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Sinterability nanosize powders of DyxCe1_xOz-xl2 (x=O.l0-0.25) have been synthesized via carbonate copre
cipitation method. Precursor and calcined powders consisted of round shape nano particles, and the average 
particle sizes of calcined powders with aforementioned composition were approximately 30 nm. The sintered 
bodies of 0yo_zCeo.s0t.9 and Dyo_JsCeo.ssOL925 were fabricated as representative examples of Dy-doped Ce02 

system using combined method of Spark Plasma Sintering (SPS) and Conventional Sintering (CS). The con
ductivity ofDyo_zCeo.sOL9 sintered bodies with average grain size 250 nm which was fabricated by (SPS+CS) 
was two orders magnitude higher than that of CS specimen with same average grain size. This suggests that 
microstructural feature is a key for improvement of conducting properties. It is concluded that the combined 
method was useful for a design of microstructure in Dy-doped CeOz systems. In addition, the conductivity in 
Dyo JsCeo.ssOt925 fabricated by (SPS+CS) method was higher than that of Dyo_zCeo.8~.9 (SPS+CS) specimen. 
The conductivity of Dyo_JsCeo_850 1925 (SPS+CS) specimen was comparable to that of Gdo.zCeo.s~ 9 specimen. 
Therefore, it is expected that nano--structured Dy-doped CeOz sintered body will be one of promising solid 
electrolytes for low temperature operation of solid oxide fuel cells (SOFCs). 
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1. INTRODUCTION 
Oxide ion conductors are used in a variety of oxygen 

sensors, solid oxide electrochemical cells, and solid 
oxide fuel cells (SOFCs) [1, 2]. In these applications, 
SOFCs are being especially developed as a clean and 
efficient power source for generating electricity from a 
variety of fuels. Doped Ce02 compounds such as 
Gd-doped Ce02 [3-5) and Sm-doped Ce02 [6-8] are now 
under active investigations for application as "low" 
(400°-600'C) temperature operation of SOFCs. 
These electrolytes show high oxide ionic conduc
tivity at high oxygen partial pressure. At low 
oxygen partial pressures, these materials are par
tially reduced and develop electrical conductivity 
during operation of the fuel cell [9]. To overcome 
this problem and improve the conductivity, a 
nano-structured doped Ce02 with high conductiv
ity should be identified. Ce02 electrolytes doped 
with rare earth oxide or alkaline earth oxide have 
been widely investigated. The systematical inves
tigation of relationship among electrical proper
ties, dopant size and dopant concentration in 
doped Ce02 was performed. However, the pro
spective improvements of conductivity in doped 
Ce02 were limited using aforementioned ap
proach. In the light of this limitation, the rela-
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tionship between conducing property and micro
structural feature in doped Ce02 sintered body 
should be investigated for development of the 
high quality electrolyte. It is considered that the 
conducting property in doped Ce02 is improved 
by the design of microstructural feature in sin
tered body. 

To fabricate the homogeneous microstructure, spark 
plasma sintering (SPS) was used. SPS is a sintering 
method that enables to quickly density calcined powders. 
This sintering method is useful for preparation of 
nano-structured oxide composites. However, SPS has 
not been applied to fabricate the dense sintered bodies of 
rare-earth doped Ce02 electrolytes. The reason for this is 
that carbon penetration from the graphite die into the 
specimen was observed to prevent the densification of 
the sample. In the present study, the combined method 
of SPS and conventional sintering (CS) was used to 
prepare dense dysprosium (Dy) doped CeOz with 
nano-hetero structure. The densification behavior, con
ducting properties, and microstructure at the atomic 
level of dense specimens prepared in this mmmer were 
examined with a view to fmding new ways of improving 
the conducting properties of Dy-doped Ce02. The influ
ence of microstructural feature on conductivities in 
(SPS+CS) specimens was compared with those fabri-
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cated by conventional mefuod. 

2. EXPERIMENTAL 
The starting materials used for synfuesis of nanosized 

DyxCe1.x02.xJ2 (x=0.10-0.25) powders were cerium ni
trate hexahydrate (Ce(N03)3 • 6H20; >99.99"/0 pure, 
KANTO Chemical Co. Inc., Tokyo, Japan), dysprosium 
nitrate hexahydrate (Dy(N03) 3 • 6H20; >99.9"/0 pure, 
Wak:o Pure Chemical Industries Inc., Osak:a, Japan), and 
ammonium carbonate ((NI4)2C03; ultrahigh purity, 
KANTO Chemical Co. Inc.). The cerium nitrate hexa
hydrate and dysprosium nitrate hexahydrate powders 
were dissolved in distilled water, and the solutions were 
mixed in order to prepare the fixed composition. The 
molar rations WJ! [CeYJ in mixed solution for syn
thesis of Dyo.~Ceo.90L9s, Dyo.IsCeo.ssOJ.92s, 
DYo.2Ct:os01.9 and Dyo2sCt:o.7s01.875 were 6, 8, 10 and 10, 
respectively. An aqueous solution of ammonium car
bonate in distilled water with a concentration of 1.5 M 
was used as the precipitant The mixed solution was 
added into the ammonium carbonate solution kept at 
60°C, 65°C, 70"C and 70oC for synthesis of precursor 
of DYo.!Ceo.90L9s, Dy(l.l5Ct:o.ss0u)25, Dyn.2Ceo.sOu> and 
DYo.2sCt:o.7s0Ls7s, respectively. The mixed solution was 
gently stirred for 1 h. After repeated washing, fue pre
cipitate was dried at room temperature with flowing 
nitrogen gas and then calcined in flowing oxygen at 

700"C for 2 h to yield nanosized powders. For CS, these 
powders were molded under a pressure of 60 MPa and 
subjected to a rubber press 200 MPa in order to obtain a 
grcen body. CS temperature ranged from 1000° to 
1450°C for 4-6 h. In the combined method, a 
two-step sintering process was performed. The 
first step uses the SPS that is followed in the 
second step by CS. For SPS, 2.4-2.8 g of thecal
cined powders was placed into a 15 mm graphite 
die and an electric current of I 000 A was applied 
under a pressure of 60 MP a. The heating rate was 
250-500"C/min. The sintering temperature ranged 
from I 150° to 1200"C. To minimize the penetra
tion of carbon from the graphite die into the 
specimens, no holding time at the aforementioned 
sintering temperature was used. The current was 
simply shut off at the temperature and the pres
sure was immediately released after the sintering. 
Following the SPS method, the specimens were 
sintered at the temperature ranging from 900° to 
1200"C for up to 48 h in air. 

The crystal phases in the powder and sintered speci
meriS were investigated using X-ray diffraction and se
lected area electron diffraction analysis, respectively. 
The bulk density of the sintered body was measured 
using the Archimedes method. The relative density was 
calculated from the ratio of the measured bulk deriSity to 
the theoretical density. The theoretical density was esti
mated using the lattice constant and the sample compo
sition. The particle sizes in the synthesized powders and 
the grain sizes in the sintered bodies were observed us
ing scanning electron microscopy (SEM). The average 
grain size in the sintered body was calculated using lin
ear intercept mefuod measuring more than 200 grains 
usingSEM. 

For fue electrical conductivity measurement, platinum 
electrodes were applied to both sides of fue sintered 
bodies at ranging from 900° to 1 000°C for 1 h. The 
conducting properties in the sintered bodies were 
measured by de three point measurements at 
400°-800"C in air. The accuracy of conductivity 
in each temperature is ±0.01 S/cm in log a . 

3. RESULTS AND DISCUSSION 
Figure 1 shows a particle morphology of (a) 

Dy0.~Ceo.901.95 and (b) Dyo_2~t:o.7s0L875 powders cal
cined at 700"C for 2 h as representative examples in the 
composition of Dy-doped Ce02 system. The CeOz 
powder doped with nr is observed to be composed of 
uniformly sized, round shape, and discrete particles. The 
average particle size was approximately 30 nm. This 
powder can be sintered to over 95% dense of theoretical 
density in the temperature range of 1000°-1450 "C 
using CS method. On the other hand, SPS could 
not make dense Dy-doped Ce02 sintered bodies 
over 90% of theoretical one. It is because the 
carbon powders penetrated the sintered body from 
the graphite die. The maximum bulk density of 
SPS specimen was approximately 85% of theo
retical one. To make sintered body with high 
density over 95%, the combined method of SPS 
and CS was examined. 

Figure 2 presents the relationship between the 
sintering time of CS after SPS ana the relative 
density. The relative density of DyxCe1.x02-xf2 
(x=0.10~0.25) sintered bodies were 82-85% of 
theoretical density using SPS (1150°-l200°C, no 

Fig.l SEM photographs of powders calcined at 700°C 

for 2h; (a) Dyo.1Ceo.o01.95, (b) Dyo.2sCeo.7501.87s-
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holding time, 250°-500"C/min of heating rate) 
process only. However, the relative density of 
sintered bodies reached approximately 95% of 
theoretical density using the combined method of 
SPS and CS. Since there was no successful re
ports for fabrication of dense doped Ce02 using 
SPS method, our data would be first successful 
report using SPS method. 

Figure 3 demonstrates the effect of average 
grain size on the electrical conductivity and acti-
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Fig.2 Relationship between CS time after SPS and 
relative density; Dyo. 15Ceo_s50t.92s ( + :1450 °C , 
V :l350°C, A. :1250°C, <> :1200°C, 0 :1150"C, 
• :llOO"C), Dyo.2Ceo.s01.9 (0:1150°C, .:llOO"C). 
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Fig.3 Effect of average grain size on the electrical 
conductivity (a) and activation energy (b); 0 : 
Dyo_zCeo.sOL9 (SPS+CS) specimens, 0: Dyo_zCeo.sOL9 
CS specimens. 
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Fig.4 Effect of average grain size on the electrical 
conductivity (a) and activation energy (b); 0 : 
Dyo.aCeu01.9 (SPS+CS) specimens, 0 
Dyo.IsCeo.ssOt.925 (SPS+CS) specimens. 

vation energy in the Dy0_2Ce0_80t.9 sintered bod
ies that were obtained by CS and combined 
method of SPS and CS. The conductivity in the 
Dy0_2Ce0•801.9 specimens obtained by CS showed 
the curvature in the grain size dependence of 
conductivity (Fig.3 (a)). The conductivity de
creased with decreasing grain size and reached 
the lowest value at an average grain size of 240 
nm and the conductivity increased with decrease 
of grain size under 240 nm. The activation energy 
in the Dyo_2Ce0_80l.9 specimens fabricated using 
CS has a clear maximum in the graph showing the 
relationship between average grain size and acti
vation energy. The maximum point is equal to the 
minimum point of conductivity (Fig.3 (b)). 

As Fig.3 indicates, the conductivity in the 
Dy0_2Ce0_801.9 (SPS+CS) specimens was much 
higher than that of Dy0_2Ceo_s01.9 specimens fab
ricated by CS, and the conductivity in (SPS+CS) 
specimens was two orders of magnitude larger 
than that of CS specimens at 230 nm of average 

. grain size. The activation energy in Dyo_zCeo.sOL9 
(SPS+CS) specimens was much lower than that of 
Dy0_2Ce0_801.9 specimens fabricated by CS. In 
addition, Dy0_15Ce0_8501.92s (SPS+CS) specimens 
show better electrolytic properties as compared 
with Dy0_2Ce0.80t.9 (SPS+CS) specimens (Fig. 4). 
This suggests that the present combined method 
can improve the microstructure in doped Ce02 

solid electrolytes. And the optimization of com
position is important for development of 
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Fig.5 Selected area electron diffraction patterns 
(SAEDPs) recorded from (a) Dy0_2Ce0.80t.9 CS 
specimen and (b) Dy0 .1sCe0.850t.925 (SPS+CS) speci
men. Dashed line arrow indicates extra reflection. 
Solid line arrow indicates diffuse scattering. 

Dy-doped Ce02 solid electrolytes. 
To conclude the influence of microstructure on 

conducting properties in Dy-doped Ce02 sintered 
bodies, the selected area electron diffraction pat
terns (SAEDPs) recorded from Dy0_2Ce0.801.9 CS 
specimen with large grain size ( 1.1 Jl m) and 
DYo.IsCeo.ssOI.92S (SPS+CS) specimen with small 
grain size (270 nm) were compared in Fig.5. In 
the background of both SAEDPs, diffuse scatter
ing around extra reflection was observed. This 
indicates that micro-domain with ordered struc
ture of oxygen vacancy exists in the fluorite lat
tice. The position of extra reflection spots indi
cates that the micro-domain consists of distorted 
pyrochlore structure. Since the micro-domain 
with distorted pyrochlore structure is quite small, 
it is concluded that X-ray diffraction analysis 
cannot detect this microstructural feature in 
doped CeOz. Moreover, the intensity of extra re
flection and diffuse scattering in SAEDPs re
corded from (SPS+CS) specimen was smaller 
than those of CS specimen. This suggests that the 

micro-domain size in (SPS+CS) specimen is 
minimized using the present combined process. 

4. SUMMARY 
The influence of microstructural features on 

conducting properties in Dy-doped Ce02 solid 
electrolytes was examined. Nano-sized 
DyxCe1.x02.xt2 (x=O.l0-0.25) powders were syn
thesized using carbonate coprecipitation method. 
Dense sintered bodies were obtained using the 
combined method of SPS and CS. The present 
study would be first report for fabrication of 
dense doped Ce02 using SPS method. The mi
cro-domain size in specimens minimized using 
the present method, and the conductivity of sin
tered bodies were improved. Therefore, it is 
found that the design of nano structure is impor
tant for improvement of conducting properties in 
doped Ce02 electrolytes for SOFC application. 
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