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bstract

 low temperature (≤650 ◦C) process for fabricating nano-structured (La, Sr) (Ga, Mg, Co)O3−δ (LSGMC) electrolyte/(La, Sr) (Co, Fe)O3−δ–(Gd,
e)O2−δ (LSCF–GDC) cathode films, ∼7 and ∼25 �m in thickness, respectively, was developed using an aerosol deposition (AD) process for
se in intermediate temperature solid oxide fuel cells (IT-SOFCs). NiO–GDC was used as an anode substrate in anode-supported type cells. The
eposited LSGMC electrolyte and LSCF–GDC composite cathode film maintained good adhesion with the NiO–GDC anode, even though the
oating processes were completed at the room temperature. The LSGMC electrolyte was composed of nano-sized grains smaller than 30 nm. The

◦
lectrical conductivity of the LSGMC electrolyte fabricated at room-temperature was ∼30 mS/cm at 650 C. The LSCF–GDC composite cathode
howed ≥20% porosity with a grain size ≤100 nm. The peak power density of the LSGMC electrolyte-based, anode-supported-type cell with the
ano-structured LSCF–GDC cathode produced at room-temperature by AD was 0.39 W/cm2 at 650 ◦C.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Solid oxide fuel cells (SOFCs) are the cleanest, most efficient
nd versatile chemical-to-electrical energy conversion systems.
ne of the critical challenges for the commercialization of SOFC

s to develop cells that can operate at sufficiently low tempera-
ures to reduce the cost and improve their reliability.1,2 One of
he main issues for reducing the SOFC operating temperature is
o develop an electrolyte with sufficiently high ion conductivity,
egligible electronic conductivity and high chemical stability.3,4

lso, the cathode with high activity is required because most
f the power losses arise from the cathode relevant to oxy-
en reduction, particularly at lower operation temperatures.5

ne promising electrolyte material is (La, Sr) (Ga, Mg)O3−δ
LSGM) based perovskites, which have at least an order of
agnitude higher ionic conductivity than conventional yittria

tabilized zirconia.4 The LSGM electrolyte shows almost pure
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onic conductivity both in air and H2 atmospheres, and the ionic
onductivity can be improved by Co doping.6 On the other hand,
t is difficult to fabricate the LSGMC electrolyte directly on
n anode substrate because the LSGM-based electrolyte has
elatively high reactivity with the other components at high
emperatures, particularly with NiO in the anode substrate.7

herefore, a low-temperature film deposition process is needed
o minimize ion-blocking layer formation by a reaction between
he electrolyte and anode, or cathode and electrolyte.

Recently, a low-temperature porous/dense ceramic thick
lm fabrication process using aerosol deposition (AD) was
eveloped.8,9 The AD process is a room-temperature operat-
ng powder consolidation method for the formation of thick
nd dense ceramic layers based on the impact adhesion of
ne particles.9 The porosity of the film can be controlled by

he addition of a pore forming polymer into the starting pow-
er composite.8,10 The AD process has a strong potential for
se in electrolyte/cathode fabrication owing to its high deposi-

ion rate (>5 �m/min), and low processing temperature because
lmost full densification (>95%) with a high adhesion strength
>30 MPa) can be achieved at room-temperature. In addition, the

dx.doi.org/10.1016/j.jeurceramsoc.2011.07.036
mailto:finaljin@kims.re.kr
dx.doi.org/10.1016/j.jeurceramsoc.2011.07.036
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Fig. 1. Sample images of a NiO–GDC anode used as a substrate for the LSGMC
electrolyte deposition at each preparation step.
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Fig. 2. (a) Sample image of the LSGMC film deposited on the sapphire substrate. (b a
film, respectively. (d and e) TEM images of the as deposited and 650 ◦C annealed LS
Ceramic Society 32 (2012) 115–121

rocess is suitable for the formation of nano-particulate inter-
onnected microstructures because the film consolidated by the
D process has an extremely small crystalline size, generally

anging from 5 to 20 nm.8–10

In this study, LSGM-based SOFC cells were fabricated by an
D process using a Co-doped LSGM (LSGMC) film as an elec-

rolyte and (La, Sr) (Co, Fe)O3−δ–(Gd, Ce)O2−δ(LSCF–GDC)
lm as cathode on the NiO–GDC anode substrate. The
icrostructure of each layer was optimized and observed, and

elated electrochemical analyses were performed.

. Experimental  procedure
For anode support fabrication, NiO (A grade, Novamet,
SA), (Gd, Ce)O2−δ (GDC, ULSA grade, Rhodia, USA), and
olymethyl methacrylate (PMMA, S50, Sunjin Chem. South

nd c) SEM images of the surface and cross-section of the as-deposited LSGMC
GMC film, respectively. (f) electrical conductivity of the LSGMC film.
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orea) powder were mixed with 56.7:37.8:5.42 weight ratio
y ball-milling for 24 h in a nylon jar using zirconia balls as
he milling media and ethanol as the solvent. 8 wt% polyethy-
ene glycol (PEG, Mn 400, 1500, 4600, 1:1:1 mixed, Aldrich
o., USA) was added as a binder/plasticizer. The powder was
ry-pressed using a 30 mm diameter mold and pre-sintered at
000 ◦C for 2 h at a heating rate of 0.5 ◦C/min. For anode func-
ional layer screen printing, a paste was prepared using NiO (K
eracell, nano grade, South Korea), GDC (10-M, Fuelcellma-

erials, USA) and ink vehicle (VEH, Fuelcellmaterials, USA)
ixed by planetary milling at a 6:4:15 weight ratio in a zirco-

ia jar using zirconia balls as the milling media. The paste was
creen-printed onto a pre-fired NiO–GDC pellet and sintered at
450 ◦C for 2 h. A YSZ setter was used to avoid bending of the
node substrate during sintering.

An aerosol deposition process was used to deposit the elec-
rolyte and cathode film on the anode substrate. For electrolyte
ayer deposition, commercially available (La, Sr) (Ga, Mg,
o)O3−δ (LSGMC, K Ceracell, South Korea) powder was used.
or cathode layer preparation, (La, Sr) (Co, Fe)O3−δ (LSCF–P,
uelcellmaterials, USA), (Gd, Ce)O2−δ (GDC, ULSA grade,
hodia, USA), and polyvinylidene fluoride (PVDF, Aldrich Co.,
SA) powders were mixed by ball-milling for 6 h. The prepared
owders were mixed with the carrier gas to form an aerosol flow
n the aerosol chamber. The aerosol flow was transported through

 tube to a nozzle, accelerated and ejected into the deposition
hamber through a 25 × 0.8 mm2 rectangular shaped nozzle,
hich was evacuated using a rotary pump with a mechanical
ooster. A schematic diagram of the AD equipment is shown
lsewhere.11 Compressed air dried through a dehumidifying fil-
er was used as the carrier gas at a flow rate of 30 l/min. The
ccelerated LSGMC and LSCF–GDC–PVDF mixture particles
ollided with the NiO–YSZ and LSGMC-coated NiO–YSZ,
espectively, which were located 5 mm away from the nozzle.
he LSGMC was also coated on a sapphire substrate for the
lectrical conductivity measurements.

Fig. 1 summarized the sample images of the each preparation
tep for the fabrication of a NiO–GDC anode used as a sub-
trate for the LSGMC electrolyte deposition. The NiO–GDC
upport was fabricated using PMMA as a pore former and
EG as a forming agent. The NiO–GDC support was dry-
ressed and pre-sintered at 1000 ◦C for 2 h. An AFL of the same
omposition with the support was screen-printed on the pre-
intered support and sintered again at 1200 ◦C for 2 h. Finally,
he AFL-printed support was sintered at 1450 ◦C for 2 h with
SZ load to avoid bending of the anode caused by the shrink-

ge difference between the support and AFL. The LSGMC
lectrolyte/LSCF–GDC cathode was prepared sequentially on
he anode substrate by AD. The area of the LSCF–GDC cathode
as ∼1.7 cm2.
The crystalline phases of the LSGMC and LSCF–GDC

owders and film coated on silicon were examined by X-ray
iffraction (XRD, D-MAX 2200, Rigaku, Japan). The film

icrostructures of the surface and the fractured cross sec-

ion were examined by scanning electron microscopy (SEM,
SM-5800, JEOL, Japan) and scanning transmission electron
icroscopy (STEM, JEM-2100F, JEOL, Japan) equipped with

F
a
a
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n energy dispersion X-ray (EDX) spectrometer. The porosity
f the LSCF–GDC cathode film was measured from the SEM
icrograph using image analysis software (Image-Pro Plus, ver-

ion 3.0, Media Cybernetics, USA).
The electrical conductivity of the LSMGC electrolyte was

easured using a conventional DC 4 probe measurements tech-
ique. The 4-point probe technique with 4 Pt aligned electrodes
as used. Four Pt wires were connected to the sample using
t paste. The two outer probes were the current-carrying elec-

rodes (I1, I2) and the two inner ones (placed 10 mm apart) were
sed to measure the voltage (E1, E2).12 The gas permeability
f the LSGMC electrolyte and Ni–GDC anode was detected
sing a bubble flow meter (ADM2000, Agilent Technologies,
SA). For the cell test, a Pt mesh with a small amount of Pt
aste was attached as a current collector in both the cathode and
node sides. The cell test temperature range was 650 ◦C, but the
emperature was increased before the test up to 750 ◦C for gas
ealing using a Pyrex ring. Air and H2 were employed as the oxi-
ig. 3. XRD phase analysis. (a) LSGMC powder and film before and after
nnealing at 650 ◦C, (b) LSGMC–NiO mixed powder at a 1:1 weight ratio and
nnealed at 650 ◦C for 100 h, 1000 ◦C for 2 h and 1400 ◦C for 2 h.
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ig. 4. SEM images of the cell. (a) Low-magnification view of the cell before
c–f) High-magnification image of each layer; anode support, anode functional 

.  Results  and  discussion

Fig. 2 shows the LSGMC film deposited on the sapphire sub-
trate and the electrical conductivity. Fig. 2(a) shows the sample
mage of the LSGMC/sapphire, and Fig. 2(b) and (c) shows
EM images of the surface and fractured film, respectively. The
lm was fairly dense and translucent, as shown in Fig. 2(a)–(c).
ig. 2(d) and (e) shows STEM images and diffraction patterns
f the as deposited and 650 ◦C post-annealed LSGMC films,
espectively. The TEM image in Fig. 2(d) showed that the as-
eposited film consisted of small crystallites, 5–15 nm in size,
ut it conserved its crystalline nature.13 The diffraction pattern

lso indicated that the as-deposited film remained as a crys-
alline phase with very small crystallites formed by the collision
f the accelerated particles with high kinetic energy during

s
s
w

tion. (b) Low-magnification view of the cell after cell-test (anode reduction).
 electrolyte and cathode, respectively.

eposition.9,13 On the other hand, the film annealed at 650 ◦C
howed enhanced crystallinity with a grain size of ∼30 nm, as
hown in Fig. 2(e). Fig. 2(f) shows the electrical conductivity
f the film measured using the DC 4 probe technique. The con-
uctivity calculated from the slope of the line fitting of all data
oints was ∼0.030 S/cm at 650 ◦C, which agrees well with the
reviously reported value.14

Fig. 3(a) shows XRD patterns of the LSGMC powder and
lms deposited on a sapphire substrate before and after heat-

reatment at 650 ◦C in air. The commercial LSMGC powder
ontained a small amount of LaSrGa3O7 second phase. The as-
eposited films showed broad peaks due to the nano-crystalline

tructure formed during the collision of the powders with the
ubstrate, as confirmed by TEM (Fig. 2(e)). In addition, the peaks
ere shifted toward a low angle due to the compressive stress
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nduced during deposition, which is a typical characteristic of
erosol-deposited films.13 After annealing at 650 ◦C, the peaks
everted to the position of the bulk material due to crystal growth
nd stress recovery, and the peaks of LSGMC and LaSrGa3O7
econd phase became shaper.

Fig. 3(b) shows the XRD phase analysis of the LSGMC
nd NiO powder mixture with a 1:1 ratio annealed at various
emperatures and holding times to observe the reactivity and
econd phase formation temperature between the LSGMC elec-
rolyte and Ni-containing anode. As shown in the figure, no
evere reaction phase formation was observed after annealing
t 650 ◦C for 100 h, which highlights its potential for using this
ow temperature deposition process to suppress the interfacial
ow-conductivity phase formation. On the other hand, the mixed
owder annealed at 1000 ◦C and 1400 ◦C show LaNiO3 phase
ormation, which is known to block oxygen ion conduction due
o its low ionic conductivity.15

A SOFC cell consisting of NiO–GDC (support)/NiO–GDC
anode functional layer, AFL), LSGMC (electrolyte) and
SCF–GDC (cathode functional layer, CFL) was fabricated to
haracterize the cell performance. The microstructure of the cell
as observed and is summarized in Fig. 4. Fig. 4(a) and (b)

hows the overall cell structure before and after reduction of

he anode/decomposition of the PVDF pore former in the cath-
de by cell I–V  test at 650 ◦C, respectively. The micrographs
how dense LSGMC electrolyte/porous Ni–GDC anode and
SCF–GDC cathode microstructure clearly. The thickness of the

∼

t
m

Fig. 6. SEM images of the LSGF–GDC cathode surface; (a) as deposited, (b) a
Fig. 5. Gas permeability of the Ni–GDC anode and LSGMC electrolyte.

upport, AFL, electrolyte and CFL was 1500, 20, 7 and 10 �m,
espectively. The support, AFL, electrolyte and CFL layers were
bserved with higher magnification and the microstructures of
ach layer were shown in Fig. 4(c)–(f), respectively. The poros-
ty of the Ni–GDC anode support and LSCF–GDC cathode was

33 and 24%, respectively.

The gas permeability of the Ni–GDC anode/LSGMC elec-

rolyte at room temperature was measured using a gas flow
eter (Fig. 5). The Ni–GDC anode support sintered at 1450 ◦C

fter annealing at 650 ◦C. (c and d) EDX map of La and Ce, respectively.
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2. Singhal SC. Advances in solid oxide fuel cell technology. Solid State Ionics
00 ◦C and (c) 750 ◦C.

nd reduced at 650 ◦C in a 10% H2–N2 atmosphere showed a
ermeability of ∼1.1 ×  10−5 mol/m2 s Pa. This value decreased
o ∼3.0 ×  10−6 when the anode functional layer was screen-
rinted, which is still high enough to minimize the concentration
olarization.16 On the other hand, the LSGMC electrolyte coated
node support showed a permeability ≤1.0 ×  10−8, which is low
nough to use as an electrolyte.17

The microstructure observation and composition analysis
f the LSCF–GDC cathode were performed by SEM with

ttached EDX equipment. Fig. 6 provides a summary of the
esults. Fig. 6(a) and (b) show the surface microstructure of the
SCF–GDC–PVDF composite cathode before and after anneal-
Ceramic Society 32 (2012) 115–121

ng at 500 ◦C, respectively. The film was dense before annealing
hereas nano-sized pores were generated after annealing by

hermal decomposition of PVDF. Fig. 6(c) and (d) shows the
DX mapping of La and Ce atoms, which represent the LSCF
nd GDC, respectively. The LSCF–GDC composite appears
o be mixed homogeneously according to EDX mapping, and
he volume ratio of LSCF/(LSCF + GDC) in the film calculated
ased on the EDX quantification results was 63%.

The I–V  characteristics and power densities of the cell con-
isted of LSCF–GDC cathode/LSGMC electrolyte/Ni–GDC
node was characterized at 650, 700 and 750 ◦C, as shown in
ig. 7(a)–(c), respectively. The open-circuit voltages (OCV) at
50, 700 and 750 ◦C were 0.764, 0.781 and 0.765 V, respectively.
ecause OCV is lower than the reported value6 and independent

rom temperature, there seems to be a leakage in the elec-
rolyte film probably due to the poor AFL density/homogeneity
nd LSGMC film uniformity. The peak power densities of the
ell at 650, 700 and 750 ◦C were 0.39, 0.62 and 0.70 W/cm2,
espectively. The relatively low power densities compared to the
SGMC electrolyte based cell of the anode supported type fab-

icated by pulsed laser deposition (PLD)18 appears to be related
o the poor phase purity, as shown in Fig. 3 and an absence
f a diffusion barrier layer between electrolyte and anode. The
ower OCV value also appears to be originated from the elec-
ronic conductivity of the LSGMC electrolyte caused by second
hase formation. Further studies will be focused on optimizing
he thickness, composition and microstructure to further enhance
he performance including long-term stability test.

. Summary  and  conclusions

A nano-structured anode-supported type SOFC cell with a
SGMC electrolyte/LSCF–GDC cathode was fabricated using
n AD process on a NiO–GDC anode substrate at low tem-
erature (≤650 ◦C). The thickness and particle size of the
SGMC electrolyte and composite cathode was ∼7 �m and
0 nm, respectively, and those of the LSCF–GDC composite
athode was ∼25 �m and <100 nm. The electrical conductivity
f the LSGMC electrolyte fabricated at room-temperature was
30 mS/cm at 650 ◦C. The peak power density of the LSGMC

lectrolyte-based, anode-supported-type cell with the nano-
tructured LSCF–GDC cathode produced at room-temperature
y AD was 0.39 W/cm2 at 650 ◦C.

cknowledgement

This study was supported financially by Fundamental
esearch Program of the Korean Institute of Materials Science

KIMS).

eferences

1. Minh NQ, Takahashi T. Science and technology of ceramic fuel cell. Else-
vier Science; 1995.
2000;135(1–4):305–13.
3. Steele BCH. Appraisal of Ce1−yGdyO2−y/2 electrolytes for IT-SOFC oper-

ation at 500 ◦C. Solid State Ionics 2000;129(1–4):95–110.



pean 

2008;254(22):7159–64.
J.-J. Choi et al. / Journal of the Euro

4. Ishihara T, Tabuchi J, Ishikawa S, Yan J, Enoki M, Matsumoto H. Recent
progress in LaGaO3 based solid electrolyte for intermediate temperature
SOFCs. Solid State Ionics 2006;177(19–25):1949–53.

5. Shao Z, Haile SM. A high-performance cathode for the next generation of
solid-oxide fuel cells. Nature 2004;431(7005):170–3.

6. Ishihara T, Furutani H, Honda M, Yamada T, Shibayama T, Akbay T, et al.
Improved oxide ion conductivity in La0.8Sr0.2Ga0.8Mg0.2O3 by doping Co.
Chemistry of Materials 1999;11(2081).

7. Huang K, Wan JH, Goodenough JB. Increasing power density of LSGM-
based solid oxide fuel cells using new anode materials. Journal of the
Electrochemical Society 2001;148(A788).

8. Choi J-J, Oh S-H, Noh H-S, Kim H-R, Son J-W, Park D-S, et al. Low
temperature fabrication of nano-structured porous LSM-YSZ composite
cathode film by aerosol deposition. Journal of Alloys and Compounds
2011;509:2627–30.

9. Akedo J. Aerosol deposition of ceramic thick films at room tempera-
ture: densification mechanism of ceramic layers. Journal of the American
Ceramic Society 2006;89(6):1834–9.

10. Choi J-J, Hahn B-D, Ryu J, Yoon W-H, Lee B-K, Park D-S. Prepara-
tion and characterization of piezoelectric ceramic–polymer composite thick

films by aerosol deposition for sensor application. Sensors and Actuators
A 2009;153(1):89–95.

11. Choi J-J, Hahn B-D, Ryu J, Yoon W-H, Park D-S. Effects of
Pb(Zn1/3Nb2/3)O3 addition and postannealing temperature on the electri-
Ceramic Society 32 (2012) 115–121 121

cal properties of Pb(ZrxTi1−x)O3 thick films prepared by aerosol deposition
method. Journal of Applied Physics 2007;102:044101.

12. Yang YL, Chen CL, Chen SY, Chu CW, Jacobson AJ. Impedance studies
of oxygen exchange on dense thin film electrodes of La0.5Sr0.5CoO3–δ.
Journal of the Electrochemical Society 2000;147:4001–7.

13. Choi J-J, Ryu J, Hahn B-D, Yoon W-H, Park D-S. Room-temperature con-
ducting LaNiO3 thick film coatings prepared by aerosol deposition. Journal
of the American Ceramic Society 2008;91(8):2756–8.

14. Kharton VV, Marques FMB, Atkinson A. Transport properties of
solid oxide electrolyte ceramics: a brief review. Solid State Ionics
2004;174(1–4):135–49.

15. Huang P, Horky A, Petric A. Interfacial reaction between nickel oxide and
lanthanum gallate during sintering and its effect on conductivity. Journal
of the American Ceramic Society 1999;82(9):2402–6.

16. Moon H, Kim S-D, Park E-W, Hyun S-H, Kim H-S. Characteristics of
SOFC single cells with anode active layer via tape casting and co-firing.
International Journal of Hydrogen Energy 2008;33, 2826-1833.

17. He X, Meng B, Sun Y, Liu B, Li M. Electron beam physical vapor depo-
sition of YSZ electrolyte coatings for SOFCs. Applied Surface Science
18. Yan J, Matsumoto H, Enoki M, Ishihara T. High-power SOFC using
La0.9Sr0.1Ga0.8Mg0.2O3−�/Ce0.8Sm0.2O2− � composite film. Electrochem-
ical Solid-State Letters 2005;8(8):A389–91.


	Low temperature preparation and characterization of LSGMC based IT-SOFC cell by aerosol deposition
	1 Introduction
	2 Experimental procedure
	3 Results and discussion
	4 Summary and conclusions
	Acknowledgement
	References


