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a b s t r a c t

An ultra-fine samaria-doped ceria (Ce0.8Sm0.2O1.9, SDC) electrolyte prepared by a non-ion selective EDTA-
citric complexing method is developed herein for intermediate-temperature solid oxide fuel cells (IT-
SOFCs). The rigid agglomerates due to organic compounds that exist in the SDC precursors during the
EDTA-citrate complexing synthesis process inhibit crystalline growth and grain growth, leading to the
generation of ultra-fine grain following the sintering procedure. Calcination is necessary above 500 ◦C for
all precursors. The average grain size of the pellets after sintering at 1400 ◦C for 2 h is submicron in scale
eywords:
amaria-doped ceria (SDC)
ntermediate-temperature solid oxide fuel
ells (IT-SOFCs)
DTA-citric complexing method

(from 200 nm to 600 nm) with various pH values, and the pellets are smaller than those obtained from
other synthesis processes. Dense pellets with pH values of 10 (relative density of 99%) are obtained with
precursor powder calcination at 900 ◦C for 3 h. Electrical conductivity is dependent on the calcination
temperature and pH value of the solution, and the maximum electrical conductivity is 0.01 S cm−1 at
700 ◦C with a pH value of 10.
rganic compound
lectrical conductivity

. Introduction

Solid oxide fuel cells (SOFCs) have the potential of being
he cleanest, most efficient and most versatile technology for
hemical-to-electrical energy conversion. SOFC technology has
emonstrated high energy efficiency with minimal pollutant emis-
ion, as compared to conventional energy technology; however, the
ost of the current SOFC systems is prohibitive for wide commercial
pplications [1]. To be economically competitive, the cost of mate-
ials and fabrication must be dramatically reduced. One effective
pproach for achieving cost reduction is to reduce the operating
emperature so that interconnections, heat exchanges and struc-
ural components can be fabricated from relatively inexpensive

etals. Some ways the operating temperature can be reduced
nclude the improving electrode microstructure or increasing the
omponent uniformity of the electrolyte, using an electrolyte of
igh ionic conductivity at low temperatures, as well as by reducing
lectrode-to-electrolyte interfacial resistance [2,3].

Yttria-stabilized zirconia (YSZ), the electrolyte for SOFC, has

een regarded as a most promising material due to its high con-
uctivity and its transference number of oxide ions with a higher
perative temperature; however, its operating temperature must
e 1000 ◦C [4]. Recently, the systematic ceramic powders of rare-
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earth elements-doped ceria have been investigated as a new type
of electrolyte material which can reduce the operating tempera-
ture of SOFCs [5,6]. Doped ceria actually has an ionic conductivity
higher than that of YSZ at all temperatures below 800 ◦C [7]. How-
ever, many researchers have been reported that a reduction of
Ce4+ to Ce3+ by hydrogen occurs at the anode side above 450 ◦C,
causing low open-circuit voltage (OCV) and thus energy loss [7,8].
There are several ways can avoid or reduce these losses, such as
form a barrier layer between the anode and electrolyte like BaO
[8] or YSZ [9]. The oxygen-ion conductivities of ceria-based elec-
trolytes doped with various ions at different concentrations have
been extensively studied [10–13]. Among them, Sm3+-doped CeO2
was found to exhibit the highest oxygen-ion conductivity at certain
fixed doping levels because it had the smallest association enthalpy
between the dopant cations and the oxygen vacancies in the fluo-
rite lattice [14,15]. Actually, many researchers have demonstrated
high performance SOFCs using samaria-doped ceria (SDC) as the
electrolyte at low temperatures [16–18].

Electrolyte conductivity is mainly affected by the grain bound-
ary and grain resistance which are, in turn, affected by the grain size.
The influence of grain size on the conductivity of highly doped ceria
in the submicron/micron [19,20] and the nano-grain size [21,22]

range has been studied.

Many methods have been developed that can lead to nanocrys-
talline powder [23]. The pyrolysis of complex gel has been used
extensively in the synthesis of functional oxides. This method is
known as the Pechini method [24], and it has the advantage of not

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wchang@mail.stut.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.12.098


W.-C. Wu et al. / Journal of Power Sources 195 (2010) 5868–5874 5869

s pre-

r
a
a
r
s
(
o
B

(
p
o
s
p
p
r
i

2

2

l
m
a
m
e

Fig. 1. TG-DTA curve of precursor powder

equiring the formation of suitable hydroxo complexes for the met-
ls involved. Chelating agents tend to form stable complexes with
variety of metals over fairly wide pH ranges, thus allowing for a

elatively easy synthesis of oxides of considerable complexity. The
uccess of a combined complexing process with triethanolamine
EDTA) and sucrose as the complexing agents in the synthesis
f nanocrystalline La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF) [25], YSZ [25],
a1−xSrxTiO3 [26] and ScSZ [27] has been recently reported.

In the present study, an ultra-fine samaria-doped ceria
Ce0.8Sm0.2O1.9, SDC) electrolyte prepared by the EDTA-citric com-
lexing method was developed for intermediate-temperature solid
xide fuel cells (IT-SOFCs). The influence of pH value on the synthe-
is of SDC powder based on the combined EDTA–citrate complexing
rocess has been investigated. The influence of calcination tem-
erature and pH value on grain resistance and grain boundary
esistance due to grain size after sintering was also investigated
n this study.

. Experiment

.1. Preparation of SDC electrolyte

All the chemical reagents used in this experiment were of ana-

ytical grade. Typically, metal nitrates and oxides were used as the

etal sources. Stoichiometric amounts of 0.08 M (NH4)2Ce(NO3)6
nd 0.02 M Sm2O3 were pre-dissolved in deionized water and then
ixed into an aqueous solution at room temperature. The nec-

ssary amount of EDTA dissolved in an NH3 solution was then
dried to a soft gel at 80 ◦C with a pH of 10.

dropped into the mixed metal nitrate solution, followed by the
addition by stirring of solid citric acid (mole ratio of total metal ions
to EDTA and to citrate = 1:1:2). Then, NH4OH was used to adjust the
pH of the solution to the desired value. The solution was heated, and
above 80 ◦C it turned into a transparent gel; it was then heated in
a 180 ◦C oven to convert it to a solid precursor. Next, the precur-
sor was calcined at a high temperature in air for the preparation of
a dense ceramic electrolyte. The synthesized powders were uni-
axially pressed into green discs (13 mm in diameter) under the
pressure of 300 MPa, followed by sintering at 1400 ◦C for 2 h in air,
for densification of the electrolyte.

2.2. Characterization

Thermogravimetric analysis (TGA) of the powders was per-
formed using a Netzsch STA449C simultaneous thermal analyzer
at a heating rate of 10 ◦C min−1 in air. The microstructures of the
SDC powders were characterized using X-ray powder diffraction
(XRD) and following the rule of Ni-filtered CuK� radiation (Rigaku
MultiFlex, Japan). The morphology of the SDC powders was ana-
lyzed using a scanning electron microscope (SEM, Hitachi S-3000N,
Japan) and a transmission electron microscope (TEM, Philips Tecnai
G2 F20 FEG-TEM, Netherlands). The average crystalline size of the

powder was calculated by adopting the XRD data and the Scherrer
formula as follows [28]:

D = 0.9�

ˇ cos �
(1)
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calcined at 600 ◦C, 700 ◦C, 800 ◦C, and 900 ◦C all had a density of over
95%. It was indicated that the organic compounds could be elimi-
nated completely at calcination temperatures of 600 ◦C to 900 ◦C.
Furthermore, a higher calcination temperature resulted in a denser
ig. 2. XRD patterns of gel and calcined samples at various calcination temperatures
or 3 h with a pH value of 10: (a) precursor powder; (b) 300 ◦C; (c) 400 ◦C; (d) 500 ◦C;
e) 600 ◦C; (f) 700 ◦C; (g) 800 ◦C; and (g) 900 ◦C.

here D is the crystalline size, � the wavelength of the inci-
ent X-rays (CuK�; � = 0.15406 nm), � the diffraction angle, and ˇ
he corrected half-width. Relative density was determined by the
rchimedes method. The composition of the SDC powder was ana-

yzed using an energy dispersive spectrometer (Philips Tecnai G2
20 FEG-TEM). The ionic conductivity of the SDC electrolytes was
etermined by an electrochemical workstation (Hioki 3532-50 LCR
itester, Japan) at an operation temperature ranging from 500 ◦C

o 700 ◦C.

. Results and discussion

.1. Characterization of SDC precursor powders

Ce0.8Sm0.2O1.9 (SDC) powders prepared by a non-ion selec-
ive EDTA-citric complexing method for intermediate-temperature
olid oxide fuel cells (IT-SOFCs) were first investigated. After the
vaporation of water at 80 ◦C, the deep yellow gel of the EDTA com-
lex was obtained. The gel was pre-dried to a soft gel at 80 ◦C, and
he solid precursor dried at 180 ◦C for 18 h in air. Thermal anal-
sis of the soft gel was performed after the pre-drying at 80 ◦C.
ig. 1 shows the TG-DTA curves of the precursor powders that were

repared in solution with a pH value of 4 and 10. The correspond-

ng DTA curves had two same endothermic peaks with pH values
f 4 and 10: one at 200 ◦C for the citrate and the other at 260 ◦C
or the EDTA complex formation, however, the third endothermic

ig. 3. Relative densities of SDC pellets with calcination temperatures from 600 ◦C
o 900 ◦C and sintered at 1400 ◦C for 2 h in air with a pH value of 10.
urces 195 (2010) 5868–5874

peak was only observed at 370 ◦C for carboxyl group with a pH
value of 4. In addition, the weight loss increased with decreasing pH
values, from 20% with a pH of 10 to 78% with a pH of 4 in the tem-
perature range of 300–500 ◦C, respectively. It was indicated that
many organic compounds (e.g., citrate and EDTA complex) existed
in the SDC precursors during the EDTA-citrate complexing synthe-
sis process, especially in the acidic condition, because the chelating
specimens of EDTA and critic acid decomposition were H2Y2− and
H2L−, and had a large amount of carboxyl groups existed in these
complexes with a pH value of 4. These organic compounds existed
in the precursors were likely to affect the sintering characteristics;
therefore, the precursors were calcined above 500 ◦C before sin-
tering. The precursor was calcined at various temperatures for 3 h
in air. Fig. 2 shows the corresponding XRD patterns of the gel and
the calcined samples. It was found that the initial dry gel exhib-
ited a metal-citrate and a metal-EDTA phase with no appearance
of an SDC crystallization phase. However, a significant single phase
cubic fluorite structure formed when the calcination temperature
was 400 ◦C or higher.

The relative densities of the SDC pellets, with calcination tem-
peratures ranging from 600 ◦C to 900 ◦C and after sintering at
1400 ◦C for 2 h in air, are indicated in Fig. 3. The pellets that were
Fig. 4. SEM micrographs of SDC powders calcined at (a) 600 ◦C (small window: TEM
image) and (b) 900 ◦C for 3 h with a pH value of 10.
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Table 1
Compositions of SDC powders after calcination at 900 ◦C for 3 h with various pH
values in solution.

Composition (atom%) pH value

complexes in acidic and alkali sides were [20]:

Ce4+ + H2L− = Ce(H2L)3+, (pH < 6) (2)

Ce4+ + HL2− = Ce(HL)2+, (pH < 6) (3)
ig. 5. XRD patterns of SDC powders with various pH values after calcination at
00 ◦C: (a) 4; (b) 6; (c) 8; (d) 10.

tructure, e.g., a relative density of 99% with calcination at 900 ◦C.
owever, the morphologies of the SDC powders after calcination
t different temperatures were significantly different, as shown
n Fig. 4. The SEM image of the morphology of the sample pow-
ers after calcination at 600 ◦C exhibited a more reticular structure,
.g., an rigid agglomerate shape of the resulting oxides, but these
gglomerative reticular structure collapsed completely into a parti-
le/sheet structure after calcination at 900 ◦C. It was indicated that
he rigid agglomerate structure was formed due to the organic com-
ounds existed in precursors after calcination at low temperature
small window in Fig. 4(a)), and that it resulted in lower densities.

.2. Effects of pH value on SDC synthesis and properties

Fig. 5 depicts the XRD patterns of the SDC powders with pH val-
es ranging from 4 to 10 after calcination at 900 ◦C. The single phase
uorite structure obtained a full range of pH values. The crystalline
ize (D) of the samples was determined from the X-ray line broad-
ning using Scherrer’s equation (Eq. (1)). The average cystalline size

f the SDC powder decreased from 30 nm to 20 nm with increasing
H values (Fig. 6). It was obvious that SDC crystalline growth after
alcination with low pH values was faster than that with high pH
alues because the formed crystal was smaller when synthesized
nder acidic conditions [29].

ig. 6. Average crystalline size of SDC powders with various pH values after calci-
ation at 900 ◦C.
4 6 8 10

Ce 78.7 80.3 80.5 79.6
Sm 21.4 19.7 19.5 20.4

An energy dispersive spectrometer (EDS) was used to compare
the compositional variations of product powders with various pH
values. Table 1 indicates the composition of the SDC powders after
calcination at 900 ◦C with various pH values. The Ce/Sm composi-
tion ratio of the SDC powders for all the samples was 8:2, which
was close to the stoichiometric composition of the starting mate-
rials, and the ratio remained almost unchanged with various pH
values. This result differed significantly from that of the Pechini
method based on citric acid as the complexing agent [26] or on
EDTA as the chelating agent [27]. The equilibrium concentration of
various species of EDTA (H4Y, H3Y−, H2Y2

−, HY3− and Y4−) and cit-
rate (H3L, H2L−, HL2 − and L3−) was pH dependent (Fig. 7) [25]. The
major formation equations of stable metal–EDTA and metal–citrate
Fig. 7. pH dependence of the equilibrium distribution of various species of EDTA
(H4Y, H3Y− , H2Y2

− , HY3
− and Y4

−) (B) and citrate (H3L, H2L− , HL2
− and L3

−) (A).
[20].
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cined SDC powders made with a pH 8.
Typical impedance spectra for SDC electrolytes were shown in

Fig. 10. The spectra for all samples with various pH values were
well separated into two semicircles. The contribution of the grain
Fig. 8. Top-view (small window) and cross-sectional SEM images of pelle

m3+ + H2L− = Sm(HL)2+, (pH < 6) (4)

m3+ + HL2− = Sm(HL)+, (pH < 6) (5)

e4+ + HY3− = Ce(Y)+, (pH > 8) (6)

e4+ + Y4− = Ce(Y), (pH > 8) (7)

m3+ + HY3− = Sm(Y), (pH > 8) (8)

m3+ + Y4− = Sm(Y)−, (pH > 8) (9)

Moreover, the remaining good properties of the powders
btained at a low pH (pH < 5) by the EDTA–citrate process demon-
trated the effectiveness of citrate as a second complex agent
o preserve the homogeneity of the mixing in the process.
he existence of a stable complex of metal ions with partially
eprotonated citrate helped preserve the homogeneity of the
DTA–citrate–metal precursor at low pH values [25]. Therefore, a
niform composition in the wide range of pH values was obtained
y the EDTA–citrate complexing method.

Top-view (small window) and cross-sectional SEM images of
he pellets sintered at 1400 ◦C in air under different pH values are
hown in Fig. 8. All electrolytes exhibited dense sintered bodies
nder various pH values, as indicated in the top-view SEM images.
owever, the pellets formed many pores at a pH value of 8, as
epicted in the cross-section micrographs. The same results were
btained in the investigation of the relative density of sintered bod-
es by the Archimedes method (Fig. 9). It was found that the SDC
ellets, with powder derived from the EDTA–citrate–metal precur-
or calcined at 900 ◦C for 3 h, displayed a sintering density of >95%
ith a pH of 8 after sintering at 1400 ◦C for 2 h, and nearly 99% with
pH value of 10. The morphology of the SDC powders still exhib-
ted an agglomerative reticular structure after calcination at 900 ◦C
ith a pH value of 8, compared with those obtained at other pH val-
es and caused to has a poor sinterability has been observed in the

nvestigated of SEM images of powders after calcination. The aver-
ge grain size from these images has been summarized in Table 2.
ered at 1400 ◦C in air under different pH values: (a) 4; (b) 6; (c) 8; (d) 10.

It was found that the average grain size of the pellets was nearly
nano-scale and depended on pH values. The average grain size was
477–494 nm for pH values of 4 and 10, 522 nm for a pH of 6, and
366 nm for a pH of 8, respectively. The results indicated that the
average grain with a pH of 8 was smaller than that with other pH
values; however, the crystalline size of the SDC powders after cal-
cination was smaller with a pH of 8 than that obtained with other
pH values, as depicted in Fig. 6. Usually, a small crystal with a high
surface-activity can grow a larger grain during the sintering pro-
cess. However, the opposite results were found in this work. The
comparatively small sintered grain size of the pH 8 powder is sur-
prising since the calcined pH 8 powders had the smallest initial
grain size. Since both particle size and morphology can influence
grain growth, this behavior is probably due to the large amount
of rigid agglomerative reticular structure which existed in the cal-
Fig. 9. Relative densities of SDC pellets with various pH values after sintering at
1400 ◦C for 2 h in air.
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Table 2
Relationships of average grain size and electrical conductivity of SDC pellets after sintering at 1400 ◦C for 2 h in air with various pH values in solution.

pH value Measure
temperature (◦C)

Average grain size
(nm)

Grain boundary
width (nm)

Bulk conductivity
�b (S cm−1)

Specific grain boundary
conductivity �gb (S cm−1)a

Total conductivity
� (S cm−1)

Activity energy
(kJ mol−1)

4 700 494 15 1.2 × 10−1 1.9 × 10−4 6.1 × 10−3 74
600 7.2 × 10−2 6.4 × 10−6 2.1 × 10−3

500 2.9 × 10−2 1.8 × 10−6 5.9 × 10−4

6 700 522 15 1.5 × 10−1 1.3 × 10−4 4.4 × 10−3 71
600 7.9 × 10−2 5.5 × 10−6 1.9 × 10−3

500 3.0 × 10−2 6.4 × 10−6 5.2 × 10−4

8 700 366 15 1.2 × 10−1 1.1 × 10−4 3.5 × 10−3 70
600 7.1 × 10−2 6.2 × 10−6 1.4 × 10−3

500 2.8 × 10−2 2.0 × 10−6 4.8 × 10−4

10 700 477 15 1.1 × 10−1 3.5 × 10−4 1.0 × 10−2 78
600 6.5 × 10−

500 2.6 × 10−

a Specific gb conductivity = measured gb conductivity × (gb width/grain size).
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ig. 10. Impedance spectra of SDC pellets sintered at 1400 ◦C for 2 h in air with
arious pH values in solution.

oundary resistance (high frequency part) and electrode resis-
ance (low frequency part) were determined. It was found that
he grain boundary resistance significantly depended on the pH
alues in solution. Fig. 11 indicates the total electrical conductiv-
ties, at temperatures ranging from 500 ◦C to 700 ◦C, of the SDC
ellets sintered at 1400 ◦C for 2 h in air with various pH val-
es in solution. The Arrhenius relationship can be expressed as

= (�0/T) exp(−Ea/kT), where �0 is the pre-exponential factor, Ea

he activation energy, and k the Boltzmann constant. Furthermore,
n(�T) is plotted against 1000/T, and a linear relationship should
xist. Results indicated that the electrical conductivity of the SDC

ig. 11. Electrical conductivities in the temperature range of 500–700 ◦C of SDC
ellets sintered at 1400 ◦C for 2 h in air with various pH values in solution.
2 8.5 × 10−5 2.6 × 10−3

2 2.2 × 10−5 6.9 × 10−4

pellets decreased with increasing pH values, from 6.1 × 10−3 S cm−1

with a pH of 4 to 3.5 × 10−3 S cm−1 with a pH of 8, then increased
sharply to 1.0 × 10−2 S cm−1 at 700 ◦C when the pH value was 10.
The results indicated that differences in the EDTA-citrate complex-
ing in the solution influenced the particle/agglomerate shape of the
resulting oxides with various pH values and calcinations temper-
ature, and that these sometimes low density/rigid agglomerates
resulted in lower densities, lower grain size, and lower total con-
ductivity.

The electrical conductivity of the SDC electrolyte mainly
depended on the resistances of bulk (grain, Rb) and grain boundary
(Rgb). The value of Rb was determined from the total resistance (Rt)
- Rgb, and that of Rgb was determined from the grain boundary arc
according to the impedance diagram (Fig. 10); then they were con-
verted to bulk (�b) and specific grain boundary (�gb) conductivities
using equation (Eq. (10)), as shown in Table 2.

Specific gb conductivity = measured gb conductivity ×
(

gb width
grain size

)
(10)

It was obvious that the specific grain boundary conductivity was
smaller than the bulk conductivity for all samples synthesized with
various pH values; however, the total electrical conductivity of the
SDC electrolyte depended greatly on the synthesized condition of
the pH value in solution. Of these samples the best electrical con-
ductivity was 0.01 S cm−1 at 700 ◦C with a pH value of 10. A small
grain size increased the grain boundary resistance of the pellet, but
no significant difference existed in grain (bulk) conductivity. Sim-
ilarly, Rambabu et al. reported that �bulk was less dependent on
grain size, while �bound was greatly dependent on grain size [30].
A small grain size generated a high percentage of grain boundary
region, hence, greater grain boundary resistance (see in Table 2).
Furthermore, pores or defects in the grain boundary also increased
resistance, because the lower connectivity formed due to the pores
or defects resulted in low effective conductivity had been illus-
trated by effective media theories [31]. In addition, the values of
activation energy were from 70 kJ mol−1 to78 kJ mol−1 with vari-
ous pH values, and less or approach to the values in the literature. It
was obvious that the SDC electrolyte synthesized with EDTA-citrate
complexing route will be suitable to low temperature operation for
SOFC.

4. Conclusions
The rigid agglomerates due to organic compounds that existed
in the SDC precursors during the EDTA-citrate complexing synthe-
sis process inhibited crystalline growth and grain growth, leading
to the generation of ultra-fine grain electrolyte. Calcination above
500 ◦C was necessary for all precursors in this study. SDC powder
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f a stable and uniform composition was prepared by the EDTA-
itrate complexing method. The average crystalline size of the SDC
owders was �30 nm after calcination at 900 ◦C for 3 h. The grain
ize of the pellets after sintering at 1400 ◦C for 2 h was submicron in
cale, from 200 nm to 600 nm, with various pH values, and smaller
han those prepared by other synthesis routes. The most dense pel-
ets were obtained with a pH value of 10 (relative density of 99%),
ue to the precursor powders calcined at 900 ◦C for 3 h. The electri-
al conductivities were dependent on the calcination temperature
nd the pH value in solution, and the best electrical conductivity
as 0.01 S cm−1 at 700 ◦C with a pH of 10. This study was suc-

essful in the preparation of different submicron grain-size SDC
lectrolytes by adjusting calcination temperature and pH value via
he EDTA-citrate complexing method.
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