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Abstract

The techniques of neutron scattering were applied to characterize two rare-earth containing ceramic systems: oxide-based automotive
three-way catalysts and proton-conducting cerate-perovskite-based hydrogen-separation membranes. High-surface-area zirconias are widely
used as catalytic support of noble metals in automotive three-way catalytic converters for exhaust gas treatment. Doping these oxides with
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are-earth elements provides an important means in tailoring their properties for better catalytic performance. We have carried out in
o-wide angle neutron diffraction at high temperatures and under controlled atmospheres to study the sintering behavior and the C3+ ↔ Ce4+

edox process in CexZr1−xO2−δ solid solutions dispersed with Pt nanoparticles. We found substantial effects due to RE-doping on th
f aggregation of nanoparticles, defect formation, crystal phase transformation, and metal-support interaction. Y-doped BaCe3 exhibits
ignificant proton conductivity under a hydrogen-containing atmosphere at high temperatures. This system has high potential for a
s fuel-cell electrolytes, gas sensors, and ceramic membranes for hydrogen separation. We have performed in situ neutron diffract

nformation regarding the crystal phase evolution that permits dissolution of hydrogen and proton migration through the lattice
uasielastic- and inelastic-scattering experiments were carried out to investigate the proton dynamics from local vibrations to
iffusion.
2005 Published by Elsevier B.V.
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. Introduction

Complex oxides containing rare-earth (RE) elements
xhibit rich varieties of physical and chemical properties
hat deserve systematic experimental characterization over
ultiple length and time scales. Information regarding the

ime-averaged structure, from atomic/molecular locations
o microstructure and morphology of crystalline or amor-
hous domains, provides a first notion on the organiza-

ion of the microscopic build blocks in the materials. Of
qual importance are the collective, diffusive, and vibra-

ional motions of atoms and molecules that are responsible

∗ Corresponding author. Tel.: +1 630 252 5596; fax: +1 630 252 4163.
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to various thermodynamic behavior. Photons, electrons
neutrons are the common scattering and/or imaging pr
whereby space–time density–density correlation func
are obtained in real (space�r and timet) and/or reciproca
(scattering vector�Q and energyE) space. Slow neutron
differ from electrons and photons (visit light to X-rays)
their much lower energies (�1 eV) while matching the wave
lengths with the interatomic spacing and molecular dim
sions of condensed matter. Neutrons interact with at
nuclei (nuclear scattering) and electronic or nuclear s
(magnetic scattering) in the bulk of the materials and, fo
materials, the latter plays a key role in studying the magne
of 4f electrons. In this paper, we present recent neu
scattering studies of the structures and dynamics of ato
two classes of RE complex oxides: high-surface-area
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motive three-way catalysts (TWC) and proton-conducting
pervoskites. They share an important common characteris-
tic, namely, the presence of defects in a crystalline structure
induced by partial substitution of a cationic species with a
RE element. The consequences in the functionality of the
materials are critical. It will be shown that neutron-scattering
investigations yielded helpful clues to the structure-function
relation of these materials.

2. Neutron scattering experiments

The nuclear-scattering cross-section of slow neutrons
from an element containing natural isotopic abundance and
uncorrelated distribution of nuclear spins can be quantita-
tively described by a coherent scattering lengthb, which in
most cases is a real number. The fact thatb does not depend
in any regular fashion on the atomic or nuclear charges, e.g.,
bH =−0.374,bO = 0.58, bce= 0.484 for hydrogen, oxygen,
and cerium, respectively, in units of 10−12 cm, is a distinct
advantage for the discern of light versus heavy atoms or
adjacent elements in the periodic tables within a compound
or alloy. Furthermore, accurate determination of the crystal
structures of different phases and the defects associated with
oxygen-ion vacancies are benefited by the relatively large
scattering length for oxygen.
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neutron scattering (INS) data are described in general by a
scattering functionS( �Q, E). It can be shown thatS( �Q, E)
is connected to the space–time particle–particle correlation
functions through a double Fourier transform[1]. The time
and length scales probed by neutron spectroscopy are typi-
cally on the range of 10−8 to 10−13 s and 0.01–10̊A, respec-
tively. The random distribution of isotopes and their nuclear
spin directions of an element give rise to another kind of scat-
tering termed incoherent scattering of which the scattered
wavefronts from different atoms do not interfere, thereby
yielding no structural information. However, for inelastic
scattering the incoherent intensities represent the uncorre-
lated single-particle dynamic response of the elements over
the (�Q, E) domain. Owing to spin incoherence, hydrogen
has an extraordinary large incoherent scattering cross-section
(σinc = 4πb2

inc) of ∼80× 10−24 cm2 when compared to other
elements (e.g., 0.49 and 0.03 in units of 10−24 cm2 for N
and Ca, respectively, and zero for C and O). Therefore,
INS and quasielastic neutron scattering (QENS) are well
suited to study local vibrations and diffusion of hydrogen in
materials.

3. Rare-earth modified oxides for automotive
catalytic supports
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At smallQ (∼10−3 to 100 Å−1), small-angle neutron sca
ering (SANS) is sensitive to relatively large (∼1–100 nm
articles with relatively low resolution (∼1 nm). For a
onodisperse system, it can be shown[1] that the elastic

cattering cross-section is a product of the particle form fa
(Q) and interparticle structure factorS(Q):

dσ(Q)

dΩ
∝ ρ̄P(Q)S(Q) (1)

hereρ̄ is the contrast factor which amounts to the squa
he difference in the mean scattering–length density bet
he particles and the background (e.g., voids) andΩ is the
olid angle of the detector. The aim of a SANS exp
ent is to determine the size and shape of the par

rom P(Q) and their spatial distribution fromS(Q). Neu-
ron diffraction at increasingQ probes the spatial arrang
ent of structural units at progressively decreasing le

cales. Eventually, high-resolution scattering data co
ng a Q range of∼1–50Å−1 allow the determination o
he time-averaged (static) atomic organization: the a
ype, position, and occupation number. For mono- or p
rystalline materials, a reconstruction of a three-dimens
tomic lattice can be achieved by well-known crysta
raphic methods. Intensity appearing between the B
eaks, termed diffuse scattering, can be analyzed to

he nature of the defect structure.Fig. 1 displays schema
cally the features expected for a nanostructured crysta
owder.

A neutron spectrometer is capable of analyzing the
ron energy transfersE over a range ofQ. As a result, inelasti
High-surface-area zirconias are widely used as cata
upport of noble metals in automotive exhaust-emiss
ontrol systems. Doping zirconia with a small amoun
E may tailor its properties for better catalytic performa

2,3]. We studied a series of RExZr1−xO2−δ (RE = La, Ce
nd Nd, 0≤ x ≤ 0.2; BET surface area: 26–130 m2/g) with
nd without the dispersion of Pt nanoparticles that w
repared by a coprecipitation technique at relatively
alcination temperature (up to 600◦C) so that the nano
ructural architecture of the powders are preserved[4], as
hown by a typical electron microscopy inFig. 1a. First,
ANS measurements identified the microstructure of
owders in terms of aggregation of primary particles

ractal-like morphology of which the particle size distrib
ion, interfacial roughness, and fractal dimension over
ength scale of∼1–100 nm were determined according
he RE element and concentration as well as the hi
f heat treatment (seeFig. 1b) [5]. In general, RE-dopin

ncreases the thermal stability against sintering and pres
he high-surface-area morphology of the powder up to a
00◦C—the typical upper operation temperature of a th
ay catalytic converter in an automobile. Secondly,
ell known that RE-doping stabilizes the crystal structu
t ambient temperature to avoid the disruptive formatio

he monoclinic phase as in pure zirconia. Neutron pow
iffraction, see for exampleFig. 1c, established the mol

raction of the metastable cubic and tetragonal phase
he crystallite domain size in RExZr1−xO2−δ as a function
f heat-treatment temperature[6]. Thirdly, substituting Zr4+

ons with trivalent RE such as Nd3+ and Y3+ results in defec
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Fig. 1. Small-to-high angle diffraction shown schematically for the measurement of density-density correlation weighted by the neutron scattering-length
density of the constituent atoms. AsQ increases, the correlation length decreases from sub-micron size clusters (Guinier region) to a crossover to aggregation of
primary particles, then to the meso-length scale and finally to interatomic distances. Structural deviations from the average crystal structure manifest in residual
intensity (diffuse scattering) between the Bragg peaks. (a) A TEM micrograph showing a typical nanostructure of RE-modified zirconia; (b) the SANS profiles
of pure CeO2 and Ce- and Nd-doped ZrO2 characterized by a fractal-like interparticle structure factor; (c) neutron powder diffraction of Ce0.2Zr0.8O2; (d)
correlation functionD(r) calculated from the diffuse-scattering component. The maxima corresponds to atomic spacing characteristic of a short-range defect
structure.

formation in the crystal structure associated with oxygen-
ion vacancies (δ ∼= x/2). The diffuse residual intensities were
analyzed by a Fourier filtering technique whereby a corre-
lation function,D(r), was obtained in real space. InFig. 2d
for Nd0.1Zr0.9O1.95, theD(r) displays four maxima at atomic

spacings characteristic of short-range structure that gives
rise to the diffuse scattering. The first maximum at about
2.10± 0.03Å corresponds to a relaxation of the Zr(RE)-O
distances along the pseudocubic〈1 1 1〉 direction of the flu-
orite structure. There is also evidence of additional atomic

Fig. 2. The perovskite structure of BCY where the Ba atoms and CeO6 octahedra are shown.Pm3̄m is the parent cubic structure. Other phases, such as the
rhombohedral (R3̄c) and the monoclinic (I2/m) phases, are formed by systematic tilts of the octahedra along the high-symmetry direction of the cubic structure,
designated by the Glazer notion[18].
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correlation at 2.66± 0.04, 3.55± 0.04, and 4.35± 0.05Å
[6].

The crystal and defect structures of RE-modified zirco-
nias have been investigated by numerous workers including
using single-crystal specimens. It was realized that the solid
solutions are too complex to be characterized by mixing
variants of the fluorite and pyrochlore phases[7]. Further-
more, an optimal utilization of the redox property of CeO2
has very important consequences in tailoring the oxygen
storage capacity for better TWC performance[8]. Harrison
et al. [9] proposed a model for metal-support interaction
which involves the initial adsorption of CO molecules on
Pt atoms and subsequently a reduction of Ce cations in the
ceria/Pt interface. The Ce4+ → Ce3+ conversion releases oxy-
gen atoms from ceria for the oxidation of CO to CO2, which
subsequently desorbs from the metal, leaving vacancies on
the surface of the oxide particles. In order to sustain the redox
reaction, the vacant sites have to be filled by oxygen from the
lattice through atomic diffusion. We performed in situ neutron
diffraction on Ce0.2Zr0.8O2−δ and pure CeO2 samples with
and without dispersed Pt at high temperature under oxidizing
(2% O2/Ar) and reducing (1% CO/Ar) atmosphere[10]. The
conversion of Ce4+ to Ce3+ ions was monitored by the rate
of increase in the lattice constants by virtue of the substantial
difference in the ionic radius of Ce4+ (0.097 nm) and Ce3+
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4. Yttrium-doped barium cerate proton conductors

BaCe1−xYxO3−y (0≤ x ≤ 0.3) (BCY) was first synthe-
sized by Iwahara who also reported a high total conductivity
of ≈5.3× 10−2 (� cm)−1 for x = 0.2 at 800◦C in a hydrogen-
containing atmosphere[16]. Guan et al.[17] provided evi-
dence of significantly higher H+ conductivity than that of
the O2− counterpart. This makes the materials attractive for
many applications, from fuel cells to hydrocarbon sensors
to hydrogen pumps. At Argonne interests have been focused
on the research and development of a BCY-based hydrogen-
separation membrane capable of operating in a nongalvanic
mode, i.e., without electrodes or power supply.

BCY belongs to the family of perovskite structures but,
due to fact that sample stoichiometry and oxygen-vacancy-
related defects are very sensitive to preparation and pro-
cessing conditions, the crystal structure was not well under-
stood. We demonstrated that single-phase BaCe1−xYxO3−y

(0≤ x ≤ 0.3) can be synthesized provided that in the final
preparation step the samples are annealed in a hydrogen-free
environment. Under hydrogen- or moisture-containing atmo-
spheres including ambient air, subtle tilts of the CeO6 octahe-
dra result in the formation of variant structures, as shown in
Fig. 2for three major phases[18]. Taking the advantage of the
high sensitivity of neutrons to oxygen atoms, we determined
the crystal structures of BCY and their structural evolution
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0.114 nm). We found, under a reducing atmosphere, the
ersion was more rapid in the Pt-containing Ce0.2Zr0.8O2−δ

ample. Since the observed d-spacing reflects the long-
rder structure in the crystalline grains, the enhanced ex
ion in Pt-containing samples implies the migration of o
en vacancies from the interfacial region between the o
nd Pt particles to the bulk of the oxide lattice. In CeO2–ZrO2
olid solutions without metal loading, the reduction of C
igh temperature occurs mainly on the surface region o
ample[11,12]. However, recently Mamontov et al.[13–15]
nalyzed the neutron diffusion scattering from pure C2
nd CeO2-rich CeO2–ZrO2 samples using a pair-distributio

unction technique with the aid of a structural model. It w
rgued that reduced Ce3+ ions and correspondingly oxyge

on vacancies occurred in these samples driven by the
f internal stress due to the different ionic size of Ce4+ and
r4+ in the solution. The authors suggested that the moti

he oxygen-ion defects is responsible to the oxygen sto
apacity.

able 1
he room-temperature crystal structures of BaCe1−xYxO3−δ (0≤ x ≤ 3) tha

aCe1−xYxO3−δ Oxygen

Dry +D2O +H2O

.00 Pmcn

.10 Pmcn

.15 R3̄c

.20 R3̄c Mostly I2/m Mostly I2/m

.25 R3̄c

.30 R3̄c

he molar fractions are given in parentheses.
ubjected to exposure of different atmospheres[19]. Table 1
hows the room-temperature crystal structures of BCY
ere heated treated under various conditions. We find

he O2-annealed BCY samples crystallize into well-defi
ingle-phase perovskite structures: orthorhombic (Pmcn) for
≤ x ≤ 0.1 and rhombohedral (R3̄c) for 0.15≤ x ≤ 0.3. For

ow Y concentration,x ≤ 0.1, the orthorhombic (Pmcn) struc-
ure is not affected by annealing in ambient air or dry

2. In this composition range, the low concentration
xygen vacancies may limit the solubility of hydrogen
uggested by the following proton incorporation react
2O(g)+ V

••
O + Ox

O → 2OH
••
O, where OH

•
O, V

••
O, and Ox

O
epresent the protons, oxygen vacancies, and lattice ox
espectively. For higherY concentrations,x > 0.1, the rhom
ohedral (R3̄c) structure is unstable in ambient air or d
% H2, as evident in the appearance of a mixture of ph
seeTable 1). Thex = 0.15 composition contained monoclin
I2/m) and orthorhombic (Incn) phases, while samples w

heat treated under different conditions (see text)

ratory air Dry CO2-free air Dry 4% H2 + N2

Pmcn
Pmcn

.81) +I2/m (0.19) Incn (0.75) +I2/m (0.25)
.14) +I2/m (0.86) R3̄c R3̄c (0.84) +I2/m (0.16)
.48) +I2/m (0.52) R3̄c (0.53) +I2/m (0.47)

R3̄c (0.71) +I2/m (0.29)
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Fig. 3. Evolution of the crystal phases of BaCe0.8Y0.2O3-y at elevated temperatures under different atmospheric conditions.

x ≥ 0.2 consisted of monoclinic (I2/m) and rhombohedral
(R3̄c) phases.

Based on the fact that electrical conductivity of BCY
decreases forx > 0.2 while the concentration ofR3̄c increases
(hence a reducedI2/m content, seeTable 1) we suggest that
theR3̄c phase does not favor dissolution of protons and con-
sequently, does not lead to high electrical conductivity. The
effects of hydrogen doping on the crystal structure are most
evident in thex = 0.2 sample that was annealed in wet oxygen.
Without exposure to water during annealing, a rhombohedral
(R3̄c) phase formed. If water was present during annealing,
the monoclinic (I2/m) became the dominant structure. This
fact, in conjunction with the significantly higherI2/m concen-
tration in samples that were annealed in moisture-containing
laboratory air than in samples that were annealed in 4% H2
(balance N2), indicates that an atmosphere containing water
vapor is more effective for proton doping. This is also con-
sistent with the higher hydrogen permeation rates observed
under wet conditions.

Recently, we have extended the diffraction study on
BaCe0.8Y0.2O3−y to in situ measurements under pure O2,
O2 + D2O vapor, pure H2, and H2 + D2O vapor at high tem-
peratures. The overall result is presented inFig. 3, which
suggests the following scenario. Below about 500◦C the par-
ent rhombohedral (R3̄c) structure has too small a unit-cell
volume to accommodate dissolution of hydrogen (deuterium)
a ade
p ,
w pac-
i en.
A ns are
r asing
I e
e y suf-

fice to initiate proton diffusion. At the same time, the lattice
transforms to the cubic (Pm3̄m) phase, which at subsequent
higher temperatures, supports proton conduction.

While in situ neutron diffraction permits the characteriza-
tion of the structural response of the BCY lattice to hydrogen
dissolution and proton conduction, the motion of the hydro-
gen atoms can be monitored by concurrent spectroscopic
measurements[20]. Fig. 4shows the mean-square displace-
ment of the hydrogen atoms as a function of temperature,
obtained from integrating the incoherent elastic intensity
from the dissolved hydrogen atoms in BCY recorded by
detectors covering a range ofQ values and fit the result to
the expression ofIel ∝ exp(−〈u2〉Q2). It indicates that the
rate of mean-square displacement of hydrogen changes at
about 360◦C, at which the depletion of theI2/m phase begins.
Above ∼500◦C, local vibrations are replaced by diffusion
as proton conduction takes over. This is evidenced by the

F s asso-
c
f s
t n.
s hydroxyl ions in the lattice. Hydrogen dissolution is m
ossible by the formation of the monoclinic (I2/m) phase
hich has a larger unit-cell volume. Furthermore, the ca

ty is higher for moist atmosphere than for pure hydrog
s temperature increases from room temperature, proto

eleased from the hydroxyl ions as indicated by the decre
2/m molar fraction. At∼500◦C the combination of volum
xpansion and the increasing thermal energy apparentl
ig. 4. The observed mean-square displacements of hydrogen atom
iated with the dissolved hydroxyl ions in BaCe0.8Y0.2O3-y in moist air as a
unction of temperature. A change in the rate at about 360◦C correspond
o the starting depletion of theI2/m phase and activation of proton diffusio
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Fig. 5. The observed quasielastic scattering due to proton diffusion in
BaCe0.8Y0.2O3-y at 500◦C in moist air.

appearance of a quasielastic scattering component as shown
in Fig. 5. TheQ-dependence of the observed quasielastic scat-
tering can be analyzed with jump diffusion models such as
that used for a similar study of Y-doped SrCeO3 [21].

5. Conclusions

RE-containing complex oxides encompass a realm of
material systems that exhibit outstanding chemical, optical,
magnetic and transport properties. The method of neutron
scattering offers a multiscale characterization of many of
these fundamental properties. We describe the application
of small-to-wide angle diffraction and inelastic scattering
for the study of two systems: Ce-doped zirconia TWC for
automotive emission control and yttrium-doped barium cer-
ate membranes for hydrogen separation. Combining other
experimental data and theoretical analyses, the knowledge
acquired through these investigations is important to the real-
ization of the full potential of the substances and the fruition
of eventual technological applications.
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