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ABSTRACT

The feasibility of using the thin film technology in utilizing lanthanum strontium manganite (LSM) for a solid oxide fuel cell

(SOFC) cathode in a low-temperature regime is investigated in this study. Thin film LSM cathodes were fabricated using pulsed

laser deposition (PLD) on anode-supported SOFCs with yttria-stabilized zirconia (YSZ) electrolytes. Although cells with a 1 µm-

thick LSM cathode showed poor low-temperature cell performance compared to that of a cell with a bulk-processed cathode due

to the lack of a triple-phase boundary length, the cell with 200 nm-thick gadolinia-doped ceria (GDC) inserted between the LSM

and YSZ showed enhanced performance and more stable operation characteristics in a comparison of a cell without a GDC layer.

We postulate that the GDC layer likely improved the cathode adhesion, therefore contributing to the improvement of the cell per-

formance instead of serving as an interfacial reaction buffer. 

Key words : Lanthanum strontium manganite (LSM), Thin film cathode, Pulsed laser deposition (PLD), Solid oxide
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1. Introduction

anthanum strontium manganite (LSM)-based perovs-

kite is the most studied cathode materials for solid

oxide fuel cells (SOFCs).1) As it has a thermal expansion

coefficient close to that of yttria-stabilized zirconia (YSZ)2)

and high electrical conductivity at a high operation temper-

ature range,1,3) LSM is typically applied to high-tempera-

ture (~800oC) operating conventional SOFCs through high-

temperature bulk ceramic processing. However, the high-

temperature operation of a SOFC puts significant burdens

on its reliability, long-term stability, and cost-effective-

ness.4) Therefore, cathode materials with high mixed ionic

and electronic conducting (MIEC) properties such as lantha-

num strontium cobaltite (LSCo) and other cobalt-containing

cathodes have been studied for the low-temperature opera-

tion in SOFCs.4,5) However, the high chemical reactivity and

the thermal expansion coefficient (TEC) mismatch between

Co-containing cathodes and zirconia base electrolytes at the

high processing temperatures of conventional SOFCs

hinder the direct contact of both components.4) Thus, it

would be desirable if we could draw a high performance at

relatively low operating temperatures with LSM cathode. 

To improve the low-temperature performance of the LSM

cathode, one approach involves realizing a nanocrystalline

and nanoporous microstructure in an attempt to increase

the surface area.6) This type of nanostructure can be

achieved using low-temperature processing technologies

such as thin film deposition.7) However, when using thin

film cathodes, the thickness of the electrode is reduced, as is

therefore the triple phase boundary (TPB) length.8) There-

fore, it is importance to investigate the feasibility and the

limitations of using thin film technology in utilizing a LSM

for a SOFC in the low-temperature regime. Thin-film-depos-

ited LSM has been studied by other researchers;3,9,10) how-

ever, the main focus in these earlier studies was to elucidate

the cathodic reaction mechanism through the use of dense

LSM thin films. An investigation of the operation by charac-

terizing an actual SOFC full cell with a thin porous LSM

cathode has thus far not been done. Thus, in this report,

anode-supported cells were fabricated with YSZ electrolyte

and a LSM thin film cathode was applied using pulsed laser

deposition (PLD). Bulk-processed SOFCs up to the electro-

lyte (YSZ thickness ~ 8 µm) were used, and the use of thin

film was restricted to the components above the YSZ elec-

trolytes. The temperatures during the fabrication of the

cathode layer and operating the cells were strictly con-

trolled so as not to exceed 650oC. In a comparison, a cell

with a thin Gd-doped ceria (GDC) buffer layer was also fab-

ricated. The reaction between LSM and YSZ reportedly

occurs at a high temperature (>1300oC);1) however, the reac-

tion of a nanostructure electrode and the electrolyte can

occur at much lower temperature than expected.7) There-
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fore, to investigate whether the interface reaction occurs at

this low temperature and, if the reaction occurs, whether

any unwanted reactions can be prevented, a GDC buffer

layer inserted cell was fabricated and compared, as the

reaction between GDC and LSM base cathode materials is

negligible.1) Subsequently, the physical properties of the

LSM thin film cathodes and cell performance levels were

investigated and correlated.

2. Experimental Procedure

2.1. Fabrication and Physical Property Character-

ization of LSM Thin Films 

Thin film LSM cathodes were deposited using PLD. A KrF

excimer laser (λ=248 nm, COMPEX Pro 201F, Coherent)

was used as an ablation source with a laser fluence level

(energy density) of ~ 2.5 J cm-2 on the target surface. The

target-to-substrate distance was kept at 5 cm. Commer-

cially available LSM ((La
0.7

Sr
0.3

)
0.95

MnO
3-δ

, Seimi Chemical

Co. Japan) was used as the starting material, and its pellet

sintered at 1200oC for 3 h was used as the PLD target. The

LSM film was deposited at room temperature and then

post-annealed to develop a porous structure.11) The post-

annealing temperatures and oxygen ambient pressures dur-

ing the deposition process were varied to optimize the phys-

ical properties of the crystallinity and the microstructure of

the film. As a preliminary study to optimize the application

conditions of the LSM thin film cathode, we used either a Si

(100) substrate with a 1 µm-thick SiO
2
 layer (SiO

2
/Si (100))

or a SiO
2
/Si (100) substrate with a PLD-deposited 1 µm-

thick 8YSZ (8 mol% Y
2
O

3
 doped zirconia) layer. A LSM film

with an approximate thickness of 1 µm was obtained after

1 hr of deposition. The microstructure, the composition, and

the crystallinity/phase of the films were characterized by

means of scanning electron microscopy (SEM, XL-30 FEG

and NOVA NanoSEM200, FEI), electron probe micro analy-

ses (EPMA, JXA-8500F, JEOL), and x-ray diffraction (XRD,

PW3830, PANalytical), respectively. 

2.2. Cell Fabrication and Characterization

10 cm×10 cm anode-supported cells up to 8YSZ electro-

lytes were fabricated by conventional bulk ceramic pro-

cesses. NiO-YSZ (NiO:8YSZ=56:44 wt%) composite powder

granules were uni-axially pressed to form a green substrate

body, and a NiO-YSZ functional layer and the 8YSZ electro-

lyte were then screen-printed. The cell up to the electrolyte

was sintered at 1400oC for 3 h in air. A detailed procedure is

described in a previous work by the authors.4,12,13) The thick-

ness of the YSZ electrolyte was approximately 8 µm after

sintering. 2 cm×2 cm cells were cut for button cell tests.

Two types of cells were fabricated: a cell with YSZ in direct

contact with the LSM (LSM/YSZ cell) and a cell with a

~200 nm GDC buffer layer underneath the LSM (LSM/

GDC/YSZ cell). Schematics of each cell configuration are

shown in Fig. 1. LSM cathode films were deposited at room

temperature in oxygen ambient pressure of 13.33 Pa and

then post-annealed at 650oC for 1 h. When the buffer layer

was applied, a 200 nm-thick 10GDC (Gd
0.1

Ce
0.9

O
1.95

) layer

was first deposited by PLD on the YSZ electrolyte surface at

a substrate temperature of 700oC at an oxygen pressure of

6.67 Pa. The LSM film was then applied afterwards by the

method described above. The custom-made button cell test

set-up shown in Fig. 2 using a ceramic-glass composite base

compression seal specially designed for low-temperature

Fig. 1. Schematics of (a) a LSM/YSZ cell and (b) a LSM/GDC/
YSZ cell.

Fig. 2. Schematic of the unit cell test set-up.
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cell testing14) was employed for the unit cell tests. For the

cell test, air and 97% H
2
/3 % H

2
O were used as the oxidant

and the fuel, respectively, and the flow rates were kept at

200 sccm. The cell test temperature range was 450~650oC,

and the electrochemical cell performances were character-

ized using an Iviumstat electrochemical analyzer (Ivium-

stat, Ivium Technologies). The frequency range for the

impedance analyses was 10-1~106 Hz. 

3. Results and Discussion

3.1. Physical Properties of LSM Thin Film

In Fig. 3, the XRD results for the LSM films deposited on

SiO
2
/Si substrates at room temperature and then post-

annealed at various temperatures are shown. The thermal

treatment duration was 1 h. The results show that crystalli-

zation occurs at a temperature between 600oC and 700oC.

When in-situ high-temperature XRD (HTK 1200N, PANa-

lytical) was used, a similar result was obtained and crystal-

lization at 650oC was confirmed for LSM, which was

determined as the annealing temperature of the LSM film

in the cell fabrication. 

To optimize the deposition pressure, three different oxy-

gen ambient pressures were assessed, 6.67, 13.33, and

20.0 Pa. At 6.67 Pa, the film did not develop a feasible

porous structure. At higher ambient pressures (13.33 and

20.0 Pa), porous structures after post-annealing were

obtained. The crack-like pores appearing in the film depos-

ited at high ambient pressures after post-annealing were

generated by sintering shrinkage of the loosely packed spe-

cies deposited at room temperature.11) This trend is consis-

tent with the microstructural development of other thin

films deposited by PLD.15,16) However, the film deposited at

20.0 Pa demonstrated poor adhesion as well as massive

delamination which occurred during handling. Thus, the

thin film deposited at 13.33 Pa was used in the experiment

from this point. Fig. 4 shows the surface morphology of LSM

film deposited at 13.33 Pa on YSZ/SiO
2
/Si after post-anneal-

ing at 650oC for 1 h. As expected, the film shows a nanopo-

rous structure. The adhesion strength of the film was

sufficient for the film to survive adhesive tape testing. 

An EPMA compositional analysis of LSM film fabricated

under optimized conditions was performed using a LSM sin-

tered bulk specimen as a reference. Due to the oxide layers

under the cathode films, it was not possible to compare the

amount of oxygen in the films. Hence, we compared the

atomic % of cations with the bulk reference. The atomic per-

centage of Mn was nearly identical to that of the bulk refer-

ence. However, Sr was slightly deficient. The La:Sr ratio

was approximately 7.3:2.7 in the LSM film instead of the

original compositions of 7:3. Even when PLD is used,

acquiring the exact stoichiometry with light or volatile ele-

ments can be quite challenging.17) However, the composi-

tional deviation from the target composition is in a

reasonable margin; thus, the LSM thin film fabrication con-

dition is considered optimized. 

3.2. Cell Performances of Anode-Supported Cells

with a Thin Film LSM Cathode

After the cell fabrication process was completed by applying

the thin film LSM cathode on the electrolyte under the opti-

mized process conditions, the cell was tested at 450~650oC.

The fabricated cells were initially tested at 650oC and sub-

sequent tests were conducted by lowering temperature at

intervals of 50oC. The OCVs of the cells reached ~1.1 V at

650oC for every case, which indicates that the sealing of the

cells did not experience significant gas leakage at this tem-

perature. 

Fig. 5 shows the performance of the LSM/YSZ cell (with-

out a GDC buffer). The I-V curves of the LSM/YSZ cell are

shown in Fig. 5(a), and the impedance spectra under the

OCV conditions are shown in Fig. 5(b). The peak power den-

sity is fairly low. The lowest temperature at which cell per-

Fig. 3. XRD results of LSM thin films deposited on SiO
2
/Si

substrates at room temperature and post-annealed at
various temperatures for 1 h. Si (200) peaks are from
the substrate.

Fig. 4. SEM micrographs of LSM film post-annealed at 650oC
for 1 h. The film was deposited on YSZ/SiO

2
/Si sub-

strates at room temperature, Po
2, amb

=13.33 Pa.
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formance could be measured was 550oC. The impedance

spectra show that the cell has high ohmic area specific resis-

tance (ASR) and polarization ASR values. The ohmic and

polarization ASRs are tabulated in Table 1. Given that LSM

is a pure electronic conductor, a single-phase cathode

instead of a composite form clearly will not render the best

performance with a thin thickness of 1 µm due to the short-

ness of the TPB length.8) A bulk electrolyte cell having the

same structure up to the electrolyte and a cathode composed

of a 25 µm-thick LSM-YSZ composite functional layer/15 µm-

thick LSM current-collecting layer exhibited a power den-

sity of 287 mWcm-2 (at 0.7 V) at 650oC,13) whereas the cell

with the thin film LSM cathode only exhibited a power den-

sity of 21 mWcm-2. Therefore, even with a LSM cathode

with a nanocrystalline and nanoporous structure, it appears

that a substantially thicker composite cathode is required

for better performance. 

In Fig. 6, the cell performances and impedance spectra of

a cell with a 200 nm-thick GDC buffer layer are shown. As

listed in Table 1, LSM cathode cells showed similar ohmic

ASR values regardless of the insertion of the GDC buffer.

This indicates that there was no significant interface reaction

with or without the buffer, unlike LSCo thin film cathodes

and YSZ.7) This is confirmed by the XRD measurements

shown in Fig. 7. Both the LSM/YSZ and the LSM/GDC/YSZ

cells showed no extra diffraction peak from secondary

phases before and after the cell tests. The only change is the

NiO to Ni reduction during the cell test. 

One interesting observation was that the performance of

the LSM/GDC/YSZ cell improved slightly due to the GDC

layer. The cell performance levels of each cell type are listed

in Table 2. The power density at 650oC is doubled, and it

was possible to measure the cell performance down to 450oC

Fig. 5. (a) I-V characteristics and (b) impedance spectra of
the LSM/YSZ cell.

Table 1. Area-specific Resistance (ASR) Values of Each Cell
Type from the Impedance Spectra

Temperature
(oC)

Ohmic ASR (Ωcm2) Polarization ASR (Ωcm2)

LSM/YSZ
LSM/GDC/

YSZ
LSM/YSZ

LSM/GDC/
YSZ

650 1.64 1.27 41.86 28.85

600 1.98 1.80 113.02 77.85

550 3.28 2.28 305.72 275.72

500 -* 4.92 - 442.08

450 - 9.30 - 538.70

*Data not available

Fig. 6. (a) I-V characteristics and (b) impedance spectra of
the LSM/GDC/YSZ cell.
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instead of 550oC in the LSM/YSZ cell. It was found that

LSM did not react with YSZ when in direct contact with it.

Therefore, the performance enhancement with the GDC

layer in LSM cathode cells does not appear to originate from

the interfacial reaction suppression, as in the case of LSCo

cathode cells.7) The reason for this is not yet clear, but the

microstructural difference is a possible cause. 

In Fig. 8, higher and lower magnification micrographs of

the surface morphologies of the cathode film on each cell are

compared. This figure shows for both cells that the crack-

like separation of the films over the grain boundary region

of the YSZ electrolyte is much wider than that on the sur-

face of the YSZ grain. The microstructure of the cathode is

somewhat different from the cathode film microstructure on

the flat and smooth substrate surfaces shown in Fig. 4 and

the thin film cathode structure reported in a recent stydy.7)

The cathode morphology did not change before and after the

cell test; i.e., the cathode morphology after the fabrication

process (deposition and post-annealing) is identical to that

shown in Fig. 8. Thus, the differences in the cathode thin

film morphologies shown in Fig. 4, Fig. 8, and thin film elec-

trolyte SOFC7) are not caused by the processing parameters,

as the cathode thin films prepared using the same fabrica-

tion process in all three instances. The morphology of the

cathode thin film appears to be determined by the morphol-

ogy of the surface where the cathode is deposited. 

The origin of the cathode morphology shown in Fig. 8 is

postulated as follows. It is well known that physical vapor

deposition (PVD) does not yield excellent conformal step

coverage.18) PLD is a type of the PVD process; this applies to

PLD deposited films as well. Therefore, it is possible that

the packing of the deposit at the grain boundary groove is

looser than that on the surface of the grain. This packing

inhomogeneity may induce differential densification during

post-annealing to a certain extent; i.e., densification in cath-

ode films deposited over the grain surface region will be

faster than that of cathode films deposited on the grain

boundary groove. The porous structure of thin film cathodes

is developed through the generation of vertical crack-like

pores (chasms), as shown in Fig. 4. With differential densifi-

cation due to packing inhomogeneity, much wider chasms

over the grain boundary groove would be generated by the

retraction of the cathode film material into the grain surface

area. As a result, the characteristic microstructure shown in

Fig. 8 can be obtained. 

Comparing Fig. 8(b) and Fig. 8(a), when the GDC layers

are inserted, the size of the chasm over the grain boundary

becomes slightly narrower (Fig. 8(b)) compared to that of

Fig. 7. (a) XRD results for a LSM/YSZ cell before and after
the cell test and (b) XRD results of LSM/GDC/YSZ cell
before and after the cell test.

Table 2. Power Densities (mW cm-2) at 0.7 V of Each Cell Type
from the I-V Curves

Operating Temp. (oC) LSM/YSZ LSM/GDC/YSZ

650 21 43

600 14 29

550 7.3 19

500 -* 7.4

450 - 3.2

*Data not available

Fig. 8. Low magnification surface morphologies of (a) LSM/
YSZ and (b) LSM/GDC/YSZ cells, (c) high-magnifica-
tion image of a LSM/YSZ cell, and (d) high-magnifica-
tion picture of a LSM/GDC/YSZ cell.
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the cells without buffer layers (Fig. 8(a)). In the higher mag-

nification images shown in Figs. 8(c) and (d), the LSM

domains over the grain surface with the GDC layer (Fig.

8(d)) are shown to be split more finely compared with the

LSM domains in direct contact with the YSZ grain surfaces

without a GDC layer (Fig. 8(c)). It is assumed that these

microstructural differences indicate improvement in the

adhesion characteristics due to the insertion of GDC. Better

adhesion can reduce the retraction of the cathode materials

from the grain boundaries, as the bottom of the cathode film

is bound to the surface of the GDC layer. To offset the rela-

tively lower level of contraction around the grain bound-

aries, more cracking (pores) at denser domains would occur.

As a result, the microstructures shown in Figs. 8(b) and (d)

can be obtained.

In Fig. 9, cross-sectional micrographs of the cells showing

the interface are displayed. SEM observation revealed

delaminated cathodes in cells without the buffer layer (Fig.

9(a)) more than in cells with a buffer layers (Fig. 9(b)).

When adhesive tape tests were conducted on the cells, the

LSM cathode on the LSM/YSZ cell easily peeled off.

Although further and more detailed investigation will be

required to prove the difference in the interface adhesion

strength quantitatively, the cross-sectional microstructure

and the adhesive tape test show the adhesion strength dif-

ference between the LSM/YSZ and the LSM/GDC/YSZ cell

qualitatively. These observations provide a basis for the

assumptions mentioned above. 

Initially, it was considered that the GDC thin film layer

with nanosized grains provided the nano-scale roughness to

the thin film cathodes enhanced the adhesion between nano-

structured layers. However, it was subsequently found that

a GDC layer is epitaxially grown on the YSZ bulk electrolyte

grains. Additionally, the grain size of the GDC layer is iden-

tical to that of the YSZ electrolyte according to a transmis-

sion electron microscopy study. A more detailed report

pertaining to the microstructure of the buffer layer and the

thin film cathode will be given in an upcoming paper by the

authors. At this point, it is considered that one possible

explanation for these findings is that the GDC (TEC

13.4 ppm K-1 at 25~1000oC) layer mitigated the tensile stress

in the LSM (TEC 11.7 ppm K-1 at 30~800oC)1) layer exerted

by YSZ (10.3 ppm K-1 at 30~800oC)1) while cooling after the

post-annealing of the cathode. This may have contributed to

the enhancement of the adhesion properties. 

From these observations and considering the improved

adhesion, the LSM thin film over the GDC layer is shown to

have a more finely split structure and therefore a longer

TPB length and a well-adhered cathode-electrolyte inter-

face. As LSM is not a MIEC material, the performance of

the cathode will depend on the TPB length significantly.

Therefore, although the role of GDC in LSM cells is not that

of a reaction buffer, the performance of the LSM cells here

may have been improved due to the increase in the TPB

length and because of the improvement of the interfacial

quality after the insertion of the GDC layer. 

4. Conclusions

The feasibility and the limitations of applying thin film

technology in conjunction with the use of LSM for SOFCs in

a low-temperature regime were investigated in this study.

Thin film LSM cathodes fabricated using PLD were applied

to anode-supported SOFCs with YSZ electrolytes. A cell

with a 1 µm-thick LSM cathode showed poor low tempera-

ture cell performance compared with that of a cell with a

bulk-processed cathode, which indicates that even when a

thin film LSM cathode has a nanocrystalline and nanopo-

rous structure, a much thicker composite LSM cathode is

required. Interestingly, the LSM/GDC/YSZ cell showed

enhanced performance and stable operation characteristics

relative to those of the LSM/YSZ cell, even if GDC did not

work as an interfacial reaction buffer. This most likely

occurred because the GDC layer improved the cathode

adhesion properties, which induced an increase in the TPB

length and an improvement of the interface quality. 

Fig. 9. Cross-sectional SEM micrographs of the cathode/elec-
trolyte interface of (a) LSM/YSZ and (b) LSM/GDC/
YSZ cells.
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