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ABSTRACT

To prevent an interfacial reaction between the anode and the electrolyte layer during the conventional high-temperature co-fir-

ing process, an anode-supported type cell with a thin-film electrolyte was fabricated by low-temperature ceramic thick film coat-

ing process. Ni-GDC cermet composite was used as the anode material and YSZ was used as the electrolyte material. Open

circuit voltage and maximum power density were found to strongly depend on the surface uniformity of the anode functional

layer. By optimizing the microstructure of the anode functional layer, the open circuit voltage and maximum powder density of

the cell increased to 1.11 V and 1.35 W/cm2 , respectively, at 750oC. When a GDC barrier layer was applied between the YSZ

electrolyte and the LSCF cathode, the cell showed good stability, with almost no degradation up to 100 h. Anode-supported type

SOFCs with high performance and good stability were fabricated using a coating process. 

Key words : SOFC, Anode–supported type, Coating, Low temperature process

1. Introduction

olid oxide fuel cells (SOFCs) are promising new electric

power generation systems mainly because they have

high energy conversion efficiency and fuel flexibility.1,2) Over

the last several decades, global development and industrial-

izing activities in the field of SOFCs have been dominated

by electrolyte supported cells (ESC) and anode-supported

cells (ASC). In the case of ESCs, the mechanical support part

is a dense electrolyte with a thickness of at least 200 µm or

higher. Because the whole cell’s resistance and the overall

cell performance strongly depend on the electrolyte thick-

ness, an ASC structure is suggested and developed in an

attempt to reduce the electrolyte thickness. To sufficiently

densify the electrolyte so as to prevent mixing of air and

fuel, the ASC structure generally requires co-firing of the

electrolyte and anode at the highest processing temperature

in the entire cell process. In the case of ESCs, the electrolyte

and electrode sintering steps can be separated, so it is possi-

ble to decrease the interface reaction because porous elec-

trodes require lower firing temperatures than that required

by the electrolyte (Fig. 1). The co-firing temperature in ASC

processing depends on the electrolyte materials, but is gen-

erally higher than 1400oC. This high co-firing temperature

limits material choice due to interfacial reactions that gen-

erally form low-conductivity second phases. For example,

even though usage of GDC as an anode material confers

several advantages such as good ionic conductivity and sta-

bility against carbon coaking, this process is not recom-

mended for the sintering of a YSZ and a GDC together at a

temperature higher than 1200oC due to La
2
Zr

2
O

7
, SrZrO

3

formation.3) Also, it is well known that the LSGM perovskite

electrolyte has high reactivity with the Ni-containing

anode.4) To avoid these reactions, an economical lower-tem-

perature ceramic consolidation process is required. Metal

supported-type cells (MSC), which are made with cheaper

and robust porous metal support and thin film ceramic com-

ponents, face processing challenges due to limitations of the

sintering conditions in reducing atmosphere; these cells also

have the problem of metal/anode interface reaction. 

SOFCs that include thin electrolytes are commonly manu-

factured using wet ceramic processing techniques such as

tape casting and screen printing, with the layers co-fired at

temperatures up to 1400°C.5,6) However, such multilayer

sintering processes are laborious, costly, and difficult to

automate. High-temperature sintering can cause problems

such as undesirable interfacial reactions, warping of large-

plate anodes, and grain growth of Ni phases in the anode

substrate.7,8) Various deposition techniques have been devel-

oped as alternatives to co-firing for the fabrication of thin

film electrolytes; these techniques include electrochemical

vapor deposition,9) physical vapor deposition,10) electropho-

retic deposition,11) spray pyrolysis,12) modified sol-gel deposi-

tion,13) and vacuum plasma spraying.14) Due to the high

costs and limited deposition areas of these processes, they

tend to produce films that are not sufficiently dense and not

scalable for mass-production.
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For these reasons, for SOFC applications, we have tried to

apply a novel economical ceramic coating technique operat-

ing at room temperature using a granule spray in vacuum

(GSV). The GSV process is a kind of room-temperature

ceramic spray coating process in low vacuum conditions,

typically at 1~10 torr. The granule, which is intentionally

agglomerated fine ceramic particles, is mixed with the car-

rier gas and forms an aerosol flow. The formed aerosol flow

is accelerated by the pressure difference between the aero-

sol chamber and the deposition chamber; the aerosol is then

ejected through the nozzle with high kinetic energy. The

aerosol collides with the substrate and forms a dense

ceramic film without external heating. This process uses a

relatively cheap, micron-sized engineering ceramic powder.

This process can be used to cover large areas with high depo-

sition rate; therefore, it is appropriate for commercialization.

The deposition mechanism is closely related to the fracturing

and plastic deformation of the primary particles. High depo-

sition rates (> 10 mm/min) can be achieved with no addi-

tional heating required for the solidification of the ceramic

powder; this solidification process might otherwise bend or

distort the layered structures of solid oxide fuel cells.15-20) 

This study reports the fabrication of ASC based on the

GSV process operating at room temperature. As anode sup-

port, an NiO-GDC composite with gradient porosity was

prepared using the conventional tape-casting process. An

YSZ electrolyte with a dense structure and an LSCF cath-

ode with a porous structure were prepared by GSV coating

process on the prepared NiO-GDC anode. Microstructural

and electrochemical properties of the cell were analyzed. 

2. Experimental Procedure

An anode support including an anode functional layer

(AFL) and a support layer was fabricated by tape-casting,

laminating, and co-firing. For anode support fabrication,

27 wt% of NiO (A grade, Novamet), 18 wt% of GDC (ULSA,

Rhodia), 5 wt% of polymethyl methacrylate (S50, Sunjin

Chem.) as a pore former, and 50 wt% of a commercial binder

system (B73225, Ferro) were mixed for 4 h by planetary

milling using zirconia balls as milling media. For the AFL

fabrication, various compositions and particle sizes of NiO

and GDC powders were tested, including NiO of Kojundo,

Kceracell AFL grade, and GDC of Rhodia ULSA, FCM-m.

The NiO and GDC powders were mixed for 4 h with various

amounts of commercial binder system using the planetary

milling machine with zirconia balls as milling media. 

The thicknesses of the prepared tapes of the NiO-GDC

support and the AFL layers were 85 and 25 µm, respec-

tively. Twelve layers of support and 2 layers of AFL tape

were laminated and warm-pressed at 50oC in a 30-mm-

diameter mold for 10 min at a pressure of 5 tons. Binder

burn-out of the laminated structure was conducted in ambi-

ent atmosphere at 260, 700, and 1000oC, respectively, for 2

h; material was finally sintered at 1350oC for 2 h. All heat-

ing processes were conducted in one step, sequentially.

Electrolytes were deposited using commercially available

YSZ
 
(FYT13.0-005H, Unitec Ceramics) as a starting pow-

der. Granules with average sizes of ~100 µm were prepared

using a conventional disk-type nozzle system. The dried

YSZ granule was mixed with carrier gas to form an aerosol

flow in the aerosol chamber. The aerosol flow was trans-

ported through a tube to the nozzle before being accelerated

and ejected into the deposition chamber through a rectan-

gular nozzle with a 25 × 0.8 mm2 orifice, which was evacu-

ated by a rotary pump with a mechanical booster. Compressed

air was dried through a dehumidifying filter and used as

the carrier gas at a flow rate of 15 l/min. The pressures in

the aerosol and deposition chambers were 600 and 1 torr,

respectively. The accelerated YSZ granules collided with the

prepared anode support structure, which was located 5 mm

from the nozzle. Cathode layers were then prepared on the

YSZ film using commercially available LSCF powder

(LSCF-S, K ceracell), which was heat-treated and mixed

Fig. 1. Schematics of electrolyte-supported and anode-supported cells.
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with polyvinylidene fluoride (PVDF, Aldrich) at a weight

ratio of 19:1. The PVDF polymer decomposed during evalua-

tion of the resulting SOFCs to form nano-sized porous struc-

tures. The schematics of the coating equipment are shown

in Figs. 2, 3 summarizes the sample images of each prepara-

tion step for the full cell fabrication process. The cell diame-

ter, thickness, and cathode area were 25 mm, 1.0 mm, and

1.0 cm2, respectively. 

Surface and fractured cross section microstructures of the

films were examined using a scanning electron microscope

(SEM, JSM-5800, JEOL) and a scanning transmission elec-

tron microscope (STEM, JEM-2100F, JEOL) equipped with

an energy dispersion X-ray (EDX) spectrometer. For electro-

chemical testing of the cell, Pt mesh with small amounts of

Pt paste attached as current collectors were employed at

both the cathode and anode sides. A Pyrex ring was used for

gas sealing between the electrolyte and the alumina tube of

the sample holder. Air oxidant and dry H
2
 fuel were used at

flow rates of 1000 and 200 ccm, respectively. The cells’ cur-

rent-voltage (I-V) characteristics at 750°C were recorded at

a scan rate of 10 mA/s; impedance spectra were measured

using an electrochemical impedance spectroscope analyzer

(SP300, Biologic) over a frequency range of 30 mHz - 1 MHz,

with a potentiostatic mode of 0.7 V.

3. Results and Discussion

Figure 4 provides a sample image and analysis results for

the YSZ electrolyte film deposited on sapphire substrate for

microstructural observation, phase analysis, and ionic con-

ductivity measurement. Fig. 4(a) shows the translucent YSZ

film deposited on the sapphire substrate. Fig. 4(b) shows the

microstructure of the powder used for deposition; this pow-

der had an average particle size of ~1.53 µm. Figs. 4(c) and

4(d) provide SEM and TEM cross-sectional observations of

the film, respectively. Both figures show a fairly dense

microstructure with grain size of less than 20 nm, far

smaller than that of the initial powder, which formed by col-

lisions of the particles induced by the kinetic energy of the

initial particles. Fig. 4(e) shows XRD analysis images of the

powder, the as-deposited film, and the post-annealed film.

The deposited films showed similar cubic fluorite structures

with smaller and broader peaks in their spectra due to the

smaller crystallites that formed during deposition. The

peaks of the film were shifted to lower angles due to resid-

ual compressive stress induced during deposition. Post-

annealing of the film made the peaks sharper and caused

them to return to their original positions due to crystal

growth and stress recovery. Fig. 4(f) provides the ionic con-

ductivity measurement results for the as-deposited film;
Fig. 2. Schematics of ceramic coating system used in this

work.

Fig. 3. Sample images of each preparation step for full cell fabrication.
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these results were obtained using a DC 4-probe & the AC 2-

probe method. The film showed an electrical conductivity of

~7.0 mS at 750oC. This value is lower than that of YSZ bulk

ceramics; the discrepancy is probably due to the nano-sized

grains and crystal defects that formed during the collision of

particles. It is expected that the conductivity of the film will

be enhanced by appropriate post-annealing.

For dense and defect-free electrolyte preparation, surface

engineering of the anode support is important because thin

film coatings tend to follow the structure of the surface

material. As an anode material, NiO-GDC composite was

used; various combinations of starting powders with differ-

ent particle sizes and binder contents were tested, including

NiO of Kojundo, Kceracell AFL grade, and GDC of Rhodia

ULSA, FCM-m. Among those combination, Kceracell NiO

and Rhodia GDC, mixed at a ratio of 6:4 and with a binder

content of 50%, showed the best microstructure (Fig. 5). In

the optimum conditions, it was possible to obtain an almost

fully dense pore-free NiO-GDC AFL structure. 

Figure 6 shows the cross-sectional full-cell microstructure

Fig. 4. Sample image and analysis results for YSZ electrolyte film deposited on sapphire substrate.

Fig. 5. Surface microstructure of AFL with different combinations of NiO and GDC powders and binder ratios.
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after cell-testing at 750oC, including the Ni-GDC-PMMA

support, Ni-GDC AFL, YSZ electrolyte, and LSCF-PVDF

cathode. The PMMA and PVDF polymer components, added

as pore-formers, decomposed during cell fabrication and

generated pores in the support and cathode, respectively, as

shown in the figures. The microstructure clearly reveals a

dense and porous structure both by coating process. The Ni-

GDC anode consisted of a relatively dense, ~30 µm thick top

functional layer on a porous, ~1.0 mm thick support. The

thicknesses of the YSZ and LSCF coatings were ~5.3 and 25

µm, respectively. The surface microstructure of the depos-

ited YSZ film showed dense structures with 50 ~ 100 nm

surface roughness; the surface of the LSCF film showed a

porous structure with a nano-sized pore structure.

Figure 7 shows the I-V and I-P curves for the full cell with

different AFL structure. The surface of the AFL structure is

also shown for comparison. As can be seen in the graph, the

cell performances were strongly affected by the AFL struc-

ture. The cell showed higher OCV and maximum powder

density values when the electrolyte was deposited on the

dense and optimized AFL structure. Under optimum condi-

tions, the cell showed an OCV of 1.11 V, close to the theoret-

ical value, and a maximum power density of approximately

1.3 W/cm2 at 750oC, probably because the electrolyte depos-

ited on the optimized AFL structure has a low gas leakage

rate. Fig. 8 shows the cell stability test results under a con-

Fig. 6. Cross-sectional microstructures of the full cell fabri-
cated in this work.

Fig. 7. I-V characteristics of the full cell with different AFL
structure.

Fig. 8. Stability test results for cells with and without GDC
buffer layer.
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stant current condition of 200 mA, with the full cell includ-

ing the YSZ and YSZ/GDC bi-layer electrolytes fabricated

by the coating process. The cell showed almost no degrada-

tion up to 100 h at constant current condition if the reaction

between LSCF and YSZ can be prevented by the GDC buf-

fer layer.20) 

4. Conclusions

An SOFC cell comprised of a YSZ electrolyte, Ni-GDC

anode, and LSFC cathode was fabricated by a combination

of conventional tape-casting, sintering, and novel ceramic

thick film processes. The coating operating at room-tem-

perature allowed us to successfully avoid an interface reac-

tion between the components, and therefore the cell showed

high performance, with a maximum powder density higher

than 1 W/cm2 at 750oC; the cell also showed good stability

due to the application of a GDC diffusion barrier layer

between the YSZ electrolyte and the LSCF cathode. Anode-

supported type SOFCs with high performance and good sta-

bility were fabricated using a coating process. The process is

expected to be effective for the fabrication of next-genera-

tion high reliability metal-supported cells (MSC); study of

MSC fabrication is under development. 

Acknowledgments

This research was financially supported by the Funda-

mental Research Program of the Korean Institute of Materi-

als Science (KIMS).

REFERENCES

1. N. Q. Minh and T. Takahashi, Science and Technology of

Ceramic Fuel Cell, Elsevier Science, 1995.

2. J. Will, A. Mitterdorfer, C. Kleinlogel, D. Perednis, and L.

J. Gauckler, “Fabrication of Thin Electrolytes For Second-

generation Solid Oxide Fuel Cells,” Solid State Ionics, 131

79-96 (2000).

3. S. P. Simmer, M. D. Anderson, M. H. Engelhard, and J. W.

Stevenson, “Degradation Mechanisms of La–Sr–Co–Fe–O
3

SOFC Cathodes,” Electrochem. Solid-State Lett, 9 A478-81

(2006).

4. K. Huang, J. H. Wan, and J. B. Goodenough, “Increasing

Power Density of LSGM-based Solid Oxide Fuel Cells

Using New Anode Materials,” J. Electrochem. Soc., 148

A788 (2001).

5. T. Kawada, N. Sakai, H. Yokokawa, M. Dokiya, and I.

Anzai, “Fabrication of a Planar Solid Oxide Fuel Cell by

Tape-casting and Co-firing Method,” J. Ceram. Soc. Jpn.,

100 [1162] 847-50 (1992).

6. D. Rotureau, J. -P. Viricelle, C. Pijolat, N. Caillol, and M.

Pijolat, “Development of a Planar SOFC Device Using

Screen-printing Technology,” J. Eur. Ceram. Soc. 25 [12]

2633-36 (2005).

7. Y. J. Leng, S. H. Chan, K. A. Khor, S. P. Jiang, and P. Che-

ang, “Effect of Characteristics of Y
2
O

3
/ZrO

2
 Powders on

Fabrication of Anode-supported Solid Oxide Fuel Cells,” J.

Power Sources, 117 [1/2] 26-34 (2003).

8. W. Li, K. Hasinska, M. Seabaugh, S. Swartz, and J. Lan-

nutti, “Curvature in Solid Oxide Fuel Cells,” J. Power

Sources, 138 [1/2] 145-55 (2004).

9. M. F. Carolan and J. N. Michaels, “Growth Rates and

Mechanism of Electrochemical Vapor Deposited Yttria-sta-

bilized Zirconia Films,” Solid State Ionics, 37 [2/3] 189-96

(1990).

10. H.Y. Jung, K. S. Hong, H. Kim, J. K. Park, J. W. Son, J.

Kim, H. W. Lee, and J. H. Lee, “Characterization of Thin-

film YSZ Deposited via EB-PVD Technique in Anode-sup-

ported SOFCs,” J. Electrochem. Soc., 153 [6] A961-66

(2006).

11. T. Ishihara, K. Sato, and Y. Takita, “Electrophoretic Depo-

sition of Y
2
O

3
-stabilized ZrO

2
 Electrolyte Films in Solid

Oxide Fuel Cells,” J. Am. Ceram. Soc., 79 [4] 913-19 (1996).

12. T. Setoguchi, M. Sawano, K. Eguchi, and H. Arai, “Applica-

tion of the Stabilized Zirconia Thin Film Prepared by Spray

Pyrolysis Method to SOFC,” Solid State Ionics, 40-41 [1]

502-5 (1990).

13. M. Gaudon, Ch. L. Robert, F. Ansart, and P. Stevens,

“Thick YSZ Films Prepared Via a Modified Sol-gel Route:

Thickness Control (8~80 mm),” J. Eur. Ceram. Soc., 26

3153-60 (2006).

14. G. Schiller, R. H. Henne, M. Lang, R. Ruckdaeschel, and S.

Schaper, “Development of Vacuum Plasma Sprayed Thin-

film SOFC for Reduced Operating Temperature,” Fuel

Cells Bull., 21 [3] 7-12 (2000).

15. J.-J. Choi, S.-H. Oh, H.-S. Noh, H.-R. Kim, J.-W. Son, D.-S.

Park, J.-H. Choi, J. Ryu, B.-D. Hahn, W.-H. Yoon, H.-W.

Lee, “Low Temperature Fabrication of Nano-structured

Porous LSM-YSZ Composite Cathode Film by Aerosol

Deposition,” J. Alloy. Compd., 509 2627-30 (2011).

16. J.-J. Choi, K.-S. Cho, J.-H. Choi, J. Ryu, B.-D. Hahn, J.-W.

Kim, C.-W. Ahn, W.-H. Yoon, D.-S. Park, and J. Yun, “Elec-

trochemical Effects of Cobalt Doping on (La,Sr)(Ga,Mg)O
3-δ

Electrolyte Prepared by Aerosol Deposition,” Int. J. Hydro-

gen Energy, 37 6830-35 (2012).

17. J.-J. Choi, J.-H. Choi, J. Ryu, B.-D. Hahn, J.-W. Kim, C.-W.

Ahn, W.-H. Yoon, and D.-S. Park, “Microstructural Evolu-

tion of YSZ Electrolyte Deposited on Porous NiO-YSZ by

Aerosol Deposition,” J. Eur. Ceram. Soc., 32 3249-54

(2012).

18. J.-J. Choi, J. Ryu, B.-D. Hahn, C.-W. Ahn, J.-W. Kim, W.-

H. Yoon, and D.-S. Park, “Low Temperature Preparation

and Characterization of Solid Oxide Fuel Cells on FeCr-

Based Alloy Support by Aerosol Deposition,” Int. J. Hydro-

gen Energy, 39 [24] I2878-83 (2014).

19. J.-J. Choi, D.-S. Park, B.-D. Hahn, J. Ryu, and W.-H. Yoon,

“Oxidation Behavior of Ferritic Steel Alloy Coated with

Highly Dense Conducting Ceramics by Aerosol Deposition,”

J. Am. Ceram. Soc., 91 [8] 2601-6 (2008).

20. J.-J. Choi, D.-S. Park, B.-G. Seong, and H.-Y. Bae, “Low-

temperature Preparation of Dense (Gd,Ce)O
2-δ

-Gd
2
O

3
 Com-

posite Buffer Layer by Aerosol Deposition for YSZ Electro-

lyte-based SOFC,” Int. J. Hydrogen Energy, 37 9809-15

(2012).


