
A new oxygen-rich ceria-zirconia pyrochlore phase has
been produced by thermal decomposition of cerium-zirconyl
oxalate in an argon flow and subsequent oxidation at 673 K for
2 h; it has been identified with high resolution electron
microscopy.

Ceria-zirconia solid solutions have been recognized as a
key material of the automotive exhaust catalysts since it can
release and uptake oxygen owing to the rapid reversible oxida-
tion states of cerium between Ce3+ and Ce4+.1,2 This oxygen
storage property is essential in the automotive exhaust convert-
ers to adjust the air to fuel ratio to the stoichiometric value
(≈14.6) and to establish high conversion efficiency.3 Therefore,
the textural and structural characterization of the ceria-zirconia
mixed oxides have been investigated.4 Recently, it has been
reported that the reduction behavior of the ceria-zirconia solid
solutions was strongly promoted by several preparation
processes via pyrochlore phase.5,6 We also have found that a
CeO2–ZrO2 solid solution prepared by thermal decomposition
of cerium-zirconyl oxalate in an inert gas and subsequent mild
temperature oxidation had high oxygen storage capacity.7

Although a few oxygen-rich pyrochlore phases have been found
by powder X-ray and neutron diffraction,6,8 the direct observa-
tion of the oxygen-rich pyrochlore phase using high resolution
electron microscopy (HREM) has, as far as we aware, not been
reported.  In this paper we applied an HREM technique to attain
the direct observation of a new oxygen-rich ceria-zirconia
pyrochlore phase Ce2Zr2O7.5.

The ceria-zirconia mixed oxide was prepared by thermal
decomposition of coprecipitated cerium-zirconyl mixed oxalate
according to a procedure published previously.7 Briefly, the
precipitate of cerium zirconyl oxalate Ce2(ZrO)2(C2O4)5·n H2O
was formed by adding a mixture of 1.0 mol·dm–3 aqueous solu-
tions of cerium nitrate and zirconyl nitrate with Ce/Zr ratio of
1/1 to 0.5 mol·dm–3 oxalic acid solution and subsequently
adjusting the pH value of the solution to 2 with ammonium
hydroxide.  The precipitate was washed with deionized water
several times, dried at 353 K overnight.  The powder obtained
was heated in an argon flow at 1273 K for 5 h and subsequently
oxidized in air at 673 K for 2 h.

The HREM images were recorded using a JEOL4000-EX
microscope operating at 400 kV.  Samples were prepared by
dipping a 3-mm holey carbon copper grid into an ultrasonic dis-
persion of the oxide powder in ethanol.  Selected area electron
diffraction (SAED) patterns and HREM micrographs were digi-
tized and analyzed using the DigitalMicrographTM (Gatan Inc.)
software package.  Digital diffraction patterns (DDPs) were cal-
culated using this software as the Fourier transform of the two
dimensional intensity distributions in the images.

The average composition of the samples in a macro scale

was identified using an X-ray fluorescence spectrometer
(Rigaku System 3270A) to be Ce0.45Zr0.55O2.  X-Ray powder
diffraction pattern using CuKα radiation (MAC Science
M18XHF-SHA) showed a single phase attributed to an appar-
ent cubic fluorite structure, but the width of each peak was rela-
tively broad.  The oxygen storage capacity and specific surface
area measured using a thermal conductivity detector (Shimadzu
GC-8A and Micromeritics FlowSorb II 2300) were 7.95 × 10–4

mol·g–1 and 4 m2·g–1, respectively.
Figure 1 shows a typical HREM image of the sample with

its DDP inset.  The micrograph contained clear evidence for
crystals with a cubic phase which showed double spacing.  The
clear double space lattice image in this figure most likely arises
from an ordered arrangement of oxygen vacancies.  The crystal
also presents a fluorite-related cubic-type DDP which corre-
sponds to the zone axes [110], and the DDP indicates the geom-
etry and superlattice features.

Figure 2 shows a model of the structure derived from the
micrograph in Figure 1.  The array of the fluorite-related super-
structure is considered as face shared modules of the fluorite-
type representing all allowed vacancy configurations.9

According to the matching procedure between experimental and
deployment of the vacant oxygen sites, the superstructure con-
sists of only the two type modules F and U (or D) and these
modules are arranged one after the other in three dimensions,
where the F has no vacancies and the U (or D) contains a vacant
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oxygen site in the top half (or in the bottom half).  The compo-
sition of this phase corresponds to Ce2Zr2O7.5.  This new phase
has not been reported in previous references and the present
study elucidates its existence directly for the first time.  It is not
clear whether the cation arrangement is ordered or not, but
probably the ordering level of the cations in this phase will be
low, taking the results of the oxygen-rich pyrochlore phase pre-
pared using hydrogen reduction into consideration.6

The production of the oxygen-rich pyrochlore phase is also
supported by the results of the Raman spectra previously report-
ed.7 Raman scattering is generally detectable within a depth of
10–100 nm from the surface of a sample.  The sample showed
three peaks centered at 304, 470, and 578 cm−1 attributed to the
pyrochlore-based structure as well as the other three tetragonal
Eg bands centered at 272, 446, and 611 cm−1.  Indeed, some
particles which are attributed to the tetragonal structure were
also observed in several HREM images of this sample.

Experimental SAED patterns of the aggregated powder
were analyzed and the d-spacing values were calculated from
the positions of the diffraction rings and spots.  The diffraction
rings from the fluorite cubic structure were dominantly
observed and they corresponded to interplaner spacings of
0.304, 0.263 and 0.186 nm.  The other spots were from tetrago-
nal and double-spacing cubic phases.  The isolated spots at
0.212, 0.233, 0.370 and 0.520 nm were for the tetragonal phase,
and the other ones at 0.608 nm were for the double-spacing
cubic phase.  The Raman, HREM and SAED results mentioned
above mean that the sample is a mixture of the cubic and tetrag-
onal phases on a very fine scale, since the phase separation
could not be observed in the XRD measurement.

In the present study, finely divided carbon particles are uni-
formly formed in the starting ceria-zirconia mixed oxide because
the sample is prepared by the decomposition of cerium-zirconyl
oxalate in an inert gas flow.  These fine carbon particles work as
a reductant during the decomposition process.  Since the Gibbs
free energy at 1273 K for the reduction of CeO2 to Ce2O3 by car-
bon was lower than that for the reduction by hydrogen or carbon
monoxide,10 thermal decomposition of the oxalate in an argon
atmosphere would more effectively produce the pyrochlore
Ce2Zr2O7 solid solution than the other reduction process.
During the oxidation of the pyrochlore phase, the most of exces-
sive fine carbon particles were eliminated by the subsequent cal-
cination at 673 K, since hydrocarbons, CO, and CO2 evolution
could not be detected in the mesurement of oxygen storage
capacity.  In some previous references,6,8 a few oxygen rich
pyrochlore phases such as Ce2Zr2O8 and Ce2Zr2O7.97 were pre-
pared via hydrogen reduction and subsequent reoxidation
process between 773 and 873 K.  In the sample of this study, the
intercalation of the oxygen anions into the lattice would not be
complete especially in the surface region of the aggregated pow-
ders because the oxidation temperature was as low as 673 K.  It
is suggested, therefore, that an incompletely oxidized pyrochlore
phase Ce2Zr2O7.5 has been produced and this new phase would
be responsible for high oxygen storage capacity of our sample.
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