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a b s t r a c t

Uniform Ce1�xZrxO2 (x ¼ 0.2–0.8) nanocrystals with ultra-small size were synthesized through a

thermolysis process, facilitated by the initial formation of precursor (hydrated (Ce,Zr)-hydroxides) at

low temperature. TEM, XRD, EDAX, and Raman spectra were employed to study the formation of the

solid solutions with various Ce/Zr ratios. Ultraviolet–visible (UV–vis) spectra showed that the ratios of

Ce3+ to Ce4+ in both surface and bulk for the as-prepared Ce1�xZrxO2 nanocrystals increased with the

zirconium content x. The well-distributed Zr and Ce in the hydrated (Ce,Zr)-hydroxides before their

thermolysis became the crucial factor for the structural homogeneity of the products. In addition, this

strategy was extended to the synthesis of Ce1�xGdxO1�x/2, Ce1�xSmxO1�x/2, and Ce1�xSnxO2 solid

solutions. Catalytic measurements indicated that the ceria-based catalysts were active for CO oxidation

at temperatures beyond 250 1C and the sequence of catalytic activity was Ce0.5Zr0.5O24Ce0.8Zr0.2O24-

Ce0.2Zr0.8O24Ce0.5Sm0.5O1.75.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

The modernization in most countries is accompanied with the
development of factories and automobiles, which further swamps
into a dilemma of energy crisis and environment pollution. The
rapid improvement of excellent catalytic materials, however,
active recently in fields such as oil cracking and controlling of
automobile emission, becomes one of the promising solutions of
these exacerbating energy and environmental problems. In this
respect, ceria (CeO2), one of the most important functional rare-
earth oxides, and ceria-based materials are of great significance
and hold intensive interest for researchers because of their
successful applications as automotive three-way catalysts (TWCs),
as well as ultraviolet (UV) absorbers, solid oxide fuel cells (SOFCs),
and glass-polishing materials [1–17]. Since 1995, CeO2–ZrO2

mixed oxides have gradually replaced pure CeO2 as oxygen
storage capacity (OSC) materials in the TWCs to reduce the
emission of toxic pollutants (CO, NOx, hydrocarbons, etc.) from
automobile exhaust, due to their enhanced reduction behavior
and improved thermal stability at elevated temperatures [3,11,12].
CeO2–Sm2O3 and CeO2–Gd2O3 also show application potential in
the next generation of compact SOFCs because of their high ionic
conductivity coupled with low activation energy for ionic
ll rights reserved.
conduction [13,14]. Moreover, CeO2–SnO2 solid solutions are
important catalysts for their superior redox efficiency at low
temperature [15].

So far, numerous technical routes including ball milling, co-
precipitation, sol–gel, and hydrothermal processes have been
developed to prepare ceria-based materials [16–23]. However,
these approaches provide limited control over the chemical
composition, crystalline phase, and grain size of the resultant
nanoparticles. For example, although the precipitation method
can tailor the chemical composition of the CeO2–ZrO2 solid
solution, the as-prepared nanocrystals can easily form aggregates,
which cannot re-disperse in any solvent [23,24]. Meeyoo et al.
synthesized nanostructured Ce1�xZrxO2 (x ¼ 0.2–0.8) via a urea
hydrolysis process and the as-obtained Ce1�xZrxO2 nanoparticles
were somewhat nonhomogeneous in terms of microdomain and
phase segregation [25]. To obtain the CeO2–ZrO2 mixed oxides
with better textural stability and redox property, a number of
research groups have been involved in synthesizing CeO2–ZrO2

solid solutions with high stoichiometric proportion and structural
homogeneity [12,26]. Our group also studied the preparation and
catalytic behavior of the CeO2–ZrO2 mixed oxides with homo-
geneous textural and uniform size [4]. However, the controlled
synthesis of other ceria-based materials, such as CeO2–Sm2O3,
CeO2–Gd2O3, and CeO2–SnO2, is still insufficient [27–29]. Re-
cently, the non-aqueous synthetic routes, such as thermal
decomposition of metal-surfactant complex in high-boiling point
solvents, have proved to be effective in preparing monodispersed
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CeO2 and ZrO2 nanoparticles [31–36]. However, the non-aqueous
routes are difficult to synthesize ceria-based composite oxides of
high quality due to the limitation in manipulation of hetero-metal
reactants. Therefore, the development of a facile and general
method for synthesizing high-quality ceria-based nanocrystals
with homogenous structure, high stoichiometric proportion, and
uniform size and morphology holds a great challenge for the
current investigation.

In this article, a modified thermolysis method was employed
for the synthesis of the rare-earth-based nanocrystals. Taking
CeO2–ZrO2 as a typical example, the nanoparticles with small size
and uniform shape were acquired under proper condition,
facilitated by the initial formation of precursor (hydrated
(Ce,Zr)-hydroxides) at low temperature. Transmission electron
microscopy (TEM), powder X-ray diffraction (PXRD), energy
dispersive X-ray analysis (EDAX), and Raman spectra, etc. served
as effective tools to study the formation of solid solutions with
various Ce/Zr ratios. In addition, this strategy was extended to the
synthesis of homogeneous texture solid solutions of CeO2–Sm2O3,
CeO2–Gd2O3, and CeO2–SnO2. This facile method can be applied to
synthesize other solid solution nanocrystals with ultra-small size
and uniform morphology.
2. Experimental section

2.1. Chemicals and materials

Oleic acid (OA, Aldrich), oleylamine (OM, Acros), 1-octadecene
(ODE, Acros), ceric ammonium nitrate ((NH4)2Ce(NO3)6, Sigma-
Aldrich, Z99.5%), ZrO(NO3)2 (AR, Z97.8%), Sm(NO3)3 (AR,
Z99.0%), SmCl3 (AR, Z99.0%), Gd(NO3)3 (AR, Z99.0%), SnCl4

(AR, Z99.0%), NH4OH (AR), ethanol (AR), and cyclohexane (AR)
were used as received without further purification.
2.2. Preparation

2.2.1. Synthesis of Ce1�xZrxO2 nanocrystals

Typically, (Ce,Zr)-hydroxides were precipitated by the reaction
between (NH4)2Ce(NO3)6, ZrO(NO3)2 and ammonia. Then the as-
prepared precipitate was added to the mixture of OA and OM with
proper ratio in a three-necked flask at room temperature. The
slurry was heated to 140 1C to remove water and oxygen for
30 min, and thus to form an optically transparent solution. After
that, the resulting mixture was heated to 300–330 1C at a heating
rate of 12 1C/min, and was kept at this temperature for 0.5–1 h
under Ar atmosphere. Then, an excess amount of ethanol was
poured into the solution at room temperature. The resultant
mixture was centrifugally separated and the products were
collected. The as-precipitated nanocrystals were washed several
times with ethanol and then dried in air at 70 1C overnight. The
yields of all the obtained nanocrystals were around 80%. The as-
prepared nanocrystals could be easily redispersed in various non-
polar organic solvents, such as cyclohexane and toluene.
2.2.2. Synthesis of Ce1�xGdxO1�x/2, Ce1�xSmxO1�x/2, and Ce1�xSnxO2

Nanocrystals

The synthetic strategy was similar to that of Ce1�xZrxO2, except
that the precursors were substituted by (Ce,Gd)-hydroxides,
(Ce,Sm)-hydroxides, and (Ce,Sn)-hydroxides, which were obtained
by the reaction between the pairs of (NH4)2Ce(NO3)6 and
Gd(NO3)3, (NH4)2Ce(NO3)6 and Sm(NO3)3 or SmCl3, (NH4)2Ce
(NO3)6 and SnCl4 in the ammonia solution.
2.2.3. Synthesis of Pt/Ce0.5Zr0.5O2

Platinum particles were synthesized according to literature
methods [30]. A total of 100 mg of Poly(N-vinyl-2-pyrrolidone)
(PVP, Mw ¼ 30,000) was dissolved in a mixture of 5 mL of 6.0 mM
H2PtCl6 � 6H2O aqueous solution, 40 mL of methanol and 5 mL of
water. The mixture was refluxed for 3 h. The solvent was
evaporated, and the residue was redispersed in water. 0.07 g of
the calcined Ce0.5Zr0.5O2 was added to Pt colloidal aqueous
solution, and the slurry was refluxed for 5 h at room temperature.
The precipitates were separated by centrifugation, washed with
water, and dried in an oven at 100 1C and then were calcined at
400 1C for 4 h in air.

2.3. Characterization

Powder X-ray diffraction (PXRD) patterns of the dried powders
were recorded on a Rigaku D/MAX-2000 diffractometer (Japan)
with a slit of 1/21 at a scanning rate of 21min�1, using Cu Ka

radiation (l ¼ 1.5406 Å). The lattice parameters were calculated
with the least-squares method. Samples for transmission electron
microscopy (TEM) analysis were prepared by drying a nanocrystal
dispersion in hexane on amorphous carbon-coated copper grids.
Particle sizes and shapes were examined by a TEM (200CX, Jeol,
Japan) operated at 160 kV. High-resolution TEM (HRTEM) char-
acterization was performed with a Philips Tecnai F30 FEG-TEM
operated at 300 kV. The BET specific surface area (SBET) was
measured by nitrogen adsorption at 78.3 K, using an ASAP 2010
analyzer (Micromeritics Co. Ltd.), and measurements were
performed after outgassing the sample at 423 K for 4 h under a
vacuum, down to a residual pressure better than 10�3 Torr. The
laser Raman spectra were recorded using a Jobin–Yvon HR800
Raman spectrometer with a 30 mW Ar ion laser (488.0 nm). The
UV–vis spectra of the nanocrystals dispersions were recorded on a
HITACHI U-3010 spectrometer using a quartz cell (1 cm path
length), and pure hexane was used as a blank.

2.4. CO oxidization test

A home-made flow reactor system including a quartz reaction
tube (8 mm�42 mm) was used for the catalytic test. In a typical
CO oxidation experiment, 50 mg as-calcined ceria-based nano-
crystals and 500 mg sea sand were mixed as a catalyst, and the
experiment was carried out under the flow of the reactant gas
mixture (0.5% CO, 10% O2, balanced with N2) at a rate of
50 mL min�1. The composition of gas was monitored on-line by
gas chromatography (Shimadzu, GC-14C).
3. Results and discussion

3.1. Characterization of CeO2�ZrO2 solid solutions

3.1.1. TEM

Fig. 1 shows the typical TEM micrographs of the as-prepared
Ce1�xZrxO2 (x ¼ 0.2–0.8) nanocrystals. Compared with the
products acquired from hydrolysis process [4], the nanocrystals
retained a polyhedron shape, but differed in their ultra-small size
and narrow size distribution. The particle sizes D detected from
TEM for the Ce1�xZrxO2 (x ¼ 0.2–0.8) samples are listed in
Table 1, with 4.2 nm70.8 nm, 3.9 nm70.6 nm, 5.0 nm70.7 nm,
3.8 nm70.6 nm, 5.1 nm70.6 nm, for x increased from 0.2 to 0.8.
The lattice fringes with the interplanar spacing of 0.32, 0.32, and
0.28 nm, shown in the insets of Fig. 1a, c, and e, are determined to
be associated with the {111} facets of Ce0.2Zr0.8O2 (Fig. 1a), {111}
facets of Ce0.5Zr0.5O2 (Fig. 1c), and {10 1} facets of Ce0.2Zr0.8O2
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Fig. 1. TEM images of the as-prepared Ce1�xZrxO2 (x ¼ 0.2–0.8) nanocrystals. (a)

x ¼ 0.2, 1 mmol (Ce,Zr)-hydroxides, OA/OM ¼ 1:3, 330 1C, 0.5 h; (b) x ¼ 0.4, 1 mmol

(Ce,Zr)-hydroxides, OA/OM ¼ 2:3, 300 1C, 0.5 h; (c) x ¼ 0.5, 1 mmol (Ce,Zr)-

hydroxides, OA/OM ¼ 2:3, 300 1C, 0.5 h; (d) x ¼ 0.6, 1 mmol (Ce,Zr)-hydroxides,

OA/OM ¼ 1:3, 300 1C, 0.5 h; (e) x ¼ 0.8, 1 mmol (Ce,Zr)-hydroxides, OA/OM ¼ 2:3,

300 1C, 0.5 h.

Table 1
The synthesis condition, size and EDAX results for the as-prepared nanocrystals.

x precursor

Ce1�xZrxO2 0.2 (Ce,Zr)-hydroxides prepared from (NH4)2Ce(NO3)6 and Zr

0.4

0.5

0.6

0.8

Ce1�xGdxO1�x/2 0.2 (Ce,Gd)-hydroxides prepared from (NH4)2Ce(NO3)6 and G

0.5

0.8

Ce1�xSmxO1�x/2 0.2 (Ce,Sm)-hydroxides prepared from (NH4)2Ce(NO3)6 and S

0.5

0.8

Ce1�xSmxO1�x/2 0.5 (Ce,Sm)-hydroxides prepared from (NH4)2Ce(NO3)6 and S

Ce1�xSnxO2 0.2 (Ce,Sn)-hydroxides prepared from (NH4)2Ce(NO3)6 and Sn

0.5

0.8

a The standard deviation statistic from 100 nanocrystals.
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(Fig. 1e), respectively, showing that the CeO2�ZrO2 products were
well crystallized through the thermolysis treatment.

3.1.2. UV�vis spectra

Fig. 2 shows the UV�vis absorption spectra of the as-obtained
Ce1�xZrxO2 (x ¼ 0.2–0.8) samples. It is reported that
polycrystalline ceria and tetragonal zirconia have strong
absorption in the UV region with the absorption threshold near
400 and 240 nm, respectively [37,38]. However, the present
Ce1�xZrxO2 nanocrystals showed absorption bands at ca. 286
and 233 nm. It is well documented that the absolute absorbance
coefficient a in these wavelength ranges is generally in proportion
to the cerium content 1�x. Thus, the above bands at ca. 286 and
233 nm wavelength can be attributed to the O2�-Ce4+ and O2�-

Ce3+ charge transfer (CT) transitions, respectively. Compared with
the bands at 300 nm (O2�-Ce4+) and 260 nm (O2�-Ce3+)
reported by our group [4], we suggested that this blue shift
might result from the ultra-small size of the present nanocrystals.
From Fig. 2, it is noted that the absorption ratio of CT (O2�-Ce3+)
to CT (O2�-Ce4+) increased with x, evincing that the bulk ratio of
Ce3+ to Ce4+ in the Ce1�xZrxO2 nanocrystals increases with doping
ZrO2. The increase of both surface and bulk ratios of Ce3+ to Ce4+ is
probably because the insertion of the smaller Zr4+ ion
(rZr(IV) ¼ 0.84 Å) can partially compensate for the expansion of
the crystal lattice deriving from the transformation of the Ce4+ ion
(rCe(IV) 0.97 Å) to the larger Ce3+ ion (rCe(III) ¼ 1.10 Å). Furthermore,
it can be found that with the similar doping content of Zr4+ ion,
the surface and bulk ratios of Ce3+ to Ce4+ in these ultra-small
nanocrystals are largely enhanced, when compared with the
Ce1�xZrxO2 nanocrystals prepared by the urea-based
hydrothermal method reported by our group [4].

3.1.3. Raman spectra and PXRD

As is well known, the CeO2�ZrO2 mixed oxides have a quite
complex phase diagram, containing three stable phases (mono-
clinic (m), tetragonal (t), and cubic (c)) and two metastable phases
(t0, t00). Among the above three tetragonal phases (t, t0, t00), the t

phase is formed through a diffused phase decomposition, while
the t0 phase with the same space group of P42/nmc is obtained
through a diffusionless transition, and the pseudo-cubic t00 phase
with a space group of P42/nmc is an intermediate phase between t0

and cubic CeO2, very close to the fluorite cubic structure except
OA:OM T (1C) t (min) size (nm) EDAX x (mol%)

O(NO3)2 1:3 330 30 4.270.8a 19.6

2:3 300 30 3.970.6

2:3 300 30 5.070.7 53.9

1:3 300 30 3.870.6

2:3 300 30 5.170.6 87.6

d(NO3)3 2:3 300 60 4.470.6

2:3 300 30 3.270.4 48.6

1:3 300 60

m(NO3)3 2:3 300 60 3.670.3

1:3 300 60 3.270.6 47.3

1:3 300 60

mCl3 2:3 300 60 12.471.0 51.3

Cl4 1:3 300 30 3.370.6 22.3

2:3 300 30 3.070.4

2:3 300 30
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that there exists the displacement of the oxygen atom in its crystal
lattice [39–42]. Fig. 3a shows the PXRD patterns of the as-
prepared Ce1�xZrxO2 (x ¼ 0.2–0.8) nanocrystals. The broad
Fig. 2. UV–vis absorption for the as-prepared Ce1�xZrxO2 (x ¼ 0.2–0.8) nanocrys-

tals.

Fig. 3. (a) PXRD patterns and (b) Raman spectra of the as-prepared Ce1�xZrxO2 (x ¼ 0.

(x ¼ 0.2, 0.5, 0.8) nanocrystals after calcinations at 400 1C for 4 h.
reflections in the diffractograms attributed to their ultra-small
size impede the accurate analysis of the crystal structures of the
present samples through PXRD. Therefore, Raman spectroscopy
combined with PXRD served as an effective tool for detecting the
crystal structure of the CeO2�ZrO2 samples. Fig. 3b is the
vis–Raman spectra of the as-prepared Ce1�xZrxO2 nanocrystals.
For Ce0.2Zr0.8O2 three Raman peaks at 152, 271, and 627 cm�1 and
three weak bands at ca. 315, 471 and 550 cm�1, originating from
the six Raman active modes (A1g +2B1g+3Eg) of t-ZrO2, could be
located [43–45]. When x ¼ 0.5–0.6, the apparent similar intensity
of Raman peak at 461–468 cm�1 (F2g mode of c-CeO2) and at
627 cm�1, combined with the peaks appearing at 152 and
315 cm�1, indicate a metastable phase (t00) in CeO2�ZrO2

materials [41]. While for x ¼ 0.2–0.4, the Ce1�xZrxO2 samples
showed one strong Raman peak at 461�468 cm�1 (F2g mode of c-
CeO2) and three weak bands at ca. 152, 271, and 627 cm�1,
attributed to the presence of defective structure in the CeO2�ZrO2

materials [41]. It is reported that f–f transitions can influence the
Raman spectra as well as promote surface area thermal stability or
catalytic activity [46]. Moreover, the lanthanide ions present as
impurities can be considered as useful spectroscopic probes of the
site symmetry of the metal ions [46]. In our case, the Raman
spectra were also used to confirm the structure of the solid
solutions. Due to the high purity of the reagents we used, no
pronounced influence arising from the impurities has been
observed.
2–0.8) nanocrystals; (c) PXRD pattern and (d) Raman spectrum of the Ce1�xZrxO2
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Fig. 4. (a) PXRD pattern and (b) TEM images of the as-prepared Ce0.5Zr0.5O2 nanocrystals, with separate cerium-hydrate and zirconium-hydrate as the precursors; (c)

UV–vis absorption for the (Ce,Zr)-hydroxides and the mixture (Ce-hydroxides mixed with Zr-hydroxides) dissolved in the solution of OA and OM.
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Fig. 3c and d show the PXRD patterns and Raman spectra of the
Ce1�xZrxO2 (x ¼ 0.2, 0.5, 0.8) samples calcined at 400 1C. The PXRD
and Raman peaks are stronger, but still broad, indicating the as-
calcined Ce1�xZrxO2 samples have an ultra-small size. The particle
sizes D calculated from PXRD for the Ce1�xZrxO2 (x ¼ 0.2, 0.5, and
0.8) powders were 3.3, 2.9, and 2.4 nm, respectively, quite
different from those detected by TEM. The combination of Raman
spectra (Fig. 3d) and PXRD showed that the as-calcined Ce0.8Z-
r0.2O2 and Ce0.2Zr0.8O2 samples confirmed cubic and stable
tetragonal (t) structures, respectively. The disappearance of the
weak bands at ca. 152 cm�1 for Ce0.8Zr0.2O2 implied that the
sintering process to some extent attenuated the defects in its
crystal lattice. Ce0.8Zr0.2O2 has a fluorite cubic structure with
lattice parameter a ¼ 5.4064(0) Å (JCPDS card no. 34–394) and
Ce0.2Zr0.8O2 is a stable t phase with the lattice parameters of
a ¼ 5.1081(8) Å and c ¼ 5.3860(5) Å, to be compared with the
polycrystalline Ce0.2Zr0.8O2 sample reported by Kašpar et al. with
the Rietveld refinement method (a ¼ 5.1516 Å, c ¼ 5.2405 Å) [47].
For x ¼ 0.5, the as-calcined Ce1�xZrxO2 powders showed a
metastable phase (t0 0), based on their Raman bands lying at ca.
153, 253, 347, 468, and 607 cm�1. Consistant with the Raman
spectra, the Ce0.5Zr0.5O2 samples showed a metastable t structure
with lattice parameters of 5.3225(4) Å.
3.2. Controllable synthesis of CeO2�ZrO2 solid solutions

Recently, the preparation of single-phase CeO2�ZrO2 solid
solutions has attracted much of researchers’ interest, due to their
better textural property, thermal stability, and redox behaviors
compared with microdomain- or phase-segregated nonhomoge-
neous ones [12,26]. For example, Meeyoo et al. synthesized
nanostructured Ce1�xZrxO2 mixed oxides via the hydrolysis-based
co-precipitation with Ce(NO3)3 and urea, while the as-derived
products with x40.5 appeared somewhat phase segregated when
calcinated at 773 K [25]. The recent work presented by our group
has shown that homogeneous Ce1�xZrxO2 nanomaterials with
high thermal stability up to 1273 K can be obtained through
hydrothermal strategy, indicating the well-dispersed Zr and Ce in
the hydrated (Ce,Zr)-hydroxides before their thermolysis might be
the crucial factor for the structural homogeneity of the products
[4].

Non-aqueous thermolysis process as the general and versatile
method has been used for the synthesis of a variety of high-
quality nanocrystals. Recent works show the evidence that this
robust synthesis method provides convenience for the formation
of CeO2 and ZrO2, respectively [31–36]. For instance, the ceria
nanocrystals including cubes and ployhedra can be acquired via
thermolysis process, using the Ce(NO3)3, (NH4)2Ce(NO3)6, Ce(a-
cac)4, or Ce(HBA)4 as the starting materials [31–33,36]; similarly,
zirconium isopropoxide isopropanol and ZrCl4 are the popular
precursors for the preparation of uniform ZrO2 nanocrystals
[34,35]. In addition, the recent work reported by our group has
pointed out that the formation of rare-earth nanocrystals is not
contingent on the types of rare-earth precursors [48,49]. There-
fore, the present synthesis strategy, which employs homogenous
hydrolysis at low temperature, then the thermolysis of the
hydrated (Ce,Zr)-hydroxides at high temperature, is expected to
enable the formation of Ce�Zr solid solution with structural
homogeneity and high quality.

The whole synthesis process can be described in the following
steps: (1) Initial formation of hydrated (Ce,Zr)-hydroxides: NH4OH
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Fig. 5. (a) PXRD of the as-prepared Ce1�xGdxO1�x/2 (x ¼ 0.2, 0.5, 0.8) nanocrystals. TEM images of the as-prepared Ce1�xGdxO1�x/2 (x ¼ 0.2, 0.5, 0.8) nanocrystals: (b)

x ¼ 0.2, 1 mmol (Ce,Gd)-hydroxides, OA/OM ¼ 2:3, 300 1C, 1 h; (c) x ¼ 0.5, 1 mmol (Ce,Gd)-hydroxides, OA/OM ¼ 2:3, 300 1C, 0.5 h; (d) x ¼ 0.8, 1 mmol (Ce,Gd)-hydroxides,

OA/OM ¼ 1:3, 300 1C, 1 h.
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is used as the base source to produce OH� to control the
hydrolysis. The hydrolysate mixtures are then stirred for several
hours to ensure the homogenous hydrolysis, that is, the
[Ce(OH)m(H2On)]4�m and [Zr(OH)p(H2O)q]4�p form, integrate and
transform into hydrated (Ce,Zr)-hydroxides ([(Ce1�xZrx)(OH)y

(H2O)z]
4�y), where m+n and p+q denote the coordination numbers

of the metal ions, facilitating the following transformation from
hydrated (Ce,Zr)-hydroxides to CeO2�ZrO2 nanocrystals through
thermolysis process [50]. (2) Formation of (Ce,Zr)L4�x(RCOO)x:
The metal source compound ((Ce,Zr)L4, L ¼ OH�) is fully dissolved
in a long-chain fatty acid (RCOOH) solution upon heating to a
certain temperature, in which L� ions are substituted by RCOO�.
(3) The decomposition of (Ce,Zr)L3�x(RCOO)x takes place on
further elevated temperature, resulting in the formation of
(Ce,Zr)O2. During the formation process, the cation-exchange
reaction between Ce4+ and Zr4+ achieves a well-maintained
balance between nucleation and growth stages, which would
probably facilitate the formation of solid solutions, consistant
with a process named Limited Anion-Exchange Reaction for the
synthesis of compounds including REPO4

3� and REVO4
3�, etc. [49].

A series of CeO2�ZrO2 solid-solution nanocrystals for
x ¼ 0.2–0.8 were obtained by manipulating several parameters
such as the ratio of OA/OM, temperature and time. We speculated
OA and OM to be the most normal capping agents, whose ratio can
be regarded as the crucial reaction parameter to achieve the
formation of high-quality nanoparticles. Also, the relative high
temperature and proper reaction time contribute to the composi-
tion and phase homogeneity. The proper ratio of OA/OM for the
synthesis of CeO2�ZrO2 solid solution is 1/3 or 2/3. While the
temperature is set at 300 or 330 1C, for the appearance of color
change and for large bubbles to occur the temperature range
should be from 220 to 260 1C, which suggests the growth of the
product; thus, a higher temperature promotes high crystallinity.

It is very important to find the main factors determining the
formation of the present CeO2�ZrO2 solid solution with high
dopant concentrations, compared with the results of lower dopant
concentrations via other synthesis strategy [17]. Two different
ways for the preparation of the precursors are therefore
compared, that is, the separate hydrolysis of Ce precursors and
Zr precursors, forming [Ce(OH)m(H2On)]4�m and [Zr(OH)p

(H2O)q]4�p respectively, and their simultaneous hydrolysis, result-
ing in the complex hydrated (Ce,Zr)-hydroxide, [(Ce1�xZrx)(OH)y

(H2O)z]
4�y. Taking the synthesis of the nanocrystals Ce1�xZrxO2

with x ¼ 0.5 as an example, we obtained two kinds of products via
different treating processes for the preparation of the precursors,
ensuring the same reaction condition in the thermolysis stage.
Fig. 4a,b showed the PXRD and TEM images for the nanocrystals
acquired through the separate cerium-hydrate and zirconium-
hydrate precursors. The as-prepared nanocrystals were somewhat
phase segregated (Fig. 4a) and slightly agglomerate (Fig. 4b),
according to the EDAX results of the nonhomogenous composition
ratio, the ratio of Ce/Zr, which is not fixed at 1:1, but changed in
different regions. Herein, UV–vis spectra represents an effective
tool to illustrate states of Ce4+ and Zr4+ ions in the precursors
obtained in different ways, portraying the different absorption
bands between the (Ce,Zr)-hydroxides and the mixture (Ce-
hydroxides mixed with Zr-hydroxides) dissolved in the hexane.
According to UV–vis spectra, the two samples showed similar
absorption property beyond 250 nm, which is a broad band at
300 nm related with the O2�-Ce4+ charge transfer (CT)
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Fig. 6. (a) PXRD of the as-prepared Ce1�xSmxO1�x/2 (x ¼ 0.2, 0.5, 0.8) nanocrystals; TEM images of the as-prepared Ce1�xSmxO1�x/2 (x ¼ 0.2, 0.5, 0.8) nanocrystals: (b)

x ¼ 0.2, 1 mmol (Ce,Sm)-hydroxides, OA/OM ¼ 2:3, 300 1C, 1 h; (c) x ¼ 0.5, 1 mmol (Ce,Sm)-hydroxides, OA/OM ¼ 1:3, 300 1C, 1 h; (d) x ¼ 0.8, 1 mmol (Ce,Sm)-hydroxides,

OA/OM ¼ 1:3, 300 1C, 1 h.

Fig. 7. (a) TEM images and (b) PXRD of the as-prepared Ce0.5Sm0.5O1.75 nanocrystals, with 1 mmol (Ce,Sm)-hydroxides, OA/OM ¼ 2:3, 300 1C, 1 h, where the (Ce,Sm)-

hydroxides obtained from the (NH4)2Ce(NO3)6 and SmCl3.

H.-P. Zhou et al. / Journal of Solid State Chemistry 182 (2009) 2475–2485 2481
transitions. With respect to the absorption lower than 250 nm, the
(Ce,Zr)-hydroxides showed absorption at 233 nm, while the
absorption of the separate counterparts (Ce-hydroxides mixed
with Zr-hydroxides) is at 220 nm. The difference can be probably
ascribed to the bond-linkage or interaction between Ce4+ and Zr4+

in the (Ce,Zr)-hydroxides precursor, whose UV�vis absorption
behavior is similar to that of the as-prepared CeO2�ZrO2 products,
shown in Fig. 2. Therefore, we conclude that highly homogeneous
co-mixture during the formation of hydrated (Ce,Zr)-hydroxides
precursor is the key factor for the formation of Ce1�xZrxO2 solid
solutions with good stoichiometric homogeneity in a wide range
of Ce/Zr ratios.
3.3. Controllable synthesis of other rare-earth-based solid solutions

Doped ceria is an important material because of its potential
applications in solid electrolyte used in oxygen concentration cells
and in solid oxide fuel cells. It is also a candidate material for
application in controlling air-to-fuel ratio in automobile exhaust
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Fig. 8. (a) PXRD of the as-prepared Ce1�xSnxO2 (x ¼ 0.2, 0.5, 0.8) nanocrystals; TEM images of the as-prepared Ce1�xSnxO2 (x ¼ 0.2, 0.5, 0.8) nanocrystals: (b) x ¼ 0.2,

1 mmol (Ce,Sn)-hydroxides, OA/OM ¼ 1:3, 300 1C, 0.5 h; (c) x ¼ 0.5, 1 mmol (Ce,Sn)-hydroxides, OA/OM ¼ 2:3, 300 1C, 0.5 h; (d) x ¼ 0.8, 1 mmol (Ce,Sn)-hydroxides, OA/

OM ¼ 2:3, 300 1C, 0.5 h.
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[51]. Aliovalent substitution of trivalent rare-earth ions in ceria
leads to the creation of oxide ion vacancies giving rise to increase
in ionic conductivity. Among the trivalent rare-earth-doped ceria,
the highest conductivities are observed in Ce1–xGdxO2–x/2 and
Ce1–xSmxO2–x/2 [13,14]. While for the quadrivalent substitution,
Ce–Sn solid solutions are the important catalysts for their superior
redox efficiency at low temperature [15]. Therefore, the synthesis
of doped ceria solid solutions mentioned above with better
textural property, thermal stability, and redox or ion conductivity
behaviors becomes the hotspot in synthetic chemistry. To date,
Ce1–xGdxO2–x/2, Ce1–xSmxO2–x/2, and Ce1�xSnxO2 solid solutions
were usually obtained through the methods including co-
precipitation, high-temperature milling, etc. [27–29]. The result-
ing products display broad size distribution, ranging from bulk to
nanomaterials, irregular morphology and bad dispersability.
Fortunately, the present synthesis strategy can be successfully
extended to the formation of other rare-earth-based solid
solutions, such as Ce1–xGdxO2–x/2, Ce1–xSmxO2–x/2, and Ce1�xSnxO2.
3.3.1. Ce1–xGdxO2–x/2

PXRD patterns of the as-prepared Ce1–xGdxO2–x/2 (x ¼ 0.2, 0.5,
0.8) nanocrystals are shown in Fig. 5a. The broadening of the
reflections in the diffractograms distinctly indicates their ultra-
small size. The peaks’ shift to low angle with x, increasing from 0.2
to 0.5, confirms the formation of solid solution. However, when x

is increased to 0.8, a slight sharp peak appeared at 28.41, probably
indicating the separation of ceria and gadolinia. Lattice constant
for Ce0.8Gd0.2O1.9 is a ¼ 5.4248(0) Å, and is comparable to the
value of the JCPDS card (no. 75–0162), which is 5.423 Å. The
typical TEM micrographs of the as-prepared Ce1�xGdxO1�x/2

(x ¼ 0.2, 0.5, 0.8) nanocrystals are shown in Fig. 5b–d. Similar to
the Ce1�xZrxO2 nanocrystals, Ce1�xGdxO1�x/2 also exhibits ultra-
small size, which are 4.4 nm70.6 nm, 3.2 nm70.4 nm for
Ce0.8Gd0.2O1.9 and Ce0.5Gd0.5O1.75, respectively. Taking
Ce0.5Gd0.5O1.75 as a representative example, we found that the
lattice fringes with the interplanar spacing of 0.32 nm (see the
inset of Fig. 5c) were determined to be associated with the {111}
facets of Ce0.5Gd0.5O1.75. In addition, the EDAX results for
Ce0.5Gd0.5O1.75 shown in Table 1 further proved the homogenous
texture.
3.3.2. Ce1–xSmxO2–x/2

Similarly, three compositions of Ce1–xSmxO1–x/2 (x ¼ 0.2, 0.5,
0.8) were synthesized in the CeO2–Sm2O3 system. Typical XRD
patterns belonging to this series are shown in Fig. 6a. On doping
20% Sm2O3 into CeO2, the structure Ce0.8Sm0.2O1.9 becomes a
cubic fluorite structure. It is convincing to deduce that the
structures of both Ce0.8Sm0.2O1.9 and Ce0.5Sm0.5O1.75 are
homogeneous cubic fluorite structure, for which their peaks
shift to low angle regularly with the increased replacement of Ce4+

ions by larger Sm3+ ones. When x ¼ 0.8, sharp peaks co-existed
with broad peaks in the PXRD pattern, evincing the phase
separation, which forms both ceria and samaria. Lattice constant
for the Ce0.8Sm0.2O1.9 is 5.4413 (5) Å, to be compared with the
value of the JCPDS card (no. 75–0158), which is 5.433 Å. As shown
in Fig. 6b and c, typical TEM micrographs of the as-prepared
Ce1–xSmxO1–x/2 (x ¼ 0.2, 0.5) nanocrystals exhibited ultra-small
size, that is 3.6 nm70.3 nm and 3.2 nm70.6 nm for Ce0.8Sm0.2O1.9
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Fig. 9. TEM images of the as-prepared Ce1�xZrxO2 (x ¼ 0.2, 0.5, 0.8) catalysts: (a) x ¼ 0.2; (b) x ¼ 0.5; (c) x ¼ 0.8; (d) TEM images of the as-prepared Ce0.5Sm0.5O1.75

catalysts; (e) N2 adsorption–desorption isotherms of the ceria-based catalysts at 400 1C for 4 h in still air; (f) CO conversion percent vs. reaction temperature for the ceria-

based catalysts.
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and Ce0.5Sm0.5O1.75, respectively. Ce0.5Sm0.5O1.75 showed lattice
fringes with interplanar spacing of 0.32 nm associated with the
(111) facets of Ce0.5Sm0.5O1.75 in the inset of Fig. 6c.
More interestingly, when SmCl3 replaced Sm(NO3)3 as the
starting material, the morphology and size (Fig. 7a) of the
resulting products were quite different. The Bragg reflections
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shown in the PXRD patterns of Fig. 7b can be attributed to a cubic
fluorite structure, with the calculated lattice constants of
a ¼ 5.5609(9) Å for the Ce0.5Sm0.5O2 nanocrystals. Furthermore,
the peaks in 27.61 and 54.21 seem to be quite broad, while those in
32.31, 46.51, and 67.91 are sharp, probably suggesting that the
nanocrystals grow epitaxially. The lattice fringes with the
interplanar spacing of 0.32 nm in the inset of Fig. 7a were
determined to be associated with the (111) facets of Ce0.5Sm0.5O2,
which further proved that the nanocrystals were inclined to grow
along [10 0] or [110]. EDAX results showed that the obtained
Ce0.5Sm0.5O2 sample exhibited a homogenous texture.
Fig. 10. Catalytic activity of Pt/Ce0.5Zr0.5O2 for CO oxidation.
3.3.3. Ce1�xSnxO2

The presented synthesis strategy has been attempted for the
preparation of Ce1–xSnxO2 (x ¼ 0.2, 0.5, 0.8). Fig. 8a shows the
PXRD patterns of Ce1–xSnxO2 with different Sn doping
concentrations. When x ¼ 0.2 or 0.5, the broadening of the
reflections and peak shifting probably mean the possible
formation of ultra-small Ce1–xSnxO2 solid solutions; whereas
when x increased to 0.8, the typical SnO2 phase, tetragonal-
structure features in the diffraction pattern appear. Corresponding
to the TEM (Fig. 8) coupled with EDAX analysis (Table 1), the
Ce1–xSnxO2 (x ¼ 0.2, 0.5) shows homogenous texture with the size
of 3.3 nm70.6 nm and 3.0 nm70.4 nm, respectively. While in
x ¼ 0.8, the nanopolyhedra presenting the ceria and nanocubes
correlating to tin oxide co-existed in the TEM images.
3.4. Catalytic activity of CeO2�ZrO2 solid solutions for CO

oxidization

CO oxidization reaction was selected to test the catalytic
activity of the as-obtained Ce1�xZrxO2 (x ¼ 0.2, 0.5, 0.8) and
Ce1–xSmxO2–x/2 (x ¼ 0.5). The catalysts were obtained by calcina-
tion at 400 1C for 4 h in air. Because of the ultra-small size of the
nanocrystals, together with the violent removal of the capping
ligands by the calcination treatment, the as-calcined nanocrystals
are highly porous (Fig. 9) and show a large BET specific surface
area of 209, 199, and 233 m2 g�1 for the Ce1�xZrxO2 (x ¼ 0.2, 0.5,
and 0.8), respectively, much higher than that of the CeO2�ZrO2

materials prepared by hydrothermal synthesis (104�184 m2 g�1)
[19], and 104 m2 g�1 for Ce0.5Sm0.5O1.75. The introduction of ZrO2

to CeO2 markedly improved the surface areas of as-calcined
samples, possibly due to the inhibition of grain growth and fusion
of the as-prepared nanocrystals during the high-temperature
sintering process.

Fig. 9f shows the plot of CO conversion percentage versus
reaction temperature for the Ce1�xZrxO2 and Ce0.5Sm0.5O1.75

catalysts. To convert CO to CO2 from 200 to 500 1C, for T50 (50%
CO conversion temperature), the temperature for starting activity
of the catalysts is found to follow the sequence of Ce0.5Zr0.5O24-

Ce0.8Zr0.2O24Ce0.2Zr0.8O24Ce0.5Sm0.5O1.75. It has been found that
there is a weak relationship between the particle sizes D or
surface area S and the CO conversion of the present nanocrystals,
indicating that the external texture is not the key factor affecting
the CO conversion ability of the present Ce1�xZrxO2 solid
solutions. The CO conversion activity of the present catalysts
shows similarity with the OSC value of the hydrothermal products
reported by our group [4], which correlates with the lattice strain
of the CeO2–ZrO2 catalyst. In the current work, the optimal
zirconium content x for our Ce1�xZrxO2 catalysts was 0.5.
Furthermore, the CO conversion activity of Ce0.5Sm0.5O1.75 was
worse than that of Ce1�xZrxO2 (x ¼ 0.2, 0.5, 0.8), indicating that
ZrO2 is a beneficial dopant rather than Sm2O3 in CO oxidization
reaction.
The Ce1�xZrxO2 solid solutions have proven to be ideal catalyst
supports. However, their CO conversion relates both to the
nanostructure and to the adopted experimental conditions. In
this work, the best catalyst Ce0.5Zr0.5O2 was loaded with 3 wt% of
3 nm Pt nanoparticles and then was employed to test CO
oxidation. The evolution of CO conversion as a function of
temperature is presented in Fig. 10. It shows that the as-
prepared Pt/Ce0.5Zr0.5O2 catalyst possesses high CO oxidation
activity, that is, almost 80% and 100% conversions at temperatures
of 100 and 125 1C are observed.

In addition, BET measurement of samples calcined at an
elevated temperature was carried out to investigate the thermal
stability. The Ce0.5Zr0.5O2 sample calcined at 900 1C shows a
smaller BET area (33.5 m2 g�1) compared to that calcined at 400 1C
(with a BET surface area of 199 m2 g�1), probably owing to the
larger extent of particle agglomeration at higher temperatures.
However, the decreased BET surface area is still much larger than
that (0.62 m2 g�1) of the bulk ceria calcined at 1000 1C, reported by
our previous work [52]. We considered that the system could
partially preserve their nature up to 900 1C. Moreover, CO
oxidization reaction was also selected to test the stability of
Ce0.5Zr0.5O2, which was calcined at 400 1C for 4 h in still air. After
one cycle, no loss of catalytic activity was observed. Therefore,
these results strongly suggest that the Ce1�xZrxO2 solid solutions
could serve as excellent catalysts in various fields.
4. Conclusion

CeO2�ZrO2 solid solutions with various Ce/Zr ratios have been
successfully obtained via a facile method including the initial
formation of (Ce,Zr)-hydroxides at low temperature and the
thermolysis process at high temperature. The characterizations
of TEM, EDAX, PXRD, Raman, and UV–vis absorption have proved
that the CeO2�ZrO2 solid solutions have a homogenous texture
and good thermal stability. The dopant of ZrO2 can increase the
ratios of Ce3+ to Ce4+ in the nanoparticles, thus improving the CO
conversion catalytic property. In addition, the present strategy
was extended to the synthesis of CeO2�Sm2O3, CeO2�Gd2O3, and
CeO2�SnO2 solid solutions with a homogeneous texture. These
high-quality nanocrystals are easy to disperse in the non-polar
solvents and assemble into large-area films. It is expected that this
facile method can be applied to synthesize other ultra-small and
uniform solid solutions, which may serve as the candidate for
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nanostructured catalysis, via the bottom-up approach based on
nanocrystal self-assembly.
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