Heterogeneous Catalysis

Angewandte

DOI: 10.1002/anie.200703085

Origin and Dynamics of Oxygen Storage/Release in a
Pt/Ordered CeO,-Zr0O, Catalyst Studied by Time-Resolved

XAFS Analysis**

Takashi Yamamoto, Akane Suzuki, Yasutaka Nagai, Toshitaka Tanabe, Fei Dong,
Yasuhiro Inada, Masaharu Nomura, Mizuki Tada, and Yasuhiro Iwasawa*

CeO, and cerium-based materials can store oxygen under
excess-oxygen conditions and release it under oxygen-defi-
cient conditions, and owing to the high oxygen storage/release
capacity (OSC) they are widely used as promoters of
automobile three-way catalysts.'"™ Toyota research groups
found that addition of zirconium cations to CeO, dramatically
improved the OSC and thermal stability."'! The most
efficient CeO,-ZrO, (CZ) material is a CeO,~ZrO, solid
solution which has an atomically homogeneous, ordered
arrangement of Ce and Zr ions assigned to the k-Ce,Zr,0q
fluorite phase (see the Supporting Information),l'’” and the
OSC increases with increasing homogeneity of the cation
arrangement.” ' 89% of the Ce ions in the Pt-promoted «-
Ce,Zr,04 are effective in the oxygen storage/release process,
in contrast to the low OSC value of pure CeO, (2% ).
The Pt-promoted k-Ce,Zr,0y transforms into pyrochlore
Ce,Zr,0, under the reducing conditions in the working state
(see the Supporting Information). A Ce,Zr,0; 5 intermediate
phase forms on prolonged exposure of Ce,Zr,O; to air at
room temperature,' but there is no information on the
formation of Ce,Zr,0,s during the oxygen storage/release
process under working conditions. Oxygen storage/release
processes on CZ samples have been characterized by various
methods such as temporal analysis of products for Pt/CZ,!!
time-resolved XRD,"'" and thermogravimetric analysis for
oxygen release from Pt/k-Ce,Zr,0x." A tetragonal Ce,Zr,04
phase with much lower OSC efficiency (52%) than the
present k-Ce,Zr,0; phase (89 %) was also characterized by
X-ray absorption fine structure (XAFS) analysis."*'¥! Never-
theless, the previous studies did not focus on the real-time
dynamics of CZ samples, which may be most relevant to the
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OSC function. Both Zr and Ce ions in x-Ce,Zr,Oy are in
oxidation state +4 and eight-coordinate.”! In pyrochlore
Ce,Zr,0,, Ce ions have oxidation state +3 and eightfold
coordination, while Zr ions have oxidation state +4 and are
sixfold coordinated."**'! In the transformation between k-
Ce,Zr,04 and Ce,Zr,0,, Zr sites change the number of
coordinated oxygen atoms without any change in valence,
whereas Ce sites change their valence without changing their
coordination number.

We have succeeded in characterizing electronic and
structural transformations of the Pt-promoted CZ catalyst
with an ordered arrangement of Ce and Zr ions during the
oxygen storage/release processes at 573-773 K by real-time
energy-dispersive XAFS. Figure 1 shows a series of time-
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Figure 1. Serial energy-dispersive XANES spectra at the Ce L; edge
during oxygen release of Pt/Ce,Zr,O; at 573 K. ut=—In(l/1,).

resolved Ce L;-edge energy-dispersive X-ray absorption near-
edge structure (XANES) spectra of Pt/Ce,Zr,0Og in an
oxygen-release process at 573 K under 12.4 kPa H,. The
virgin Pt/Ce,Zr,Ogz sample gives typical doublet white lines
characteristic of Ce** species in Ce,Zr,04'****! and CeO,.*"
On H, dosing the doublet transformed into a singlet and the
edge position shifted to lower energy, and after 20s the
spectrum became identical to a typical spectrum of Ce*"
species in Ce,Zr,0,. The serial XANES spectra exhibited
an isosbestic point, except for the first 0.9 s and the last 2 s of
the transformation, which indicates that the majority of x-
Ce,Zr,04 transforms directly into pyrochlore Ce,Zr,0,. This
agrees with temperature-programmed reduction of Ce,Zr,0q
with H,, which showed only a peak around 510 K. After
removal of the gas phase, the Ce,Zr,0, was exposed to
12.4 kPa O, at 573 K, which recovered the initial doublet
feature.
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To evaluate time profiles of the fractions of Ce* and Ce’",
the energy-dispersive XANES spectra were analyzed by a
linear combination with the formula X,,=C X+ CX,,
where X, Xi, X5, C; and G, represent observed XANES,
XANES spectra of Ce,Zr,0 (Ce*") and Ce,Zr,0, (Ce*"), and
fractions of Ce*" and Ce’", respectively.>**! The sum of C,
and C, was constant at unity. The fractions of Ce’" and Ce*"
species in the oxygen storage/release processes were plotted
as a function of exposure time to O, or H, at 573, 673, and
773 K (Figure 2). The Ce*' fraction in the oxygen-release
process rapidly decreased above 673 K and the rate depended
on the temperature, whereas the temperature dependency
was not remarkable in the oxygen-storage processes at 573—
773 K.
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Figure 2. Time profiles of the fractions of Ce’" and Ce*" in Pt/Ce,Zr,O,
(x=7 or 8) during oxygen storage and release, respectively (+0.03).

The change in Ce valence at 773 K was almost complete
after 1s (90% of the Ce ions in oxygen release and 80 % in
oxygen storage). Thus, oxygen storage/release is a dynamic
event involving whole Ce,Zr,0, nanoparticles with dimen-
sions of 200 nm.

To elucidate the dynamics of Zr—O bond formation and
breaking in the CZ solid solution during the OSC function,
changes in the coordination sphere around Zr ions were
monitored by energy-dispersive XANES and extended X-ray
absorption fine structure (EXAFS) at the Zr K edge with a
time resolution of 2ms. Figure 3a shows real-time k-
weighted energy-dispersive EXAFS Fourier transforms for
Pt/Ce,Zr,0Oy in the oxygen-release process at 773 K. Rietveld
analysis of pyrochlore Ce,Zr,0; reveals that the bond length
and coordination number of the Zr-O pair are 0.20995 nm
and six, respectively,”!! while k-Ce,Zr,O¢ has Zr—O bond
lengths of 0.173-0.274 nm (av 0.221 nm) in compulsive eight-
fold coordination."” The changes in the coordination number
and Zr—O distance were successfully analyzed by real-time
EXAFS analysis, although the obtained distances are aver-
aged. The results at 773 K are plotted in Figure 3b and c. In
the oxygen-storage process the coordination number and
bond length slowly increased over 5s to 7.0 and 0.214 nm,
respectively, with only a small increase during the first 1 s (in
contrast with the change in Ce valence), and Ce,Zr,0O,
transformed into Ce,Zr,0y after 6 s. Temperature-program-
med oxidation of Ce,Zr,0, with O, showed double peaks
around 400 and 600 K. Thus, it is likely that the oxygen-
storage process proceeds via an intermediate Ce,Zr,0O;5
phase, but the existence of Ce,Zr,0;5 is unlikely at 773 K
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Figure 3. a) Serial k-weighted energy-dispersive EXAFS Fourier trans-
forms at the Zr K edge for Pt/Ce,Zr,O; in the oxygen-release process at
773 K. b and c) Time profiles of the coordination number (CN) and
Zr—0 distance (R) in the oxygen-storage (b) and -release processes (c)
at 773 K. R+£0.002 nm. CN+0.7.

due to its instability. In the oxygen-release process the
coordination number decreased from eight to seven in 1s,
followed by a gentle decrease to six, while the bond length
shortened from 0.220 to 0.214 nm rapidly within 1 s, followed
by a continuous decrease to 0.208 nm as the onset of the
change in the coordination number. The fast event in the
initial stage of oxygen release may be synchronized with the
fast valence change of Ce*" ions in Figure 2, but the degrees of
change in 1 s differ greatly between Ce valence (90 %) and
Zr—O bonding (50%).

The fractions of Ce,Zr,0O; and Ce,Zr,0O, during the
oxygen-storage and -release processes at 573, 673, and
773 K were also determined by a linear combination analysis
of their energy-dispersive XANES spectra at the Zr K edge
(Figure 4 and Supporting Information). Temperature depend-
ence was observed in the oxygen-release process, whereas it
was not so pronounced in the oxygen-storage process. The
most striking aspect is the remarkable difference in the
oxidation/reduction rates between Zr and Ce sites. For
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Figure 4. Time profiles of the fractions of Ce,Zr,0; and Ce,Zr,04
during the oxygen-storage and -release processes of Pt/CeZrO, deter-
mined by Zr K-edge energy-dispersive XANES.

example, the Ce L;-edge XANES analysis for the oxygen-
release process demonstrated that 90% of Ce*" ions in
Ce,Zr,04 were reduced within 1 s at 773 K, whereas it took 4 s
for 90 % transformation at Zr sites in the Zr K-edge XANES
analysis. The sample amount utilized for the Zr K-edge XAFS
measurements was three times greater than that for the Ce L;-
edge XAFS measurements, but volumetric analysis of oxygen
uptake indicated that the effect of sample amounts on the
OSC rate was not significant (see the Supporting
Information).

Based on the time-resolved XAFS analysis, we conclude
that the electronic and structural transformations at Ce and
Zr sites during the oxygen storage/release processes are not
synchronized with each other in the solid solution. In both the
oxygen-storage and —release processes, the valence of Ce sites
change first, and then structural transformation occur at Zr
sites with making or breaking of Zr—O bonds. The oxygen-
storage and -release processes monitored by thermogravi-
metric analysis (Supporting Information) refer to the slower
event at Zr sites. To better understand the dynamic oxygen-
storage and -release behaviors, we estimated activation
energies for the OSC function at both Ce and Zr sites from
the dynamic XAFS data at 573-773 K (Supporting
Information), and the results are summarized in Table 1.
The dynamics at Zr sites observed by energy-dispersive
XAFS involve changes in local structure and number of
coordinated oxygen atoms, as well as oxygen diffusion. The
activation energy for the oxygen-storage process at Zr sites
was estimated to be as low as 4 kI mol™'. The same value was
also determined from energy-dispersive EXAFS analysis of
the coordination number and Zr—O distance (Table 1). On
the other hand, the activation energy for the oxygen-release

Table 1: Activation energies and rate constants in the oxygen-storage
and -release processes of Pt/CZ at 573-773 K.

Activation energy [k] mol™] k[s™"®
Oxygen storage Release Oxygen storage Release
Zr 4 43 0.46 0.39
@™ (36)"
Ce 20 43 1.39 2.17

[a] From initial rate at 773 K. [b] Estimated from energy-dispersive EXAFS
analysis.
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process at Zr sites is 43 kI mol !, that is, ten times larger than
that for the oxygen-storage process. A similar value of
36 kImol™" was determined from the EXAFS analysis. The
activation energy for the oxygen-release process was the same
at Zr and Ce sites, as expected for the solid solution.
However, the activation energy of 20 kJmol™' for the
oxygen-storage process at Ce sites is completely different
from that of 4 kImol ™' for Zr sites, and this reflects the very
different time profiles in Figure 2 (Ce valence) and Figure 3b
(Zr—O bonding). The activation energy of 110-161 kJmol™!
for oxygen diffusion in bulk Ce,Zr,O;, estimated from
electrical conductivity measurements,””*! is much larger
than the present values evaluated by real-time XAFS analysis.
The reason for the difference is not clear, but the XAFS data
are more directly relevant to Ce and Zr sites on the molecular
scale.

We propose the following factors for explaining the
different dynamics at Ce and Zr sites: 1) electron-conducting
property of the CZ sample,*"*12) oxygen diffusion via vacant
O, sites in the CZ lattice, 3) valence fluctuation at Ce sites,””’
and 4) charge redistribution due to a change in the lattice
constant on modification of the Ce—O distance. In the
oxygen-release process from k-Ce,Zr,0Og, for example, after
H, adsorption and spillover at the surface,* lattice oxygen at
T, sites moves to O, sites (Supporting Information) and
diffuses in the whole bulk through the vacant O, sites. In the
CZ solid solution, pronounced mixing between Ce 4f and
O 2p orbitals and strong overlap between Ce 4f and Ce 5d
orbitals are expected,” and the oxygen-defect structure
(Ce,Zr,0,) bestows intervalent character on Ce ions,”! which
may cause valence fluctuation at the Ce sites during the first
stage of OSC processes. The Ce valence may be redistributed
during the course of oxygen release due to a change in the
lattice constant. Oxygen migration to the O, sites may be
relevant to the rapid valence changes at Ce sites in the both
oxygen-storage and -release processes. The initial event of site
movement is initiated by Zr—O bond breaking at the 7 sites,
which is mainly responsible for the activation energy in the
oxygen-release process. The first step in oxygen storage is O,
dissociation at the surface, and the resultant oxygen atoms
diffuse to the bulk O, sites. The fast valence change of Ce ions
and the moderate structural change around Zr ions are
suggested to be responsible for the high OSC of the ordered
CeO,~Zr0O, phases. The mechanism of the observed asyn-
chronous behavior is still unclear and further study is needed
for a solid explanation. The present XAFS study evidenced
the dynamics and roles of Ce and Zr ions in the industrially
relevant Pt/CeO,-ZrO, catalyst for the first time, and suggests
promising application of dynamic XAFS to a variety of
mixed-oxide catalysts.

Experimental Section

The CeO,-ZrO, solid solution (molar Ce:Zr ratio 1:1) was prepared
by coprecipitation from aqueous solutions of Ce(NO;); and ZrO-
(NOs),. The obtained precipitate was reduced at 1473 K for 4 h with
pure CO, and then calcined in air at 773 K for 3 h. Pt (1.0 wt %) was
supported on CeO,-ZrO, by impregnation with an aqueous solution
of [Pt(NH;),(NOs;),] and subsequent calcination at 773 K for 3 h in
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air. The obtained crystalline Pt/Ce,Zr,0O4 was the x-phase according
to XRD.

Energy-dispersive XAFS is an in situ characterization technique
to monitor X-ray intensities over the whole energy range simulta-
neously with subsecond time resolution.”***'=3 Time-resolved
energy dispersive XAFS spectra at the Ce L; edge and Zr K edge
were measured by Bragg-type polychromators at NW2 in PF
(Supporting Information). The time-resolved XAFS spectra for
oxygen storage/release processes were recorded in a homemade in
situ cell every 2 ms for Zr K-edge XAFS and every 300 ms for Ce L;-
edge energy-dispersive XAFS under 12.4 kPa of O, or H, in the
temperature range 573-773 K. The structural parameters were
determined by a curve-fitting procedure in R space by using the
FEFFIT program with multiple scattering effects.!
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