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bstract

rystalline yttria and calcia doped ceria powder, with a composition of Ce0.8Y0.18Ca0.02O2−δ has been prepared by a coprecipitation procedure from
he corresponding nitrates of component cations. Nanopowder was obtained after thermal treatment at 700 ◦C 2 h of the coprecipitated mixtures.
pecific surface area was 45 m2/g. Isostatically and uniaxially pressed pellets were prepared from the powder. Sintering behaviour was followed
y CHR dilatometer. Isothermal sintering was carried out between 1100 and 1300 ◦C. Apparent density as high as 98% Dth was attained by firing
sostatically pressed pellets at 1150 ◦C 4 h. Uniaxially pressed pellets attained the same apparent density at 1275 ◦C 2 h, being in both cases very

ow the densification temperatures. Microstructure was observed by scanning electron microscopy (SEM). Ionic conductivity was determined
y complex impedance spectroscopy. Bulk and grain boundary conductivities have similar values, and the total conductivity attains good value
ompatible with the use as electrolyte in solid oxide fuel cell (SOFC).

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Rare earth doped ceria is a well-known electrolyte material
or low temperature (500–700 ◦C) solid oxide fuel cell (SOFC)
pplication due to their high oxygen ion conductivity at a lower
emperature than that of the yttria-stabilised zirconia.1–5 The
ain problem with these solid solutions is that they need to be

intered at very high temperatures, between 1500 and 1600 ◦C to
ttain moderate apparent densities, with the possibility of reduc-
ion of Ce(IV) to Ce(III).6 A lot of work has been devoted to
olve this problem: different routes to prepare reactive ceramic
owder, such as coprecipitation, combustion synthesis, sol–gel
ormation, polymeric organic complex solution method, and oth-
rs. With the same final objective, addition of some amounts of
ifferent oxides has been also essayed.7–19

Another problem associated to the final ceramic microstruc-
ure is the rather low conductivity of grain boundary, G.B.
hen compares with that of the corresponding bulk. This
act is attributed to the presence of impurities located in the
.B., which lowers the ionic mobility.20 As consequence total

onductivity suffers a considerable lowering. Several proce-
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ures have been suggested to overcome this fact: decreasing
f the G.B. resistivity by increasing the grain size, i.e. low-
ring the G.B density, or incorporating controlled amount of
ome type of dopants that could clean the G.B. of non-adequate
mpurities.21,22

Ionic conductivity of rare-earth-doped ceria electrolytes
epends of the rare-earth cation, being Sm and particularly Gd
hose which lead to a higher ionic conductivity.23 Neverthe-
ess, Y-doped ceria, which have a relatively high value of ionic
onductivity is of particular interest due to the relative abun-
ance and low cost of the yttrium element and its oxide against
m and Gd. Because of this, a lot of work is being devoted to
tudy solid electrolytes based on Y-doped CeO2 (CeYCa in the
ollowing).24–29 Dense electrolytes (Da ≥ 95% Dth) have been
eported.

The aim of the present paper is to obtain highly sinterable
ttria-doped ceria, powders, with the following chemical com-
osition: Ce0.8Y0.18Ca0.02O2−x, by a simple, cheap chemical
rocedure, such as coprecipitation of inorganic salts (nitrates),
ith a strict control of the variables, thus obtaining very homo-
eneous nanoscaled powder. Addition of 2 mol% CaO is driven

o improve the G.B. conductivity by elimination–neutralization
f impurities located in the G.B. particularly, SiO2. Den-
ification, microstructure and ionic conductivity will be
easured.

mailto:cmoure@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2009.02.014
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Fig. 1. Flow sheet of coprecipitation

. Experimental procedures

Ceria powders containing 18 mol% YO1.5 and 2 mol% CaO
ere prepared by coprecipitation of hydroxides from an aque-
us solution of the Ce, Gd and Ca nitrates (Ce(NO3)3·6H2O
99.5%, Alfa Aesar), Y(NO ) ·6H O (99.9%, Alfa Aesar) and
3 3 2
a(NO3)2·4H2O (99.0%, Alfa Aesar)). The as-prepared aque-
us transparent solution of the above nitrates was heated in air
n a hot plate at about 80 ◦C with magnetic stirring in order

e
t
t

Fig. 2. XRD patterns of (a) calcined powders a
ynthesis process of CeYCa powders.

o ensure the perfect dissolution and homogenization of the
ationic precursors. Lately, this cerium–yttrium–calcium nitrate
olution was added by dropping and blending to an ammo-
ium hydroxide solution in excess, to maintain a pH 9 during
he whole process, the mixed solution being vigorously stirred.

hen the precipitation process was apparently completed, an

xcess of NH4OH was added for assure total precipitation; later
he precipitate was slowly filtered. After filtering, the precipi-
ate was first washed using distilled water, after several times

t 700 ◦C and (b) heat treated at 1300 ◦C.
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Fig. 3. Particle size curves taken by Laser Coulter, showing the agglomerates
distribution of calcined CeYCa powders.

Table 1
Apparent density as a function of compaction pressure.

Sample Apparent density (%)

Uniaxial
(2000 MPa)

Isostatic
(1500 MPa)

Isostatic
(2000 MPa)

Isostatic
(2500 MPa)

1
1

f
l
u
angle corresponding to the analyzed line. Values of D = 24 nm
were calculated. Specific surface area was 45 m2/g, which is
equivalent to 20 nm calculated from the formula Ds = 6/SDth,
A. Moure et al. / Journal of the Europ

ith pure isopropanol (99.5%, Merck). The washed precipi-
ate was slowly dried in a closed atmosphere at ≈60 ◦C, until
otal drying. Fig. 1 shows the flux sheet of the coprecipitation
rocess. TG/ATD analysis was performed on the dried precip-
tate (no represented). According to the obtained results, the
recursor was calcined at 700 ◦C, 2 h, temperature for which the
eight losses have concluded. The calcined powder was attrition
illed with isopropanol as liquid medium. The physicochemi-

al characteristics of the calcined powders were determined by
oulter (Laser Coulter LS130 de Malvern Instruments (G.B.),
ET (Quantachrome MS-16 model, Syosset, NY) and XRD
iffraction (Siemens D-5000, Erlangen, Germany), and crys-
allite size was determined by line-broadening analysis of the
RD patterns.
Powder was uniaxially and isostatically pressed. Both proce-

ures were made for establishing if there is a strong difference in
he final sintering step between both compaction methods. Pore
ize distribution of as-pressed compacts was determined by mer-
ury penetration porosimetry (Micromeritics, Autopore II, 9215,
orgross, USA). Constant heating rate (CHR) essays were per-

ormed on a Dilatometer (Netzsch 402E of Geratebau, Bayern,
ermany), from room temperature up to 1500 ◦C at a constant
eating rate of 5 ◦C/min. Isothermal sintering was conducted at
everal temperatures between 1100 and 1325 ◦C and times of
–8 h. Apparent density was measured by water displacement.
RD analysis was carried out for determining the complete solid

olution formation and crystallisation of the ceramic bodies. Lat-
ice parameter of the solid solution was measured from all the
eaks obtained with a scanner rate of 1/8 2θ/min between 20
nd 60◦ 2θ, and using Si as internal standard. Microstructure
as observed by SEM of polished and thermally etched sur-

aces. Ag paste was applied on the surface of sintered discs.
lectrodes were fired at 750 ◦C 1 h; surface resistance values

ower than 0.1 � were attained on the fired electrodes. Com-
lex impedance spectroscopy was employed for determining
ulk, G.B. and total ionic conductivity at a temperature range
etween 200 and 600 ◦C, and 10–107 Hz frequency range, by
sing a HP 4192A impedance meter. Conductivity values repre-
ented in the spectroscopic diagrams have been calculated from
mpedance data taken on the bulk and G.B. arcs by the formula
= (1/Z′)(l/S), being l and S thickness and surface respectively
easured on the disc samples. The value σ = (1/Z′

GB)(l/S) has
een taken as average G.B. value for the shake of comparison
etween different samples and as representative of the electrical
.B behaviour of the ceramic electrolyte.

. Results and discussion

Fig. 2a and b shows the XRD pattern of the calcined and
300 ◦C-heat treated powders. The XRD patterns have been
ompared with the JCPDS file 75–175, corresponding to the
ame Y-doped ceria solid solution. Lattice parameter, measured
n powder treated at 1300 ◦C, with a high degree of crystallinity

ave a value a = 0.54213 ± 0.00005 nm, and the theoretical den-
ity calculated for such a lattice parameter and the corresponding
hemical formulae was Dth = 6.63 g/cm3. The crystallite size (D)
f the powder was calculated, using several diffraction lines, F
150 ◦C 2 h 94 ± 0.5 97.3 ± 0.5 98.1 ± 0.5 98.1 ± 0.5
275 ◦C 2 h 98 ± 0.5 95.5 ± 0.5 94.7 ± 0.5 93.5 ± 0.5

rom the Scherrer formula, D = 0.9λ/β cos θ, whereλ is the wave-
ength of X-rays, β the corrected half-width line, that is obtained
sing the (1 1 1) line of the pure silicon as the standard, and θ the
ig. 4. Pore size distribution in green, uniaxially and isopressed, compacts.
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Fig. 5. Shrinkage and shrinkage rate curves corresponding to (a)

n good concordance with the calculated by XRD line profile.
alues obtained from particle size measurement by Coulter tech-
ique, see Fig. 3, gave mean particle size of 0.78 �m, which seem
o correspond to a certain agglomeration degree and not a real
article size. Table 1 summarizes the physical parameters of the
alcined powder.

Fig. 4 shows the pore-size distribution curves for the green
ompacts. As it is possible to see, pore distribution is very narrow
nd homogeneous for both type samples, uniaxially and iso-
tatically pressed, being something wider for uniaxially pressed

ellets.

Fig. 5a and b shows shrinkage and shrinkage rate curves for
oth uniaxially and isopressed samples. There is a difference
etween both samples: whereas the isostatically pressed sample

U
d
a
m

ig. 6. Apparent density obtained by isothermal sintering at (a) different temperature
nd (b) different times at constant temperature, 1150 ◦C, for isopressed samples only
ially pressed compacts and (b) isopressed (2000 MPa) compacts.

nds its shrinkage step at 1380 ◦C and then suffers an apparent
e-sintering process, with a slight expansion until 1500 ◦C, uni-
xially pressed sample has not completed its shrinkage step at
500 ◦C. On the other hand, shrinkage rate curves are very sim-
lar, with a single maximum at temperatures very near between
hem, 888.5 and 894.1 ◦C respectively, in good correlation with
he near pore size and distribution curves shown for the two sam-
les, Fig. 4. Thus, it is possible to attribute the different shrinkage
ehaviour to an existing difference between the green densities
f the samples caused by the different compaction procedure.

niaxially pressed samples have lower green density. The pow-
er is looser and the beginning of the shrinkage is therefore at
higher temperature. In the isopressed powder, once attained a
aximum in the apparent density, a grain growth step begins,

s and constant time (2 h) (� isopressed samples; � uniaxially pressed samples)
.
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Table 2
Apparent density as a function of compaction pressure.

Sample Apparent density (%)

Uniaxial (2000 MPa) Isostatic (1500 MPa) Isostatic (2000 MPa) Isostatic (2500 MPa)

1
1

w
d
p
h
a
t

c
t
b
a
2
a

F
e
2

t
p

2
i
t
p
9
t

150 ◦C 2 h 94 ± 0.5 97.3 ± 0.5
275 ◦C 2 h 98 ± 0.5 95.5 ± 0.5

hich can be very fast, trapping the residual porosity and pro-
ucing pore coalescence in the grain interior, with a bloating
henomena, which lowers the apparent density.30 On the other
and, the slower reaction between the looser particles of the uni-
xially pressed samples leads the final densification to a higher
emperature.

According to the CHR results, isothermal sintering was
arried out, taking as temperature range one beginning after
he maximum rate of shrinkage, i.e. 1100 ◦C, and ending

◦
elow 1400 C. An essay about the influence of isostatically
pplied pressure has been made, in which 1500, 2000, and
500 MPa have been applied. These samples have been sintered
t 1150 ◦C 2 h, once known the optimal sintering tempera-

ig. 7. SEM micrographs at different amplification of polished and thermally
tched surfaces of sample fired at 1150 ◦C 4 h. Sample has been isopressed at
000 MPa.
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98.1 ± 0.5 98.1 ± 0.5
94.7 ± 0.5 93.5 ± 0.5

ures. The results are compared with that obtained by uniaxially
ressure.

Fig. 6a depicts the apparent density against temperature for
h soaking time for both isostatically at 2000 MPa and uniax-

ally pressed samples. There is a difference of 125 ◦C in the
emperature of the maximum densification as a function of the
ressing method. It is also important to notice that a density
8% Dth has been attained at 1150 ◦C, 4 h of soaking time,
emperature well below of those found in the literature.25,26

ig. 6b shows the relative density of isopressed samples fired
t 1150 ◦C, as a function of time, attaining the maximum of
ensity at 4 h, followed by a de-sintering step, similar to that
bserved in the dilatometric essay above 1380 ◦C. Table 2 shows
he apparent density of samples subjected to different com-
action process. Such as can be observed, the pressure level has
carce influence above 2000 MPa, but the lowering of the pres-
ure below this value causes that the final apparent density falls
ut.

Figs. 7–9 depict the microstructure of selected samples. Such
s can be seen, microstructure corresponding to the sample sin-
ered at 1150 ◦C, 2 h is near of a nanometric structure (Fig. 7a
nd b). Fig. 8 depicts microstructure of uniaxially pressed sam-
le sintered at 1275 ◦C, which shows a submicronic grain size
ange. Even the sample sintered at 1500 ◦C (dilatometric essay)
n which soaking time was null, shows a similar microstructural
ehaviour (Fig. 9) with small-grained microstructure.
Fig. 10 represents impedance arcs corresponding to well-
ensified 1150 ◦C 4 h isopressed sample. Such can be seen,
ulk and G.B. arcs are of the same magnitude order, and in
ome extension both are overlapping, indicating that the G.B.

ig. 8. SEM micrograph of polished and thermally etched surfaces of uniaxially
ressed sample fired at 1275 ◦C 4 h.
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ig. 9. SEM micrograph of polished and thermally etched surfaces of isopressed
ample fired at 1500 ◦C. Dilatometric sample.

s comparable, although lower, to that of bulk one. As a mater
f example, 277 ◦C arc is taken, in which the bulk resistivity
as been measured as 436,410 � cm and the G.B resistivity is
23,800 � cm, which are of the same magnitude order

Fig. 11 shows the Arrhenius plots of bulk and G.B conduc-
ivity measured in both 1150 ◦C 4 h and 1500 ◦C dilatometric
amples that present different density but with similar grain size,
ccording to that seen in the microstructure.

It can be seen that the bulk and the G.B. conductivity values
re not very different, and even in both cases the apparent G.B.
onductivity is slightly higher than the bulk conductivity at tem-
eratures enough high. As consequence, the total conductivity is

ot strongly different that the bulk conductivity, such as occurs in
eramics with high-resistivity Grain boundary behaviour. Lower
alues of conductivity, measured in the dilatometric sample can
e attributed to lower apparent density of this sample.

ig. 10. Impedance arcs of sample fired at 1150 ◦C 4 h. Inset depicts the high-
emperature region showing the corresponding arcs.

s
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ig. 11. Arrhenius plots of log ρ against 1/T of samples sintered at 1150 ◦C 4 h
500 ◦C, dilatometric sample.

Taking into account that the bulk conductivity is very high,
he falling in the G.B. conductivity caused by possible impu-
ity phases is more notorious that in the YSZ electrolytes. As
solution to this problem it has been proposed the use of raw
aterials with very high purity.29 Nevertheless, this solution

s very little practical due to the strong increase of the raw
aterials costs. Besides that, control of the processing step is

eeded because of the possible incorporation of new impuri-
ies during that process. In some cases, high-resistivity G.B has
een reported in very pure samples, indicating formation of a
pace charge layer.31 Such as have been shown in the above
xposed results, incorporation of controlled doping, which com-
ines with G.B impurity and moving it towards triple points is
better and cheaper method to neutralize the impurity effects,
hese procedure was proved with success in Ceria-gadolinia
lectrolytes.21,22

The total conductivity value for CeYCa-20 sample fired at
150 ◦C 4 h, with apparent density of 98 Dth, measured at 500 ◦C
s 3.15 × 10−1 S M−1.

. Summary

Controlling the processing parameters of the chemical pro-
ess: pH, coprecipitation rate, washing, drying, and temperature
f synthesis leads to obtain sinterable CeYCa nanopowders,
omogeneous and poorly agglomerated, which allows sintering
t near theoretical density at temperatures as low as 1150 ◦C
nd times, of 2–4 h, attaining submicronic, near nanometric,
tructures, by using an improved hydroxide coprecipitation pro-
edure. Addition of small amount of CaO, 2 mol% improves

he grain boundary conductivity, and therefore, the total ionic
onductivity of ceramic bodies. These materials are promising
s solid electrolytes due to its low temperature sintering, which
nhibited the redox reaction Ce4+ ↔ Ce3+, and its good total
onic conductivity.
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