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High-quality nano-sized CepgGdo2_xDyx0,_s (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 Gd** in CepgGdg,0,_s 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
Dy3* (0.17 <x <0.19) leads to an increase in conductivity. The CeggGdog3Dyo.170,_s shows the highest
electrical conductivity (0.215Scm™") at 800°C.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) convert chemical energy directly
into electrical energy with high efficiency, environmental friendli-
ness, and great flexibility in the choice of fuel. Conventional SOFCs
which use yttria stabilized zirconia (YSZ) as an electrolyte material
are operated at ~1000°C. Lowering the operating temperature to
an intermediate temperature (500-800 °C) significantly enhances
the long-term performance stability, widens the material selection,
lessens the sealing problem, and allows the use of low-cost metallic
interconnects, thereby accelerating the commercialization of SOFC
technology [1]. In this study, a ceria-based oxide is selected as an
electrolyte material for intermediate-temperature solid oxide fuel
cells (IT-SOFCs).

In addition, a solution combustion process is considered to be
effective in synthesizing ceria-based nanopowders. The method
involves the dissolution of metal nitrate and combustion fuel in
water, and then heating of the resulting solution [2,3]. After the
solution reaches the temperature of spontaneous combustion, it
begins burning and becomes a powder. This method is particularly
useful in the production of ultra-fine ceramic powders of complex
oxide compositions in a relatively short time [2,3].
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One of the most favourable dopants in ceria-based electrolytes
is Gd3* [4,5]. The conductivity of CeqgGdg,0,_s 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
CepgDyp.10,_s was slightly lower than that of CeggGdy10,_s at
700 °C. The electrical conductivity of Ce;_xDyx0,_s 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 CeypgGdg,_xDyx0,_s (0 <x<0.2) pow-
ders was synthesized by the combustion synthesis process in which
Ce(NO3)3-6H,0, Gd(NO3)3-5H,0, and Dy(NO3 )3-5H,0 were used as
oxidizers and aspartic acid (C4H7NOy4) 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
dx.doi.org/10.1016/j.jpowsour.2011.01.107

K. Park, H.K. Hwang / Journal of Power Sources 196 (2011) 4996-4999 4997

Fig. 1. (a) TEM bright field image and (b) the corresponding SAD pattern of calcined
CepgGdp20,_s powders.

produce voluminous powders. The obtained powders were ground
and then calcined at 300 °C for 4 h. The size and morphology of the
synthesized and calcined powders were investigated with a trans-
mission electron microscope (TEM; JEM-2100F, JEOL) that operated
at 200kV.

The calcined powders were cold-pressed under 150 MPa to pre-
pare green pellets. The pellets were heated at 1400°C for 5h in
air and then furnace cooled. The crystal structure of the calcined
powders and sintered pellets were analyzed with an X-ray diffrac-
tometer (XRD; Rigaku DMAX 2500) using Cu Ko radiation at 40 kV
and 100 mA. The microstructure of the sintered pellets was investi-
gated with a field emission scanning electron microscope (FE-SEM,
Hitachi S-4700). The density of the sintered pellets was measured
by the Archimedes method. Samples for the measurements of elec-
trical conductivity were cut out of the sintered bodies in the form of
rectangular bars with dimensions of 4 mm x 4 mm x 20 mm using
a diamond saw, and then polished with SiC emery papers. The
electrical conductivity of each sintered body was measured over
a temperature range of 400-800°C in air using the direct current
four-probe method (Zahner Messtechnik, IM6e, Germany).

3. Results and discussion

Fig. 1(a) and (b) shows a TEM bright field image and its corre-
sponding selected area diffraction (SAD) pattern for the calcined
CepgGdp20,_5 powders, respectively. The size of the calcined
CegGdg20,_s powder measured from the image is in nano-scale,
i.e, 22nm. The average sizes of the other calcined Gd3* and
Dy3* co-doped powders are between 15 and 24nm (not shown
here). In general, the powder size significantly affects the sinter-
ing behaviour. The driving force for sintering originates from the
reduction in the total free energy AG; as follows [9]:

AGt = AGy + AGy + AGs (1)

where AG,, AG,, AG;s are the changes in free energy associated
with the volume, boundary and surface of grains, respectively. The
primary driving force in sintering is the AG;, but the other terms
may be important for some material systems. The smaller powder
has alarger surface energy, thus allowing a larger densification rate
and a grain growth rate because of a high diffusivity near the surface
and grain boundary during sintering [10]. In changing the powder
size from a 10 to 1 um, the sintering rate was increased by a factor
of 10 [11].

The nanostructured features of the calcined powders
lower the sintering temperature. Nevertheless, the nano-sized
CegGdg2_xDyx0,_s powders allow a high density and ultra-fine
grain size. Conventional large sized powders do not sinter well,
even at temperatures as high as 1650°C [12]. Lowering the sin-
tering temperature of ceria-based electrolytes might enhance the
possibility of co-sintering of electrolyte and electrodes. Obviously,

T o & o

= § o 5 a o ==z

@ 11 : -8 g &§

IO A N AL el
- ? |
s i i a

. i > I ~ AN
& : ;
2@

= A A A Y
§ | !

| 1 | i
@ :
i | Y 1 " ‘-] i 1 — 1 " B

20 30 40 50 80 70 80

Degree (26)

Fig. 2. XRD patterns of calcined CegGdg,_xDyx0,_s powders with x=(a) 0, (b) 0.05,
(€)0.1,(d) 0.15, and (e) 0.2.

this aspartic acid-assisted combustion process is highly effective
in synthesizing high-quality CepgGdg,_xDyxO,_s nano-sized
powders, compared with the conventional solid-state reaction
process.

The XRD patterns of calcined CeggGdg_xDyx0,_s (0<x<0.2)
powders are given in Fig. 2. The calcined CepgGdg2_xDyxO,_s
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=(0.94)/(8 cos ), where A is the
wavelength of radiation, 0 is the angle of the diffraction peak, and
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 Ceg gGdy20,_5 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 5h
in air, as shown in Fig. 3 and this represents an increased crystallite
size and improved crystallinity. The crystal structure of the sintered
CegGdg2_xDyx0O,_s 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 xincreased from 0 to 0.2. The lattice
constants of the sintered CegGdg,_xDyxO,_s with x=0, 0.05, 0.1,
0.15,and 0.2 are 5.417,5.416,5.411,5.404 and 5.402 A, respectively.

Typical FE-SEM images of the single-doped Ce( gGdg20,_5 and
Cep gDyp20,_s sintered at 1400°C are presented in Fig. 4(a) and
(b), respectively. The grain size and density of CeqgGdg,0,_g are
smaller than those of CeggDy(20,_s. The mean grain sizes of the
CepgGdp20,_5 and CeggDyp20,_s are 349 and 551 nm, respec-
tively, and the densities of the CeggGdg20,_5 and CepgDyg20,_
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 CeygGdg.15Dy0.050,_s, CeosGdp.1Dyo.10,_s, and
Ce8Gdgo5Dy0.1505_5 are 456, 516, and 536 nm, respectively, and
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Fig. 3. XRD patterns of sintered CesGdg2_xDyx0,_s samples with x=(a) 0, (b) 0.05,
(c)0.1,(d) 0.15, and (e) 0.2.

the densities of the Ceg gGdg.15Dy0.0507_s, Ceg.8Gdg.1 Dyo.105_g,and
Ceo.8Gdo05Dy0.150,_5 were 95.1, 96.6, and 97.3% of the theoretical
density, respectively (not shown here). These results indicate that
the grain size and density of the CeqgGdg,_xDyx0,_5 (0 <x<0.2)
increase with increase in the Dy3* content. Dy3* substitution
enhances the densification rate and the grain growth rate dur-
ing isothermal sintering at 1400°C. The substituted Dy3* raises
the effective diffusion coefficient, thereby allowing pores to shrink
faster and thus to stay attached to grain boundaries during grain
growth because smaller pores can migrate faster [16,17]. In addi-
tion, an increase in the surface diffusion coefficient accelerates the
coarsening.

To optimize the electrical conductivity of ceria-based elec-
trolytes, the electrical conductivity of the Gd3* and Dy3* co-doped
CepgGdga_xDyx0,_5 (0<x<0.2) was investigated, as shown in
Fig.5.Itis apparent that the Ceg gGdg_xDyxO,_s has amuch higher
conductivity over the measured temperature range, in compari-
son with YSZ [18]. The electrical conductivity depends strongly
on the Dy3* content and temperature. In Fig. 5(a), the electrical
conductivity decreases with an increase in Dy3* content, reaching
a minimum at x=0.1, and then increases with a further increase
in Dy3* content. This indicates that the conductivity of the co-
doped samples is poorer than that of the single-doped sample, i.e.,
Ce.gGdp20,_s or CepgDyp20,_s. The electrical conductivities of
the CeygGdg,_xDyx0,_s withx=0, 0.05, 0.1, 0.15, and 0.2 at 800°C
are 0.146, 0.101, 0.090, 0.105, and 0.124Scm™!, respectively.

When the precise amount of Dy3* for Gd3* in the CeggGdg20,_s
is doped, a highly enhanced conductivity is obtained, as shown
in Fig. 5(b) and (c), which display the electrical conductivities of
the CeygGdg,_xDyx0,_s samples with low (0 <x <0.05) and high
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Fig. 5. Electrical conductivity of CeggGdo_xDyx0,_s 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) CepgGdo20,_s and (b) CegDyo20,_s samples.
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Fig. 6. Electrical conductivity of CeggGdg2_xDyx0,_s (0 <x <0.2)at 800°Cas a func-
tion of Dy3* content.

(0.15 <x < 0.2) Dy3* contents, respectively. The addition of a small
amount 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 Ceg gGdg2_xDyxO5_s
(0 <x<0.2) as a function of Dy3* content is given in Fig. 6. It is clear
that the electrical conductivities of the CepgGdg;_xDyxO5_5 sam-
ples with the low and high Dy3* contents are much higher
than those of a single doped sample, ie. CepgGdpg20,_g
or CeggDyp20,_s5. The maximum electrical conductivity
(0.215Scm™1) is obtained with CeygGdg3Dyg.170,_s at 800°C.
The conductivity (0.078Scm~1) at 700°C for the CeggGdg205_s
fabricated in this study is much higher than that (0.0151Scm™!) of
the CeggGdy,0,_s prepared by the hydrothermal synthesis pro-
cess [7]. The high conductivity of CepgGdg,_xDyxO,_s originates
from the fine grain size and high density of the Ceg gGdg2_xDyx0;_s
[19,20].

Mori et al. [21] have reported that the electrical conductiv-
ity increase with increase in the effective index when the oxygen
vacancy level is the same. The effective index I is defined as [21]:

T T
= (7)< (3) @
To Th
where r¢, 1o, 14 and 1, are the average ionic radius of cations, the
effective ionic radius of oxygen, the average ionic radius of dopants

and the ionic radius of the host cation (Ce**), respectively. The
effective ionic radius of oxygen r, is expressed by

r0:1.4x{(228)} (3)

where § is the level of the oxygen vacancy. The present conductivity
of the Ce gGdg,_xDyx0O,_;s fails to obey Eq. (2). This may be due to
the fact that the value of r, depends strongly on the composition.
The high conductivity obtained here provides a significant advan-
tage for the well-established, conventional YSZ-based electrolytes
at low working temperatures.

4. Conclusions

Nano-sized  CepgGdps_xDyxO,_5 (0<x<0.2) powders
(15-24nm) have been successfully synthesized by the solution
combustion method, using their nitrates as oxidizers and aspartic
acid as fuel. The calcined CeygGdg,_xDyxO,_s nanopowders are
a ceria-based single-phase oxide with a cubic fluorite structure.
CepgGdg,_xDyx0O,_s with ultra-fine grains (349-551nm) 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
CesGdgo_xDyxO,_s samples with an intermediate concentration
of Dy3* (0.03<x<0.16) is lower than that of the single-doped
sample, i.e., CepgGdp20,_5 or CepgDyg20,_5. On the other
hand, the electrical conductivity of the CepgGdp,_xDyxO,_s 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 (0.215Scm™1) is
obtained for the CepgGdgg3Dyp.170,_s at 800°C. For fabricating
ceria-based electrolytes with high conductivity, it is necessary
to synthesize nano-sized CeygGdp,_xDyxO,_s powders and to
control precisely the concentration of co-dopants Gd3* and
Dy3*.
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