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Yttria stabilized zirconia and lanthanum strontium manganate (YSZ/LSM) have been employed to
fabricate the composite cathode layer for solid oxide fuel cells (SOFCs). In the present study, the YSZ/
LSM composite coating was deposited by atmospheric plasma spray (APS) using the mechanical
blending LSM and YSZ with ratios of 50:50, 40:60, and 20:80 wt.%. The electrical conductivity of the
composite coating was measured by the means of direct current (DC) measurement in the temperature
range of 500-900 �C. The electrical conductivity of the YSZ-50%LSM coating ranged from 2.17 to 3.60 S/
cm along the direction parallel to the coating surface at the temperature range. For the same specimen,
the electrical conductivity perpendicular to the plane is less than one-tenth of that in the plane. The
anisotropy of the electrical conductivity is attributed to the phases of different properties in the com-
posite coating and the APS coating structure characteristics. The results also showed that the electrical
conduction of the composite was strongly influenced by the YSZ content.

Keywords atmospheric plasma spraying, yttria stabilized
zirconia, lanthanum strontium manganate, elec-
trical conductivity

1. Introduction

Solid oxide fuel cells (SOFCs) have emerged as an
alternative to conventional power generators, because of
their environmentally friendly performance and high-con-
version efficiency. For intermediate temperature SOFCs
(IT-SOFCs), reducing the operation temperature of the
SOFC system from 1000 to 600-800 �C attracts much
attention for a significant cost reduction of systems by
broadening the choice of compatible materials (Ref 1-3).
Reduction of the system operating temperature requires
new cathode materials with high-electrochemically cata-

lytic activity for oxygen reduction, as the oxygen reduction
rate of conventional lanthanum strontium manganate
(LSM) cathodes are significantly reduced below 800 �C.

The amelioration of lanthanum manganate (LaMnO3)
may follow two pathways either by oxidizing the manga-
nese cations, which increases the electrical conductivity, or
by creating oxygen vacancies, which enhances the ionic
conductivity. A few methods have been proposed: (i)
selective B-site doping, which would increase the oxygen
vacancy concentration (Ref 4), (ii) optimization of the
microstructure, which would increase the number of triple
phase boundary (TPB) lines (electrolyte/electrode/
oxygen) and thus would ensure better surface exchange of
oxygen and minimization of oxygen anion migration (Ref
5), and (iii) adding an ionic-conducting second phase (Ref
6, 7). It could be supposed that the third approach would
combine the advantages of the first two, improving both
composition and structure.

For high-temperature solid oxide fuel cells, when the
thickness of electrolyte is reduced to a certain extent, the
cathode polarization (electrochemical and diffusion
polarization), becomes a bottleneck to improving the cell
performance. Adding an ionic-conducting material, e.g.
YSZ, to the conventional LSM cathode materials to form
a composite cathode functional layer (CFL) between the
electrolyte and conventional cathode layers could be a
feasible method to decrease the electrochemical polari-
zation of the cathode and has been investigated (Ref 8).

Although the LSM/YSZ composite cathode layer has
attracted much attention from the investigators, the
commonly used preparation technique was a screen-
printing process (Ref 8-11). A post-heat treatment was
needed and was limited to a temperature below 1250 �C to
avoid the formation of lanthanum or strontium zirconates
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(e.g., La2Zr2O7, Sr2ZrO4, SrZrO3). These phases usually
decrease the cell performance due to their poor conduc-
tivity (Ref 12).

Plasma spray processing, especially atmospheric plasma
spraying (APS) is a promising method to deposit cathode
layer, as well as electrolyte layer, because of its high-
deposition rate, cost effectiveness, and flexibility for auto-
matic production. Some investigations have been
conducted on pure LSM cathodes produced by APS pro-
cessing (Ref 13, 14). Furthermore, with APS processing,
post-thermal treatment is not needed and there is no pos-
sibility for the formation of lanthanum or strontium zirco-
nates during preparation of the cathode. A few works has
been reported that fabricated LSM/YSZ composite cath-
odes by plasma spraying (Ref 15-17). Electrical and elec-
trochemical performances are two important capabilities of
YSZ/LSM composite cathode. Although many electro-
chemical characterizations of YSZ/LSM cathode were
reported (Ref 8-10, 16, 17), there is less investigation on
electrical characterization of YSZ/LSM cathode, especially
on the APS YSZ/LSM coating, e.g., on relationship between
coating microstructure and coating electrical conductivity.

In this article, YSZ/LSM coatings were prepared by
atmospheric plasma spray processing with different LSM/
YSZ ratios. The electrical conductivity of the composite
coatings along the directions both parallel and perpen-
dicular to the coating surface was measured to investigate
the relation between coating microstructure and coating
electrical conductivity.

2. Experimental

2.1 Feedstock Materials

Commercially available 8 mol% YSZ (Marion Tech-
nologies, France) and La0.8Sr0.2MnO3 (Inframat Ad-
vanced Materials, USA) powders were used as feedstock
materials. The morphologies of YSZ and LSM powders
were shown in Fig. 1(a), (b). The powders size distribution
was measured with a laser particle size analyzer (Master-
sizer 2000, Malvern Instruments, UK) as shown in Fig. 2
and 3. The YSZ powder exhibited a D50 of 25.6 lm and
the LSM powder exhibited a D50 of 15.0 lm. The YSZ and
LSM powders were mixed to make YSZ-50%LSM, YSZ-
40%LSM, and YSZ-20%LSM composite powders with

respective YSZ:LSM weight ratios of 50:50, 60:40, 80:20
using a mechanical blending machine for 20 min.

2.2 Coating Preparation

LSM/YSZ composite coatings were deposited using
APS system (PT-2000 with F4MB torch, Sulzer Metco
AG, Switzerland). Powders were fed into the plasma
stream by a 10-Twin-system (Plasma-Technik AG, Swit-
zerland) during spraying. Spraying parameters were
shown in Table 1.

The coating was deposited on an aluminum plate of
dimensions 6 cm · 8 cm · 0.3 cm. Prior to spraying, the
substrate was grit-blasted with alumina grits. During
spraying, the substrate was cooled with high-pressure air
at the back of substrate. A robot (ABB, Sweden) was
employed to move the spray torch for a uniform and
reproducible deposition. After deposition, the substrates
were dissolved by sodium hydroxide (NaOH) solutions to
obtain freestanding specimens.

Fig. 1 Feedstock powder SEM morphology: (a) LSM and (b)
YSZ

Fig. 2 Size distributions of the YSZ powders used

Fig. 3 Size distributions of the LSM powders used

Table 1 Spraying parameters used for deposition of
LSM coating

Value

Current, A 500
Power, kW 25
Primary gas (Ar, SLPM) 26
Secondary gas (H2, SLPM) 6
Carrier gas (Ar, SLPM) 3.6
Spray distance, mm/s 100
Gun traverse speed, mm/s 400
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2.3 Microstructure Characterization

The phase constitutions of both the starting powders
and deposited coatings were characterized by X-ray dif-
fraction analysis (D/max2400, RIGAKU, Japan) using Cu
Ka radiation. A 2h scanning rate of 10 �C min)1 was used
during test. The polished and fractured cross-sectional
microstructures of the APS coatings were examined by
scanning electron microscopy (JSM-6360LV, JEOL,
Japan) with energy disperse X-ray spectroscopy (EDX)
capability.

2.4 Electrical Conductivity Measurement

The circular freestanding YSZ/LSM coatings with a
diameter of 15 mm were prepared for electrical conduc-
tivity measurement along the perpendicular direction to
the coating surface. To ensure the measuring area of the
circular planar sample, platinum glue was pasted on both
sides of the sample with a specific effective area of 1 cm2.
The pasted sample was dried at 100 �C for 30 min and
then heated to 900 �C with a heating rate of 5 �C/min and
kept at 900 �C for 30 min. According to the linear relation
between current and potential difference, the resistivity
and subsequently electrical conductivity were determined
(Ref 18). Moreover, to investigate the influence of coating
microstructure on the electrical conductivity of APS
composite cathode coating, electrical conductivity along
direction parallel to the coating surface was evaluated by a
direct current (DC) four-terminal method in this study.
The samples for this measurement had dimensions of
35 mm · 15 mm · 0.8 mm. The specimens were pasted
with four terminals platinum using platinum glue and
heated as in the case of circular specimens.

3. Results and Discussion

3.1 Microstructure of APS YSZ/LSM Composite
Coating

Figure 4 shows the XRD patterns of the APS YSZ-
50%LSM coating in comparison with the starting powder.
XRD pattern indicated that the powder consisted of well-
crystallized cubic zirconia phase and perovskite LSM. In
the APS as-sprayed coating, YSZ could be clearly iden-
tified, whereas the LSM perovskite phase was weak. A
thermal spray coating is generally deposited through the
rapid splat cooling process. The high-cooling speed over
105 K/s usually results in the formation of metastable
phases in the coating (Ref 19).

The broadening of the XRD peaks of the perovskite
LSM phase implies that fine crystalline grains were pres-
ent in the as-sprayed composite coating. After a heat
treatment at 1000 �C for 1 h, the LSM perovskite phase
became more pronounced due to the recrystallization,
while the YSZ peaks remained unchanged. The XRD
analysis suggests that the reaction between LSM and YSZ
can be avoided during atmospheric plasma spray pro-
cessing, because no strontium zirconates were recognized
from the XRD pattern.

In order to examine the influence of sodium hydroxide
solution on the property of the composite coating, the
XRD pattern of a freestanding YSZ-50%LSM composite
coating prepared by dissolution of the Al substrate using
sodium hydroxide solution and the corresponding as-
sprayed coating were conducted. Figure 5 shows that there
is no observed difference between the two coatings. It
indicated that dissolving the aluminum substrate with so-
dium hydroxide solution was a feasible method to get a
free standing LSM/YSZ composite coating.

The examination of the polished cross-sectional
microstructure clearly showed that a lamellar microstruc-
ture was presented in the LSM/YSZ coating as shown in
Fig. 6. This fact means that the coating was deposited by
sufficiently melted spray particles. The limited large voids
observed on cross-section maybe resulted from spalling of

Fig. 4 XRD patterns of the as-sprayed and heat-treated YSZ-
50%LSM coatings in comparison with that of the starting powder

Fig. 5 XRD patterns of the as-sprayed YSZ-50%LSM coatings
in comparison with the NaOH treated coating
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the coating during sample preparation. It can be observed
that lamellar interface cracks and vertical cracks were
presented in the polished cross-section, which were the
inherent characteristic of APS ceramic coatings.

Figure 7(a), (b) shows the cross-sectional microstruc-
ture of the APS YSZ-50%LSM composite coating ob-
served using backscattered electron (BSE) mode. There
are two different colors in the coating corresponding to
different phases. The dark grey phase was identified as
YSZ while the light grey phase as LSM by EDX analysis
as shown in Fig. 7(c), (d). It can be found that the coating
was composed with well flattened YSZ and LSM splats.
The YSZ splat and LSM splat were alternately accumu-
lated and present evidence of lamellar feature.

3.2 Electrical Conductivity Measurement

Figure 8 shows the electrical conductivity of the three
composite coatings along direction parallel to the coating
surface measured at different temperatures. The electrical
conductivity of the composite cathodes increased with the
increase of measurement temperatures and the LSM ratio.
The electrical conductivity of the YSZ-50%LSM sample
increased from 2.17 to 3.60 S/cm when the test tempera-
ture increased from 500 to 900 �C while the values of the
YSZ-60%LSM sample exhibited a slightly lower conduc-
tivity and ranged from 1.17 to 2.04 S/cm with the corre-
sponding temperature increment. From the results
reported by Ji et al. (Ref 20), YSZ-40%LSM sintered
specimen showed an electrical conductivity from 15 to
31.6 S/cm at the same temperature range. The results
obtained in this study are significant much lower than the
above reported data.

The electrical conductivity of the three composite
coatings along the perpendicular direction to the coating
surface was also measured, as shown in Fig. 9. The elec-
trical conductivity of the YSZ-50%LSM sample increased
from 0.097 to 0.20 S/cm when the test temperature in-
creased from 500 to 900 �C while the values of the YSZ-
40%LSM sample exhibited slightly lower values ranging
from 0.062 to 0.153 S/cm. Compared with the parallel
electrical conductivity, the perpendicular value is only less
than one tenth of that along the parallel direction. This
phenomenon will be discussed in the following section.

The activation energy (Ea) was calculated from the
slopes of the linearly fitted lines according log(rT) and
1/T. The activation energy of the coating along the parallel
direction was about 0.80-0.83 eV in the temperature
range, while it increased to 1.05-1.13 eV along the per-
pendicular direction.

3.3 Correlation Between Coating Microstructure
and Electrical Conductivity

Plasma-sprayed coatings usually present a lamellar
structure. The porosity from several up to around 20% is
usually presented in ceramic coatings (Ref 21). The
porosity of coating depends significantly on spray condi-
tions. The previous studies into the lamellar bonded
interface revealed that only a very limited lamellar is

Fig. 6 SEM polished cross-section microstructure of YSZ-
50%YSZ coatings: (a) low magnification and (b) high magnifi-
cation

Fig. 7 SEM (BSE) polished cross-section microstructure of
YSZ-50%LSM coatings: (a) low magnification, (b) high magni-
fication, (c) EDX analysis of point 1, and (d) EDX analysis of
point 2
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bonded together. The non-bonded interface exceeds two-
thirds of the total apparent interface (Ref 22, 23).

Owing to the lamellar structural feature with limited
interface bonding, electrical conductivity is much less than
that of identical bulk material, which has been confirmed
by our previous study (Ref 14, 18). Moreover, APS coat-
ing obviously presents anisotropy in electrical conductiv-
ity. The previous (Ref 14, 18, 24) studies revealed that the
electrical conductivity of ceramic coating along the per-
pendicular direction to the coating surface was one-fifth to
one-third of that of corresponding bulk materials. The
electrical conductivity along the direction parallel to the
surface is higher than that perpendicular to the surface. As
depicted in our previous study (Ref 24), the electrical
conductivity of APS YSZ coatings, along the parallel
direction, can reach one-half of that of the corresponding
bulk materials.

In this study, the coating was deposited with two dif-
ferent property materials. LSM bulk material exhibits a
high-electronic conductivity of about 160-210 S/cm at
1000 �C while YSZ bulk material only has an ionic con-
ductivity of 0.14-0.16 S/cm and no electronic conductivity.
As a result, YSZ phase shows much lower electrical con-
ductivity than that of LSM and interrupt the conduction of
LSM and consequently increase the composite coating
resistance. Moreover, the conduction of current will be
interrupted by the non-bonded interface along direction
parallel to surface and by vertical cracks along the parallel
direction, which lead to a much lower electrical conduc-
tivity than that of the sintered bulk materials.

The activation energy of the coating along the parallel
direction was about 0.80-0.83 eV at the temperature range
of 500-900�C, while it increased to about 1.05-1.13 eV
along the perpendicular direction at the same temperature
range. As reported in our previous study (Ref 14, 24), the
activation energy was only about 0.15 eV for pure LSM
coating and 0.85-1.15 eV for YSZ coating, dependant on
the temperature range. This fact implies that the conduc-
tion property of the composite coating was strongly
influenced by YSZ phase.

4. Conclusions

The microstructure and electrical conductivity of YSZ/
LSM composite cathode materials prepared by APS pro-
cess were investigated in this study. From XRD patterns
of the APS YSZ/LSM composite cathode coatings, YSZ
could be clearly identified, whereas the LSM perovskite
peaks were weak. After a heat treatment at 1000 �C for
1 h, the LSM perovskite phase became more pronounced
due to the recrystallization. From the SEM observation of
the cross-section microstructure with EDX analysis, it can
be found that the cathode coating was composed with
alternative layering of well flattened YSZ and LSM splats.

The electrical conductivity of YSZ-50%LSM coatings
changed from 2.17 to 3.60 S/cm along the parallel direc-
tion and from 0.097 to 0.20 S/cm along the perpendicular
direction when the temperature changed from 500 to
900 �C. Significant anisotropy in the electrical conductivity
was clearly observed. The anisotropy of the electrical
conductivity is attributed to the different conductivity
phase in the coating and the APS coating structure char-
acteristics. The electrical conductivity of the composite
cathode was increased with LSM content in the coating.
The activation energy of the coating along both the two
directions implies that the electrical conductivity of the
composite was strongly influenced by the YSZ phase.

Acknowledgments

This work was financially supported by the French
Ministry of Research (Program APURoute, No.:04F364).
One of the authors (C. Zhang) wishes to thank the co-
tutors scholarship of French Government (Bourse du
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