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a b s t r a c t

Functionally graded cathodes for solid oxide fuel cells are prepared using a tape casting

process. The microstructures of the cathodes are gradually changed from a finer LSCF layer

with smaller grains (to increase the number of active sites for oxygen reduction) to

a coarser LSCF layer with larger grains and higher porosity (for efficient current collection

and fast gas transportation). The microstructure and electrochemical properties of the

porous electrodes are characterized using scanning electron microscopy and electro-

chemical impedance spectroscopy, respectively. The cathodic polarization resistance of

test cells with functionally-graded LSCF cathodes fired at 1050 �C is reduced to 0.075 U cm2

at 700 �C and 0.036 U cm2 at 750 �C, demonstrating peak power densities of 371.5, 744.6, and

1075.3 mW/cm2 at 700, 750, and 800 �C, respectively.

Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction composite cathodes containing catalytically active phases
Solid oxide fuel cells (SOFC) are the cleanest andmost efficient

systems for direct conversion to electricity of a wide variety of

fuels, from hydrogen to hydrocarbons, coal gas, bio-derived

fuels, and other renewable wastes [1e6]. The performance of

the existing SOFCs is often limited by the oxygen reduction

reaction (ORR) at the cathode, more so at lower operating

temperatures [7,8]. This is especially true for SOFCs based on

thin-film electrolyte membranes, the resistances of which are

relatively small [9,10]. Several approaches have been explored

to improve cathode performance, including the development

of electro-catalytically active cathode materials or the use of
4.
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such as Sr1�xSmxCoO3�d (SSC), BaxSr1�xCoyFe1�yO3�d (BSCF),

and La0.58Sr0.4Co0.2Fe0.8O3�deCe0.8Sm0.2O2�d [11e13]. Another

effective approach is to create functionally graded structures

to enhance the charge and mass transport processes while

minimizing the mismatch in physical properties between the

electrode materials and the electrolytes, effectively over-

coming the problems associated with dissimilar materials

[14e20]. However, the long term stability of the newmaterials

and the additional interfaces between the graded materials is

a concern. Another strategy is to tailor the microstructure of

the cathode layer by layer: with finer microstructure of high

surface area closer to the electrodeeelectrolyte interface (to
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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maximize the lengthof the triple-phase boundary) and coarser

microstructure of higher porosity near the outer-layer of the

electrode (to facilitate gas transport and current collection)

[15,21e23]. In particular, it has been demonstrated that

improved performance was achieved through microstructure

optimization involving graded multi-layer cathodes [24].

LaxSr1�xCoyFe1�yO3�d (LSCF) based cathodes have attracted

much attention for low-temperature SOFCs because they not

only have high electronic and oxygen ion conductivity but also

show good compatibility with YSZ electrolyte if doped ceria is

used as a buffer layer between YSZ and the LSCF cathode

[25e29]. Recently, we developed a tape casting process to

fabricate LSCF cathode [30], which showed good performance

and repeatability for SOFC application. However, the micro-

structures of the LSCF cathodes need to be further optimized

to achieve higher performance.

In this paper, we report our finding on cathodes graded in

microstructure for SOFCs fabricated by tape casting. The LSCF

cathodes, consisting of fine inner-layer and coarse outer-

layer, were fabricated using a tape casting process, a tech-

nique widely used for fabrication of thin and thick films of

porous and dense ceramic materials. The observed electro-

chemical performances of the graded cathodes are very

encouraging for the development of YSZ fuel cells operated at

temperatures below 800 �C.
Graded LSCF
GDC
YSZ
Active NiO-YSZ

NiO-YSZ 

Graded LSCF
GDC
GDC pellets

Fig. 1 e Schematic cross-sectional views of (a)

a symmetrical cell and (b) an anode-supported cell used for

performance evaluation of LSCF electrodes.
2. Experimental

2.1. Fabrication of functionally graded LSCF tape

In this study, LSCF were prepared by tape casting using

a commercially available LSCF powder (LSCF-C fuel cell

materials Inc.), LSCF-CA powder prepared by a citric acid

complexing method [31], and graphite powders (Aldrich).

Then, two kinds of powders were separately mixed with

ethanol and xylene to form an aqueous slurry containing

binders (Polyvinyl Butyral, PVB, Richard), plasticizers (Poly-

alkylene Glycol, PAG and Butyl Benzyl Phthalate, BBP,

Richard) and a dispersant (Menhaden Fish Oil, Richard E.

Mistler). The relative amounts of PVB, PAG, BBP, and fish oil

were w6%, 5%, 3%, and 3%, respectively, of the total weight of

the oxides. Graphite was also added to the slurry in a quan-

tity equal to 5% and 25% of the total weight of the oxides for

fine inner-layer and coarse outer-layer, respectively. All tape

cast slurries were prepared using a two-stage milling process.

The initial slurry contained only powder, solvent and

dispersant and was ball-milled for 24 h prior to addition of

the other constituents. The mixture was ball-milled for

another 24 h to obtain a uniform and stable slurry, which was

then degassed at room temperature under vacuum of

w1 � 10�1 bar for 5 min before tape casting. Graded LSCF tape

with one coarse outer-layer (powder from commercial LSCF)

and one fine inner-layer (powder from citric acid method)

were co-casted by tape casting (TCS). Further, a single layer

LSCF tape (powder from commercial LSCF) was also casted

for comparison. The thickness of the graded tape and the

single-layer LSFC tape were 40 mm. The LSCF tapes were

allowed to dry overnight before punched to pieces of LSCF

green tapes.
2.2. Fabrication of symmetrical cells and anode
supported cells

2.2.1. Symmetrical cell
The symmetrical cells based on GDC were fabricated as

follows. GDC pellets were prepared by pressing commercial

GDC powder (SY, ULSA) in a cylindrical stainless steel mold

(13 mm in diameter) with a uniaxial dry press at a pressure of

300 Mpa for 1 min, followed by sintered at 1450 �C for 5 h. The

density of the pellets was about 98% of the theoretical value as

determined by the Archimedes’ method. The LSCF tapes were

bound on GDC surface using a GDC slurry, followed by firing at

1050 �Ce1150 �C for 2 h.

2.2.2. Anode supported cell
Anode supported cells with a configuration of NiOeYSZ

(800 mm) jNiOeYSZ active layer (15 mm)jYSZ electrolyte (15 mm)

were prepared by co-casting method as described elsewhere

[32]. After dried in air for overnight, the green tape was

punched to 13 mm in diameter and followed by sintering at

1400 �C for 5 h to get half cells. The LSCF tapes were then

bound onto YSZ surface by a GDC slurry, followed by firing at

1050 �C for 2 h. The configuration of symmetrical cells and

anode supported cells are shown in Fig. 1.

2.3. Characterization of microstructure and
electrochemical performance

The specific surface areas of LSCF powders as well as the LSCF

tapes were characterized by BET surface-area measurements

(Micromeritics, ASAP 2000). The morphology and microstruc-

ture of the cells were examined using a thermally assisted

field emission scanning electron microscope (SEM, LEO 1530).

Both symmetrical cells and anode supported cells were

used for electrochemicalmeasurement. Pt meshwas attached

to both sides of a symmetrical cell as current collector for

electrical measurements. The cells were electrochemically

characterized with a Solartron 1287 potentiostat coupled with

a Solartron 1255 HF frequency response analyzer, in the

frequency range of 100 kHze0.01 Hz (signal amplitude was

10 mV). Each anode supported cell was mounted on an

alumina tube and testedwith humidified (3%H2O) hydrogen as

fuel and ambient air as oxidant.
3. Results and discussion

The microstructures and the specific surface areas of the

prepared LSCF tapes were analyzed using SEM and BET. As

summarized in Table 1, the surface areas of the LSCF-C

powder and LSCF-CA powder were about 5.4 and 13.62 m2/g,

http://dx.doi.org/10.1016/j.ijhydene.2012.10.048
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Table 1 e BET surface areas of powders and fired tapes
used in this study.

Materials/tapes Surface area (m2/g)

Commercial powder 5.4

Citrate powder 13.62

Single tape-1050 3.87

Graded tape-1050 6.27

Graded tape-1100 4.40

Graded tape-1150 3.90

Fig. 3 e Interfacial polarization resistances of different

LSCF tape electrodes as measured in symmetrical cells in

ambient air.
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respectively. Due to the high surface area of the LSCF-CA

powder, it may increase the number of active sites for

oxygen reduction when it is used as the fine layer of the

cathode, hence enhancing the cathode performance. With the

two powders as precursors, the specific surface area of the

graded LSCF tape cathode was 6.27 m2/g when fired at 1050 �C
for 2 h, which is much higher than that of a single layer LSCF

tape cathode prepared using the commercial powder, 3.87m2/

g. The results are consistent with the SEM analysis. Shown in

Fig. 2aee are the cross sectional views of two different LSCF

tapes fired at 1050 �C for 2 h. Fig. 2a shows an image of a single

LSCF tape cathode fabricated from a commercial powder. A

homogeneous distribution of particles and pores is seen

throughout the cathode, from the cathode/electrolyte inter-

face to the top of the cathode. No distinguishable variation in

microstructures is observed across individual layers. Fig. 2b

shows a clear view of the graded microstructure with 10 mm

fine inner-layer and 30 mm coarse outer-layer. Fig. 2c and e

shows the coarse outer-layer with 1e3 mm grain size and fine

inner-layer with 50e300 nm grain size, respectively. The

interface of the two graded layers changed gradually, and the

buffer layer GDC enhanced the interface of GDC and LSCF, as

shown in Fig. 2d and e.

Fig. 3 illustrates the effect of microstructure on the inter-

facial resistance. It is observed that, at a given temperature,

the interfacial polarization resistances of graded tape
Fig. 2 e Cross sectional views (SEM images) of a single-layer LSC

(a) a single tape; (b) a graded tape; (c) the coarse outer-layer; (d) t
cathodes (0.036 U cm2 at 750 �C) are about one-half of that for

a single tape (0.061 U cm2 at 750 �C). The graded tape cathodes

dramatically increased the cathode performance of LSCF,

since fine inner layer showed higher surface area and smaller

grain size, which significantly increases the number of active

sites for oxygen reduction compared to a single coarse layer

LSCF cathode.

However, further increasing the firing temperature

reduced the specific surface area of the graded tape cathode

significantly, because the higher firing temperature caused

gain growth and porosity decrease. As shown in Table 1, the

specific surface area decreased from 6.27 to 3.90 m2/g as the

firing temperature was increased from 1050 to 1150 �C. The
significant decrease in specific surface area of the cathode

resulted in dramatic lose in the number of active sites and

increase of the polarization resistances. Fig. 4 shows the effect
F cathode and a graded LSCF tape electrode fired at 1050 �C:
he interface of the graded LSCF tape; (e) the fine inner-layer.
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Fig. 4 e Electrode polarization resistance, as measured in

symmetric cells, of graded LSCF tape electrodes fired at

different temperatures.

Fig. 6 e A cross-sectional view (SEM image) of an anode-

supported single cell with a configuration of LSCF/GDC

jYSZj NiOeYSZ.
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of firing temperature on the interfacial resistance of graded

tape in the symmetric cell study. The LSCF tape fired at 1050 �C
(g-tape-1050) displayed better performance than the tape fired

at higher temperatures.

Fig. 5 compares the interfacial resistances of graded tape

and functionally graded cathodes prepared using other

methods [15,16,18e20]. Clearly, the functionally graded cath-

odes fabricated by tape casting technique display much

smaller electrode polarization resistances than those

prepared by other techniques. At 700 �C, for example, the

cathodic polarization resistance for graded tape is only

0.075U cm2, compared to 0.21U cm2 [15] and 0.74U cm2 [18] for

another graded cathodes, representing three times to one

order of magnitude improvement. The superior electro-

chemical performance of the functionally graded tape is

ascribed to the following reasons. It is believed that LSCF

comprised of a fine inner-layer and coarse outer-layer can
Fig. 5 e Comparison of cathodic polarization resistances of

a composite cathode and several graded cathodes prepared

using different fabrication processes.
reduce electrochemical polarization resistance Rp,elchem and

diffusion polarization resistance Rp,diff, respectively [31].

The performance of the graded LSCF cathode was further

evaluated in anode-supported cells. In order to avoid the

reaction between YSZ and LSCF, a GDC buffer layer, fabricated

by a slurry coating process, was introduced between YSZ and

LSCF tape. The LSCF tape was directly put on the surface of

a GDC buffer layer, followed by co-firing at 1050 �C for 2 h to

form a single cell. A cross-sectional view of the anode-

supported cell is shown in Fig. 6.

Fig. 7 shows the cell voltages and power densities as

a function of current density for anode-supported cells with

graded cathode fabricated by tape casting. Peak power

densities of 371.5, 744.6, and 1075.3 mW/cm2 are demon-

strated at 700, 750, and 800 �C, respectively, which are higher

than those reported elsewhere under similar conditions [20].

Compared to other fabrication process, such as screen

printing [33] and spray process [34] which have been applied to

fabrication of porous layer, tape casting can easily control the

thickness and morphology of porous electrodes at low cost.
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Fig. 7 e Currentevoltage (IeV) and currentepower (IeP)

curves of an anode-supported single cell with graded LSCF

cathode tested at 700e800 �C using humidified hydrogen

as the fuel and ambient air as the oxidant.
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4. Conclusions

Both single layer and graded LSCF cathodes were successfully

fabricated by a tape casting process. Compared to single layer

LSCF cathode, the graded cathode showed improved electro-

chemical performance due to the functionally-graded micro-

structure of the LSCF cathode: finer inner LSCF layer for

electrochemical reaction and coarse outer-layer for current

collection and gas transport. Sintering temperature has

significant effects on the microstructures of the graded

cathode and therefore on their electrochemical performance.

Low interfacial polarization resistance of 0.036 U cm2 at 750 �C
was achieved in GDC-based symmetrical cells when the

functionally graded LSCF cathode was fired at 1050 �C for 2 h.

With graded LSCF cathodes on anode-supported YSZ-based

cells, excellent performances were achieved at 700e800 �C.
The results suggest that the performance of conventional

cathodes can be considerably improved by microstructure

optimization and the tape casting process has potential to

further reduce the fabrication cost of SOFCs.
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