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Abstract

Well-densified 10 mol% DyOs-doped Ce@ (20DDC) ceramics with average grain sizes~d.12—1.5.m were fabricated by pressureless

sintering at 950—-155CC using a reactive powder thermally decomposed from a carbonate precursor, which was synthesized via a carbonate
coprecipitation method employing nitrates as the starting salts and ammonium carbonate as the precipitant. Electrical conductivity of the
ceramics, measured by the dc three-point impedance method, shows a V-shape curve against the average grain size. The sample with th
smallest grain size of 0.32m exhibits a high conductivity of10-274 S/cm at the measurement temperature of“T@vhich is about the

same conduction level of the micro-grained 10 mol%,Sg or Gd,Os-doped Ce®, two leading electrolyte materials.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction grain sizes of several microns and above, improved elec-
trical conduction along with an increase in the grain size
Ceria (CeQ) is a fluorite-structured ceramic material was frequently observed, which was considered to be due
(space group Fm3m) that can be readily doped with a va-to the decreased grain boundary density and can be well
riety of aliovalent (alkaline-earth or rare-earth) cations to interpreted by the application of the brick layer motié.
form solid solutions. When so doped, oxygen vacancies On the other hand, the electrical behavior of doped-ceria
are introduced into the CeQattice for charge compensa- ceramics with much smaller grains of submicron or nano-
tion and the materials become good ionic conductors for size has only sparsely been investigated, mainly due to the
a variety of electrical applications. Rare-earth doped ceria lack of well sinterable powders and hence the difficulties
has been considered promising electrolyte materials for encountered in sample preparation. The powders made
application in solid oxide fuel cells (SOFCs) operating at via the traditional solid state reaction method need high
intermediate temperatures (400-7@).1-2 sintering temperatures of-1700-1800C"-8 to achieve
The ionic conductivity of rare-earth doped ceria largely the densities acceptable for practical applications. While
depends on the dopant type and dopant concentration, sinceghe powders produced via wet-chemical routes (typically
the tendency of defect clustering (the formation of pairs oxalate coprecipitatioR!® sol-gel'! and hydrothermal
between oxygen vacancies and the dopant cations) and théreatment?13), though show improved reactivity compared
association energy of the clusters are both dopant size ando those via solid state reaction, still require typical sintering
concentration dependehtBesides, microstructure of the temperatures of 1400-150G to achieve~99% of the the-
sintered body is also known to have significant effects on oretical, leading to ceramics of micron-sized grains. Such
the ionic conductivity. For the electrolytes with average high fabrication temperatures leave very little opportunity
for microstructure manipulation of the sintered bodies.
. ) . . A careful survey of the previous reports indicates that the
- igrlr_ezzr;o_gg'_gi f;thor‘ Tek+81-298-51-3354x8540; poor sinterability of the powders mainly arises from hard
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Coprecipitation is a relatively convenient method among ter (Japan Spectroscopic Co., Ltd., Tokyo, Japan) with a
wet-chemical methods for powder preparation, and it is well detection limit of 0.01 wt.%.
recognized that the characteristics and sinterability of the re-  Differential thermal analysis/thermogravimetry (DTA/TG)
sultant powders strongly depend on the type of starting saltsof the dried precursor was made on a TG-DTA analyzer
and precipitant as well as synthesis conditions. We have usedEXSTASR6200, SEIKO, Tokyo, Japan) in flowing air
a carbonate coprecipitation method with ammonia carbonate(200 ml/min) with a heating rate of T@&/min, using plat-
as precipitant to overcome the above mentioned problems,inum crucible as the sample container and alpha alumina as
and highly sinterable powders of 10 mol% f1y5-doped ce- the reference.
ria (20DDC), which can be densified with high density via  Phase identification was performed via X-ray diffrac-
pressureless sintering at a very low temperature250°C, tometry (XRD) on a Rigaku RINT 2200HF Ultima™
have been obtained via thermal decomposition of the car-X-ray diffractometer (Rigaku, Tokyo, Japan) operating at
bonate precursors at suitable temperatures. Such a low sin40kV/40 mA using monochromatized CucoKradiation.
tering temperature allows us to tune the grain size of the re- Diffractions were recorded in the range of Z 20-120
sultant ceramics via varying the fabrication temperature and by step scanning with a step interval of 2&nd a scan-
to investigate the relationship between electrical conduction ning time of 2s on each step. Lattice parameters of the
and the average grain size. solid-solutions were calculated with the LCR2 progtdm
and further refined by the RIETAN prograin.
Morphologies of the resultant powders were observed

2. Experimental procedure via field-emission scanning electron microscopy (FESEM,
Model S-5000, Hitachi, Tokyo, Japan). Ultrasonically dis-
2.1. Powder synthesis persed particles in ethanol are spread on the surface of a sil-

icon plate. After drying at room temperature, osmium coat-
The cation sources for the synthesis of 20DDC pow- ing is performed before observation for better conductivity.
ders were cerium and dysprosium nitrate hexahydrates
(RE(NG3)3-6H20, RE =Ce and Dy), and ammonium 2.3. Sintering
carbonate ((NH)2CO3) was used as the precipitant. The
chemicals were >99.5% pure and were all purchased from Samples for sintering are isostatically consolidated un-
Kanto Chemical Co. Inc., Tokyo, Japan. der 300 MPa pressure. Densification behavior of the pow-
For precursor synthesis, 300 ml of the mixed salt solu- der compact was monitored in air via dilatometry on a
tion (0.12M for Cé* and 0.03M for Dy*) was dripped  thermal-mechanical analyzer (Model TMA1700, Rigaku,
into an equi-volume of the precipitant solution (1.5M) kept Tokyo) using constant heating and cooling rates of 10 and
at 70°C under mild stirring. The resultant suspension, af- 20°C/min, respectively. Density of the powder compagt,
ter aging at the reaction temperature for 1h, was filtered at any sintering temperature, is determined from the green
via suction filtration. The precipitate cake was washed re- density, pp, and the measured linear shrinkag&l /Lo,
peatedly with distilled water and finally rinsed with an- using the following equation
hydrous alcohol (except those for chemical analysis and 00
DTA/TG) before drying at room temperature with flowing 0= —-—— 73
g . - (1—-AL/Lo)
nitrogen gas for more than 24 h. The dried precipitate cake
was lightly pulverized with a zirconia mortar and pestle wherelg is the initial sample length andAL = Lo — L,
and then calcined in a tube furnace under flowing das wherelL is the instantaneous sample length. The green den-
(50 ml/min) to yield oxide powders, using a heating rate of sity of powder compact is calculated from its weight and
5°C/min and a residence time at the calcination temperaturegeometric dimensions. Isothermal sintering was performed

1)

of 2h. in a resistance furnace with a heating rate 8€&min and a
holding time of 2 h. Six sintering temperatures, 950, 1000,
2.2. Powder characterization 1150, 1300, 1450, and 155@, were used to vary grain size

of the resultant ceramics. Microstructures of the sintered

Compositions of the precursors were determined via bodies were observed via FESEM from polished and ther-
chemical analysis. Cation contents were determined by themally etched surfaces. Average grain sizes of the sintered
inductively coupled plasma (ICP) spectroscopic method bodies were determined by the linear interception method.
with an accuracy of 0.01wt.%; carbon contents were as- The measured values were converted to the “true” grain sizes
sayed on a simultaneous carbon/sulfur determinator with by multiplying with 1.56.
a detection limit of 0.01wt.% (Model CS-444LS, LECO,
St. Joseph, MI, USA); Nkt contents were determined 2.4. Electrical conductivity
by the distillation-titrimetric method with an experimental
error of £0.1wt.%; NG~ contents were analyzed by the Electrical conductivities of the sintered bodies were mea-
spectrophotometric method on a Ubest-35 spectrophotome-sured in air by the dc three-point method at temperatures
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ranging from 400 to 700C, after Pt electrodes were ap- final composition should ensure eand RE+ cations

plied to both sides of the sintered bodies (abpd0 mm x have the lowest solubilities in solution under the present pre-
1.5mm in size). The apparent activation energy for conduc- cipitation conditions.
tion was estimated from the Arrhenius plot. The as-dried precursor is amorphous to X-rays (will

be shown later). Chemical analysis showed that the pre-
cursor contains~41.5wt.% of cerium,~12wt.% of dys-

3. Results and discussion prosium, ~1.3wt.% of NH+, and ~7.1wt.% of carbon
(from CO327). NOs~ was not detected positively (detec-

3.1. Powder synthesis and characterization tion limit: 0.01 wt.%), indicating that it is non-precipitating.
Based upon the above results and considering molecu-

3.1.1. Composition of the precursor lar electrical neutrality, the precursor was assumed to be

In'the carbonate coprecipita'tic.)n method employing am- (NH,)0.25CeDyb.25(C0O3)2.0-1.8H,0, where the molecu-
monium carbonate as the precipitant, the following equilib- |ar water was determined from the cerium or dysprosium

ria were expected in the precipitation solution: content in the formulae.
H0 & H™ 4 OH™ 2 " i
3.1.2. Thermal decomposition and phase evolution of the
(NH4)2CO3 & 2NHst + COz% (3) precursor
N 3 Thermal behavior of the precursor powder has been in-
NH4" + OH™ & NH4OH < H20 + NH3(g) (4) vestigated by DTA/TG, and the results were showfim 1
Ht + COs% < HCOs™ (5) T_hg decomposition of the precursor proceeds through three
distinct stages. The first one, mainly occurring at tempera-
and tures up to~183°C, is due to the evaporation of the absorbed

" _ moisture and the release of ammonia and molecular water.
H" +HCO; ™ © H2COs « H20 + COx(9) ©6) The calculated weight loss+(13.1%) for this stage agree

On the other hand, lanthanide cations are known to undergoWell with the value {-13.3%) revealed by TG-183°C.
weak hydration and slight hydrolysis in water to form com- The second stage, occurring in the range83-346'C, may

plex species, correspond to the decomposition of rare-earth carbonate
into oxycarbonate intermediatésThe weight loss at even
RE(H20),3t 4+ Hy0 < [RE(OH)(H20),_1]%t 4+ HzO™ higher temperatures (the third stage) is due to the further de-
) composition of the oxycarbonate to yield oxide. Complete
decomposition is almost achieved at about 200The fi-
wheren is the coordination number of RE cations!® Dur- nal weight loss £32.58%) is also in accordance with that

ing precipitation, the complexes formed fy. (7) reacted calculated {35.2%) from the complete decomposition of
with the carbonate anions and other supporting ionic species(NHa)o.25CeDyb 25(COs)2.0-1.8H0, noticing the oxidation
generated througlgs. (2)—(6)o form precipitates, and the  of Ce** to Cé™* during heating.
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Fig. 1. DTA/TG curves of the as-dried 20DDC precursor. The data were taken in flowing air (200 ml/min) at a heating r&t€/ofii0



952 Y. Wang et al. / Journal of the European Ceramic Society 25 (2005) 949-956

a1 900 °C

(220)

~ ~
5 =

=

8 e
A:a’\;‘_\ —~
8§38 8§ ¢ & 58
T 53 T e 3 Lo
L rall VD D VR 28 S
700 °C

500 °C

Intensity (arb. unit)
L

Precursor

20 40 60 80 100 120
20 (°)

Fig. 2. XRD patterns of the 20DDC powders: precursor and its calcined
products. Fig. 3. FESEM micrographs showing morphologies of the 20DDC powders
(a) the precursor and (b) the powder calcined at“@aor 2 h.

Fig. 2shows XRD patterns of the 20DDC precursor and

its calcination products. The as-dried precursor is essentiallyphase corresponding to P®3 was not detected, indicating
amorphous to X-rays. Crystallization of the powder occurs the direct formation of solid solution. Lattice parameter of
upon calcination at 500C, and major diffractions corre- the 20DDC oxide calcined at 100C was determined to be
sponding to the fluorite structure of CeQICPDS: 34-394) o = 0.5404+ 0.0001 nm, using the LCR2 progradfhand
have appeared. Continuous refinements in peak shapes anfiirther refined by the RIETAN prografhbased on the Ri-
intensities were observed along with an increase in the calci- etveld method. Apparently, By doping induces a contrac-
nation temperature, indicating crystallite growth. Crystalline tion in the unit cell of Ce@ (a = 0.541134 (12) nm). The
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Fig. 4. Densification behavior of the 20DDC oxide. The heating and cooling rates are 10 a@th, respectively.
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powder calcined at 700C has an average crystallite size of loosely agglomerated to form a porous networkg( 39.
~13.6 nm, as estimated for the Scherrer equation via X-ray The primary particles calcined up to 7800 remain roughly
broadening analysis performed on the (422) diffraction of spherical in morphology and have sizes«df0—15 nm in di-
the unit cell. This powder will later be used for sintering. The ameter Fig. 3b). These size values are close to the crystallite
powders calcined at lower temperatures have smaller crys-size assayed from XRD<13.6 nm). Particles of the calcined
tallite sizes, but they are difficult to consolidate into green powders are largely well dispersed, showing a morphology
bodies via dry pressing. Moreover, the powder compacts fre- quite different from those produced via other wet-chemical
quently crack upon heating, due to the stresses caused byoutes, such as oxalate coprecipitafidhand hydrothermal

rapid shrinkage. treatment213 Sintering behavior of a powder is mainly in-
fluenced by the particle size and the extent of aggregation.
3.1.3. Powder morphology The ultrafine particle size and low agglomeration achieved

Fig. 3 shows particle morphologies of the precursor and by this carbonate coprecipitation method may imply good
the powder calcined at 70C. Apparently, the precursor sinterability of the powder, as was confirmed by the sinter-
is composed of rounded primary particles, which are only ing results shown below.

Fig. 5. FESEM micrographs showing microstructures of 20DDC densified for 2h at (&)C9%b) 1000°C, (c) 1150°C, (d) 1300°C, (e) 1450C and
(d) 1550°C.



954 Y. Wang et al. / Journal of the European Ceramic Society 25 (2005) 949-956

-1

20DDC-1550
20DDC-1450 T
20DDC-1300
20DDC-1150
20DDC-1000
20DDC-950

2k

otxopbme

3
57.92 kJ
58.31 kJ
60.42 kJ

logs (S/cm)

63.06 kJ
5+

76.20 kJ

6 1 . 1 N 1 A L " | . 1

10 1 12 13 14 15 16
10*/ T (K™

Fig. 6. Electrical conductivity of the densified 20DDC ceramics in air, as a function of temperature.

3.2. Densification behavior 3.3. Electrical conductivity

Fig. 4 shows densification behavior of the 20DDC The electrical conductivities of 20DDC ceramics mea-
solid-solution powder calcined at 70C under a constant  sured in air by the dc three-point method in the temperature
heating rate of 10C/min. Rapid shrinkage starts from the range of 400—700C were given inFig. 6, where the appar-
calcination temperature, and nearly full densification is ent activation energies were estimated from the Arrhenius
reached at a very low temperature up~44100°C. equation:oT = og exp(—Ea/RT). Linear relationship (with

The excellent sinterability of the powder was also demon- linear correlation coefficient >0.99) holds betweenTgand
strated by the results of isothermal sintering: almost fully 1/T for all the samples.
dense (>99% of the theoretical) 20DDC ceramic was made Fig. 7 shows the electrical conductivities measured at
by pressureless sintering at 98Dfor 2 h. 20DDC ceramics  700°C and the apparent activation energies, as a function of
with different grain sizes were then obtained by varying the the average grain size. A V-shape curve of conductivity was
sintering temperature up to 1550, and microstructures of  clearly seen, and the specimen with a mean grain size of

which were shown irFig. 5. ~0.24um showed the lowest conductivity-Q0~37 S/cm)
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Fig. 7. Effects of grain size on the electrical conductivity and the apparent activation energy of 20DDC ceramics. The conductivities were measured a
700°C in air.



Y. Wang et al. / Journal of the European Ceramic Society 25 (2005) 949-956 955

and the highest activation energy{6.2 kJ/mol). It is very The relationship between electrical conductivity and grain
interesting to notice the rapid and almost linear increase size was investigated in a regime of 0.12—1rB, and the

in conductivity at grain sizes below the critical value of conductivity exhibits a V-shape curve against the grain
~0.24pm. The specimen with the smallest grain size of size. A minimum conductivity was observed in the spec-
~0.12um (fabricated at 950C) exhibited a high conduc- imen sintered at 1300C and with an average grain size
tivity of 10~174S/cm, close to that of 10 mol% Si@s- ~0.24pm.

or GbOsz-doped ceria, the leading electrolytes among
doped-ceria systent§1® The improved conductivity at

grain sizes above the critical value 6f0.24p.m may be References
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