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An environmentally friendly and economically efficient
method has been developed to synthesize monodisperse
Ce0,-ZrO, solid solution nanocrystals. In this process, the
formation of oleate-stabilized Ce( 5Zry 50, nanocrystals was
designed to proceed through hydrolytic sol-gel condensation
of metal-oleate precursors in an aqueous solution and subse-
quent hydrothermal growth at 200 °C for 6 h. The results
showed that the 3.0-nm-sized nanocrystals possess a meta-

stable CeO,-ZrO, tetragonal phase with well-designed
chemical composition and are nearly monodisperse. Owing
to the uniform textural and elemental properties, the prod-
ucts exhibit relatively high thermal stability of the metastable
phase and well-defined reduction properties.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Doping a metal oxide with a heterometallic ion has a
strong impact on its physical and chemical properties and
results in the enhancement or generation of material func-
tions. Therefore, the design of solid solution nanostructures
is essential in the search of advanced nanomaterials. Investi-
gation of Ce0,-ZrO, binary catalysts demonstrates this re-
search direction. A simple oxide, CeO,, shows redox prop-
erties due to the reversible oxidation/reduction of Ce** <>
Ce’*, which offers properties suitable for an efficient three-
way catalyst (TWC) for treating exhaust gas from automo-
biles and a water-gas-shift (WGS) catalyst to produce H,
fuel.l'! Furthermore, doping CeO, with an additional oxide,
MO, (M = Re, Cu, Mn, Bi, Zr, etc), often enhances the
catalytic activity, as a result of the improvement in the re-
dox properties as well as in the thermal stability of the
nanostructures.’! Among various binary systems, the CeO,-
Zr0O, system, or doping with ZrO,, is considered to benefi-
cially enhance the catalytic properties of CeO,, and, in fact,
much research has already been performed on the synthesis
and analysis of nanostructured CeO,-ZrO, solid solutions,
as reviewed by Monte and Kaspar.[!

Even though continuous efforts have enabled the synthe-
sis of unique nanostructures based on CeO,-ZrO,, such as
ordered mesoporous structures and nanocages of the solid
solution, monodisperse CeO,-ZrO, nanoparticles, which
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should be important for the fabrication of nanostructured
catalysts by the bottom-up approach based on nanoparticle
assembly, have not been available so far. This is probably
because conventional approaches provide limited control
over the chemical composition, crystalline phase, and par-
ticle size of the resultant nanoparticles. For example, aque-
ous approaches based on a precipitation method normally
produce aggregates of CeO,-ZrO, nanocrystals without re-
dispersibility in any solvent, although it is possible to tailor
the chemical composition of the solid solution.’! In ad-
dition, nonaqueous routes, such as thermal decomposition
of a metal-surfactant complex, are effective for preparing
monodisperse nanoparticles consisting of a single metal
component oxide, including CeO, and ZrO,.["! However,
the lack of a process controlling the reactivity of the hetero-
metallic reactants in these approaches clearly makes it diffi-
cult to use them for the synthesis of solid solution oxides;
in fact, the thermal decomposition method has resulted in
the production of agglomerated and poorly crystalline
Ce0,-Zr0O, nanoparticles.®]

To overcome the drawbacks of conventional methods, an
oleate-aided hydrothermal approach has been developed.
By using this approach, nearly monodisperse nanocrystals
based on EuO, s-doped HfO, and GdO, s-doped CeO, hav-
ing dopant concentrations of less than 20 mol-%, have been
successfully synthesized by an oleate-modified nucleation-
hydrothermal growth process.”) Furthermore, utilization of
inexpensive and less toxic aqueous solutions during all the
synthetic steps throughout the process provides the possible
application of the proposed method in industry.

In the present study, this attractive approach has been
employed for the synthesis of CeO,-ZrO, solid solution
nanoparticles with an atomic Ce/Zr ratio of unity. In order
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to characterize the CeO,-ZrO, nanocrystals formed, their
structural, elemental, morphological, and catalytic proper-
ties were investigated by energy dispersive X-ray (EDX),
XRD, and Raman spectroscopy, as well as by the trans-
mission electron microscopy (TEM) and temperature-pro-
grammed reduction (TPR) techniques.

Results and Discussion

The formation of Ce sZr, sO, nanocrystals was designed
to proceed through a hydrolytic condensation of Ce/Zr—ole-
ate complex by base and subsequent hydrothermal growth.
Following the reaction mechanism suggested in our earlier
works,! this process can simultaneously perform the copre-
cipitation of Ce and Zr cations to form the solid solution
framework and also allow oleate surface modification of
hydrothermally grown nanocrystals by in situ oleate stabili-
zation through the processes of condensation, nucleation,
and crystal growth. The overview of the reaction pathway
was confirmed by testing the colloidal stability and per-
forming elemental analysis by using EDX spectroscopy.
First, the products could readily be dispersed in cyclohex-
ane to form a yellowish transparent colloidal solution,
which showed the hydrophobic nature of nanocrystals pas-
sivated by the fatty acid. Subsequently, the atomic Ce/Zr
ratio of 54:46, obtained by EDX analysis, corresponded
well to that of the initial materials. These preliminary re-
sults indicate that the reaction to produce the fatty-acid-
passivated CeO,-ZrO, nanocrystals was followed as de-
signed.

Figure la shows XRD patterns of as-prepared
Cey 5Zry 50, nanoparticles, as well as a reference sample of
undoped CeO, nanoparticles. The pattern of the
Ce 5Z1y.50, sample corresponded to the cubic CeO, phase
(JCPDS. No. 34-0394) and showed no reflections from a
monoclinic ZrO, phase. The average crystallite size of the
Ceg 5Z1050,, calculated by the Debye—Scherrer formula,
was 3.0 nm, which was smaller than that of CeO, nanocrys-
tals (5.2 nm). The decrease in crystallite size, due to the in-
corporation of ZrO, with CeO,, has commonly been re-
ported in the wet chemical syntheses of this binary ox-
ide.>1% Indeed, peaks of the XRD pattern for the CeO,-
ZrO, sample slightly shifted to higher angles compared to
those for the undoped CeO, sample, indicating a smaller d-
spacing in the CeO,-ZrO, nanocrystals than in the CeO,
nanocrystals. Since the ionic radius of Zr*" in an octahedral
environment (0.84 A) is smaller than that of Ce** (0.97 A),
the atomic-scale incorporation of ZrO, in the CeO, matrix
could result in these d-spacing changes. Accordingly, the
crystalline size/phase evaluations by XRD strongly indicate
the formation of a solid solution rather than physical mix-
tures of CeO,-and ZrO,-based compounds; however, this
analysis is not sufficient to determine the crystalline phase
of Ce0,-ZrO, nanoparticles. Although the cubic and te-
tragonal phase can be formed in a metastable state, broad-
ening of reflections due to the small grains prevents detec-
tion of considerable tetragonal distortion, such as splitting
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of the (400) and (004) reflections. Raman spectroscopy was
employed to identify the crystalline phase of hydrother-
mally synthesized Ce, sZry sO, nanoparticles. According to
the selection rules, the tetragonal phase (P4,/nmc) has six
(1A, + 2B, +3E,) Raman-active modes, whereas the cubic
phase (Fm3m) has one Raman active mode (F,). Thus, the
Raman band features are indicators that distinguish be-
tween the cubic and tetragonal phases of the solid solu-
tion.'!1 Figure 1b shows the Raman spectra of CeO, and
Ceq 521y 50, nanocrystals prepared by hydrothermal meth-
ods. As can be seen in this figure, undoped CeO, nanopar-
ticles show a sharp and intense peak at 460 cm™', corre-
sponding to the F,, mode of the cubic phase, while the
spectrum of CesZrys0, nanoparticles exhibits several
bands, at 132, 311, 475, and 642 cm™!. The band features
involving band numbers, peak positions, and overall shapes
of the latter spectrum closely resemble the characteristics of
the Raman spectrum previously assigned to the tetragonal
Ce0,-ZrO, phase,''l which suggests that the metastable te-
tragonal form is a predominant phase of the products.
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Figure 1. (a) X-ray powder diffraction patterns and (b) Raman
spectra of CeO, and Ceq sZr, sO, nanoparticles synthesized by hy-
drothermal methods at 200 °C for 6 h. In Figure la, vertical lines
corresponding to cubic fluorite CeO, (JCPDS No. 34-104) are
shown for comparison, and peaks of an internal standard, Al (cu-
bic, a = 4.0494 A), are indicated by asterisks.
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Individual nanoparticles were analyzed by TEM. Fig-
ure 2a shows a low-magnification TEM image of
Ce 571y 5O, nanoparticles synthesized by the hydrothermal
method. As expected from the high colloidal stability, the
observed nanoparticles were highly dispersed without any
tendency to agglomerate. Moreover, the spherically shaped
particles had a rather uniform size. According to the TEM
analysis, the average size of the nanoparticles was 3.3 nm.
Since this is very close to the crystallite size obtained by
XRD analysis (3.0 nm), each nanoparticle should be a
monocrystal. This possibility was confirmed by a subse-
quent high-resolution TEM analysis. As shown in Fig-
ure 2b, a representative nanoparticle has no grain bound-
aries, clearly indicating its single-crystalline nature. More-
over, the particle is considered to be highly crystallized,
since no lattice dislocation, secondary phase, or amorphous
surface layer was seen.
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Figure 2. TEM images of Ce, sZr, 0, nanoparticles prepared by
the hydrothermal method: (a) a low-magnification TEM image and
(b) a HRTEM image of an isolated nanocrystal (the scale bar corre-
sponds to 4 nm).

Samples calcined in air were investigated further by
XRD analysis. Monitoring the thermally induced phase de-
gradation of the metastable CeO,-ZrO, phase by XRD is
useful for analyzing the local domain structure. A homo-
geneous distribution of the Ce and Zr cations in the lattice
slows the process of phase segregation, while the ZrO,- or
CeO,-rich nanodomains act as nuclei for the segregation,
thus speeding up the kinetics of the process.l?! Figure 3a
shows the XRD patterns of Ceq sZr, 50, samples annealed
at 900 and 1000 °C for 5 h. No remarkable phase degrada-
tion was observed after calcination at 900 °C, whereas re-
flections became sharper as a result of grain growth in the
calcination process. Phase separation was clearly observed
after calcination at 1000 °C; the (111) reflection detected at
a 20 value of ca. 29° in the pattern of the sample calcined at
900 °C separated to lower and higher angles (see Figure 3b).
These separated phases might correspond to cubic and te-
tragonal phases containing approximately 95 and 2.5 mol-
% CeO,, respectively, based on the solubility limits of CeO,
and ZrO, at 1000 °C.I>!1 It is also notable that any reflec-
tions from a monoclinic ZrO, phase were not detectable.
The calcination temperature of 1000 °C, producing signifi-
2056
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cant degradation of the metastable form, is comparable to
previously reported data. For example, Ce, sZry 50, nano-
crystals prepared by citrate complexation and hydrothermal
methods show degradation temperatures of 1000!!°1 and
1100 °C,'!I respectively. These indicate that the CeO,-ZrO,
nanocrystals produced by the proposed method have a
quite uniform domain with an atomic Ce/Zr ratio close to
unity, unlike the multiphase mixtures that widely cover x
values of Ce,_,Zr,.O>.
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Figure 3. (a) Wide-angle and (b) selected-angle X-ray powder dif-
fraction patterns of Ceg sZry 5O, nanocrystals calcined at (i) 900
and (ii) 1000 °C for 5 h. Peaks of an internal standard, Al (cubic,
a = 4.0494 A), are indicated by asterisks. (c) TPR profile of
Cey 5Zry 50, nanocrystals calcined at 900 °C for 5 h.

Redox properties of the CeO,-ZrO, sample were also
tested by the TPR technique. Figure 3c shows the TPR pro-
file of the Cey sZry 50O, sample calcined at 900 °C for 5 h. A
detectable peak, centered on 547 °C, corresponds well to a
characteristic reduction temperature of a CeOQ,-ZrO, solid
solution measured under similar experimental conditions
(use of H, gas for reducing agent, the absence of loading of
a noble metal support, and special pretreatment).['?l In-
deed, distinct peaks related to bulk and surface reductions,
which are usually observed in nanocrystalline undoped
CeO,, are not seen in the profile,l'?! thus indicating an ab-
sence of remarkably CeO,-rich domains. Therefore, the
TPR analysis further supports the textural and elemental
homogeneities of the solid solution nanocrystals and also
presents potential uses of the hydrothermal products in
catalytic applications.

Conclusions

In the present study, we have reported oleate-aided hy-
drothermal synthesis of Ceg sZr, 50, nanocrystals for the
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first time. EDX, XRD, and Raman spectroscopy showed
that these nanocrystals have a metastable tetragonal phase
with a closely designed chemical composition. TEM analy-
sis revealed that the approximately 3.0-nm-sized nanocrys-
tals are highly crystallized and nearly monodisperse. The
relatively high thermal stability of the metastable phase and
the reasonable reduction properties suggest that the nano-
crystals exhibit rather uniform textural and elemental prop-
erties. Accordingly, it is demonstrated that the proposed hy-
drothermal approach could provide these nanocrystals with
a high uniformity of morphological, physical, and chemical
properties. Therefore, the products should be useful in ad-
vanced catalytic applications.

Experimental Section

Hydrothermal Synthesis: A total amount of 3.5 mmol of (NH,),-
Ce(NO3)s (Wako, 99.5%) and ZrOCl,-8H,O (Wako, 99.5%), with
Zr/(Ce+Zr) = 50%, was dissolved in distilled water (15 mL) at
room temperature. Then sodium oleate (C;;H3;3COONa),
(3.5 mmol, Wako, analytical grade) dissolved in distilled water
(15 mL) was added to the aqueous solution containing Ce and Zr
ions to form a Ce/Zr-oleate complex at room temperature under
vigorous stirring. Subsequently, ammonia (5 mL, 25 wt.-% aqueous
solution, Wako, analytical grade) was added to the solution mix-
ture. Then, the reaction mixture was placed in a polytetrafluoroeth-
ylene (PTFE) vessel (inner volume: 40 cm?). The vessel was sealed
and placed inside a stainless steel autoclave, which was kept at
200 °C for 6 h under autogenous pressure. The products were col-
lected by centrifugation (5000 rpm for 30 min), washed twice with
distilled water, and then dried at 150 °C for 6 h in air. Note that
Na™* ions, which were possibly adsorbed on the surface of the prod-
ucts, were mostly removed in the washing process, so that no Na
was detected by EDX measurements (data not shown). For com-
parison, an undoped CeO, reference sample was prepared. A single
precursor of (NH,4),Ce(NO3)s, (3.5 mmol) was used for this synthe-
sis. The rest of the experimental procedure was the same as that
for the doped sample. Ce,sZrysO, samples calcined at 900 and
1000 °C for 5 h were also investigated. The treatment involved heat-
ing for 2 h up to the final temperature and isothermal annealing
for Sh.

Characterizations: The crystalline products were characterized by
XRD spectroscopy with a Rigaku RINT 2000 diffractometer hav-
ing Ni-filtered Cu-K, radiation (1 = 1.54178 A). The average crys-
tallite sizes were calculated by the Debye-Scherrer formula, by
using the line broadening of a (220) refraction of a cubic phase.
TEM analyses were performed by using a Hitachi HF-2000 instru-
ment operating at 200 kV. For TEM measurements, one drop of the
sample, dispersed in cyclohexane, was deposited on an amorphous
carbon grid. The average contents of cerium and zirconium were
quantified by using an EDX spectrometer attached to a scanning
electron microscope (Hitachi S-4500) operated at 15 kV. Raman
spectroscopy was carried out with a Jobin Yvon T64000 spectrome-
ter (resolution of 1 cm™!) by using a visible laser (4 = 514.5 nm)
with an output power of 50 mW at room temperature. The scat-
tered light was collected in back-scattering geometry by using a
liquid-nitrogen-cooled charge-coupled device (CCD) detector. The
samples were pre-irradiated by an excitation laser for approxi-
mately 5 min to remove background photoluminescence that might
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be coming from organics, and then the measurements were made.
TPR profiles were measured with an Ohkura Riken TP-5000 in-
strument. First, the sample calcined at 900 °C for 5h was pre-
treated at 500 °C for 15 min, under dry air flow (30 mL/min), and
then it was cooled in an Ar flow from 150 °C to room temperature
to purge O,. The TPR measurement was then made under 10%H,/
Ar flow (30 mL/min) at a constant heating ratio of 10 °C/min up
to 900 °C.
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