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a b s t r a c t

Scandia ceria stabilized zirconia (10Sc1CeSZ) powders are synthesized by polymeric precursor method
for use as the electrolyte of anode-supported solid oxide fuel cell (SOFC). The synthesized powders are
characterized in terms of crystalline structure, particle shape and size distribution by X-ray diffraction
(XRD), transmission electron microscopy (TEM) and photon correlation spectroscopy (PCS). 10Sc1CeSZ
electrolyte films are deposited on green anode substrate by screen-printing method. Effects of 10Sc1CeSZ
powder characteristics on sintered films are investigated regarding the integration process for application
eywords:
ntermediate temperature solid oxide fuel
ells
node-supported
lectrolyte
candia-stabilized zirconia

as the electrolytes in anode-supported SOFCs. It is found that the 10Sc1CeSZ films made from nano-
sized powders with average size of 655 nm are very porous with many open pores. In comparison, the
10Sc1CeSZ films made from micron-sized powders with average size of 2.5 �m, which are obtained by
calcination of nano-sized powders at higher temperatures, are much denser with a few closed pinholes.
The cell performances are 911 mW cm−2 at the current density of 1.25 A cm−2 and 800 ◦C by application
of Ce0.8Gd0.2O2 (CGO) barrier layer and La0.6Sr0.4CoO3 (LSC) cathode.
olymeric precursor method

. Introduction

Solid oxide fuel cells (SOFCs) promise to provide a highly effi-
ient and environmentally friendly method for power generation.
ntermediate temperature SOFCs offer important advantages over
igh temperature SOFCs mainly giving a wider choice of low-cost
nd high performance materials with a higher stability which will
educe the degradation, increase freedom for structural design, etc.
ttria-stabilized zirconia (YSZ) is the most widely applied elec-
rolyte material for intermediate temperature SOFCs. However, YSZ
hows limitations regarding further reduction in the ohmic resis-
ance of the electrolytes. In recent years, scandia stabilized zirconia
ScSZ) materials have attracted significant research attention for
he electrolyte application in the intermediate temperature SOFCs
ue to its much higher ionic conductivity than that of YSZ, the
tate-of-the-art electrolyte for SOFCs [1]. Co-doping has been pro-
osed with various additional dopants like CeO2, Sm2O3, Yb2O3 and

l2O3 to reduce or prohibit an undesirable phase transition from a
igh conductive cubic phase to a lower conductive rhombohedral
or tetragonal phase [2–4]. Especially, ZrO2 co-doped with Sc2O3

nd CeO2 promotes the retention of the cubic phase [5,6]. 10 mol%
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Sc2O3–1 mol% CeO2–89 mol% ZrO2 (10Sc1CeSZ) has been adopted
as one of the candidate electrolyte materials.

For successful integration of 10Sc1CeSZ electrolyte films into
anode-supported SOFCs, a major challenge is fabrication of the
dense electrolyte films onto porous anode substrates. Screen-
printing is a widely adopted method to fabricate electrolyte films,
which is cost effective and suitable for mass production. A dense
and almost pore-free YSZ film can be achieved on the Ni/YSZ cermet
substrate after sintering [6]. It was reported that the character-
istics of YSZ powders has a significant effect on the formation
of dense YSZ films on anode substrates for the development of
intermediate temperature SOFCs [7,8]. The ScSZ powders were
synthesized by several techniques such as solid-state reaction [9],
co-precipitation [10], sol–gel [11] and glycine nitrate process [12].
Further synthesis technique deserves exploration for production
of large quantities of high purity 10Sc1CeSZ powders suitable for
fabrication of the electrolyte films in anode-supported SOFCs. In
the present study, 10Sc1CeSZ powders were synthesized by poly-
meric precursor method (Pechini method) [13]. The polymeric
precursor method is known to employ complexing of cations in

organic media, making use of low cost precursors resulting in a
homogeneous ion distribution at molecular level, which facilitates
synthesis of the crystallized powder with ultrafine particle size
and high purity at low temperature. 10Sc1CeSZ electrolyte films on
green anode substrate were deposited by screen-printing method.

dx.doi.org/10.1016/j.jpowsour.2010.11.108
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ffects of 10Sc1CeSZ powder characteristics on sintered films were
nvestigated regarding the integration process for application as
he electrolytes in anode-supported SOFCs.

. Experimental

.1. Synthesis

The starting materials used in the synthesis of 10Sc1CeSZ pow-
ers were Sc(NO3)3 (99.99%), Ce(NO3)3·6H2O (AR), Zr(NO3)4·5H2O
AR), citric acid (AR) and ethylene glycol (AR), all from Sinopharm
hemical Reagent Co. Ltd, China. The polymeric precursor solu-
ion was prepared by adding citric acid and ethylene glycol
nto the aqueous solution with Sc(NO3)3, Ce(NO3)3·6H2O and
r(NO3)4·5H2O at room temperature. The molar ratio metal/citric
cid/ethylene glycol was chosen as 1/4/16. With continued heating,
he solution became more viscous and a gel was formed. The gel was
ried at 200 ◦C in air during a night and solidified into dark-brown
lassy resin. Charring the resin at 400 ◦C for 2 h resulted in a dark-
rown solid mass. The powder obtained at this stage is referred to
s “precursor powder”. The powders were heat-treated at 700 ◦C
or 6 h in air. Some of the nano-sized 10Sc1CeSZ powders were cal-
ined at 1000–1400 ◦C in order to obtain micro-sized powders. The
alcined 10Sc1CeSZ powders were subject to ball milling in ethanol
or 24 h using zirconia balls. Similarly, Ce0.8Gd0.2O2 (CGO) pow-
ers were synthesized from polymeric precursor solution using
e(NO3)3·6H2O (AR), Gd(NO3)3·6H2O (AR), citric acid (AR) and
thylene glycol (AR) as the starting materials, all from Sinopharm
hemical Reagent Co. Ltd, China. The powders were heat-treated at
00 ◦C for 6 h in air. La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) and La0.6Sr0.4CoO3
LSC) were prepared by a glycine nitrate process (GNP) process [14].

.2. Characterization

Thermogravimetric analysis (TGA) was done in a TA Instruments
t a heating rate of 10 ◦C min−1 in air flow. The resultant phases
ere analyzed by X-ray powder diffraction (XRD) using Cu K�

adiation and a graphite monochromator (40 kV, 40 mA) (Model
XP, MAC, Japan). The mean crystallite size was calculated with

he Scherrer equation. The morphology of powders was evaluated
sing transmission electron microscopy (TEM, JEM-2010). Particle
ize distributions were measured using photon correlation spec-
roscopy (PCS, Zetasizer Nano S). The microstructure was observed
sing field emission scanning electron microscopy (FE-SEM, Hitachi
300).

.3. Fabrication

The anode-supported cells adopt the standard NiO/YSZ as anode
ubstrate, NiO/10Sc1CeSZ as anode function layer, 10Sc1CeSZ as
lectrolyte, CGO as barrier layer and LSCF/CGO or LSC as cathode.
lanar NiO/YSZ anode supports were fabricated by tape casting.
he starting materials of the anode supports were composed of
iO (Nickelous Oxide Green, Sinopharm Chemical Reagent Co.
td, China), YSZ (TZ-8YS, Tosoh Co., Japan) with a weight ratio
f 60/40. 20 wt% of cornstarch powders were added as pore for-
er. The NiO, YSZ and cornstarch powders were mixed with the

olvents (ethanol and butanone), dispersants (triethyl phosphate),
inders (polyvinyl butyral) and plasticizers (polyethylene glycol
nd dibutyl phthalate) by a ball milling process for 24 h. The slurry
as cast on a moving PET film using a tape-casting machine after

eair. After tape-casting and evaporation of the dispersion aid, the
esulting green tape was cut in the appropriate dimension. The
iO/10Sc1CeSZ anode function layer was deposited on the sur-

ace of the green anode support by screen printing. Subsequently,
he 10Sc1CeSZ electrolyte films from nano-sized or micron-sized
Fig. 1. TG curve for the 10Sc1CeSZ precursor powders.

powders were applied by screen printing. Half cells were then co-
sintered at 1450 ◦C for 4 h in air. The CGO barrier layers were applied
on 10Sc1CeSZ by screen printing. Sintering of the barrier layers was
carried out at 1300 ◦C in air for 1 h. Finally, the cathode films of
LSCF/CGO or LSC were applied on the barrier layers by screen print-
ing and sintered at 950–1000 ◦C in air for 2 h. Cornstarch was used
as pore former in the cathode formulation. The single cells have the
approximate size of 5 cm × 5 cm. The cathode has the dimension of
3.2 cm × 3.2 cm.

2.4. Performance testing

The cell performances were evaluated with a fuel cell test sta-
tion (SF10, Lixin, Wuhan, China). Nickel (Ni) and platinum (Pt)
meshes were used for current collection on anode and cathode
sides, respectively. The single cells were sealed with a silver paste.
A weight of 7 kg was placed on top of the cell housing for a better
contact between the current collectors and the electrodes. The gas
flows to the anode and the cathode were controlled by digital mass
flow controllers. The anode side was flushed with humidified (3%
H2O) hydrogen with a flow rate of 1000 ml min−1. On the cathode
side, air was supplied as oxidant with a flow rate of 2000 ml min−1.
The current density and voltage values were recorded as a function
of operating temperatures in the range 600–800 ◦C. Before testing,
the cell was operated at the voltage of 0.75 V for 3 h.

3. Results and discussion

The thermogravimetric analysis from room temperature to
900 ◦C was performed in order to determine the appropriate
heat treatment condition of the 10Sc1CeSZ precursor powders. As
shown in Fig. 1, there are two main weight loss phases in the whole
temperature range. The first weight loss related to water appears
at 100 ◦C. The pyrolysis of organic materials occurs at temperatures
between 300 and 520 ◦C. After that, no weight loss can be detected
because the decomposition of organic material has finished. Taking
into account these results and complete formation of pure phase
cubic fluorite structure, the 10Sc1CeSZ precursor powders were
calcined at 700 ◦C.

As shown in Fig. 2, XRD analysis of the calcined 10Sc1CeSZ pow-

ders revealed the peaks expected from the cubic phase without
any other phases, which indicated that 10Sc1CeSZ powders could
be successfully synthesized by the polymeric precursor method.
Fig. 2 shows XRD patterns of 10Sc1CeSZ powders after calcination
of the as-synthesized powders at different temperatures. The high
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ig. 2. XRD patterns of the 10Sc1CeSZ powders calcined at different temperatures.

emperature cubic phase of 10Sc1CeSZ could be stabilized to that
f room temperature, and no trace of rhombohedral-ZrO2 phase
ould be detected. Therefore, inhibition of cubic–rhombohedral
hase transformation assures integration process of 10Sc1CeSZ
lectrolytes into anode-supported SOFCs. The line broadening in
he X-ray diffraction peaks of the as-synthesized 10Sc1CeSZ pow-
ers clearly indicates the formation of nano-crystallites. Based on
he Scherrer equation, the mean crystallite size was calculated to
e about 18.6 nm using the (1 1 1) reflection. In addition, the nar-
owing of the diffraction peak width with increasing calcination
emperature shows that the crystallite size of the nanocrystals
ncreases prominently with the temperature. The peaks gradually
harpen with increasing calcination temperature, which indicates
n increase of crystallinity.

TEM analyses of as-synthesized powders were performed. As an
xample, Fig. 3 shows the TEM micrograph of 10Sc1CeSZ powders

◦
alcined at 700 C. It was observed that the nanoparticles are tightly
gglomerated and size of the nanoparticles is around 20 nm, which
orroborates well with the X-ray line broadening studies. TEM anal-
ses indicate that a particle is an agglomerate of primary particles
hat are single crystallites. In an agglomerate, the primary particles

ig. 3. Transmission electron microscopic micrograph of the 10Sc1CeSZ powders
alcined at 700 ◦C.
Fig. 4. Size distribution of the 10Sc1CeSZ agglomerated particles measured by pho-
ton correlation spectroscopy (PCS).

are bonded together by forming necks at the active contact points
[15]. Measurements by photon correlation spectroscopy (PCS) indi-
cated a narrow size distribution of the agglomerated particles, as
shown in Fig. 4. The average particle size is about 655 nm.

Gas-tight electrolyte films to separate air and fuel gas are
expected for successful integration of 10Sc1CeSZ powders pre-
pared by polymeric precursor method into anode-supported SOFCs.
Preparation of dense electrolyte films on porous electrodes is an
important step in the fabrication of high-performance SOFCs. For
the investigation of the co-sintering behaviors of the 10Sc1CeSZ
electrolyte film, NiO/10Sc1CeSZ film and 10Sc1CeSZ film were
screen-printed on the surface of green NiO/YSZ support in suc-
cession. After printing, the three green layers were dried and
co-sintered at 1450 ◦C for 4 h. The sintered half cells exhibited
good flatness, and the films attached well to the substrate. It
was found that the nano-sized powders calcined at 700 ◦C only
allowed a lower solid loading for a printable paste, which resulted
in the low green density of the deposited 10Sc1CeSZ film. Accord-
ing to Shi [16], if the green density of ceramics is lower than a
critical value, namely, ∼33%, it is difficult to reach full densifi-
cation under pressureless solid-state sintering conditions due to
the existence of thermodynamically stable large pores. On co-
sintering of the 10Sc1CeSZ electrolyte film made of nano-sized
powders, NiO/10Sc1CeSZ film and the anode support, the low green
density of the 10Sc1CeSZ film would make the densification of
the electrolyte film difficult despite the high sintering tempera-
ture of 1450 ◦C. Micrographs of the surface and cross-section of
the 10Sc1CeSZ electrolyte films made of nano-sized powders are
shown in Fig. 5a and c. The 10Sc1CeSZ film prepared from nano-
sized powders is very porous with many open pores in the surface
and in the cross-section of films. Thus higher green density of
the 10Sc1CeSZ film was expected using micro-sized 10Sc1CeSZ
powders for screen printing process. As shown in Fig. 2, the crystal-
lite sizes apparently increase after calcination in the temperature
range of 1000–1400 ◦C. Micro-sized 10Sc1CeSZ powders with aver-
age particle size of 2.5 �m from PCS measurement were obtained
just through calcination of nano-sized powders at 1000 ◦C for 4 h.
In comparison, the micro-sized powders allowed a higher solid
loading than the nano-sized powders while still obtaining a print-
able paste. Easier densification of the 10Sc1CeSZ film made of
micro-sized powders would be expected during the same co-
sintering process. Micrographs of the surface and cross-sections of
the 10Sc1CeSZ electrolyte films made of micron-sized powders are
shown in Fig. 5b and d. The thickness of both the electrolyte films is
ca. 15 �m (Fig. 5c and d). In comparison, the 10Sc1CeSZ film made
from micron-sized powders is much denser with a few closed pin-

holes. Furthermore, the 10Sc1CeSZ film from micro-sized powders
presents no apparent crack formation after co-sintering with anode
substrate and function layer. This result revealed that the character-
istics of the starting powders had crucial effect on the densification
of the screen-printed 10Sc1CeSZ films during co-sintering.
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ig. 5. Comparison of surface and cross-section microstructures of the 10Sc1CeSZ
t 1450 ◦C.

Fig. 6 shows comparison of the open-circuit voltages (OCVs) of
node-supported cells with the 10Sc1CeSZ electrolyte films made
f nano-sized and micro-sized powders, respectively. Here the
athode LSCF/CGO was not optimized and used only for OCV mea-
urements. Both cells were tested under the same gas conditions.
he OCVs of the cell with the 10Sc1CeSZ electrolyte film made of
icron-sized powders were significantly higher than that made of

ano-sized powders. For example, the OCV of the former at 800 ◦C
as 1.08 V, while this value was only 0.82 V for the latter. There
as a gap of more than 0.22 V between the OCVs of the two cells

n the temperature range of 600–800 ◦C. The lower OCVs of the

ell with the 10Sc1CeSZ electrolyte film made of nano-sized pow-
ers indicated some cross-over of fuels, which clearly confirmed
hat the pores in the electrolyte film made of nano-sized pow-
ers were penetrated. In comparison, the cells with the 10Sc1CeSZ
lectrolyte film made of micro-sized powders achieved high OCVs,

ig. 6. Comparison of OCV of anode-supported cells with the 10Sc1CeSZ electrolyte
lms made of nano-sized and micron-sized 10Sc1CeSZ powders.
ade of nano-sized powders (a, c) and micron-sized powders (b, d) after sintering

which confirmed that these 10Sc1CeSZ electrolyte films were suf-
ficiently dense.

The performance of the single cell was shown in Fig. 7. The
cell was operated with 97% H2 + 3% H2O gas as a fuel and air
as an oxidant gas. It exhibited the OCVs of 1.098 V, 1.115 V and
1.133 V at 800 ◦C, 700 ◦C and 600 ◦C, respectively. Clearly the OCV
values revealed that the 10Sc1CeSZ electrolyte films were dense
enough to avoid the gas leakage. Nano-sized LSC powders syn-
thesized by GNP were applied as cathode of the single cell. The
powders exhibited the BET-specific area of 10.4 m2 g−1 [14]. CGO
films were applied as barrier layers between 10Sc1CeSZ and LSC
films in order to prevent formation of an insulating SrZrO3. The

◦
CGO film was porous after sintering at 1300 C due to the low sin-
tering activity of CGO, as shown in Fig. 8. Testing results showed
that relatively good performances were obtained. At the current
density of 1.25 A cm−2, the power density of the cell at 800 ◦C and
700 ◦C reached 911 mW cm−2 and 729 mW cm−2, respectively. In

Fig. 7. Performance of a single cell with integration of 10Sc1CeSZ electrolyte.
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ig. 8. SEM image for the cross-section of a single cell with the LSC cathode sintered
t 950 ◦C.

omparison, the power density at 600 ◦C reduced significantly and
eached only 161 mW cm−2 at the current density of 0.5 A cm−2.
hese results suggest that low sintering temperature of LSC can pre-
ent SrZrO3 formation although GCO barrier layer exhibited porous
tructure. At the same time, the growth in particles size of LSC pow-
ers can be inhibited at low sintering temperature, leading to more
riple phase boundary points.

. Conclusion

Applicability of the polymeric precursor method has been
emonstrated for production of nano-sized 10Sc1CeSZ powders.

icro-sized 10Sc1CeSZ powders can be obtained just through cal-

ination of the nano-sized powders at 1000 ◦C. Dense 10Sc1CeSZ
lms made of micro-sized powders were successfully obtained by
creen-printing process and co-sintering with green anode support
nd functional layer. In comparison, the 10Sc1CeSZ film prepared

[
[
[
[
[

rces 196 (2011) 3109–3113 3113

from nano-sized powders exhibited penetrated porous microstruc-
ture. The result indicated that the characteristics of the starting
powders had crucial effect on the densification of the screen-
printed 10Sc1CeSZ films during co-sintering. The power density of
911 mW cm−2 (at the current density of 1.25 A cm−2, at 800 ◦C) was
achieved in combination with CGO barrier film and LSC cathode.
Combination of polymeric precursor method with screen printing
technology provides a simple and cost-effective way to fabricate
dense 10Sc1CeSZ electrolyte films on porous anode supports.
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