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a b s t r a c t

High-quality nano-sized Ce0.8Gd0.2−xDyxO2−ı (0 ≤ x ≤ 0.2) powders are synthesized by a solution com-
bustion process. The calcined powders are composed of a ceria-based single phase with a cubic fluorite
structure and are nanocrystalline nature, i.e., 15–24 nm in crystallite size. The addition of an interme-
diate amount of Dy3+ (0.03 ≤ x ≤ 0.16) for Gd3+ in Ce0.8Gd0.2O2−ı decreases the electrical conductivity.
On the other hand, the doping of a small amount of Dy3+ (0.01 ≤ x ≤ 0.02) and of a large amount of

3+
eywords:
ano-sized powder
olution combustion process
lectrical conductivity
icrostructure

eria

Dy (0.17 ≤ x ≤ 0.19) leads to an increase in conductivity. The Ce0.8Gd0.03Dy0.17O2−ı shows the highest
electrical conductivity (0.215 S cm−1) at 800 ◦C.

© 2011 Elsevier B.V. All rights reserved.
ntermediate-temperature solid oxide fuel
ells

. Introduction

Solid oxide fuel cells (SOFCs) convert chemical energy directly
nto electrical energy with high efficiency, environmental friendli-
ess, and great flexibility in the choice of fuel. Conventional SOFCs
hich use yttria stabilized zirconia (YSZ) as an electrolyte material

re operated at ∼1000 ◦C. Lowering the operating temperature to
n intermediate temperature (500–800 ◦C) significantly enhances
he long-term performance stability, widens the material selection,
essens the sealing problem, and allows the use of low-cost metallic
nterconnects, thereby accelerating the commercialization of SOFC
echnology [1]. In this study, a ceria-based oxide is selected as an
lectrolyte material for intermediate-temperature solid oxide fuel
ells (IT-SOFCs).

In addition, a solution combustion process is considered to be
ffective in synthesizing ceria-based nanopowders. The method
nvolves the dissolution of metal nitrate and combustion fuel in

ater, and then heating of the resulting solution [2,3]. After the
olution reaches the temperature of spontaneous combustion, it

egins burning and becomes a powder. This method is particularly
seful in the production of ultra-fine ceramic powders of complex
xide compositions in a relatively short time [2,3].

∗ Corresponding author. Tel.: +82 2 3408 3777; fax: +82 2 3408 4342.
E-mail address: kspark@sejong.ac.kr (K. Park).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.01.107
One of the most favourable dopants in ceria-based electrolytes
is Gd3+ [4,5]. The conductivity of Ce0.8Gd0.2O2−ı was much greater
than that of conventional 8 mol% Y-doped YSZ. In addition, Dy3+

was used as a promising dopant in ceria [6]. The conductivity of
Ce0.9Dy0.1O2−ı was slightly lower than that of Ce0.9Gd0.1O2−ı at
700 ◦C. The electrical conductivity of Ce1−xDyxO2−ı increases with
increase in the Dy3+ content and reaches a maximum at x = 0.3.
Several workers have investigated the effects of co-doping on the
electrical properties of ceria-based electrolytes [7,8]. The co-doping
technique has been widely accepted as an effective method for
improving the conductivity of ceria. The present study examines
the effect of Gd3+ and Dy3+ co-doping on the electrical conductivity
of ceria-based electrolytes.

2. Experimental

A series of nano-sized Ce0.8Gd0.2−xDyxO2−ı (0 ≤ x ≤ 0.2) pow-
ders was synthesized by the combustion synthesis process in which
Ce(NO3)3·6H2O, Gd(NO3)3·5H2O, and Dy(NO3)3·5H2O were used as
oxidizers and aspartic acid (C4H7NO4) as fuel. The metal nitrates
were dissolved separately in distilled water to form homogeneous
solutions. The aspartic acid was dissolved in the solutions to pre-

pare a transparent aqueous solution. The molar ratio of the metal
nitrates to aspartic acid was controlled at 1:1. The resultant solution
was slowly heated on a hot plate until a highly viscous gel precur-
sor was obtained. The precursor was heated to 300 ◦C and then
auto-ignited with the rapid evolution of a large volume of gases to

dx.doi.org/10.1016/j.jpowsour.2011.01.107
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:kspark@sejong.ac.kr
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ig. 1. (a) TEM bright field image and (b) the corresponding SAD pattern of calcined
e0.8Gd0.2O2−ı powders.

roduce voluminous powders. The obtained powders were ground
nd then calcined at 300 ◦C for 4 h. The size and morphology of the
ynthesized and calcined powders were investigated with a trans-
ission electron microscope (TEM; JEM-2100F, JEOL) that operated

t 200 kV.
The calcined powders were cold-pressed under 150 MPa to pre-

are green pellets. The pellets were heated at 1400 ◦C for 5 h in
ir and then furnace cooled. The crystal structure of the calcined
owders and sintered pellets were analyzed with an X-ray diffrac-
ometer (XRD; Rigaku DMAX 2500) using Cu K� radiation at 40 kV
nd 100 mA. The microstructure of the sintered pellets was investi-
ated with a field emission scanning electron microscope (FE-SEM,
itachi S-4700). The density of the sintered pellets was measured
y the Archimedes method. Samples for the measurements of elec-
rical conductivity were cut out of the sintered bodies in the form of
ectangular bars with dimensions of 4 mm × 4 mm × 20 mm using

diamond saw, and then polished with SiC emery papers. The
lectrical conductivity of each sintered body was measured over
temperature range of 400–800 ◦C in air using the direct current

our-probe method (Zahner Messtechnik, IM6e, Germany).

. Results and discussion

Fig. 1(a) and (b) shows a TEM bright field image and its corre-
ponding selected area diffraction (SAD) pattern for the calcined
e0.8Gd0.2O2−ı powders, respectively. The size of the calcined
e0.8Gd0.2O2−ı powder measured from the image is in nano-scale,

.e., 22 nm. The average sizes of the other calcined Gd3+ and
y3+ co-doped powders are between 15 and 24 nm (not shown
ere). In general, the powder size significantly affects the sinter-

ng behaviour. The driving force for sintering originates from the
eduction in the total free energy �Gt as follows [9]:

Gt = �Gv + �Gb + �Gs (1)

here �Gv, �Gb, �Gs are the changes in free energy associated
ith the volume, boundary and surface of grains, respectively. The
rimary driving force in sintering is the �Gs, but the other terms
ay be important for some material systems. The smaller powder

as a larger surface energy, thus allowing a larger densification rate
nd a grain growth rate because of a high diffusivity near the surface
nd grain boundary during sintering [10]. In changing the powder
ize from a 10 to 1 �m, the sintering rate was increased by a factor
f 10 [11].

The nanostructured features of the calcined powders
ower the sintering temperature. Nevertheless, the nano-sized

e0.8Gd0.2−xDyxO2−ı powders allow a high density and ultra-fine
rain size. Conventional large sized powders do not sinter well,
ven at temperatures as high as 1650 ◦C [12]. Lowering the sin-
ering temperature of ceria-based electrolytes might enhance the
ossibility of co-sintering of electrolyte and electrodes. Obviously,
Fig. 2. XRD patterns of calcined Ce0.8Gd0.2−xDyxO2−ı powders with x = (a) 0, (b) 0.05,
(c) 0.1, (d) 0.15, and (e) 0.2.

this aspartic acid-assisted combustion process is highly effective
in synthesizing high-quality Ce0.8Gd0.2−xDyxO2−ı nano-sized
powders, compared with the conventional solid-state reaction
process.

The XRD patterns of calcined Ce0.8Gd0.2−xDyxO2−ı (0 ≤ x ≤ 0.2)
powders are given in Fig. 2. The calcined Ce0.8Gd0.2−xDyxO2−ı

powders form a ceria-based single phase with the cubic fluorite
structure [13]. No un-reacted oxides are detected. These results
indicate that the co-doped Gd3+ and Dy3+ are present in the ceria
crystal lattice to form solid solutions. The calcined powders have
the same crystal structure, irrespective of Dy3+ content, except for
the position of XRD peaks. The substitution of Gd3+ by Dy3+ causes
the diffracted peaks to shift slightly toward higher angles and this
indicates a slight decrease in the lattice constant. This is because the
radius of Dy3+ (0.103 nm) is smaller than that of Gd3+ (0.106 nm)
[14].

The crystallite size (D) of the calcined powders was calculated
from the Scherrer formula [15]: D = (0.9�)/(ˇ cos �), where � is the
wavelength of radiation, � is the angle of the diffraction peak, and ˇ
is the full width at half-maximum of the diffraction peak (in radian).
The calculated crystallite sizes are in the range of 22.6–24.5 nm,
which are similar to those of the calcined Ce0.8Gd0.2O2−ı powders
illustrated in Fig. 1, indicating a nanocrystalline nature. There is no
apparent compositional dependence on the powder size.

The XRD peaks are sharpened after sintering at 1400 ◦C for 5 h
in air, as shown in Fig. 3 and this represents an increased crystallite
size and improved crystallinity. The crystal structure of the sintered
Ce0.8Gd0.2−xDyxO2−ı pellets is basically equivalent to that of the
calcined powders of the same compositions discussed previously.
As expected, the peaks of the sintered pellets shift slightly towards
higher angles when the value of x increased from 0 to 0.2. The lattice
constants of the sintered Ce0.8Gd0.2−xDyxO2−ı with x = 0, 0.05, 0.1,
0.15, and 0.2 are 5.417, 5.416, 5.411, 5.404 and 5.402 Å, respectively.

Typical FE-SEM images of the single-doped Ce0.8Gd0.2O2−ı and
Ce0.8Dy0.2O2−ı sintered at 1400 ◦C are presented in Fig. 4(a) and
(b), respectively. The grain size and density of Ce0.8Gd0.2O2−ı are
smaller than those of Ce0.8Dy0.2O2−ı. The mean grain sizes of the
Ce0.8Gd0.2O2−ı and Ce0.8Dy0.2O2−ı are 349 and 551 nm, respec-
tively, and the densities of the Ce0.8Gd0.2O2−ı and Ce0.8Dy0.2O2−ı

are 93.3 and 98.7% of the theoretical value, respectively. In

addition, the grain size and density of the co-doped samples
exhibit the same trend as the single-doped samples. The mean
grain sizes of the Ce0.8Gd0.15Dy0.05O2−ı, Ce0.8Gd0.1Dy0.1O2−ı, and
Ce0.8Gd0.05Dy0.15O2−ı are 456, 516, and 536 nm, respectively, and



4998 K. Park, H.K. Hwang / Journal of Power Sources 196 (2011) 4996–4999

F
(

t
C
d
t
i
e
i
t
f
g
t
c

t
C
F
c
s
o
c
a
i
d
C
t
a

i
i
t

ig. 3. XRD patterns of sintered Ce0.8Gd0.2−xDyxO2−ı samples with x = (a) 0, (b) 0.05,
c) 0.1, (d) 0.15, and (e) 0.2.

he densities of the Ce0.8Gd0.15Dy0.05O2−ı, Ce0.8Gd0.1Dy0.1O2−ı, and
e0.8Gd0.05Dy0.15O2−ı were 95.1, 96.6, and 97.3% of the theoretical
ensity, respectively (not shown here). These results indicate that
he grain size and density of the Ce0.8Gd0.2−xDyxO2−ı (0 ≤ x ≤ 0.2)
ncrease with increase in the Dy3+ content. Dy3+ substitution
nhances the densification rate and the grain growth rate dur-
ng isothermal sintering at 1400 ◦C. The substituted Dy3+ raises
he effective diffusion coefficient, thereby allowing pores to shrink
aster and thus to stay attached to grain boundaries during grain
rowth because smaller pores can migrate faster [16,17]. In addi-
ion, an increase in the surface diffusion coefficient accelerates the
oarsening.

To optimize the electrical conductivity of ceria-based elec-
rolytes, the electrical conductivity of the Gd3+ and Dy3+ co-doped
e0.8Gd0.2−xDyxO2−ı (0 ≤ x ≤ 0.2) was investigated, as shown in
ig. 5. It is apparent that the Ce0.8Gd0.2−xDyxO2−ı has a much higher
onductivity over the measured temperature range, in compari-
on with YSZ [18]. The electrical conductivity depends strongly
n the Dy3+ content and temperature. In Fig. 5(a), the electrical
onductivity decreases with an increase in Dy3+ content, reaching
minimum at x = 0.1, and then increases with a further increase

n Dy3+ content. This indicates that the conductivity of the co-
oped samples is poorer than that of the single-doped sample, i.e.,
e0.8Gd0.2O2−ı or Ce0.8Dy0.2O2−ı. The electrical conductivities of
he Ce0.8Gd0.2−xDyxO2−ı with x = 0, 0.05, 0.1, 0.15, and 0.2 at 800 ◦C
re 0.146, 0.101, 0.090, 0.105, and 0.124 S cm−1, respectively.
When the precise amount of Dy3+ for Gd3+ in the Ce0.8Gd0.2O2−ı

s doped, a highly enhanced conductivity is obtained, as shown
n Fig. 5(b) and (c), which display the electrical conductivities of
he Ce0.8Gd0.2−xDyxO2−ı samples with low (0 ≤ x ≤ 0.05) and high

Fig. 5. Electrical conductivity of Ce0.8Gd0.2−xDyxO2−ı with various Dy3+ contents: (a)
0 ≤ x ≤ 0.2, (b) 0 ≤ x ≤ 0.05, and (c) 0.15 ≤ x ≤ 0.2.

Fig. 4. FE-SEM images of sintered (a) Ce0.8Gd0.2O2−ı and (b) Ce0.8Dy0.2O2−ı samples.
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ig. 6. Electrical conductivity of Ce0.8Gd0.2−xDyxO2−ı (0 ≤ x ≤ 0.2) at 800 ◦C as a func-
ion of Dy3+ content.

0.15 ≤ x ≤ 0.2) Dy3+ contents, respectively. The addition of a small
mount of Dy3+ (0.01 ≤ x ≤ 0.02) and of a large amount of Dy3+

0.17 ≤ x ≤ 0.19) is found to leads to an increase in conductivity.
The electrical conductivity at 800 ◦C for the Ce0.8Gd0.2−xDyxO2−ı

0 ≤ x ≤ 0.2) as a function of Dy3+ content is given in Fig. 6. It is clear
hat the electrical conductivities of the Ce0.8Gd0.2−xDyxO2−ı sam-
les with the low and high Dy3+ contents are much higher
han those of a single doped sample, i.e., Ce0.8Gd0.2O2−ı

r Ce0.8Dy0.2O2−ı. The maximum electrical conductivity
0.215 S cm−1) is obtained with Ce0.8Gd0.03Dy0.17O2−ı at 800 ◦C.
he conductivity (0.078 S cm−1) at 700 ◦C for the Ce0.8Gd0.2O2−ı

abricated in this study is much higher than that (0.0151 S cm−1) of
he Ce0.8Gd0.2O2−ı prepared by the hydrothermal synthesis pro-
ess [7]. The high conductivity of Ce0.8Gd0.2−xDyxO2−ı originates
rom the fine grain size and high density of the Ce0.8Gd0.2−xDyxO2−ı

19,20].
Mori et al. [21] have reported that the electrical conductiv-

ty increase with increase in the effective index when the oxygen
acancy level is the same. The effective index I is defined as [21]:

=
(

rc

ro

)
×

(
rd

rh

)
(2)

here rc, ro, rd and rh are the average ionic radius of cations, the
ffective ionic radius of oxygen, the average ionic radius of dopants
nd the ionic radius of the host cation (Ce4+), respectively. The
ffective ionic radius of oxygen ro is expressed by

o = 1.4x

{
(2 − ı)

2

}
(3)

here ı is the level of the oxygen vacancy. The present conductivity

f the Ce0.8Gd0.2−xDyxO2−ı fails to obey Eq. (2). This may be due to
he fact that the value of ro depends strongly on the composition.
he high conductivity obtained here provides a significant advan-
age for the well-established, conventional YSZ-based electrolytes
t low working temperatures.

[

[

[
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4. Conclusions

Nano-sized Ce0.8Gd0.2−xDyxO2−ı (0 ≤ x ≤ 0.2) powders
(15–24 nm) have been successfully synthesized by the solution
combustion method, using their nitrates as oxidizers and aspartic
acid as fuel. The calcined Ce0.8Gd0.2−xDyxO2−ı nanopowders are
a ceria-based single-phase oxide with a cubic fluorite structure.
Ce0.8Gd0.2−xDyxO2−ı with ultra-fine grains (349–551 nm) and
high density (93.3–98.7% of the theoretical density) is fabricated
even at a low sintering temperature (1400 ◦C), using calcined
nanopowders.

The electrical conductivity of the co-doped samples is strongly
dependent on the content of Dy3+. The conductivity of the
Ce0.8Gd0.2−xDyxO2−ı samples with an intermediate concentration
of Dy3+ (0.03 ≤ x ≤ 0.16) is lower than that of the single-doped
sample, i.e., Ce0.8Gd0.2O2−ı or Ce0.8Dy0.2O2−ı. On the other
hand, the electrical conductivity of the Ce0.8Gd0.2−xDyxO2−ı sam-
ples with low (0.01 ≤ x ≤ 0.02) and high (0.17 ≤ x ≤ 0.19) Dy3+

contents is much higher than that of the single doped sam-
ples. The maximum electrical conductivity (0.215 S cm−1) is
obtained for the Ce0.8Gd0.03Dy0.17O2−ı at 800 ◦C. For fabricating
ceria-based electrolytes with high conductivity, it is necessary
to synthesize nano-sized Ce0.8Gd0.2−xDyxO2−ı powders and to
control precisely the concentration of co-dopants Gd3+ and
Dy3+.
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