).

The activity and selectivity of LaggCag,NiO; and LaggSrgoNiO3; were lower than
those of LaNiQO; and at the same time showed a fast deactivation during the catalytic
process. The performance of LaCoQ; as catalyst for POM to syngas was poor according
to Choudhary et al. (1996a), but they did not test the time-on-stream stability. Note that
Slagtern and Olsbye (1994) found for the Co perovskite that the CO yield increased after
30h on stream and its value was comparable to that of LaNiO; (See table 5). Lago et
al. (1997) reported some interesting clues to understand the behavior of LaCoO; for the
POM reaction. They prereduced the perovskite in situ, producing Co°® finely dispersed
on Lay03;(La—-Co—0). This pretreated catalyst was active for methane combustion and
only traces of CO and H, were observed during the reaction. The XRD and XPS spectra
showed that under reaction conditions Co® was completely reoxidized, regenerating the
original perovskite structure. The hydroxyl groups of La,O; might have contributed
to the reoxidation of cobalt metal during the reaction via a reverse spillover process.
They also tested different cobalt-containing perovskites RCoO; (R =Pr, Nd, Sm, and Gd)
under the same pretreatment mentioned above. The Gd—Co—O system presented the best
performance for CO and H, production at 1009 K. The methane conversion was 73%
and the selectivities for CO and H; were 79 and 81%, respectively. The activity of the
other perovskites decreased in the following order: Sm—Co—O > Nd—Co—0 > Pr—Co-0.
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No reoxidation process to RCoO; under the POM reaction was observed for Gd—Co—O
and Sm—Co—O. However, Nd~Co—O was partially reoxidized to NdCoO;. The authors
proposed that the catalyst deactivation by reoxidation of Co° dispersed on rare-carth
oxides depends strongly on the nature of the rare-earth element and on the thermodynamic
stability of the parent perovskite structure.

Interesting results were reported by Choudhary et al. (1996a) concerning the simulta-
neous partial and total oxidation of methane (reactions 1 and 2), the gas shift reaction (3)
and reforming of methane with CO, and steam (reactions 4 and 5) over LaNiOj;:

CO+H,0 - CO,+H, AH®=_-8.0kcalmol™, (3)
CH; +CO, —2CO+2H,  AH® =62.2kcalmol !, 4
CH; +H,0—CO+3H,  AH° =542kcalmol™. (5)

As a result of coupling the exothermic oxidation reactions (1)—(3) and the endothermic
CO; (4) and steam (5) reforming reactions over the same catalyst, the overall process
could be conducted in a mildly endothermic, almost thermoneutral or slightly exothermic
regime by changing the reaction conditions, especially the reaction temperature, and/or
CH,4/O; ratio in the feed. Thus, this process could evolve with little or no external energy
requirement.

The results of methane reaction with O, CO, and H,O over LaNiOj; are shown in fig. 9
(overleaf). The negative conversion of CO, and H,O observed at temperatures lower than
1073 K indicates that both compounds were produced during the process. However, when
those conversions were positive, the selectivity based on methane to CO and H; was close
to 100%. The net heat of reaction, AH,, for the overall process is estimated by subtracting
the heat of formation of the components in the feed at the reaction temperature from that
of the components in the product stream.

High methane conversion, almost 100% selectivity to CO and H, at 1123 K and H,/CO
ratio of about 2.0 could be obtained in this catalytic process. Since the heat produced
by the exothermic reactions is used by the endothermic ones, it is expected that the
transformation occurs in a more energy-efficient manner, avoiding the hot spot formation
on the catalyst and, consequently, reaction runaway conditions.

2.2.1. Membrane reactors

One serious problem of the partial oxidation of methane from an economical point of
view is the selection of the oxidant. When air is used as oxidant, a large amount of
nitrogen is infroduced into the reaction mixture which is not easy to separate from the
CO and H,. Thus, either recycling with cryogenic separation or pure oxygen are required.
As an option, reactors based on dense ceramic membranes are presented as potentially
useful for POM to syngas using air as a source of oxygen. In principle, the ceramic
membrane can be shaped into a hollow-tube reactor, with air passed over the outside of
the membrane and methane through the inside. The membrane is permeable to oxygen
at high temperature. Oxygen ions are transported across the ceramic material. According
to Teraoka et al. (1985), Mazanec et al. (1992) and Gur et al. (1992), membranes made
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Fig. 9. Influence of temperature on conversion, H,/CO ratio and net heat of reaction in oxidative conversion of
methane to syngas in presence of steam and CO, in the feed. Reaction conditions: CH,/0,=2.1, CH,/H,0=
CH,/CO,=12.0, GHSV=43100cm® g h™'. With permission from Choudhary et al. (1996a).

of mixed oxides can successfully separate oxygen and nitrogen at flux rates that could be
considered commercially feasible.

Balachandran et al. (1995) prepared hollow membrane tubes made of StCog sFeO, and
Lay2Sro8Fep2Co00 303 + » and tested them for partial oxidation reaction. To facilitate the
catalytic reactions, a Rh-based catalyst was loaded onto the inner tube surface and in
order to prevent the solid-state reaction between the catalyst and the ceramic tube, a gold
wire mesh was wrapped around the tube.
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The hollow tube made of Lag St gFeg2Cogs03 4 «, sintered at 1473 K, had a grain size
of ~10um and a density of ~5 gecm™. At the beginning of the test reaction at 1123 K,
this tube broke into several pieces. The cause of this behavior was that this material
presented different structures depending on the oxygen environment. Cubic perovskite was
the structure for the oxygen-rich atmosphere (20% O,). As the oxygen partial pressure
was below 5%, the stable structure was oxygen-vacancy-ordered phase and this material
expanded substantially after the phase transition. During the test reaction, high oxygen
pressure was maintained outside the tube and low oxygen pressure inside. The material on
the inner wall could loose more oxygen than that on the outer one. Thus, a stable oxygen
gradient was generated and the material depending on its location in the tube may have
different phases. Therefore, the factor responsible for the tube fracture appeared to be the
lattice mismatch between the materials on the inner and outer walls of the tube.

SrCogsFeO, showed a remarkable structural stability at high temperature and with
different oxygen partial pressure. The conversion of methane using this tube was >98%,
the selectivity to CO was 90%, and the H,/CO ratio was around 2.0. Some of these reactor
tubes have been tested for syngas production up to ~1000h.

Tsai et al. (2000) tested Lag,BaggFeqsCoo203-, as membrane material for POM at
1123 K during 1440 h under diluted methane stream. The products without any addition
of other catalysts were mainly CO,, H>O, CH4 and O,. However, these compounds could
be further reformed to CO and H, by packing either 5% Ni/Al,O3; or 5% RWAI,O3 on
top of the membrane surface. The methane conversion was 95% and the CO selectivity
was close to 100%.

Changes in the surface structure and/or composition of this membrane after long time-
on-stream were revealed by the XRD and EDS techniques. Two perovskite phases with
close lattice parameters might coexist on the reaction side. Besides, a strong peak of BaO
was observed on the air-side surface. The EDS analysis for the membrane cross-sectional
arca showed that the barium content was significally increased on the air-side surface,
while a slightly higher Co content was found on the reaction-side surface. Note that the
composition changes were preferentially located near both surfaces while the structure in
the membrane center part remained similar to that of the fresh membrane.

The differences between the LagBaggFegsCog203 -, membrane and that prepared by
Balachandran et al. (1995), Lag,SrosFe2Cog03 4 «, are the chemical stability and high
oxygen permeation rates under reaction conditions for the Ba-based perovskite which
prevent lattice mismatch and the subsequent fracture of the membrane during reaction.

2.3. Oxidative coupling of methane

The oxidative coupling of methane (OCM) is an attractive process for producing C,
(ethane and ethene) and C,, hydrocarbons. There have been many studies since Keller and
Bhasin (1982) demonstrated the viability of these reactions. It is generally accepted that
the initial step in OCM involves methane activation by abstracting a hydrogen atom from
methane, producing a methyl radical. The oxygen species on the catalytic surface at high
temperature (reaction temperature range 950—1150 K) are responsible for this activation.
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Fig. 10. Transient response to out-of-phase methane and oxygen step at 1023 K. (a) Li/TiO,; (b) Li/La,0;-2TiO,.
With permission from Mir6 et al. (1990).

A study of the nature of oxygen species adsorbed on LaAlQ; was carried out by Tagawa
and Imai (1988) using the delayed pulse technique and TPD method. They reported that
the adsorbed oxygen species, strongly attached to the surface, even after outgassing at
823 K, were responsible for the formation of C, hydrocarbons while a weakly adsorbed
oxygen species was involved in the formation of CO; (total oxidation). The behavior of
oxygen species on the R-based mixed oxide surface can be analyzed by the Temperature
Programmed Desorption (TPD) technique, as was mentioned in sect. 1.4. The peak at low
temperature is usually produced by adsorbed oxygen located at oxygen vacancies, which
is easily removed by heating, whereas that at high temperature is considered to be lattice
oxygen, associated to the reduction of B cations to lower valencies, which is stored in
the lattice and could migrate to the surface. Thus, the amount and mobility of the lattice
oxygen play an important role in the OCM process.

Miro et al. (1990) reported results of transient studies of OCM over different titania-
supported alkali-metal catalysts and demonstrated that the role of lattice oxygen strongly
depended on the catalyst used. The transient experiments were carried out in a flow system
especially designed to minimize dead volume, and a combination of 3-way solenoid
valves and a 16-loop valve was used to generate either step or pulse functions in the
methane feed. In the step mode, at time zero the He feed to the reactor was switched
to pure methane, and after 30 seconds to a mixture of methane and a small (2%)
oxygen concentration for 60 seconds. Helium was then used to sweep reactants and
products out of the reactor. Figures 10a and b show the transient response for Li/TiO,
and Li/Lay03—2TiO; in the step experiments described above. When pure methane
was first passed over Li/TiO,, the main product was CO, with only trace amounts of
C, hydrocarbons (fig. 10a). As the mixture CH4+2% O, was fed to the reactor, the
production of C, increased and CO decreased. Figure 10b shows the results of the
same experiment for Li/Lay03—2Ti0O,. When the degassed sample was contacted with
pure methane (first step) significant amounts of C, were produced from the reaction
of lattice oxygen and methane. The shape of C, vs time curve presents a maximum
due to lattice oxygen depletion on the surface. As the mixture of methane and oxygen
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Table 8
Electrical conductivity and catalytic properties of R-mixed oxides*®

Catalyst Structure Conduction type Conversion of CH, (%) Selectivity to C,
La; Sty ,MnO;_, perovskite n-type*® 119 18.35
LaFe,4Nb,,0;_, perovskite n-type 11.4 18.88
LaYO, bixbyite Insulator 16.8 45.69
LaYO, perovskite  Insulator 14.4 27.12
Lay3St,, YO, perovskite  Electrolyte® 15.4 43.70

* Data from Alcock et al. (1993).

b Reaction conditions: CH,/O, =6, 65% He, T=1068K.

¢ p-type, but performs as n-type under the conditions of the experiment.
¢ Tonic conductor.

was admitted (second step), the production of C, increased due to the interaction of
methane with probably both adsorbed and lattice oxygen. These results were confirmed in
pulse experiments. It is interesting to note that in pure methane, Li/LayQ3—2TiO; yielded
selectively C, opposed to Li/TiO,, which produced only CO. This behavior could be
explained by taking into account the presence of lanthanum in the first catalyst. The active
oxygen for the OCM reaction probably came from the interaction between lithium and
La-based mixed oxides formed during the calcination of the solid.

The electronic properties of the catalyst could be related in some respect with the
activated oxygen species involved in the OCM process. In this way, Alcock et al.
(1993) studied the catalytic behavior of different mixed oxides exhibiting a wide range
of electrical properties, going from superconducting oxides, Lay _,Sr,Cu0O3 s, through
semiconducting p—type oxides, LaggSrg,BOs;_s (B=Co, Cr, Mn), semiconducting
n—type oxides, LaFeqsNdo20; s, pure ionic conductor, LaggSro2Y0z9, to insulators,
LaYQOs. Of all the compounds studied, only LaYOs has two crystal structures, bixbyite
and perovskite.

The R-based mixed oxides with p-type electronic conductivity as well as the
superconducting oxides were found to be inactive for the OCM reaction, and only total
combustion of methane was observed. The only exception was Lag gSrg2MnQO; _ s, which
is probably an n-type conductor under the experimental conditions used. This solid is
likely to be n-type under reducing atmosphere due to the stability of the Mn?* ion.
Lag gSrgoMnO;_s and LaFeqgNdy,05_s, both considered n-type conductors, had low
selectivity to C,, whereas La—Sr—Y—O systems, either ionic conductors or insulators,
presented a good selectivity to those compounds (table 8).

LaggSro2Y029 was more active than the LaYQs; perovskite (table 8). The partial
substitution of La by Sr increased the concentration of the oxygen vacancies and the
valency of Y, without making it an electronic conductor. In other strontium-substituted
perovskites, like the superconductor La, . Sr,CuQj3 _ s, the Sr addition increased not only
the vacancies of oxygen and Cu valency but also their electronic conductivities. Therefore,
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Table 9
Oxidative coupling of methane over LaYO, mixed oxides
Structure Ratio Reaction Conversion of Selectivity ~ Reference
CH,/0, temperature CH, (%) to C,
)

Bixbyite 6 1068 16.8 45.69 Alcock et al. (1993)

2 973 28.6° 14.3 Rehspringer et al. (1991)

5 973 24.82 16.2 Rehspringer et al. (1991)
Perovskite 6 1068 14.4 27.12 Alcock et al. (1993)

2 973 26.9° 0.4 Rehspringer et al. (1991)

5 973 22.9? 0.5 Rehspringer et al. (1991)

2 After 8 hours on stream.

a combination of either an insulator or an ionic conductor with the increase of oxygen
vacancies and B valency appears to increase the C, production.

The differences in selectivity for LaYO; bixbyite and LaYO; perovskite reported by
Alcock et al. (1993) and Rehspringer et al. (1991) are shown in table 9. It is clear from
both experiments that the perovskite structure favored total oxidation while the bixbyite
structure led to C, formation. This change in selectivity would be interpreted in terms
of the differences in oxygen environment of lanthanum in both structures, as proposed
by Rehspringer et al. (1991). The number of oxygens surrounding the cationic site are
(i) in bixbyite 6 for both La and Y and (ii) in perovskite 12 for La and 6 for Y. If it
is accepted that the cationic sites are the loci for methane activation, the oxidation rate
will depend on the number of oxygens nearest to the active site and the relative distance
between the cation and the oxygen. Thus, the (111) face being the most stable one for
perovskite structure, La is surrounded by 6 oxygens, and for bixbyite this number drops
to 4. This different oxygen environments for the active site could explain the observed
reactivity difference.

Ca0—-Ce0; form solid solutions with a high mobility of lattice oxygens. Zhang and
Baerns (1992) used this solid as a model catalyst to evaluate the influence of oxygen
mobility on C, formation. A notable advantage of this catalyst is the possibility of varying
the oxygen-ion conductivity in a controllable way by changing the CaO content.

A certain amount of Ca is incorporated into the CeO, matrix to form a fluorite-type
solid solution with a solubility limit around 20%. According to XPS results the surface
composition was approximately equal to the bulk. There is a small enrichment of Ca on
the surface for solids with low Ca content. The surface area of the catalysts prepared did
not differ significantly.

Pure CaO and CeO; have rather low oxygen-ion conductivities. However, this
conductivity notably increased first and then decreased as the substitution of Ce by Ca
increased, having a maximum around the solubility limit. As the Ca content exceeded
this limit, the conductivity decreased gradually due to the formation of additional calcium
oxide crystallites. The dependence of selectivity to C, for OCM reaction on the Ca content
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followed a similar pattern to the oxygen-ion conductivity. Thus, the synergistic interaction
between Ca and Ce resulting in large C; selectivity may be tentatively ascribed to the
increasing oxygen-ion conductivity.

2.3.1. Alkali promotion

Yamamura et al. (1994) found that although the perovskite oxides alone showed a
relatively low catalytic activity for the OCM reaction (table 10), a noticeable increase
in activity and selectivity to C, was observed when those mixed oxides were promoted
by alkali halides. NaCl was the most effective promoter among the alkali halides.

The catalytic activity for OCM over mixed oxides with perovskite structure, GdMnOs
and CaMnO;, and these solids promoted with alkali compounds were reported by Siriwar-
dane and Shamsi (1990). The catalytic performance of these perovskites was compared
with that of mechanical mixtures of oxides with similar elementary composition. GAMnO;
promoted with NasP,0; was found to be an active and selective catalyst. A C, yield of
20% was obtained over this catalyst at 1100 K. There was no appreciable change in either
the methane conversion or C, yield after 26 h on stream. CaMnQO; alone and promoted
with either NayP,0; or Na,CO3; was found to be a poor catalyst for this reaction.

According to the Mn 3s XPS spectra obtained for all the samples, the manganese on the
surface was in a mixed oxidation state of 3+ and 4+. The structure of GdMnQO; demands
Mn to be 3+ while in CaMnO; it is 4+ However, there was a combination of Mn>*
and Mn** on both surfaces and their relative proportion was slightly different on the two
samples.

The activity and selectivity for GdMnO; and GdMnOs; promoted with Na-based
compounds are shown in table 11. The catalytic behavior of GAMnO; and Gd,0;-MnO
mixture was similar. XRD patterns show that in both solids the structure did not change
during the reaction. Thus, having the Gd and Mn adjacent to each other was the key which
contributed to the different catalytic properties on these catalysts compared to those of
single oxides.

Table 10
OCM over perovskite oxides promoted with NaCl*®
Structure Conversion of CH, (%) Selectivity to C, Yield
BaPrO, 20.5 343 7.1
NaCl/BaPrO, 26.1 53.1 13.9
NaNbO, 16.1 38.7 6.2
NaCl/NaNbO, 45.5 45.6 20.8
KNbO, 8.5 412 35
NaCl/KNbO, 36.8 46.5 17.1
NaCl/LiNbO, 16.9 76.0 12.8

? Data from Yamamura et al. (1994). b Reaction conditions: CH,:0, =2:1, T=1023K.
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Table 11
Catalytic performance of catalysts containing Gd and Mn after 2 hours of OCM reaction at 1101 K®®

Catalyst Conversion of CH, (%) Selectivity to C, Yield
Mn,O, 74 13.8 1.0
Na,P,0,/Mn;0,° 15.4 50.8 7.8
Gd,0; 122 48.0 5.8
Na,P,0,/Gd,0,° 15.0 21.0 3.1
GdMnO, 11.2 1.1 0.2
Na,CO,/GdMnO, © 13.2 74 1.0
Na,P,0,/GdMnO; °© 16.9 49.7 8.4
Gd,0;-Mn;0, 9.1 23 0.2
Na,P,0,/Gd,0,-Mn;0, ¢ 16.2 50.9 8.2
* Data from Siriwardane and Shamsi (1990). ¢ Moles of Na-based promoter/moles of solid = 0.1.

b Reaction conditions: CH,:0,:He=8.8:1.6:6.9.

The elementary composition of the surfaces of these catalysts was analyzed by Auger
Electron Spectroscopy (AES). This technique provides information about the elementary
composition on the surface up to a depth of about 30 A. The Na/Gd ratio obtained from
AES data for NayP,07/GdMnO; was 0.48, and that for Na, CO3/GdMnQ; was 0.76. Since
the latter produced lower C; yield than the former, this suggests that phosphorus played a
significant role on the catalytic properties of this perovskite. Moreover, the sodium alone
did not promote the activity. Thus, the good performance of NayP,0;/GdMnOj3 could not
be related to either Na, P, or Mn on the surface. The active sites might have been formed
by a complex interaction involving all the elements on the surface, as suggested by the
authors.

High temperature causes the partial loss of the promoter during the reaction resulting
in catalysts in which the dispersion and location of the promoter components are not
readily controlled. The layered perovskites seem to be an interesting system to fix the
alkali close to the lanthanide species in a perovskite environment. The structure of this
kind of perovskites is made up of layers of alkali ions dispersed and sandwiched between
lanthanide perovskite layers.

Layered perovskites AyR,Ti3O19p (A=K, Rb, Na; R=La, Nd, Sm, Gd, Dy, Ce) and
alkali-carbonate-promoted double perovskite LaCaMnCoQg were tested as OCM catalysts
by Campbell (1992) using a packed-bed reactor. In the co-fed experiments, a gas stream
containing methane, oxygen and nitrogen at a given composition was fed to the reactor.
In cyclic or sequential mode experiments methane, nitrogen or oxygen were alternatively
fed.

Table 12 shows the conversion of methane and selectivity to C, for the layered
perovskite-type materials using a co-fed mode. KyLayTiz Oy and K, Pr; Ti304¢ presented
the highest C; yields, comparable to many of the results reported for active OCM cata-
lysts.
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Table 12
Activity and selectivity for OCM reaction over layered perovskites "

Catalyst Conversion of CH, (%) Selectivity to C, (%) Yield (%) GHSV (h™)
K,La,Ti; Oy, 39 42 16.3 3000
K,Nd, Ti, 04, 26 24 6.3 3750
K,Sm,Ti;O, 25 23 5.8 3000
K,Dy,Ti; Oy, 25 15 3.9 3430
K,Gd,Ti; 0y 29 20 5.7 1770
Rb,La,Ti;O 21 31 6.6 4500
Na,La,Ti,O,, 35 28 9.8 4620
K,Ce,Ti, O, 29 36 104 715
K,Pr,Ti; Oy 34 40 13.2 3430

* Data from Campbell (1992). b Reaction conditions: CH,/0,=2, T=1073 K.

The effect of changing the CH4/O; ratio (2, 4, 8) and reaction temperature (973, 1023,
1073 K) on the coupling process was determined for K;La,Ti3Oy9, RbyLa,;Ti3Og¢ and
Na,La, Ti3O19.The methane conversion, ethene/ethane ratio, and CO,/CO ratio decreased
while the C, selectivity and O, conversion increased with the increase of CH4/O, ratio.
Raising the temperature resulted in higher methane and O, conversions, ethene/ethane
and CO,/CO ratios and C, selectivity.

The K;La;Ti30y¢ did not show any significant deactivation after 149h on stream. At
the end of the 149 h run, 1.2% CO; was introduced into the reactant stream. This resulted
in a decrease of methane conversion with constant C, selectivity. After that, 10 ppm of
ethyl chloride was added to the stream showing an increase of the CO,/CO ratio and slow
deactivation of the catalyst.

According to Campbell (1992), the double perovskite, LaCaMnCoQg, was of interest as
a cyclic mode methane coupling catalyst due to its structure and redox properties. This
mixed oxide has an ordered perovskite structure showing multiple occupations of both
A (La, Ca) and B (Mn, Co) sublattices. The crystalline material presented some ordered
domains, while in other areas the cations were distributed at random. For the ordered
domains, the most probable structural model was an ABO; perovskite-type structure in
which Mn*" and Co*" ions occupy B positions in adjacent ABO; units while La** and
Ca’* ions alternate in A positions. Two ions of this structure can be reduced:

LaCaMn**Co**Og + H, — LaCaMn* Co*"Os + H, 0.

The unpromoted LaCaMnCoOg showed a good methane conversion, 18.7%, in the cyclic
mode; however the C, selectivity was low, <2% at 1123 K. Na,COs addition to this
material changed its catalytic properties. At 1123 K, Nay,CO3/LaCaMnCoQOg gave high
C, selectivity (>80%) but low methane conversion (10%). The XRD patterns of fresh and
used catalyst were consistent with the double perovskite. No incorporation of Na in the
perovskite structure during the reaction was observed. Other alkali promoters were tested
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such as K,COs, Li;CO3, Rb,CO3 and Cs,COs3, but for this mode of reactant feeding, the
best was Nay,COs.

The presence of alkali on the surface of mixed oxides, added as a promoter or fixed
into the solid structure as in layered perovskites, significantly improved the C, yield,
suggesting that these elements influence the oxygen species responsible for the formation
of methyl radicals and/or limit the concentration of those oxygen sites associated with
the total oxidation of methane.

2.3.2. Membrane reactors

There seems to be a limit on the C, yield in a fixed-bed reactor around 25%. This limit
could arise from the instability of the partial oxidation products which is higher than
that of methane. Some alternate reactor configurations have been proposed recently in
order to improve this yield; among them, membrane reactors have attracted increasing
attention in the scientific community because they offer several advantages for OCM such
as simplicity in process design, safety in operation, and the possibility of achieving higher
C, selectivity and yield.

The ceramic membrane reactors can be classified into two groups according to the
type of membrane used: (i) dense ionic-conducting membrane and (ii) porous ceramic
membrane; both kinds of membranes are covered with a catalyst layer. For the first group,
methane is brought into contact with one of the membrane surfaces and reacts with
oxygen, which is permeating from the other surface. The oxygen is transported across the
ceramic material in the form of anions rather than molecules. In principle, this membrane
is permeable to the oxygen at high temperature, but not to nitrogen or any other gas. The
catalytic properties of membrane surface, oxygen permeability, oxygen-ion conductivity
and operating conditions are critical for the performance of dense-membrane reactors.
For the second group, the membrane serves as an oxygen distributor and methane reacts
with this oxygen in a manner identical to that in conventional fixed-bed reactors. The
performance of the porous-membrane reactor strongly depends on the kinetics associated
with the catalyst used for the OCM reaction and the distribution of oxygen along the axial
direction.

Wang and Lin (1995) proposed the use of a dense ionic-conducting membrane with
catalytically active surface, selective for OCM. In this case, the oxygen permeating
from the other side of the membrane may directly replace the oxygen in the active
sites consumed in the methane activation process. If the oxygen permeability through
the membrane could be controlled to be comparable to the oxygen consumption rate
on the surface, it could be possible to minimize the methane combustion resulting in
an extremely high C, selectivity. However, the calcination of the membrane—catalyst
system at high temperature could lead to a complex interfacial structure between the
coated catalyst particles and the membrane surface; such membrane composites could
not maintain the original catalytic properties. This could be due to the formation of non-
conducting phases and/or the generation of catalytically inactive compounds.
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Fig. 11. Diagram of membrane reactor system. With permission from Nozaki et al. (1992).

Table 13

Composition of different membranes®
Support Catalyst layer Type
Si0,-AlL 0, Bi,0,—Ce0,(MC)"® I
YSZ© PbO-K,0 II
Ccszd PbO-K,0 II
MSZ°® PbO-K,0 II
Sr(CeYb)O, PbO-K,0 II
Sr(CeYb)O, - m
* Data from Nozaki et al. (1992). ¢ MSZ: magnesia-stabilized zirconia.
® MC, molten alkali carbonates of K, Li;,,CO;. ¢ CSZ: calcia-stabilized zirconia.

¢ YSZ: yttria-stabilized zircomia.

Some of the many different types of catalysts which have good catalytic properties for
the OCM reaction qualify as membrane materials. Membrane reactors for OCM were
designed and tested by Nozaki et al. (1992). Three kinds of reactors were developed: the
first one consisted of a porous membrane covered with a thin film of catalyst (type I);
the second one, a dense ionic-conducting membrane (non porous) with catalytic layer
(type II); and the third one was a membrane made of perovskite-type mixed oxides which
was active for OCM (type III). Figure 11 presents the diagram for the membrane reactor
system and table 13 shows the different materials used for supports and coated catalysts.

A Type-I membrane containing Ce (13%) on the surface was tested at 1023 K. The
results showed it to be a good catalyst for the total oxidation of methane. On the other
hand, the type-II membrane, in which the support was calcia-stabilized zirconia (CSZ)
and magnesia-stabilized zirconia (MSZ) showed lower activity than yttria-stabilized
zirconia (YSZ). The activation energy of the last membrane (non porous) for the formation
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of C; was almost the same as that of the type-I membrane (porous). These results suggest
that the reaction rate was limited by oxygen transport in CSZ and MSZ type-II membranes
and by the surface reaction of methane in the YSZ type-II membrane.

The selectivity to C, over the type-III membrane SrCeqosYbgosOs (commercially
available membrane), was 100% but the conversion of methane was low. This might
be symptomatic of the oxide-ion conductivity control since activity is enhanced by the
addition of PbO-K,O (Type-II membrane).

OCM catalytic properties of R-based mixed oxide ceramic membranes appeared to
be determined by the synthesis method, oxygen permeation from one side to the other,
surface composition, and the electronic conduction mechanism.

2.4. Hydrogenation

Under this heading all the reactions involving H, as one of the reactants will be reviewed.
They include: hydrocarbon hydrogenation and hydrogenolysis, CO, hydrogenation and
olefin hydroformylation. The common denominator in all these systems is that the
perovskite surface is reduced to varying extents depending on the reactant mixture
composition.

2.4.1. Hydrogenation and hydrogenolysis of hydrocarbons

Libby (1971) was probably the first author to report that hydrocarbons could be

hydrogenated and hydrogenolysed over RCoO; (R=La, Nd, Py). From then on, for

roughly 20 years, a number of papers were published on this subject. Between 1989 and

1992 two reviews touched on this matter (Tejuca et al. 1989, Petunchi and Lombardo

1990) and a specific one was published by Ichimura et al. (1992). No original papers

have been published during the 1990s.

Lombardo and co-workers published a series of papers between 1980 and 1986 on
the hydrogenation and hydrogenolysis of C,—C, hydrocarbons over reduced LaCoQO; and
LaCoOs supported on LayOs. They concluded that these reactions occur over metallic
centers (Co®) generated either during reaction or hydrogen pretreatment of the catalyst.

The following experimental facts support the above statement:

(i) Table 14 reproduced from Petunchi et al. (1981) shows three criteria that support the
role of Co® on the surface of LaCoQOs.

(i) Lombardo et al. (1983) using XPS detected the onset of surface reduction (Co®* —
Co°) at a temperature 150K lower than in the bulk.

(iii) Nudel et al. (1984) reported that a mild reduction of LaCoOs; was needed
to selectively hydrogenate 1,3-butadiene to linear butenes. Using D, and NMR
spectroscopy they concluded that the reaction mechanism was consistent with the
presence of Co® on the catalyst surface.

(iv) Ulla et al. (1987) reported an induction period when reacting CO,+H, over
unreduced LaCoO; at 550 K. This induction period was eliminated when the oxide
was prereduced in H; at 573 K.
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Table 14
Criteria for differentiation of ethene hydrogenation mechanisms over metals and metal oxides?®
Criterion Oxides Metals LaCoO,
Deactivation® No Yes Yes
Self-hydrogenation No Yes Yes
C,H,+D, C,H,D, C,H, ,D,* Multiply-exchanged ethene and ethane
GH, CH,..D,
* With permission from Petunchi et al. (1981). ¢ Low-temperature experiments.
® Applies to short runs at or below room 4 Average deuterium exchanged depends on the
temperature. metal considered.

Ichimura et al. (1980, 1981a,b) studied the hydrogenation and hydrogenolysis of C,—Cs
hydrocarbons and concluded that exposed Co®* are the loci of catalytic activity. Although
ionic cobalt may be active in this kind of reaction, it has been long recognized that
coordinatively unsaturated (partially reduced) cations are at the center of active sites.
Furthermore, the question is that when metallic centers are present on the surface, they
will exhibit a much higher activity than the ionic cobalt.

In this vein, the work of Crespin et al. (1983b) on LaNiOj; is particularly enlightening.
On this solid, it is possible to stabilize Ni**, Ni>*, Ni* and Ni° through the carefully
controlled reduction of the oxide with pure H,. EXAFS measurements have shown that
no mixed states could be detected. The four solids were tried as ethylene hydrogenation
catalysts. LaNiO; was inactive at 293 K while LaNiO, showed negligible activity at 268 K.
LayNi;Os exhibited good activity at 268 K, and by far the most active was Ni/La, 03
at 195K. In brief, if metal sites are present on the catalyst surface they will dominate
over the less active cationic centers.

It is concluded that under very mild reducing conditions, coordinatively unsaturated
Co?" (very unlikely Co**) may be the loci of hydrogenation activity. However, as soon as
metallic centers (Co°) appear on the oxide surface, they will become the main actors in
the hydrogenation of hydrocarbons. The applicability and limitations of these guidelines
to the hydrogenation of CO, will be outlined in the following section.

2.4.2. CO, hydrogenation and hydroformylation of ethylene

CO and CO, may react with H, to yield hydrocarbons and oxygenates. Both types of
products are thermodynamically favored and therefore, the route selection is catalytically
controlled. Other secondary undesirable reactions may occur leading to carbon deposition
and CO consumption (water gas shift reaction). Fe and Co are traditional Fischer—Tropsch
catalysts while Cu and Rh lead the reaction to alcohol formation.

Watson and Somorjai (1982) and Gysling et al. (1987) found out that LaRhO; was a
promising catalyst for the synthesis of linear alcohols from CO + H,. In the early 1980s the
former authors were trying to understand the variable catalytic behavior of Rh-containing
formulations. One of the uncontrolled variables might be the reduction of the cations to
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Table 15
XPS data for Rh3d;,, signal

Rh compound Binding energy*® Reference
Rh° (metal) 307.1 Gysling et al. (1987)
307.1 Brinen and Malera (1972)
307.1 Foley et al. (1983)
LaRhO, 308.6 (1.25) Gysling et al. (1987)
311.0 (2.0) Watson and Somorjai (1982)
Used LaRhO, 307.7 2.7) Watson and Somorjai (1982)
Reduced LaRhO;"® Rhe + RB**© Gysling et al, (1987)
Reduced LaRhO, ¢ 307.1 Gysling et al. (1987)
2 Full width at half maximum given in parentheses. ¢ See fig. 9.

b Reduction conditions: 573K 1 hour, 2:1=H,:CO. ¢ Reduction conditions: 573K, 0.5 hour, pure H,.

the metallic state. So, they decided to use LaRhQ; in their studies. They prepared the
perovskite using the classical ceramic method and studied the catalytic behavior using a
H, :CO=1:1 mixture at 6 atm pressure in the 500—-600 K temperature range.

Gysling et al. (1987) prepared the mixed oxide following a more involved procedure.
They reported that the best result was obtained using an excess of the La compound and
eliminated the La;O; excess by leaching the calcined solid with a warm diluted acetic
acid solution. They operated at the same H,/CO=1 ratio, reaction temperature range
500-639 K, but at 50 atm pressure.

Both groups reported good selectivities to oxygenates and agreed that methanol is not
an intermediate in the formation of C,, oxygenates. The higher oxygenates may be formed
by CO insertion into surface alkyl fragments. However, their key point of discrepancy is
about the presence of Rh* species under reaction conditions. Table 15 summarizes key
XPS data reported by both groups. To begin with, there is a significant difference in both
binding energy (BE) and peak width reported for Rh** on the fresh catalyst. After use, the
Watson and Somorjai catalyst yields a wide Rh 3ds,, signal that according to the authors is
symptomatic of the presence of Rh*. Under similar circumstances (not exactly the same,
though) Gysling et al. (1987) found that the Rh 3ds,» spectrum could be convoluted by
a combination of the Rh** and Rh° signal (see fig. 12). To further sustain the key role of
the Rh metal, Gysling et al. (1987) ran the same experiments on a Rh/SiO, catalyst and
reported a very similar product distribution. They also ran C;H4 hydroformylation over
LaRhOs; that has been prereduced in H, at temperatures between 473 and 598 K. Since
the selectivity to propyonaldehyde remained essentially constant they concluded that Rh*
may not have been present. They based their conclusion on the fact that Rh* is known
to favor the hydroformylation reaction in the liquid phase. In one point they agreed and
this is that Rh° is present in used LaRhO; and plays a role (key role for Gysling et al.)
in the reaction mechanism.
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Fig. 12. Deconvolution of the Rh 3d,,, spectrum of LaRhO, reduced at 573K in 2:1 H,:CO into Rh® and
Rh* components from fully reduced LaRhO; and untreated LaRhO,. With permisson from Eastman Kodak
Company (Gysling et al. 1987).

Cu-based perovskites have also been used to produce oxygenates. Brousard and Wade
(1986), Brown Bourzutschky et al. (1990) and Rojas et al. (1990) prepared, characterized
and used LaMn; _,Cu, O3, as catalysts while van Gricken et al. (1991) did the same
with LaTi;_ ,Cu,O;.

LaMn, _,Cu, O3, maintains the perovskite structure up to x=0.6. Beyond this level,
La;CuO; and CuO are formed. These are, in fact, the stable phases when x=1. The
LaMnO;,4 solid was weakly active for the CO hydrogenation and produced only
hydrocarbons. With Cu substitution the activity gradually increased and selectivity to
alcohol became higher than 90%. Brown Bourzutschky et al. (1990) made these kinetic
measurements at 7.5—14 atm, 498—573 K, H,/CO ratios 1-3. In all cases, the catalysts
were prereduced in H, at 523-573 K. This treatment stopped 2 hours after no more water
could be detected by gas chromatography downstream of the reactor. For comparison,
they also studied under the same conditions: Cu/SiO» unpromoted and promoted with
La; 03, Cu/La, 03, Cu/MnO; + Lay 03, and unsupported copper powder. The catalysts were
characterized by XRD and XPS before and after use.

Cu® is present in all the catalysts studied except LaMnQs 24. There is a fair correlation
between the Cu molar fraction in perovskites and lanthanum supported catalysts as shown
in fig. 13. Table 16 shows the product distribution obtained with all the catalysts assayed.
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Fig. 13. Correlation of CO hydrogenation activity with bulk Cu mole fraction, for perovskites and lanthana-
supported catalysts (H,/CO=2, P=10.6atm, 7=573K). With permission from Brown Bourzutschky et al.
(1990).

Note the similarities in selectivity observed in all the catalysts except those containing
only Cu® (Cu/Si0;) and without copper (LaMnOs24). The first conclusion that arises
from this study is that Cu® is needed to obtain high selectivity to alcohols but this is not
enough. Promotion of copper with La; O3 or NaQ; is required to reach high selectivities to
oxygenates. Following the ideas of Klier et al. (1982) and in line with their own catalytic
and characterization results, Brown Bourzutschky et al. (1990) proposed that both Cu®
and Cu* are required for the synthesis of alcohols. It is also proposed that Cu' can be
stabilized at the adlineation between metallic copper and La;O; or NaO,. The presence
of manganese together with LayO; does not significantly affect activity but it seems to
somewhat suppress the formation of C,, alcohols.

LaTi;_,Cu,O3 (0 <x < 1) were studied by van Grieken et al. (1991). For comparison
they also included Cw/La;O;. They tested the catalysts at higher pressure and higher
H,/CO ratio than Brown Bourzutschky et al. (1990). The data are reported in table 17.
Note that Cu in this matrix is less selective for alcohol production than LaMn; _,Cu,O;
(table 16). Furthermore, Cu/La;05 and LaCuO, s (La;CuOy4 + CuO) exhibit very different
alcohol selectivities in both studies.

Rojas et al. (1990), based on their Auger measurements, and Fierro (1992) in his review,
argue that copper is mainly present as Cu* under reaction conditions. They justifiably say
that XPS is not a good tool to distinguish Cu® from Cu* due to the overlapping BE’s
of these two oxidation states. Instead, they argue, the X-ray-induced Auger spectrum is
the right tool to distinguish Cu" from Cu® at the surface level. They show the Auger
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Table 16
Product distribution for all catalysts: overall selectivities®®
Catalyst® Selectivity (%) °
HC MeOH C,,0H!

LaMn,_,Cu,O;_; perovskites

x=0.0 100.0 0.0 0.0

x=0.2 6.3 81.4 11.6

x=04 4.0 84.6 9.9

x=0.5 7.0 79.9 9.3

x=0.6 10.2 70.4 184

x=1.0 5.7 81.4 12.7
NaO,/Cu powder 9.1 84.5 5.1
Cw/SiO, 81.6 45 7.2
La,0;/Cu/Si0, 34.0 48.7 1.4
Cuw/La, 0y 6.6 78.0 14.4
Cuw/MnO/La, 0, 5.2 87.7 6.9

* With permission from Brown Bourzutschky et al. (1990).

® H,/CO=2, P=10.6atm, T=573K, F/W = 60cm’ min™" (g catalyst).

¢ Number of C atoms in product/total number of C atoms in all organic products.
4 DME completes the balance in cases where figures do not total 100%.

Table 17
Methanol from syngas: activity and product distribution for all catalysts "

Catalyst Xco(%) Selectivity (%)
MeOH Cco, CH, C,H, DME C,,OH

LaTiO, 0.6 31 31 29 - 9 -
LaTi, 4Cu,, 0, 12.7 39 34 9 6 10 2
LaTi, ;Cu, 50O, 224 78 13 ) 1 1 2
LaTi, ,Cuy O, 21.0 83 10 1 1 2
LaCuO; 213 73 15 2 1 1
Cu/La,0, 7.7 18 38 25 10 9 -

* With permission from van Grieken et al. (1991).
® Reaction conditions: H,/CO =3, GHSV=3500h""', reaction temperature 573K, P=50atm. All the catalysts
were prereduced at 623 K with H, (20%)/He.

spectrum of LaMnysCusO; (not the Ti-containing solid) which gives a single signal
usually assigned to Cu'.

The main difference between van Grieken et al. (1991) and Brown Bourzutschky et al.
(1990) is that the latter conclude that both Cu® and Cu* play a role in the production of
oxygenates while van Grieken et al. (1991) only postulate Cu* as the locus of catalytic
activity for synthesis of oxygenates. In order to sort out this controversy, it would be
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Table 18
CO, +H, reaction over La, ,M,CoO, (M=S8r, Th): catalytic activity, selectivity and C,, production at different
extents of reduction™”

Perovskite Reduction Extent of reduction® o x 10° S, ¢ C,.°
temperature (K) (e"/molecule)

LaCoO, - 0.0 f 0.65 0
573 1.2 104 0.52 13
623 1.3 20.2 0.54 11
673 1.4 20.7 0.57 6
723 24 13.7 0.58 4
773 3.0 18 0.67 2

La,; Thy,CoO; - 0.0 ' 0.70 0
573 1.1 130 0.89 2
623 14 123 0.92 2
673 1.6 130 0.87 2
773 29 120 0.82 2

Lay ¢St,,CoO, - 0.0 f 0.80 0
573 13 40 0.91 3
623 2.2 14.7 0.67 18
673 2.4 14.4 0.55 14
773 33 42 0.32 30

* With permission from Ulla et al. (1987).

b Batch gas recirculating system, H, : CO, =4: 1; reaction temperature 553 K, total pressure 160 Torr; 300 mg of
catalyst.

¢ Reduction of Co™ to Co® corresponds to n electrons per formula weight of mixed oxide.

¢ Selectivity to methane at constant CO, conversion X, co, =0.20.

¢ The C,, fraction included hydrocarbons containing two, three and four carbon atoms; at constant CO,
conversion X ¢o, =0.20.

f The reaction showed an induction period.

helpful to study the syngas conversion on a solid only containing Cu* on the surface under
reaction conditions, something hard to achieve under rather severe reducing conditions.

Very little work has been reported concerning the hydrogenation of CO, over perovskite
oxides. The most comprehensive work to date has been reported by Ulla et al. (1987)
and Marcos et al. (1987). They studied the CO,+H; reaction over La;_,M,;CoOs
(M =Sr, Th). This system is expected to yield hydrocarbons and no oxygenates. They used
XRD, XPS and H; chemisorption to characterize the different solids that were almost
always prereduced in H,. They worked below atmospheric pressure in a recirculation
system, H,:CO,=4:1, and at 553 K. In fact, they used CO, +H, as a test reaction to
characterize the evolution of the different solids following hydrogen reduction.

When the oxides were not prereduced in H,, an induction period of over 100 minutes
was observed in all cases. To obtain a stable catalyst the oxide should be prereduced
in H, at T >553 K. However, the activity and product distribution were affected by the
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Fig. 14. Reduction model of the three mixed oxides. With permission from Marcos et al. (1987).

pretreatment temperature (extent of reduction). The reduction temperature was varied
between 573 and 773 K. The activity and product distribution obtained are shown in
table 18.

Marcos et al. (1987) proposed a model of the reduction process of the same set of
catalysts basically supported by the XPS studies. The main steps during the reduction at
the surface level are schematically presented in fig. 14. The XPS data that support this
model are shown in figs. 4 and 5.

Lag 3 Thy ,CoOj is the most stable oxide of this triad. This mixed oxide does not adsorb
water to such an extent as the others do. The hydroxyl surface concentration is low
and therefore the cobalt clusters are not easily reoxidized. LaCoOs; and even more so
Lag ¢Sty 4Co0O; show increasing reactivity with the water generated during reduction. This
generates higher concentrations of surface hydroxyls that in turn increase the driving
force to reoxidize the cobalt clusters. This model is consistent with the sharp decrease in
both CO chemisorption and ethylene hydrogenation at 253 K reported by Petunchi et al.
(1981). This is not the case, however, when a reducing reacting mixture is contacted
with the prereduced oxide at reaction temperatures higher than 650K as reported by
Ulla et al. (1987). In such a case the catalyst surface is instantaneously reduced by the
reacting mixture. Note that the general characteristics of the surface evolution during
the H, treatment may be applicable to other situations such as the previous cases of
LaMn, _,Cu,O, LaTi;_,Cu,O;3 and even LaRhQO;. This refers to surface enrichment in
the reduced transition metal (Co or Cu) at mild conditions, partial reoxidation and/or
decoration of the exposed metal depending upon the basicity and/or spreading tendency
of the accompanying oxide(s) (e.g., MnyO3, Lay O3, ThO»).
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Co® is a necessary component of the active site but its specific activity and selectivity
are strongly influenced by the accompanying cations. Note:

— The drastic changes in turnover frequencies effected by the different cations.

— The role played by the molecular dispersion of the components in the crystalline
starting solid in determining the catalytic properties of the reduced solids (matrix
effect).

— The cobalt/other cations ratios which are modified by the hydrogen treatment (fig. 5)
and which produce sharp changes in both TOF and product distribution. Another
interesting conclusion of their studies is that the C,, selectivity, when CO, is
hydrogenated, is affected in the same way as in the case of CO, ie. Sr>La>> Th.
This seems to indicate that both reactions start from the same point, CO, in agreement
with similar views of other authors.

2.5. Environmental catalysis

In the last two decades, government regulations that limit the level of pollutants in exhaust
gases from stationary and mobile sources have become increasingly severe. This, in turn,
has boosted the search for new, less expensive catalysts to eliminate gas contaminants
such as CO, NO,, volatile organic compounds (VOCs) including hydrocarbons, SO,, and
particulates such as soot from diesel engines. In fact, the production of environmental
catalysts is today the largest item in this manufacturing activity.

One way to lower costs is to substitute, totally or partially, noble metals by cheaper
materials. In this vein, rare-earth-containing mixed oxides have been assayed to eliminate
several pollutants. They are now in use for several commercial applications, mainly for
CO oxidation and odor elimination. Efforts are being made to develop new uses of these
materials in other environmental ficlds. In what follows, the use of mixed oxides in total
oxidation, nitrogen oxides decomposition and NO, reduction will be reviewed.

2.5.1. Catalytic combustion

The term catalytic combustion generally means a complete oxidation of hydrocarbons
to CO, and HyO over solid catalysts. Catalyst technology for air-pollution control such
as exhaust gas treatment, abatement of the emission of VOCs, combustion of diesel
soot particles, and high temperature combustion have boosted research in catalytic
combustion.

Oxide-supported platinum or Pd catalysts have been used for the complete combustion
of hydrocarbons, mainly for the purpose of cleaning exhaust gases. However, the
new application of the catalytic combustor to gas turbines or boilers is arousing
research interest on catalysts with good thermal stability and combustion activity at high
temperatures.

Prasad et al. (1984) have summarized the required properties of suitable combustion
catalysts:

(1) The ignition of fuel/air mixture should be possible at a temperature as low as
possible.
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(2) The activity of the catalyst should be sufficiently high to maintain the complete
combustion at the lowest inlet temperature and at the highest values of space velocity.

(3) The support should have a large surface area, low pressure drop, good thermal shock
resistance, and it should allow high working temperature.

(4) The support should maintain moderately high surface area under high-temperature
combustion conditions (~1300K).

(5) The catalyst system should be stable to allow prolonged use at operating temperatures
of up to 1500K.

According to Zwinkels et al. (1993), of all noble metals, palladium has superior
properties but is suitable for high-temperature combustion only if it is strongly attached
by the formation of a complex with the support to avoid vaporization and/or sintering of
the active metal at working temperature (above 1000K). Alternative catalyst materials,
such as single oxides of transition metals, can be considered because of their high melting
point (>1600 K). However, Quinlan et al. (1989) reported that severe sintering may occur
in those single oxides at temperatures as low as two thirds of their melting point. On the
other hand, R-based mixed oxides containing transition metals are more suitable for this
purpose taking into account that they combine good thermal stability and relatively high
catalytic activity.

Voorhoeve et al. (1972) were the first to report the high catalytic activity of perovskite-
type oxides for heterogeneous oxidation, triggering many studies thereafter, which used
these materials as catalysts for hydrocarbon combustion.

2.5.1.1. ABO;-type perovskites. Nitadori et al. (1988) reported the catalytic activities
of R-based perovskite-type oxides, RBO; (R =lanthanides, B=Cr, Co, Fe, Mn, Ni) for
propane oxidation at 500K. The activity order was always for any lanthanide RCoO; >
RMnQ; >RNiO3 > RFeO; = RCr0Q; (fig. 15), showing that the R element had a smaller
effect on the catalyst than the transition-metal element at the B site. They also found
that the activity for methanol oxidation over RFeQ; calcined at 1100K (R=La, Sm,
Gd) did not change much with R. However, Arakawa et al. (1982) reported for the
same reaction over RFeO; (R =lanthanides) calcined at 1500 K that the catalytic activity
increased remarkably from La to Gd. They suggested that it might be a result of the
decrease in the covalency of the Fe—O bond due to the fact that the physical properties
of the lanthanides, such as ionic radius, charge density and magnetic moment, changed
significantly from La to Gd and that these changes would influence the electronic state
of the B site. However, since no surface area were reported, it is not clear how to assign
the effective influence of the lanthanide element upon the catalytic activity.

The effect of the rare-earth elements La, Pr, Nd and Gd in RMnOj ., ., RFeOs;_, and
RCo0; perovskites on the catalytic activity for the total methane oxidation was studied
by Marti and Baiker (1994) and Baiker et al. (1994). These results are shown in table 19.
The low reaction rate at 770 K for PrCoQjs, about 30 times lower than that for the other
RCo0s, was attributed by Baiker et al. (1994) to the presence of Pr** and Co?*.

The reaction rate data shown in table 19 are in agreement with those of Nitadori et al.
(1988). The role of lanthanides at the R site is secondary as long as they are trivalent.
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Kremeni¢ et al. (1985) studied C;Hg and C4Hg oxidation over LaBOs; (B=Cr, Mn,
Fe, Co, Ni) perovskite-type oxides, finding remarkable differences among these catalysts.
The order of activity for both reactions is Co > Mn > Ni > Cr = Fe. The same study was
performed by Nitadori et al. (1988) for C3Hg oxidation and they found the following
order: Co >Mn > Ni>» Cr~ Fe. It is clear from these results that Co and Mn at the B site
in a perovskite-type structure are the most active 3d-transition metals, Fe being the least
active one,

Moreover, the close parallelism between the reaction rate for C; and C4 oxidation at
570K and total oxygen adsorption in this series of LaBOj3 oxides obtained by Kremenic et
al. (1985) indicates that these hydrocarbon oxidation reactions occur through a mechanism
in which adsorbed oxygen is the dominant O species participating in the process.

Arai et al. (1986) reported the temperature at which the conversion level of CHa
was 50%, Tsgy, for methane combustion over LaBO; (B=Co, Mn, Fe, Cu, Ni, Cr)
compared to Pt(1%)/Al,03. These results are shown in table 20. The activities of LaBO;
(B=Co, Fe, Mn) catalysts were similar and quite close to that of P/Al,O3, following
the same trend as the data reported in table 19 for the same materials, (0.12, 0.11 and

0.14 umol m 2 57!, respectively).
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Table 19
Reaction rate for methane oxidation over RBO;, .
B-site R-site Rate (umolm=2s™) T (K) Reference
Mn? La 0.14 770 Marti and Baiker (1994)
Gd 0.16 770
Nd 0.29 770
Pr 023 770
Fe® La 0.11 770 Marti and Baiker (1994)
Gd 0.16 770
Nd 0.11 770
Pr 0.15 770
Co* La 0.12 770 Baiker et al. (1994)
Gd 0.19 770
Nd 0.16 770
Pr ~0.005 770
Mn® La 0.380 822 McCarty and Wise (1990)
Fe® La 0.370 913

2 1% CH,; 4% O,; GHSV=135000h""; w=0.1g.
® 1.5% CH,; 4.2% O,; w=0.040 g; F =200 cm’® min™'.

Table 20
Methane oxidation activity of LaBO, and PYAL O, catalysts®®

Catalyst LaBO, Pt(1%)/Al,0,
Co Mn Fe Cu Ni Cr

Ts00, (K) 800 850 845 945 975 1050 790

Surface area (m* g™") 3.0 4.0 3.1 0.6 4.8 1.9 146.5

* Data from Arai et al. (1986).
b Reaction conditions: 2vol% CH, in air; space velocity 45000-50000h".

In brief, the effect of the transition metal at the B site in LaBOj3 for the total oxidation
of hydrocarbons depends on the reaction temperatures: (i) Below 500 K, the kind and
valency of the 3d-transition metal element are of primary importance. (i1) Above 500 K,
the activity is less sensitive to the B-site element.

2.5.1.2. Effect of A-site partial substitution. As already mentioned in sect. 1.4, the
properties of these mixed oxides can be easily modified by the partial substitution of the
A-site cation and the most obvious effect is observed in the oxygen-sorptive properties.
The oxidation activity is often improved by this modification.

Nitadori et al. (1988) found that the catalytic activity for Cs;Hg oxidation over
Ry _,Sr,Co0j increased several times upon Sr substitution for R, regardless of the kind of
trivalent rare-earth ion. As for the extent of the substitution, a maximum was observed at
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x=0.1 for Gd,_,Sr.Co0O; and x=0.2 for La, _,Sr,CoO;. They observed similar results
on La; _,Sr,MnO5, and the maximum was at x=0.6.

According to the TPD patterns, oxygen desorption became easier upon Sr substitution.
This means that the oxidizing power of R, _,Sr;BO; is increased, promoting the catalytic
activity of these mixed oxides for oxidation. The decrease of this activity at higher extents
of substitution may be explained because of both a slower reoxidation step in the redox
cycle of the catalysts and a lower reactivity of individual oxygen species.

Yamazoe and Teraoka (1990) summarized the results from several researchers who
reported rates for oxidation of hydrocarbons over Co- and Fe-perovskite-type oxides
that tend to be maximum at smaller x values (0.1-0.4) than Mn perovskites (0.6-0.8).
Figure 16 shows the amount of desorbed oxygen and the catalytic activity, expressed in
terms of the temperature at which the conversion of C,H;o was 50% (T's0%), as a function
of the Sr content, x in La;_,Sr,Cog4Feqs03. The amount of desorbed O, increased
monotonically with La substitution up to x=0.8 while 75, had a maximum at x=0.2,
in agreement with the results mentioned above.

Lintz and Wittstock (1996) compared the results obtained for the catalytic combustion
of acetone over substituted Mn perovskite containing La and Sr as A cation with those of
the CuMn, O, catalyst. The latter material, copper manganate, is a well-known oxidation
catalyst for VOCs removal and is commercially available. LaggSrg,MnO; (64m? g!) was
even more active than the commercial catalyst.
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Table 21
T4 for methane combustion over La, _,A,BO;

La,_,ABO, Seiyama (1992)* Choudhary et al. (1996b)®

x T x T 5o,
LaMnO, 0 852 0 966
La,_, St MnO, 0.2 783 03 943
LaCoO, 0 798 0 907
La,_,Sr,Co0O, 0.2 791 0.3 910
La,_.Ag,Co0, - - 03 833
La,_ . Ag MnO, - - 0.3 865
La,_ Ag,NiO, - - 0.3 850
4 2% CH, in ait, space velocity 45000-50000h". ® 4% CH, in air, space velocity 51000cm® g h~'.

Seiyama (1992) reported the activities for methane oxidation on the A-site substituted
perovskite-type oxides, La;.,A.BO; (A’=Sr, Ca, Ba, Ce, B=Co, Mn, Fe). The
manganates were more affected and Lag¢Sry4MnO; was the most active for methane
oxidation.

An important increase of the methane combustion activity of LaBO; (B=Mn, Co, Ni)
perovskites due to the partial substitution of La by Ag instead of Sr was reported by
Choudhary et al. (1996b) (table 21). The highest combustion activity corresponded to
Lay7Ago3Co00; perovskites. Table 21 compares the results of Choudhary et al. (1996b)
with those of Seiyama (1992). Although the experimental conditions used to obtain the
data were different, it is possible to analyze the tendency. The activities for La, . ,Sr,CoO5
and LaCoO; were almost the same while in the manganates, the presence of Sr at the
A site improved the activities.

2.5.1.3. Effect of A- and B-site partial substitution. Another interesting partial
substitution is B’ for the B site. It can produce a defect structure as in the case
of the A-site partial substitution. Moreover, a strong synergic effect can be expected
mixing two B-site elements which are both catalytically active. Zhang et al. (1990)
studied La_,Sr.Co(_,Fe, O3 perovskites as catalyst for CHy and n-butane oxidation.
The surface areas of all these catalysts were between 4.7 and 3.3m? g except for
Lag¢S10.4C004Fe0 603 (7.5m?g!). Table 22 shows the amount of desorbed oxygen
determined by TPD after a pretreatment with flowing O, at three different temperatures,
1073, 573 and 300K. Except for LaCog4FepcOs; (x=0, y=0.6) and Lag¢Srg4Co0s
(x=0.4, y=0), the amounts of desorption obtained at 573 K were close to those observed
at 1073 K. Moreover, the Sr-containing material for 0.4 <x < 0.8 and y = 1, pretreated at
300K, desorbed a large amount of oxygen comparable to those observed when samples
were pretreated at 773 and 1073 K. These results suggest that oxygen sorption proceeds
easily and rapidly even at room temperature on the oxides with such mixed A and B
compositions.
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Table 22
Effect of oxygen pretreatment temperature on the amount of desorbed oxygen®
La,_,Sr,Co,_,Fe,0, Amount of O, desorbed (umol g™!)®
x y T=1073K* T=573K° Room temperature®
0.8 1 639.4 643.8 199.4
0.8 755.9 763.6 7459
0.6 756.3 761.0 757.8
0.4 785.0 792.7 744.8
0.4 0.6 2829 278.9 275.6
0 207.3 151.6 78.5
0 0.6 12.1 53 1.3
* Data from Zhang et al. (1990). ¢ Temperatures at which oxygen pretreatment was
® Amount of O, desorbed below 1123 K. started (T — room temperature).
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Figure 17 shows the Arrhenius plots of the reaction rates of n-butane and CHy
oxidations over Lag»SrogCoi-,Fe,03. The effects of the B-site composition were
different depending on the reactants. The n-butane combustion activity increased as
y=1.0<0.6<0.8 <0.4, while the methane combustion was hardly affected by this
substitution.

The temperature range of these two reactions was different, 473-573 K for n-butane
combustion and 623-773K for methane combustion. On the other hand, the partial
substitution of Fe for Co enhanced the oxygen desorption below ~573 K, o desorption.
The amount of O, desorbed after a pretreatment at 300K in O, (table 22) for
Lag»S198Co; _,Fe, O3 (¥ = 1) is clearly higher than that for Lag,SrggFeOs. It has turned
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out that the changes in combustion activities with the B-site composition could be related
to the amount of & oxygen which remains in the oxides. In fact, the temperatures of
n-butane combustion are rather close to those of large desorption peaks.

In the temperature range of the methane combustion reaction, on the other hand,
o oxygen has already been desorbed and this may explain the similar catalytic activities
observed for these mixed oxides.

As mentioned in sect. 2.5.1.1 the activity of ABO; perovskite-type oxides for CHy
combustion is almost not affected by changes in the B-site cations (table 19). The partial
substitution of Sr or Ag in the A site (table 21) improved the catalytic activities but
not so much as observed for hydrocarbon combustion at low reaction temperatures. (See
sect. 2.5.1.2).

As discussed in sect. 1.4, three kinds of oxygen species with different bonding strength
coexist at the surface of perovskite-type oxides: the adsorbed oxygens o and &’ which
seem to be more active and available to react with hydrocarbons at low temperature, and
the lattice oxygen (). As the reaction temperature rises the coverage of adsorbed O,
decreases but the p oxygen becomes reactive, and at high reaction temperature operation
is predominantly by the lattice oxygen.

At low temperature, the reaction rate can be expressed by a Rideal-Eley mechanism
where dissociatively adsorbed oxygen is assumed to be in equilibrium with gas-phase O,
and to react with gaseous CH,. The kinetic rate expression is given by Arai et al. (1986)
as

. kaPcu, /Ko, - Po,
1+,/K02 ~P02 ’

with kinetic constant k, =4 ¢ “*" equilibrium constant Ko, =K, e AHo/RT Py the
partial pressure of CHy, Po, the partial pressure of O, £, the activation energy, and
AH o, the heat of oxygen adsorption.

At high temperatures, the oxidation rate by the redox mechanism could be considered
zero order with respect to the partial pressure of O, owing to the rapid incorporation of
O, gas phase to the lattice. Thus, the kinetic expression is

r=kb 'PCH4

with kinetic constant ky, =k e 587,

Within the range of temperatures where all the oxygens associated with the catalyst
should be considered, the rate expression becomes

e ki - Pcu,+/Ko, - Po,
1+1/K02 -PO2

Arai et al. (1986) determined the kinetic parameters for methane combustion over
Lag¢Srg4MnO; prepared by decomposition of metal acetates and/or nitrates calcined

+kb 'PCH4-
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Table 23
Kinetic parameters for methane combustion over La, _ Sr,MnO; calcined at different temperatures®

X Calcination Surface E, E, AH,, Tsw Reference

temperature area (kcal/mol) (kcal/mol) (kcal/mol)  (K)

®) (m*g™)

0.4 1123 33 20.3 25.0 69.6 755  Arai et al. (1986)°
0.4 1473 0.3 14.1 39.7 65.6 856
0.2 973 28 9.16 - - 823  Gunasekaran et al. (1996)¢
0.2 1073 20 37.70 - — 853
0.2 1173 12.5 14.04 - - 868
0.2 1273 8 18.53 - - 893

* See sect. 2.5.1.3 for symbols.
b Reaction conditions: 2% CH, in air, space velocity 45000-50000h~".
° Reaction conditions: 0.28% CH,, 12% O,, and balance He, F =70 cm’® min!.

at 1123 and 1473 K. The 473-1123 K temperature range was explored in the catalytic
evaluation. These parameters are shown in table 23. The calcination temperature not only
modified the surface area but also the activation energy related to lattice oxygen, Ey,
displacing the contribution of oxygen (B) at higher temperature which in turn decreased
the activities of the catalysts as seen in table 23 comparing the T's50o, values for both
samples.

On the other hand, Gunasekaran et al. (1996) prepared LaggStg2MnQO; using the
Pechini method and calcined the precursor at 973, 1073, 1173 and 1273K. A shift in
the light-off temperature T'spo;, to higher values due to the increase of the calcination
temperature is shown in table 23. It could be related to the decrease of surface area
because of the sintering during the calcination treatment at high temperature. However,
changes on the surface composition could also be responsible for the decrease in
activity. X-ray photoelectron spectroscopy studies revealed a decrease in the Mn
surface concentration for the samples sintered from 973 to 1273 K.

Sri Rahayu et al. (1995) investigated the possibility of lowering the combustion
temperature of diesel soot particulates by using perovskite-type oxides. Lag,SrggMnOs
doped by Pt and Pd were studied using thermogravimetric (TGA) and differential thermal
analysis (DTA). The catalysts to be analyzed were prepared by mixing the perovskite-type
oxide with simulated diesel soot and then loaded in the analyzer. The soot conversion was
calculated from the TGA curves. The DTA curves provide the maximum rates of oxidation
corresponding to the top of the exothermic signals. The results are shown in table 24.

Lag2SrosMng.91Ul.0003 1 and LagSrosMng 99oPdo.00103.1 showed the best perfor-
mance. The enhancement of the activity in the former case could be assigned to the
increase of Mn*™/Mn™> ratio, as Vrieland (1974) suggested: Mn*" and Mn>* can act as a
redox couple on the surface. The differences of the catalytic behavior related to the noble
metal, Pt or Pd, could be associated with the different oxidation states of the metal inside
the perovskite matrix, Pd*? and Pt™, as suggested by Johnson et al. (1977).
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Table 24
Conversion of diesel soot over La,gSr,,MnQO;, ; doped with Pt or Pd*

Lay Sty Mn,_, ,B,[0,0;,; sample® 1st peak 2nd peak
B y x TGA DTA [T (K)] TGA DTA [T (K)]
(% loss®) (% loss®)

- 0 0 25.0 573 56.7 753

- 0 0.09 20.0 548 60.2 733

Pt 0.001 0 20.0 568 56.7 758

Pt 0.008 0.092 233 578 56.7 733

Pd 0.001 0 20.0 533 60.0 723

Pd 0.008 0.092 183 563 56.7 763

* Data from Sri Rahayu et al. (1995). ¢ Percent of weight loss related to the peak of DTA.

® [ are B-site vacancies.

Perovskite-type oxides with A and/or B sites partially substituted present properties
such as structural defects and reactivity of adsorbed and lattice oxygen that play a central
role in catalytic combustion. However, preparation methods as well as temperature of
calcination could affect the surface area, and most important, changes on the surface
composition that will be reviewed in the following section.

2.5.1.4. Surface composition. Kirchnerova et al. (1993) studied methane combustion over
La;_,Sr,Bi_ yB;O3 (B=Co, Ni, Fe, B’ =Fe, Ni) prepared by spray-freezing/freeze drying
and found an excellent activity for the composition Lag ¢sS1934Nig3Co00,0;5 at 823K
of 9.11 umol/s.g. However, expressing the combustion rate per unit surface area, the
activity became 0.55 umol/m?s, comparable to one of the less active perovskites that
they prepared, Lag 4Stg ¢Feq4Co0.603. The surface composition of this mixed oxide often
differs from the bulk. According to Yamazoe and Teraoka (1990) the surface tends to
be poor in M-site cations and could have segregated phases. This surface heterogeneity
might override changes in the bulk composition. Gunasekaran et al. (1994) prepared
Lag ¢sBag gsBO3; (B=Co, Fe Mn) oxides and characterized the surface of these solids by
XPS. They used methane combustion as test reaction. On the other hand Milt et al. (1996)
prepared LaBO; (B=Co, Fe) by the explosion method and used the same reaction test
and XPS analysis. The results of both research groups are shown in table 25. Comparing
just the activity of different materials, we conclude that the small amount of Ba in the
first two perovskites contributed to increasing the activities almost 15 times. However, the
XPS data of perovskite samples reported by Milt et al. (1996) showed two XPS peaks for
La 3ds/, (table 25) which can be assigned to: (i) La-carbonate-type surface compound
(835.5eV), and (ii) La-perovskite bulk oxides (833.6 e¢V). Since the specific activities for
methane combustion are identical to La;0,CO; and air-exposed La, 03, they concluded
that La-carbonate species are abundant on the surface of LaCoO3 and LaFeQ; and define
their catalytic behavior.
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Table 25
Catalytic activity for methane oxidation and B/La surface ratio in different perovskite-type oxides

Catalyst Surface area BE (eV) Surface ratio  Rate (770K)  Reference
m*g")  La3d, B2py,, (BLa), (wmols™ m?)x10?

LagosBaggsMn0, 2.7 8333 6412 1.02 72.0 Gunasekaran ct al. (1994)°

LaMnO, - 833.1 6410 096 -

Lag 4sBag05 CoO, 1.2 832.8  779.3 0.74 60.0

LaCoO, - 832.8 779.3 0.28 -

Lay ssBa, s FeO, 1.2 8362 709.3 1.36 23.0

LaFeO, - 8337 7102 0.99 -

LaCoO, 57 833.6 17797 07 43 Milt et al. (1996)°
835.5

LaFeO, 3.0 834.1 7104 1.1 4.0
835.5

La,0, 7.1 8354 - - 39

La,0,C0, 39 8354 - - 3.6

 Reaction conditions: 2% CH, in air.
° Reaction conditions: 3% CH,, 7.2% O,, and balance N,, F=113 cm® min~.

The surface heterogeneity is also suggested by the XPS results obtained by Gu-
nasekaran et al. (1994) (table 25), especially for LaggsBaggsFeO3. The binding energy
value of Fe 2ps3,; at 709.2 eV is low compared with that of LaFeO;. The authors suggested
that this could be due to the increase in the average charge of Fe resulting from the Ba
partial substitution. However, this effect was not observed on the other Lag ¢5Bag ¢5BO;
(B=Co, Mn). Besides, the surface ratio of Fe/La on the Ba-substituted lanthanum ferrite
is larger (1.34) than the bulk ratio (1.05). Thus, the differences in catalytic activities for
methane combustion are primarily affected by the surface composition.

Zhong et al. (1996) found that nanometer-particle-size oxides, LaFeqoB{;0;5 3
(B'=Mn, Co, Ni) containing high-valent cations exhibited good catalytic activities for
the total oxidation of methane. The samples were prepared by the sol-gel method and
calcined at 923K for 4h and 1173 K for 2 h to obtain nanometer- and large-size particles,
respectively. Before the catalytic test and XPS measurements, all samples were treated
with oxygen at 923K for 1h until no carbonate peak was detected (C 1s spectra). The
O 1s spectra were deconvoluted into two peaks: (i) adsorbed oxygen and (ii) lattice oxygen
species. The Ojunice/Oadsorbed Tatio of nanometer particles was 2—4 times greater than for
the larger particles. The order of specific activity (wmols™ m™2) at 673K followed the
tendency of this ratio in nanometer particles (fig. 18), consistent with the lattice-oxygen
contribution to the methane oxidation reaction discussed in sect. 2.5.1.3.

2.5.1.5. High-temperature combustion catalysts. New types of catalysts for high-
temperature combustion need to be developed with thermochemical stability in atmo-
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spheres containing oxygen and steam up to 1500 K. Typical application fields lie in gas
turbines or in structured catalytic burners.

As mentioned by Zwinkels et al. (1993) several catalytic materials are being tested in
laboratories all over the world. Among them, La-based mixed oxides containing transition
metals, stable at high temperature, appear to be some of the most promising candidates,
owing to the fact that they guarantee that the combustion process can be initiated at much
lower temperatures than in homogeneous burners.

Saracco et al. (1996) prepared a MgO-LaCrO; perovskite catalyst by the citrate
method. They prepared two series, one using the stoichiometric ratio of the cations
to obtain LaCr;_,Mg,O3; (x=0, 0.1, 0.2, 0.3, 0.4, 0.5), and the other with extra
Mg?* to produce LaCr; ,Mg,O3:MgO=1:17. In the second series, the perovskite
crystals appeared to be randomly dispersed among the MgO crystals according to TEM
micrographs. XRD spectra of all the perovskite samples were practically coincident
with that of LaCrO;. The average surface areas of the two series were 6+1m” g ! and
1742.5m? g1, respectively. Calcination for 5 days in air at 1373 K led to 10% reduction
of surface area for the first series and 30% reduction for the second series. However, the
differences in catalytic activity for perovskites dispersed among MgO particles before
and after being pretreated were not significant, suggesting that the decrease in surface
area has to be associated to the sintering of MgO crystals instead of perovskite ones. The
presence of MgO in thermodynamic equilibrium with LaCr; _,Mg,Os crystals hampers,
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to some extent, the contact between different perovskite particles and the subsequent
sintering phenomena. Comparing the conversion of CH, at different temperatures for
LaCr;_;Mg,03/MgO and LaCr; . ,Mg,O; series, the first series performed better than
the latter. However, the specific surface area of the first series is almost three times as
high as that of the second series, which could be responsible for that difference, since
the contribution to the catalytic activity of the MgO itself is much lower than that of the
perovskite solids.

Saracco et al. (1996) proposed a Rideal-Eley mechanism for LaCr; - ,Mg, 053 (0.2 <x <
0.4) dispersed among MgO crystals. They calculated the value of the heat of oxygen
adsorption (AH o, =—43+2 kcal/mol) and the activation energies (£, =24.5+1.5 kcal/mol)
and found that they are not seriously affected by the level of Mg doping. However, as
they did not perform any surface characterization, it is not clear how they could assure
the real composition of the B site of the perovskite phase.

Collongue et al. (1991) reported the preparation and measurements of catalytic activity
of LaCrO; supported on Al,O3 and MgAl, O, (spinel structure). The catalysts were tested
for the total oxidation of CH4. The impregnation process on both supports was carried out
in two steps. First, the supports were in contact with a La(NO;); solution. After removal
of water at 333 K, the solid was calcined at 773 K and cooled down. In a second step, this
solid was contacted with a Cr(NO;)3 solution. After the water was removed, the solid was
calcined at 773 K and then at 1273 K for 24 h in flowing O;. The order of impregnation
of the cation is critical because of the affinity of the transition metals, such as Cr’**, to
form a spinel or solid solutions with the supports, especially Al,Os. In order to avoid
such an interaction, La’>* must be impregnated first. This precoating of lanthanum has
already been discussed in sect. 1.2.2.

The activity of LaCrOs is strongly enhanced by supporting the perovskites on carriers
of high specific area like Al,03 or MgAl,O4. The increase in catalytic activity is due to
the higher dispersion of the perovskite phase. Also, supported perovskites were aged at
1340K under a stoichiometric mixture of air—methane. For the LaCrO;/Al,O; sample,
the loss of activity was assigned to the sintering of the perovskite phase on the alumina
surface. The water produced during the reaction at high temperature could attack the
perovskite/alumina interphase, then LaCrO; is more likely to sinter, leaving part of the
alumina surface free of the mixed oxide. This could explain why the loss of activity
(135:10* — 32-10~*mol h™' g~!) was more pronounced than that resulting from a simple
sintering of the support (50 — 40m? g™!). For the LaCrOs;/MgAl, 04 solid, the loss of
specific area (32 — 18 m? g!) agreed with the decrease in catalytic activity (78-107* —
38-10 *mol h~! g™1), suggesting that the coverage of MgAl,04 by LaCrO; was preserved
although sintering of the solid occurred, showing that MgAl,O4 spinel seems to be an
excellent support for chromium-based perovskite.

In brief, the key issue in high-temperature catalytic combustion is how to develop heat-
resistant catalytic materials; in particular, retention of large surface area is one of the main
indicators used to rank catalyst quality.

Arai et al. (1989) found that calcination at high temperature (1573 K) of Lag ¢Sty sMnO;
over BaO-6Al,03 induced deactivation due to the solid-state reaction between the catalyst
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phase and the support. Thus, they proposed a combustion catalyst consisting in a single
stable phase, such as hexa-aluminate structure.

Machida et al. (1990) prepared Sr; ,La,MnAl;;019 , by hydrolysis of metal
alkoxides. All samples were calcined at 1573 K prior to being tested for methane
combustion. Figure 19 shows the ignition temperature Tig, (temperature for 10% of
methane conversion) and surface areas for different Sr contents. Both curves have a
maximum for x=0.2. Further studies using TPD, TEM and TGA led to the conclusion
that the partial substitution of Sr for La is responsible for the large surface area and
low ignition temperature observed after calcination at 1573 K (fig. 19). This superior
heat resistance is quite useful for high-temperature combustion. The compositional
modification appears to cause both the suppression of crystal growth along the c-axis
that enhances the surface area and the increase in oxidation of Mn ions which promotes
active oxygen desorption.

The heat resistance of the hexa-aluminate Sr;_,La,MnAl;;Oy9_, (x=0.2) was also
evaluated by Arai et al. (1991). The powder sample pressed into a disk underwent
isothermal heating at 1573 K for 6400h in air. No change was observed in the crystal
structure or the chemical composition; however, the surface area gradually decreased,
staying above 10m? g ! after 4200h of heating.
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Figure 20 shows the variation of methane combustion activity of SrygLag,MnAl;;O9_
after heating at 1570 K for different periods. The activity is expressed as temperatures
T10% and T ooy, respectively. T'1gv, related to the combustion-initiation activity, decreased
gradually with the decrease in the surface area, whereas Tggs, complete combustion
activity, appeared to be less dependent on the heating period of the catalyst. This is
because T'og¢, seems to be dependent on the homogeneous gas-phase reaction, which was
initiated by radical formation, probably on the catalyst surface at high temperature, and
it could not be affected by the lattice oxygen properties of the catalyst.

Industrial catalysts require supports with desirable properties such as resistance to
thermal shocks, mechanical strength and chemical stability. For catalytic combustion
applications they must be adequately shaped to achieve low pressure drop. The monolithic
honeycomb type is the most technologically advanced substrate and successfully satisfies
these criteria.

In this way, Isupova et al. (1995) tried to form rings of different perovskite-type
oxides, such as LaCoOs, LaMnOs, Lag;Srg3C00;3, without any addition of binders
or peptizers; however, after calcination at 773—1173 K, these rings had a rather low
mechanical strength. Using alumina as a binder, they found that the surface area was
increased and the mechanical strength considerably improved. The alumina seems to
suppress sintering, possibly due to the formation of microphase of hexa-aluminate type
oxides, which is active and stable at high temperature as mentioned before. Optimized
catalysts in the form of honeycomb monoliths were tested in several pilot installations
for high-temperature catalytic combustion of gas and liquid fuels. The catalysts worked
for two months without loss of activity and monolith integrity.

The incorporation of the catalytic component in the support lattice seems to provide
an opportunity to avoid loss of surface area and to keep good catalytic activity even at
high temperatures. Such materials can be supported on thermostable substrates or even
fabricated as honeycombs.
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A number of patents reporting R-mixed oxides to be promising combustion catalysts
are summarized by Zwinkels et al. (1993). However, a considerable effort is still needed to
develop a generation of catalysts with high combustion activity during extended operation
at high temperature.

2.5.2. CO oxidation

Oxidation of CO has been used as a test reaction for surface characterization of R-based
mixed oxides. Earlier studies reported on this subject have been reviewed by Fierro (1990)
and Viswanathan (1992).

The correlation between the activity of RMnO; (R=La, Pr, Nd, Sm, Eu) for this
reaction, tolerance factor and binding energy was analyzed by Viswanathan (1992).
The tolerance factor has been introduced in sect. 1.1.1. The element—oxygen binding
energy (As—o) is defined in terms of enthalpy of formation of A,,O, oxide, AH¢, metal
sublimation energy, AH, and oxygen dissociation energy, D,:

AH —mAH, - 1nD,
12m '

Ap 0=

The activity increased as the tolerance factor increased, but there were no significant
changes in the values of R—O binding energy with the same environment, manganate
perovskite, suggesting that the R ion essentially played the role of modifying the B-O
bond and was not directly involved as an active site.

In order to evaluate the effect of the B-site element similar studies were performed on
LaBO; (B=Co, Mn, Fe, Cr) by Voorhoeve et al. (1976). The activity for CO oxidation
rose as the tolerance factor increased, while it decreased with increasing radius of
B ions. The lower B-oxygen binding energy was more favorable for the oxidation of CO,
suggesting that the active site involved in the CO oxidation consists of B~O-B clusters.
This might imply the participation of surface oxygen in this reaction.

Voothoeve et al. (1976), Shimizu (1980) and Tascon and Tejuca (1980) have shown
an interesting relation between the activity of LaBO; (B=Co, Mn, Ni, Fe, Cr, V) for
the CO oxidation and the electronic state of the transition metal in the B site (fig. 21).
As is known, the octahedral environment of B>* ions splits the d orbital into two levels
and the lower level, t,, contains orbitals with higher affinity for O*~ than the e, level.
The maximum activities were found for Co, Mn, and Ni, whose eg levels have zero or
one electron while ty; levels are half-filled or totally filled. However, Viswanathan (1992)
reported that as La was partially substituted by Ce or Sr, their activities could not be
related to the electronic state of the B site.

Nakamura et al. (1982) found that the catalytic activity of La; _,Sr,CoOs; (x=0 to 0.4)
calcined a 1173 K were higher than that of LaCoO; perovskite. The activity presented a
maximum for x =0.2. The reducibility of La; _,Sr,CoO; by CO increased with increasing
Sr content, whereas the rate of reoxidation of the reduced catalyst diminished with
increasing x. Therefore, CO oxidation could proceed through a redox mechanism and
maximum activity at certain value of x could be expected due to the competition between
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Fig. 21. Activities of LaBO; (B, first-row transition element) perovskites for CO oxidation in (a) a 2: 1 mixture
of CO and O, at atmospheric pressure, and (b) a 1: 1 mixture of CO and O, at atmospheric pressure. Symbols
represent the activities of vanadates (solid squares), chromates (open squares), manganates (open triangles),
ferrates (open circles), cobaltates (solid circles), and niquelates (solid triangles), plotted at the appropriate
d-orbital occupation corresponding to the average valence of the B** ion. The activity is given either as
(a) the reciprocal of the reaction temperature at which the activity is 1 pmol of CO converted per m? of catalyst
per second or (b) as the rate of mole CO converted per unit area and unit time. With permission from Fierro
(1990).

reduction and reoxidation rate. However, the contribution of adsorbed oxygen should not
be overlooked.

Jung et al. (1996) prepared Nd; _,Sr,CoO;_, (x=0, 0.25, 0.50, 0.75) and studied the
effect of Sr substitution on their catalytic activities for CO oxidation. The initial stages of
the reaction were investigated using a static reaction system equipped with a differential
photoacoustic cell to analyze the products. For the steady-state reaction, a flow reactor
system with on-line gas chromatograph was employed. As NdCoO; was doped with Sr,
part of Co ions were as Co*" and/or oxygen vacancies were formed. It is well known
that the oxygen vacancies can act as an electron donor and become an adsorption site for
oxygen molecule. The chemisorbed oxygens on the surface at low temperature can exist
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in the form of O3, 03, O~ and O3, as the temperature increases, according to Kulkarni
et al. (1995), O~ species are more probable. The kinetic reaction orders obtained for the
steady-state reaction were 1 for CO and 0.5 for O,; this result supports that the molecular
oxygen was dissociatively chemisorbed and CO, was produced by the interaction between
the adsorbed oxygen and the CO species. However, the kinetic reaction orders obtained for
the initial reaction were 0.8540.05 for CO and 0 for O,. Therefore, the fresh surface of the
catalyst was being continuously saturated with oxygen at the beginning of the reaction.
But, after this period the adsorption of O, becomes a rate-determining step. Thus, the
concentration of the oxygen vacancies in the Nd, _,Sr,CoO;_, is the controlling factor
for oxidation of CO.

Ramesh and Hegde (1996) reported the oxygen reactivity and the catalytic activity
for CO oxidation over cobalt-containing layered defect perovskites, YBa;Cu;CoO;_,
LaBa;CuyCo0O;_, and LaBa;Cu3;O;.,. The orthorhombic YBa,Cu3O;_, structure
presents two types of copper atoms, Cu(1) adopting a square planar geometry and Cu(2) in
square pyramidal coordination. Pollert et al. (1992) found that the partial substitution
of Cu(1) by Co induced an additional oxygen position and the displacement of Co and
oxygen ions from their regular sites, suggesting that in the case of YBa;Cuy;CoO5_,
reactive holes might be located near Cu and Co. Moreover, the oxygen coordination of
substituent transition metal cations was also affected by the replacement of Y by La:
about 12% of Co ions occupied Cu(2) sites. The larger lanthanum ion and the significant
presence of Co at Cu(2) sites resulted in the enrichment of the oxygen content at the
rare-carth plane.

TPD patterns of LaBa,Cu3O;_, and YBa;Cu3O;_, were about the same with one
peak at 773 K, indicating that the desorbed oxygen came from the same site. However,
for LaBa;Cu;Co0O;_,, two peaks were observed at 663 and 773K, consistent with the
presence of an additional labile oxygen site. Further interesting evidence for this was that
after heating this solid at 723 K, the orthorhombic structure remained, suggesting that the
basal plane of oxygen was kept intact.

The activation energies for CO oxidation over LaBa;Cu3;O;_,, YBa;CuzCoO7_, and
LaBa;CuyCoO7_, were determined as 24.2, 15.9 and 13.6kcalmol . Thus, the extra
oxygen in the La plane on LaBa;Cu;CoO;_, reacts with CO at temperatures as low as
473K with substantially low E,, comparable with the activity of Pt/Al,O; (commercial
catalyst).

CO oxidation over YBa,Cu;_,B,0;_, (B=Co, Al, x=0.12, 0.24, 0.36, 0.48) has
been studied by Otamiri et al. (1992). The activity for this reaction decreased with the
increasing partial substitution of the B site. It is well known that trivalent cations, such as
Co** and AI**, occupy Cu(1) sites. The fresh Al- and Co-substituted oxidized solids were
orthorhombic, but after use they shifted to the tetragonal symmetry. This change and the
low substitution (x=0.12-0.48) could explain the differences between these results and
those of Ramesh and Hegde (1996).

The kinetics of CO oxidation over YBa;Cu3 Oy, and PrBa;CusOq.., catalysts was
studied in the temperature range 433—473K by Otamiri and Andersson (1991). The
reaction proceeded with an average activation energy of 19.1kcalmol™! for the yttrium
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solid and 17.4kcalmol™! for the praseodymium sample. The PrBa,Cu3 04, , exhibited
higher activity probably due to its oxidation state. The influence of a central rare-earth
ion on the crystal chemistry of RBa;CuzO;_, series was recently analyzed by Ramesh
and Hegde (1994). This study gave the interesting information that larger R ions such as
La and Pr in the central cage show a higher oxidation state than the normal value of 3.
This could affect the oxygen mobility and copper oxidation state as well as the catalytic
activity for oxidation of CO.

YBa,Cu30;.., was tested as a catalyst for oxidation of CO by Jiang et al. (1989),
who reported an E,=27.5kcalmol™!. The reduction of this solid caused a decrease
of the catalytic activity. This behavior was explained taking into account that the
reduction removed the labile oxygen from the lattice. Similar experiments were performed
by Halasz et al. (1990) over Y,BaCuQs. They found that the £, for the oxidized
sample was 24.8 kcalmol !, however, as the catalyst was slightly reduced, it dropped to
11 kcalmol'. The exact nature of the change in the surface composition after the slight
reduction is not known. However, Noller and Vinek (1980) reported that for the necessary
catalytic oxidation reaction two kinds of sites are necessary: (i) electron-pair donor and
(i1) electron-pair acceptor. It was further noted that materials with a single oxidation state
for the active metal, especially if it was a high oxidation state for the element, have very
low or zero catalytic activity. In this respect, it is noticeable that for Y,BaCuOs, the Cu is
only present as Cu?*. Thus, it is probable that during the reduction some Cu* was formed
and enhanced the catalytic activity for the oxidation.

The catalytic oxidation of CO to CO, at low temperature is one of the challenging
problems in environmental chemistry. The advantage of using R-based mixed oxides as
catalysts for CO oxidation is based on the following facts:

(1) A wide variety of cation substitutions can be made to modify the structure, oxygen
vacancies and the activation energy for oxygen adsorption.

(ii) This type of solids falls into the kind of uniform heterogeneous catalysts where the
solid as a whole acts in the catalytic reaction, as proposed by Thomas (1988).

2.5.3. NO and N>O decomposition

The decomposition of the thermodynamically unstable nitrogen oxides is in theory the
best way to eliminate them from contaminated gas streams. N,O is relatively easy to
decompose catalytically while NO is much harder. In fact, the NO transformation is
always limited by the presence of oxygen over all the catalysts assayed so far.

Let us review first the state of the art concerning nitric oxide decomposition. In the
last 10 years the search for NO decomposition catalysts sharply increased in an effort
to comply with more severe regulations which reduce the allowed emission level of
this contaminant. Particularly during the 1990s quite a few papers have been published
concerning the use of different rare-earth-containing perovskites and KyNiFs-type mixed
oxides. Ni, Cu and Co are the most commonly used transition metals.

Teraoka et al. (1990, 1993) systematically tried a large series of perovskite mixed oxides
for NO decomposition (table 26). Their ternary and quarternary oxides included in the
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Table 26
Catalytic activity of perovskite-type oxides for the direct decomposition of nitric oxide™®
Catalyst® XIN,] (%) Catalyst® XIN,] (%)
973K 1073K 973K 1093K
La,_,Sr,CoO; Lay Sty Cog5By,05
x=0 3.6) 37 7.5 B'= Cr (4.8) 2.7 2.0
x=0.2 (8.1) 45.0 72.0 Mn (4.6) 304 434
x=020.2 () 44.5 67.9 Fe (6.8) 46.8 68.7
x=0.20.4 (5.1) 312 48.7 Co 8.1 45.0 72.0
La, _,Sr,Coqy,Fey 0,4 Ni (5.6) 342 70.5
x=0 3.3 9.2 12.8 Cu 4.9 24.9 359
x=0.20.2 6.1) 249 56.2 Lay, 4SrysMng By, 04
x=0.20.4 (7.5) 17.5 37.1 B'= Mn (4.0 10.8 25.1
x=0.20.8 (3.8) 8.0 247 Fe (11.5) 27.6 57.1
x=021.0 3.3 9.8 27.9 Co (10.8) 23.1 55.7
La,_,St,MnO, Ni (12.1) 28.2 62.4
x=0 ©.1) 7.6 13.5
x=0.20.6 (4.0 10.8 25.1

* With permission from Teraoka et al. (1993).
b Reaction conditions: 1.0 vol% NO diluted in He, W/F=4.0gscm™,
¢ Figures in parentheses are specific surface areas in units of m? g,

B site either Fe, Co, Ni, Cr, Mn or Cu. The partial substitution of La by Sr was needed
to increase the catalytic activity to an acceptable level. The presence of a transition metal
able to change oxidation state relatively easy was also required. Although Lag 3Srg2Co03
seems to be the best one, there is not a great difference among several of the formulations
shown in table 26. A more detailed study should be made to justify their conclusion that
Lag St 2Co0; is a promising catalyst. Note that all the formulations become active at
~973 K under the conditions assayed.

These carly papers already hint that two essential elements may play important
roles in this reaction: (i) oxygen vacancies, and the consequently enhanced oxygen
mobility increased by the partial substitution of La by Sr; (ii) the redox ability of the
transition-metal cation. This subject was developed in more detail in the papers published
afterwards.

In a recent paper Zhao et al. (1996) used Ni-based ABO; and A;BO4-type mixed
oxides. They covered a wide range of temperatures (273—1173 K), studied the adsorption—
desorption phenomenon and used several instrumental techniques.

The four oxides studied were LaNiOj;, Lag (SrygNiO;, La;NiOy and LaStNiQy4. The
latter was the most active, selective (to N;) and stable catalyst. Figure 22 shows the
evolution of both conversion and selectivity to Ny with temperature. Below 773 K the
authors reported some transient, non-catalytic activity for the decomposition reaction.
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They carefully characterized the phases using XRD and concluded that the oxide with
A;BOy structure is more stable than ABO;.

Temperature-programmed desorption of oxygen and nitric oxide provided some clues
to the nature of active sites involved in the reaction. Table 27 collects the characterization
data obtained; the last column shows the NO conversion. There is a certain correlation



THE MIXED OXIDES 135

Table 27
Desorption temperatures, areas of desorption peaks, nonstoichiometric oxygen (4) and the activity of NO
decomposition®
Catalyst 0, N, N,O NO +NO, A NO
S T S T s T conversion®
(em*m?) (K) (em’m?) (K) (ecm’m?) (K) )
La,NiO, 15.09 1145 1.45 385 0.47 480 5.05 +0.068 17.21
LaNiO, 1.78 1135 1.83 445 20.87 —0.083 28.81
LaSrNiO, 3.01 950 0.50 440 2.01 510 62.11 —0.160 94.20

* With permission from Zhao et al. (1996). Reaction temperature 1173 K; GHSV=2800h"'; NO mol %=1.5,
He balance.

between the total amount of NO +NO, desorbed during the TPD of NO and conversion.
This correlation is much better, however, between the latter and the amount of non-
stoichiometric oxygen (4). The authors, in agreement with others, assign the active role
in the catalytic act to negatively charged adsorbed nitric oxide.

The picture is clarified when the oxygen adsorption behavior of the four samples
is analyzed. It was found that the order of the desorption temperature correlates with
NO conversion, i.e. the lower the desorption temperature (larger mobility of oxygen is
attained at a given temperature), the higher activity is observed.

Zhao et al. (1996) proposed a reasonable tentative mechanism for NO decomposition.
Based upon the fact that LaNiO; with the lowest content of Ni?* shows almost no
selectivity to N, in the low-temperature regime and the lowest one in the catalytic region,
while the contrary occurs with La;NiO, (fig. 22b), they assigned a central role to the
presence of a high concentration of Ni%* in the catalyst. Ni** should be oxidized to Ni**
and NO reduced to NO™. Observing the activity curves, fig. 22a, one sees that the oxides
with oxygen vacancies are more active than the almost stoichiometric ones. This points
to an important role for vacancies in the reaction mechanism as well. Perhaps the NO~
is adsorbed at sites neighboring those where NO decomposition occurs.

To complete the catalytic cycle the Ni** must be reduced and the vacancies regenerated.
This is tentatively accounted for by the authors in the proposed redox mechanism that
follows:

Ni?* + V, + NO — [Ni*'=V,—(NO) ] - Ni** + [07] + INy,

2[07]2 [0 ]+ 10, + V,,

2Ni** +[0%] = 2Ni** + V, + 10,.
The oxygen mobility in the lattice is needed for this mechanism to be possible. This
is consistent again with the correlation observed between vacancy concentration (which
facilitates oxygen mobility) and catalytic activity as estimated from NO conversion.

At higher temperatures, e.g., T > 1073 K, the dismutation of oxygen species would be
accelerated and the lattice oxygen (O%7) would take part in the reproduction of active
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sites. The proposed mechanism requires further work to be proven but is most consistent
with the authors’ results.

The other important transition metal incorporated into the perovskite lattice is Cu. As
a matter of fact, there is an important driving force to try this cation in another matrix
after its success to catalyze NO decomposition when exchanged into certain zeolites
such as ZSMS5 and ferrierites. Yasuda et al. (1990) studied the decomposition of NO
over La;_,A/Cuy ,yB;OHE@ (A’ =Sr, Ba, Ca; B'=Zr, Al) and also concluded that the
oxidation of the transition metal cation (Cu®>* — Cu’*) plays a key role in the reaction
mechanism. They found a certain correlation between the average oxidation number
(AON) of copper and the relative activity for NO decomposition (fig. 23a). Contrary
to the case of the Ni-containing oxides, no correlation was found with the oxygen non-
stoichiometry (fig. 23b). How could the sharp increase in activity be reconciled with
increasing AON? The answer was found in the XPS data. Neither the binding energy nor
the at/Imain Of the Cu 2p signal changed with the rare-earth substitution that modifies
the bulk oxidation state of Cu. Morcover, the L;VV Auger peak assignable to Cu®* (ca.
918 eV) remained unchanged with varying x. This seems to indicate that on the surface,
Cu’* cannot exist due to a partial desorption of oxygen from the surface layer.

The authors also studied the N>O decomposition on the same catalysts and found
it to be much faster than NO decomposition. Since both reactions leave O,gs on the
catalyst surface it was concluded that oxygen desorption is not the rate-determining step
of NO decomposition on these solids. On the other hand, the retarding effect of O, gas
is consistent with the idea that O, <> 20 (ads) is in equilibrium. In brief, all their data
are consistent with a mechanism in which the active sites for NO decomposition are
coordinatively unsaturated Cu®* ions on the surface that can be easily oxidized to Cu®*
upon NO adsorption:

Cu** +NO (ads) — Cu**-NO".
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Note that this step bears resemblance to that proposed by Zhao et al. (1996) over
Ni-containing mixed oxides. However, Yasuda et al. (1990) did not assign any role
to oxygen vacancies in the lattice. They compared the activity of their catalyst with
Lag gSrg2Co0s3 and Cu-ZSMS. The latter is active at temperatures between 573 and 773 K.
The perovskites are active at higher temperatures, and at 7 > 800 K La; 5Sr( 5 CuO; is three
times more active than LaggSrg,CoO; (per unit surface area). The mixed oxides may be
used in high-temperature applications where the zeolite-based formulation may not be
durable enough.

Lin et al. (1993) studied the interaction of NO with YBa;Cu3;O; using XPS and FTIR.
They covered a wide range of temperatures from 300 to 1200K. They observed the
formation of nitride, nitrate, nitrite and nitrito (FTIR) on the surface and the release of N,
N>O and NO;. The nitrite ion (NO3) is by far the most abundant species at 7 > 800 K.
Again, the NO interaction with the solid oxidizes less than 24% of the lattice Cu(II) ions.
The authors pointed out that the lattice barium atoms can be expelled from the structure
and reported a substantial segregation of BaO to the surface of the oxide at ~900K. In
brief, again the Cu?" < Cu’* redox cycle is implicitly proposed here as an important step
of the reaction mechanism. NO; is the predominant species at high temperature, and the
superconducting oxide not only provides the active sites for the adsorption of NO but
also contributes to the stabilization of the reaction intermediates.

It was not until recently that N,O was recognized as an atmospheric pollutant which
contributes to stratospheric ozone destruction and greenhouse effects. This gave more
emphasis to the search of active catalysts to decompose N,O.

Even before these findings, the decomposition of N;O was studied because the oxide
is often formed during the decomposition and reduction of NO over many catalysts.
Furthermore, on other occasions, it was used as a test reaction to investigate the
nature of active sites on metal and metal-oxide catalysts. Thus, there is a wealth of
information concerning this reaction on all kinds of solids. The reader is referred to the
article by Swamy and Christopher (1992) for a coverage of this reaction occurring on
perovskite-related oxides. This review concerns the study of N,O decomposition as a
model reaction. As such it tries to relate catalytic behavior of several perovskites with
structural features, thermodynamic oxygen bond energy and orbital occupancy. Double
perovskites and Ry;A;BO; structures are also covered by Swamy and Christopher (1992)
with the same overall goal of finding correlations between catalytic behavior and several
physicochemical properties of the solids used.

Misono and co-workers studied the decomposition of N,O, Wang et al. (1995), over
similar solids and using the same tools as in the previously analyzed contribution of
Yasuda et al. (1990) (vide ultra). More precisely, Wang et al. (1995) carried out the
decomposition of N,O over La; .. Sr,CuO4 (x=0-1), La,MO,; (M=Co, Ni, Cu) and
LaMO; (M=Cr, Mn, Fe, Co, Ni). As was the case with NO the N,O decomposition
is first-order in the nitrogen oxide and of negative order (inhibited) in oxygen partial
pressures. In fact, when the solid was pretreated in He at 1073 K the initial reaction
rate increased but then gradually diminished due to inhibition by oxygen formed by the
reaction.
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The effect of the transition-metal cation upon catalytic activity for N,O decomposition
is shown in fig. 24. Note that Co is the best, independent of the matrix used. Also note
that in the case of oxidation reactions, a twin-peak pattern with Co and Mn at the peaks
is obtained as in the case of simple transition-metal oxides (Yamazoe and Teraoka 1990,
Nitadori et al. 1988).

The surface oxidation state of the transition metal and the availability of vacancies
and/or adsorbed oxygen play a central role in defining the catalytic behavior of the oxides
for this and other reactions. Particularly enlightening is fig. 25 which shows how the
catalytic activity increases with the increasing average oxidation number (AON) of copper.
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As discussed above, at higher AON of copper the Cu** — Cu’* oxidation becomes more
facile and the reaction rate increases because a larger concentration of surface N,O is
generated.

Gunasekaran et al. (1995) also reported kinetic data on the decomposition of N,O
over LagsSrgoMO;_s (M=Cu, Fe, Mn, Co or Y) and La; gSry,CuQO,_;. The catalytic
performance was compared with that obtained with Pd(0.5%)/Al,0,, Pd(0.5%)/carbon
and Pt(0.5%)/Al,0;.

Figure 26 shows a good synthesis of the results obtained by Gunasekaran et al. (1995).
It is clearly shown that LagsSrg,CoO; has an activity similar to the supported noble
metals. Particularly at 7 > 773 K, its activity becomes comparable to Pd/Al,O;. However,
the latter is not affected by 4.5% O, in the gas feed while the former exhibits a significant
decrease in rate at 773 K. The light-off temperature is much lower on Pd/Al,O; although
it can be decreased by 80K on the perovskite material when the surface area is increased
from 2 to 11 m?/g.

Summing up, there is general agreement that by increasing the oxidation number of
the B cations, the catalytic activity for both NO and N,O decomposition is enhanced.
Many researchers also assign a positive role to the development of oxygen vacancies in
the oxide structure. The formation of negatively charged NO; adsorbed species seems to
be a necessary step in nitrogen oxides decomposition.
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Generally speaking, Cu-ZSMS5 is active at lower temperatures than Cu, Ni or some
other metal containing perovskites. Thus, the latter being structurally more resistant, it
might be used for applications at 7> 750K.

A common negative feature of all these catalysts is the strong inhibition by oxygen of
the decomposition reaction. This leads to the use of different reduction agents to abate
NO, emissions as discussed in the next section.

2.5.4. NO reduction

Since the early seventies, perovskite oxides have been tried as potential replacement of
three-way catalysts for car exhaust gases treatment. In Chapter 184 the ceria-containing
three-way catalysts will be thoroughly covered while in this chapter we will refer to all
the other formulations used for the reduction of nitric oxide.

Tejuca et al. (1989) provided a brief review about this subject. Before 1989 the most
prominent published contributions were those of Voorhoeve et al. (1975, 1976). The main
B cations studied were Co and Mn while several cations were inserted in the A position
partially substituting lanthanum. The rationale for this approach is found in the role
assigned to oxygen vacancies in the dissociation of NO. The substitution of La by lower-
valent cations induces the formation of oxygen vacancies.

A mechanism has been proposed by Voorhoeve et al. (1975, 1976) which involves two
types of NO adsorption:

M-0-M + NO — M—0-M + 1N,
M-0O0-M + NO — M—=0-M + Ny,
Nags + NOsygs — N> O,

2N, — No.

In order to find out whether the oxidation of the B cation or the lanthanum vacancies
were responsible for the increase in NO reduction activity, Voorhoeve et al. (1975) tested
mixed oxides (A,A] y)M%tanng, where A and A’ represent La, Bi, Pb, S, Na,K or
Rb. These solids contained nearly constant proportions of Mn**/Mn* but with different
A-O binding energies. Their data indicate that the binding energy of surface oxygen plays
a central role in defining the catalytic activity for this reaction. Weaker oxygen bonding
favors both the formation of oxygen vacancies and the NO reduction.

By the mid 1970s, several groups, industrial and academic, were searching for good
three-way catalysts with the hope of eliminating or at least minimizing the use of noble
metals. In this vein, Lauder’s patent from Dupont was very encouraging. Lauder (1975)
supported Lag¢Srg4Cog.94Pto.03Ru0 0305 on Torvex alumina and used it to treat exhaust
gases from a single-cylinder engine. Unleaded gasoline was used and the test was run
for 800 hours. Within the slightly oxidizing operating window, the removal of CO,
hydrocarbon and NO, was above 80%. However, this and other perovskite catalysts are
poisoned by SO, a fact that has impaired their use in automobile exhausts.

During the last decade the study of NO reduction surged again. Most publications report
results on the NO + CO reaction over several complex perovskite and perovskite-related
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structures containing up to five different cations. Only in a few cases has the effect of
excess oxygen been investigated.

Misono and co-workers continued their series of studies on NO and N, O decomposition
and also explored the reduction of NO with CO. Mizuno et al. (1992b) report the data
obtained for CO+NO, CO+NO, and CO+ O, reactions using as catalysts La; _,Sr,MO;
(M=Co, Fe, Mn, Cr, Ni; x=0-0.4). Their main goal was to elucidate the controlling
factor for the reduction of NO. The activity order for the CO + NO reaction was LaCoQ3 >
LaFeO; >LaMnQj; >LaCrO; > LaNiQOs.

A large amount of N,O was formed from the initial stage over LaMO3; (M= Co, Mn,
Fe, Cr, Ni) at 573 K. The time course of the NO+ CO reaction (performed in a batch
recirculation system) reflects this situation. These results support a two-step reaction
pathway in which N,O is an intermediate for nitrogen formation. Ocal et al. (1994)
confirm the role of N,O as intermediate in this reaction over perovskite oxides. They
used steady-state isotopic transient kinetic analysis to study the mechanism of NO+ CO
reaction over LaCoQj3. They concluded that N, O was an intermediate in the formation of
N; at T <873 K. They also concluded that at high temperature CO, desorption became
the rate-limiting step of the overall reaction. This is likely due to the rapid formation and
slow decomposition of very stable carbonates on the perovskite surface as reported by
Milt et al. (1996).

The partial substitution of La by Sr either decreases or has no effect on the catalytic
activity for the reaction (fig. 27). This is at variance with the tendency observed by
the same group for the oxidation of propane. The decrease in activity with increasing
Sr substitution is explained by Mizuno et al. (1992b) in terms of the increased oxidation
of the B cation which in turn makes it more difficult to adsorb the nitric oxide as NO~.
This view is further supported by the fact that after reduction, Lag¢Srg4CoO3 becomes
more active.
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Lindstedt et al. (1994) studied perovskites similar to those of Mizuno et al. (1992b),
although at higher reaction temperatures (873—1223K). They limited their studies to
the best ones screened by Mizuno et al. (1992b), i.e, La; _;Sr;MO; (M=Co Fe). They
confirmed that prereduced LaCoQO; is more active than the oxidized solid. Moreover,
they found that the reduced perovskite became La;CoO, during the catalytic tests
conducted at high temperature. However, the iron perovskite retained its original structure.
The LayCoQ; was reversibly reoxidized to LaCoQj;. They also extended the previous
studies by introducing excess O, in the reactant mixture. Under these circumstances, the
NO reduction decreased to zero. This behavior is qualitatively similar to conventional
three-way catalysts that become inefficient for NO reduction under lean-burn conditions
(excess oxygen).

Since LaCoO; is a reasonably good catalyst for NO +CO reaction and CeO, is usually
incorporated in three-way catalysts as an oxygen reservoir, the logical direction to follow
is to explore the partial substitution of La by Ce. This was recently done in a systematic
way by Forni et al. (1996). They prepared a series of La,_;Ce,Co0O;,s (x=0-0.2)
perovskite-type catalysts. They used as a reference for comparison Lag ¢Sty 1CoO3. Note
that no more than 0.05 Ce atoms could be introduced in the perovskite structures. At
x = 0.05, CeO, reflections appeared in the diffraction patterns. Their kinetic results are
consistent with a two-step mechanism for the reaction between NO and CO to produce
N, and CO,, the intermediate being N,O. The reaction temperature was varied between
423 and 723 K. Ce ions seem to act as stabilizer of O; ions on the catalyst surface.

Ladavos and Pomonis (1992) studied NO reduction with CO over Lay_,Sr,NiO,_;,
with 0 < x < 1.50. The substitution of La by Sr produces a maximum activity at x =1.0. At
lower x values the activity changes very little, but it drops significantly between x =1.0 and
L.5.

Ladavos and Pomonis (1993) prepared supported LaNiO3/Al,O3 and La;NiO4/ZrO,
and tested them in the NO + CO reaction. They compared the activities of the supported
perovskites with massive ones. On a per-gram basis La;NiO4/ZrQ; is about four times
more active than massive Lay NiOy. It is not possible to go much beyond this point because
the authors could not find a method to obtain reliable data about the dispersion of the
mixed oxide on the ZrO, support. The alumina support was undoubtedly not suitable for
this perovskite.

In a series of papers published by Swedish and Japanese researchers, they used
supported and massive perovskites of the general formula La; _;Sr;M;_3,Cu,Ru, O3
(M=Al, Mn, Fe or Co) as catalysts for the reduction of NO with CO. Skoglundh et
al. (1994) prepared nine alumina washcoated mixed oxide catalysts containing La, Sr, Cu
and Ru. The solids obtained were thoroughly characterized using several techniques. They
were tested in two different reactant streams: (i) NO/CO/C;Hg/O,/N; (feed stream A) and
(i1) NO/CO/N; (feed stream B).

The electron-microscopic observation of the samples prepared showed the presence of
nanosize particles (60—200 nm) which sometimes were accompanied by larger (1-10 um)
flake-like formations. The smaller particles form agglomerates which almost cover all the
surface of the alumina washcoats. The total surface area of the washcoat, impregnated
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Fig. 28. Degree of conversion of NO, CO and C;H; plotted versus the inlet temperature of the feed stream A,
determined under stoichiometric conditions (= 1.0), for the catalysts SD:1 and SD:9. With permission from
Skoglundh et al. (1994).

Table 28
Light-off temperatures for feed streams A and B determined under stoichiometric conditions (S = 1.0)*"
Catalyst metal Feed stream A° Feed stream B¢
composition NO co C,H, NO co
LaCu 534 337 360 488 452
LaCu,oRug, 458 351 367 426 418
LaCu,sRu,, 377 336 342 398 375
La, 81, Cu 561 370 377 447 418
La, Sty CugoRuy, 448 358 366 413 398
Lag,Sr, , CugsRug, 333 331 337 364 360
Lay¢Sr,,Cu 550 364 372 438 400
La,;Sr,,CuyyRuy, 445 350 356 384 370
La, ¢Sty ,CuysRug, 343 338 346 357 351
* With permission from Skoglundh et al. (1994). * Feed stream A: NO/CO/C,H,/O,/N,.
b o 2[0,]+[NO] . 4 Feed stream B: NO/CO/N,.
[COT+9[C3H,]

and calcined at 1173 K, varied between 40 and 60 m?/g. After analyzing the metal content
of more than 50 fragments of each type, it is concluded that the monoparticles exhibit the
chemical composition of perovskites. The flakes, on the other hand, show compositions
closer to La,CuO,. Figure 28 shows the evolution of CO, HC and exemplifies the drastic
increase in NO reduction obtained when Sr and Ru are introduced in the perovskite lattice.
This was confirmed for all the other samples as can be seen in table 28 for feed stream A.
The authors have also studied the effect of modifying the composition of the feed stream
from overall reducing to overall oxidizing. As expected, the more oxidizing the reacting
mixture, the lower NO conversion is achieved under otherwise identical conditions.
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Fig. 29. Temperature dependence of the degree of conversion of NO to N, and N,O in CO-NO
reaction over La,St,,Co,_,,Cu,Ru O;; circles, CCRO (y=0); squares, CCRS (y=0.05); triangles, CCR10
(y=0.10). Open and solid symbols represent conversions to N, and N, O, respectively. With permission from
Teraoka et al. (1996a).

Although the X-ray diffraction patterns clearly show the presence of the perovskite
phase in all cases, it is still premature to adscribe a unique catalytic role to this phase.
More studies are needed to try to elucidate the possible role of other species that are or
might be present in all these formulations.

A year later, the Swedish groups associated with Teraoka and co-workers reported
studies made on massive perovskites LaggSrg2Coj—2,Cu,Ru,03. Teraoka et al. (1996a)
reported data obtained for solids with 0<{y < 0.2 and used them to catalyze both
CO oxidation and CO+NO reaction. They used Co instead of Al because perovskites
containing the former element are generally more active than those containing aluminum.

Figure 29 shows the effect of partial substitution of Co by Cu/Ru over the NO+CO
reaction. It is clearly seen that this substitution decreases the rate of reaction but sharply
increases the selectivity to Np. A similar decrease in oxidation activity was observed for
CO+0; reaction. Since both reactions have been proposed to occur via an intrafacial
mechanism, the negative effect of Co substitution by Cuw/Ru may be explained by the
decrease in weakly bonded oxygen observed by the authors during TPD experiments. As
an additional comment Teraoka et al. (1996a) noted that the solubility of Ru in a K-type
framework was very low, i.e. they synthesized (Lag g2 St¢ 18)2 Cog.46 Cug 51 Rug 0304.

In a short communication, Teraoka et al. (1996b) further emphasized the im-
portance of Cu/Ru incorporation in the perovskite matrix. They concluded that for
y=0.1 LagsSrg»Co1_2,Cu,Ru, O3 has an activity similar to both LaggSrg,CoO; and
0.5% Pt/Al, O3 for NO + CO reaction.

The state of the art of nitrogen oxides reduction over both massive and supported mixed
oxides may be summarized as follows:
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— Extensive data using CO as reducing agent have been reported during the 1970 and
1990s.

-~ Mixed oxides are not active for the CO+NO reaction under lean-burn conditions
(excess oxygen). In this regard, they behave in the same way as commercial three-way
catalysts (see ch. 184).

— Most researchers have shown convincing evidence of the fact that N;O is an
intermediate in the reduction of NO with CO.

— Opposing views exist regarding the catalytic role of oxygen vacancies in the oxide
lattice (vide ultra).

— Recent studies using supported mixed oxides show encouraging results. Better
characterizations of the solids are needed to ascertain the loci of catalytic activity on
the surface of these complex systems.

The effect of H,O and SO, should be revisited on all these new formulations in order
to evaluate their potential application under realistic conditions.

2.6. Miscellaneous reactions

A variety of reactions have been studied on mixed oxides beyond those described in
the previous sections. They may be classified into two main groups: (i) one category is
made up of those that are attractive in themselves due to their economical value, and
(ii) the other one includes test reactions used to correlate catalytic behavior with the
physico-chemical properties of the mixed oxides.

The dehydrogenation of methanol to methyl formate is an example of one important
commercial reaction. Rodriguez-Ramos et al. (1991) used LaM; _,Cu, O3 (M=Mn, Ti)
to catalyze this reaction. Figure 30 shows the effect of temperature upon conversion,
selectivity and yield when the reaction is carried out over LaMng sCug s03. The yield
averages 25% and was kept constant after two hours on stream. Note the decrease in
selectivity at increasing temperature due to the decomposition of the formate.

Tables 29 and 30 show activity and selectivity data as well as dispersion of copper
on both Mn- and Ti-based perovskites. The dispersion of Cu was calculated from
CO adsorption at 77K assuming a CO:Cu=1:1 stoichiometry. A close look at the data
reported in these tables indicate that neither the nature of the B cation nor the prereduction
in H, affect the catalytic behavior of the perovskites. Thus, the main conclusion from
this work is that the active site is directly associated with the presence of surface copper
species. To ascertain the oxidation state of Cu, Rodriguez-Ramos et al. (1991) resorted
to the use of X-ray photoelectron spectroscopy. Figure 31 clearly shows that both the
prereduced and used catalyst contain either Cu* or Cu® or both types of reduced species.
This technique does not allow us to discriminate between Cu® and Cu* but a closer look
at the Auger parameter corresponding to the L3M, sMy 5 transition undoubtedly confirms
that only Cu® is present in used catalysts. Furthermore, quantitative XPS measurements
indicate that some migration of copper from the subsurface to the topmost layer seems
to occur on prereduced catalysts and/or used catalysts.
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T (K) from Rodriguez-Ramos et al. (1991).

Liang and Weng (1993) reacted toluene and oxygen over La;_,Sr.NiOs;. Quite
surprisingly they found a high concentration of rearrangement and disproportionation
products as shown in table 31. They studied the same reaction over LaMOs; (M=Mn,
Fe, Co or Ni) and found that no such reactions occurred. So the authors concluded that
NiO and La;NiOy4 phases are responsible for the rearrangement and disproportionation
reactions. When benzene was used instead of toluene, none of these products were
observed. This seems to indicate that rearrangement starts at the methyl group.

Liu et al. (1996) have recently shown that La; _,Sr,CuOy 1 ; catalyze the hydroxylation
of phenol in the liquid phase. This is one of the few cases in which perovskite oxides have
been used to catalyze liquid-phase reactions. Table 32 compares the catalytic behavior of
different solids. Among other things, it shows that the mechanical mixture of CuQ, SrO
and La,Os is much less active for this reaction than the mixed oxide containing the same
cations.

Another article concerning liquid-phase reactions catalyzed by perovskites is that by
Sugunan and Meera (1995). They studied the reduction of ketones and oxidation of
alcohol using RBO3 (R=La, Pr or St, B=Cr, Mn, Co or Ni) perovskites. Their goal was,
however, to correlate data from these test reactions with surface electron-donor properties
of these oxides. The electron-donor properties were investigated by the adsorption of
electron acceptors with different electron affinities such as para- and m-dinitrobenzene,
benzoquinone, etc. They adsorbed these electron acceptors on both the mixed and the
individual oxides. The results obtained are not conclusive to explain the catalytic behavior
of the solids studied on the basis of this single property, as is often the case in many
catalytic systems.
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Table 29
Dehydrogenation of methanol to methyl formate over LaMn, _,Cu, O, oxides®
Sample Tea K)° D (%)° A4 TOF-10° Sur! (%) Yur® (%0)
(umolg Cus) (s1)°
LaMn, ,Cu, O, 473 - 13.63 - 63 25
573 10.5 13.38 8.0 60 26
723 - 15.30 - 56 25
LaMn, ;Cuy 0, 573 7.8 17.96 14.3 65 29
LaMn, (Cu,,0; 573 13.0 22.54 11.0 63 27
LaMn,3Cuy,0, 523 - 7.56 - 73 5
573 23.0 - - - -
623 - 1571 - 60 10
LaMnO, 573 - 0.02 - 0 0

* With permission from Rodriguez-Ramos et al. (1991). Reaction temperature 513 K, time on stream: 5.5 hours.
b Reduction in hydrogen for 12 hours.
¢ Dispersion calculated assuming CO:Cu=1:1.
¢ Reaction rate of methanol disappearance.
® Considering those active sites titrated by carbon monoxide chemisorption.
f Selectivity to methyl formate.
¢ Yield to methyl formate.

Table 30
Dehydrogenation of methanol to methyl formate over LaTi, _,Cu, O, oxides?®

Sample T K°® D (%) Reaction conditions A4 Swur Y ur
T (K) t (h) (rmol/g Cus) %) (%)

LaTi;,Cuy 0, 473 - 473 1 8.37 77 25
573 438 — - - - —

623 - 473 1 8.38 73 25

513 5.5 10.68 59 27

LaTi,,Cug ;05 573 20.0 - - - - -
623 - 473 1 21.65 63 22

513 5.5 27.64 51 23

LaTiO, 573 - 473 1 0 0 0
513 5.5 0.06 0 0

* With permission from Rodriguez-Ramos et al. (1991). See the footnotes in table 29.

Another case where the test reaction has been used to correlate catalytic behavior
and physicochemical properties, is the interesting vanadium-containing system studied
by Trikalitis and Pomonis (1995). They studied the transformation of isopropanol over
La; ,Sr, VOs. This solid contains vanadium in at least two oxidation states, V' and V'V,
The systematic variation of the Sr content modifies the acid-base balance on the surface
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Cu2p

Fig. 31. Copper 2p core level electrons in
LaMn,,Cu,,O; catalyst subjected to various
pretreatments; (a) in a flow of nitrogen at 523 K;
4 (b) sample a after 6 h on-stream; (¢) reduced in

9465 9%5 9;{5 9;35 Q25 hydrogen at 573K for 12h; (d) sample ¢ after

6h on-stream. With permission from Rodriguez-
BE {eV) Ramos et al. (1991).

of the perovskite. One sensitive method to follow this variation is the product distribution
obtained from isopropanol. On acid sites, dehydration will occur while on other basic or
metallic sites, dehydrogenation is the preferred pathway. The authors observed a good
correlation between the acid—base distribution and acetone selectivity. In going from
LaVO; to SrVO;, the acetone selectivity increases from 10 to 40%.

Ammonia oxidation was the test reaction chosen by Yu et al. (1992) to investi-
gate connections between structure and catalytic properties in La; ,Sr,NiO;_, and
Laj_;33;ThyNiO;_;. For x<0.3, both types of solids only showed the reflections
corresponding to the perovskite structure. At x> 0.3, several other phases appeared,
i.e. NiO, LapNiO4 and ThO,. As the Sr concentration increases, the number of oxygen
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Table 31
Percentages of products from toluene disproportionation over La, St NiO; (x > 0)*

Product (mol %) Temperature (K)

493 553 613
La, ;S7,;NiO;
Ethylbenzene 36.36 32.02 30.51
p-Xylene 25.20 22.26 18.53
m-Xylene 22.34 28.43 33.52
0-Xylene 16.10 17.29 17.44
Lay S, sNiO;
Ethylbenzene 25.46 19.53 17.85
p-Xylene 23.53 25.18 25.93
m-Xylene 30.96 31.20 31.25
0-Xylene 21.05 24.09 24.97
La, ;87 ,NiO;
Ethylbenzene 32.08 25.79 17.09
p-Xylene 21.20 22.80 27.34
m-Xylene 29.54 27.01 33.21
0-Xylene 17.18 24.40 22.36
SrNiQ;
Ethylbenzene 31.11 22.66 2224
p-Xylene 2217 26.33 24.51
m-Xylene 26.52 32.82 28.87
0-Xylene 20.20 19.19 24.38

® With permission from Liang and Weng (1993).

vacancies also rises and a decrease in Ni** concentration occurs due to the formation of
Ni?* to maintain the charge balance. The opposite effect occurs when Th*" is inserted
in the lattice. Cation vacancies are now generated which tend to stabilize the Ni** and
therefore increase its concentration at higher Th substitutional levels. The authors claim
that there is a correlation between NO selectivity and Ni** concentration. However, they
correlate the Ni*t concentration with NO selectivities between 80 and 100%, a too narrow
span to justify their conclusion.

A novel system was introduced to the catalytic field by Matsuda et al. (1993). A solid of
the general formula ALaNb,0O5 is made up of the layer compound LaNb,O; with double
perovskite structure interleaved with A atoms. If the interlayer compound is water, they
call the compound HLa,;Nb,O; to indicate the acidic character of this system. They report
the results obtained when 1- and 2-butanol were reacted over this solid at temperatures
between 453 and 623 K. The secondary alcohol was much more reactive, as expected
for an acid catalyst. Consistent with this, no dehydrogenation product was formed when
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Table 32
Activity of different catalysts in phenol hydroxylation?®

Catalyst Phenol conversion Product conversion (%) 0, evolved (ml)
(%) CAT HQ BQ
La,CuO, 50.9 29.6 20.3 1.0 12
La, ,Sr,,Cu0, 40.8 232 16.6 1.0 19
La, ;S ,Cu0, 10.5 6.4 4.1 0 85
LaSrCuO, 2.2 14 0.8 0 100
CuO 11.7 7.4 2.3 2.0 78
La,O, 0 0 0 0 0
StO 0 0 0 0 0
Cu0O-La,0,-Sr0 10.5 6.0 3.5 1.0 80

* With permission from Liu et al. (1996). CAT = catechol. HQ = hydroquinone, BQ = benzoquinone. Reaction
time 2 hours; reaction temperature 343 K; reaction medium water; medium pH=7.0; phenol: H,0, : H,O (molar
ratio) = 1:1:60; mass of catalyst used was 0.1 g.

2-butanol was the reactant. When 1-butanol was the reactant, butyraldehyde was formed
at temperatures below 573 K and largely predominated at about 473 K.

2.7. Future trends

There is a fertile, largely unexplored world of novel catalytic applications of rare-earth-
containing mixed oxides.

On the preparation side, the development of more economical synthesis methods apt
for the commercial-scale production of high-surface-area solids is required. Methods such
as atomic layer epitaxy offer a good route to obtain supported mixed oxides. However,
this method in its present version is expensive and restricts the potential applications of
these materials. The key factor in these methods is to achieve a good spreading of the
active material on the support surface. New characterization procedures are needed to
ascertain whether or not the supported nanoparticles of the desired compound are indeed
formed.

The preparation of supported mixed oxides is also relevant in the processing of one
type of membrane materials in which the active solid is deposited on top of catalytically
inactive porous structure such as alumina. However, the synthesis of membranes entirely
made of mixed oxides should not be overlooked, although this is a matter that needs
further refinement to produce adequate materials.

The use of membrane reactors is still in its infancy. In recent years, these reactors using
mixed-oxide catalysts have been used in the oxidative coupling and partial oxidation of
methane to syngas. There is ample opportunity to extend these studies to achieve a much
better understanding of these systems. Besides, there are other applications such as the
selective oxidation of both hydrocarbons and oxygenates that deserve attention. It has
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been already said in sect. 2 that there is a lack of data concerning this field even using
conventional reactors.

The use of supported mixed oxides in both catalytic combustion and NO, reduction
are challenging applications. In the case of high-temperature catalytic combustion there
is an unsatisfied need to obtain solids able to maintain high combustion activity during
extended operation, i.e., high-surface-area structurally stable solids. Another hot subject
that deserves exploration is the use of washcoated highly dispersed mixed oxides for the
selective reduction of NO, with CO and hydrocarbons. These studies should be conducted
in the presence of both SO, and H,O to evaluate the potential practical application of
these catalysts.

3. Other catalytic applications

The other main applications of mixed oxides supported by their catalytic properties may
be classified as photocatalysis, electrocatalysis and gas sensors. We will give a brief
introduction to these three topics and several references for the reader who may wish
to know more about these applications.

3.1. Photocatalysis

It has been known for many years now that several perovskites are active photocatalysts
in reactions such as H, and CO oxidation, and decomposition of H,O and N,O (see the
review by Kutty and Avudaithai 1992).

Van Damme and Hall (1981) tried three perovskites in the oxidations of H, and CO
and found that SrTiO; and BaTiO; were good catalysts for the latter reactions while
LaCoQOs was totally inactive for both reactions. This conclusion is indicative of a more
general observation, i.e., the rare-earth-containing mixed oxides RBO; are not particularly
suitable for photocatalytic applications.

Very recently, however, a perovskite-related structure has been shown to exhibit fairly
good photocatalytic activity. Domen et al. (1996) prepared and characterized a layered
perovskite series with the general formula K; ,La,Ca;_,Nb3Oj9. They also retrieved
previous data obtained with layered perovskite-type niobates AV, Nb,Os;,.1 (A=K, Rb
or Cs; B=La, Ca, Pb and others; n=2 or 3) which were found to possess high
photocatalytic activity for H, evolution from aqueous methanol solutions.

Domen et al. (1996) prepared silica-pillared K, _,La,Ca, _,Nb3O,( using as a precursor
an alkylammonium-exchanged niobate which was stirred in tetracthylorthosilicate (TEOS)
at 353K for 72h. This treatment was repeated twice. The filtered solid was calcined
at 773-973K for 4h in air. The solids obtained with varying La content were tried
for H, evolution from a 10vol% aqueous alcohol solution using a high-pressure
Hg lamp (450 W). Table 33 shows the results obtained for solids containing variable
La concentrations. Note the beneficial effect of La incorporation.
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Table 33
c-axis length, surface area and photocatalytic activity for decomposition of water of layered perovskite
compounds with variable interlayer cation density: K,_,La,Ca,_,Nb,O,,*

Precursor c-axis length (nm) BET surface Rate of H, evolution
Before After area (m*g ') of silica pillared
niobates (mol h!)®

calcination  calcination

(C4H,,NH,)Ca,Nb,0,, 3.26 2.93 200 10800
(C4H,,NH, ), 5sLag »5Ca, 7sNb, Oy 3.31 2.95 320 11200
(CyH,,NIL), s0Lag 50 Car 5oNb, Oy 3.29 2.95 110 14700
(CyH,,NH; )y 55Lag 5 Ca, ,sNb; 0, 333 276 43 7900

* With permission from Domen et al. (1996).
® H, evolution from a 10vol.% aqueous alcohol solution using a high-pressure Hg lamp (450 W).

3.2. Electrocatalysis

A whole chapter would be required to review the use of perovskites in the field of
electrochemistry as solid electrolytes, electrodes and electrochemical reactors in general.
In this section we will limit our incursion in this field to give the reader a brief outlook
of recent applications of rare-earth-containing perovskites in electrocatalyzed reactions,
and their use as catalyst for bifunctional air electrodes.

Eng and Stoukides (1991) reviewed the many attempts made in the past to convert
methane into useful raw materials by using solid oxide electrolytes. Chiang et al. (1993)
further explored the solid-electrolyte-aided direct coupling of methane. They chose for
their studies a two-electrode one-chamber cell, a design easy to apply to existing catalytic
processes since it does not require reactants to be separated. Their electrolytes were
SrCeq g5 Ybg 0503 _ ¢ (SCY) and yttria-stabilized zirconia (YSZ). Figure 32 shows how the
rate enhancement ratio ( p) was affected by the cell voltage when the two electrolytes were
used. Using SCY at 1023 K p reaches a value of 8. The selectivity to C, hydrocarbons is
100% when the current density (cell voltage) is low enough, but at higher levels CO; is
produced and the C, selectivity drops to ~65%. The main limitation for the practical
application of this type of processes is the low current density and concomitant low
productivity.

An interesting example of the application of perovskites as electrodes was published by
Miiller et al. (1994). Lag¢Cay4Co03 has excellent catalytic properties for O, reduction
and evolution as shown by Shimizu et al. (1990). In order to obtain a more durable
electrode material, Miiller et al. (1994) used graphitized carbon (70 m?/g) as support of the
perovskite catalysts. They described in detail the technique used to prepare the electrode
which was assayed using an experimental setup adequate for the intended application of
this electrode, namely Zn/air batteries. Their main advance over previous formulations
was to achieve longer durability of the electrode with some reduction in current density
when compared to the previous work of Shimizu et al. (1990). The authors also suggest
routes to improve the overall performance of this attractive system.
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Fig. 32. Cell voltage vs rate enhancement ratio (p=r/r,): (a) effect of temperature with SCY electrolyte;
(b) effect of electrolyte at 1023 K. With permission from Chiang et al. (1993).

3.3. Gas sensors

There are several types of gas sensors in current use. Semiconductor-type sensors are
sensitive to either a single gas or group of gases that modify electrical properties of the
solids. A classical example is ZnO whose n-type conductivity changes proportionally
to Pg*, although this effect only becomes measurable at high temperatures due to
diffusion limitations.

It is then natural to think that certain perovskite oxides sensitive to the partial pressure
of oxygen may be used in the same way as single oxides. One typical example is
La;_,Sr;CoO; . These compounds can release oxygen, and as a result Co*" is reduced
to Co®* with an increase in resistivity. This effect is accentuated as the Sr fraction (x)
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increases. Using this property, perovskite-containing sensors have been developed for
alcohols. LaNiOs_ s also behaves in the same way and has also been used as alcohol
sensor. Kudo (1990) gave a detailed mechanistic explanation of how these sensors work
and provided operating data of these devices. In the same review, other sensors with
perovskite structure are described. They are used to detect oxygen in combustion exhaust
gases and several combustible gas detectors such as CO and Hj;. In brief, this is another
wide field whose coverage goes beyond the scope of this review.
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eV electronvolt
rt room temperature
FTP federal test procedure
. . s second
FTIR Fourier transform infrared . .
SEM scanning electron microscopy
g gram

SMSI strong metal support interaction
GHSV  gas hourly space velocity & PP

h hour TEM transmission electron microscopy

HC hydrocarbons TLEV  California transitory low f(:imxssmr.l vehicle
HREM  high resolution electron microscopy TPD temperature programmed esorp.tlon
HSA high surface area TPR temperature programmed reduction

HTR high-temperature reduction TWC three way catalyst

ULEV  California ultra low emission vehicle

Hz hertz

K Kelvin us United States

km kilometer W/F weight to flow ratio (time factor)

J joule WwGS water gas shift reaction

LEV  California low emission vehicle wt. weight

LSA low surface area XAS X-ray absorption spectroscopy

m meter XANES X-ray absorption near edge spectroscopy
min minute XRD X-ray diffraction

ml milliliter XPS X-ray photoelectron spectroscopy

1. Introduction

The present chapter is concerned with the main aspects of the role of CeO, and CeO»-
containing materials in three-way catalysis. The aim is to give a critical evaluation
of selected aspects related to the role of CeQ,-based compounds in the exhaust post-
treatments rather than an exhaustive review of available literature on automotive pollution
control, for which we refer the reader to excellent reviews which have appeared recently
(Taylor 1984, 1993, Shelef and Graham 1994, Amiridis et al. 1996, Kummer 1986,
McCabe and Kisenyi 1995). For aspects concerning the relationships among automobiles,
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pollution and health, we recommend a recent book (Degobert 1995). Purposely, references
to technical papers or patent literature have been avoided where possible. The chapter is
organised as follows: first the fundamental aspects of the three-way catalysts (TWCs)
are described, then the different promotional effects of CeO, are described. The relative
importance of these roles is discussed in sect. 4.1. An entire section is devoted to CeO,—
ZrO, mixed oxides due to their extensive use since 1994, in advanced TWCs. Finally,
some conclusion and future perspectives are given in sect. 4.

1.1. Historical background

The first concern regarding automobile emissions presumably was a German law issued
on February 3rd, 1910. It stated that “the vehicles must be safe and built so as to
preclude any nuisance for the public, by smoke or odour” (Degobert 1995). (K.E. Ditsch,
1987, Abgasuntersuchungen von in Verkehr befindlichen Fahrzeugen, Gegenwart und
Zukunft, Bundesrepublik Deutschland, VDI Berichte, No. 639, pp. 75-85.) Since then,
the introduction in the USA in 1966 of the Clean Air Act and its subsequent amendments
in 1968, 1970, 1971 etc., represented a major development which focused the attention
of automotive manufacturers on the problem of limitation of emissions of the pollutants
contained in automotive exhausts. As shown in table 1, the antomotive exhaust is a

Table 1
Typical composition of automotive exhausts (Taylor 1993)
Product Vol.% Product Vol.%
CcO, 13.5 HC 750 ppm?*
H,0 12.5 NO, 1050 ppm
0, 0.51 Cco 0.68
N, ~72 H, 0.23

2 Based on C,.

complex mixture of products with variable proportions, which are conventionally grouped
into three major categories: NOy, CO and hydrocarbons (HC). It is worth noting that
while NO, can be transformed by a reduction process to the harmless N,, removal of the
latter two pollutants requires a simultaneous oxidation to CO;. There are a number of
reasons which makes the removal of these pollutants a difficult task. These range from
chemical problems such as an extreme variability of reaction temperature, starting from
ambient temperature upon the vehicle start-up and reaching temperatures up to 1273 K,
which may occur when driving on a motorway; to strong and continuous oscillations in
the exhaust composition; to engineering problems such as the need for a high resistance
of the catalysts to mechanical and thermal shocks.

The variability of the exhaust emissions with the air/fuel ratio (A/F) is illustrated in
fig. 1, where A/F is expressed as the sometimes-used equivalence ratio (4). The 4 value
is defined as the ratio of the total oxygen in the air—fuel mixtures burning in the engine



162 J. KASPAR et al.

Lean
1.22 150 M
I 1 1 1
>
<
' ! ' ! ' ! ! ' Fig. 1. The effect of the air/fuel (A/F) ratio (w/w) on
10 14 18 22 . . . R
. automotive gasoline engine emissions. (Church et al.
Air : Fuel ratio, by weight 1989.)

to the amount of oxygen required for the complete combustion of the fuel. It can also
be conveniently measured as a ratio of the actual A/F to the stoichiometric A/F An
AJF of 14.6 corresponds to an equivalence ratio of A=1, which is also referred to as the
stoichiometric point. The predominant nitrogen-containing species is NO, which is formed
when the combustion temperature in the engine exceeds 1900K. The production of NO,
reaches a maximum slightly above the stoichiometric point. Here maximum combustion
temperatures are reached in the engine. Increasing A further results in a decrease of the
engine temperature, thereby lowering the NO, emissions. The high production rate of CO
and unburned/partially burned HC which is observed under fuel-rich conditions (A <1)
is associated with a low availability of oxygen. Accordingly, the CO formation decreases
at high equivalence ratios. The increase of HC production under lean-burn conditions
(A>>1) is associated with poor combustion in the missed gas-fire region (4 > 1.15).

The transformation of the undesirable components of the exhausts into harmless gases
may occur through a variety of chemical reactions, of which those reported in table 2
are generally considered to contribute to the removal of exhaust pollutants (Barbier and
Duprez 1994, Taylor 1984, Maillet et al. 1996).

Historically, four generations of de-pollution catalysts/converters can be distinguished
(Heck and Farrauto 1995). The first generation was developed to meet the limits imposed
for 1976 by the Clean Air Act. The first car to meet these American emission standards

Table 2
Reactions occurring on automotive exhaust catalysts, which may contribute to exhaust removal
Description Reaction(s) Description Reaction(s)
Oxidation 2C0+0, — 2C0, Water—gas shift CO+H,0 — CO,+H,
HC+0, — CO,+H,0° Steam reforming HC +H,0 — CO,+H,*
Reduction/ 2CO0+2NO — 2C0O, +N,
Three-way HC+NO — CO, +H,0+N,*

2H, +2NO — 2H,0+N,

2 Unbalanced reaction.
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Fig. 2. A modern TWC/engine/oxygen sen-
sor (A) control loop for engine exhaust
control. (Courtesy of Mr. Crevatin, University
of Trieste.)

was a 1975 Chrysler Avenger (Church et al. 1989). At that time, a simple oxidation
catalyst could meet the less stringent law restrictions in comparison to today’s limits
(compare sect. 1.2). Therefore the first generation converter typically contained Pd/Pt
supported on Al,O3; beads, which was provided with an additional air supply. This
arrangement was sufficient to meet the initial standards. NO, control was generally
achieved by using EGR (Exhaust Gas Recirculation). By recirculating part of the
exhaust gases back into the combustion chamber, the combustion temperature was
lowered, resulting in reduced NO, emissions. More stringent exhaust emissions standards,
including tighter NO, control, had been set in the USA by 1977-1981, which led to an
implementation of the control of the exhaust emissions by developing the so-called dual-
way catalyst (second generation) and, subsequently, three-way catalyst (TWC, third and
fourth generation) (Heck and Farrauto 1995). The former converter usually consisted of a
primary bed containing a Rh/Pt-based catalyst for NO, removal, followed by a secondary
bed containing an oxidation catalyst equipped with an additional air supply to promote
the oxidation reactions (Summers and Monroe 1981). By tuning the engine to run close to
stoichiometric conditions, reduction of NO, to N> could be achieved in the first bed, and
oxidation of CO/HC to CO, and H,O was carried out in the second bed (Summers and
Monroe 1981). However, such devices could not withstand the progressively tightening
demand for exhaust control in the USA in the early 1980s, mainly due to the imperfect
A/F control resulting from the use of carburetors. Further, NO, can be easily reduced to
NH; under rich conditions, which can then be back-converted over the oxidation catalyst,
making NO, removal inefficient. The advent of oxygen sensors (the so-called A sensor)
based on zirconia type ceramics, led to the development of the modern TWC arrangement
(fig. 2). In driving conditions, A/F is kept close to the stoichiometric point by a fuel
injection device regulated by an electronic feedback system, which uses a signal from
the A sensor. Such integrated exhaust control was first introduced by Volvo in 1979 in
commercial vehicles sold in California (Shelef and Graham 1994). Since 1982, these
systems have been adopted on most passenger cars in the USA (Taylor 1993).

1.2. Automobile emission regulations

In the past, exhaust emission standards (limits) have been set in most industrialised
countries for passenger cars, light-duty trucks and heavy-duty trucks (gasoline and diesel
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Fig. 3. Evolution of the limits for passenger cars (gasoline-fuelled engine) in (1) Europe and (2) the USA in
the period 1972-2005.

engines). For the gasoline engines, nowadays, the requirements are to reduce emissions by
about or even more than 95% in comparison to the typical amount of pollutants emitted
by late-1960s automobiles with uncontrolled emissions (fig. 3).

As an example, under the European limits the uncontrolled CO emissions in the late
sixties were around 60 g CO km™!, which should drop, according to an EU proposal, down
1.0 gkm™ by the year 2005. This is equivalent to a 98% reduction of the CO emissions.
Similarly, a very restrictive situation is foreseen for HC emissions. Both lowering of the
limits down to 0.10gkm™' and the inclusion of the cold start in the vehicle test are
important targets which need to be fulfilled. The latter task in a particularly tough one: as
shown in fig. 4 (below), depending on the location of the converter, there is a 1-2 minute
delay in the conversion of the pollutant which is associated with the initial warming of
the catalysts until the so-called light-off temperature is reached. The light-off temperature
is conventionally defined as the temperature corresponding to 50% conversion of the
pollutants and it corresponds to a switch from kinetically controlled temperature region
to temperatures where the conversion is controlled by pore diffusion and/or bulk mass
transfer (Heck and Farrauto 1995).

Before the catalyst reaches the light-off temperature, i.e. operating conditions,
unconverted exhaust is emitted from the vehicle. This is shown in fig. 4, which illustrates
that within the initial 60's of the federal test procedure (FTP) cycle, the Californian ULEV
limits are exceeded in the engine-out emissions. Typically an under-floor converter does
not reach the light-off temperature until after 120—180s. Because of the high efficiency
of TWCs, the impact of these uncontrolled emissions represents about 50% or more of
the total HC emitted in the whole test procedure. Currently, abatement of the exhaust
even in the initial period, immediately after the start-up of the vehicle, represents a major
target for the research in three-way catalysis. Generally, the adopted approach consists
of the application of the so-called close-coupled converter (CCC). In this arrangement,
in addition to the under-floor main converter, a secondary converter is mounted directly
on the exhaust pipe, minimising the warm-up of the catalysts. Typically, this results in a
decrease of the time lags between the start-up of the engine and the TWC warmed-up
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Fig. 4. Cumulative hydrocarbon emissions measured during the federal test procedure (FTP cycle) on a US 1995
car: (1) engine—out emissions; (2) tailpipe emissions with close-coupled catalyst. (Heck and Farrauto 1997.)

operations down to 20—-40s. Bearing in mind the conversion efficiency of the warmed-up
TWCs (fig. 5, sect. 1.3), the benefits of such modification are high. With this arrangement
tailpipe emissions can withstand even the tight ULEV requirements, due to the fact that
the initial period, where the HC emissions are highest, is minimised (fig. 4). However,
the CCCs are now exposed to extremely high temperatures, which can reach or even
exceed 1273 K under high load/high speed vehicle operations. Consequently, there has
been a strong demand for increased thermal stability of TWCs, leading to the so-called
advanced TWC technology, which is the subject of sect. 3.

1.3. The three-way catalyst (TWC)

The TWC represents the state of the art in the catalytic control of exhausts from gasoline
engines. It has been extensively employed in the catalytic control of exhausts since
1982. The name is derived from the ability to simultaneously remove all of the three
categories of pollutants, i.e. NO,, CO and HC, which are present in the exhausts. Of
these, NO, removal/reduction is obviously most efficient under net reducing conditions,
in a deficiency of O,. In contrast, both CO and HC are best converted under net
oxidising conditions, in excess oxygen. As above noted, NO, removal by using dual-bed
catalysts technology is inefficient. However, if one could maintain the A/F ratio close to
stoichiometry, then in principle all three pollutants could be converted simultaneously.
This is illustrated in fig. 5. There are some features which need comment: as expected,
under rich, i.e. net reducing, conditions, the efficiency NO, removal is at a maximum.
However, even for relatively slightly oxidising conditions this efficiency drops abruptly.
Conversely, in the case of CO and HC conversions, there is a sharp decrease of the removal
efficiency as the A/F ratio moves from oxidising to reducing conditions. The vertical
lines in fig. 5 delimit the so-called operating A/F window. Within this window all the
conversions meet the required levels, nowadays over 95%.

From a technical point of view, the A/F ratio is kept constant in TWC systems by
using the closed-loop emission control system depicted in fig. 2, which uses a feedback
signal from the A sensor located upstream of the converter. As discussed in sect. 2.1,
the fuelling rate is adjusted according to this feedback, resulting in rapid A/F fluctuation
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around the stoichiometric point. This results in deviations both on the rich and lean sides.
In the early 1980s such systems had intrinsic limitations under driving conditions due to
delays in the response of the electromechanical carburetors then employed, slow A-sensor
response etc., which did not allow constant A/F to be maintained in the exhaust. In the
1990s, as the legislation limits became tighter, the efficiency of air-to-fuel control has been
significantly improved, as central and multi-point fuel injection substituted carburetors.
Nevertheless, there are still significant deviations from the stoichiometric A/F even for
1990s-generation cars (fig. 6).

The impact of such fluctuations on the conversion efficiency is indeed critical. To
improve the control of these fluctuations, the OSC component was added, leading to
the development of the first TWC catalysts in the early 1980s. Typically such catalysts
contained Rh and Pt in 1:5 ratio supported on high-surface-area alumina and a low
loading (1-5 wt%) of CeO». In addition, other base metal oxides' such as BaO and La, 03
were generally added to increase the thermal stability of Al,O5;. The choice of the noble

! The term base metal oxide is widely used in the TWC field and in this chapter to indicate a non-noble-metal
oxide promoter; NM indicates a noble metal.



CERIA-CONTAINING THREE-WAY CATALYSTS 167

metal (NM) was motivated respectively by the high activity of Rh for CO oxidation, its
high selectivity to promote NO reduction to N,. Pt was chosen as a good oxidation catalyst
to promote HC removal (Taylor 1984, 1993, Taylor and Schlatter 1980).

The selectivity of the TWC is a critical issue. In fact, formation of NH3 under rich
conditions is easily detected on non-selective catalysts (Taylor 1984, Taylor and Schlatter
1980, Otto and Yao 1980). Rh and Ru would be the metals of choice since NH;3 formation
is minimised on these catalysts, however the latter shows a high volatility in the oxide
form which precludes its use in autocatalysis. Use of Pd was dismissed in the 1980s
because of the high SO, level in gasoline which greatly inhibits the oxidation activity of
this metal (Heck and Farrauto 1995).

The increase of average travelling mileage and operating speed by the late 1980s
demanded high thermal stability compared to the early-1980s cars. Particularly the
application of TWCs in Europe, where use of catalytic converters became mandatory
by 1992/93, was the one requiring high thermal stability, due to the high-speed extra-
urban part of the European testing cycle (EUDC cycle). High CeO, loaded TWCs were
therefore introduced onto the market. These catalysts, which are still employed on some
cars, were developed to meet the market requirements of more efficient oxygen storage
and higher temperature resistance compared to low-loaded CeO, TWCs. The increase of
the CeQO, content was intended to increase the effectiveness of the OSC and hence to
provide a large A/F operating window.

Since 1994, advanced TWCs have been introduced onto the market. These catalysts,
which were developed to meet the recent EU and US standards (1996/97-1994), employ
Ce0,—Zr0O, mixed oxides as thermally stable OSC systems. In addition, Pd-containing or
Pd-only technology has been introduced, owing to the lower SO, level in today’s gasoline
(Heck and Farrauto 1997) (sect. 3).

At present, the research is focussed on the development of year-2005 technology, which
as above stated, requires catalysts having remarkably high thermal stability to allow their
use in CCCs. Claims have been reported in the literature that suitable systems meeting the
EU 2005/Californian ULEV requirements were developed (Heck and Farrauto 1997).

1.4. Operation of catalytic converters

As illustrated in fig. 2, the pollution abatement system that is being used in gasoline-
fuelled engines is a complex one, consisting of several parts. From a chemical point
of view, the catalytic converter is the place where the chemistry occurs. Monolith-type
catalysts are now employed in the automotive industry (fig. 7).

Either a metal or a ceramic monolith (honeycomb) is used, the volume of which is
approximately equal to the engine cylinder displacement. For a detailed description we
refer the reader to the book by Degobert (1995). Due to the relatively high cost, metallic
monoliths are typically employed on high-performance automobiles, their main advantage
being a fast heating rate due to the small thermal coefficient and mechanical strength.
The ceramic monoliths are made of cordierite (2MgO-2A1,05-5Si0;), which is a cheap
and readily available material. Its melting point is above 1700 K, which confers sufficient
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thermal resistance under normal engine running conditions. It has also a good thermal
shock resistance. Typically a density of 4662 cells per cm® with a wall thickness of
0.10—0.30 mm is employed. This allows the exhaust gases to pass through the honeycomb
with a small pressure drop, keeping a good contact between the active phase and the gas
phase.

The active phase (washcoat) is a mixture of noble metals (Rh, Pt and Pd, active
catalyst), promoters (CeO, and derived materials, Ni is used in US as sulphur scavenger),
surface area stabilisers (LayO3, BaO) and high-surface-area Al;O3. Of course, proprietary
additives, which improve the activity of the TWCs, are also employed. The active
phase is supported (washcoated) from slurry onto the monoliths by dipping. Typically it
represents about 5-20 wt% of the overall weight of the monolith. The washcoat consists
of about 0.15-2.5 wt% of NM and 15-50 wt% of the CeO;-based OSC component, the
remaining being Al,O; and some proprietary stabilisers. Different strategies may be
used for segregation of some components: Rh may be preferentially located on a less
reactive carrier such as ZrO,, preventing interactions with CeQ,; the so-called double
layer technology protects part of the washcoat from deposition of P- and S-containing
poisons, etc. The gas hourly space velocity, i.e. volume of gases passing through a
unitary volume of the catalysts, is about 30000 to 100000 h~!, according to the cruising
conditions. The operating temperature of the converter is from ambient to over 1273 K.
Below the light-off temperature no significant conversion is obtained, while above this
temperature conversion higher than 95% is required.

In summary, the operating conditions in the catalytic converters present an extreme
variability of the reaction conditions, high conversion of the pollutants being required over
a very wide interval of temperatures, space velocities and fluctuating inlet concentrations
(compare fig. 8 below).
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2. Role of CeO;, in TWC technology

As briefly introduced in sect. 1.3, CeO, constitutes the most important promoter of the
TWCs. Over the past decade, this application has stimulated extensive research, reported
in both the open and the patent literature. For example, a CAS search disclosed that
in 1980, when close-loop technology first appeared on the market, 84 scientific articles
and 44 patents appeared. In comparison, 10 years later 432 and 357 were respectively
reported.

It is an ambitious task to define the role of CeQ; in three-way catalysis since multiple
effects have been attributed to this promoter (Trovarelli 1996). Ceria has been suggested
to:

* promote the noble metal dispersion;

* increase the thermal stability of the Al,O3 support;

+ promote the water gas shift (WGS) and steam reforming reactions;

* favour catalytic activity at the interfacial metal-support sites;

* promote CO removal trough oxidation employing a lattice oxygen;

* store and release oxygen under lean and rich conditions, respectively.

There have been strong discussions on which is the most important promoting effect,
and arguments favouring the WGS reaction or OSC have been reported. Whatever is
the critical role of CeQ,, as recently pointed out by Robert McCabe, there is certainly a
general agreement that “CeQ, is good!” 2.

A perusal of the above listed effects suggests, however, that there is a common point
in all of the chemical effects, which is related to the ability of the NM/CeO, system
to promote the rate of migration/exchange of oxygen species in the reaction. As will
be shown in this chapter, we believe that this effect of CeO, is a crucial aspect of the
Ce0;,-based systems as TWC promoters. The most important of the above listed roles
are outlined in the following sections.

2.1. Oxygen storage and release capacity

The ability of base metals to improve pollutant conversion under exhaust conditions
fluctuating between rich (net reducing) and lean (net oxidising) conditions was first
pointed out by Gandhi et al. (1976). They suggested that release and adsorption of oxygen,
i.e. “oxygen storage”, by base metal oxides such as CeO;, or NiO under rich and lean
conditions, respectively, may be responsible for the improved conversions in cycled feed-
streams.

In fact, the electronic control system of the fuel feed, which is back-fed from the
A oxygen sensor, shows a quick oscillating response to A/F fluctuations with a frequency
of about 1-4 Hz.

Later investigation showed, however, that such periodic oscillations around the
stoichiometric point are generally encountered under constant speed driving. Under

2 Robert McCabe, Plenary Lecture, Third International Conference on f Elements, Paris, France, September
1997.



170 J. KASPAR et al.

1 2
= 501____ 50
T 40 40 -
x 30 30 4
o 207 20
S 107 10
w 0- 0-
o
€ 157 15
= N~
£ 14 14-
= 13 13 ]
2 207 207
:l-.: N 10_
_g 0 - 0. v
L 0.4 0.4
w
o 0.2 0.2
o
(& g A 04
— 7 0.005+
)
(=]
(ZD 0 04 I
0 10 500 550 600 650 700
Time (s)

Fig. 8. Comparison of A/F ratio control, exhaust flow-rate and NO-CO emissions in a Buick 1982 model
during (1) constant speed and (2) FTP (federal test procedure) variable speed driving. (Hertz and Shinouskis
1985.)

variable vehicle speed, consisting of acceleration—deceleration cycles such as occur in
urban driving, the excursion both to the rich and lean side may be quite significant, with
a time lag which can be considerable longer than 1s (Hertz and Shinouskis 1985). This
is exemplified in fig. 8 for a Buick 1982 model equipped with an electronic control
system. Care should be taken in considering such pictures, since they are obviously
concerned with the particular control of A/F employed. However, some qualitative
findings reported by Hertz and Shinouskis (1985) appear of general validity: the high load
during the acceleration part of cycles leads to high emission flow-rates and prevalently rich
AJF excursions. In addition, a Fourier transform power spectrum analysis of the excursion
from the stoichiometric point during the warmed part of the FTP cycle, showed peaks
at frequency of 0.1-0.2 Hz indicating that the large amplitude deviations in fig. 8 have
characteristic periods of several seconds. Several factors may be responsible for such
deviation of the A/F ratio, such as, for example, fuel-cut upon releasing the accelerator,
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Fig. 9. Fluorite structure of CeO,.

deposition of the fuel during the injection as a film on the pipe wall, which creates
transient deviations from correct stoichiometry, etc. (Eyzat 1995).

Even though air-to-fuel control has dramatically improved since these first devices
(McCabe and Kisenyi 1995), significant oscillation and deviations from the ideal
stoichiometric A/F may occur in driving conditions even with current car technology.
This suggests that the general findings reported by Hertz and Shinouskis (1985) should
still be taken into account.

The importance of these findings can be understood when the features of the oxygen
storage behaviour provided by the Ce*/Ce** redox couple are considered. Generally
speaking, the oxygen storage can be formally described by the redox reaction of CeO,
according to

2Ce0, — CeO,_ + $x0,. (1)

The amount of oxygen released (left-to-right) or stored (right-to-left) is generally referred
to as oxygen storage capacity (OSC). It is worth noting that according to the way of
measuring this quantity, both the thermodynamics and kinetics (e.g. rates of cerium-oxide
reduction and oxidation) may be the limiting factors for the measured value of the OSC.
As a matter of fact, there are a number of underlying phenomena, which should be taken
into account when this apparently simple reaction is considered.

From the thermodynamic point of view, the standard potential for reduction of Ce** to
Ce** is 1.74V in solution (Moeller 1982) which indicates that Ce(IV) in solution is a
strong oxidant. In the solid state, the situation is different. CeO;, crystallises in the fluorite
structure in which each cerium ion is coordinated by eight oxygen neighbours (fig. 9).
This coordination stabilises the Ce*" state and makes the reduction of CeQ, unfavourable.
In fact, the fluorite structure of ceria is a direct result of the ionic nature of ceria and of
the charge and size of the ions. Model calculation has shown that it is formed when a
sufficiently high number of CeO, units (about 50) are clustered together (Cordatos et al.
1996b).

The ability of CeO, to undergo a relatively easy reduction (vide infra) compared
to other oxides, can be in principle also related to the general property of fluorite
structure/mixed valence oxides to strongly deviate from stoichiometry.

When the oxygen storage capacity, i.e. the amount of oxygen available for the catalytic
reactions, is experimentally measured, care must be taken to distinguish whether the
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measurements are catried out under a thermodynamic (or quasi-thermodynamic) regime,
such as for example by carrying out an isothermal reduction before measuring the oxygen
uptake, or under a kinetically controlled regime. In the former case the degree of reduction
is generally limited by formation of some non-stoichiometric CeO,_, compound (Ricken
et al. 1984, Perrichon et al. 1994, Laachir et al. 1991) according to the phase diagram
reported in fig. 10. Consistently, isothermal reduction at 973 and 773 K led respectively to
Ce0y g and CeO go (Fierro et al. 1987). In the latter case the oxygen storage is measured
under kinetic control in order to evaluate those amounts of the oxygen, which can be
released/accumulated under the dynamic conditions of an exhaust system.

It is also worth noting that in addition to reaction (1), due to the presence of a variety
of reductants and oxidants (compare table 1), other redox reactions may account for the
oxygen storage (Schmieg and Belton 1995, Ranga Rao et al. 1996, Herz 1981, Kim 1982,
Otsuka et al. 1983):

CeOy_; +xNO — 2Ce0, + %xNz, 2)
CeOy_; +2xNO — 2Ce0; +xN O, (3)
Ce0y_; +xHyO —2Ce0O; + xH;, 4)

Ce0,_; +xCO; — 2Ce0; + xCO, )
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and for its release:

2Ce0y + xHy — Ce0,_, +xH,0, (6)
2Ce02 +xCO = CeOy_, +xCOy, )
2Ce0y_; +xHC < CeOy_, +xCO, [unbalanced reaction]. (8)

The relative importance of reactions (2)—(5) should not be disregarded when compared
to the oxidation of reduced CeQ,_, moieties with O,. In fact, H,O, CO, and NO are
good oxidants of Ce>*, even if their contribution to ceria oxidation may be different.
Consistently, the oxidation with NO at 773 K of a Pt/Pd/Rh/Ce0,/Al, 05 catalyst appeared
to be slower and less effective than the reaction with O, (Herz 1981). In addition,
when the above Pt/Pd/Rh/Ce0,/Al,05 catalyst was exposed to lean-exhaust after a rich-
exhaust conditioning, within 0.5s most of the catalyst was oxidised, despite the fact
that the NO and O, available in the exhaust gases represented only about half of the
oxygen atoms stored by the catalyst. This indicates that either HO or CO, or both
significantly contribute to oxygen storage under real exhaust conditions. Note that both
H;0 and CO, are present at relatively high and constant concentration (about 10%) in the
exhaust compared to both NO and O,. At 773K, no evidence for significant interaction
of Ce0,/Al,03 with propylene was found, suggesting that contribution of the HC to the
redox activity of the Ce*/Ce*" redox couple in terms of OSC should be limited (Herz
1981).

Two types of oxygen storage capacity were distinguished by Yao and Yu Yao (1984):
(i) the so-called complete or ultimate oxygen storage capacity (hereafter this value will

be referred to as total-OSC), i.e. an oxygen storage measured under thermodynamic

control (vide infra);
(i) the kinetic oxygen storage, (hereafter referred to as dynamic-OSC), i.e. measured

under kinetic control.
The general procedure employed for laboratory determination of the total-OSC is to
reduce the catalyst under isothermal conditions using diluted Hy- or CO-containing
mixtures, and the OSC is then measured by O, uptake using a pulse technique (Yao and
Yu Yao 1984). Alternatively, the H, consumption, typically measured in a temperature-
programmed reduction (TPR) experiment, is given as a measure of the OSC. As will be
discussed below, the latter measurement may lead to erroneous values due to contribution
of adsorbed/occluded species and H, adsorption/desorption phenomena which are likely
to occur during the TPR experiment (Zotin et al. 1993). The total-OSC represents the
widest “limiting” amount of oxygen transferable from the catalyst. The dynamic-OSC
is typically measured by alternatively injecting pulses of oxidising mixtures, usually
O, in inert gas, and reducing mixtures, usually CO or H; in inert gas, into a flow
of inert carrier passing through the catalysts bed at a fixed temperature. In this way,
alternating the oxidising and reducing conditions, as they occur in the real exhaust, may
simulate the conditions of A/F fluctuations. Unfortunately, a widely accepted definition
and standardisation of the experimental procedure by which dynamic- and total-OSC
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Table 3
Dynamic- and total-OSC measured on CeO,

Surface Reducing Reduction Oxidation Technique Oxygen storage  Reference
area agent temp. (K) temp. (K) (mol O,/mol CeQ,)
(m*g™) Dynamic  Total
S5 H, (5%) 800 700 O, pulses 0.025 Zamar et al. (1995)
55 H, (5%) 1000 TPR 0.095
55 H, 5%) 1300 TPR 0.200
9.9 CO (2%) 773 773 CO pulses 0.0032  0.005 Yao and Yu Yao (1984)
9.9 CO (1%) 773 773 CO pulses 0.0019  0.004
194 H, 5%) 700 700 O, pulses 0.084  Fornasiero et al. (1996a)
10 H, (5%) 700 700 0, pulses 0.003
115 H, (1%) 700 TPR 0.075 Laachir et al. (1991)
10 H, (8.85%) 923 TPR 0.012 Logan and Shelef (1994)
6 H, (5%) 700 700 O, pulses 0.006 de Leitenburg et al. (1996b)
22 H, (1%) 773 TPR 0.028 Tournayan et al. (1991)
2 H, (3%) 973 TPR 0.019  Bruce et al. (1996)
54 H, 3%) 973 TPR 0.027
98 H, (3%) 973 TPR 0.033
168 H, (3%) 973 TPR 0.043

should be measured is still missing. A non-exhaustive survey of literature data concerning
the OSC measured on CeQ; is reported in table 3. A perusal of the data reveals that there
is a significant scattering of literature data, which does not allow accurate estimation of the
“absolute” amount of oxygen which can be stored/released by CeO,. The data reported in
table 3 reveal that surface area of starting oxide, nature and concentration of the reductants
and temperature of reduction heavily affect the total oxygen storage.

To account for the scattering of the literature data, one must consider first the
reduction/oxidation processes in pure CeO,. For the sake of convenience, we will discuss
the redox processes in TWC-related systems in the following order: metal-free CeO,,
Ce0,/AL, O3, and then the noble-metal-supported materials.

2.1.1. Temperature-programmed reduction of CeO, using H, (H,-TPR) and CO
(CO-TPR) as reductants

In the case of CeO,, there is general agreement that the oxidation step (reaction 1) is
a fast and exothermic process. At room temperature this reaction proceeds rapidly on
the surface and with an appreciable rate in the bulk. In fact, the rate of re-oxidation
at room temperature depends also on the nature of the phase formed in the reduction.
As long as non-stoichiometric CeO, _, are formed during the reduction, the subsequent
re-oxidation proceeds even at room temperature, irrespectively of the initial texture of
the CeO,. Both a low-surface-area (5m? g ') and a high-surface area (115m? g™! CeO,,
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Table 4
Phase designation and formula unit cell content for nonstoichiometric ordered Ce,O,,_,,, phases (Kang and
Eyring 1997a.b)

Phase designation n m Formula O/Ce ratio
L 7 1 Ce, 0y, 1.714
E 9 1 CegO44 1.778
€ 40 4 CeyyOrpy 1.800
] 11 1 Ce, 0y 1.818

reduced at 973 K to give respectively CeOq g25 and CeOy 73, were completely oxidised by
dosing with O, at room temperature within 15 h (Perrichon et al. 1994). This indicates that
migration of oxygen in the bulk of the reduced CeO, moieties is effective even at room
temperature. In fact, when short contact times, e.g. when CeQO; _, is re-oxidised by a pulse
technique (Bernal et al. 1993b, 1998b), or dense ceramic-type CeO,-containing materials
are investigated (Sergo and Clarke 1995), a full re-oxidation may not be achieved at room
temperature.

When CeOs is reduced at progressively higher reduction temperatures (1073 K, 1173 K,
1273 K), an expanded CeO, _, phase (see below) and cubic and hexagonal Ce,O; phases
are formed (Perrichon et al. 1994). The former two are still easily re-oxidised, while
oxidation of the hexagonal Ce,0; phase proceeds slowly at room temperature as traces
of this phase were detected even after 48 h under air. As shown by HREM studies,
oxidation of the hexagonal Ce,O; phase leads to formation of an amorphous phase
on the surface, which prevents further oxidation in the bulk of the solid at moderate
temperatures (Bernal et al. 1998b). According to the phase diagram, transformation of
CeO; into the hexagonal Ce,03 requires a deep reduction of CeO; above 1673 K in the
absence of oxidants (Bevan 1955). However, segregation of Ce;O; from CeO, during
the reduction was observed even at 1273 K (Bernal et al. 1998b). Also, the hexagonal
phase observed by Perrichon et al. (1994) was formed by reduction at 1273 K in H,.
Such harsh conditions are never met in a real exhaust, indicating that formation of such
phases, whose re-oxidation would be slow, does not occur. The easy oxidation of reduced
CeO, moieties may be related to the ability of the fluorite-type oxides to form a variety
of non-stoichiometric CeO, _, compounds. The phase diagram of CeO; (fig. 10) is quite
complex, however, the essential features are that at high temperatures the Ce sesquioxide
evolves, according to the oxygen fugacity in the environment and for compositions
approximately up to CeO) 72, into a o-phase (related to the C-type sesquioxide structure).
Above this composition there is another wide non-stoichiometric region which consists
of disordered, fluorite-related a-phases. The a-phases transform into a variety of ordered
non-stoichiometric phases upon cooling or for reduction temperatures lower than 960K,
which were described by a general formula Ce, 02, _»,. Some of these phases together
with the phase designation are reported in table 4.
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Fig. 11. Fluorite structure composed of

eight octants: (1) octant of composition

Ce,,0; (2) idealised stereo-chemical

environment of octahedrally coordinated

vacant anion sites (coordinated defect —
Q O @M cd) (Martin 1974, Hoskins and Martin
e 1995, Kang et al. 1996, Kang and Eyring
{31 (2) 1997b.)

Formation of non-stoichiometric ordered phases in reduced CeO, is in principle an
easy process since anion vacancies are readily mobile in the defective fluorite structures
as shown by the above quoted ease of oxidation. A rationale for the non-stoichiometry
of the defect fluorite-type structures of the lanthanide oxides and particularly CeO, has
long been a matter of extensive studies, and different models have been developed to
account for such non-stoichiometric ordered phases (see for example Sorensen 1981,
Martin 1974, Kang and Eyring 1997a,b, Hoskins and Martin 1995, Kang et al. 1996).
A detailed discussion of these models is outside the scope of this chapter, however
it should be observed that in principle, all the models propose a structural unity or
defect which is then indefinitely repeated along a specific crystal direction. Martin
(1974) suggested that the structure and generation of the above-mentioned ordered
phases can be related to the formation of associated vacant oxygen sites which are
octahedrally coordinated to the six neighbour oxygens of the formula Ce;O%*, generating
a coordination defect (c.d.) such as depicted in fig. 11. This model has been subject
to some criticism (Sorensen 1981), however strong evidence for the existence of this
c.d. was the observation by neutron diffraction that in both Tb and Pr oxides, the six
oxygens neatest to a vacant oxygen site (V) move closer to V{j which results in an
average shortening of the Vi—O distance by about 0.03 nm compared to the average
O-0 bond. Meanwhile, the four nearest cations move away by about 0.02nm (Kang
et al. 1996). These results were taken as an indication that the c.d. is positively charged.
The formal electroneutrality is then achieved by assuming that the larger Ce* cation
(ionic radii: Ce*, 0.097 nm; Ce**, 0.114 nm; Shannon 1976) occupies a non-defective,
negatively charged site [Ce**Q,]". This pattern of charge distribution contradicts the
results of calculations of defect formation energies, which suggests that the defect clusters
are neutral. However, it should be noted that only very simple defect geometry was
generally considered in such studies (Sayle et al. 1992, 1994b, Conesa 1995). Accordingly,
a value of AE =-1.51¢V/vacancy (—145.7kImol™!) was calculated for segregation of an
associated anion vacancy [Ce,—V5—Ceg,J* defect to produce separate CeO; and CeyO;
phases (Conesa 1995). However, this result contradicts the experimental evidence, which
reports the formation of either ordered non-stoichiometric phases or a-phases, suggesting
that inclusion of more complex defect structures should be considered. The assumption
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that the large Ce** may occupy a non-defective site has been indirectly confirmed by a
systematic study of related fluorite-type oxides (Li et al. 1994). EXAFS characterisation
of trivalent-dopant-stabilised ZrO, of fluorite structure showed that oversized cations (e.g.
compared to the size of Zr*") have an eight-fold coordination in the lattice (Li et al. 1994),
the oxygen vacancy being associated with the Zr*" site. By considering these structural
elements, a general structural rationalisation of the whole series of defective Ce, Pr and
Tb oxides was recently put forward (Kang and Eyring 1997a,b, Hoskins and Martin 1993,
Kang et al. 1996).

The general hypothesis is that all the higher oxides can be described by a sequence
of basic modules, each with dimensions of a basic unit fluorite cell. Due to electrostatic
repulsion, each module can accommodate no more than two c.d. per cell with different
geometric arrangements. These modules are then regularly spaced in the crystal lattice.
The relevant observation is that, as also suggested in previous models, the oxygen
vacancies show a long-range order in the crystal. The correlation with the o-phase,
which is formed upon heating by a peritocteidal decomposition of these ordered defective
phases, can be understood in terms of an order—disorder transition which leaves in
the o-phase only a short-range ordering. These structural features may possibly be
related to the efficiency of the oxidation process in the reduced CeO, moieties. In fact,
the oxygen motion in the fluorite lattice can be described by a vacancy mechanism.
Accordingly, ordering of the vacancies along specific directions and planes makes the
oxygen/vacancy motion in the lattice easy, thereby making the oxidation process efficient.
This process may be further facilitated by the expansion of the lattice parameter, which
is concurrently observed upon reduction. This was shown when the reduction of CeO, by
H, was investigated by the XRD technique (Perrichon et al. 1994, Lamonier et al. 1994).
Reduction of Ce** (ionic radius 0.097 nm) to give Ce** (ionic radius 0.114 nm) expanded
the lattice parameter of the cubic (space group Fm3m) fluorite-type cell of CeO,. This
expansion is quite significant and depends on the temperature and the oxygen partial
pressure as exemplified in fig. 12, which shows the effect for the o-phase at 1173 K.
Summarising, formation of either ordered or disordered oxygen vacancies upon reduction
and the expansion of the lattice parameters are both factors which easily account for the
fast oxygen migration even in the bulk of the reduced CeO, moiety, making the oxidation
process fast and easy.

In contrast to the observations above, the reduction of CeO; is a relatively slow process.
Both the nature of the reductant and the texture of the CeO, strongly influence its kinetics.
Reduction under H; has been widely studied using the TPR techniques (Yao and Yu Yao
1984, Bernal et al. 1993b, Perrichon et al. 1994, Padeste et al. 1994, Trovarelli et al.
1992, Zotin et al. 1993, Johnson and Mooi 1987).

Typically, the reduction of CeO, features two peaks at about 770 and 1100 K indicating
the presence of respectively labile and strongly held oxygen species. The relative intensity
of these peaks appears related to the extent of surface area (fig. 13). This suggested that
they can be attributed to removal of surface-capping oxygen and reduction in the bulk
of CeO,, respectively (Yao and Yu Yao 1984). This suggestion was further supported
by a simple linear correlation between the surface area and the degree of reduction
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corresponding to the first peak in the TPR, found by (Johnson and Mooi 1987). The
surface model used assumed a cubic morphology for the CeO, particles and that the
surface is composed of adjacent oxygen anions. On these assumptions, the number of
surface-capping oxygens (no,) can be related to the total number of oxygens (np,,) in a
CeQ, particle of cubic form and size a by the following equation:

no, n—(n—2)> _6nt—12n+8
Ho,,, e n’ '

Using an oxygen ionic radius of 0.14nm the particle size a is related to n by

a=0.28n (nm).
If the ceria surface area (Sppr) is measured in m? g ! then n can be expressed as

F
n=—,
ads BET

where F is a geometrical factor taking into account the number of faces exposed to the
gas environment (F =6 for a cube) and d is the density of CeO, (7.13 gml™). Substitution

of n and a into the above expression and use of the appropriate conversion factors leads
to the following final equation:

6(3009/Sper)? — 12(3009/Sper) + 8

HS =2905
2 k (3009/SgeT)>

In this equation H3 represents the amount of H, (umolg™) necessary to reduce the
surface, and k is a stoichiometric factor which is equal to 4, 2 or 1 for a reduction
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Fig. 14. Johnson and Mooi model for the evaluation of CeO, surface areas: experimental vs. calculated H,
consumption. (Johnson and Mooi 1987, Bruce et al. 1996, Perrichon et al. 1994.)

of respectively all, half and a quarter of the capping oxygens (compare below). The
estimated H3 are reported in fig. 14 for k=1 and k=2. For low-surface-area CeO,
(surface area <15m? g™!) such as those reported by Johnson and Mooi (1987), a good
agreement between the experimental data and calculated values for the reduction of
all of the capping oxygens is obtained. Similar models, based on the reduction of the
(100) surface of CeQ;,, have also been derived by other authors (Perrichon et al. 1994,
Taha et al. 1998).

This observation suggested that the surface area of CeO, could be measured
conveniently by the TPR method (Johnson and Mooi 1987). This, of course, could
in principle also represent an important way to estimate the CeQ, surface area when
dispersed on Al,Os;. As shown in fig. 14, the model conveniently fitted the authors’
data for low-surface-area samples. However, even for a relatively modest surface area
of 23m?g!, the highest one employed by the authors, the agreement between the
experimental and predicted results appears quite poor. Despite this fact, this model has
become quite popular among researchers studying the redox behaviour of CeQ;-based
materials. It was frequently used to establish the contribution of the surface to the total
reduction process (see for example Perrichon et al. 1994, El Fallah et al. 1994, Laachir
et al. 1991, de Leitenburg et al. 1996b, Bernal et al. 1992b).

As a matter of fact there are a number of limitations intrinsic in the model. First, the
assumptions used for the model concerning the particle morphology and surface geometry
were derived by considering the (100) or equivalent surfaces of the CeO, particles.
A geometric cleavage of the crystal lattice along this plane leads to a solid which
can be described as a stacking of parallel, non-coincident planes with respectively (Ce)
and (O,) stoichiometries (Conesa 1995). This surface presents a net electric dipole
component perpendicular to the surface, which makes it energetically unfavourable.
Model calculations have shown that the energy of the exposed surfaces increases in
the following order: (111), (110), (310) and (211) (Sayle et al. 1994b, Conesa 1995).
The last surface spontaneously reconstructs into a stepped (111) configuration (Conesa
1995). These calculations suggest that CeO, particles should preferentially expose the
(111) plane, which is the one of lowest energy. In agreement, HREM studies of
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Fig. 15. Model of the (100) and (111) CeQ, surfaces: (a) (100) top view; (b) (111) top view, (c) (111) lateral
view — (111) is on the top. O—O distances: (100) plane, 2.71 A, (111) plane, 3.84 A. (Courtesy of Dr. G.
Balducci, University of Trieste.)

CeO; revealed that a high-surface-area (110 m? g™') specimen showed small misoriented
grains which were principally oriented to expose a predominance of edges which were
the (111) planes (Kang and Eyring 1992). This preference for (111) planes became
“dramatically apparent” after a mild annealing at 773K, indicating that any model
for the reduction process should take into account that the surface stoichiometry is
mainly determined by the (111) surface. Note that this surface can be described as
overlayed sandwiches constituted of O—Ce—O planes (Conesa 1995). When the crystal
is cleaved along one of these sandwiches, the obtained surface presents a low density of
surface oxygens (fig. 15). Oxygens and a subsurface layer of Ce*" cations terminate this
surface. Both the surface cations and anions are missing one nearest neighbour in their
coordination spheres, which is in contrast with the above model. In addition to these
considerations, the evaluated surface area is derived by including the CeO, density in
the calculation. In samples of low surface area, the CeO, density is close to the value
7.13 gem™, but this is not the case for non-sintered high-surface-area samples, for which
the experimentally measured density is significantly lower. Further, unless an appropriate
thermal treatment is applied, the oxide surface is normally populated by surface hydroxyls.
In line with all these limitations, subsequent investigations showed that this model is
indeed oversimplified. At least two different investigations (Perrichon et al. 1994, Bruce
et al. 1996) found a linear relationship between the surface area and the H, consumption
in the TPR peak at 770K, but neither of these followed the prediction of the Johnson
and Mooi model (fig. 14). Perrichon et al. (1994) suggested that the surface reduction
should be described by a stoichiometric process, e.g. reduction of a quarter of the capping
oxygens (k=1) which corresponds to the stoichiometry:

2Ce0; — Cey05 + 10y, €)

rather than by the reduction of half of the capping oxygens (k=2) as suggested by Mooi
and Johnson (Johnson and Mooi 1987). Nevertheless, even this model gives a non-perfect
agreement with the experimental data (fig. 14).

In practice, the TPR profiles of high-surface-area oxides may lead to additional features
compared to the low-surface-area samples. In the case of CeQ,, when no appropriate
pre-treatment of the sample is adopted before the TPR, the reduction profiles are indeed
affected both by the presence of reducible surface species and/or bulk carbonates whose
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reduction may partially overlap with the peak at 770 K. This may lead even to observation
of negative peaks (Perrichon et al. 1994, Laachir et al. 1991, Zotin et al. 1993, Johnson
and Mooi 1987, Barbier et al. 1992). Furthermore, H; is reversibly chemisorbed on CeO,
(Bernal et al. 1993b, Trovarelli et al. 1992) and formation of hydrogen bronzes was also
inferred on the basis of 'H NMR studies (Cunningham et al. 1990, Fierro et al. 1987),
which may lead to negative desorption peaks in the TPR profiles even for carbonate-
free CeO, (Bruce et al. 1996). It is worth noting that such artefacts hardly disappeared
even after an in situ pre-treatment of the CeO, in dry air up to 673 K for 2h. This
suggests that the degree of reduction could be evaluated more reliably from oxygen
uptakes measured after the reduction (Zotin et al. 1993). Alternatively, some standard
procedure for appropriate cleaning of surface from impurities should be employed (Daturi
et al. 1998), which generally leads to a better agreement between the two measurements
(Fornasiero et al. 1996a).

Even if an alternative model which reliably correlates the surface area with the amount
of Hy consumed in the peak at 770K is not available at present, the linear type of
dependence on the Hy consumption of the surface area of CeO, appears to be a strong
argument for attributing this peak mainly to reduction of surface or a near sub-surface
region.

Let us now examine the kinetics and the mechanism of the process which has been
proposed for the reduction of CeO; using Hy as reductant. At 673—-753 K, the kinetics
of the reduction of CeO, were analysed using the XAS technique (X—ray absorption
spectroscopy) in a fast acquisition mode. As shown in fig. 16, the kinetics of the CeO,
reduction depends on its surface area. For the HSA sample, a relatively fast process occurs
injtially leading to a 20% reduction after 20 min of reaction, which decreases to 4% in the
case of the LSA sample, indicating that the initial reduction process should be related
to the extent of surface area. However, this observation seems to be dependent on the
temperature of the reduction process. In fact, the extent of reduction after 25 min of the
HSA sample was 20, 16 and 8%, respectively at 673, 723 and 753 K. This apparently
strange result can be interpreted by considering that above 673 K, the surface area of
CeO;, is unstable (Perrichon et al. 1995) and collapses through extensive sintering. This
in turn inhibits the kinetics of the reduction process.

A detailed kinetic analysis of the reduction process, performed by El Fallah et al.
(1994), indicated that the reduction kinetics at 673 K can be split into two distinct parts.
The first one well agrees with a model where a surface step is rate limiting. The second is
consistent with a model where a diffusion of oxygen vacancies in the bulk is rate limiting,
The overall reduction process can be described with the mechanism shown in Scheme 1
(El Fallah et al. 1994, Bernal et al. 1993b, 1995b, Laachir et al. 1991, Le Normand et al.
1988). Steps 1-4 in scheme | constitute the original scheme proposed by El Fallah et al.
(1994): (1) dissociation of chemisorbed H, to form hydroxyl groups; (2) formation of
anionic vacancies and reduction of Ce*" sites; (3) desorption of water; and (4) migration
of oxygen from the bulk to the surface. However, as argued by Bernal et al. (1995b),
chemisorption and dissociation of H,, which occur reversibly on CeQ,, lead to the
reduction of Ce* in the chemisorption process, as indicated in step la. Accordingly,
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magnetic susceptibility measurements showed presence of Ce** upon H, chemisorption
at room temperature on Rh/CeO, (Bernal et al. 1992b).

An alternative model for the reduction of CeO, was inferred by other authors (Fierro
et al. 1987, Cunningham et al. 1990). This model suggests that reduction of CeO; occurs
via formation of hydrogen bronzes, followed by the reduction step, as follows:

H, adsorption :

10
CeO, + LxH, — CeO,H,; (19)
CeO,H, reduction :
CeO,H; —CeO_ 1+ 7xH0 (11)
L
or
CeOyH; + 3xH; — CeO, 1 _+xH0. (12)

2

This model has been strongly argued by Bernal et al. (1993b) who have suggested that
the amount of hydrogen species detected by solid state 'H NMR after a H, treatment
at 295-773K is consistent with a surface process according to step la of scheme 1.



CERIA-CONTAINING THREE-WAY CATALYSTS 183
H
o0 e0)

F
2 @%}@%} p—— oﬁi@

;8000

Hz
1a @O@Q

3 ODH(;é p— ODHZ:Q

o o0 oo

4 I
e Oel e
4 2-
@ Ce * O 0] Scheme 1. Proposed mechanism for the reduction
a4 I:l of CeQ,. (El Fallah et al. 1994, Bernal et al.
®Ce Vacancy 1993b, 1995b, Laachir et al. 1991, Le Normand
et al. 1988.)

Although the linear relationship found for the reduction of carbonate-free CeO; by Bruce
et al. (1996) shows a positive intercept for a surface area of 0m? g~!, consistent with a
formation of hydrogen bronzes, it does not provide sufficient evidence for their formation.
In fact, this relationship was derived from relatively high-surface-area CeQ, and neither
was a low-surface-area sample included in the calculations of the linear relationship nor
were standard deviations given to ensure the reliability of the extension of the results to
low-surface-area samples. It therefore seems reasonable to conclude that at present there
is not enough evidence available to discriminate to what extent the formation of hydrogen
bronzes may be a predominant pathway for CeO; reduction. This point would certainly
be worth of further study.

At this stage we favour the model reported in scheme 1 for the reduction of CeQ;
using H; as reductant. In this model, steps 1-3 are related to the surface processes,
while step 4 represents the migration of oxygen from the bulk to the surface. The latter
process is conventionally represented in the opposite way, i.e. it is viewed as a migration
of oxygen vacancies to the bulk. The migration of oxygen vacancies is counterbalanced by
migration of small polarons (localised electrons) in the opposite direction to maintain the
electroneutrality in the solid. An apparent activation energy of 67 kJ mol~' was measured
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for the initial, i.e. surface-related, part of the reduction process. On the basis of the kinetic
data presently available, a rate-determining step cannot be settled. A kinetic equation of

the form In (K;(‘fg;)o)) =kt was derived from scheme 1 (El Fallah et al. 1994), where

« is the overall degree of reduction defined as the linear combination of the reduced
cations (surface N¢ and bulk N2) a = (a;NY) + (apN2). Depending on the choice of the
rate-limiting step in scheme 1, a(r=0) is equal to 0 (steps 1 and 2 — surface steps) or to
Ay(T), the degree of surface reduction at temperature 7' (steps 3 or 4 — bulk diffusion).
K is a thermodynamic constant for the overall reduction process at a given ratio of partial
pressures (Puy/Pu2o), weighted by a partition factor which accounts for the probability
distribution of the reduced cations between the surface and bulk sites. The experimental

15(—_/1&55)) vs. time (fig. 17) clearly reveals that the
isothermal reduction of CeO, occurs in two discernible regimes. The initial fast step is
associated with a surface reduction while the second, slower process, is associated with
the diffusion of oxygen vacancies in the bulk of CeQ,.

It should be noted, however, that the Ay(7T) value was evaluated from the initial
surface area by employing the Johnson and Mooi relationship which, as above shown,
overestimates the actual number of V. For a complete reduction of the surface layer, a
degree of reduction of 23% is calculated for a surface area of 125m? g™!, which decreases
to 11.5% when a stoichiometry of Ce*' : 0>~ =1:4 is employed for surface reduction, as
suggested by Perrichon et al. (1994). Keeping in mind the limitations of the Johnson and
Mooi relations and the fact that the breakthrough point (fig. 16) of the reduction process
occurs at approximately o =23%, it seems reasonable to assume that apart from a purely
surface process, some reduction of a near-subsurface region could occur in the initial part
of the reduction. A value of D, =16x1072! m?s™! was reported for the oxygen diffusion
coefficient in the bulk of CeO; at 673 K (Martin and Duprez 1996, Rogemond et al. 1996).
By using the equation

degree of reduction plotted as ln(

Dxt=a,

where a is the distance covered by the migrating oxygen species in time ¢, we calculate
that over the time scale employed (1min), a layer of the CeO, particle about 1.0nm
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thick could be involved in the reduction process. This value is higher than the CeO,
lattice parameter (0.541nm) which further substantiates the suggestion that part of the
sub-surface region might be involved even in the initial stage of reduction. This could be
consistent with the sandwich type structure of the (111) plane (fig. 15).

An important conclusion is therefore derived from the above considerations: at the
usual exhaust temperatures (673—873 K), the ability of pure CeO, to undergo a reduction
process is essentially related to the surface or a near-subsurface region on a short time
scale such as those found under the oscillating A/F conditions.

However, it has been underlined recently that the redox properties of CeO, can be
modified by employing a surfactant route synthesis (Terribile et al. 1997, 1998a,c). The
interaction of hydrous cerium oxide with cationic surfactants under basic conditions was
employed to prepare CeO, with enhanced textural and redox properties. The obtained
samples showed rather high surface area compared to traditional co-precipitation route.
Remarkably, the TPR profile of this CeO, showed the appearance of a reduction peak at
700-900 K, whose intensity did not decrease upon redox cycling. The enhanced reduction
appeared to be associated with the presence of a new hexagonal CeO, _, phase’. This con-
trasts the usual behaviour of high-surface-area CeO, where the peak at 770K disappears
as the surface area collapses upon redox ageing (fig. 13). Apparently, the transition from
this new phase to the fluorite one occurs during the redox cycles. This process presumably
occurs via a non-topotactic transformation, generating an amorphous CeO, phase on
the surface of the crystallites, which seems to be responsible for these enhanced redox
properties. Accordingly, ultrafine CeO, particles (2.8—4.0nm) show enhanced activities
in CO oxidation (Masui et al. 1997), but the textural stability is not improved by use of
very fine particles (Masui et al. 1998). This point is certainly worth of further studies.

Despite the fact that CO represents the most abundant reductant contained in automo-
tive exhaust, the investigation of the TPR behaviour by using CO as reductant (CO-TPR)
has received scarce attention. Generally speaking, the ability of CO to induce the reduction
of CeO, has been investigated in connection with the kinetics of CO oxidation rather than
addressing this topic specifically. A possible reason for this is that, as shown later, there
is a spectacular promotion of the CeO, reduction behaviour in presence of a supported
noble metal using H, as reductant. This has not been observed in the CO-CeO, and
CO-NM/CeO; systems (Laachir et al. 1994). Moreover, the reduction profile is generally
measured by detecting the CO, formed and/or the CO consumed. This however can be
formed/consumed both by CO oxidation, which leads to creation of oxygen vacancies,
and by water gas shift reaction (WGS reaction) of adsorbed CO with surface OH groups
leading to a dehydroxylation of the support. In fact, the latter reaction was found
to significantly contribute to the overall reduction process for AlO;-supported CeO;
(Serre et al. 1993a). Finally the occurrence of a Boudouard-type disproportion of CO
to give surface carbon and CO, cannot be discounted under the CO-TPR conditions. The
occurrence of the latter reaction can be discriminated by detecting simultaneously both the

3 Note added in proof: Actually the “CeQ,” phase contained about 0.5-2wt% Si, which could explain this
redox behaviour, compare sect. 3.1.3 (errata corrige: Terribile et al., 1999, Chem. Commun., p. 477).
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rates of CO consumption and CO, production. Only a simultaneous quantitative detection
of evolved water, together with CO and CO,, permits unambiguous assignment of the
reduction process in the CO-TPR, since both the WGS reaction and CO oxidation con-
sume/form respectively CO and CO; at equivalent rates. Unfortunately, the detection of
evolved water is not easy due to its extensive adsorption on the surface of CeO;. It is im-
portant for the reader to be aware of these limitations when considering the literature data.
On the other hand, CO-TPR presents some interesting features due to the fact that CO
does not diffuse into the bulk of CeQ; particles. Accordingly in this experiment, the reduc-
tion may be envisaged as a measure of the oxygen diffusion towards the surface where it
is removed by interaction with CO. This may provide useful insights on the rate of oxygen
migration in the bulk of the oxide, provided that surface processes are not rate limiting.
In this context, some indications on the kinetics of the CO reduction at 973 K were
obtained by Harrison et al. (1988) in an electrochemical reactor. They measured the
potentiometric response of a zirconia disc coated with CeO, to the exposure to a
CO/Ar mixture. In these experiments, ceria was initially oxidised in a O,(2 mol%)/Ar
mixture and then at ¢ =0, the gas was switched to a CO(0.1-5 mol%)/Ar mixture (fig. 18).
The change in potential is attributed to the removal of lattice oxygen from the ceria, as
CO is oxidised to CO,. Although no quantitative data are given, examination of the data
reported in fig. 18 suggests that the reduction of CeO; is quite a slow process below a
critical concentration of about 0.5mol% CO. At 973 K, migration of oxygen species in
the bulk of CeO, should be fast compared to the time scale reported in fig. 18. Also, most
of the CO, desorbs at these temperatures, which suggests that either a limited number
of suitable surface sites for CO adsorption are present or the CO adsorption/desorption
equilibrium is highly pressure sensitive. In agreement with this idea, the adsorption of
CO has been found to be highly sensitive to the nature of the surface and its pre-treatment
(Trovarelli 1996). The autocatalytic nature of the reduction process, as denoted by the
presence of an induction time in the profiles, suggests that the reduction proceeds fast
on a partially reduced surface. In agreement, when the potential applied to ceria coated
disc was systematically varied to produce oxygen vacancies in the CeQO;, the rate of the
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CO, production (a.u.)

Fig. 19. CO, production during TPR of CeO, in a
CO(2 mol%)/He mixture, heating rate 10 K min': (1) CeO,
T T T T 1 (30m? g') from Ce,(CO,), (sample a); (2) TPR of sample

273 373 473 573 673 773 +— recycled from run (1); (3) CeO, (15m*g™") from Aldrich
Time 0.5 h (sample b); (4) TPR of sample recycled from run (3).
Temperature (K) (Padeste et al. 1993.)

system response to the reaction with CO increased (Harrison et al. 1988). Formation of
adsorbed carbonates or carboxylates, i.e. precursors of surface reduction, is hindered on
the reduced surface due to the lack of available surface oxygens. However, the strength of
linear CO bonding to the cerium cations increases due to retro-donation from Ce** to CO
(Li et al. 1989b, Bozon-Verduraz and Bensalem 1994). In summary, these experiments
suggest that at low CO pressures, the removal of lattice oxygen from CeO, may be limited
by the adsorption kinetics, while at pco > 15 torr the rate of the oxygen extraction from
the bulk is rate limiting.

This interpretation of the reduction of CeQ, by CO is substantiated by the CO reduction
profiles reported by Padeste et al. (1993) for two CeO, samples of different origin and
morphology (fig. 19). Despite the comparable surface areas (15 and 30m? g '), use of
a highly disordered, poorly crystalline CeO, leads to a high degree of reduction of
10-15% (fig. 19, trace 1) compared to the value of 1-2% observed over the highly
crystalline product (fig. 19, trace 3). The crystal imperfections increase the rate of oxygen
extraction from the bulk, thereby accounting for the high reduction rate in the former case.
Significantly, the onset of the reduction process is observed at about 373 K for sample b
while it is about 700K for sample a. This contrasts with the usual finding of H,-TPR
experiments that an increase of surface area favours the reduction processes occurring
at low temperatures, and it indicates that attribution of the different reduction rates to
surface processes is unlikely. Since Ce,(COj3); has been employed as a CeO, precursor for
sample a, it is possible that some residual carbonate species remained on the surface after
the thermal decomposition of the precursor. Their desorption could hinder the reduction
process at the very beginning by diminishing the CO adsorption.

Accordingly, Badri et al. (1991) found that reduction of a highly disordered high-
surface-area CeO, (115m? g ') occurred well below 473K, while a low-surface-area
Ce0, (5m? g!) was reduced to a significant degree only at/above 673 K.
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In conclusion, the reduction of CeQ, by CO has received relatively scarce attention.
Despite this, the comparison of H,-TPR and CO-TPR indicates that low-temperature
reduction in the latter case appears to be related to the pre-treatment conditions and degree
of crystallinity of the CeO; rather than to the extent of surface area which is the main
factor governing the low-temperature reduction processes in H,-TPR.

2.1.2. Temperature-programmed reduction of CeO:/Al;0; using H, (H,-TPR) and CO
(CO-TPR) as reductants

The observation that the low-temperature redox processes may be related to the extent of
CeO, surface has highlighted in the past years the necessity of maximising the available
surface areas of this component. This can be achieved by supporting CeO, on Al,O;3,
which represents the usual practice of making the TWC washcoat. Generally speaking,
in CeO,/Al, 03 systems the redox behaviour is strongly affected by the amount of CeO,
deposited (Miki et al. 1988, Shyu et al. 1988b, Yao and Yu Yao 1984). This is exemplified
in fig. 20 for CeO, contents varying between 0.8 and 22 wt%.

It appears that despite the broadness of the reduction peaks, some correlations with
the reduction behaviour of pure CeQO, can be derived: in all the samples a large peak
located at about 790-820K is present which, as above discussed, could be related to
the surface reduction of CeQ,. For high CeO, content a peak at about 1100K is clearly
discernible which can be related to the reduction of CeO, in the bulk. Note that Yao and
Yu Yao associated the peak at 900 K (fig. 20, traces 3—5) to this process, suggesting that
the easier reduction in the bulk could be related to a down-scale shift of the reduction
peak as the CeQ, particle size decreases at low CeQ, loading. This attribution seems
unlikely, since no significant shift of the reduction of CeO; in the bulk is generally
observed even for high-surface-area samples. Accordingly, we favour the attribution

Rate of hydrogen uptake (a.u.)
> ;

5
T T 1 T T T T 1 ‘
273 473 673 873 1073 Fig. 20. H,-TPR of CeO,/Al,0; samples: Curve (1):
— 0.83wit% CeO,/ALO;; (2) 2.04wt% Ce0,/ALO;:
M73 K  (3) 6.14wt% Ce0,/ALO;; (4) 11.7wt% CeO,/ALO;;
Temperature (K) 1 hour  (5) 21.6wt% CeO,/ALO;. (Yao and Yu Yao 1984.)
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outlined below. Noticeably, the peak at 1100K is missing for low CeO, loading and it
only appears as a shoulder of the broad reduction feature at 770—1100K at CeO, loadings
of and above 6.14 wt%, which corresponds to 2.7 umol m2 (BET). This indicates that the
absence of a peak at 1100K can be associated with the mechanism by which the CeO,
wets the Al,Os surface. For low CeQ; concentration [<2.7 umol m2 (BET)], after the
precursor impregnation and calcination, all of the CeQ, is present as a dispersed phase.
Beyond this saturation point, CeO, tends to aggregate and forms larger crystallites on
the Al, O3 surface, for which the peak at 1100K is then observed. Such an interpretation
is indirectly confirmed by the results of O, chemisorption carried out at 773K on
Ce0,/Al, 05 reduced at 773K for 2 hours (Yao and Yu Yao 1984). As shown in fig. 21,
there is an inflection point in the O, chemisorption values at 2.5umolm= (BET)
indicating a discontinuity in the O, chemisorption properties. Also, the amount of O,
chemisorbed per mol of CeO, decreases from approximately 0.25 mol O, per mol CeO,
to reach an almost constant value for CeO, loadings higher than 2.5 umol CeO,/m? (BET)
(fig. 21). A virtually constant particle size of 5.5—6.7nm was observed for these high
loadings. A reasonable interpretation can be put forward for these findings. For a fully
developed crystalline structure of the supported CeO, particles, due to the constant
particle size, a constant degree of reduction should be expected after a reduction at 773 K.
At 773K the reduction process is limited essentially to surface or near-surface layers. On
the other hand, for dispersed particles, a decrease of CeQO; loading leads to fine particles,
which gradually shows a higher external area. This interpretation reasonably accounts for
the observed modifications of the features at 790-820K and 1100K. Accordingly, the
TPR profiles of CeO; supported on SiO, showed two peaks at 800 K and 1030-1100K,
and the relative intensity of the former peak increased with decreasing CeO, particle size
(Trovarelli et al. 1995).

To rationalise the appearance of the features observed at 370 K and 900K respectively
for low and high CeO, loading, Yao and Yu Yao suggested that the peak at 370K could
be associated with labile oxygen species located on Al,O; (Yao and Yu Yao 1984).
The decrease of the intensity of this peak is associated with an increasing coverage of
the Al,O; surface. However, while such labile oxygen were detected upon degassing
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at 773K (cf. refs. 21 and 22 in Yao and Yu Yao 1984), we are not aware of their
observation in TPR profiles of Al,Os3. H, adsorption/desorption phenomena such as those
observed over high-surface-area CeO, could perhaps better explain the appearance of
this peak. The presence of the peak at 900K is associated with CeO, oxygen species
interacting with the Al, O3, such as oxygens shared between Ce** and AI’*. In fact, no
such peak was observed in the TPR profiles of CeO,/SiO, samples (Trovarelli et al.
1995). This assignment has been confirmed by careful XRD, XPS, EXAFS and Raman
characterisation of CeO,/Al,O3 samples (Miki et al. 1988, Shyu et al. 1988b). The main
conclusions from these studies are that upon impregnation of Al,O3; with Ce(NOs)s
and subsequent calcination the following features are observed: (i) at low loading
[~2.5 umol CeO,/m? (BET)], CeO, is highly dispersed over the Al,Os surface and it exists
partly in the Ce®* state as a kind of CeO, _, species, denoting a strong interaction with
the support; (ii) above this loading the particle size of the deposited CeO, progressively
increases, leading to systems whose redox behaviour approaches that of pure CeO,.
The interaction of the highly dispersed CeO,_; with the Al,O; support is indirectly
confirmed by detection of a CeAlO; phase formed upon reduction above 1073 K (Shyu
et al. 1988b, Miki et al. 1988). Upon oxidation at 1173 K, the dispersed CeO,/AL O3 is
re-formed, indicating a reversibility of the redox process (Miki et al. 1988). The formation
of CeAlO; is thermodynamically favoured below 1073 K compared to the reduction to
CeO, (Miki et al. 1990). Consequently, when an intimate CeO,—Al, O3 contact is present
(highly dispersed samples), the formation of CeAlO; occurs, while for high CeO; loading
a significant migration of the cerium cations would be required. This presumably does
not occur under transient TPR conditions, making the reduction profiles similar to that of
pure CeO,. There is a further point of interest in these observations: formation of CeAlOs
was often inferred to be responsible for the decay of the OSC of TWCs upon thermal
ageing. Since the oxidation reversibly reforms the starting CeO,/Al, 03, the inference is
that this deactivation pathway may be relatively unimportant.

Similarly to CO-TPR of CeO,, the investigation of CeO,/Al, O3 systems by using CO
as reductant has received scarce attention. Serre et al. (1991, 1993a) reported the TPR pat-
terns for a 14.5 wt% CeO; loaded Al Os. Even though these experiments were carried out
only up to 973 K, the similarity of the CO-TPR and H,-TPR profiles reported respectively
by Serre et al. (1991, 1993a) and Yao and Yu Yao (1984) is remarkable. In both cases the
first reduction feature is observed around 770K and further peaks occur above 920K.

2.1.3. Temperature-programmed reduction and OSC of NM/CeO; and
NM/CeO,/41,0;

Several authors have investigated the role of the noble metals in the reduction behaviour of
CeO;. As a general rule, the presence of the noble metal strongly promotes the reduction
of CeO, as the feature at 770-800K is shifted to low temperatures. This is shown in
fig. 22 for a number of NM/CeO; systems. Comparison with the reduction behaviour of
CeO, clearly reveals that only the feature which is observed at 770K in the unsupported
sample is significantly affected by the presence of the supported noble metal.
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300 500 700 90‘0 1100 Flg 22. Temperature-programmed proﬁles of NM/C&OZ, with
(1) NM=Tr, (2) Pd, (3) Pt, (4) Ru, (5) Rh; NM loading 1 wt%, chloride
Temperature (K) salts as metal precursors. (Trovarelli et al. 1993.).

An increase of the reduction rate, which can be inferred from the appearance of the
H,—TPR, was detected using the fast-XAS technique by El Fallah et al. (1994) at 673 K.
They compared the reduction of CeQ, and Rh/CeQ, samples (surface area 115m? g™'):
23% CeO; reduction was achieved in the former samples after 20 min in a flow of Hy,
whereas less than 4s were necessary to achieve the same extent of reduction for the
latter one. No further reduction of the Rh/CeO, was observed at this temperature even
for long reduction times, indicating that at this temperature only the kinetics, rather than
thermodynamics, of the CeO, reduction are affected.

The H,-TPR profiles reported in fig. 22 do not show significant modification of the
peak at 1100K, i.e. the one associated with the reduction in the bulk, while the peak
associated with the surface reduction is shifted to low temperatures and split into several
components. In the original paper by Yao and Yu Yao (1984), this modification of the
low-temperature reduction feature was associated with various types of surface sites.
Subsequent investigations have shown that the appearance of the reduction patterns below
770K is strongly affected by the nature of the metal precursor and the pre-treatment
of the sample before TPR (Trovarelli et al. 1992, 1993, Barbier et al. 1992, Harrison
et al. 1988). In fact, while several low-temperatute reduction features are observed when
chlorine-containing precursors are employed, a single reduction feature is obtained when
either nitrate precursors (Harrison et al. 1988) or appropriate thermal pre-treatments are
employed (Fornasiero et al. 1997). The dependence of TPR profiles of Rh/CeO, on the
nature of the precursor used was confirmed by using respectively Rh—chlorine and —nitrate
precursors to prepare samples which were then thermally pre-treated at 673 K. The low-
temperature CeO, reduction feature shifted to 430 and 345K respectively for Cl- and
N-containing Rh precursors (Holgado and Munuera 1995). In addition, the presence
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Fig. 23. TPR profiles of 0.5wt% RhWCeO, from RhCl;-nH,0O
precursor supported on CeQO, with different surface areas and
pre-treatments: (1) surface area <2m? g™!; (2) surface area 38 m? g;
(3) surface area 194m®g™; all samples pre-treated at 900K, 5h
in Ar; (4) surface area 195m’g™ (no pre-treatment); (5) sur-
face area <10m’ g}, sample recycled from run 3. (Fornasiero et al.
Temperature (K) 1997; Kagpar et al. 1994, unpublished data.)
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of surface carbonates and/or adsorbed nitrates/chlorine further modifies the reduction
pattern (Laachir et al. 1991, Zotin et al. 1993, Bernal et al. 1988, Barbier et al. 1992).
For example, desorption of carbonates during TPR often leads to the observation of
negative peaks around 800-900K (Laachir et al. 1991). Desorption of such species
under inert gas or vacuum is not easy and requires temperatures above 800K (Laachir
et al. 1991). Accordingly, the majority of the pre-treatment procedures employed in the
literature appear unable to produce TPR patterns which are free from artefacts. Figure 23
exemplifies the relevance of the contribution of adspecies to the TPR profiles: even in
the absence of any pre-treatment there is an additional apparent low-temperature H,
consumption which cannot be accounted for by any redox process.

In summary, there is a strong variability of the reduction patterns obtained upon doping
HSA CeO; with the noble metals. However, the following key points appear ascertained:
(i) the first peak in the TPR profile, which is generally associated with the reduction of the
noble-metal oxide, presents Hy consumption which lies well above the value required for
its reduction. The extra H, consumption is attributed to the reduction of easily accessible
CeO; surface sites (in the absence of adspecies); (ii) the intermediate peaks below 800K
could be easily associated with the effects of reducible adspecies; (iii) the peak at 1100 K
appears almost unaffected by the presence of the supported noble metal.
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The shift and the split of the reduction feature at 770K is associated with the ability
of the supported noble metal to efficiently dissociate H, and then spill active hydrogen
species over the support:

M~H+ 0% +Ce* —M + OH™ + Ce¥, (13)

where the subscript s denotes surface sites. This was directly demonstrated by mixing
an aliquot of Rh/CeO, with WO; followed by a reduction (Cunningham et al. 1992).
The powder assumed a blue colour typical of reduced WO; bronzes. One could argue
that reduction of CeQ, itself leads to formation of some F* centres due to formation of
Ce*" giving a deep blue/black colour. However, spilling of H species over the support
was clearly detected by H, chemisorption at room temperature (Bernal et al. 1992ab).
Consistently, formation of surface hydroxyls upon H, adsorption on Rh/CeQ, was
detected by FTIR (Bernal et al. 1993a). In the presence of chlorine, which is rather
difficult to remove (Bernal et al. 1993b, Holgado and Munuera 1995) the spillover
phenomena are strongly inhibited, which could result in a splitting of the reduction peaks
(Taha et al. 1996, Martin and Duprez 1996).

The magnitude of the reduction peaks below 770K is also related to the extent of
CeO; surface area. This is exemplified in fig. 23. Such a finding is consistent with
the association of the low-temperature reduction peaks mainly with surface processes.
Further, the TPR features reported in fig. 23 point to the critical importance of a
high surface area to obtain appreciable reduction of the CeO, below 700-800K, i.e.
a significant OSC. Accordingly, when a high-surface-area Rh/CeQ, (194m?g™!) was
subjected to repetitive TPR/oxidation (at 700 K) experiments, the surface area collapsed
to a values <10 m? g !, resulting in no appreciable H, uptake below 770K attributable to
CeO; reduction (Fornasiero et al. 1997) (fig. 23).

In summary, it seems that on a clean NM/CeQ, system, reduction of CeO, sur-
face/subsurface layers occurs concurrently with that of the metal-oxide precursors as long
as contributions from adsorbed species/residual chlorine are absent. This is attributed to
the promoting role of the supported noble metal, which spills H species over the support.
In contrast, reduction in the bulk is almost unaffected by the supported metal.

Attributing the promotion of the reduction behaviour of CeO; only to a spillover of
H species could be, however, somewhat restrictive. In fact, the comparison of CO-TPR
of metal-free 14.5wt% CeO;/Al,O3 and 2 wt% Pt-loaded support showed a decrease of
the initial reduction temperature by about 150K in the latter case (Serre et al. 1993a).
The decrease of the reduction temperature from 770K to 620K indicates a significant
promotion of the reduction behaviour induced by the supported Pt. If the reduction of
CeO; by CO is assumed to occur via a chemical pump effect only (i.e. migration of
oxygen vacancies to the surface; Trovarelli 1996), than one could expect no significant
modification of the TPR behaviour in the presence of the supported metal. On the other
hand, if the peak at 770K observed in the CO-TPR is associated with surface reduction
as in the case of H,-TPR, then modification of the surface properties upon NM loading is
reasonable. Surface H, and O, oxygen mobility coefficients were measured on Rh/CeQ,
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Table 5
Dynamic OSC measured over CeO, and NM/CeO, systems (Yao and Yu Yao 1984)

Run NM loading (wt%) Dynamic-OSC*? measured after ageing at
Rh Pt Pd 873K 1073K

1 - - - 0.19 0.14

2 0.04 - - 0.32 0.19

3 - 0.094 - 0.26 021

4 - - 0.058 0.31 0.25

* Measured at 773K by alternatively pulsing 1% O, and 2% CO in He: mol O, (100mol (NM+ CeO,))".

by Martin and Duprez (1996, 1997) by an isotopic exchange method, and it turns out that
both H, and O, diffuse very quickly on the CeO, surface at 600—800 K.

In accordance with these observations, Gorte et al. found an enhancement of
CO; evolution from a Rh/CeO, model catalyst during the thermal desorption of pre-
adsorbed CO (Cordatos et al. 1996a, Zafiris and Gorte 1993b). It was concluded that
Rh promotes the reverse spillover of oxygen species from CeO, to the metal particle
and thereby favours CO oxidation at lower temperatures compared to the bare CeO,. The
low-temperature CO oxidation activity appears to be strongly dependent of the particle
morphology, since no CO, desorption was observed over highly sintered CeO, particles
(Cordatos et al. 1996a).

In summary, the ultimate oxygen storage which as discussed above can be related to
the reduction behaviour of the CeO, based systems, is strongly related to the morphology
of the CeO; particles, the presence of the supported metal and the nature of the
reducing agent.

As discussed in sect. 1.3, under real exhaust conditions, the feed-stream quickly
oscillates around the stoichiometric point. Accordingly, the OSC measured under dynamic
conditions should be more relevant to actual TWC performance. Unfortunately, as already
discussed in relation to table 3, the dynamic OSC of CeO, systems has been analysed by
a minority of authors. Some of the literature data are brought together in table 5.

Generally speaking, dynamic-OSC is considered to be a more useful measurement
than total-OSC since the former represents the dynamically adsorbed/desorbed O, under
transient TWC conditions (Trovarelli 1996). In addition, the total-OSC as measured by
TPR is up to 2 orders of magnitude higher than the dynamic-OSC (compare tables
3 and 5), indicating that the dynamic-OSC represents only a fraction of the total-OSC.
This is due to the fact that the total-OSC is generally measured up to high temperatures
where reduction of CeO, becomes significant. In contrast, the dynamic-OSC is generally
measured at 500—-800K, i.e. at temperatures where surface redox processes are occurring
in the CeO; and NM/CeQ; systems. Accordingly, a perusal of the data reported in tables
3 and 5 reveals that when equal reduction temperatures and comparable surface areas
are employed, comparable values are obtained by the two techniques. Thus, on CeO,
with a surface area of 10m? g~!, Yao and Yu Yao (1984) measured a dynamic-OSC of
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Fig. 24. Ratio of dynamic-to-total-OSC measured over CeO, and NM/CeO, (surface area 10m? g'). (Yao and
Yu Yao 1984.)

0.0006 mol O, per mol CeQO; at 673 K, which is only 5 times lower than the total-OSC
of 0.003mol O, per mol CeO, measured after an isothermal reduction at 700K in
H, (5%) for 2 hours (Fornasiero et al. 1996a). As shown in fig. 24, when both the OSC
measurements are performed in the range of temperatures 570—770 K by using pulses of
CO as reductant the agreement between the two measurements is rather remarkable. As
a general rule, upon increasing the pulsing temperature, more O, can be stored under
dynamic conditions and the dynamic-OSC approaches the limiting value represented by
the total-OSC. The presence of the noble metal increases the dynamic-to-total-OSC from
30-40% to 50—80% with respect to bare CeO;. This is perfectly consistent with the above
observation that at these temperatures, the reduction rate of CeQ, is strongly increased
in the presence of the noble metal (El Fallah et al. 1994).

The role of the noble metals in modifying the redox properties of CeQ,/Al, O3 systems
under dynamic conditions (dynamic-OSC) was investigated by Su et al. (1985). The
data reported in table 6 exemplify the beneficial effect of CeO, on the OSC of the
NM/AL, O3 catalysts. A perusal of these data reveals that: (i) both Rh and Pt effectively
store and release oxygen at 773K. At this temperature the oxidation/reduction of the
supported metal particles occurs easily; (ii) addition of CeQ; increases the overall amount
of O, stored/released. Further, as more CeQO; is added more OSC is obtained.

There are some further considerations to be made. Rh appears a more effective
OSC component on a mol basis than Pt (table 6, runs 2 and 6) which could be related to
the more noble character of this metal. However, after the more severe ageing at 1173 K,
both NM/Al,O; catalysts show comparable OSC on a mol basis. Remarkably, the OSC of
mixed Pt/Rh systems shows a synergism between the two metals. The OSC of Pt/Rh is 3.4
and 0.6 mol O, per 100 mol NM after ageing at 973 K and 1173 K (table 6, run 10) which
is significantly higher than the values of 1.8 and 0.6 mol O, per 100 mol NM which we
calculate by using the values reported for the single NM catalysts in table 6, runs 2 and 6.
A similar synergism was also observed in HC/CO/NO conversions (Hu 1996).
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Table 6
Dynamic OSC measured over NM/CeO,/Al, 0, catalysts (Su et al. 1985, Yao and Yu Yao 1984)
Run NM and base-metal loading (wt%)  CeO,/NM Dynamic-OSC*® measured after ageing® at
Rh Pt CeO, 973K 1173K
ml/ml mol/mol ml/ml mol/mol

1 0.022 - - - 0.33¢ 10

2 0.01 - - - 0.12 7.8 0.004 0.3

3 0.018 - 1.1 49 1.5 12

4 0.025 - 3.1 92 8 2.1 5.1 13

5 - 0.18 - - 0.16¢ 1.1

6 - 0.15 - - 0.15 12 0.03 0.2

7 - - 12 - 0.23 0.17 0.13 0.10

8 - 0.14 12 12 2.6 1.7

9 - 0.033 3.1 130 6.1 1.7
10 0.013 0.14 - - 0.48 34 0.08 0.6
11 0.014 0.12 1.3 11 2.6 1.9
12 - - 20 - 0.4¢
13 - 20 - 0.006°
14 0.021°1 12 1.8¢4
15 1.0°f 20 0.7
16 0.05 23 1.9¢
17 0.03 20 0.74

2 Measured at 773 K by aternatively pulsing 1% O, and 2% CO in He; ml/ml: ml O, per 100ml honeycomb
catalyst; second number: mol O, per 100 mol (NM + Ce0,). Data from Su et al. (1985).

b Thermal ageing under 5% O,, 6% CO,, 12% H,0 and balance N, for 8 hours.

¢ Ageing temperature 623—613 K.

4 Ageing in air at 1073 K for 4 hours, pulses of 2% O, and 2% CO. Data from Yao and Yu Yao (1984).

¢ Data from Haneda et al. (1993).

fNM=Pd.

As expected on the basis of CO-TPR, the OSC of the CeO,/Al, 05 system is beneficially
affected by the presence of the supported metal. The improvement of the OSC is rather
remarkable: after ageing at 1173 K, the OSC increases by one order of magnitude in
Rh/Ce0,/Al;05 compared to the metal-free sample (table 6, runs 7 and 3). Note that after
such ageing, the OSC of both Rh/Al, 03 and CeO,/Al,O; is small compared to that of the
mixed system, indicating a synergistic effect of both the supported metal and CeO, on
the dynamic-OSC. It is also worth noting that by increasing the ageing temperature from
973K to 1173 K, an approximately 10-fold drop of OSC is observed in Rh/Al,O3 (table 6,
run 2). In contrast, such ageing decreases the OSC of R/CeO,/Al,O3 by less than 40%
(table 6, run 4).

The specific OSC, measured as mol O, per 100 mol (NM + CeQ,), does not change as
the CeO, loading is increased from 1.1% to 3.1% (table 6, runs 3,4 and 8, 9) which could
suggest that the higher the amount of CeO, added, the higher an OSC can be obtained.
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The Al Oz surface area is not given by Su et al. (1985), however, Yao and Yu Yao
(1984) reported a surface area of 80m? g~! for the same kind of y-Al,0;. Assuming
this surface area, the highest CeO, loading of 3.1% wt employed by Su et al. (1985) is
lower than the critical value of 2.5 umol O, m~ (BET) found by Yao and Yu Yao (1984),
at which point a change in O, chemisorption ability is observed. This could account for
the constant specific OSC efficiency. Apparently, such observation has induced in the
past many catalyst manufacturers to increase the CeO, content up to 30-50 wt% of the
washcoat, leading to the 4th—generation TWCs. The comparison with data reported by
Yao and Yu Yao (1984) and Haneda et al. (1993) (table 6, runs 12—-17) nearly confirms
the conclusion that high CeO, loading favours OSC: except for Rh/CeO, (20 wt%)/Al, 03,
comparable specific OSC is found even for CeO; loadings of about 20 wt% which are
about 10-fold higher than those used by Su et al. (1985) (compare runs 8, 9, 14-17,
table 6). However, ageing at 1173K leads to low OSC in the NM-free CeO,/Al; O3
compared to the Pd-loaded sample, indicating that also for high CeO, loading there is
a metal-induced stabilisation of the OSC (table 6, runs 13 and 15). It should be noted
that upon increasing the calcination temperatures from 773 K to 1173 K, the particle size
of the supported CeO;(20 wt%)/Al, O3 increased from 7.6 nm to 12.6 nm, which suggests
that CeQO; sintering is responsible for the low OSC.

In conclusion, the results of investigations of the dynamic OSC of CeO,/Al, O3 systems
are in agreement with the essential features found when discussing total-OSC: (i) OSC is
promoted by the supported noble metal; (ii) Al,O3 favours a high dispersion of CeO>,
thereby increasing the effectiveness of the Ce*'/Ce>* redox couple; (iii) the presence of
the noble metal stabilises the OSC against deactivation by thermal ageing.

The comparison of the dynamic and total OSC in CeO,- and CeO,/Al,O3-based
systems indicates that the general conclusions drawn for total-OSC can be applied also
to the dynamic conditions, even if the extent of the OSC is lower. This, of course, is only
correct as long as the dynamic-OSC is measured in the range of temperatures 500—800 K,
i.e. at temperatures where mainly surface reduction occurs. An important corollary of
the similarity between the dynamic- and total-OSC is that the trends observed in the
total-OSC measurements are generally reflected also under dynamic conditions in the
CeO,-based systems.

Besides the above-mentioned reducing agents, the exhausts also contain other reducing
agents such as hydrocarbons. The contribution of these compounds to the OSC has
been scarcely addressed by investigators even though evidence for hydrocarbon oxidation
by lattice CeO; oxygen has been reported in the literature (Su and Rothschild 1986,
Choudhary and Rane 1992, Zhao and Baerns 1992, Mendelovici and Steinberg 1985).

Reduction by the hydrocarbon can be described by the following reaction (Trovarelli
1996):

C.H, + (2x +0.59)0;" — xCO; + 0.5y H2 O + (4x + y)e, (14)

where the lattice oxygen is identified as Oy; this, however, does not take into account the
observation that besides the oxidation products, carbon deposition on the catalyst under
the rich excursion is generally observed.
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Fig. 25. Effect of reductant gas on dynamic-OSC. OSC was measured from the conversion of the reductant;
washcoat composition (wt%): Pt 0.17, Rh 0.014, Ni 1.5, Ce 1.0, Pb 0.03, on Al,O;; washcoat loading 10%;
oxidant: O, (1% in He); pulse volume: 3 ml. (Su and Rothschild 1986.)

A comparison of the relative reducing ability of Hy, CO and C;Hg was investigated
under dynamic conditions over a composite catalyst containing Pt, Rh, Ni, CeO, and
Pb (fig. 25; Su and Rothschild 1986). Notably, using both CO and H, as reductant, the
dynamic-OSC increases with temperature. In confrast, it remains almost constant when
C;Hp is employed as reductant, which could suggest a different mechanism in the latter
case. In fact, the dynamic-OSC reported in fig. 25 was measured from the conversion of
the reductant which, in the case of the HC, includes also its retention on the support.
During the C3Hg pulse, H, and CO formation was detected, indicating that cracking
of the HCs occurs over the catalyst, and about 50% of the C3H,; was retained on the
catalyst surface presumably as carbon particles (Su and Rothschild 1986, Mendelovici and
Steinberg 1985). The amount of “carbon” deposits did not vary with temperature (Su and
Rothschild 1986) which presumably also accounts for the constant dynamic-OSC shown
in fig. 25. Clearly, if the majority of the C3Hg conversion is attributed to its cracking,
then the contribution of the HC to the OSC in terms of a Ce*/Ce** redox process should
be rather small compared to the effects of both CO and H,. Accordingly, we calculated
from the data reported by Choudhary and Rane (1992) that by pulsing at 1073 K pure
CH,, C;Hg and C,Hy over CeQ,, respectively 3.0x107*, 1.3x107 and 2.1x1072 mol O,
per mol CeO; were released by the support. This is about one order of magnitude less
than the values reported in table 6 which were measured at 773 K and using a diluted CO
as reductant. This suggests that the interaction of HC with CeO;-based catalysts should
be properly considered as a reaction with the support rather than a conventional OSC in
terms of a Ce*"/Ce** redox process.

The possibility of using a simple thermal treatment as a mild reduction treatment was
recently exploited by Bernal et al. (1997a). They used an experimental procedure that
consists of evaluating in a quantitative manner the capacity of the oxide materials to
attenuate (buffer) the oscillations in the oxygen partial pressure induced by fast pulsing
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Table 7
Two-step reduction (step 1) and oxidation (step 2) of CeO, (surface area 18.8m* g!) and physical admixtures
of CeO, with NM (Otsuka et al. 1983)*

Additive (wt%) Rate in step 1 at 823K (10®* mols™ g')  Rate in step 2 at 298K (10 mols~' g™!)
None 1.75 0.26

Pd (1.7) 321 281

Pt (1.9) 2.30 323

* Reduction carried out at pyy, =1.36x10* Pa.

(0.1 Hz) of O,(5%)/He in a helium stream continuously passing through the reactor (OBC,
Oxygen Buffering Capacity). The advantage is that this procedure allows an easy and
fast comparison of the ability of the CeO,-based materials to release/store oxygen, even
though the quantification of the stored/released oxygen may not be very simple. Of
course, under such conditions, the degree of reduction is related to the intrinsic nature
of the OSC material and its ability to release oxygen, since no “chemical reductant” is
employed.

Up to this point, we have discussed the intrinsic factors which affect the OSC of
CeO;-containing materials, e.g. the nature of the catalyst and the reducing agent. It
remains, however, to ascertain to what extent the OSC effectively operates under exhaust
conditions. In fact, the importance of the OSC in improving the activity of the TWCs has
been often questioned. An immediate observation is that under real exhaust conditions,
the reduction of CeQ; — the slow step of the OSC — would have to occur in the presence
of oxidants such as H,O and CO, which although weak, each represent about 10% of the
exhaust.

The rates of oxidation and reduction of CeO, with H,O and H, respectively, were
measured by Otsuka et al. (1983). The data are reported in table 7. The oxidation of
the reduced CeO, moiety with water is fast and it occurs even at room temperature.
Notably, at 823 K, the initial rate of H; production from H;O, i.e. CeO; oxidation, was
proportional to the concentration of oxygen vacancies created in step 1. The rate of
reduction is increased upon mixing CeO, with NM, which is in agreement with hydrogen
being spilt over the support. The effect of the presence of NM on the oxidation rate is
remarkable and it indicates that catalytic splitting of the HO—H bonds or spilling over
some activated species onto the surface of the reduced CeO, should be rate determining
for NM-free CeO,. There is however, one important point to be considered. The rate
of oxidation and reduction did not vary as the surface area decreased from 18.8 to
10.0m? g™! upon consecutive reduction/oxidation processes (Otsuka et al. 1983). Under
the experimental conditions employed, the y in CeO, was between 1.85 and 2.00. Since
low surface areas were employed, is seems reasonable to assume that redox processes
were occurring prevalently in the bulk of the CeO; rather than on the surface. This, of
course, must affect the measured reaction rates. It was indeed shown that the presence
of oxygen vacancies located in the bulk of the reduced CeO; moiety promotes a fast
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MS signal (a.u.)

Fig. 26. Reduction/oxidation of CeO, at 823K
(surface area 30m’g™) in (1) empty reactor;
0 200 400 600 800 1000 1200 (2) dry gas feed and (3) water-saturated feed by
. respectively cycling between H, (solid curves) and

Time (s) 0, (dashed curves) in He. (Padeste et al. 1993))

CO, and NO dissociation, in contrast to surface oxygen vacancies (Trovarelli et al. 1992,
1995, Ranga Rao et al. 1996). The gradient of oxygen vacancies from the bulk to the
surface was suggested to provide the driving force for the fast activation of the X—O bond
(X=N,H, C) leading to the oxidation of the CeO, (Trovarelli et al. 1992, 1995, Ranga
Rao et al. 1996, Serre et al. 1993b).

Under dynamic conditions at 500—800 K, mostly surface redox processes are occurring.
Also in these conditions, the kinetics of the CeO; reduction are affected by the presence of
H,O (Padeste et al. 1993). This is exemplified in fig. 26 which shows that H; consumption
(CeO;, reduction) is depressed by addition of H,O into the H, stream. Notably, the
oxidation step in fig. 26 occurs in a stepwise manner, suggesting that the modulation
of the H, curve is due to the slow reduction of CeQ;. The overall degree of reduction
appears strongly affected by the presence of H,O as expected on the basis of the
phase diagram. Although, to the best of our knowledge, the effects of CO, addition on
CeO, reduction under kinetic control have not been measured directly, it is reasonable to
assume that the effects should be rather similar to H,O addition. With respect to H,O,
CO, is less effective in re-oxidising the reduced CeO,. A comparison of the effectiveness
of H,0 and CO, as oxidants showed that conversions of respectively 100% at 573 K
and 50% at 673K were achieved in re-oxidation of a reduced CeO, (Otsuka et al.
1983). CO;, dissociation effectively occurred also over reduced NM/CeO; moieties which
resulted in a re-oxidation of the support (Trovarelli et al. 1992, 1995). In both cases,
however, presence of oxygen vacancies in the bulk seems an essential pre-requisite to
obtain highly efficient CO, dissociation (Trovarelli et al. 1995).

In summary, the extent of the Ce**/Ce’* redox processes, i.e. the OSC, should be
heavily affected by the presence of both H,O and CO, under real exhaust conditions.



CERIA-CONTAINING THREE-WAY CATALYSTS 201

Nevertheless, as will be shown in subsequent sections, there is a clear evidence
for a strong relationship between the total/dynamic-OSC and the catalyst efficiency
of the TWCs.

2.2. Stabilisation of metal dispersion

Stabilisation of metal dispersion is an important topic for the development of active and
thermally stable TWCs. In fact, given the high cost of the noble metals, there is a strong
interest in maintaining high dispersion of the active metal phase even after severe ageing
of the TWC. Several authors have reported the favourable effect of CeO, in maintaining
the high dispersion of noble metals (Diwell et al. 1991, Duplan and Praliaud 1991, Su
et al. 1985, Su and Rothschild 1986, Summers and Ausen 1979). Figure 27 shows that
addition of CeQ; to a Pt/Al;O; catalyst strongly increases the Pt dispersion up to 1100 K,
as determined from pulse CO adsorption. Generally speaking, the stabilisation of the
dispersion of the supported NM particles is observed for all noble metals of interest in
the TWCs, i.e. Pt, Rh and Pd, even if it may happen to a different extent (Dictor and
Roberts 1989, Duplan and Praliaud 1991, Murrell et al. 1991, Primet et al. 1990).

A key of this general behaviour seems to be related to some common characteristics
of the NM particles on the CeO; surface. As shown by HREM studies, the organisation
of the metal-particle morphology over the CeO, surface is such that there is a clear
epitaxial relationship between the CeO, (111) and NM (111) faces. After low-temperature
reduction, the most common particle morphology is a truncated cubooctahedron in which
the NM (111) planes grow epitaxially with the CeO, planes (Bernal et al. 1993a, 1996,
1997b, Kepinski and Wolcyrz 1997). For example, for Rh/CeO,, this epitaxy leads to a
quite singular rhodium/ceria interface in which four Rh (111) planes (d(111)=0.220nm)
fit three CeO, (111) planes (d(111)=0.312nm). This implies the regular appearance
of metal dislocations at the interface (Bernal et al. 1993a,c). Notice, however, that
these dislocations cannot be unequivocally discerned from the HREM images, since
electron-optical artefacts may present similar features (Bernal et al. 1995a). For reduction
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Fig. 27. Effect of CeO, addition on stabil-
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temperatures up to 773 K, metal sintering appears rather limited, even though the nature
of the reductant may affect the particle stability. In fact, Dictor and Roberts observed
that under a CO atmosphere, the metal particles in a 0.46 wt% Rh/CeO,(10 wt%)/
Al,O; catalyst strongly agglomerated at 573 K, while little Rh agglomeration occurred
upon reduction in Hy (Dictor and Roberts 1989). This suggests that CO may act as
a coalescing agent, in agreement with the occurrence of oxidative disruption/reductive
agglomeration phenomena as detected by infrared spectroscopy (scheme 2). Notice that
the agglomeration/disruption process is favoured by the high mobility of the rhodium
dicarbonyl species which interacts with the surface hydroxyls (scheme 2).

The occurrence of the above reactions depends on the CO adsorption temperature
and the nature of the support. Addition of CeO, was shown to inhibit the reductive
agglomeration of rhodium at 573 K in comparison to Rh/SiO;, in agreement with the
stabilisation effects of CeO, on Rh dispersion (Solymosi et al. 1988). This is consistent
with the ability of CeO, to promote an intimate NM—~O-Ce interaction, which helps
maintaining a highly dispersed state of the NM under oxidising conditions (Brogan et al.
1994, Murrell et al. 1991) (compare sect. 2.4.1).

For reduction temperatures higher than 773K, i.e. 873K (Pd) and 973K (Rh, Pt),
decoration of metal particles by CeQ, was observed, resulting in a decrease of the
apparent dispersion on the NM (Bernal et al. 1995a, 1996, 1998a, Kepinski and Wolcyrz
1997). These effects can be reversed by an oxidation treatment, but it is observed that the
higher the temperature of the reduction, the higher must be the oxidation temperature in
order to completely reverse the effects of the high-temperature reduction (Bernal et al.
1994c¢, 1995a). Notably, this treatment may also lead to a redispersion of the metal phase
(Bernal et al. 1995a, Dictor and Roberts 1989).
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Some care, however, should be taken before the generalisation of the effects of CeO,
on NM dispersion as detected by HREM. In fact, while decoration of Pd particles was
observed at 873K by HREM (Kepinski and Wolcyrz 1997), infrared studies showed
that highly dispersed Pd on HSA CeO, (142m? g ') was irreversibly (upon oxidation at
673 K, vide infra) encapsulated into CeO; for reduction temperatures as low as 623K
(Badri et al. 1996). However, when Pd was supported on LSA CeO, (15m?g!), no
encapsulation was observed and the decoration of the metal particles induced by the
reduction could be partially reversed. This is a clear indication that texture of CeO,
plays an important role in the stabilisation of the NM particles. In fact, due to the low
textural stability of CeO; under reducing conditions (Perrichon et al. 1995), sintering
of the CeO, support may possibly lead to loss of exposed metal surface area due to
NM-particle encapsulation. A lack of observation of such phenomena by HREM does
not exclude such phenomenon because in the HREM studies, due to the poor confrast
between the CeO, and the NMs, low-surface-area, texturally stable CeO, was employed.
In this respect, the presence of Al,O3 may favourably affect the metal dispersion since
CeO, sintering is prevented (sect. 2.1.2).

It is worth noting that the textural/particle stabilisations of the NM—CeO, couple is
a mutual effect. An increase of CeO; surface area with Pt content was observed upon
calcination at 1023 K (Murrell et al. 1991). Thus, the surface area of a HSA CeO,
(130m? g!') decreased to 20 and 100 m? g~! for Pt loadings of 0.5 and 5 wt%, respectively,
upon calcination at 1023 K. This is attributed to a strong NM-oxide—CeO, interaction
as detected by Raman spectroscopy, which helps preventing the sintering process of the
support.

2.3. Catalytic activity

2.3.1. CO/NO/hydrocarbon reactions

2.3.1.1. CO oxidation. CO oxidation is a major reaction responsible for the removal of
this pollutant from the exhausts. This apparently simple reaction has received considerable
attention in the literature. Before discussing the effects of ceria addition upon the
kinetics of CO oxidation it is worth to recall essential features of the CO oxidation
over the NM. The kinetics of the reaction has been examined for Pt, Rh and Pd wires
under stoichiometric to moderately oxidising conditions. First order in O, and inverse
first order in CO was found with activation energies between 117 and 125kJmol~! (Yu
Yao 1984). The favoured mechanism reported in the literature to explain these features
is the interaction between adsorbed O, and CO (Langmuir-Hinshelwood mechanism)
with the latter being strongly adsorbed on the surface, causing self-inhibition. The
reaction is suggested to be structure-insensitive and, accordingly, under conditions
where the surface is predominantly covered by CO, i.e., stoichiometric to reducing, an
excellent agreement was found between the Rh(111) and Rh/AL,O5 in both the specific
activity (turnover frequencies) and activation energies (121kJmol™! for Rh(111) vs.
125kImol™! for RW/AL,03) (Oh et al. 1986, Oh and Eickel 1990).
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The kinetics of CO oxidation are affected by the presence of CeO, (Mannila et al. 1996,
Shalabi et al. 1996, Hardacre et al. 1994, 1996, Bunluesin et al. 1995, 1996, Cordatos
et al. 1996a, Oh and Eickel 1988, 1990, Zafiris and Gorte 1993a, Summers and Ausen
1979, Maunula et al. 1997) and CeQ; itself catalyses this reaction (Tschope et al. 1995,
Liu and Flytzani-Stephanopoulos 1995b, Breysse et al. 1972, 1973). Some of the kinetic
parameters are gathered in table 8.

Over pure CeO; the reaction is zero-order in O, pressure and positive, nearly first-
order, in CO pressure (Breysse et al. 1972, 1973). Adsorption of CO on hydroxylated
CeO;, surface above 473K leads to the appearance of surface carbonate and inorganic
carboxylate species, which indicates that CO is oxidised by surface oxygen species, i.e.
CO reduces the CeO, surface (Li et al. 1989b). On de-hydroxylated surfaces, this reaction
occurred even at room temperature. This observation is in agreement with the suggestion
of Breysse et al. (1972, 1973) that lattice oxygens participate in the oxidation of CO by a
mechanism involving cyclic reduction/oxidation of the surface, according to the following
mechanism:

COgas > COpygs,

2Ceg, + COyugs + Of — COy 445 + Vi + 2Cel,
COza4s — CO; gas»

4Cep + Oy gas + 2V — 200 + Cep.

(15)

According to this mechanism, the reaction of CO with the lattice oxygen (Of)) creates
oxygen vacancies (V) in the solid. Ce*" is reduced to Ce* leading to n-type
semiconductivity. In their elegant work, Breysse et al. (1972) showed that if the second
step is rate determining, then, upon assumption of the steady-state hypothesis for the

oxygen vacancies (V{)), the electrical conductivity should be proportional to pag'S. They

found experimentally that o' oc i) *+0®.

Note that the assumption of the second step being rate determining is in agreement with
the above observation that CeO, reduction is a difficult step. Further, the CO-TPR results
discussed in sect. 2.1.1 showed that the sample morphology (crystallinity) strongly
affects the TPR behaviour, which reasonably should be reflected also in the activity.
Accordingly, nanocrystalline CeO,_, materials, generated by magnetron sputtering
from metal targets, followed by controlled oxidation, showed a decrease of the light-
off temperature (50% conversion) by 100—180K, compared to ultrafine precipitated
CeO, particles (Tschope et al. 1995). The remarkable difference in activity was
discussed in terms of non-stoichiometry of the nanocrystalline CeO- _, however, different
crystalline habit in the conventional and nanocrystalline materials could be also indicated
as responsible for the different activity. Indeed, computer simulation studies have indicated
that the energetics for the creation of oxygen vacancies on the CeO, surface strongly
depends on the face exposed, the more open (110) and (310) being favoured over the
most dense (111) face (Conesa 1995, Sayle et al. 1992, 1994b). This suggests that
appropriate synthesis leading to specific faces being exposed could generate highly active
CeO; oxidation catalysts.
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Some authors favoured the CO oxidation mechanism over CeQO, via an adsorbed
superoxide species (Sass et al. 1986, Tarasov et al. 1989). Superoxide and peroxide species
can be considered as intermediates formed during O, adsorption/dissociation according
to the following scheme (Zhang and Klabunde 1992):

02 ads < OE ads Ogiads « 2’O;ds < Oo. (16)

Formation of these species mainly depends on the electron-donating ability of the surface
and the presence of suitable sites for stabilising the formed species (Li et al. 1989a). In
fact, O; radicals form only when anion vacancies are created on the CeO, surface by a
thermal evacuation at 7 2> 473 K (Li et al. 1989a, Soria et al. 1995) or reduction (Li et al.
1989a). These species show a relatively low thermal stability since all the EPR signal
due to adsorbed paramagnetic oxygen adsorption-derived species, vanished after heating
to 473 K (Soria et al. 1995). Generally speaking, the above equilibria shift to the right
when the reaction temperature is raised, that is, at high temperatures the lattice oxygen will
be a major component (Liu and Flytzani-Stephanopoulos 1995a). Mobile lattice oxygen
species were detected by TPD of 80, (Liu and Flytzani-Stephanopoulos 1995a). Further,
in the oxidation of CH4 by 80, at 773 K, presence of '°0O was immediately detected in
the CO, produced, indicating that lattice oxygen effectively participates in the reaction
(Haneda et al. 1995). Accordingly, depending on the reaction temperature, lattice oxygens
may be involved either in the formation of the active catalyst or actively participate in
the reaction itself. This has been confirmed by measurements of surface concentration of
O3 radicals on a Ce,03/A1,0; catalyst (Sass et al. 1986). Above 498 K, the calculated
value of O; radicals which should ensure the experimental CO oxidation rate was about
3 orders of magnitude greater than the experimental concentration of surface O; radicals,
indicating that lattice oxygen is the active oxygen form under these conditions (Sass et al.
1986).

A perusal of data reported in table 8 reveals that the pure CeO; is at least two orders of
magnitude less active than the NM-containing catalysts. This suggests that only the effects
of the CeO, on the activity of the noble metal are of real interest under TWC conditions,
rather than the activity of CeQOy itself. One should also be aware that upon careful doping
of CeO, with other elements, Cu being the most effective, the CO oxidation activity can
be effectively enhanced to achieve activities comparable with Pt/Al, O3 (Liu and Flytzani-
Stephanopoulos 1995a,b). Unfortunately, despite the extensive research on Cu-based
catalysts for TWCs and especially for lean-DeNOx applications (Centi and Perathoner
1996), applicability of such systems in TWC catalysis is far away due to their low stability
under hydrothermal conditions.

As shown in table 8, the presence of CeO, significantly affects the kinetics of the
CO oxidation over noble metals (Bunluesin et al. 1995, Hardacre et al. 1994, Zafiris and
Gorte 1993a, Oh and Eickel 1988). Typically, the apparent activation energy decreases
from 110-130 to 50—85 kI mol™! (Bunluesin et al. 1995, 1996, Yu Yao 1984, Engler et al.
1989). Over Rh/CeO,—ALO; catalysts, an almost linear relationships for the apparent
activation energy with CeO; loading was found (fig. 28), suggesting a direct correlation
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between the CO oxidation activity and the presence of CeO,. Note that an equimolar
repartition of Rh on CeO, and Al,O3; would lead to a linear-type dependence of the
activation energy upon CeQO; loading.

Generally speaking, the effects of CeO, addition on the CO oxidation kinetics are
revealed under stoichiometric to reducing conditions (Oh and Eickel 1988, Bunluesin
et al. 1995, 1996, Zafiris and Gorte 1993a). As shown in fig. 29, under strongly oxidising
conditions, i.e. very low CO concentrations, both Rh/Al,O3 and Rh/CeO,—Al, O3 show
a positive (+1) reaction rate dependency on the CO pressure. This is consistent with
the studies carried out on model Rh (111) and Rh-wire catalysts (Oh et al. 1986). The
implication is that under low CO pressure, the CO inhibition outlined above is ineffective
since the surface is mainly covered by adsorbed oxygen (Oh et al. 1986). The transition
from first-order to negative first-order dependence of the reaction rate on CO pressure,
which is seen around 0.1 vol% for Rh/Al,O5 (fig. 29), is a direct consequence of the
increase of CO surface coverage. This inhibits dissociative O, adsorption, thus accounting
for the negative dependence. At variance with Rh/Al,0;, the reaction rate is effectively
enhanced over Rh/CeO,—Al,0; above 0.5 vol% CO. Moreover, a zero-order dependence
on CO pressure is found.

According to Oh and Eickel (1988), the origin of this effect should not arise from
modification of the CO adsorption characteristics since both TPD and infrared spectra
were not significantly altered by the addition of CeO, to Rh/Al;O;. This finding was
contradicted by subsequent studies which showed a strong modification of the CO-TPD
spectra upon addition of CeO, to NM/Al,O5 catalysts (L66f et al. 1991a) (for a discussion
of this point see sect. 2.3.1.2). Also the CO-TPD profiles obtained on a Pt/CeO, catalyst
showed different characteristics compared to conventional catalysts such as Pt/SiO, due
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to significant CO, formation (Jin et al. 1987). By pre-adsorbing either labelled '*O or
H;O before the CO-TPD, the authors were able to show that both water gas shift reaction
with adsorbed H,O/—OH groups and reaction with oxygen from PtO were not responsible
for this CO, formation. Accordingly, they suggested that the oxidation of adsorbed CO
is promoted by the high mobility of CeO; lattice oxygen located at the periphery of the
metal particles (Jin et al. 1987).

The influence of the NM and CeO, morphology on the ceria-promoted CO oxidation
has been investigated in detail by Gorte and co-workers (Stubenrauch and Vohs 1996,
1997, Cordatos et al. 1996a,b, Bunluesin et al. 1995, 1996, Zafiris and Gorte 1993a,b,
Putna et al. 1996, 1997). They compared the CO oxidation activities of Pt, Pd and Rh
supported on ceria films supported on an oxidised Al foil with those of NM/AL,O;
(Bunluesin et al. 1996, Zafiris and Gorte 1991). Under stoichiometric or slightly
reducing conditions they obtained kinetic parameters which are typical of NM-catalysed
CO oxidation (table 8, runs 7 and 9). In contrast, under strongly reducing conditions, a
rate expression of the type

r= kpgop%f

was observed (table 8, runs 5, 6 and 8). The CO pressure rate dependency is reported
in fig. 30. Two features are worth noting: the almost constant rate for all NM/CeQO,
catalysts in the zero-order region, and the transition from the NM-mediated (first order
in CO pressure) to the CeO,-promoted (zero order in CO pressure) rate expressions
occurring at different CO pressures depending on the nature of the noble metal. The
common reaction rate under the zero-order pressure [point (i)] is attributed to a common
rate-determining step which could be either oxygen migration from CeQO; to the metal
particles or a reaction at the interface between the metal and oxide phases. Note that
these two hypotheses are not in opposition, in the sense that oxygen migration to the
metal certainly involves the metal-oxide interface. As will be shown below, the rate in
the zeroth-order regime is very sensitive to ceria structure (Cordatos et al. 1996a) which
may suggest that the former mechanism is more important. In agreement, the reaction
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rates are similar even if there are some differences in the NM particle size (Rh, 2.3 nm;
Pt, 2.7 nm; Pd, 4.2 nm; Bunluesin et al. 1996). The different CO pressures for transition
to zero order [point (ii)] are due to different CO oxidation rates of the pure metals,
which shifts the intersection of the rates due to the metal-mediated and CeO,-mediated
reactions. Of course, the lower the specific activity of the noble metal, the higher is the
promoting effect of CeQ;. This is evident especially for Pt/CeO, where the transition
occurs below 10 torr of CO (fig. 30).

The dependency of the reactivity of CO on the CeO; surface morphology was
detected by TPD of CO pre-adsorbed on Rh/polycrystalline CeO;, Rh/CeO, (111) and
Rh/CeO; (100) (Stubenrauch and Vohs 1996, Cordatos et al. 1996a). Up to 20% of
CO desorbed as CO, from the polycrystalline sample, which decreased to about 2%
over CeO; (111) and CeO, (100). Notably, at comparable Rh surface coverage
(1-5 monolayers), the supported Rh featured particle sizes of 2.5-9.5nm and 14—15nm
for the polycrystalline and single-crystal CeO,, respectively. The ratio of the number
of Rh atoms at the Rh/CeO, interface to the total number of Rh atoms would be a
nonlinear function of the Rh particle size, with small particles having a higher percentage
of atoms at the interface. Consequently, the low CO; production rates observed on
Rh/CeO, (111) and Rh/CeO, (100) do not represent conclusive evidence that low-
index surface planes of ceria do not play an important role in terms of lattice-oxygen
donation (Cordatos et al. 1996a). As already observed for CO-TPR (Padeste et al.
1993), defective/disordered structure clearly promotes the ability of CeO; to release
lattice oxygen. The work reported by Cordatos et al. (1996a) is illustrative in this respect.
They studied 1.5x 10" Rh/cm? films deposited on polycrystalline CeO, films annealed
at 970K and 1270K to give CeO; particle sizes of 9—12 nm and 30—35 nm, respectively.
The two CeO, samples showed dramatically different morphology: flat, slightly porous,
regions separated by cracks at ~1 mm intervals were observed in the former case, while
upon annealing at 1273 K, ceria formed particles with round surfaces which revealed
facets of (111) and (100) surfaces.

Remarkably, significant CO, evolution is observed in CO-TPD (fig. 31) from the
Rh on CeO; annealed at 973 K, which becomes negligible on the sample annealed
at 1273 K. The latter sample shows only two CO desorption states at approximately
400K and 500K similar to what was observed for Rh on ZrO; or Al,O3 (Zafiris and
Gorte 1991). The CO, evolution is attributed to reactive lattice oxygen species located
on ceria, which migrate from ceria to the Rh particles providing oxygen supply for the
oxidation of CO. As shown in fig. 32, the correlation between the reactive oxygen species
detected in TPD of CO and the CeO,-promoted CO oxidation is straightforward. No zero-
order CO pressure dependence is found for the Rh/CeO, catalysts annealed at 1273 K.
Similar effects of the annealing temperature of the CeO, support on CO oxidation kinetics
were reported for Pt/CeO; (Jin et al. 1987) and recently also for Pd/CeO, (Bunluesin et al.
1997), which confirms the strict correlation between the CeO, promotional effects and the
CeO, particle morphology. Keeping in mind that thermal sintering of the NM/CeO; also
leads to loss of the NM/CeO, interactions as detected by H,-TPR (sect. 2.1.3), the present
data confirm the key role of these interactions in modifying the CO oxidation kinetics.
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Also, under transient conditions, the kinetics of the CO oxidation are remarkably
altered by the presence of CeO;. This is shown in fig. 33 where the effects of step-
wise change of feed composition from CO to O, and vice versa are compared for
Pt/Al, O3 and Pt/CeO,—Al,O3. When the feed is switched from CO to O, on the Pt/Al, O3,
adsorbed CO initially covers the Pt surface. This results in an immediate detection of O,
at the outlet since no adsorption sites are available for O, adsorption and dissociation.
Only when a significant fraction of CO has desorbed/reacted is the catalytic activity
recovered, resulting in a minimum in the O; trace. When the feed is switched from
0, to CO, CO;, production is immediately started showing no inhibitory effects. Such
a picture is fully compatible with a Langmuir-Hinshelwood mechanism, the Pt surface
being preferentially covered by CO. Addition of CeO; to the catalyst considerably alters
the reaction behaviour. The amount of CO, formed is higher compared to Pt/Al,O; and
no inhibitory effect of CO pre-adsorption is observed.

Since equivalent CO chemisorption was found for the two catalysts (CO/Pt=1.16 and
1.10 respectively for Pt/Al,0; and Pt/CeO,—Al;03), a decrease of CO surface coverage
for Pt/CeO,—Al,03 should be ruled out. The observed features can be explained by an
additional supply of reactive oxygen species which is provided by the supported CeO,
via a spillover-type mechanism. As discussed above, evidence for weakly bound
oxygen species on CeO; which are responsible for CO oxidation were reported by Gorte
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et al. for model NM-loaded and metal-free CeO, films (Putna et al. 1996, Zafiris and
Gorte 1993b).

CO conversion enhancements were neatly observed by Serre et al. (1993b) when a
Pt/Ce0,(14.5 wt%)—Al,05 catalyst was pre-reduced before the catalytic measurements,
while pre-oxidation led to activity comparable to that of Pt/Al,O5. The authors claimed
that the pre-oxidation was carried out under conditions where PtO; is unstable*, indicating
that it is the Pt—CeQ, interface which is affected by the oxidative/reductive pre-treatment
(Serre et al. 1991, 1993a). CeO; is known to stabilise the oxidised state of platinum
even at high temperatures due to a strong Pt—O—Ce interaction (Serre et al. 1991, 1993a,
Summers and Ausen 1979, Brogan et al. 1994). This suggested that a highly reactive
Pt—CeO, interface is generated by the reduction, which is responsible for the high CO
oxidation activity, while pre-oxidation leads to an inactive PtO,—CeO; interface, leaving
the bulk of the Pt in its metallic state as occurs in Pt/Al,O3. CO-TPD spectra support the
evidence for the sensitivity of the NM/CeO; interaction to the pre-treatment conditions.
In fact, as above quoted, Oh and Eickel (1988) did not find any appreciable effect of
CeO, addition on CO-TPD from an non-pre-reduced Rh/Al;O3; which showed a broad
peak at 323K and one or two other broad peaks at 500-515K. In contrast, Lo6f et al.
(1991a) found on pre-reduced catalysts that after addition of CeO,, CO evolves in a minor
peak at 350K and a major one at 740 K, indicating that CO is strongly retained on the
surface. Similar desorption features were observed on both Pt and Rh/CeO,, indicating
that the nature of the NM—CeO, interface affects the CO bonding to the noble metal
(L66f et al. 1991a, Munuera et al. 1991).

4 PtO, is stable in the range 673—823 K, approximately (Huizinga et al. 1984).
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In summary, the effect of CeO, addition upon the CO oxidation activity of the noble
metals seems to be attributable essentially to the ability of CeO;, to provide reactive
oxygen species to the noble metal, minimising the inhibition of O, adsorption/dissociation
by competitive CO adsorption. This effect is obviously observable under stoichiometric
to net reducing conditions, while under net oxidising conditions the kinetics of the
CO oxidation appear strictly related to those of the noble metal (Oh and Eickel 1988,
1990). In principle, it is difficult to evaluate to which extent these effects may be
operative under real exhaust conditions. In fact, the above-described promoting effects
of CeO; addition to NM/Al,03 are strongly sensitive to the pre-treatment of the catalysts
(Serre et al. 1993b, Summers and Ausen 1979, Yu Yao 1984).

However, recently a careful kinetic study of CO oxidation over a Pt/CeO,/Al,O;
catalyst carried out in the presence of CO, and steam (10kPa each) showed that for
CO and O, pressures ranging from 0.12kPa to 4kPa, the kinetics are conveniently
described (fig. 34) by a kinetic model which includes mono- and bi-functional reaction
paths (Nibbelke et al. 1997). The former reaction path could be described by the same
rate expression as obtained for Pt/Al,O3, while the latter involves a reaction between
adsorbed CO on the noble metal and oxygen from ceria.

2.3.1.2. NO reduction. Reduction of NO is an important topic within the framework
of the reactions occurring in TWCs (table 2). This subject has been reviewed and
the role of Rh discussed (Taylor 1984, 1993, Shelef and Graham 1994). Importantly,
while the removal of the two other classes of pollutants, i.e. CO and HC occurs via
an oxidation reaction, removal of NO requires that a simultaneous reduction occurs.
Generally speaking, decomposition of NO to give N; and O, would certainly be the best
option for the elimination of NO, from the exhausts but unfortunately no catalyst has
been reported so far which is sufficiently active and at the same time can withstand the
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harsh conditions of the exhaust. Nor have the so called lean-DeNOy catalysts reached a
sustainable activity to meet the legal requirements for the abatement of the NO, (Armor
1994, Shelef 1995). Accordingly, as discussed in sect. 1.3, the A/F ratio in the exhaust is
kept close to the stoichiometric ratio to provide reductants necessary for NO, reduction.
As outlined in table 2, it is generally considered that the reaction between CO and NO is
responsible for the removal of the latter pollutant (Shelef and Graham 1994, Taylor 1984,
1993, Taylor and Schlatter 1980, Oh and Carpenter 1986), even if the contribution of the
NO/H, reaction to NO removal should not be disregarded (Kobylinski and Taylor 1974).
Under model conditions, using equal CO and H; concentrations (4.5 mol%), about 80% of
the reacted NO was reduced by H, (Kobylinski and Taylor 1974). Despite this observation
and the fact that the H, content in the exhausts is about one third of the CO content,
excepting some early studies ((Taylor and Schlatter 1980) and references therein), this
reaction has received scarce attention in the literature (Kobylinski and Taylor 1974,
Hecker and Bell 1984, Sasahara et al. 1996, Dumpelmann et al. 1996, Maunula et al.
1997, deLange et al. 1995, Shinjoh et al. 1987, Otto and Yao 1980). To our knowledge,
there is a limited number of reports in the open literature which specifically address the
role of CeO, in the NO/H, reaction (Maunula et al. 1997, Dumpelmann et al. 1995).
Surprisingly, there appear to be no conclusive studies of the NO/CO/H; reaction system
despite the fact that all of these gases are present in the exhausts (Dumpelmann et al.
1995). Accordingly we will focus our attention mainly on the CO/NO reaction.

Rh has been generally added to TWCs due to its unique ability to efficiently promote
NO dissociation which is believed to be rate determining (Taylor 1984, 1993, Oh and
Eickel 1990, Hecker and Bell 1983), at least at low temperatures (Cho et al. 1989). An
elementary step mechanism for NO reduction by using CO was suggested by Hecker and
Bell (1983). Also, Cho (1992, 1994, 1996) performed a detailed kinetic investigation in
order to elucidate the role of intermediates, including N, O, in the NO—-CO reaction. Shelef
and Graham (1994) noted that NO is adsorbed in a dinitrosyl mode on highly dispersed Rh
and suggested that the unique efficiency of Rh to promote NO reduction is due to its
ability to promote N pairing in adsorbed NO molecules prior to N-O bond rupture. In
contrast, studies on model single Rh crystals suggested that recombination of adsorbed
nitrogen atoms is the true reaction pathway, i.e. NO dissociation occurs first (Oh et al.
1986, Zhdanov and Kasemo 1996). Whatever are the details of the reaction mechanism
on Rh, the overall reaction scheme for NO reduction by CO can be summarised as follows
(Cho et al. 1989):

NO +CO — IN; +CO,, (17
N,0+CO — N, + CO,, (18)
2NO +CO — N,0 + CO,. (19)

According to the reaction temperature the product selectivity shifts from N,O to Na,
reaction (17) being favoured above approximately 573 K (Oh and Carpenter 1986, Hecker
and Bell 1983, KaSpar et al. 1994, Cho et al. 1989). Note, however, that the reaction
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temperature at which N, O formation is observed depends on the flow rate of the reactants,
higher GHSV shifting the maximum of N,O formation to higher temperatures. This was
explained in terms of N,O being an intermediate of the NO/CO reaction (Cho 1994).

The contribution of the above reaction network to the elimination of NO from the
exhaust was confirmed by comparison of the CO/0Q,, CO/NO and CO/O,/NO kinetics
(fig. 35).

The lines for the CO/0O,/NO reaction lie close to those for the CO/NO reaction,
indicating that the overall reaction kinetics are dominated by the kinetics of the
CO/NO reaction rather than, as might be expected, those of the faster CO/O, reaction.
Accordingly, apparent activation energies of 117, 197 and 175kJmol™" are found for
the CO/0O,, CO/NO and CO/0O,/NO reactions, respectively (Oh et al. 1986). Further,
the presence of even traces of NO prevents the occurrence of the CO/O; reaction until
the extent of the NO/CO reaction becomes significant. This suggests that the onset of
these reactions in the CO/O,/NO mixture is controlled by the same mechanistic step, i.e.
blocking of the active sites by adsorbed molecular NO. Only when the reaction conditions
become favourable to promote NO dissociation, are reactive sites made available for the
oxidation of CO.

The effects of CeO, addition on the NO/CO kinetics over Rh/Al,O3 were analysed by
Oh (1990) and Cho et al. (1989) respectively under stationary and transient/feed-cycling
conditions. Under stationary feed composition, addition of CeO, (9 wt%) to Rh/Al,03
suppressed the N,O formation in the range of temperatures 523-573 K in excess of
CO (feed-stream: CO 1vo0l1% and NO 0.1 vol%) (Oh 1990). Conversely, under lean feed
(CO 0.1vol% and NO 0.5vol%) no appreciable change of selectivity was induced by
CeO, addition. Therefore, as already observed for CO oxidation (sect. 2.3.1.1), the
kinetics of the CO/NO reactions are significantly affected by the CeO, addition.

Rb/Ce0,Al, 05 catalysts are characterised by a single apparent activation energy
as long as sufficient CeO, is added (=2wt%) (Oh 1990). In contrast, Rb/AL,O; is
characterised by two apparent activation energies above and below approximately 500 K
(Pande and Bell 1986, Kadpar et al. 1994, Oh 1990, Oh and Eickel 1990, Hecker and
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Table 9
Kinetic power-law parameters for NO reduction by CO over supported Rh catalysts (Oh 1990, Pande and Bell
1986)
Catalyst E, NO consumption rate® Reaction
(kI'mol™) m n Fro temperature (K)

Rb/Ce0O,* - +0.54 -0.18 - 533
RW/CeO,(9 wt%)/ALO;" 75 +0.30 -0.19 - 533
Rh/ALO," 117 -0.14 +0.11 - 533
RWALO;¢ 101 -0.37 +0.03 0.82x107 483
RW/SIO, * 140 -0.17 +0.08 430x107 483
Ri/MgO*¢ 107 -0.15 +0.06 2.92x107? 483
Rh/TiO, © 82 +0.09 -0.22 7.75%107 483
RhLa,0;°¢ 126 —0.16 +0.04 475%107 483

2 Rate(TOF) = ko Pl Plo; ko =atm ™ g1,
® Data from Oh (1990); range of pressures: P, =7.6-38torr, Pyo=0.76—6.1 torr.
¢ Data from Pande and Bell (1986).

Bell 1983). This activation energy is significantly lower (75kJmol™") than the 117 and
159kImol™! observed on Rh/Al,O; below and above 550K, respectively (Oh 1990).
Except for a RW/TiO, catalyst, apparent activation energies above 100kJmol™' were
observed also on other conventional supports (table 9). As shown in table 9, the presence
of CeO, also alters the dependence of the reaction rate on the partial pressures of
both CO and NO. With the exception of those containing CeO, and TiO, as supports,
all the reported Rh catalysts show a zero- to weak positive-order dependence on the
partial pressure of CO and a weak negative-order dependence on the NO pressure. This
clearly indicates that both the reducible supports promote the NO/CO reaction. In fact,
Rh/CeO,(9 wt%)/Al, 03 showed reaction rates more than five times higher than those of
Rh/AL, O for T < 523K (Oh 1990).

Attempts to rationalise the above results have been made by comparing the TPD spectra
of adsorbed CO and NO, respectively, on NM/A1,03 and NM/CeO, systems (Oh 1990,
Loof et al. 1991a,b). Loof et al. showed that the desorption characteristics of CO are
modified by the presence of ceria. The TPD spectra of Pt and RW/AI,O5 feature three
overlapping peaks at approximately 373K, 473K and 623—-673 K, which is broadly in
agreement with the TPD spectra previously reported by Oh (1990) and Pande and Bell
(1986) for both Rh/Al,03 and Rh/CeO;(9 wt%)/Al,O5. However, while Oh did not find
any significant modification of the TPD pattern in Rh/CeO,(2—9 wt%)/Al, O, L6f et al.
(19912) found that either Pt, Rh or Pt—Rh supported on CeO,(20 wt%)/Al,O; featured
a relatively small peak at 353 K and a large one at 743 K. The difference can be easily
rationalised by the different experimental procedures employed. Reduction at 900K was
carried out before the CO adsorption by Lodf et al. (1991a), with no pre-reduction in
the other case. In fact, the pre-reduction strongly affects the adsorption properties of
CeO,-based materials: On reduced (pure Hp, 4h, 575K) Rh/Ce0,/Si0; and Rh/CeO,
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a new infrared adsorption band due to strongly bound CO species, which exhibits a
high thermal stability, was observed (Lavalley et al. 1990). This band was attributed to
a NM—CO species with CO bound via oxygen to the reduced support (Lavalley et al.
1990). In fact, the amount of strongly adsorbed CO on CeO; increases with increasing
degree of reduction (Li et al. 1993, Lavalley et al. 1990).

In contrast, in the absence of a strong pre-reduction, the CO adsorption appears
unperturbed with respect to NM/Al,O; systems as found by Oh (1990). Since the
re-oxidation of CeQO; is easy, even in the presence of traces of NO (Padeste et al.
1994), it may be expected that under reaction conditions in the presence of NO and
CO the catalyst would be in an oxidised state. Consequently, the modification of
the kinetics of NO/CO reaction should be ascribed to the interaction of NO with
the Rh/CeO;,-based catalyst rather than that of CO. The interaction of NO with the
NM/CeO;, and CeO; moieties depends on the degree of pre-reduction of the system in a
similar fashion as occurs for CO. One should also be aware that NO efficiently oxidises
the reduced CeO,_, moieties according to reactions (2) and (3) (sect. 2.1) (Padeste
et al. 1994, Kim 1982). After reduction up to 773K, a Rh/CeO; _, catalyst decomposed
NO at room temperature (rt) producing first N, as the main reaction product at the
initial stage of reaction (Padeste et al. 1994). As the run progressed, N, and N,O were
produced simultaneously. Most of the catalyst oxidation occurred at rt, however, some
residual reaction occurred also at about 400—450K. Interaction of NO with CeO, showed
that reduction in H, at 723 K increased the NO dissociation and hence N, formation
compared to a thermal evacuation (Niwa et al. 1982). The oxygen evolved is incorporated
into the CeO,.

A further consideration is that a variety of nitrogen-derived species were detected on
evacuated/reduced surfaces: nitrites, nitrates, and hyponitrites (Niwa et al. 1982, Martinez-
Arias et al. 1995). The latter species has been proposed as an intermediate leading to
N;O and N, formation (Niwa et al. 1982, Martinez-Arias et al. 1995).

The surface O?~ species originated by breaking the N~O bond might constitute active
oxygen species contributing to the formation of NO; and NOJ species.

As far as the preferential formation of N; vs. N;O is concerned, it should be noted
that N, formation has been detected on HSA CeO, after a deep reduction, while mild
reduction treatments lead preferentially to N,O formation (Niwa et al. 1982). On the
basis of kinetic studies it has been suggested that breaking of N—O bonds in the adsorbed
N, 03" is the rate-limiting step for NO decomposition (Martinez-Arias et al. 1995). In the
presence of a significant degree of reduction in the bulk, an oxygen vacancy gradient from
the bulk to the surface would be established upon NO adsorption on the surface. This
provides an extra driving force for an efficient NO decomposition, as has been proposed
for CO; dissociation on reduced Rh/CeQO; catalysts (Trovarelli et al. 1995, de Leitenburg
et al. 1997). Refilling of the oxygen vacancies in the bulk annihilates this additional
driving force for NO dissociation and reduction. At this point mainly formation of N,O
is favoured. Further, the reaction of NO initially occurs with elimination of associated
surface vacancies which are generated by high temperature outgassing (vide infra), while
the isolated vacancies are affected only later (Martinez-Arias et al. 1995). Interestingly,
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the ability to reductively activate NO at low temperatures depends on the ability of CeO,
to form these associated vacancy sites. They exist on CeO; but their generation is more
difficult on CeO,/Al,O5 supports where CeO; is well dispersed on the alumina substrate
(Padeste et al. 1993). In summary, the interaction of NO with CeO; (CeO,/Al;03) leads
respectively to its disproportionation and, at the same time, the formation of hyponitrite
species. The decomposition of the latter species to give the reduction products is strongly
dependent on the presence of oxygen vacancies; pre-oxidation by O, inhibiting the
decomposition process.

Accordingly, the addition of CeO, to NM/Al,O3 (or substitution of Al,O3; with CeO,)
strongly affects the interaction of these catalysts with NO. This has been successfully
probed using the TPD technique (Cordatos and Gorte 1996, Valden et al. 1996, Lo6f
et al. 1991a,b, Altman and Gorte 1988). Let us now examine the NO desorption from
Rh catalysts. We will first discuss the TPD spectra of the Rh on Al,O5 (KaSpar et al.
1994, Pande and Bell 1986, Altman and Gorte 1988, Lo6f et al. 1991a,b) and CeO,
(Oh 1990, L56f et al. 1991a,b) due to the relevance of this metal to NO dissociation/
reduction. Typically the TPD spectra of NO adsorbed on dispersed Rh/AL, O3 catalysts
feature desorption peaks due to NO, N,O and N;. Nitrogen evolution in the TPD of pre-
adsorbed NO shows two peaks: the [3; peak centred at about 450—480 K and the f3; peak
centred at about 550—650 K, attributed respectively to the following processes (Campbell
and White 1978, Chin and Bell 1983, Root et al. 1983):

NO,; + N, - N; + O, + =, Br)
Na+ N, = Np + 2+, (B2)

where * denotes a Rh adsorption site.

The temperature of the 5; peak depends on the surface coverage (Campbell and White
1978, Chin and Bell 1983, Root et al. 1983), which is consistent with a second-order
desorption process. On increasing surface coverage, the 3 peak fills up first and moves
towards lower temperatures. At high coverage, most of the N, evolves as 8, 2 being
almost negligible (Chin and Bell 1983). In the presence of free re-adsorption, a single
N; desorption peak was observed which was shifted to high temperatures (KaSpar et al.
1994).

Both the NO and N,O desorption features are affected to a minor extent by the
Rh particle morphology. At variance, the N, desorption is strongly effected by the
Rh particle size: larger particles favour N, formation and make the low-temperature N,
desorption features prominent (Altman and Gorte 1988, KaSpar et al. 1994). This is in
agreement with the suggestion that NO dissociation is sterically demanding and requires a
certain number of adjacent Rh sites (Campbell and White 1978, Villarubia and Ho 1987,
Oh et al. 1986). Similarly, a dependence on particle size of the NO desorption features
was also observed for Pt and Pd model catalysts supported on a-Al,O5 (0001) (Altman
and Gorte 1988, 1989, Cordatos et al. 1995). On Pt/o-Al,03(0001), the fraction of
pre-adsorbed NO which reacted depended on particle size: about 85% of adsorbed NO
dissociated on Pt-film which decreased to 45% for Pt particles of about 1.7 nm. This is
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consistent with the above quoted structure sensitivity of the NO dissociation. In contrast,
on Pd/a-Al,03(0001), as the metal particle size decreased, a larger fraction of adsorbed
NO reacted (Cordatos et al. 1995). In both cases, however, in CO/NO co-desorption
studies, formation of CO, was observed at the same temperature at which N; was
formed in TPD measurements of NO (Cordatos et al. 1995, Xu and Goodman 1994).
In contrast, CO, formation was observed on Rh/a-Al,03(0001) at temperatures lower
than N, desorption, suggesting that rate of N, formation in the TPD is limited by
NO dissociation on Pd and Pt, and by N, recombination on Rh (Cordatos et al. 1995,
Altman and Gorte 1988, 1989).

The interaction of NO with model NM/CeO, systems shows different characteristics.
Similarly to the TPD of CO discussed in sect. 2.3.1.1, the morphology of the ceria
films plays a fundamental role in the NO desorption. Annealing at high temperatures
which leads to ordered CeO, structures, brings to NO and CO desorption characteristics
which are equal to those obtained on both oxidised Al foil and a-Al,O; (0001) (Cordatos
and Gorte 1996, Cordatos et al. 1996a, Zafiris and Gorte 1992). However, when highly
disordered and presumably defective ceria films are investigated, the NO TPD appear
strongly affected by CeO, (Cordatos and Gorte 1996). Under similar experimental
conditions, desorption of NO from a Pd/CeO, model catalyst produced prevalently No,
while the TPD of NO from Pd/a-Al,O05;(0001) mostly showed evolution of NO and
some dissociation as detected by production of N,O and N, (Cordatos et al. 1995,
Cordatos and Gorte 1996). Further, a mild reduction of Pd/CeO; by CO (10 min, 650K,
pco=1x107torr) strongly increased the intensity of the N, signal due to a strong
increase of the overall amount of nitrogen-derived species on the catalyst. The sum of
desorbed amounts of N, N,O and NO were 0.8 and 3.5 respectively on the fresh and
reduced catalysts (Cordatos and Gorte 1996) (fig. 36).

The increase of NO adsorption upon reduction of Pd/CeQ, is clearly associated with the
ability of reduced CeO, _, moieties to reductively activate the X—O bonds (X=C, N, H),
except for CO which does not re-oxidise surface Ce** sites (Otsuka et al. 1983, Ranga
Rao et al. 1994, Trovarelli et al. 1992, Niwa et al. 1982, Arai et al. 1993). Accordingly,
a reduced Rh/TiO, catalyst showed a significant increase of NO uptake compared to
RW/AL,O3 or RW/SiO; (Pande and Bell 1986). It is worth noting that the promotion of
NO dissociation reported by Cordatos and Gorte (1996) was observed on both reduced
and oxidised catalyst indicating that in both cases CeO, is prone to receive oxygen
species, presumably via a spillover mechanism. The ability of the support to receive
oxygen is higher as the degree of reduction of ceria is deeper. Accordingly, it has been
shown on high surface area NN/CeO,/Al, O3 (NM =Rh, Pt) catalysts that when oxygen is
deposited on the noble metal and, consequently, on the reduced ceria by successive NO
TPD runs, the NO dissociation is progressively inhibited (L36f et al. 1991a). Notably, the
accumulation of oxygen via the reaction

2NO - N, + 20, (20)

leads to an initial inhibition of the low-temperature NO dissociation path (). The high-
temperature [, path is affected only in subsequent runs (fig. 37).
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The observation that CeO, promotes NO dissociation at low temperatures (Oh
1990, Loof et al. 1991ab) is consistent with the decrease of activation energy
for the NO/CO reaction induced by CeQO,. Further, the oxygen-inhibiting effect on
NO decomposition is much slower when ceria is added to the catalyst. In fact, more
oxygen doses are necessary to block the NO dissociation (fig. 37). In summary,
CeQ, appears to promote the NO/CO reaction by increasing the rate of NO dissociation.
The promotional effect is affected by the pre-treatment/degree of reduction of ceria. On a
pre-reduced catalyst, CeO, may directly participate in the NO reduction via a redox-type
mechanism. In fact, NO adsorption on the support is enhanced. Differently, on oxidised
catalysts the ceria may enhance the activity by acting as an oxygen acceptor via oxygen
spilling from the metal over the support.

The ability of CeO; to affect the NO/CO reaction over Rh was clearly established under
cycling conditions (Cho et al. 1989). When, under cycling conditions, the reactant flow
is switched from CO to NO over the Rh/Al,O5 catalyst, the NO decomposition activity
starts to decay after 5—6 s into the NO half-cycle, yielding a time-averaged NO conversion
of 76%. Using the Rh/CeO, catalyst, despite comparable metal loading and dispersions
(CO/Rh=0.54 and 0.47 respectively for Rh/Al,03; and Rh/CeQ,), the decay of NO starts
at 7s, yielding a time-averaged NO conversion of 94% (fig. 38; Cho et al. 1989). This
enhancement of conversion was attributed to the large oxygen storage capacity of CeO;
(Cho et al. 1989). Note that these experiments were carried out above the catalyst light-
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off temperature where, according to Cho et al. (1989), the reaction rate is limited by the
scavenging of surface oxygen accumulated on the metal by CO. This suggests that the
increase of the NO conversion could be attributed rather to an increased efficiency in
depleting the oxygen from Rh particles via the Rh—CeO, interface, as already proposed
for CO oxidation, than to a direct participation of CeO; in NO decomposition.

The higher efficiency of pre-reduced CeQO,-based catalysts in the reduction of NO
compared to pre—oxidised ones was confirmed by step-wise Hy/NO and NO/H, exchange
experiments (Maunula et al. 1997). When the flow of reactants over a Rh/Ce0,/Al,04
was switched from H, (1% in He) to NO (1% in He) and vice versa, in both cases an
instantaneous N, production was detected. However, the amount of N, produced in the
switch from H; to NO was at least twice that observed with the exchange order inverted.

Finally, whereas its relevance to three-way catalysis is to be ascertained, recently an
interesting effect of CeO, addition to Pt/Al,O3 was reported (Mergler and Nieuwenhuys
1996): under net reducing conditions (CO:NO=3:1 in He, concentrations <4% ~ not



CERIA-CONTAINING THREE-WAY CATALYSTS 221

specified), a Pt/Al,O5 catalyst quickly deactivated on stream even at 673 K. On the
contrary, Pt/CeO,/Al,O; showed oscillations in the reaction rates with a period of 18 min
at this temperature. Apparently, the addition of ceria results in oscillatory behaviour and
maintains the catalytic activity. The oscillatory behaviour is attributed to the build-up of
a stable Pt"*—CO species responsible for the deactivation of the catalyst. This species
is slowly removed by reaction with adsorbed O generated by the NO dissociation on
CeO, _, or by the lattice oxygen of CeO;_,, thereby accounting for the lack of oscillatory
phenomena on Pt/Al,O;.

2.3.2. Water—gas shift reaction

The water—gas shift (WGS) reaction is an important reaction in the framework of exhaust
abatement since it can significantly promote the catalytic removal of CO by its reaction
with H,O. Supported Group-VIII metals effectively catalyse this reaction, see for instance
Taylor et al. (1974) and Grenoble et al. (1981). Schlatter and Mitchell (1980) clearly
demonstrated that the WGS reaction induces a significant transient enhancement of the
CO conversion during changes between rich and lean exhaust stoichiometry. During their
transient experiments on a Pt—Rh/Ce0,/Al,0; system, formation of equimolar amounts
of CO, and H, has been observed (fig. 39), while no additional CO conversion was

Rich Lean Rich feed

-
=}
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1

Fig. 39. CO, and H, production during a step
change experiment at 823K on 0.05wt% Pt—
0.005wt% Rh/CeO,(0.7 wt%)/Al,0,, GHSV=
104000h7!; rich feed: 1% CO, 10% H,0,
N, balance; lean feed: 0.2% CO, 1% O,,

) 10% H,0, N, balance. (Schlatter and Mitchell
Time (min) 1980.)
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measured in the absence of water. Although their time scale (several minutes) during
the step-change experiments was far from that of a real TWC, they clearly pointed out
a potential additional pathway for CO conversion, which has induced a strong research
interest towards additives/components for TWCs which improve the WGS reaction.

It has been reported that the support has a major effect on the activity for the WGS
reaction. Grenoble et al. (1981) suggested that the metal activates carbon monoxide
whereas support sites are the principal sites for water activation. They suggest that the
interaction of water molecules with the support can occur both through a dissociative
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adsorption (reaction 21) or a non-dissociative adsorption (reaction 22), depending on the
reaction temperature, degree of dehydration and relative amount of Lewis acid centres:

H,0 + S-O-S «» 20H-S, Q1)
H,0+ S « H,0-S. 22)

They proposed formic acid as an intermediate since its decomposition involves both the
product and the reactant of the WGS reaction. The formation of formic acid can be
schematically represented as follows:

M—CO + S—OH, « S—OHCHO + M. 23)

On the basis of this hypothesis, they suggested that the effects of support might be related
to its acidity. The lower activity of the SiO, support compared to that of Al;Oz has
therefore been interpreted in terms of a minor presence of Lewis sites.

It has been observed that by doping alumina with various alkali metals it is possible
to promote the WGS reaction (Amenomiya and Pleizier 1982). Certainly, CeO; is the
most studied additive to TWCs, not only for its beneficial effects on the OSC, as
already discussed, but also for its role in improving the WGS reaction. Partially reduced
ceria decomposes water, producing hydrogen (Otsuka et al. 1983). In fact, the AG
for the reaction Ce;0; + H,O=2CeO, +H, is negative at the working temperature of
such catalysts. Shido and Iwasawa (1992) studied the reaction mechanism of the WGS
reaction over CeO; by FTIR. They found that, on partially reduced ceria, CO interacts
with terminal OH groups to form bridge formates, which convert to bidentate formates.
The presence of water stabilises bidentate formates on CeO, and therefore inhibits the
backward decomposition of the formates to OH+ CO. In the presence of water, the
activation energy for the backward decomposition increases more than that for the forward
decomposition, favouring the WGS reaction. The authors suggested that the bond scission
of both C~H (formate) and O—H (hydroxyl) be involved in the transition of the rate-
determining step of the WGS reaction. They proposed a mechanism in which the hydrogen
of the C—H (formate) can interact with the hydrogen of the bridged OH groups to produce
H, and unidentate carbonate. Finally water molecules favour the decomposition of
unidentate carbonate to CO;, regenerating surface OH groups. In a following paper (Shido
and Iwasawa 1993) they extended their investigation to the Rh/CeO; system. By addition
of a small amount of Rh (0.2%) to ceria, the WGS reaction rate increased dramatically,
especially in the presence of water. They suggested that the mechanism proposed for
the pure support is operative also for Rh/CeO,. However, Rh promotes formation and
decomposition of bidentate formates on Rh/CeO, compared to CeO,, as indicated by a
lower activation energy and decomposition temperature. This effect has been correlated
with the easier formation of oxygen defects in Rh/CeO, with respect to CeO;. In the
presence of water the forward decomposition rate of formates on Rh/CeO, increases and
the relative activation energy decreases. From isotopic investigation, they suggested that
the rate-determining step of the WGS reaction on Rh/CeQ; is the dissociation of the



CERJA-CONTAINING THREE-WAY CATALYSTS 223

10000

5000 4

CO, signal (ppm)

Fig. 40. (1) Steady-state and (2) transient water—gas shift
activity at 723 K on 0.003 wt% Rh/Al,O, (dotted curve) and
0.003 wt% Rh/Ce0,(1.02 wt%)/Al,0, (solid curve) following
30'00 L 5000 an oxidation step in 1% O, for 15min. GHSV=100000h",
1% CO, 10% H,0, N, balance; lean treatment: 1% O,,

Time (s) 10% H,0, N, balance. (Weibel et al. 1991.)

C—H bond of the bidentate formate. In contrast, a parallel experiment suggested that the
activation of both the C—H bond of formate and the O—H bond of an adjacent bridge
OH group in the transition state are necessary on pure CeO,. This indicates that the
presence of rhodium modifies the local electronic structure and the surface morphology
around the active site (Martinez-Arias et al. 1997). It was suggested that the charge
rearrangement and local reconstruction of the Ce—O sites due to the presence of Rh
favours the activation of the C—H bond of the formate, leading to low activation energy.

Weibel et al. (1991) observed that, following a switch from a lean to a rich reaction
mixture, Rh/Ce0,/Al,03 shows a significantly higher transient WGS reaction activity
compared to Rh/AL, Oz (fig. 40). However, it should be noted that the activity decreases
more rapidly when ceria is present. Remarkable is the fact that these significant changes
are observed upon adding only 1.02 wt% of ceria. To account for the enhancement in the
WGS reaction activity after CeO, addition, they proposed a reaction mechanism based
on the formation of an active Rh-oxide catalyst. It has been suggested that the interaction
between Rh and Ce regulate the formation of the active sites, which are deactivated
by adsorption of water and formation of hydroxyl groups strongly bonded to the active
centre.

Herz and Sell (1985) mainly associated the increase of CO conversion for Pt/CeO,/
Al,O; catalyst with the oxygen storage capacity of ceria, although their results do
not completely exclude participation of the WGS reaction. They observed a different
response for the Pt/Rh/Ce0,/Al, 05 catalyst, which suggests that the greater enhancement
of CO conversion should be attributed to the WGS reaction.

Zafiris and Gorte (1993a,b) suggested a different mechanism to account for the transient
enhancement of the WGS reaction in the case of Rh/CeO;. They have found evidence that
oxygen can migrate from CeO; onto supported Rh and there react with CO to form CO,
at relatively low temperature. The catalytic cycle can be completed by the re-oxidation of
the partially reduced ceria by water. An interaction similar to that between ceria and Rh
was not found for Pt/CeQ, catalysts, providing an explanation for the poor WGS reaction
activity they observed on a Pt/CeQ; catalyst. However, CO, formation was reported in a
TPD study of CO on a high-surface-area Pt/CeO;, catalyst (Jin et al. 1987), suggesting
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that oxygen migration can occur from ceria to Pt, but the rate might be lower than on
Rh/CGOz.

There are some additional factors that must be considered in order to interpret the data
concerning the WGS reaction on noble-metal-loaded ceria-containing materials: the redox
properties of ceria strongly depend on its structure and surface; they are significantly
effected by chemical/physical treatments; the loading and the dispersion of the supported
metal have a great influence on type and intensity of the interactions between metal
and support. On this basis it seems reasonable that the WGS reaction on noble metals
supported on ceria or CeO,/Al, O3 occurs through a bifunctional mechanism in which CO
adsorbed on the noble metal is oxidised by ceria, which can then be re-oxidised by water.
Differences in activity can be rationalised in terms of differences in the reducibility of
ceria due to different crystallite size.

A detailed kinetic study of the CO oxidation over Pt/Al;O; and Pt/Rh/CeO,/Al, O
has been published recently by Nibbelke et al. (1997). They observed that the presence
of steam significantly enhances the rate of CO oxidation, although in their reaction
conditions the contribution of the WGS reaction to the conversion of CO seems to be
negligible. They proposed the existence of two reaction paths to explain the kinetic data.
The first one is catalysed by the metal only, while the second one involves a reaction
between CO adsorbed on the metal and oxygen from ceria at the noble metal/ceria
interface. In the case of Rh/Pt/Ce0,/Al; 05, the accelerating effect of steam on the CO
reaction rate was explained in terms of an increased rate of dissociation of molecular
oxygen adsorbed on ceria, according to the following reaction steps:

H,0+ Os +s < 20H;, 20H; + O; — 30, + H,0, (24, 25)

where s is an adsorption site. The promoting effect of steam on the rate of CO oxidation
over Pt/Al,O5 has not been elucidated. The authors, however, suggested that water might
affect the adsorption equilibrium of CO, resulting in a decreased CO inhibition, or it
might increase oxygen adsorption on the Al,O3 support in an bifunctional mechanism
analogous to that proposed for the ceria-containing system.

A comparison between the experimental data for CO oxidation on Rh/Pt/CeQ,/Al, 04
and the modelling using both the proposed bifunctional mechanism and the metal-only
mechanism is reported in fig. 34 (compare sect. 2.3.1.1). Although the authors did not
distinguish between the specific activities of Pt and Rh, a satisfactory understanding of
the kinetics of CO oxidation emerged.

Loof et al. (1991b) also pointed out the importance of considering the effective
contribution of the WGS reaction in the real exhaust environment. They showed that
the presence of traces of SO, has detrimental effects on the WGS reaction activity.

All these considerations suggest that the presence of CeO; in the NM/Al; 05 catalysts
favourably contributes to the removal of CO via the WGS reaction, CeO; being active
itself. A comparison of the activities of Pt, Rh and mixed Pt—Rh catalysts in the presence
of CeO, was reported by Barbier and Duprez (1993) (fig. 41). The presence of CeO,
clearly promotes the effectiveness of the NM catalyst as the light-off temperatures always
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decrease in the presence of CeO; (fig. 41). Although the Pt catalysts appear more active
than both the Rh and bimetallic ones, no direct comparison of the specific activities can
be drawn from the light-off temperatures due to the fact that different metal loadings
were employed. Cho (1991) clearly indicated that light-off temperatures can be taken
as an indication of the specific activity of supported catalysts as long as equal areas
of exposed metal are employed. This was confirmed in a study of the effects of metal
dispersion in the NO/CO reaction (KaSpar et al. 1994). Nevertheless, the fact that addition
of Rh to the Pt catalysts results in a decrease of activity suggests that Pt is more active
compared to the Rh catalyst. The relative decrease of light-off temperatures upon CeO,
addition is 11%, 9% and 7% for Pt, Rh and PtRh catalysts, respectively. This also indicates
that the Pt/CeO, combination is more effective than the other ones in promoting the
WGS reaction.

Comparisons of the specific activities of the Pt and Rh catalysts and the effects of CeO,
addition on the WGS reaction are reported in table 10. Under the reaction conditions
employed, the activity of both Pt/Al,O3; and Rh/Al,O; is approximately doubled upon
addition of CeO,.

Addition of O, to the reaction feed-stream strongly inhibits the reaction rates. However,
the effect of CeO, is remarkable: there is a 2000—-3000-fold drop of activity for the Al, O,
supported catalysts, which decreases to less than 50-fold in the presence of CeO5.

Bearing in mind that most of the above findings were obtained under stationary feeds,
it seems reasonable to conclude that CeO, effectively improves CO removal via the
WGS reaction, however, under practical applications such effects are only significant
above 600K and under rich conditions, where O, competition for CO is minimised.
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Table 10

Activation energies and turnover frequencies for Al,O;- and CeO,/Al, O;-supported Pt and Rh catalysts

Catalyst* Inlet pressures (kPa) E, (Imol™) NP
CO H,0 0,

Pt/AL, O, 0.8 10 54 680
Pt/Ce0,/Al, O, 0.8 10 1450
RW/AL O, 0.8 10 80 16
Rh/Ce0,/Al, 0, 0.8 10 85 36
Pt/Al, O, 0.8 10 0.16 113 0.21
Pt/Ce0,/Al, 0O, 0.8 10 0.16 96 125
Rh/Al, O, 0.8 10 0.16 110 0.009
RW/Ce0,/AlL O, 0.8 10 0.16 117 0.81

@ GHSV=250000h"'; catalysts: [wt% Pt/ALO,;, 02wt% RWALO,, 1wit% Pt/CeO,(12wt%)ALO;,
0.2 wt% Rh/CeO,(12 wt%)/Al,0;.
® Turnover frequencies (h™!) per metal atom.

Accordingly, a significant increase of CO conversion upon addition of HO was detected
in the rich spike CO conversion (Diwell et al. 1991).

2.3.3. Steam reforming
In addition to its role as a reactant for CO removal by water—gas shift, steam can contribute
to the removal of hydrocarbons via steam reforming. Steam reforming is indeed an
industrial process, which is used for the production of hydrogen or syngas (Duprez 1992).
Steam effects in three-way catalysis have been reviewed by Barbier and Duprez 1994,
accordingly we will focus only on some relevant aspects related to the role of CeQO;.

In steam reforming the hydrocarbons are converted into H, and CO,. Formally, the
following equation describes the chemical process:

C,H, +2nH,0 — nCO, + (2n + Sx)H,. (26)

In principle, such a process can contribute to the removal of hydrocarbons, however it
should be noted that other oxidants, particularly O, itself, are present in the exhaust and
may compete with the steam. A comparison of the activities in the steam reforming,
CO oxidation and WGS reactions on Pt, Pd and Rh catalysts was attempted by Whittington
et al. (1995). The results reported in fig. 42 show that the light-off temperatures increase
according to the following order: CO oxidation <« C;Hg oxidation (dry conditions) <
C3Hg oxidation (H,O present) < steam reforming = water—gas shift. Thus it appears
that both steam reforming and water—gas shift reaction can occur in a TWC, but only at
temperatures above those necessary to initiate oxidation. The comparison of the catalytic
efficiency of the three noble metals investigated should be considered with caution.
Similarly to the data discussed above for the WGS reaction, due to the fact that the authors
did not report the metal dispersions, the trends of the light-off temperatures reported in
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Fig. 42. Light-off temperatures for competing CO and propane oxidation, water—gas shift and steam reforming

reactions, Full reaction mixture: GHSV =19000h™'; 0.5% H,, 1.6% CO, 0.13% C;H;, 15.1% H,0, 13.4% CO,,

N, balance. Other mixtures: H,0/0, are replaced with N,. Catalysts: 0.3 wt% of noble metal of CeQ,-ALO;.
(Whittington et al. 1995.)

fig. 42 should be considered in a qualitative way. A perusal of fig. 42 reveals that while the
oxidation and WGS activities roughly follow the order Pt < Pd < Rh, the opposite is being
observed for steam reforming. The presence of CeO; seems to favour the steam reforming
activity and CO oxidation, while no beneficial effect is observed in the other cases. Use
of stationary feed and the non-specified loading of CeO, may explain this result.

Generally speaking, the contribution of steam reforming to HC removal was observed
in model feeds as long as nearly stoichiometric or O,-deficient reaction conditions are
investigated. Duprez and co-workers (Barbier and Duprez 1992-1994, 1995, Maillet
et al. 1996) investigated the oxidation of propane in the presence of under-stoichiometric
amounts of O, on Pt, Rh and Pd catalysts. Under such conditions the light-off curve
of the propane oxidation presents two different regions (fig. 43). The first occurs at
low temperatures where the oxidation with O, takes place; the second one, when O,
is completely consumed, corresponds to the reaction of H,O produced by oxidation with
residual propane (steam-reforming).

Remarkably, almost no H; was detected until all the added O, was consumed, indicating
that the two reactions occur in a sequence. Once again, it appears that the contribution of
steam reforming to the overall HC removal might be significant only at rich conditions
when insufficient amounts of O, are present for the direct oxidation reaction. This was
confirmed when the H, production was monitored in propane oxidation as a function of
the stoichiometry of the feed (Barbier and Duprez 1992). In the presence of H,O and O,,
propane can be oxidised according to the following reactions:

C3H;g + 50, —3CO, + 4H,0, (27)
C3Hs + 3H,0 — 3CO + 7H,, (28)
Cs;Hg + 6H,0 — 3CO; + 10H;, 29



(3]
[N}
co

J. KASPAR et al.

—_

D o] o
o o o
1 1

EN
o
1

CgHg Conversion (%)

0 T
473 573

T T
673 773

T T T
873 973 1073 1173

Temperature (K)

-
Ly D (o2 o
o o o o
1 1

n
o
!

C3Hg Conversion (%)

{ Rh

0_

I
473 573 673

773

I T T
873 973 1073 1173

Temperature (K)

Fig. 43. Temperature-programmed oxidation/

steam reforming of propane in an oxygen-

deficient reaction medium, GHSV=250000h"";

feed 0.8% CO, 0.16% O,, 10% H,0 in Ny;

catalysts: (1) 1 wt% Pt/AL, 05, 0.2 wt% Rh/AL,O;,

1wt% Pt—0.2wt% RW/ALO;; (2) 1wt% Pt/

Ce0,(12 wt%)/Al, 05, 0.2 wt% Rh/CeO, (12 wt%)/
ALO;, 1wt% Pt—0.2wt% Rh/CeO,(12 wt%)/

AL QO,. (Barbier and Duprez 1993.)

where reaction (27) is the direct oxidation, while reactions (28) and (29) correspond to
steam reforming. Data reported in fig. 44 show that as the ratio R, which is defined as
the ratio of experimental O,/C;Hg concentration to the stoichiometric ratio necessary
for the oxidation of CsHg, increases to 1, i.e. stoichiometric oxidation (reaction 27), the
amount of H, produced tends to zero. Noticeably, when the H, production starts, only
small amounts of O, are present in the reaction mixture, which is a clear indication that
the two sets of reaction occur consecutively.

It is worth noting that in the absence of O,, steam reforming is reversibly deactivated,
presumably by coke deposition. This effect is particularly pronounced over Pt-containing
catalysts, while Rh catalysts are less sensitive to the deactivation. This suggests that Rh is
more effective as a steam-reforming catalyst compared to Pt. Under oxy-steam reforming
conditions (0.4% C;Hg, 0.8% O2, 10% H,0), the activity could be maintained for several
hours and the presence of H,O clearly promoted the activity compared to the dry feed
(Barbier and Duprez 1993). Note that steam reforming did not occur until all the O, was
consumed in the oxidation reaction. Steam virtually does not react in excess of oxygen.

The relative activity of the Pt and Rh in the oxy-steam reforming is of interest. As
shown in fig. 43, over Pt catalysts the two steps, i.e. oxidation and steam reforming,
are clearly discernible, while for the Rh a typical light-off type of conversion curve
is observed. This is attributed (Barbier and Duprez 1993, 1994) to both the low
oxidation activity of the Rh catalyst and the high steam reforming activity which
makes the two steps indistinguishable. The effects of CeO, are complex, especially
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in the mixed 1wt% Pt—0.2 wt% Rh/CeO,(12 wt%)/Al,0; catalyst. CeO, promotes the
Pt oxidation activity at 470-520 K, which depletes the O, concentration, making the
occurrence of steam reforming possible. Further it promotes the activity of Rh in steam
reforming at low temperature, and finally it helps to eliminate, via the WGS reaction, the
CO which is formed on Rh by steam reforming above 620K.

In summary, there are some similarities between the WGS and steam reforming
reactions over CeO,-promoted catalysts under TWC conditions. In fact, as long as O, is
present in the feed, it strongly competes with water as oxidant. This makes the occurrence
of these reactions possible only under rich conditions, while under lean conditions
significant promoting effects should not be expected. The inhibiting effect of O, seems to
be relaxed in the presence of CeO, compared to Al,O; as support, which could perhaps
be related to the high ability of CeO, to activate/exchange O,. However, the possibility
that CeQ; participates in the activation/reduction of H,O cannot be discounted, given its
ability to promote splitting of the O—H bond in the water molecule (Otsuka et al. 1983).

2.4. Supported-metal-CeQ; interactions

The discovery by Tauster et al. (1978) that a high-temperature reduction, typically in H
at 773 K, strongly depresses the H, and CO chemisorption of noble metals supported on
reducible oxides, particularly TiO,, triggered a renewed interest in the study of mutual
noble-metal—support interactions (supported-metal-support interaction or SMSI effect)
and their effects on chemisorption and catalytic properties. Also ceria, being an easily
reducible oxide, has been subject of such studies and typically the effects of high-
temperature reduction have been investigated, see for example Bernal et al. (1994b,
1995a), Cunningham et al. (1992), Trovarelli et al. (1992, 1993), Fan and Fujimoto
(1994), Datye et al. (1995), Meriaudeau et al. (1982), Da Silva et al. (1989), Cunningham
et al. (1990), de Leitenburg and Trovarelli (1995), Trovarelli (1996), and references
therein. A comprehensive discussion of metal-support interactions in the NM/CeO,
systems is outside the scope of the present chapter and we refer the reader to the review
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by Trovarelli (1996). Here we will focus our attention on some of the aspects, which
specifically affect the activity and the activation/deactivation of the CeO;-based TWCs.
Further, only the effects of oxidative and reductive pre-treatments will be addressed since
the specific roles of CeO; in promoting the different reactions in three-way catalysts have
been discussed in the previous sections.

2.4.1. Effects of high-temperature oxidising atmosphere

The effects of high temperature calcination has been studied by different authors due to
their inherent importance under the fuel-cut conditions, where the TWCs are subjected
to extremely high temperatures under oxidising conditions (above 1273 K in the close-
coupled catalyst).

Generally speaking, the effect of high-temperature calcination is to favour the
interaction of the supported metal particles with oxygen species from CeO;. Evidence
for Pt—O bonds not arising {from the related oxide have been detected by comparison of
Raman spectra supported on Al,O; and CeOy/Al; O3 (Brogan et al. 1994). By varying
the CeO, loading on Al,Os, two bands at 550 cm™" and 690 cm™' were detected which
were absent on Pt/Al,O;. Note that the relative intensity of these two bands does not
change with the CeO; loading although the intensity of the band at 465 cm™', due to
the triply degenerated T,, mode of CeO,, increases (fig. 45). This has been taken as an
indication that these bands derive from Pt-CeQO; species containing a Pt—O—Ce linkage.
Accordingly, in an another study (Murrell et al. 1991), an increase of Pt loading at a
constant CeO, content led to an increase of the intensities of the two bands associated with
the Pt—O bond. The two bands at 550 cm™! and 690 cm™ were attributed to respectively
asymmetric and symmetric Pt—O—Ce stretching (Brogan et al. 1994). Formation of the
M—-O—Ce surface complex appears a common feature for the NM/CeO, systems as
detected by bands at 630, 614 and 586cm™! for Pd, Ir and Rh, respectively, on CeO,
(Murrell et al. 1991). In summary, the interaction of surface oxygens of ceria with the
noble metals appears established. The important point is to which extent this interaction
affects the catalytic properties of the TWCs.

An immediate observation is that this kind of interaction could be responsible for the
high mobility of the oxygen on the CeO, surface as detected in the CO TPDs reported
by Gorte et al. (compare sect. 2.3.1.1). Unfortunately there is a lack of information on
the correlation between the catalytic activity measurements and the presence of these
M-0O—Ce surface complexes. The presence of M—O—Ce interactions has been indirectly
confirmed by XPS characterisation of Pd and Pt/Al,O3 catalysts containing CeO, (Shyu
et al. 1988a, Shyu and Otto 1989). As shown in table 11, CeO; stabilizes both the PdO and
PtO on the surface compared to the Al,Os3 support. In fact, oxidation of Pt/Al,Os leads to
PtO, formation on Al; Oz while PtO is stabilised in the presence of ceria. Conversely, both
the reduced Pt and Pd ceria-containing catalysts are easily oxidised back to the M state
upon exposure to air at rt. In contrast, in the case of alumina-supported catalysts only
metallic Pt and Pd are detected, which may be taken as an indication that ceria surface
oxygen directly interacts with the supported metal. In addition, Pt phase was detected by
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Table 11
XPS binding energies of Pd and Pt supported on Al,Q;, CeO, and CeO,(7 wt%)/Al, O, after different treatments
(Shyu et al. 1988a, Shyu and Otto 1989)

Sawnple Pre-treatment BE (eV)* Assigment

Pt catalysts

Pt(10 wt%)/Al,0, Calcined (1073 K) 317.0 PtO,
Reduced (773K) 3140 Pt
Pt(5 wt%)/CeO, Calcined (1073 K) 3153 PtO
Reduced (773 K) 3141 pt
PL(10 Wt%)/CeO,(20 W%)/AL,0;  Calcined (1073 K) 3152 PO
Reduced (773 K) 3139 P’
Pd catalysts
Pd(6.8 wt%)/Al, 04 Calcined (1073 K) 337.1 PdO
Reduced (773 K) 3149 pd’
Reduced (1193 K) and exposed to air (rt) 3350  Pd°
Pd(0.6 Wi%)/CeO, Calcined (1073 K) 3369 Pd°
Reduced (773 K) 3351 Ppd°
Reduced (1193 K) and exposed to air (rt) 337.0 PdO
Pd(4.5 wt%)/CeO,(18 wt%)/ALO;  Calcined (1073 K) 3372 PdO
Reduced (773K) 3350 Pd°
Reduced (1193 K) and exposed to air (rt) 335.8

@ Pd 3d,,; Pt 4ds,.

XRD in the case of Pt/Al;O; and not in the case of Pt/CeO,, suggesting that the noble
metal is finely dispersed as a results of the Pt—CeQ, interaction (Shyu and Otto 1989).
As far as the stabilisation of the metal dispersion is concerned, the presence of
the metal-oxygen bonds certainly affects the rate of metal-particle sintering. Generally
speaking, the rate of metal sintering at high temperatures is higher for metal particles
than for the corresponding metal oxides. In this respect the presence of the M—-O-Ce
interaction definitely plays an important role in the stabilisation of the dispersed metal
particles. This has been confirmed by thermogravimetric studies which showed that the
thermal decomposition of PdO and the reformation of Pd to PdO is dependent on the
support upon which they are dispersed (Farrauto et al. 1995). Pd/CeO, showed small
hysteresis between the PdO thermal decomposition/reformation under flowing air in the
course of heating/cooling experiments in comparison to, for example, Pd/ZrO, (Farrauto
et al. 1995), because of a significant increase in the temperature for reformation of
the PdO, as the sample cools. There exists a large region of temperature stability of
PdO when dispersed on CeO,, indicating a strong metal (oxide)-support interaction.
In fact, Murrell et al. (1991) reported that the M—O—Ce surface complexes could be
detected for calcination temperatures up to 1273 K, however, when the catalysts were
redox aged at 1123 K, evidence for this complex could hardly be found. At the same
time a strong sintering of the Pt/CeO, catalysts was detected by CO chemisorption. In
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general, it appears that as long as enough CeQO, surface area is available, the NM sintering
is prevented by the presence of the M—CeO; interaction. This is a mutual effect since
Pt itself stabilizes CeO, against surface area loss (Murrell et al. 1991). However, under
redox conditions, due to the high sintering rate of CeO, under reducing conditions
(Perrichon et al. 1995), the amount of surface oxygen sites available for the M—O—-Ce
interaction becomes low, and sintering of the supported metal readily occurs.

The interaction of Rh with CeQ; seems to be slightly different. On one hand, a number
of authors detected or suggested the presence of Rh~O—Ce surface complexes and/or
[Rh—O,]** species after calcination (Munuera et al. 1991, Soria et al. 1992, Murrell
et al. 1991). On the other hand, Cunningham et al. (1995) found that upon relatively
mild calcination (573—1173 K) of a Rh(4 wt%)/CeQ, catalyst, all the Rh-oxide/Rh-metal-
related XRD features disappeared. Only after further calcination at 1273 K do the rthodia-
related peaks reappear, suggesting a metastable dissolution of rhodia into the ceria lattice
according to the reaction

Rh,0; +2Cel, + OF — 2Rh), + V§ + 2Ce0,. (30)
Ce (6] Ce

The latter process is supported by the prediction that metal ions preferentially segregate at
the CeO, surface (Sayle et al. 1994a). The actual nature of the interaction of Rh with the
CeO, under oxidizing conditions appears, however, strongly affected by the pre-treatment
conditions. Thus, for example, after treatment in O, (0.1 torr O, 30 min, 300-400K)
mainly Rh* species were detected (Munuera et al. 1991), while above 473 K Rh*" becomes
the main species (Padeste et al. 1994, Munuera et al. 1991).

2.4.2. Effects of high-temperature reducing atmosphere

As stated above, the observation of the SMSI effect has stimulated a strong interest
in the effects of high-temperature reduction (HTR) upon the catalytic properties of the
NM/metal oxide systems. There has been a strong discussion concerning the effectiveness
of the CeO,-based catalysts to deeply enter into a SMSI state after HTR, usually at 773 K.
Generally speaking, HTR decreases the H, and CO chemisorption capacities of the
NM/CeO, systems, but, with a few exceptions, no complete inhibition was observed
after such a treatment (Badri et al. 1996, Rogemond et al. 1996, Bernal et al. 1993c,
1994b,c, 1995a, 1996, 1997b, Binet et al. 1992, Cunningham et al. 1990, 1992, Datye
et al. 1995, de Leitenburg and Trovarelli 1995, de Leitenburg et al. 1997, Golunski et al.
1995, Kepinski and Wolcyrz 1997, Trovarelli et al. 1992). Apparently, the nature of the
SMSI state in the CeO;-based catalysts differs from the TiO,-based systems mainly due to
the following factors: (i) the ability of H species to quickly migrate over the CeO, surface,
making the H; suppression less effective (spillover phenomenon); (ii) the need for
reduction temperatures higher than 773 K to obtain significant decoration of NM particles
by the support. In fact, metal decoration was observed by high-resolution electron
microscopy (HREM) only at reduction temperatures at (or above) 873 K (Pd/CeQ,) and
973 K (Pt/CeO,, Rh/CeO,) (Bernal et al. 1995a, Kepinski and Wolcyrz 1997). Care should
be taken, however, in considering such temperatures as the onset of metal decoration, since



CERIA-CONTAINING THREE-WAY CATALYSTS 233

Rich

773 1

< 6731
o

2 5734
o
a

g 413
[+}]

= 373

0

Fig. 46. Temperature profile used for catalyst testing. (Nunan et al. 1992.)

texturally stable, i.e. low-surface-area, materials and relatively high metal loading were
employed in the HREM studies due to the low contrast between CeO; and NM.

Researchers have therefore addressed the effects of a reduction treatment on the
catalytic properties. It was observed that this treatment generates short-lived, but highly
productive, interactions that can occur between the noble metal and the CeO, (Golunski
et al. 1995, Nunan et al. 1992). In fact, the comprehension of such transient improvements
of activity at moderate temperatures may be an important break-through point for the
development of efficient cold-start TWCs. Typically, it is observed that rich-fuel and/or
H; activation results in strong enhancement of the low-temperature activity resulting a
decrease by about 100—150 K in the light-off temperatures. The results reported by Nunan
et al. (1992) highlight these aspects. The activity of a series of Pt,Rh/CeO,/Al,O; catalysts
was investigated in a synthetic mixture containing CO, H,, C3Hg, CsHg, NO, O,, CO,
and H,0 in N,, with an equivalence ratio (A1) alternatively varied between lean (A =2.0),
stoichiometric (A =1.0) and rich (A=0.5) feed. Typically, the catalysts were subjected to a
thermal treatment such as depicted in fig. 46. The activity of fresh untreated catalysts was
measured during the Rise-1 part of the thermal cycles. This activity was then compared
to that obtained during the Rise-2 portion of the cycle, after subjecting the catalysts to
a combination of lean, stoichiometric or rich treatments either in the hold or drop part
of the cycle. It is observed that the conditions employed in the relatively short (10 min)
drop part of the cycle are able to dramatically influence the activity in the subsequent
Rise part of the cycle. In fact, this pre-conditioning is able to lower the light-off activity —
measured as 50% conversion of CO — by about 120-180K relative to the fresh (untreated)
and lean-conditioned catalyst (fig. 47). A perusal of fig. 47 also reveals that the active
state of the catalyst is reversibly deactivated by a lean treatment. Importantly, addition
of 20 ppm SO, did not adversely affected the nature of the active state since under such
conditions, the difference of CO light-off activity between the lean and rich treated sample
was nearly 250 K.

The comparison of different pre-treatments reveals that the presence of a reducing
atmosphere is necessary to observe such an enhancement of activity. In order to identify
the component responsible for the activation of the catalyst, a step-wise removal of the
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Fig. 47. Comparison of effects of pre-conditioning on the catalytic activity of Pt,Rh/CeO,(24 wt%)/Al,0; on
the conversion of CO under a stoichiometric synthetic mixture containing CO (5775 ppm), H, (1925 ppm), C;H,
(193 ppm), C;H,; (167 ppm), NO (1835 ppm), O, (4645 ppm), CO, (118800 ppm) and H,O (100000 ppm) in
N,. (Nunan et al. 1992.)

reactant was effected. It turned out that removal of CO, hydrocarbon (HC), and O,
had no effect on catalyst activation. Only a subsequent removal of H; suppressed the
activation of the catalyst under rich conditions, suggesting that H; is the agent which is
responsible for the generation of the active state of the catalyst. Unfortunately, the effects
of removal of H; alone were not reported. This would give insight in the importance of
H, generated by occurrence of the WGS reaction upon generation of the active state of
this Pt,Rh/Ce0,/Al;, 05 catalyst.

Presence of a close contact between the Pt and CeO, appears a fundamental
requirement for the occurrence of the “active” state. Consistently, a decrease of the particle
size of the CeO, supported on Al,O; increases the efficiency in the improvement of the
catalytic activity by the reduction treatment. These transient enhancements of the catalytic
activity were attributed to the presence of a SMSI state induced by the reduction, which
creates some highly active NM-CeQ, interfacial sites (Golunski et al, 1995). In our view,
the decrease of H, chemisorption alone is not sufficient to attribute this transient effect
to a SMSI-type phenomenon. As discussed above, the onset of metal decoration requires
reduction temperatures higher than 773 K.

Similar transient enhancement of catalytic activity in the NM/CeO; systems following
a HTR were observed in several model reactions including CO, hydrogenation and
NO/CO reaction (Fornasiero et al. 1998, Ranga Rao et al. 1994, 1996, Trovarelli et al.
1992, 1993, 1995). As will be discussed below (sect. 3.1.4), these transient promotional
effects of reduced CeO, moieties seem to be related rather to the presence of oxygen
vacancies in the bulk of the CeO,, which create an additional driving force for enhancing
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the activity. In fact, a SMSI state would be easily destroyed in the presence of oxidants
such as NO, O, CO, and water (de Leitenburg et al. 1997, Fornasiero et al. 1998).

3. Advanced TWC technology

This section deals with the present and future technologies of TWCs. In this respect,
TWCs containing CeO,—ZrO, mixed oxides represent the most advanced technology
for the development of CCCs. Although this technology has been employed since the
mid-1990s by some automobile companies (Heck and Farrauto 1995), it has not been
openly presented by the washcoater companies until very recently. Thus, during the third
CAPoC? meeting held in Brussels in 1994 only one independent academic group reported
the effectiveness of ZrO, in promoting the OSC of CeO,, while catalyst manufacturers
described non-specified promoters. Only at the CAPoC 4 meeting held in 1997 did the
industrial researchers claim the effectiveness of ZrO, in stabilising CeO; against thermal
deactivation. An entire mini-symposium dedicated to the role of ZrO, in catalysis was held
at the SAE® conference in Detroit in February 1997. Accordingly, the data reported in the
scientific literature are rather scarce, as most of the papers treating this issue appeared in
commercial journals. These materials represent today’s TWC technology, however there
are a number of open issues to be addressed by researchers in order to fully understand the
origin of their improved performance compared to the traditional CeO,-based technology.
Further, due to future reduction of allowed exhaust emission limits all over the world
(table 12, overleaf), it is imperative to further improve their performance and to develop
year-2005 technology.

3.1. CeO,—ZrO; mixed oxides

Before introducing the CeO,—ZrO; system, let us briefly recall some relevant findings
concerning the CeO, system. The TPR profile of the high-surface-area CeO; reported in
fig. 48 shows the well-known two-peak profile associated with reduction at the surface
and in the bulk, respectively, of CeO, (Yao and Yu Yao 1984, Johnson and Mooi 1987).
The presence of rhodium clearly promotes the reduction of the surface oxygen species
as documented by the shift of the peak at 770K below 500 K. As above discussed, the
low-temperature reduction is strictly related to the extent of surface area. In fact, when a
second TPR is performed after an oxidation of the reduced moieties, negligible peaks are
observed below 700 K due to a collapse of surface area. This results in loss of metal-CeO,
interactions as detected by the low-temperature TPR peak.

The correlation between the low-temperature reduction peaks in the TPR profile and
the three-way activity appears well established now for the CeO,-based catalysts. The

5 The symposium Catalysis and automotive pollution control (CAPoC) has been held in Brussels periodically
since 1986.
¢ SAE, Society of Automotive Engineers.
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Table 12

US federal, Californian and European emission standards in gkm™ for gasoline fuelled automobiles

(CH, is excluded in the US and Californian standards)

Enactment Cco HC NO, Comments
US federal

1987 2.11 0.25 0.62 MT 91, tier 0
1994 2.11 0.16 0.25 MT 94, tier 1
2003 1.06 0.08 0.124 proposed
California

TLEV 2.11 0.08 0.25

LEV 2.11 0.05 0.12

ULEV 1.06 0.02 0.12

European Union

1996/97 27 0.341 0.252 directive 94/12
2000/2001 23 0.20 0.15 proposed
2005/2006 1.0 0.10 0.08 indicated

Hydrogen consumption (a.u.)

ey

300 500 700 900 1100 1300
Temperature (K)

Fig. 48. Temperature-programmed reduction of CeO, and Rh/CeO,
and the effects of redox ageing: (1) CeO, (194m*g™); (2) sample
from run (1), oxidised at 700 K (<10m? g!); (3) Rh/CeO, (194 m? g');
(4) sample from run (3), oxidised at 700K (<10m®g™'). (Fornasiero

et al. 1997.)

thermal ageing leads to loss of noble metal-CeO, interactions as detected by TPR,
and simultaneously a significant deactivation of the catalysts is observed (fig. 49). It
is worth noting that the deactivation seems to be related to two different phenomena:
(i) sintering on the noble metal particles leading to a loss of metal surface area; (ii) loss of
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7

CeO, surface area leading to a loss of OSC. It is conceivable that the loss of metal
surface area leads to a monotonic decrease of activity which indicates that the shaded
area in fig. 49 is attributable to a high OSC in the fresh catalyst.

In summary, it appears that whatever is the true nature of the CeO, promotion effects
in the TWCs, these effects are noticeable as long as high surface area, and consequently
low-temperature reduction features, are present in the CeO,-based catalysts. Accordingly,
the research activity in the 1990s has been focussed mainly on the improvement of
the surface-area stability in the CeO, promoter. Among different systems tested, ZrO,
appeared to be the most effective thermal stabiliser of CeQ,, particularly when it forms
a mixed oxide with ceria (Heck and Farrauto 1995). This system will be discussed in the
following sections.

3.1.1. Synthesis and phase diagram

Before entering into the details of the advanced properties of the CeO,—ZrO; mixed
oxides compared to the CeO,-based TWC technology it is worthwhile to briefly discuss
the appearance of the CeO,—ZrO, phase diagram. The CeO,—ZrO; system has long
been investigated due to its importance in the fields of ceramics and as solid state
electrolytes (Duwez and Odell 1950, Leonov et al. 1966a,b). The exact appearance
of this diagram is still a matter of debate despite extensive work by several research
groups (Yashima et al. 1993a,b, 1994a.c, 1995a,b, Du et al. 1994, McHale 1991, Meriani
1985, 1986, Tani et al. 1983b). The main reason for this uncertainty is that besides the
thermodynamically stable phases, a number of metastable phases have been reported in
the literature. As shown in fig. 50, below 1273 K the phase diagram shows a monophase
region of monoclinic () symmetry for CeO, molar content less than ~10%, while
for CeO, content higher than 80% a cubic (¢) phase was reported (Duran et al. 1990,
Tani et al. 1983b). In the intermediate region, the true nature of the CeO,~ZrO, phase
diagram is still unclear. In this region indeed a number of stable and metastable phases
of tetragonal symmetry are observed (Meriani 1985, 1986, 1989). According to Yashima
et al. (1993a,b, 1994a) three different phases designated ¢, ¢ and ¢’ can be distinguished
on the basis of XRD and Raman characterisation. These phases can be prepared at
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Fig. 50. Phase diagram of the CeO,-ZrO, system. (Yashima
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Table 13
Classification of the phases in the CeO,—ZrO, binary system®
Phase Composition range Tetragonality® Space group
(% mol Ce)
Monoclinic () 0-10 ~ P2,/c
Tetragonal () 10-30 >1 P4,/nmc
Tetragonal (¢) 30-65 >1 P4,/nmc
Tetragonal ()¢ 65-80 1 P4,/nmc
Cubic (c) 80-100 1 Fm3m

* The classification here reported follows that proposed by Yashima et al. (1994a). The 7- and #-phases
correspond to the TZ® and TZ' phases previously reported by Meriani (1985, 1989).

® Defined as axial ratio ¢/a.

¢ As described in the text, on the basis of the XRD pattern this phase is commonly indexed in the Fm3m space
group (Meriani 1985, 1989).

high temperatures by solid-state synthesis, and upon cooling the ¢-form, which is stable,
can be formed through a diffusional phase decomposition, while the #'-form is obtained
through a diffusionless transition and is metastable. The #’-form is metastable as well,
and it is intermediate between # and c. The #’-phase shows no tetragonality and it
exhibits an oxygen displacement from ideal fluorite sites. It is often referred to as a cubic
phase because its XRD pattern is indexed in the cubic Fm3m space group (Fornasiero
et al. 1996a). This is due to the fact that the cation sublattice prevalently generates the
XRD pattern. For the sake of clarity the characteristics of all the phases are summarised
in table 13.

The phase boundaries as indicated in fig. 50 should be considered very approximate
due to the fact that in the case of the metastable tetragonal phases, the kind of
distortion from the fluorite type structure is highly sensitive to the particle size.
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Thus Yashima et al. (1994a) observed that the #”/-phase is formed for CeO; contents
above 65mol%, while we reported the formation of the same phase for a CegsZr; 5O,
sample (Fornasiero et al. 1996a) The reasons for such apparent discrepancies can be
rationalised by analogy with pure ZrO,. In fact, at room temperature the m-ZrQ, is
the thermodynamically stable phase, however, either tetragonal and cubic ZrO, have
been stabilised at rt provided that fine particles are formed in the synthesis. Different
explanations have been advanced to account for the stabilisation of #-ZrQO,: surface and
strain energy effects (Garvie and Goss 1986, Garvie 1965, 1978); strain energy effects
generated at domain boundaries (Mitsuhasi et al. 1974); structural similarity between the
amorphous ZrO; and #-ZrO; (Livage et al. 1968) and/or topotactic crystallisation from
the amorphous precursor (Tani et al. 1983a) of #-ZrO; from the amorphous phase. The
latter two explanations are kinetic rather than thermodynamic, and they rely on the fact
that in the amorphous ZrO, bands attributed to the z-phase were detected by Raman
spectroscopy, indicating that a partial ordering of the structure is present already in the
precursor (Keramidas and White 1974). Nevertheless, all these investigations point out
that below a critical crystallite size, the tetragonal phase is favoured over the monoclinic
one. Consistently, by using extremely fine particles, even ¢-ZrQ, was stabilised at rt
(Chatterjee et al. 1994, Yoldas 1982, Stefanic et al. 1997).

In addition to the above considerations, one should note that specific compounds have
also been proposed to exist in the CeO,—Zr0O; system: tetragonal Ce,Zr;Oyy (Longo and
Minichelli 1973) and cubic Ce;ZrOg (Kawabata et al. 1996). The existence of the former
compound, however, has not been confirmed (Tani et al. 1983a). Finally, in the discussion
of the features of the CeO,—ZrO, phase d