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Doped ceria (CeO2) compounds are fluorite-type oxides that
show oxide ionic conductivity higher than yttria-stabilized zir-
conia in oxidizing atmosphere. As a consequence of this, con-
siderable interest has been shown in application of these
materials for ‘‘low’’ (5001–6501C) temperature operation of sol-
id oxide fuel cells (SOFCs). To improve the conductivity in dys-
prosium (Dy) doped CeO2, nano-size round shape particles were
prepared using a coprecipitation method. The dense sintered
bodies with small grain sizes (o300 nm) were fabricated using a
combined process of spark plasma sintering (SPS) and conven-
tional sintering (CS). Dy-doped CeO2 sintered body with large
grains (1.1 lm) had large micro-domains. The conductivity in
the sintered body was low (�3.2 S/cm at 5001C). On the other
hand, the conductivity in the specimens obtained by the com-
bined process was considerably improved. The micro-domain
size in the grain was minimized using the present process. It is
concluded that the enhancement of conductivity in dense spec-
imens produced by the combined process (SPS1CS) is attrib-
utable to the microstructural changes within the grains.

I. Introduction

OXIDE ion conductors are used in a variety of oxygen sen-
sors,1–3 solid oxide electrochemical cells,4–6 and solid oxide

fuel cells (SOFCs).7–9 In these applications, SOFCs are being
especially developed as a clean and efficient power source for
generating electricity from a variety of fuels. Doped CeO2 com-
pounds such as Gd-doped CeO2

10–12 and Sm-doped CeO2
13–16

are now under active investigations for application as ‘‘low’’
(5001–6501C) temperature operation of SOFCs. These electro-
lytes show high oxide ionic conductivity at high oxygen partial
pressure. At low oxygen partial pressures associated with anodic
conditions, these materials are partially reduced and develop
electronic conductivity during operation of the fuel cell. To

overcome this problem and improve the conductivity for low
temperature operation of SOFCs, the influence of nano-struc-
tural feature in the doped CeO2 systems on the conducting
property should be taken into account. It is expected from the
growing body of information that a new conduction pathway
will come to light in nano-structured solid electrolytes. As a
consequence, a new design paradigm is required to produce
nano-structured doped CeO2 electrolytes.

Spark plasma sintering (SPS) is a sintering method that al-
lows a quick densification utilizing the microscopic electrical
discharges that occur between particles that are under pressure
and that are simultaneously subjected to an applied electric cur-
rent. This sintering method is useful for preparation of nano-
structured oxide composites,17–20 and oxide-nonoxide compos-
ites.21–24 However, SPS has not been applied to fabricate the
dense sintered bodies of rare earth-doped CeO2 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 this communication, the combined process of SPS
and conventional sintering (CS) was used to prepare dense
dysprosium (Dy) doped CeO2 with nano-hetero structure. The
densification behavior, conducting properties, and microstruc-
ture at the atomic level of dense specimens prepared in this
manner were examined with a view to finding new ways of
improving the conducting properties of Dy-doped CeO2. The
influence of microstructural features on conductivities in
(SPS1CS) specimens was compared with those prepared by
conventional means.

II. Experimental Procedure

The starting materials used for Dy-doped CeO2 synthesis were
cerium nitrate hexahydrate (Ce(NO3)3 � 6H2O; 499.99% pure,
KANTO Chemical Co. Inc., Tokyo, Japan), dysprosium nitrate
hexahydrate (Dy(NO3)3 � 6H2O; 499.9% pure, Wako Pure
Chemical Industries Inc., Osaka, Japan), and ammonium car-
bonate ((NH4)2CO3; ultrahigh purity, KANTO Chemical Co.
Inc.). The cerium nitrate hexahydrate and dysprosium nitrate
hexahydrate powders were dissolved in distilled water, and the
solutions were mixed in order to prepare the composition of
Dy31/Ce31 5 1/4. An aqueous solution of ammonium carbon-
ate in distilled water with a concentration of 1.5M was used
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as the precipitant. The mixed solution was added into the
ammonium carbonate solution kept at 701C while being gently
stirred. After repeated washing, the precipitate was dried at
room temperature with flowing nitrogen gas and then calcined
in flowing oxygen at 7001C for 2 h to yield doped CeO2 powders.
For CS, these powders were molded under a pressure of 500 kg/
cm2 and subjected to a rubber press at 2 t/cm2 (1 t5 103kg) in
order to obtain a green body. CS temperature ranged from
10001 to 14501C for 4–6 h. In the combined process, 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 g of the powders
were placed into a 15 mm graphite die and an electric current of
1000 A was applied under a pressure of 60 MPa. The heating
rate was 5001C/min. The sintering temperature ranged from
10001 to 12001C. To minimize the penetration 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 temperature and the pressure was imme-
diately released after the sintering. Following the SPS process,
the specimens were sintered at the temperature ranging from
10001 to 12001C for up to 48 h in air.

The crystal phases in the powder and sintered specimens were
investigated using X-ray diffraction and selected area electron
diffraction analysis, respectively. The bulk density of the sin-
tered body was measured using the Archimedes method. The
relative density was calculated from the ratio of the measured
bulk density to the theoretical density. The theoretical density
was estimated 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 using scanning
electron microscopy (SEM). The average grain size in the sin-
tered body was calculated using the linear intercept method
measuring more than 200 grains using SEM.25 The microstruc-
tural features in the grain were investigated in detail using
transmission electron microscopy (TEM). Ion beam thinned
specimens were used for TEM observation. In order to avoid
reduction of CeO2 by ion beam milling, Ar ion beam was irra-
diated using cooled cold stage in liquid nitrogen. TEM obser-
vation was performed with gun voltages of 200 keV.

For the electrical conductivity measurement, platinum elec-
trodes were applied to both sides of the sintered bodies at
10001C. The conducting properties in the sintered bodies were
measured by dc three point measurements at 4001–6501C in air.
The accuracy of conductivity in each temperature is70.01 S/cm
in log s.

III. Results and Discussion

Figure 1 shows morphology of the powders calcined at 7001C
for 2 h. The CeO2 powder doped with Dy31 is observed to be
composed of uniformly sized, round shaped, and discrete par-
ticles. The average particle size was approximately 20 nm. This
powder can be sintered to over 95% dense of theoretical density
(7.327 g/cm3) in the temperature range of 11001–14501C using
CS methods as described. On the other hand, SPS could not
make dense Dy-doped CeO2 sintered bodies over 95% of the-
oretical one. It is because the carbon powders penetrated the
sintered body from the graphite die and lowered the bulk density
of the specimen. The maximum bulk density of SPS specimen
was approximately 85% of theoretical one. To make sintered
body with high density over 95%, the combined process of SPS
and CS was examined.

Figure 2 presents the relationship between the sintering time
of CS after SPS and the relative density. The relative density of
Dy-doped CeO2 specimens reached 95% of theoretical density
using the combined process of SPS and CS. On the other hand,
the powder of Dy-doped CeO2 that was obtained from a solid-
state reaction of oxide powders, CeO2 and Dy2O3, showed a
poor sintering property. Its relative density was 75% of theo-
retical one using the combined process of SPS (12001C, no hold-
ing time) and CS (11001C, 24 h). This suggests that the fine Dy-

doped CeO2 powder is required for fabrication of a dense sin-
tered body using the present combined process of SPS and CS.

Figure 3 shows the relationship between conductivity, acti-
vation energy, and grain size in the Dy-doped CeO2 sintered
bodies that were obtained by CS and combined process of SPS
and CS. The conductivity in the specimens that were obtained
by CS showed the curvature in the grain size dependence of
conductivity (Fig. 3(a)). The conductivity decreased with de-
creasing grain size and reached the lowest value at an average
grain size of 240 nm. This tendency would be attributable to the
space charge layer around the grain boundary in the sintered
body. On the other hand, the conductivity increased with a de-
crease of grain size under 240 nm. In this region, it is suggested
that the space charge layer with high resistivity is minimized
around the grain boundary. Since the change of conductivity is
large when the grains are below 240 nm, then we suggest it is not
all attributable to space charge changes. Other microstructural
features within the grain are also beginning to have an influence.
Both change of the space charge layer width around grain
boundary and the microstructural features within the grain
would lead to improvements in the conductivity that are ob-
served in the sintered bodies.

In order to improve the conductivity in this grain size region,
the combined process of SPS and CS was examined. As Fig. 3(a)
indicates, the conductivity in the sintered body with small grain

Fig. 1. Scanning electron microscopy photograph of Dy0.2Ce0.8O1.9

powder. Calcination temperature: 7001C; holding time: 2 h.
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Fig. 2. Relationship between relative density and sintering time of con-
ventional sintering (CS) after spark plasma sintering (SPS); the relative
density of specimen obtained by SPS: 85% of theoretical density. CS
temperature: X, 10001C; W, 10501C; J, 11001C; &, 11501C. Closed
symbol means the relative density of specimen obtained by solid-state
reaction powder; & , 11501C.
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(approximately 240 nm) was drastically improved by the present
combined process. The activation energy in the specimens,
which were prepared using CS, has a clear maximum in the
graph showing the relationship between activation energy and
grain size. The maximum point is equal to the minimum point of
conductivity as shown in Fig. 3(b). In addition, the activation
energy in the specimens obtained by the combined method of
SPS and CS was much lower than that of the specimens pre-
pared by CS. This suggests that microstructures in aforemen-
tioned specimens are more than superficially different and the
microstructure in the grain is more complex and may provide
the key to developing high conducting properties.

Figure 4(a) displays the selected area electron diffraction pat-
tern and high-resolution image recorded from the sintered body
with the average grain size of 1.1 mm (1100 nm) that was ob-
tained by CS. The diffuse scattering exists in the background of
electron diffraction pattern. This indicates that micro-domain
with coherent interface is present in the grain. In addition, very
small extra spots that are indicated by dashed arrow lines co-
existed with main fluorite-type spots in the electron diffraction
pattern. These extra spots, which can be indexed on a distorted
pyrochlore structure, suggest that coherent domains of this
structural arrangement exist in this material as shown in the
calculated electron diffraction pattern (Fig. 4(b)). In general, the
Dy31 is known to replace Ce41 and create oxygen vacancies.
However, it is known that segregation of dopant cations to the
grain boundary region occurs. The lattice distortion would be
introduced into fluorite lattice by this segregation. To minimize
the lattice distortion in CeO2 lattice, micro-domain with ordered
structure would be formed in the lattice. The micro-domain
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Fig. 3. Electrolytic properties in Dy0.2Ce0.8O1.9 sintered bodies ob-
tained by conventional sintering (CS) or (spark plasma sintering
(SPS)1CS). (a) Conductivity versus average grain size. J, (SPS1CS)
specimen; W, CS specimen. (b) Activation energy versus average grain
size. J, (SPS1CS) specimen; W, CS specimen.
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Fig. 4. (a) Selected area electron diffraction patterns (/111SF,
/112SF) and high-resolution image (/111SF) recorded from Dy0.2
Ce0.8O1.9 sintered body (grain size: 1.1 mm) obtained by conventional
sintering (CS), dashed area is micro-domain. (b) Calculated electron
diffraction pattern of fluorite [111]F1distorted pyrochlore [111]P, large
circle indicates fluorite pattern, small circle indicates pyrochlore pattern.
(c) Selected area electron diffraction patterns (/111SF, /122SF) and
high resolution image (/111SF) recorded from Dy0.2Ce0.8O1.9 sintered
body (grain size: 290 nm) obtained by (spark plasma sintering1CS), F
means fluorite and P means pyrochlore, dashed area is micro-domain.
Dashed arrow line indicates extra reflection. Solid arrow line indicates
fluorite spot.
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would be developed in the grain to minimize this lattice distor-
tion. The size of micro-domain was over 10 nm. Some micro-
domains combined with each other to become the continuous
micro-domain with irregular shapes. In the nano-sized grain of
the specimens fabricated by CS, it is concluded that the micro-
domain size is minimized by the small segregation and the low
space charge layer level.

On the other hand, the specimen obtained by the combined
process of SPS and CS has different nano-hetero structure as
compared with aforementioned specimen. Figure 4(c) displays
the selected area electron diffraction pattern and high-resolution
image recorded from the sintered body with the average grain
size of 240 nm that was obtained by the combined process of SPS
and CS. The diffuse scattering was observed in the background
of electron diffraction pattern, but the intensity of the extra re-
flection is weak. The high-resolution image indicates that the
growth of micro-domain in the specimen was suppressed and the
size of micro-domain is under 2 nm. This suggests that the
present combined process lowers the heterogeneity in the grain.
Also, the proposed combined process minimizes the size of mi-
cro-domain and improves the conducting property in the spec-
imen. While this microstructural change is subtle, the nano-
hetero structure with nano-size domain in the grain has a signif-
icant influence on the electrolytic properties. We believe that the
design of nano-hetero structure with nano-size domain is a key
for improvement of conducting property in doped ceria electro-
lytes.

IV. Summary

The effect of combined process of SPS and CS on the design of
nano-hetero structure in Dy-doped CeO2 solid electrolyte was
examined. Round shape Dy-doped CeO2 powders were pre-
pared using carbonate coprecipitation method. Dense sintered
bodies (over 95% of theoretical density) were obtained using the
present process. The fine powder was required for the fabrica-
tion of dense sintered body in this process. The specimen ob-
tained by CS had continuous micro-domain with distorted
pyrochlore structure or its related structure. On the other
hand, the size of micro-domain was minimized in the specimens
that were prepared using the combined process of SPS and CS.
Accordingly, the design of nano-hetero structure is very impor-
tant for improvement of conducting property in doped CeO2

solid electrolytes.
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