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Abstract
Ceria-zirconia nanopowders doped with yttrium(III) oxide were prepared by a soft chemistry route. A concentration of ceria in the 8 mol%
yttria-zirconia nanopowder changed from 0 to 100 %. In the route, a water solution of zirconium(IV) oxychloride, yttrium(III) chloride and
cerium(III) nitrate was treated with ammonia to co-precipitate a deposit, which was calcined for 2 h at 900qC in air to obtain crystalline
nanopowder. Consolidation of the nanopowders was performed by means of cold isostatic pressing under 220 MPa and natural sintering
for 2 h at 1550qC in air.
The effects of the ceria concentration on properties of both yttria-zirconia-ceria nanopowders and bulk materials were investigated
by TG-DTA, XRD, BET, SEM and Vickers’ indentation. The thermal behaviour of co-precipitated materials, crystal structure and crystallite
size of the nanopowders, evolution of the microstructure and mechanical properties of the bulk materials were found to depend on ceria
concentration.
Keywords: CeO2, ZrO2, Microstructure nal, Mechanical properties, Nanopowder

WYTWARZANIE I WACIWOCI CERAMIKI OTRZYMANEJ Z NANOPROSZKÓW CYRKONIOWO-CERIOWYCH
DOMIESZKOWANYCH TLENKIEM ITRU(III)
Nanoproszki cero-cyrkoniowe domieszkowane tlenkiem itru(III) wytworzono za pomoc metody chemii mikkiej. Stenie CeO2 w nanoproszku 8 % mol. Y2O3-ZrO2 zmieniao si od 0 do 100 %. W zastosowanej metodzie preparatyki, wody roztwór tlenochlorku cyrkonu(IV),
chlorku itru(III) i azotanu ceru(III) zadawano wodnym roztworem amoniaku, aby wspóstrci osad, który kalcynowano przez 2 h w 900qC
w powietrzu, w celu uzyskania krystalicznego nanoproszku. Konsolidacj nanoproszków przeprowadzono drog prasowania izostatycznego na zimno przy cinieniu 220 MPa i nastpczego spiekania swobodnego przez 2 h w 1550qC w powietrzu.
Wpywy stenia CeO2 na waciwoci zarówno nanoproszków w badanym ukadzie Y2O3-ZrO2-CeO2, jak i spieczonych materiaów
zbadano za pomoc metod TG-DTA, XRD, BET, SEM oraz nakuwania wgbnikiem Vickersa. Stwierdzono, e zachowanie podczas obróbki cieplnej wspóstrconych osadów, struktura krystaliczna i rozmiar krystalitów nanoproszków, ewolucja mikrostruktury i waciwoci
mechanicznych spieczonych materia zale od stenia tlenku ceru(III).
Sowa kluczowe: CeO2, ZrO2, mikrostruktura nalna, waciwoci mechaniczne, nanoproszek

1. Introduction
Ceria-zirconia solid solutions have attracted a great deal
of attention due to their interesting catalytic activity and mixed
conductivity. The CeO2-ZrO2 solid solutions have been used
as an active component in the three-way catalysts (oxidation
of CO and hydrocarbons and reduction of NOx) for automotive
exhaust [1]. The CeO2-ZrO2-YO1.5 solid solution is a promising material for oxygen permeable membranes, which
can be applied to electro-catalytic reactors or oxygen gas
separators [2]. The studies of the temperature and oxygen
partial pressure dependence of total and ionic conductivity
showed lower ionic conductivity of the ZrO2-CeO2-YO1.5 solid
solutions when compared to yttria cubic-stabilised zirconia
(YSZ) or yttria doped ceria (YDC) [2-5]. Therefore, the ZrO2CeO2-YO1.5 solid solution is not preferable as an electrolyte in
solid oxide fuel cells (SOFCs). However, the mixed electronic
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and ionic conductivity of this material may make it suitable
for application as electrodes, or for modication of electrolyte
surfaces in the medium-temperature SOFCs.
The ZrO2-CeO2-YO1.5 solid solutions are also used in the
experimental investigations concerning the application of
yttria cubic-stabilised zirconia (YSZ) both as an inert matrix
for burning excess plutonium from spent fuels in light water
reactors and as a material for nuclear waste utilization, which
immobilizes actinides [6]. Cerium is traditionally used as
a surrogate of tetravalent actinides, for example, plutonium.
Ceria-zirconia solid solutions are usually synthesized
by the conventional ceramic techniques or co-precipitation
method followed by calcination and milling. The latter
method is sufciently simple and dust free technology. The
processes of co-precipitation and calcination were investigated in detail for the ZrO2-CeO2 solid solutions by several
researchers [6-8].
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Nanostructured Ce1-xZrxO2 solid solutions were synthesized by a single step solution combustion process using
cerous nitrite, zirconyl nitrite and the fuel redox mixture of
oxalyl dihydrazide (ODH) and carbohydrazide (CH) [9]. The
method delivered powders composed of nanocrystallites,
which had the sizes of 6-11 nm.
Hydrothermal method has been also employed to synthesize CeO2 and Ce1-xMxO2-G (M = Zr, Ti, Pr, Y, Sm, Gd, Fe)
using NH3aq and NaOH as co-precipitating agents [10-12]
or diethylenetriamine (DETA) and melamine as complexing
agents [13]. Singh et al. reported that even up to 50 % Zr and
Y, 40 % Ti, 25 % Pr or 15 % Fe was substituted for Ce4+ in
CeO2 by the hydrothermal method to produce the crystallites
having cubic uorite structure and the sizes ranging from
5 to 10 nm. Sizes of crystallites depended on the complexing agent and reaction temperature. Nanocrystalline CeO2
and Ce1-xZrxO2 had improved oxygen storage capacity (OSC).
In the present work, nanopowders in the ceria-zirconiayttria system are manufactured by the co-precipitation
method and polycrystalline materials are consolidated by
natural sintering. A concentration of CeO2 in the 8 mol%
yttria-zirconia solid solution changes from 0 to 100 %. The
effects of the ceria addition on the thermal behaviour of coprecipitated materials, their crystal structure and morphology,
evolution of the microstructure and mechanical properties of
the bulk materials are studied.

2. Experimental
Zirconia-ceria-yttria powders were studied with a theoretical composition of Y0.148(Zr1-xCex)0.852O2-G, where x = 0, 0.1, 0.3,
0.5, 0.7, 0.9 and 1.0. A co-precipitation method followed
by calcination was used to prepare the powders as shown
in Fig. 1. The following reagents were used: ZrOCl2·8H2O
(99.7 %, Beijing Chemicals Import & Export Corporation,
reagent purity), Ce(NO3)3 (86.8 % and La – 11.6 %, Nd - 0.7%,
Gd – 0.9 %, UMCS, WChN Lublin), Y2O3 (99.99 %) and reagent grade HCl and NH3aq. For manufacturing the powder, the
water solution of yttrium(III) chloride, zirconium(IV) oxychloride and cerium(III) nitrite was dropwise added to vigorously
stirred ammonia (1:1) in order to co-precipitate yttria-zirconiaceria deposit at a nal pH of 9.5. The deposit was washed
with 0.3 % water solution of NH4NO3 at pH 9.5 to remove
soluble co-precipitation products by using decantation and
vacuum ltration. Washing the deposits was proceeded to
obtain no visible reaction of ltrate with AgNO3, and then
the deposits were dried at 95qC to the constant weight. The
deposits were comminuted to a particle size of < 550 m by
using an alumina mortar. Crystallization was performed for
2 h at 900qC in air by calcination. A heating rate of 5q/min was
used. The calcined powders were attrition milled for 2 h in
2-propanol. 3Y-TZP grinding media of 2 mm in diameter were
used. Green compacts of ~13 mm in diameter and ~2 mm in
height were cold isostaticaly pressed under 220 MPa, using
the powders added with 3 % of oleic emulsion as lubricant.
The compacts were naturally sintered for 2 h at 1550qC
in air. The samples were heated to 500qC with a rate of
3qC/min, and then up to maximum temperature with 5qC/min.
The thermal behaviour of the yttria-zirconia-ceria deposits
was investigated by using the thermogravimetric-differential
thermal analysis (TG-DTA; Derivatograph C, MOM) at

Fig. 1. Flow chart of preparation route of the zirconia-ceria-yttria
powders.

a heating rate of 10qC/min under air atmosphere. The TG/
DTA experiments were conducted in platinum crucibles,
using the 100 mg samples and D-Al2O3 powder working as
reference material.
The phase composition of the calcined powders and
sintered materials were characterized by means of X-ray
diffractometry (XRD). The X’Pert Plus apparatus (PANalytical), equipped with a lamp with copper anode, a Johansson
monochromator and the X’Celerator type strip detector,
was used. Counts were made in a range of 10-90q24 with
a step size of 0.00816q, applying a continuous scan type.
Rietveld renement with X-ray diffraction data [14] by the
X’Pert software was helpful to determine both the phase
composition and unit cell parameters. Crystallite size in the
direction perpendicular to the (111) plane was determined
for the calcined powders from X-ray line broadening using
the Sherrer approach [15]. Specic surface area of the
powders was measured by nitrogen adsorption (BET, Nova
1200e, Quantachrome Instruments). The microstructure of
the sintered polycrystals was observed on the polished and
thermally etched surfaces by means of a scanning electron
microscope (NOVA NanoSEM, FEI Company). Densication of the compacts was characterised by the geometrical
density. Relative density of the sintered samples was determined by the Archimedes’ method. Vickers’ indentation
under 49.03 N for 10 s in a hardness tester FV-700 (Future
Tech) was applied to measure hardness and critical stress
intensity factor, KIc. The Palmqvist crack model was applied
for the KIc calculations [16].

3. Results and discussion
3.1. Nanopowders
The effect of the ceria addition on the thermal behaviour
of yttria-zirconia hydrogels is shown in Fig. 2.
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The 8YSZ hydrogel, corresponding to the 8 mol% Y2O3ZrO2 powder, was characterised by signicant (11.8 %)
mass loss during heating from 25 to 600qC (Fig. 2b). From
25 to 380qC, the mass loss was accompanied by a heat
consumption and appearance of a broad endothermic effect (Fig. 2a), which corresponds to evolving the adsorbed
gases, adsorbed and hydrated water and gases originated
from the decomposition of ammonium nitrite (276qC) and
other impurities. A sharp exothermic effect was detected
at 434qC, which corresponds to the phase transition of the
hydrogel from the amorphous to crystalline state [17-20].
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No exothermal effects appeared at temperatures higher
than 600qC. During heating from 600 to 1000qC, the mass
of the sample continued to decrease but the mass loss was
negligible (0.2 %). This can be related to the removal of the
residual OH groups from the material structure [19].
In the case of 8 mol% yttria-ceria powder (Fig. 2b),
a signicant mass loss (9.8 %) is observed during heating
from 25 to 1000qC and accompanied by heat consumption.
The mass loss corresponds to the removal of adsorbed
gases, adsorbed and hydrated water and impurities in the
temperature range from 25 to 300qC, and to the elimination
of the OH groups from the material heated above 300qC,
as it was reported in the literature [6]. The DTA curve does
not show any particular exothermal effect.
The thermal behaviour of the studied 8YSZ-CeO2 powders was found to strongly depend on the ceria concentration in the material (Fig. 2). The powder containing 10 mol%
ceria shows the behaviour during heating similar to the 8YSZ
powder. Only the total mass loss is increased (19.2 %).
For ceria concentrations higher than 30 %, the TGDTA curves of the powders are similar to those obtained
for pure ceria. No exothermic effects are observed on the
DTA curves between 500 and 1000qC. For the range of
ceria concentrations higher than 30 %, the temperatures of
endothermic effects varied with the ceria content. For ceria
concentrations from 50 to 90 %, the temperatures of the
rst and second endothermic effect decrease from 125 to
86qC and from 455 to 389qC, respectively. The endothermic
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Fig. 3. X-ray diffraction patterns of the powders calcined for 1 h at
900oC in air.
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Fig. 2. Thermogravimetric analysis of co-precipitated deposits under air atmosphere at 10oC/min heating rate: a) DTA, b) TG, c) DTG.
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Fig. 4. Lattice parameter, a, of the powders calcined for 1 h at 900oC
in air as a function of CeO2 content.
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effects are accompanied by the mass loss. The rate of mass
loss corresponds well to the endothermic peaks, as shown
by the DTG curves in Fig. 2c. The total mass loss shown by
the materials with the ceria concentration from 50 to 90 %
is larger than for pure ceria.
Based on the TG-DTA results, the deposits were calcined
for 2 h at 900qC in air, and analysed by XRD before further
processing. Fig. 3 shows X-ray diffraction patterns of the calcined deposits. All the powders crystallise in a face-centred
cubic, uorite type structure with space group Fm3m.

The lattice parameter of the calcined powders calculated
from XRD patterns is plotted as a function of the ceria content
in Fig. 4. The experimental data are well described by linear
dependence (Vegard’s law) with t coefcients similar to 1:
a(Å) = 2.99·103·CCe + 5.138; Tc = 900qC,

where CCe is the ceria concentration.
The experimental lattice parameters correlate with the data
for respective solid solutions of ZrO2 and CeO2 from ICDD les
[21, 22] and with the results presented in [6].
The synthesized materials containing from 10 to 90 mol%
ceria are solid solutions with a composition corresponding
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Fig. 5. Crystallite size of the powders calcined for 1 h at 900oC in
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Fig. 8. Relative density of the materials sintered at 1550oC.
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to the initial oxide contents, because their lattice parameters
obey Vegard’s law.
The microstructural development of the calcined powder
was studied by estimating the crystallite size from X-ray line
broadening by means of the Sherrer formula. The mean crys-

tallite size as a function of ceria content is shown in Fig. 5.
With increasing ceria content from 0 to 50 mol%, the crystallite
size decreases from 19.8 to 7.5 nm, respectively, and then it
increases up to 30.7 nm for the pure ceria. This result indicates
that nucleation and growth of nuclei are strong functions of

a)

b)

c)

d)

e)

f)

Fig. 11 SEM microphotographs of the compacts sintered at 1550oC in relation to CeO2 content: a) 0 mol%, b) 10 mol%, c) 30 mol%,
d) 50 mol%, e) 70 mol% and f) 100 mol%.
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the ceria content in the studied powders. It is also evident that
the formation of solid solution hinders the crystallite growth,
favouring probably the nucleation process.
The specic surface area (Sw) of the powders after calcination at 900qC followed by 2 h milling given in Fig. 6 increases nearly linear in the range of ceria concentration from
0 to 90 mol%, starting from a value of 29.9 m2/g and nishing on 53.2 m2/g. For pure ceria, Sw abruptly decreases to
37.8 m2/g. The specic surface area rather weakly correlates with the crystallite size, suggesting the presence of agglomerates of the nanocrystallites in the studied powders.

to ZrO2 approaches the value of one (Fig. 12). In the latter
case, the intra-grain pores are observed in a large content
(Figs. 11c-e). For ceria concentrations lower than 30 %, the
inter-grain pores dominate (Figs. 11a and 11b). However, for
the ceria concentration higher than 70 %, the small amount of
the inter-grain pores and the signicant contribution of large
voids appear. The forgoing results prove that the sintering
behaviour of the ceria-zirconia-yttria nanopowders strongly
depends on the ceria concentration.
Figs. 13 and 14 show the ceria concentration dependence
of fracture toughness and hardness of the ceria-zirconia-ytt-

3.2. Green compacts and sinters
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Fig. 12. Maximal grain size of materials sintered at 1550oC as a function of CeO2 content.
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Fig. 13. Fracture toughness of the materials sintered at 1550oC as
a function of CeO2 content.
12

(2)

In addition, the experimental data collected for sintered
materials correlate with the literature data better, compared
with those for the calcined powders. This is most probably
a result of the crystallite size dependence of the experimental
lattice parameter.
The microstructure evolution of ceria-zirconia-yttria sinters was investigated by SEM, and the results are shown in
Figs. 11 and 12. The zirconia-yttria powders with different
ceria content deliver the materials of microstructures, which
differ in grain size, porosity and pore size. The grain size
of the materials remains small and comparable in both the
zirconia and ceria reach regions of the chemical composition (< 6.1 m and < 3.9 m, respectively), whilst the grains
grow to a large extent (up to 13.6 m) when a ratio of CeO2
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The behaviour of the calcined powders during compaction was investigated using porosimetry and the geometrical
way of density evaluation. In Fig. 7, both the relative density
and mode pore size of the compacts are plotted as a function of the ceria content in the powders. Densication of the
compacts correlates well with the crystallite size according
to a rule indicating that the larger crystallite size the larger
density observed. Decreasing the crystallite size signicantly
inhibits densication of the compacts, and induces the prompt
appearance of large pores. A slight increase in the pore size
is detected for the compacts of pure ceria despite of the largest crystallites, suggesting the probable presence of hard
agglomerates in the nanopowder.
The compacts were rst naturally sintered at 1550qC in
air, and then analysed by Archimedes’ method and XRD. After
sintering, a signicant increase of density was observed, but
full densication of the materials was not achieved, as shown
in Fig. 8. Incorporation of ceria to the system generally decreased sinterability of the powders. Moreover, densication
of the compacts was most probably affected by the uctuation
of powder morphology originated from powder processing,
as suggested by a broad spread of the measured density
values around the least square line (Fig. 8).
The ceria-zirconia-yttria solid solutions of a face-centred
cubic (fcc) uorite structure was detected in the sintered
materials, as shown in Fig. 9. The results of the exact calculation of the lattice parameters are shown in Fig. 10. The
experimental data are well described by a linear dependence
(Vegards’ law) and correlate with the data for respective solid
solutions of ZrO2 and CeO2 from ICDD les [21, 22] and with
the results presented in [6]:
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Fig. 14. Vickers’ hardness of the materials sintered at 1550oC as
a function of CeO2 content.
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tria materials, respectively. The continuous decrease of both
toughness and hardness is observed, and it corresponds with
the variation of composition and microstructure. The SEM
investigations reveal the trans-granular fracture propagation
during cracking (Fig. 11).
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