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This paper investigates a (La0.6Sr0.4)(Co0.2Fe0.8)O3 (LSCF)eY0.16Zr0.92O1.96 (YSZ)eGd0.1Ce0.9O2�d

(GDC) dual composite cathode to achieve better cathodic performance compared to an

LSM/GDCeYSZ dual composite cathode developed in previous research. To synthesize the

structures of the LSCF/GDCeYSZ and LSCF/YSZeGDC dual composite cathodes, nano-porous

composite cathodes containing LSCF, YSZ, and GDC were prepared by a two-step

polymerizable complex (PC) method which prevents the formation of YSZeGDC solid

solution. At 800 �C, the electrode polarization resistance of the LSCF/YSZeGDC dual

composite cathode showed to be significantly lower (0.075 U cm2) compared to that of

a commercial LSCFeGDC cathode (0.195 U cm2), a synthesized LSCF/GDCeYSZ dual

composite cathode (0.138 U cm2), and an LSM/GDCeYSZ dual composite cathode

(0.266 U cm2) respectively. Moreover, the NieYSZ anode-supported single cell containing the

LSCF/YSZeGDC dual composite cathode achieved a maximum power density of 1.24 W/cm2

and showed excellent durability without degradation under a load of 1.0 A/cm2 over 570 h of

operation at 800 �C.

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

reserved.
1. Introduction diffusion [1e6]. To reduce the large polarization losses, LSM/
Solid oxide fuel cells (SOFCs) are a promising next generation

power generation system due to their high energy efficiency

and flexibility to utilize various fuels. Moreover, SOFCs can

result in reduced CO2 emissions compared to most currently

available hydrocarbon fuel systems. Recently, much focus has

been placed on the development of SOFCs which can achieve

both high power density and long-term stability. Most SOFCs

are still operated at temperatures of 800 �C or above to avoid

large polarization losses, thermal mismatch, and interfacial
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GDCeYSZ dual composite cathodes have been introduced

where the LSM and GDC nano-particles are both coated on the

YSZ core particles which results in greater performance and

durability, demonstrated in our previous research [5,7]. The

main purpose of introducing dual composite cathodes is to

create an ideal cathodemicrostructure which improves phase

contiguity and interfacial coherence [5]. To achieve this sort of

improved performance and a more durable cathode than the

LSM/GDCeYSZ dual composite cathode, an LSCFeGDC based

cathode has been introduced, because of its high catalytic
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activity. When using the LSCFeGDC cathode, it is generally

inserted GDC interlayer between the LSCFeGDC cathode and

YSZ electrolyte to prevent the formation of secondary phase

such as La2Zr2O7 and SrZrO3. But even in this case, the

GDCeYSZ solid solution, which decreases the ionic conduc-

tivity, can be formed by reaction between GDC interlayer and

YSZ electrolyte and this may worsen the electrochemical

performance of single cell. For that reason, it has been focused

on the development of the single cell without using GDC

barrier layer. Moreover, the YSZ material was added on the

LSCFeGDC cathode to increase the interfacial coherence and

interconnectivity with electrolyte.

In this study, two types of LSCFeYSZeGDC dual composite

cathodes have been evaluated to further improve the LSM/

GDCeYSZ dual composite cathode performance. The two

types of LSCFeYSZeGDC dual composite cathode structures

have been expressed as LSCF/YSZeGDC and LSCF/GDCeYSZ,

respectively; when LSCF and YSZ phases are placed on the

GDC core particles, the structure is referred as LSCF/YSZeGDC

and vice versa for the other. A two-step polymerizable

complex (PC) method based on polyesterification between

citric acid (CA) and ethylene glycol (EG) was utilized for the

synthesis of the nano-composite material, which also

prevents the formation of GDCeYSZ solid solution among

impregnation, co-precipitation, amorphous citrate, polymeric

gel, glycineenitrate process, citrate/solegel route and PC

methods [9e13]. Moreover, YSZ electrolyte was used instead

of GDC electrolyte due to the difficulty of securing the dura-

bility with GDC electrolyte under a reducing atmosphere at

a low oxygen pressure [28]. The cathodic polarization resis-

tance and the durability of the LSCFeYSZeGDC dual

composite cathode were examined and the fuel cell perfor-

mances of NieYSZ anode-supported single cells containing

the LSCFeYSZeGDC cathode were evaluated.
2. Experimental

2.1. Synthesis of LSCFeYSZeGDC dual composite
powder

Fig. 1 shows the synthetic procedure of the LSCFeYSZeGDC

dual composite powder using a two-step polymerizable

complex method [7]. Stoichiometric amounts of LaN3O9�6H2O

(Aldrich, 99.99%), SrN2O6 (Aldrich, 99þ%), Co(NO3)2�6H2O

(Aldrich, 98þ%), and FeN3O9�6H2O (Aldrich, 98%) along with

citric acid (Junsei Chemical Co., 99.5%) were dissolved in de-

ionized water and subsequently, ethylene glycol (Ducksan

Pure Chemical, 99.5%) and GDC (Rhodia) core particles were

added. Upon heating at 120 �C, polyesterification between the

metal ions (La, Sr, Co, and Fe), citric acid, and ethylene glycol

occurred. The polymeric resin was transformed into LSCF

conjugated on the GDC core particles after calcination at

800 �C. Experiments using LSCFeGDC as core particles pro-

ceeded with nitrate materials to synthesize the LSCF/

YSZeGDC dual composite materials. LSCF/GDCeYSZ dual

composite materials were synthesized using the same

synthesis procedure of the LSCF/YSZeGDC dual composite

materials. To identify the formation of crystalline phases

without any secondary phases such as La2Zr2O7, SrZrO3, and
a GDCeYSZ solid solution, the powders were characterized by

X-ray diffraction (XRD, Ringaku). Then, the microstructure,

composition distribution, and porosity of the composite

powders were characterized by Scanning Electron Microscopy

(SEM, FEI), Energy Dispersive Spectroscopy (EDS, FEI), and

Archimedes method, respectively. Furthermore, an Electro-

phoretic Light scattering Spectrophotometer (ELS, Otsuka

electronics) was utilized to confirm the existence of conju-

gated nano-sized particles on the core particles by observing

the changes of the surface charge of the powder [14].

2.2. Electrical analysis and performance evaluation of
LSCFeGDCeYSZ dual composite cathodes

To evaluate the cathodic performance of the composite

cathodes, symmetric cells (cathode layer//YSZ electrolyte//

cathode layer) were prepared using two different types of

composite cathode: LSCF/GDCeYSZ dual composite and LSCF/

YSZeGDC dual composite cathodes. The composite cathodes

were screen-printed on both sides of YSZ discs (sintered at

1400 �C for 3 h) and fired at 850 �C, 900 �C, and 950 �C. Elec-
trochemical impedance measurements were performed on

the symmetric cells using AC impedance spectroscopy

(Solartron SI 1260/1287) and in the frequency range of

100 kHze0.1 Hz with an applied AC voltage amplitude at

800 �C. Thermal cycle tests were completed by the schedule as

proceeded in our earlier research [7,15e19].

NieYSZ anode-supported cells containing the LSCF/

YSZeGDC dual composite cathode were also fabricated to

evaluate the fuel cell performance. NiOeYSZ anode supports

(Ni:YSZ ¼ 50:50 vol %) were formed by uni-axial pressing.

Then, the anode supports were heated at 650 �C for 3 h to

remove the pore former and were pre-sintered at 1200 �C for

3 h. A thin and dense YSZ electrolyte (6e7 mm) was dip-coated

onto the anode support. One side of the support (YSZ//anode

support//YSZ) was polished to eliminate the YSZ electrolyte

after sintering at 1350 �C for 3 h. Finally, the LSCF/YSZeGDC

dual composite cathode was screen-printed on the top of the

YSZ/anode support, followed by firing at 900 �C for 4 h. The

fuel cell performance and long-term stability of the NieYSZ

anode-supported unit cells were measured using hydrogen as

a fuel and air as an oxidant at 800 �C and 650 �C.
3. Results and discussion

3.1. Characteristics of the LSCFeYSZeGDC dual
composite powder

To confirm the synthesis results and the formation of

secondary phases, the peaks of the synthesized LSCF/

YSZeGDC and LSCF/GDCeYSZ particles were compared with

commercial YSZ, GDC, and LSCF peaks. As seen in Fig. 2, only

the primary phases including the LSCF perovskite, YSZ cubic,

and GDC cubic phases were detected without formation of

YSZeGDC solid solution, La2Zr2O7, and SrZrO3. This demon-

strates that the two-step PCmethod prevents the formation of

secondary phases, as confirmed in previous results [7]. Fig. 3

(a) and (b) show the zeta potential values and electroosmotic

stream plot (EOS plot) of the commercial GDC and synthesized
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Fig. 1 e Ideal structures of nano-composite powders and flow charts of the synthesis processes of the LSCF/YSZeGDC and

LSCF/GDCeYSZ dual composite powders.

Fig. 2 e XRD patterns of commercial YSZ, GDC, LSCF,

synthesized LSCF/YSZeGDC, and LSCF/GDCeYSZ dual

composite powders calcined at 800 �C.
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LSCF/YSZeGDC dual composite particles. The existence of

conjugated nano-particles on the GDC core particles can be

confirmed from the surface charge difference between the

commercial GDC core particles (29.56mV) and the synthesized

LSCF/YSZeGDC dual composite particles (�6.67 mV). More-

over, the zeta potential levels of the LSCF/YSZeGDC dual

composite particles maintained parabolic shapes demon-

strating that the coated particles were well dispersed on the

core particles [14]. Even in the LSCF/GDCeYSZ dual composite

particles, a similar phenomenon was observed, as seen in

Fig. 3 (c) and (d). To prove that the conjugated nano-particles

are LSCF and YSZ phases, SEMeEDX observations were

made. As seen in Fig. 4, nano-sized LSCF and YSZ particles

(15e20 nm) were thoroughly placed on the GDC core particles

and the LSCF/YSZeGDC dual composite particles existed as

w490 nm sized agglomerates.

3.2. Performance evaluation of the LSCFeGDCeYSZ
dual composite cathode

The total interfacial polarization resistances of symmetric

cells containing the LSCF/GDCeYSZ and LSCF/YSZeGDC dual

composite cathodes with respect to the cathode firing

temperature are shown in Fig. 5. The electrode polarization

resistance of the cathode is represented as half of the total

interfacial polarization resistance of the symmetric cell,

which is comprised of two symmetrical cathodes [20]. Hence,

the electrode polarization resistances of the LSCF/YSZeGDC

dual composite cathodes fired at 850 �C, 900 �C, and 950 �C
were 0.142 U cm2, 0.075 U cm2 and 0.115 U cm2, respectively.

Polarization resistances of 0.204 U cm2 (850 �C), 0.138 U cm2

(900 �C) and 0.172 U cm2 (950 �C) were obtained for the LSCF/
GDCeYSZ dual composite cathodes. Moreover, the commer-

cial LSCFeGDC cathode fired at 1000 �C showed a polarization

resistance of 0.195 U cm2. Therefore, the LSCF/YSZeGDC dual

composite fired at 900 �C showed the lowest electrode polar-

ization resistance (0.075 U cm2) compared to the commercial

LSCFeGDC cathode (0.195 U cm2) and the LSCF/GDCeYSZ dual

composite cathode (0.138 U cm2). The LSCF/YSZeGDC (surface

area: 14.686 m2/g) and LSCF/GDCeYSZ (surface area:

19.525 m2/g) dual composite cathodes showed better perfor-

mances than the commercial LSCFeGDC cathode due to the
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Fig. 3 e EOS plots and surface charges of (a) commercial GDC, (b) synthesized LSCF/YSZeGDC dual composite powder, (c)

commercial YSZ, and (d) synthesized LSCF/GDCeYSZ dual composite powder.
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extension of the TPB reaction sites which can improve the

electrochemical reaction [21e23]. It can be other reason that

the high polarization resistance of the commercial LSCFeGDC

cathode is low interfacial coherence with YSZ electrolyte

because the GDC buffer layer was not inserted between

cathode and electrolyte. In case of the LSCF/YSZeGDC dual

composite cathode, the YSZ nano-particles are coated on the

cathode surface to improve the interfacial coherencewith YSZ

electrolyte. The large amounts of the GDC materials, which

have a higher ionic conductivity than YSZ, are also composed

within the cathode. Those are considered to be the reason that

the LSCF/YSZeGDC dual composite cathode demonstrated

better performance than the LSCF/GDCeYSZ dual composite
cathode. Moreover, the electrode polarization resistance of

the LSCF/YSZeGDC dual composite cathode was 75% lower

than that of the LSM/GDCeYSZ dual composite cathode

(0.266 U cm2) because The LSCF materials do not only have

a higher vacancy concentration and also have a better cata-

lytic activity to oxygen reduction than LSM during the cathode

reaction [8]. In this research, there are two important factors

which determine the polarization resistance of the cathode.

One factor is the porosity of the LSCF/YSZeGDC dual

composite cathode which depends on the firing temperature,

as seen in Fig. 6. The cathode which was fired at 850 �C had

a porosity of 44.3%. The high porosity can increases the elec-

trode polarization resistance due to the low connectivity

http://dx.doi.org/10.1016/j.ijhydene.2012.08.099
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Fig. 4 e SEMeEDS data for the LSCF/YSZeGDC dual composite powder.

Fig. 5 e Electrode polarization resistances of the (a) LSCF/GDCeYSZ and (b) LSCF/YSZeGDC dual composite cathodes with

respect to the cathode firing temperature compared with a (c) commercial LSCFeGDC cathode.
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between cathode particles. In contrast, when the cathode was

fired at temperatures over 950 �C, exacerbation of the cathode

pore structure which increases the mass transport resistance

was caused by the over-sintered cathode particles. The other
Fig. 6 e Porosities of LSCF/YSZeGDC dual composite

cathode and commercial LSCFeGDC cathode as a function

of the firing temperature.
important factor is the formation of the secondary phase

between LSCF and YSZ. According to other research, the

secondary phases are generally formed at 1000 �C [24].

However, the formation temperature of the secondary phases

can be reduced by of the high activity of the nano-sized

cathode particles. To evaluate the reaction between LSCF

and YSZ as a function of the firing temperature, nano-sized

LSCF and YSZ particles synthesized by the PC method were

mixed, fired and analyzed by XRD. Only the secondary phase

of SrZrO3 was detected when the firing temperature was over

850 �C, as seen in Fig. 7. However, a very small quantity of

La2Zr2O7 with respect to the total volume can be possibly

existed, even though not detected by XRD. Those secondary

phases are generally known that they can significantly

undermine the electrochemical performance when they are

spreading well between the LSCF and ionic phase. According

to the previous research concerning the secondary phases of

La2Zr2O7 and SrZrO3, SrZrO3 do not have a serious effect on the

electrochemical performance unlike La2Zr2O7 [25]. Together,

these results indicate that the increase of the cathodic polar-

ization resistance is mostly caused by microstructural

changes within the LSCF/YSZeGDC dual composite cathode.

Thermal cycle testing was performed with the LSCF/

YSZedual composite cathode and commercial LSCFeGDC
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Fig. 7 e XRD patterns of the LSCFeYSZ composite powders

as a function of the firing temperature: (a) as-calcined at

800 �C, (b) as-fired at 850 �C, (c) 900 �C, (d) 950 �C, and (e)

1000 �C.

Fig. 9 e Electrochemical performance of a NieYSZ anode

supported single cell containing the LSCF/YSZeGDC dual

composite cathode.

Fig. 10 e Long-term stability of a NieYSZ anode supported

single cell containing the LSCF/YSZeGDC dual composite

cathode.
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cathode to confirm the cathode stability. After completing half

of the 50 thermal cycle tests, the electrode polarization

resistance of the commercial LSCFeGDC cathode increased by

138%. It is considered that the drastic reduction of the

commercial LSCFeGDC cathode stability is caused by coars-

ening of the LSCF phase or the absence of the GDC buffer layer,

which worsen the interconnectivity with the YSZ electrolyte

[20,21,26,27]. However, for the LSCF/YSZeGDC dual composite

cathode, the electrode polarization resistance remained

nearly constant after the 50 thermal cycle tests (Fig. 8). This

result shows that the dual composite cathode maintains

larger TPB sites and well established ionic/electronic

conduction paths during the thermal cycle test.

Fig. 9 shows the fuel cell performance of the NieYSZ

anode-supported single cells containing the LSCF/YSZeGDC

dual composite cathode. The maximum power densities were

0.5 W/cm2 and 1.24 W/cm2 at 650 �C and 800 �C, respectively,
Fig. 8 e Thermocycle test data for the commercial

LSCFeGDC cathode and LSCF/YSZeGDC dual composite

cathode.
in reactive gases of hydrogen (250 cc/min) and air (500 cc/min).

This represents a huge improvement of the fuel cell perfor-

mance since the LSM/GDCeYSZ dual composite cathode was

developed (maximum power density of 0.65 W/cm2 at 800 �C)
[7]. Furthermore, a durability test was performed under

a static load of 1.0 A/cm2 at 800 �C, as shown in Fig. 10. During

570 h of testing, the cell showed no degradation and main-

tained a voltage range of 0.719e0.725 V. This enhanced dura-

bility result is attributed to the microstructure stability,

similar to the results of the thermal cycle testing.
4. Conclusion

LSCF/GDCeYSZ and LSCF/YSZeGDC dual composite cathodes

were investigated to enhance the electrochemical perfor-

mance of the LSM/GDCeYSZ dual composite cathode which
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was previously developed. The LSCF/GDCeYSZ and LSCF/

YSZeGDCdual composite cathodematerialswere successfully

synthesized by a two-step polymerizable complex method

whichcanprevent the formationofYSZeGDCsolid solution. In

symmetrical half cell tests at 800 �C, the LSCF/YSZeGDC dual

composite cathode showed a lower electrode polarization

resistance (0.075 U cm2) than the commercial LSCFeGDC

cathode (0.195 U cm2) and the LSCF/GDCeYSZ dual composite

cathode (0.138 U cm2). Moreover, the cathodic performance of

the LSCF/YSZeGDC dual composite cathode was 75% better

than that of the LSM/GDCeYSZ dual composite cathode

(0.266 U cm2) developed in previous research. This improve-

ment of the cathodic performance is caused by using LSCF

materials, which have high electrical conductivity and ionic

conductivity, instead of LSMmaterials. After completion of the

50 thermal cycle tests, the electrode polarization resistance of

the LSCF/YSZeGDC dual composite cathode remained nearly

constant. By contrast, the electrode polarization resistance of

the commercial LSCFeGDC cathode increased by 138% after

only 25 thermal cycles. Furthermore, a NieYSZ anode-

supported single cell with the LSCF/YSZeGDC dual composite

cathode showedmaximum power densities of 0.5 W/cm2 and

1.24 W/cm2 at 650 �C and 800 �C, respectively. At 800 �C, this
single cell didnot showanydegradationover 500hof operation

under a load of 1.0 A/cm2.
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