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Abstract

In situ X-ray and neutron diffraction experiments at high temperatures were performed to monitor the lattice response due to
conversions between the Ce*™ and Ce** in CeO,-based oxide catalysts, CeO,, Ce,_,La,0,_,», and Ce,_,Zr,O, with and
without impregnation of Pt metal. The significant difference in the Ce*™ and Ce*" ionic radius permitted a quantitative
measurements of the fraction of Ce®>" in the cubic phases of crystalline CeO, and the oxide solid solutions during the redox
cycle. The reduction kinetics, kt:{l—(l—x)m)}2 (x=fraction of ce? *, t=time, k=constant) for CeO, and Ce,_,La,0,_ .,/
were characterized from an analysis of the X-ray data collected under a CO/N, atmosphere at 500-700°C. Pt-impregnated
Ceg 171y 00, was examined by neutron diffraction measurements under both CO/Ar and O,/Ar atmospheres up to ~700°C.
Under a CO/Ar atmosphere, Pt-impregnation accelerates the reduction of Ce*" to Ce®™ first on the interface of the metal and
oxide particles, generating oxygen vacancies and releasing CO, molecules. Subsequently, oxygen vacancies migrate to the
bulk of the oxide particles. The significance of the redox behavior of CeO, in automotive three-way catalysts for purification

of exhaust pollutants is discussed. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cerium dioxide (CeQ,) is one of the most important
components in high-performance three-way catalyst
(TWC) for its ability in enhancing the removal of
carbon monoxide (CO), nitrogen oxides (NO,) and
hydrocarbons (HC) [1-12]. In order to simultaneously
reduce NO, and oxidize CO and HC effectively, an
engine system has to maintain an air—fuel ratio (A/F)
to within a narrow window during its dynamic fluc-
tuation of combustion atmosphere. This is macrosco-
pically achieved by the employment of oxygen sensors
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in exhaust streams in conjunction with a feedback
control logic of the engine. On the other hand, owing
to the low redox potential of nonstoichiometric CeO,,
oxygen release and intake associated with the conver-
sion between the 34 and 4+ oxidation states of the Ce
ions in the oxides provide the oxygen storage capacity
that is essentially to effective catalytic functions under
the fluctuating A/F environment in converters. The
achievement of the development was first described by
Gandhi and coworkers of Ford Motors [1]. The new
requirement of the zero-emission standard, which is to
be implemented soon in the United States, European
Community, Japan and other countries, will demand a
performance level of the conventional TWC beyond
its previous capability. Moreover, concern of global
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warming due to the green-house effect has lead to the
imposition of limited CO, emission, commanding the
development of lean-burn engine systems and so on.
[13-17]

What are the parameters crucial to the catalytic
performance of TWC and other industrial catalysts?
The answer to the question will help identify the
targets for researchers in TWC and catalyst research.
In heterogeneous catalysis dealing with chemical
reaction and mass transport over the interfacial regions
between condensed matters and fluids, the influential
factors include the nature of atomic bonding in the
crystalline or surface phases, molecular adsorption
and dissociation, diffusion of atoms or vacancies,
interactions between the metal and support compo-
nents including their structural changes. These phe-
nomena are described at a length scale of interatomic
distance typically less than 1 nm. Practically, catalytic
activities to a large extent depend on the active sites
provided by the combination of the dispersed precious
metals, the stabilizing supports and excellent promoter
oxides. Regarding the materials aspects such as par-
ticle size and porosity etc., and their controlled evolu-
tion within the processing and operational
environments, the characteristic length of this micro-
structure varies from 0.1 to 500 nm. X-ray and neu-
trons probe the organization and dynamic response of
atomic nuclei and electrons in a substance thereby
providing a valuable means for a microscopic inter-
pretation of some properties in heterogeneous cataly-
tic materials. Small-to-wide angle diffraction and
inelastic scattering are widely used to probe the
atomic, magnetic spin and electron orbital organiza-
tion, microstructure of size up to about 500 nm, and
atomistic and electronic excitations in crystalline and
amorphous phases. Here, we shall describe the appli-
cation of in situ diffraction method using X-rays and
neutrons for the purpose of studying the redox in CeO,
and related oxides.

2. Theoretical bases and characteristics of X-ray
and neutron scattering for CeO, catalyst

2.1. Methodology, and general characteristics of
diffraction methods[18-23]

Condensed matter systems including heterogeneous
catalysts consist of an assembly of interacting parti-

(a) Shielding
Detectors

Fig. 1. (a) A schematic layout of an X-ray or neutron scattering
instrument. (b) The scattering triangle showing the incident and
scattered beams, and the momentum and energy transfer (7Q, E).

cles in close contact with interparticles distances from
0.1 to 500 nm. The organization and excitations in
these many-body systems can be characterized by the
methods of X-ray and neutron scattering. X-rays and
neutrons interact with matter by electromagnetic and
nuclear forces, respectively. The data represent the
particle—particle correlation functions of the scattering
and can afford a direct quantitative comparison with
ab initio or model calculations as well as computer
simulations. Fig. 1 shows a schematic arrangement of
the primary beamline, sample, and a scattering instru-
ment, and the corresponding scattering diagram. The
photons or neutrons incident on a sample are char-
acterized by their initial energies (E£;) and momenta
(hk;) and the scattered particles at a detector angle of
26 are characterized by their final energies (Ey) and
momenta (hkg). The observed scattering function,
S(Q,E) where hQ=nh(k;—k;) (Q is called the wavevec-
tor) and E=E;—FE; are the momentum and energy
transfer, respectively, is related to a particle—particle
correlation function in the space—time through a dou-
ble Fourier transform. A full measurement of S(Q,FE)
requires the use of proper filters (e.g., monochromat-
ing and analyzing crystals, velocity selectors) for
energy analysis, as indicated in the layout of a spectro-
meter in Fig. 1(a). A diffractometer which does not
differentiate the energy transfer measures the elastic
structure factor S(Q)= f S(Q,E) dE. 1t provide infor-
mation regarding to the time—averaged structure of the
system. Particle—particle correlations consist of the
autocorrelation function and the interparticle correla-
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tion function. The former is associated with single-
particle trajectories and the latter is associated with
collective motion participated by different particles.

Kinetic effects can be studied using small samples
with X-rays, which are available from laboratory-scale
sources or synchrotron facilities. Neutrons in general
have much higher penetrating powder than X-rays,
therefore bulk (centimeters in size) samples can be
surveyed by neutrons without severely affected by
attenuation and scattering by the sample containers
and other components. While the scattering cross-
section of X-rays by atoms is proportional to the
number of electrons, those of slow neutrons varies
irregularly with atomic numbers as well as among
isotopes of an element, leading to good sensitivity to
light atoms. In the case of slow neutrons, the wave-
lengths and energies match well with the interatomic
spacing and elementary excitations responsible for
thermodynamic properties in condensed matter. X-
rays likewise have similar wavelengths, however, the
high energies (10° eV) present a problem in achieving
a desirable energy resolution of the order of 107 eV,
whereas resolution ranging from 107° to 107> eV has
been realized in neutron spectroscopy. The fluxes
available for scattering experiments from neutron
sources are substantially lower than those of X-rays
particularly in comparison with synchrotron sources.
Partly because of this reason, neutron scattering
experiments in generally employ relatively large sam-
ples (typically 1-100 g in size) and may need long
data-collection time. We emphasize the complemen-
tarity of the methods of X-ray and neutrons, as it will
be demonstrated in the studies of redox behavior of
CeO,-containing oxides.

2.2.  Structural studies of CeO; catalysts

If a sample is composed of mainly crystalline
grains, the elastic structure factor S(Q) displays sharp
diffraction peaks, reflecting the long-range order
structure. For crystal structure determination it is more
convenient to apply the technique of Rietveld refine-
ments of diffraction data in which the intensity profile
is compared with the structure factor of an assumed
crystal structure by a goodness-of-fit [21,22]. This
procedure does not require a complete resolution of
the densely spaced diffraction peaks at small d-spa-
cing of atomic planes. Multiple phrasal analyses of

crystal structures are now routinely applied. As the
resolution of the diffractometers improves, various
intrinsic properties such as crystalline domain size,
microstrains, defects or faults, and residual strains can
be measured. This is useful for the characterization of
catalysts which feature nonstoichiometric crystalline
phases, nanometer-size grains and large surface areas.

Since the bulk of this paper describes the study of
the redox behavior of CeO,-containing catalysts
through structural investigations by in situ X-ray
and neutron diffraction experiments, we shall com-
ment briefly on the importance of the crystal phases
and microstructure. The primary interests in the struc-
ture of CeO,-containing catalysts are

1. The initial states of catalysts (e.g., crystal-phase
composition and microstructure) with respect to
their synthesis routes and pre-treatments.

2. The crystal structures in terms of atomic positions
and presence of vacancies or defects in nonstoi-
chiometric and dopant-modified materials.

3. The surface chemistry and structural change invol-
ving adsorption of desorption of molecules.

4. The kinetics of structural response to catalytic
reactions.

5. The evolution of microstructure (e.g., phase trans-
formations, atomic diffusion, aggregate and sinter-
ing of particles, etc.) of practical catalysts during
operation cycles.

These phenomena can in principle be studied at a
microscopic level by X-ray or neutron scattering.
In situ measurements are required for the character-
ization of metastable states or transient behavior
[24,25]. The experimental results offer valuable infor-
mation complementary to those obtained from reac-
tion-specific chemical probes, or under atypical
configurations such as interaction with a single-crystal
surface.

CeO,-related catalytic materials are more interest-
ing than other simple oxides, because of their benefit
feature in practical redox operation such as oxygen
storage capacity (OSC) in automotive emission con-
trol [1-12,26]. Bevan and Kordis [27] studied the
phases of CeO,_, by the oxygen dissociation equili-
bria method using CO,/CO and H,O/H, mixtures.
Eyring and coworkers [28] conducted a series of
studies on the structures of several rare earth metal
oxides including CeO,_, using high resolution trans-
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mission electron microscopy (TEM) in vacuum. Both
X-ray and TEM studies revealed several ordered
phases which are variant forms of the cubic fluor-
ite-type structure caused by oxygen displacements or
defects, including Ce;10,0(CeO;g15), Ce19034-
(CeOy.789), Ces012(Ce0y 714), and Cer03(CeO; 5)
etc. [28-30] These results suggest the existence of
the so called ordered structures based on displacement
or rearrangement of oxygen sites forming various
defective phases of CeO,_,. They also imply that
reactions between the oxide and the environment
causes structural changes, and conversely the envir-
onment may response to structural modifications. The
phase diagram of these systems exhibit many features
of interest concerning their thermodynamic stable
states. For example, it established an understanding
of the structural changes between CeO, and Ce,O;
with change of partial pressure of oxygen. On the
other hand, in practice, we have to consider the
metastable and transient behavior of catalytic CeO,
and related materials, which depend on the routes of
synthesis and processing in either laboratory or indus-
trial scale and the dynamic nature of active oxygen in
the presence of reactive gaseous species under cata-
Iytic conditions. Practical CeO,-related catalysts need
not to be kept in their thermodynamic stable state,
rather their metastable states or mixed phases often
provide better performance for OSC. Recently, Lamo-
nier et al. have observed only a lattice expansion of
CeO, induced by hydrogen at temperatures up to
800°C, while Perrichon et al. reported the formation
of a hexagonal Ce,Oj3 phase under H, at 1000°C [31-
33]. Therefore, despise of the importance of establish-
ing the phase diagrams, we need to monitor directly
transient phenomena during catalytic reactions over
CeO; and its related materials from the perspective of
crystal structures and atomic movement by means of
microscopic probes such as in situ diffraction experi-
ments.

We first comment briefly on the relation between
the catalytic reactions of CO and O, molecules on the
solid surfaces and the changes of crystal structure in
the bulk. With regard to the interaction of CO on
CeO,, generally the following scheme has been recog-
nized [34-36].

CO + surface = CO,q; (D)
CO,q, + 0% (lattice) = CO, + Vo (lattice) 2)

In the case of OSC, workers are primarily con-
cerned with fast reaction on the surface active sites,
and subsequent reaction in the solid (as reduction of
CeO, progresses and the diffusion of lattice oxygen
prevails). For adsorption of oxygen or oxidation, the
adsorbed oxygen forms superoxide and peroxide as
intermediates, generating oxygen ions in the lattice of
CeO,_, [37,38].

Onuts = O3y, = 03,4 = 20,4, = 207 (lattice)  (3)

ads

Apparently, gaseous oxygen is incorporated into
CeO,_, via the surface, while CO in gas phase takes
lattice oxygens from CeO,, producing CO,. The pre-
sent diffraction experiments detect mainly the changes
in the bulk of the crystalline particles, such as lattice
constant and crystal phases, during the reaction. Here,
in catalytic application, practical materials for OSC
components are understood to have large capacitance
of nonstoichiometry for release and adsorption of
oxygen, high diffusion rate of lattice oxygen, and
active catalytic sites on surfaces which are enhanced
by Pt-impregnation. In the following sections, we will
demonstrate the usefulness of X-ray and neutron
diffractions in measuring the lattice and crystal para-
meters in the systems of CeO,, CeO,-La,03, and Pt/
CCOZ—ZI'02.

3. X-ray diffraction study of reduction Kinetics
in CeO,, Ce0,-La,0; and CeO,-Zr0O, with
Cco

3.1. The motivation: kinetics of reduction in CeO,
and doped CeO; with CO

The purpose of this chapter is to discuss the effects
of doping trivalent rare earths and zirconia in CeO, by
in situ X-ray diffraction. La and other rare earths have
been added to practical TWC, because they play
several roles in improving the dispersion of precious
metals on alumina supports, NO—CO reaction, thermal
stability of TWC and so on [39-46]. The effect of
La,O5; to CeO, for CO oxidation in the moderate
temperature range was first reported by Rienacker
et al. [47]. The reaction order for oxygen pressure
is zero, and for CO pressure almost zero as well
(which seems to make the discussion simple in this
study). Scientists in Ford Motors have elucidated the
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role of trivalent rare earths added to CeO, in CO-NO
reaction. Usmen et al. [46] suggested the effect of the
higher dispersion of precious metals on CeO, with
La,O5; [43]. Cho [44,45] discussed the enhanced
diffusion of lattice oxygens in Gd,Os;—doped CeO..
Two Japanese groups identified the effects of oxygen
migration and thermal stabilization due to dopant
cations like La’>" from their studies of Pt/CeQ,/
Al,O3 and practical TWC [39—-42]. Here we wish to
reexamine the phenomenon of diffusion of oxygen
(oxygen defects) in La—doped CeO,. Another inter-
esting question is the dopant effect of ZrO, on CeO,,
of which the importance has been indicated by several
recent studies [41,42,48-54]. We also compare the CO
reduction kinetics of reduction of these modified
CeO,s with the corresponding behavior in pure CeO,.

3.2.  Experimental

3.2.1. Catalysts

CeO, powder was prepared by pyrolysis of cerium
nitrate at 600°C for 3 h. La—doped CeO, was derived
by the impregnation of aqueous lanthanum nitrate to
CeO,. The impregnated samples were dried and
heated in air at 600°C for 3 h. All powders of CeO,
and La added CeQ, were further heated in air at 800°C
for 15 h. Ceg s5Zry 50, (with small amount of Y,03)
was prepared by coprecipitation process followed by
heat treatment at 800°C for 5 h in air. Surface area was
15 m?/g for CeO,, 25 m*/g for (Ce0s)oo(La0; 5)o1
and 30 mz/g for (Ce05)og(LaO; 5)g-, and 4 m2/g for
Ce.57r9.50,.

3.2.2.  In situ X-ray diffraction

The powder X-ray diffractometer (Rigaku, RU-
200B and Rint-2000) used in this study was equipped
with 40 kV-180 mA Co K, X-ray source, a mono-
chrometer, and a high temperature. Although sample
cells for X-ray measurement at moderate and high
temperature sample cell are available for many years
[55-57], we caution the choice of heater material and
control of gas uniformity for catalysis studies. Expo-
sure of certain metallic (e.g. Pt) heater elements to the
gas environment should be avoided because these
metals at moderate temperatures may became cataly-
tic active. In the present case, a planer sample
(10x10x2 mm?) compacted from a powder was
attached with to a thin stainless steel heater which

in turn was mounted on a ceramic plate. A Pt-Rh
thermocouple used for temperature measurement was
inserted into the sample plate and otherwise shielded
from any contact of the gases. The commercial cylind-
rical chamber (100 mm diameter and 50 mm height)
was reinforced and sealed for the enclosure of a gas
atmosphere and was cooled externally by a water
circulation system. The sample/heater assembly was
positioned in the center of the cell while a flowing gas
volume of 200 ml/min was maintained. The config-
uration allowed complete replacement of the atmo-
sphere in the cells within 2 min. The gas mixtures of
4%0,/N, and 8% CO/N, were used as oxidizing and
reducing atmosphere, respectively. In order to observe
the structural change at high temperatures under con-
trolled atmosphere, a diffraction peak of the (31 1)
plane of the fluorite structure was monitored with
scanning rate of 20=2°/min during heating. As will
be mentioned in later sections, the solid state re-
actions of CeO, with atmosphere appeared to be much
slower than the changes of gaseous species them-
selves, which made it possible to observe directly
the structural changes of CeO,. For phase analyses
of the powders, we used the diffraction data set of
0.09-0.5 nm range.

3.2.3.  CO pulse reaction

In order to confirm the gas phase CO oxidation
activity of the powders, pulse reaction experiments
were carried out using another small quartz reactor.
For the powder samples of 0.5 g pre-heated in oxygen
gas up to 800°C for 0.5 h, 8 micro-mol pulse of CO
was injected with a pulse interval of 3 min during
heating at a rate of 8°C/min up to 600°C (and then kept
at 600°C for 25 min). The reacted CO, was detected
with a Q-mass filter, and CO pulse was monitored with
a gaschromatogragh detector.

The schematic conjunction of X-ray diffraction,
mass—filter and gaschromatograph is illustrated in
Fig. 2.

3.3.  Results and discussion

3.3.1. Powder characterization and thermal
expansion
The powder X-ray diffraction patterns confirmed
the present of cubic fluorite-type structure with the
lattice constant of 5.411 A for Ce0,, 5.420 A for
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In situ XRD (ND)
— chamber
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Fig. 2. A schematic diagram of in situ X-ray diffraction system
with gas-intoducing system and GC-MS detector.

X-ray source

GC-MS

(CeOz)o,g(LaOLS)OJ and 5.422 A for (CCOz)O.g-
(LaOj 5)0 at 25°C. Fig. 3 shows the change of lattice
constant for CeO, and (Ce02)qg(La0;5)9, under
oxidizing (4%0,/N;) and reducing (8%CO/N,)
atmosphere. The samples were first heated at a rate
of 8 K/min in flowing 4%0,/N, up to 700°C, and then
soaked in 8% CO/N, for 2.5 h, and afterwards cooled
down in the same atmosphere. The thermal expansion
coefficient in 4%0,/N, was measured to be
1.27x107°/°C for CeO, and 1.29x107°/°C for
(Ce0y)0g(La0; 5)g2. In the case of the cooling
cycle in 8%CO/N,, the lattice constant was found
to change nonlinearly, showing an inflection point
at ca. 600°C for CeO, and at ca. 550°C for
(Ce02)g(LaOq 5)9-. The nonlinear variation of
lattice constant around at 500-600°C in the cooling
data can be correlated with the temperature depen-
dence of the reaction activity of oxygen in which
lattice oxygen from CeO, supplies for the oxidation
of CO.

3.3.2.  CO pulse reaction

CO pulse reaction data shown in Fig. 4(a) indicated
the take-off temperatures of ca. 380°C and 420°C for
CO-oxidation over CeO, and La-doped CeO,, respec-
tively. The conversion of CO over CeO, leveled off at
ca. 550°C, while that over (CeO;)go(LaOjs)o;
increases with temperature. Also, at 600°C, the reduc-
tion of CeO, with CO is enhanced by La-modifica-
tion.(Fig. 4(b))
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Fig. 3. Variation of lattice constant vs. temperature for CeO,: (@)
heating in 4%0,/N,, (O) cooling in 8%CO/N,, and for
(Ce0,)08(La0; 5)p2: (M) heating in 4%0,/N,, ([]) cooling in
8%CO/N,.

3.3.3.  Reaction kinetics of CeO, reduction

The relation of the lattice constant vs. time (see
Fig. 5) will lead to the discussion on the reaction
kinetics for the reduction of CeO, with CO. The
CO oxidation activity in N, over CeO, is to acquire
oxygen from the lattice, where oxygen (Oy) diffuses
from inner region of CeO, particle to the surface. The
lattice oxygen reacts with adsorbed CO molecules
resulting in the formation of CeO, and oxygen vacan-
cies (Vo) on surface. After the adsorbed CO, is
released to the gas phase, newly adsorbed CO mole-
cule on surface will react with another lattice oxygen
supplied from the inner part of CeO,, and the process
repeats itself. Here the lattice oxygen diffuses onto
surface, whereas the oxygen vacancy diffuses from
surface into inner part of a particle. The reaction is
written as follows
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CeO, + (x/2)CO

= Ce{ Cel" 0y p + (x/2)CO, + (x/2)Vo (4

For the reaction in this work, the Jander’s model
[58] on solid—gas reaction can be adapted under the
following assumption (see Fig. 6):

1. A spherical shape particle is surround with
reaction gas component of certain concentration.

2. The reaction progresses radially from surface to the
center of a particle.

3. The reaction is entirely controlled by the diffusion
process in solid.

4. The particle size is constant before and after reac-
tion.

In the case of the reduction reaction of CeO, with
CO at 500-700°C, we assume that CO easily reacts
with surface oxygen which is supplied by lattice
oxygen and the amount of formed CO, in the reaction
is equal to that of oxygen vacancies generated in the
CeO, lattice. Thus, the following reaction,
xCO+xOp=xCO,, will be replaced by the reaction,
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co

C0z

Fig. 6. Mass transport model in the reaction of CeO, with CO.

Ce0,=Ce0,_,+xVo. The Jander’s reaction kinetics
is represented as follows

{1-(
where, x is a reacted fraction, k the rate constant and ¢
is time. As represented by Eq. (5), the reduction
reaction is due to the change of Ce*" to Ce®" in
the CeO, lattice. When Ce*" changes to Ce*" with
reacted fraction x in the lattice, the interatomic layer
distance d increases as follows [40]

d = dy (1 + Bx), (6)

)Y =k, ©)

where, d and d, are the lattice constants of CeO, after
and before the reaction. A modified constant B was
derived from the relation, B(A)=2.2-Ar/d,—0.15, by
Kim [59]. Ar is the amount of the increase in ionic
radius of Ce ion from the 44 to 3+ oxidation state,
Ar=rCe*t—rCe*", where rCe*" and rCe>" are ionic
radii for 8-coordination, 0.97 A and 1.14 10%, respec-
tively [60,61].

The broken lines in Fig. 5 show the relations of x vs.
t calculated according to Eqgs. (5) and (6), and data
observed at 700°C for CeO,, and (CeO,)q g(LaO; 5)g.»-
The best fitted calculation led to the value of

Table 1

k=4.1x10"%s™' for CeO, 19x107"s™ ! for
(Ce05)0.0(La0; 5)oq and 7.1x 1077 s7! for (CeO,)o s-
(LaOj 5)0.2. The same procedure was applied for the
data at 500°C. However, the value for CeO, at 500°C
could not be obtained with certainty because of small
amount of variation in d value. They were further
normalized by specific surface area of the powders
using the relation of kg=k/S (ks=normalized rate
constant, S=specific surface area). The derived k
and kg constants are listed in Table 1. The reaction
rate was enhanced by La addition ca. 3 times for
(Ce0y)p9(La015)9.1 and ca. 9 times for (CeO,)qs-
(LaOy 5)g ., of that for CeO,, at 700°C. Total amount of
lattice oxygen diffusion in CeO, and reaction rate with
CO are dependent on the concentration of the oxygen
vacancies. Since La-doping in CeO, yields oxygen
vacancies in the lattice by forming Ce,_,La,O,_,, it
is effective for the promotion of the reaction of CeO,,
even in the reduced state, with carbon monoxide. This
phenomenon is similar to the ionic conduction in
fluorite-type oxide including Ce,_ ,M,0,_,» (M=rare
earths). Both processes are controlled by the diffusion
of oxygen vacancies; the ionic conduction is activated
by electric field, whereas the reduction reaction of
CeO, by thermal and chemical excitations with CO.
The temperature dependence of the oxygen conduc-
tivity, o, at constant dopant concentration is often
written as 0=(oo/T)-exp(—E/RT), where E is the acti-
vation energy of o and 0o/T is a pre-exponential term
divided by the temperature. If the reaction is governed
by the diffusion of oxygen vacancies in the same
manner as the ionic conduction, the relation of o
vs. E can be replaced by k vs. E. The E value derived
from the data at 500°C and 700°C in present work was
110kJ/mol for both (CeO,)go(La0;5s)9; and
(Ce0,)ps(La0; 5)92. This value is reasonable, con-
sidering the data of ionic conduction in previous

Kinetic constant, k and kg (normarized with surface area) for CeO, and La,0;—CeO,.

Composition Temperature (°C)

700 500

k(s™h ks (s/m g) k(s™" ks (s/ m” g)
Ce0, 4.1x1078 2.7x107° - -
(Ce05)0.0(La0y 5)o.1 1.9%x1077 7.7%x107° 7.2%x107° 2.9x1071°
(Ce0,)o.5(La0y 5)02 7.1x1077 24x1077 2.8x107% 9.4%10710
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Fig. 7. Response of lattice constant in CeO,—ZrO, with exchange
of flowing gases between 4%0,/N, and 8%CO/N, at 600°C.

references for (CeO,);_,(MO;s), M=La,Gd) [62-
65]. Therefore, the analysis suggests that La-added
CeO, is more effective than CeO, for suppressing the
A/F fluctuation in an automotive catalyst.

3.3.4.  The observation of CeO,—ZrO; solid solution

The same diffraction method can be applied to the
system of CeO,—ZrO, which has been an attractive
candidate as practical OSC component in high-per-
formance TWC. Fig. 7 shows an example of the
observation of redox cycle, O,/N,—CO/N,—0,/N,,
in Ce 5Zry 50, with Y,05 at 600°C. The data indicate
a feature of redox behaviour: a fast oxidation of CeO,
lattice and a slow reduction in creating vacancies. The
more interesting characteristics of Ce—Zr—O system is
as large nonstoichiometry as La-doped CeO, (vs.
time) and fast reduction, despise of its low surface
area [41,42,48]. A group from Italy indicated its
excellent OSC with and without precious metals,
especially in the range of x=04 to 0.6 of
Ce,_,Zr, 0O, [49-54]. Our observation seems to sup-
port their suggestion with respect to lattice reduction
behavior.

4. Neutron diffraction study on redox behavior
of Pt-impregnated CeO,-ZrQ, in dilute CO
atmosphere

4.1.  The motivation: effect of Pt on redox process

The rate of simultaneous conversion of CO and NO,
to CO, (oxidation) and N, (reduction) is known to

increase dramatically in TWCs that contain platinum
group metals dispersed on CeO,-containing oxide
supports [8§—12]. While the metal atoms provide elec-
tronic activities for formation or dissociation of
atomic bonds of the gas molecules, the nonstoichio-
metric oxide support supplies or admits oxygen for the
redox reactions. During this process Ce4++«—3+ tran-
sitions occur. Previously, temperature programmed
reduction experiments on pure ceria in hydrogen
revealed two reduction peaks at about 500°C and
800°C corresponding to reduction of Ce ions on the
surface and in the bulk, respectively [8,11,75,76].
Magnetic susceptibility measurements of heat-treated
ceria under CO showed a similar result [66].

The neutron-diffraction targeted a model TWC
of a Ceq 1Zry90, powder impregnated with 0.1 wt%
Pt. The choice of such a low CeO, dopant level is
to avoid the complex (uncertain) crystal phases of
the ceria-rich CeO,—ZrO, system [67,77-80]. Only
the parent zirconia crystal structures have to be
considered here. In this case, a model of the interac-
tion of platinum with ceria for CO oxidation has
been suggested by Harrison and co-workers [8]. It
involves nondissociative adsorption of CO on the Pt/
CeO, interfaces followed by a reaction to produce
CO, and an oxygen vacancy. During this process
oxygen is released and Ce4+«3+ transition occurs.
In order to sustain the catalytic function, the model
calls for an exchange of vacancies on the surface and
O ions in the bulk of the oxide particles. The merit of
the neutron experiment stems from the penetration
power of neutrons so that the lattice response from the
bulk of the oxide particles is surveyed. Obviously, in
situ measurements have to be performed under an
environment that is pertinent to the catalytic function
of CO—CO, conversion.

4.2.  Experimental

Fine Cey1Zrp90, powders, with and without
impregnated Pt (0.1 wt%), were prepared by a copre-
cipitation method as described elsewhere previously
[68]. The fresh powders that were subjected to heating
in air for 3-5 h showed a BET surface area of ~26 m*/
g and an average particle size of ~21 nm [69]. The
neutron diffraction experiments were carried out using
the Special Environment Powder Diffractometer at the
Intense Pulsed Neutron Source (IPNS) of Argonne
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National Laboratory. The powder was compacted in a
die by a small pressure just enough to form pellets
(cross-sectional diameter of 11 mm). The pellets were
stacked to form a column of about 50 mm tall inside
the sample tube of a furnace. This eliminated the use
of sample container and consequently the extra con-
tainer scattering. The furnace consisted of an inner
tube made with alumina, a tungsten heating coil, and
radiation shields made with vanadium. Vanadium has
a negligible neutron coherent scattering cross-section
thereby producing no Bragg reflections. While a flow-
ing-gas (~100-150 ml/min) sample environment
within the inner tube was maintained, the exterior
coil and shields were kept under high vacuum at all
temperatures. The sample temperature, monitored by
thermocouples above and below the sample, were
controlled at a selected temperature to within 15°C
in all runs.

The data were collected using the neutron time-of-
flight technique from which the neutron wavelength
was determined from

A=t (7

mL’

where m, t and L are the neutron mass, flight time and
flight distance, respectively. The advantage of the
time-of-flight technique is the simultaneous measure-
ment of the entire diffraction profile over a wide
range of atomic plane d-spacing at a single detector
angle 26, by virtue of the Bragg law, A=2d sin 6. With
detectors situated at mean scattering angles of £90°, a
resolution of Ad/d=0.54% can be achieved. Such a
scattering geometry permits high collimation of the
entrance and exit neutron beams so that the detectors
admit solely Bragg-scattering intensity from the
sample.

The diffraction data were collected every hour in the
following manner for both samples: heating from
25°C to 400°C in flowing 2%0O,/Ar gas followed by
continued heating from 400°C to 700°C in flowing
1%CO/Ar gas. The temperature was stepped at an
interview of 50°C and a 20 min wait prior to the data
collection was allowed for thermal equilibration at
each temperature. At 400°C, 500°C, 600°C and 700°C
multiple 1 h-data sets were collected. The data were
analyzed by the Rietveld refinement technique using
the generalized structural analysis system (GSAS)
computer code [25].

400° C in 1%CO/Ar

’] Ceg.1Zr.902/Pt

Intensity (arb. units)

2
d-spacing (A)

Fig. 8. Rietveld profile fit in the 0.04—0.4 nm region of d-spacing
for the Ceg 1Zro.9O, powder impregnated with 0.1 wt% of Pt metal
at 400°C under a flowing 1%Co/Ar gas environment. The symbols
are the observed, background subtracted intensities. The solid line
represents the calculated crystalline intensities. The tick marks
indicate the positions of the Bragg reflections of the monoclinic
(top row) and tetragonal (bottow row) phases. The difference
between the observed and calculated intensities is shown at the
bottom of the figure.

4.3.  Results and discussion

4.3.1.  Crystal structures

At low ceria concentration, CeO,—ZrO, forms a
solid solution isostructural to the parent zirconia
phases in which Zr atoms are randomly replaced
by Ce [67,77-80]. The present samples, regardless
of the presence of Pt metal, compose of a major
tetragonal phase (744+2mol%) and a minor
monoclinic phase (2644 mol%). The relative
phase fraction did not change with respect to tem-
perature. Fig. 8 shows a diffraction pattern for
Ce—ZrO,/Pt at 400°C in a flowing CO/Ar environ-
ment. The general features in the intensity profile are
typical to all runs. In particular, the broad peaks and
nonGaussian line shapes indicate the small crystalline
grain size, the presence of lattice strain and their
distribution. A detailed analysis of the diffraction data
of Ce-doped zirconia powders has been given else-
where [70]. Contributions to the intensity profiles
from the dispersed Pt particles in the Ce—ZrO,/Pt
sample or oxygen-vacancy defects in the reduced
samples are too small to be analyzed quantitatively
by the Rietveld refinements. All the refinements were
made using a nominal sample stoichiometry of
Ce 171 905.
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Fig. 9. The lattice parameters of tetragonal Ceg ;Zry90, (a) and
Ceg.1Zro90,/Pt (b) vs. temperature. The samples were first heated
in 2%0,/Ar (+) and then switched to 1%CO/Ar and continued
heating to 700°C (O). Each data point represents 1h data
collection.

4.3.2.  Anomalous thermal expansion in
Cep. 1Zr9.005/Pt

Fig. 9 shows the lattice parameters of the tetragonal
phase of Ce—ZrO, and Ce—ZrO,/Pt as a function of
temperature and sample environment. In the case of
Ce—ZrO, (Fig. 9(a)) both a and c increase linearly
with increasing temperature regardless of the oxidiz-
ing atmosphere below 400°C or the reducing atmo-
sphere above 400°C. The small differences in the
lattice parameters at 400°C arose from systematic
errors in the experiment because the run with O,/Ar
was conducted at a different time from that with CO/
Ar. In the case of Ce-ZrO,/Pt the two runs were
conducted in sequence without removing the sample.
After the completion of heating the Ce—ZrO,/Pt sam-
ple up to 400°C under O,/Ar, the sample environment
was evacuated and then CO/Ar gas was fed into the
furnace tube. Fig. 9(b) clearly shows an increase of the
basal plane lattice parameter a at 400°C after CO/Ar
gas was introduced into the system. The lattice para-
meter ¢, on the other hand, show little or no increase
over the 6 h period at 400°C under flowing CO/Ar. An
examination of the tetragonality (c/a) of the lattice
showed that under oxidizing conditions c/a increased

70.5 146
C a E
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69.5 3 1445
E ] =)
— 3 c
& 69.0F 3 3
3 : 4 14353
68.5F E ]
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Fig. 10. The unit-cell volumes of the tetragonal and monoclinic
phases of Ce 1Zr 90, (a) and Ce ;Zry90,/Pt (b) vs. temperature.
The samples were first heated in 2%0O,/Ar (+) and then switched to
1%CO/Ar and continued heating to 700°C (QO). Each data point
represents 1 h data collection.

(from 1.018 to 1.019) with temperature from 25°C to
400°C for both samples. Under reducing conditions
c/a decreased with increasing temperature for both
samples, but the decrease was larger for the Ce-—
ZrO,/Pt sample.

The unit-cell volumes of the tetragonal and mono-
clinic phases for Ce-ZrO, and Ce—ZrO,/Pt are shown
in Fig. 10. There is a volume increase of ~0.25% only
in the Ce—ZrO,/Pt sample under reducing condition.
The effect of the redox of Ce on the monoclinic phase
is less clear, perhaps due to the relatively large uncer-
tainties in the refinement of this minor phase. No
obvious increase of the lattice volume attributable
to the reducing environment is evident from the data.
From the Rietveld refinements the volume of the
monoclinic phase for the Ce-ZrO,/Pt sample is
slightly larger (~0.15%) than that for the Ce—ZrO,
sample throughout the whole temperature range. The
origin of this difference is not yet understood.

4.3.3.  The lattice response to redox behavior

The lattice parameters of the tetragonal and mono-
clinic phases of Ceg Zry90, with and without Pt
impregnation increase linearly with increasing tem-
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perature over the range 25-700°C. From Fig. 9 the
thermal expansion coefficients for the tetragonal phase
at ~300°C are «,=9.5x107%/°C and o,=13.1x10~%
°C. These values are comparable with those reported
for Sc, In or Yb stabilized zirconia [71]. Switching
from an oxidizing atmosphere for 25-400°C to a
reducing one for 400-700°C in heating the Ce-
ZrO, sample does not induce an anomaly in the
thermal expansion. Since the observed d-spacing
reflects the long-range order structure in the crystal-
line grains, the lack of anomaly implies that the
reduction of Ce ions, if any, occurs mainly on the
surfaces the oxide particles. If Ce—ZrO, is impreg-
nated with Pt metal, on the other hand, an increase of
the axial lattice parameter ¢ of the tetragonal phase
when switching from oxidizing to reducing conditions
was observed. Consequently, the tetragonality
decreases. This suggests a gradual (over several hours)
conversion of the 4+ to 3+ state of the Ce ions. This
process occurs initially in the interfacial region
between the oxide and Pt particles and then migrates
to the bulk of the oxide lattice [8,81,82]. This phe-
nomenon can also be seen visually from the change of
color (from light yellow before to gray after reduction)
only for the Pt-impregnated sample. The original
color can be recovered by heating the gray sample
under an O,-rich atmosphere. The origin for the color
change in zirconia resulted from heat treatments was a
subject of debate previously [72-74]. In the present
case, it is undoubtedly caused by the redox process of
Ce ions.

The neutron-diffraction result supports the model
proposed by several workers [8,81,82] which assumes
the formation of oxygen vacancies initially near the Pt
atoms. As more Ce ions are reduced from 4+ to 3+
oxidation states at high temperatures, oxygen vacan-
cies migrate to the bulk of the oxide particles.

5. Conclusion

We have demonstrated the application of in situ X-
ray and neutron diffraction methods for the character-
ization of reduction reactions of CeO, catalysts. Our
X-ray and neutron investigations so far focused on two
systems of CeO,-containing oxide catalysts. The first
system involves CeO,-based powders modified by
La,Os. The variation of the lattice constants with time

was measured by X-ray diffraction at a fixed tempera-
ture. The data confirmed the enhancement of bulk-
diffusion of oxygen (vacancy) and oxidation activities
of CeO, in moderately reduced samples with La,03
doping and enable a quantitative analysis of the
kinetics of the reduction. In addition, the similar
phenomenon with time was observed for the system
of CeO,—ZrO,. The second system contains Pt metal
and CeO,-doped ZrO, for neutron diffraction study.
The change of the tetragonal phase in the oxide solid
solution were monitored by neutron- diffraction as a
function of temperature within an oxidizing and a
reducing atmosphere. These experiments have taken
advantage of the large X-ray fluxes available for
kinetic studies as well as the keen sensitivity to oxygen
displacements of neutrons and high efficiency of time-
of-flight diffraction. The in situ measurements suc-
cessfully give the key parameters of crystal structure
and relaxation of oxygen which are induced over
various stages of catalytic cycles on these catalysts.
Practical TWCs contain considerably higher concen-
tration level of CeO, in oxides and the system of
CeO,-based complex oxides even with low surface
areas. Therefore, X-ray and neutron scattering will be
undoubtedly a major method of the investigations for
heterogeneous catalysts of CeO,-containing materials
toward future development of high-performance
TWCs.
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