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Synthesis and char acterization
of metastable CeO,—Zr O, solid solution
obtained by polymerized complex method
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The paper describes the preparation and characterization of nano-size metastable tetragonal CeO
—ZrO, mixed oxides prepared by a polymerized complex method. A glycine—ethylene glycol solution
containing C& and Zf* ions was polymerized at 80—190 to form a viscous transparent resin without
any visible precipitation. After heat-treatment at relatively low temperature (c&€C25h a hot plate in
static air, the solid precursor ignited in part dieself-combustion, resulting in the formation of
a nanocrystalline, compositionally-homogeneous ssidtion. Its structure was confirmed using X-ray
diffraction, HRTEM and Raman spectroscopy. The phase separation irZ€psystem on a subse-
quent heat-treatment in air and in a mixture BHd He was also investigated up to 1300
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1. Introduction

Cerium oxide, as a non-stoichiometric ragath oxide, has been extensively used
in heterogeneous catalysis [1]. Ceria-based mixed oxides are active components of
three-way automotive catalysts (TWC) [2-One of the most important roles of
CeQ in these systems is their ability to €@nd release oxygen which is related to
their redox properties and thermal stability; oxygen storage capacity (OSC) of these
materials increases significantly wher"Zs doped into Ce@lattice. A considerable
decrease of bulk reductiomt@erature of mixed CeSZrO, solid solutions is caused
by a strong modification of the oxygesublattice which generates mobile oxygen
atoms [8-10].
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The traditional method for the prepacatiof multicomponent materials involves
preparation of mechanically mixed oxsgdeoowders which are subjected to high
-temperature calcination for several hours to homogenize the ceria—zirconia composi-
tion via solid state reactions. Howeveristimethod gives materials with very low
surface area and often yields compositional inhomogeneities. To overcome the need
for high temperature homogeniia in the preparation of G&r,_,O,solid solutions,

a novel method utilizing room-temperaturglienergy mechanical alloying of pure
Ce(Q and ZrQ has been developed [11, 12]. However, more homogenous compounds
are generally prepared via co-precipitatiechniques [13-17], dyothermal synthe-

sis [18-21], spray pyrolysis [22], physicgklation [23, 24], solution combustion
[25, 26], sol-gel [27] and thmicroemulsion methods [28, 29].

The purpose of this study is to apply the polymerized complex method to the syn-
thesis of nanocrystalline ceria—zirconia samlutions. This technique is a modified
version of the Pechini polymeric precaramethod [30-33] and is based on the “in
situ” polymerization of ethylene glycol in the presence of simple metal salts com-
plexed by glycine. Such a preparatiprocedure enabled us to obtain homogenous
transparent and very stable polymeric sols. It is very cheap and holds a number of
advantages over the popular but rather agpe sol-gel synthesis via alkoxide route
in which a dry nitrogen atmosphere must be used and the sols have a limited shelf-
life. The sols produced via the polym@&ute may also be good candidates for the
preparation of thin, dense @erzirconia films for thermal barrier coatings and in in-
termediate temperature solid oxide fuell¢SOFC) [34, 35]. In the present study,
we tried to check the homogeneity of thegared solid solutions and to characterize
the phase separation during heat treatment in air and in reducing environment by
means of powder X-ray diffraction (XRD), HRTEM and Raman spectroscopy.

2. Experimental

Cerium nitrate hexahydrate Ce(R&6H,0 (99.99%, Aldrich)and zirconium oxy-
chloride octahydrate ZrOg8H,0 (99.99%, Aldrich)vere weighed to give 0.02 mole
final oxide in the defined molar ratio, and mixed with 10 ml distilled water, 10 ml of
concentrated nitric acid, 0.02 mole of glyeiand 40 ml of ethylene glycol. The col-
ourless clear solution thugbtained was heated @nhot plate at about 80—130 in
order to expel water and other volatile compounds. As the solution became concen-
trated, it became viscous and changedwolrom colourless to yellow or brown,
indicating formation of a polymeric gelThe viscous polymeric product thus obtained
was first carefully dried at 14@ on a hot plate under infrared lamp giving an or-
ganic-inorganic solid precursoAfter prolonged drying ahigher temperatures, the
dark brown solid ignited in part due $elf-combustion during this process, resulting
in formation of yellow powder. The samplegre then heated in air in an electric
furnace up to 110%C for 16 h.
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Reduction treatments were performed at P 5% H/He flowing at 50 criimin™
for 5 h in a ceramic tubular furnace. The heating rate was 10 deg/min. Research-grade
purity gas mixtures (>99.996%) were emmdywithout further purification. After
reduction, partly dark blue samples wemmled down to the room temperature under
hydrogen.

XRD patterns were obtained with a Philips PW1830 diffractometeg,(@ith
a graphite monochromator situated behind the sample). X-ray powder diffraction pat-
terns were refined and analyzed bg Rietveld method (BWS 9807 [36] and Pow-
derCell ver.2.3 [37] software) to determine the amount of different phases as well as
their lattice parameters and crystallite sizesitu high-temperature X-ray diffraction
(HTXRD) work was carried out using an Amt Paar furnace witRt/Rh heating strip.

Thermal decomposition of the precursowas studied by thermogravimetry
(TG/DTA) using MOM-Budapest equipmerduring the TG-DTA measurement, the
samples were heated in air up to 1000wvith heating rate of 18C/min.

The room temperature Raman spectraemmeasured with the Bruker RFS 100
FT-Raman Spectrometer using the backtedag arrangement. The resolution was
2 cm™. Excitation was performed by 1064 nm line of Nd:YAG laser.

HRTEM image was obtained with a Philips CM 20 microscope equipped with the
SuperTwin objective lens and operated at 200 kV.

3. Results and discussion

3.1. Synthesis of CeO—Zr O, organic-inorganic precur sor

The inorganic-organic sols obtained withe polymerized complex method give
very stable, transparent, viscous solutisithout any evidence of the precipitation.
In an ethylene glycol medium, formation of ester bonds between carboxylate groups
of glycinato-metal complexes and alcohol groapsthylene glycol could be possible.
Ester bonds would cross-link glycinato-metamplexes into low molecular weight
oligomers and thereby prevent precipiati Inorganic-organic hybrid polymers ob-
tained in such a way consist of a dual paymetwork, in which cluster or oligomer-
type inorganic structures are linked byanic groups or polymer fragments of poly-
ethylene glycol (PEG). This kind of immobilization of a metal complex into a macro-
functionalized organic ligand (PEG) is responsible for high stability of such systems.

3.2. Crystallization behaviour and thermal analysis

After drying on a hot plate at 14Q the dark-brown solid inorganic-organic pre-
cursors were amorphous as @bk seen in Fig. 1 wheie-situ XRD patterns of the
CeysZros0, precursor during heat-treatment up to 3@ with a heating rate of
10°C/min are presented. Crystallization of ttmorphous matrix starts at about 250
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Fig. 1.In-situ X-ray diffraction patterns of GeZry sO, precursor sample heated at:
a) 200°C, b) 25C°C, c) 300°C, d) 400°C, e) 500°C. Asterisks indicate the Pt/Rh heating strip

Typically, we focused our attention on sampleg &g /0, and CgsZry=0, in or-
der to evaluate thermal evolution of theecursor samples. The differential thermal
analyses (DTA) and thermal gravimetric analyses (TG) of gently drigdZf3e0,
and CgsZrys0, gels are shown in Figs. 2a, b, respectively. It has been observed that
there are three major weight losses of 12.3, 24.7 and 26.0% de£rg:©, and 52.0,
27.0 and 6.0% for GeZr, 5O, precursors. The first weight loss is probably mostly due
to dehydration and evaporation\aflatile organic components up to 22D The sec-
ond very rapid weight loss between 220 and Z3%®an be mainly ascribed to exo-
thermic self-combustion reaction of suitabledizérs (such as metal nitrates) and an
organic fuel (such as glycine). The decomposition of glycine—metal nitrate complexes
is highly exothermic [38] and the-situ heat generated is utilized for the formation of
complex oxides. Similar TG-DTA results were found by Patil et al. [26] during solu-
tion combustion (SC) synthesis of complartal oxides using urea, glycine or hexa-
methylenetetramine as organic fuels andainritrates as oxidizers. The crystalliza-
tion of amorphous Ce©ZrO, mixed solid solution starts at about Z%D (Fig. 1b)
which corresponds also to weak exotherpéak which is not well-defined on DTA
curve (Fig. 2). The third weight loss extending up-5®0°C may be due to burnout
of most isolated carbon residue and aftext tinere is no further weight loss above
500°C up to 1000C. Products after calcining the gel at 6Q0were crystalline and
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resulted in a pale yellow powder. The totadight losses of the polymeric precursors
during heating up to 100C were ca. 63% (Fig. 2a) and ca. 85% (Fig. 2b).
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Fig. 2. Differential thermal analysis and thermogravimetric curve of
polymeric precursors for samples of: a)6&, ;/0,, b) Ce sZry 0,

The DTA curves for the same samples show broad endothermic peak at about
100-220C related probably to the dehydration and evaporation of high-melting poly-
meric compounds like poly(ethylene glycol) (PEG) and subsequently a narrow exo-
thermic peak at 22°C for Ce 3Zry /0, or 232°C for Ce sZrys0, corresponding to the
sudden weight loss observed on TG curve witian be attributed to the self-combus-
tion process connected with exothermézlox reaction of suitable oxidizer (metal
nitrate) and an organic fuel [26]. Tl¢her very broad exotherm at about 270-830
could be ascribed to the compléternout of the residual organic char.

Thermolysis of organic-inorganic gel precursors is a very complex process result-
ing in complete breakdown of the gel stiure before oxide formation. The cation
homogeneity is controlled mainly by thkermal stabilities of the metal-glycinate
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bridges in different glycinato-metal coleges which could decompose at different
temperatures, resulting in phase separatioring gel thermolysis [39]. In our case,

the organic decomposition takes place sinmdtaisly at a narrow temperature range
during self-combustion process. During tlpiocess, a large amount of energy has
been released resulting in an increaskcdl temperature. Therefore the Ce- and Zr-
glycinate complexes crosslinked to the PEG oligomers undergo a rapid decomposition
in the same temperature range. This highly exothermic process enables simultaneous
nucleation and crystallization of a higidgmpositional homogeneous nanocrystalline
mixed oxides as observed during thesitu XRD experiment.

3.3. XRD, HRTEM and Raman char acterization of the CeO,—Zr O, solid solution

Figure 3 shows XRD patterns of the as-received nanocrystallize GO, sam-
ples heat-treated in air at 600 for 16 h. The lattice constants and crystallite sizes of
each phase are presented in Table 1. The data were analysed using full pattern profile
refinement.

For undoped nanocrystalline Zzr@ample (Fig. 3) there are two phases, monoclinic
and small amount (~8 wt. %) of tetragonal phase. It is well known that undoped
t-ZrO, could be stabilized by fine crystalliteie increase of their sizes with annealing
treatment above 40C induces a martensitic m phase transition. A simultaneous pres-
ence of the tetragonal and monoclinic Zws clearly detected with increasing crystallite
sizes. Our results are in good agreement thitise reported by Djado et al. [40] who
estimated the critical size to be around 23 mmour situation after heat-treatment at
600°C for 16 h, the transformation is alet@omplete, the content of m-Zr@hase being
about 92 wt. % and crystallite size amounting to 27 nm.

Slightly asymmetric XRD profiles for nanocrystalline 2O, (x=0.1-0.2)
samples suggest the formation of t-phase (Fig. 3). At 30—40 mol % oftBe®@am-
ples mainly consist of-phase. The axial ratida decreases with an increase of the
content of Ce®@ and became unity at about 50 mol % of geThe composition
CeysZro 50, represents a further point of interestce it is located at the limit of the t
— t’ transition which allows one to prepare either tetragonal or cubic form by simply
changing the preparation catidns [29, 41, 42]. A pseudocubit phase mainly ex-
ists in the range of 50-80 mol % of Ge€bntent (Fig. 3, Table 1). The lattice pa-
rameters for cubic (f c) nanocrystalline G&r;4O, (x = 0.5-1.0) samples demon-
strate rather good linear relationship between the cell parameters and the ZrO
content. However, the comparison betweenous literature data, in particular when
different synthesis methods are employeddeto a significant disagreement between
the data [11, 41]. Since XRD patterns of nanocrystallin€rz,O, solid solution are
remarkably broad and sensitive mainly te tation sublattice, it is very difficult to
find the accurate phase composition.

The crystal structures and phase transformations in the-Ze® binary system
have been investigated by many researsif9, 43—48]. Howevewe are not aware of
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any detailed and systematic study of the of nanostructurgtt g0, materials pre-
pared by the low-temperature method over the entire composition harte.inter-
mediate region, the exact nature of the phassstill unclear, because of stable and
metastable phases of tetragonal symmetry present [41, 49]. Only arc-melted CeO
-ZrQ, powders have been carefully stedliby Yashima et al. [43—45, 50].
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Fig. 3. X-ray diffraction patterns of (&, O, samples heated in air at 6@ for 16 h. The symbols
* and t indicate most intense lines of the monoclinic and tetragonal phases, respectively

One of the characteristic features of #ireonia—ceria solid solutions prepared by
solid state reaction at high temperaturethésexistence of monoclinic, cubic (fluorite
type) and three tetragonal forms (i,tt ), all belonging to thé4./nmc space group.
At high cerium oxide concentrations, thebec phase is formed, whereas for the zir-
conia-rich solid solution the monoclinic phaappears. A stable tetragonal form is
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called the t-form, which is restricted the solubility limit predicted by the eiijb-

rium phase diagram. There is also a metast&fibent with a wider solubility, but un-
stable with respect to the mixture of theerm and the cubic phase. Finally, another
metastable”tform has an axial ratio/a of unity, but with the oxygen atoms displaced
along the c-axis from their ideal sites of the cubic phasesi{@s of theFm3m space
group). The'tt” and t/c boundaries have been investigated by many authors [9, 10, 41,
43, 51] but the exact positions of metastablteagonal regions strongly depend on the
crystallite size and the synthetiethod employed in preparation.

XRD patterns of the nanocrystalline &g, O, (X = 0.2—-0.8) solid solutions cal-
cined at 600C (Fig. 3) present very broad reflections. The average crystallite sizes of
CeZrux0, (x = 0.2-0.8) samples give values of approx. 8-10 nm (Table 1). The
addition of ZrQ in the form of solid solution seilted in effective improving the
thermal stability of CegJ41, 47, 48]. A pure ceria tends smter rapidly during heat-
treatment at 608C yielding crystallite size about 23 nm (Table 1).

Table 1. XRD Characterization of Ze, ,O, samples calcined at 690G for 16 h

Ce . : c
[mol %] Lattice type Lattice parameters [A] D¢ [nm]
an=5.150
. b, =5.207
o monoclinic ¢, =5.318 27
£=99.22
a=5.086
tetragonal c=5177 20
a=5.122
10 tetragonal c=59218 12.8
a=5.158
20 tetragonal c=5954 9.2
a=5.197
30 tetragonal c=5965 10
a=5.230
40 tetragonal c=5288 9.6
50 tetragondl A=5.3016 9.6
60 tetragondl a=5.325 8.3
70 tetragondl a=5.345 8.4
80 tetragondl a=5.360 8.5
90 cubic a=5.389 16
100 cubic a=5.411 23

#The lattice parameters of pseudofluorite cell.
PAxial ratio c/a =1; from XRD pattern this phase is commonly indexed irFth@m space

group.
“Crystallite size calculated from XRD.

Nanophase powders are a new class of nasenihich, in contrast to conventional
solids, have an appreciable fraction of th@bms residing in defected environments,
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especially on grain boundaries, where they occupy positions relaxed from their normal
lattice sites [52]. Therefore the propertiesnahophase materials are strongly related to
their unigue microstructures. This additionaklioroadening due to sample effects results
from two main effects: the particle-size whigsults from the finite extent and particular
morphology of the coherently diffracting domsiwithin the grains, and the microstrain
broadening or possibly defectsttucture. The precise determination of microstructural
parameters requires taking into account stradthsize effects in order to achieve the best
interpretation of the observed peak-profile broadening.

Ll s
Fig. 4. HRTEM micrograph of the ggry O, sample heated in air
at 600°C for 16 h and corresponding electron diffraction pattern (inset)

In order to observe a real microstructure ofAtg 4O, samples heat-treated in air
at 600°C for 16 h we used TEM studies. FIRM observations obtained for the
40 mol % CeQ@sample (a representative image is given in Fig. 4) show the presence
of nanocrystalline particles with lattice fringes corresponding to the (111) lattice
plane in fluorite structure. These partglappear with narrowly distributed sizes,
around 8-9 nm, thus corresponding roughlyhie crystallite sizes detected in XRD.
Specific preferential crystal orientatiomgere not observed. The dried sample was
composed of highly aggregated ultrafine particles.

A selected area electron diffraction patterrs\atso taken from this material (inset
in Fig. 4). It shows the Debye—Sherrargs (somewhat grainy, indicating incomplete
sampling of all possible orientations) thatn be consistently indexed according to
a cubic fluorite structure with the lattice paveter of 5.25 A. This value is in a rela-
tively good agreement with XRD results. However, the positions of the rings agreed
with those expected for tHliorite structure, although ¢ir line widths are too large
to allow the presence of some tetragonal character to be excluded.

Vibrational spectroscopy is an effectivmot for identification of the phase compo-
sition in the binary Ce—Zr-O systdii0, 47, 48, 53-57]. Raman scattering measure-
ments are more powerful than the XRD method for detection of a small amount of the
stable tetragonal phase mixed with the cubic phase. Therefore Raman spectra can be
used to characterize the Ce@rO, solid solution samples.
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Fig. 5. Raman spectra of (Z&,_4O, samples
after heat-treatment in air at 600 for 16 h

From the theoretical point of view tHellowing vibrational characteristics are
predicted for the respective phases of zirconia [58, 59]. For the cubic phase of the
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fluorite structure (space grodpm3m = O;, Z = 1) the irreducible representation of
the optic phonons By (R) +Fy, (IR).

For tetragonal t-Zr@(space groupP4,/nmc = D;;, Z = 2) the distribution of the
normal modes isAy (R) + Byg (R) + Fy (R) + Az (IR) + 2, (IR). In monoclinic
phase (space grolR2,/c = C5,, Z = 4) all atoms lie on general positions and there-

fore the expected IR and Raman active modes are as follelwsRY + By (R)
+ 8A, (IR) + 7B, (IR).

In XRD patterns, the peak broadening due to a small size of the crystallites makes
detection of the tetragonal phase difficuitiereas the t phase exhibits six relatively
strong, narrow bands in the Raman spectracagpared with one strong band for the
cubic phase. However, fof-tor t-phase only four or five odes could be visible at
intermediate ceria contents (40-60rd6l). Besides strong bands at 465 tmuith
a weak broad shoulder at about 550 ceome very weak peaks at about 145 and
310 cm* are also observed [10, 42]. This high-frequency tail at 550 bas been
attributed to oxygen vacancies [57]. Keapin mind these theoretical predictions, the
Raman spectra of the samples have been discussed.

Figure 5 shows the Raman spectra ofAGe, O, solid solution after calcination in
air at 600°C for 16 h. As expected, in pure Ce@nly a strong-,; mode is observed
at 465 cm’. For CeZru»0O, (x = 0.5-0.9) samples, the spectrum is dominated by
a single strong band which shifts to higher frequencies (47%.dirhas a very broad
and asymmetric profile. Additionally, some peaks of low intensities at about 139 and
310 cm" are visible, indicating that4phase is also present. For,@g 4O, (x < 0.4)
samples six bands of the tetragonal t-phase have been detected. For putteeZrO
Raman spectrum shows a typical monoclipti@se without evidence of minor t-ZrO
phase.

Zhang et al. [60] reported recently tlztditional effects in Raman spectra should
be expected for pure Ce@anoparticles when the particle size is smaller than 20 nm.
The peak at 464 cthshifts to lower energies and shows large asymmetric broadening
with decreasing particle size. The lattie®pansion with decreasing particle size
largely explains this systematic change of the Raman peak which can be attributed to
the increasing concentration of point defedthe crystallite size effect (6—15 nm) on
Raman spectra of undoped nanocrystalline tetragonal zirconia was presented by Dju-
rado et al. [40]. Vibrational properties mhnomaterials are strongly dependent on the
nano-grain size. In general, one can exme broadening and frequency shifting of
Raman bands as the nanograin size decreases.

3.4. Structural changes dueto heat-treatment
at 1100°C in air and in reducing conditions

XRD patterns of C&r;,O, samples heated in air up to 11U for 16 h are
shown in Fig. 6. The G&r,_,O, (x = 0.2-0.8) samples heated above 18&Ghow
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considerable phase separation. Accordinthtophase diagram in this system, there
exists a wide two-phase (t + c) region. During annealing in air at°CL@8r 16 h, the
CeZri,0, (x = 0.2-0.8) solid solution separatedoirtetragonal phase with lower
CeQ concentration (t-GaZros0,; a = 5.1445 Ac = 5.2394 A) and the cubic phase
with higher CeQ@ concentration (c-GesZro.:0-; a = 5.347A).
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Fig. 6. X-ray diffraction patterns of (&, O, samples heated in air at 11Wfor 16 h.
The symbols (*) (t) (c) (#) and (+) indicate most intense lines of the monoclinic, tetragonal,
cubic CgZr;4O, phases and c-(6es Zro 280,) , t-(Ce 16210.840,) phases, respectively

The Raman spectra for ££r,/0, and CegsZrys0, solid solution samples cal-
cined at different tmperatures (600 and 1100) and in different atmospheres (air
and 5% H/He) are presented in Figs. 7 and 8, respectively. The Raman spectra of
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initial tetragonal t-Cgro-O, and t-CeysZro 0, homogeneous solid solution samples
calcined at 600C for 16 h are presented in Fig. 7a and 8a, respectively. After calcination
at 110C°C in air both initial samples are composed of two phases (A&, and c-
Cey7£r0.,40,) with different relative concentratioriBheir Raman spectra (Figs. 7b and 8b)
consist of multiplets characteristic obth and c-phases. The existence of g€, 0.
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Fig. 7. Raman spectra of ££&r, /O, samples: a) heated in air at 6@for 16 h;
b) heated in air at 110C for 16 h; c) heated in 5%,HHe gas mixture at 110 for 10 h,
d) heated in 5% MHe gas mixture at 110@ and subsequent calcination in air at 800

phase is confirmed by the very strong line at 478'@nd for t-Cg,eZros, phase
Raman lines appears at about 625, 595, 458, 312, 252, TAQrcpure Ce@ theF
mode is observed at 465 €rand for c-ZrQ the F.,y mode is centred at 490 cha7].
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With decreasing CeQcontent (down to about 60% mol) this singlg mode for cu-

bic phase becomes broader and shifts to higher frequencies due to a decrease of the
cubic lattice parameter [10]. The only difference between these Raman spectra
(Figs. 7b and 8b) is a much higher intensity of Fagmode at 478 cm for sample

with the initial composition of GeZr, 0, (Fig. 8b), which is related to a higher con-

tent of the cubic (c-Ge=ry.40,) phase in the sample.
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Fig. 8. Raman spectra of £&r, 0, samples: a) heated in air at 6@0for 16 h;
b) heated in air at 110C for 16 h; c) heated in 5%HHe gas mixture at 110C for 10 h
and d) heated in 5%,HHe gas mixture at 110C€ and subsequently calcinated in air at 800

Raman scattering measurements also provided a supplementary evidence for the
phase separation in samples reduced with hydrogen at°Cl@gures 7¢ and 8c
show Raman spectra for, Heduced initial CgZry/0, and CgsZrys0, samples, re-
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spectively. The Raman spectrum of reduceg@g -0, sample consists of only one
very weak line observed at 465 ¢mAlso, the spectrum of the reduced, &, O,
sample (Fig. 8c) is significantly more roplex, consisting of very broad and weak
lines of the disordered new phase (275, 310, 398, 438, 482 dtris well known
[61] that Raman spectra of disorderedg#sshow less-resolved, broad lines resulting
from the order defects (anion vacanciastiphase boundaries, substituted cations).
However, it could be possible to recognize defective ckiiie—Zr—O solid solutions
which are formed after oxidation of the £80.s pyrochlore phase at ambient tem-
perature. The Raman spectrum of non-defective cufpbase, obtained by subse-
guent reoxidation at 60 in air of H reduced CgZros0, sample at 1100C, is
shown in Fig. 8d. These Raman bands are in a good accordance with the literature
data [62, 63]. The Raman spectrum of non-defectivgZtg0, sample prepared by
hydrogen reduction and swdzpient reoxidation at 60C is shown in Fig. 7d. After
reoxidation the following phasese identified: cubic (465 cH); k-phase (274, 398,
438, 560, 610, 639 ¢ and monoclinic phase (177, 189¢n

K (222)
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Fig. 9. X-ray diffraction patterns of (& ;_,O, samples reduced in 5%/MHe gas mixture
at 1100°C for 10 h: a)x = 0.3, b)x = 0.5. The symbols (*) (c) (t) and)(indicate most
intense lines of the monoclinic, cubic, tetragonal and caipibase, respectively

The phase compositions of hydrogen reduced samples atQM€re also inves-
tigated by XRD. The corresponding diffraction patterns are compared in Fig. 9. The
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CeZr,0, (x = 0.1-0.3) samples consist of four phases. The exemplary XRD pattern
for the reduced GeZr, /O, sample (Fig. 9a) exhibits very complex behaviour with
extensive peak overlapping. After profile fitting of the XRD pattern, the major
CeZr190O25 phase could be indexed in the cubic pyrochlore cell with lattice parame-
tera = 10.520 A. A low-intensity (odd, odd, oddflections confirm the cubic pyro-
chlore-type phase. The minor phases are low Ce-doped zirconias (&Z#(.091 A,
c=5.18 A), m-ZrQ (a=5.155 Ab =5.197 A,c = 5.320 A, = 98.87) and almost

pure c-CeQ@(a = 5.40 A). However, these phases must have a very disordered oxygen
sublattice as is evidenced from their Raman spectra (Fig. 7c).

The XRD patterns for the reduced &£, 50, sample after heat-treatment in hy-
drogen at 1100C are shown in Fig. 9b. It is interesting to note that no phase separa-
tion occurs during reductive heat treatmfamtthis composition. The XRD pattern for
this solid solution was indexed on the basfisa cubic pyrochlore-related structure
with the lattice constard = 10.584 A. Only traces of tetragonal phasé £30.2)
could be noticed.

The phase separation in the Ce—Zr—0O systelaced by heat treatment in a reduc-
ing gas should be interpretedthvregard to the ternary Zsg9CeQ—CeQ s phase
diagram [64, 65].

The formation of a cubi&-phase after a cycling of high-temperature reduction
and subsequent oxidation is very effective to the enhancement of the oxygen storage
capacity (OSC) and to decrease the reduction temperature in comparison with starting
t'-tetragonal solid solution [63].

4. Conclusion

The polymerized complex method prodsc excellent precursors yielding
nanocrystalline homogeneous ceria—zirconigdssolutions at low temperatures and
for shorter annealing times, reducing segregation of the components. XRD, HRTEM,
TG-DTA and Raman measurements have been successfully carried out on the poly-
meric derived Ce®-ZrO, mixed oxides samples. The success in lowering the crystal-
lization temperature of mixed oxides to about 250nay indicate an improved level
of mixing of the cations in the prepared samples. The phase composition and the re-
duction properties of G&r;O, solid solution depend on the choice of preparation
method and specific processing conditionig.our best knowledge, no lower decom-
position temperature was reachedliy polymerized complex methods.

However, during a prolonged heat treatiri@ air or in a reducing gas at 110
phase segregation to more thermodynamically stable phases was observed. The
Ce 521050, solid solution shows lower thermahbility in air and slight phase segre-
gation in hydrogen at 110C in comparison to GgZr, /0, sample. Raman spectros-
copy provided sufficient evidence for tiphase separation even at the initial stage
where XRD was not successful in showitng tetragonal components in the cubic
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matrix. It is very important to investigathe thermal stability ofhe solid solutions
prepared by the polymer route, particlyyafor use as advanced materials for the
three-way catalyst (TWC-s) applications.
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