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ABSTRACT

To reduce the lateral conduction loss of thin-film-processed cathodes, the microstructure of the thin-film cathode is engineered

to contain a denser bridging layer in the middle. By doing so, the characteristic crack-like pores that separate the cathode

domains in thin-film-processed cathodes and hamper lateral conduction are better connected and, as a result, the sheet resis-

tance of the cathode is effectively reduced by a factor of 5. This induces suppression of the lateral conduction loss and expansion

of the effective current collecting area; the cell performance is improved by more than 30%. 
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1. Introduction

ethods of lowering the operating temperature of solid

oxide fuel cells (SOFCs) have been actively studied in

attempts to improve the reliability of cells and stacks and to

reduce the production cost.1-4) However, the electrochemical

reaction of SOFCs is a thermally activated process, and this

process significantly deteriorates with decreasing of the

operating temperature. To lower the operating temperature

of SOFCs, reducing the resistance through microstructure

control is one of the most commonly used approaches.5-8) In

this approach, a nanostructured cathode fabricated by thin-

film processing is expected to increase the surface area and

the number of reaction sites of oxygen exchange, which will

lead to higher performance than that possible with conven-

tional powder-processed cathodes.6,8)

Nevertheless, due to the thinness of the thin-film cathode

in comparison with the conventional cathode, sheet resis-

tance in the thin-film processed cathode is substantially

high, which hampers lateral conduction. It has been

reported that the resistance associated with lateral elec-

tronic transport in the cathode is commonly smaller than

other resistances from oxygen ion diffusion, and especially

smaller than the resistance from the oxygen reduction reac-

tion (ORR).8-10) However, with the improved performance

due to the application of nanostructures, the resistance

from ion diffusion and ORR are significantly reduced and

the proportion of the sheet resistance increases in the total

resistance. The sheet resistance of a thin-film cathode is

inversely proportional to the thickness of the film; thus, it is

possible to reduce the sheet resistance by increasing the

thickness of the cathode. However, it is difficult to increase

the thickness of the thin-film cathode beyond a certain

thickness (> ~7 μm) because of the weak interface strength11)

and the limitation of the deposition rate of the thin-film pro-

cess. 

In addition to the problem of thinness, the thin-film-pro-

cessed cathodes contain crack-like pores that further hinder

the lateral current flow. Therefore, in the previous study,

several methods for reducing the lateral conduction loss by

changing the cell testing configuration were employed; as a

result, cell performance was improved by more than 30%.12)

The cell testing configuration change in the previous study

included a rib design change in the metal interconnector

and a contact mesh material change to improve the connec-

tion between the cathode domains separated by crack-like

pores.12)

To attempt a different sort of solution to the problem of

lateral conduction loss in the thin-film cathode, in the pres-

ent study we try to improve the lateral current flow by engi-

neering the microstructure of the cathode. As can be seen in

Fig. 1, by inserting a relatively denser layer in the middle of

the nano-porous cathode layer, we can bridge the domains

and facilitate lateral conduction while not impeding the gas

transport at the cathode surface. To investigate the effect of

this type of cathode engineering, full cell tests were per-

formed and the area specific resistance (ASR) values and
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power outputs of the cell with the modified cathode were

compared with those of the cell with the original cathode.

2. Experimental Procedure

A 2 cm × 2 cm NiO-YSZ anode supported cell up to an

yttria-stabilized zirconia (YSZ) electrolyte was fabricated by

conventional powder processing. An NiO-YSZ (NiO/8YSZ =

56:44 wt. %) anode support was fabricated by tape casting

and an YSZ electrolyte layer was screen printed. The thick-

ness of the YSZ electrolyte was approximately 3 μm after

sintering. A 200 nm-thick gadolinia doped ceria (GDC) buf-

fer layer was deposited on the YSZ layer by pulsed laser

deposition (PLD) at 700oC and an ambient oxygen pressure

(P
amb

) of 6.67 Pa. An approximately 3 μm thick lanthanum

strontium cobaltite (LSC) layer was deposited on the GDC

by PLD at room temperature and at a P
amb

 of 13.3 Pa. A

modified-structured cathode, used to reduce the sheet resis-

tance, was fabricated in three layers, as shown in Fig. 1.

The first layer was deposited at a P
amb

 of 13.3 Pa, the second

layer was deposited at a P
amb

 of 6.67 Pa, and the third layer

was deposited at a P
amb

 of 13.3 Pa. Each layer was 1 μm-

thick so as to match the total thickness of the original cath-

ode. The layers were subsequently deposited at each ambi-

ent pressure at room temperature and without breaking the

vacuum. The thickness of the cathode (~3 μm) was deter-

mined to prevent cathode/electrolyte delamination. Both

cells were subjected to post-annealing at 650oC for 1 h to

induce crystallization and a porous microstructure of the

cathode. The microstructures of each cell were observed

using scanning electron microscopy (SEM). 

Electrochemical characterization was performed by full

cell measurement. A detailed cell test configuration is

described in our previous study.12) One thing to note is that,

because the purpose of this study was to investigate the

effect of cathode microstructure engineering, the cell testing

employed a 250 μm-grid Pt mesh as a current-collector

instead of an Au mesh; this was done to intentionally leave

current collection loss from the test configuration. The cell

operating temperature varied from 650 to 500oC at intervals

of 50oC, and the electrochemical impedance spectra (EIS)

and current-voltage-power (I-V-P) curves were obtained at

each temperature. An Iviumstat electrochemical analyzer

(Iviumstat, Ivium Technologies) was used to obtain these

EIS and I-V-P curves; each EIS was observed over a fre-

quency range of 106 Hz to 10−1 Hz. The AC amplitude of the

impedance measurements was 50 mV. The sheet resistance

of the thin films at room temperature was determined using

four-point probe measurement (CMT-SR2000N, AIT Co.).

3. Results and Discussion

Figure 2 shows the surface morphologies of the LSC cath-

ode with respect to the deposition ambient pressure varia-

tion. As was reported earlier, a crack-like separation of the

cathode domains developed in the thin film LSC cathodes.13)

The separation reached the interface between the cathode

and the electrolyte. However, it is obvious that when the

process pressure is 6.67 Pa, the domain area is much larger

and the connection between the domains also increases with

the reduced number and width of crack-like pores. This

result confirms that the lateral physical connection can be

controlled by changing only the process pressure to change

the density (i.e. the packing of the deposit) of the layer.

Nevertheless, if the entire cathode is formed as a dense

layer, even if the sheet resistance can be reduced, air diffu-

sion is impeded and the surface area (2 phase boundary) is

reduced. Therefore, we introduced a denser structure in the

middle of the cathode, in between the porous layers. Fig. 3

shows the microstructure of the cathodes of the original and

modified structures. By inserting the denser layer in the

Fig. 1. A schematic of the modified cathode structure.

Fig. 2. Surface morphologies of LSC cathodes deposited at
(a) 6.67 Pa (b) 13.3 Pa after post-annealing.

Fig. 3. SEM micrographs of the cathodes of (a) original
structure (b) modified structure.
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middle, the number density of cracks through the entire

cathode thickness is reduced and the connectivity between

the domains is increased. In terms of the electrical property,

the sheet resistance measured at room temperature is

reduced about 5 times in the modified structure (original

structure ~ 500 Ω/□, modified structure ~ 90 Ω/□). The

microstructural and electrical properties suggest that the

modified structure can improve lateral electrical conduction

by bridging the cathode domains with the inserted layer. 

To investigate the effect of the cathode structure modifica-

tion and the full cell performance, I-V-P curves and

Nyquist plots of the EIS of two cells at 600oC were pro-

vided, as shown in Figs. 4(a) and 4(b), respectively. By

changing the cathode structure, the peak power density

increased by 211 mWcm−2 (576 → 787 mWcm−2) and the

power density at 0.7 V increased by 137 mWcm−2 (451 →

588 mWcm−2); these values represent improvements in the

cell performance of more than 30%. In Fig. 4(b), the EIS

curves at the OCV of the two cells have similar shapes, with

different ohmic and polarization resistance values. The

ohmic ASR (ASR
ohm

) was reduced from 0.214 to 0.152 Ωcm2;

the polarization ASR (ASR
pol

) was reduced from 0.980 to

0.688 Ωcm2; both of these reductions were due to modifica-

tion of the cathode structure. The ASRs were reduced to

71% and 70.2% of their original values, respectively. This

indicates that, since both the ASR
ohm

 and ASR
pol.

 were

reduced at the same time, not only the ohmic loss was miti-

gated but also the effective cathode area was enlarged by

enhancing of the lateral conduction and current collection at

the cathode. As a result, the cell performance is effectively

improved. This result again confirms that suppressing the

lateral conduction loss of the thin-film cathode is a critical

issue in securing the performance of the cell. 

4. Conclusions

 The sheet resistance in a thin-film-processed cathode was

effectively reduced by inserting a denser bridging layer in

the middle of the cathode layer. The bridging layer effec-

tively reduced the separation between the cathode domains,

suppressed the lateral electrical conduction loss at the cath-

ode, and expanded the effective current collecting area. The

cell performance was improved by more than 30% compared

to that of the cell with the original thin-film cathode. These

results indicate that current collection in a thin-film elec-

trode is of significant importance in efforts to take full

advantage of the superior properties of this material.
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