Available online at www.sciencedirect.com o

scrence @oimeers POWER
SOURCES

www .elsevier.com /locate /jpowsour

Journal of Power Sources 124 (2003) 390-402

Issues on development of (La,Sr)Mg€athode
for solid oxide fuel cells

S.P. Jiang

Fuel Cells Srategic Research Program, School of Mechanical and Production Engineering,
Nanyang Technological University, Nanyang Avenue, Singapore 639798, Singapore

Abstract

Development of high-performance electrode materials is critical to the commercial realization of solid oxide fuel-cell (SOFC) technology.
The material development process is, however, very complex and requires understanding of the fundamental issues of the materials al
the electrochemistry that is involved. An interesting example is the (La,Sr¥Mh&M) cathode material. This paper discusses some
important issues in the development and optimization of LSM cathode materials for SOFCs. The relationship between the microstructure
interfacial properties and the electrochemical behaviour of the cathode material is not a static one. Rather, it changes and evolves constan
under fuel-cell operation conditions. Such dynamic relationship between the properties and the electrochemical behaviour is importan
for the fundamental understanding of the mechanism and kinetics of the oxygen reduction at LSM cathodes, and for the development c
high-performance cathodes for SOFCs that operate at intermediate temperatures (60)—800
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1. Introduction a predominant electronic conductor with negligible oxygen
ion conductivity[20,21]. On the other hand, Brichzin et al.
Development of cathode materials with high electrochem- [22] studied the geometry dependence of cathode potential
ical performance and long-term stability becomes anincreas-on a well-defined thin LSM microelectrode and found that
ingly urgent task in the race to develop commercially viable the polarization resistance varied inversely with the area of
solid oxide fuel cell (SOFC) technology which can operate the electrodes. This suggests that the rate-determining step
at intermediate temperatures of 600—800This is because  of the reaction is related to the surface area of LSM or the
the overpotential losses for the@duction reaction on the  LSM|electrolyte interface area. Kuznecov et[aB,24]also
cathode side are relatively high in SOFCs that use thin-film proposed that the Oreduction is dominated by oxygen
electrolyte technologiefl-4]. Among the cathode materi- transport through the LSM bulk. The discrepancies that
als reported, (La,Sr)Mng(LSM) based perovskites, due to surround the electrode behaviour of LSM for @duc-
their high stability and high electrocatalytic activity for oxy- tion may be intrinsically linked to the variability in LSM
gen reduction at high temperatures, are the most extensivelyelectrode|¥Os—ZrO, (YSZ) electrolyte interfacial contact,
studied and investigated materials fos @duction[5-12]. and to the significant polarization effect on the morphology
Despite significant efforts, however, fundamental questions and microstructure of the LSM materials. As pointed out by
on the mechanism and kinetics of the &duction reac- Mitterdorfer and Gauckleg25], the reaction of @reduction
tion and on the electrode behaviour of LSM materials under at the LSM electrode is strongly affected by the formation
fuel-cell operation conditions still remain. of lanthanum zirconate at the three-phase boundary, and the
There is a general consensus thatr@duction on LSM formation of such a resistive lanthanum zirconate phase is
electrodes is most likely controlled by surface processes,closely related to the stoichiometric composition of LSM
such as the oxygen dissociative adsorption profk344], materials. Also, the polarization behaviour and morphol-
gas-phase @diffusion [15,16], and oxygen diffusion on  ogy of the LSM electrodes are strongly affected by the
the LSM surfacg9,17-19] It is well known that LSM is cathodic-current-polarization treatme®t26,27] Depend-
ing on the conditions of the cathodic-current treatment,
such as current density, temperature and polarization period,
* Tel.: +65-6790-5010: fax:+65-6791-1859. the impedance behaviour can be characterized with one to
E-mail address: mspjiang@ntu.edu.sg (S.P. Jiang). three arcg9]. The morphology and microstructure of LSM
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electrode can also change under cathodic polarization po-opposite side of the working electrode to make counter and
tential [27]. In addition, manganese in the LSM perovskite reference electrodes. The counter electrode was positioned
structure is known to be mobile at high temperatures and un-symmetrically to the working electrode, and a reference
der cathodic polarization potentiglg5,28—-31] This could electrode was painted as a ring around the counter electrode.
have significant effect on the interfacial properties of the  The electrochemical performance of the LSM cathodes
LSM cathode and the YSZ electrolyte. This study presents was also investigated in 50 mm 50 mm YSZ electrolyte
some important material and electrochemical issues ob-cells, in which Ni (50vol.%)/TZ3Y (50vo0l.%) cermet
served in the development of LSM cathode materials. The anodes were used. The reference electrodes were strip
results demonstrate a dynamic and complex relationship be-type (34 mmx 3 mm) and the gap between the electrode
tween the electrode behaviour, the materials microstructureand the reference electrode was 5mm. The electrode
and the electrochemical polarization processes. area was 11cf Pt and Ni woven meshes were used as
current-collectors for the LSM cathodes and the Ni/TZ3Y
cermet anodes, respectively. Information on the prepara-
2. Experimental tion of the electrode materials, the cell configuration and
the electrochemical measurements in the development of
The electrochemical performance of LSM cathodes is LSM cathodes and Ni/TZ3Y cermet anodes are available
generally characterized by galvanostatic current interrup- elsewhere[8,9,33-35] The microstructure of the LSM
tion (GCIl) and electrochemical impedance spectroscopy electrodes and the topography of the LSM/YSZ interface
(EIS) technique$32]. Electrolyte substrates have been pre- induced by polarization were studied by scanning electron
pared by isostatic pressing 8 mol%,®;-ZrO, powder microscopy (SEM, JEOL #5600LV, Quorum Technologies)
(TZ8Y, Tosoh, Japan), followed by sintering at 15@for and atomic force microscopy (AFM, Nanoscope llIA, Dig-
4h in air. LSM powders with stoichiometric composition ital Instruments). The LSM coating was removed by treat-
(Lag.goSro.20)1.0MnO3 (LSM-A) and non-stoichiometric ~ ment with concentrated HCI acid before AFM examination.
composition (L@.8oSr0.20)0.900MnO3 (LSM-B) were pre- To assess the contact resistance between the porous
pared by co-precipitation and solid-state reaction methods.electrode coating and the current-collector, a four-probe
For LSM powder prepared by the co-precipitation method, technique was adopted in order to be compatible with the
the powder was coarsened at 10@for 4h in air. For fuel-cell testing configuration. The test arrangement for
LSM powder prepared by the solid-state reaction method, both contact resistance and four-probe conductivity mea-
the powders were coarsened at 10Q0for 15 h, followed surements is shown ifrig. L And 3mol% Y>03-ZrO»
by sintering at 1050C for 20h. The chemical compo- (TZ3Y, Tosoh, Japan) electrolyte plates were prepared by
sition of the LSM powder was analyzed by inductively type-casting and fired at ISOE. TZ3Y electrolyte sub-
coupled plasma-atomic emission spectrometry (ICP-AES). strates were 50 mnx 50 mm in dimension with a thick-
The phase composition of the LSM powders was identi- ness of~100um. A Lag72SIp.18MnO3 (LSM-B) coating
fied by X-ray diffraction (XRD). The spectra for stoichio- was screen-printed on to the TZ3Y electrolyte and fired
metric and non-stoichiometric LSM powders prepared by at 1150°C. The dimension of the electrode coating was
co-precipitation and solid-state reaction methods showed34 mmx 34 mm and the thickness was aroundus0. There
the perovskite phase only. LSM coatings were applied to was no anode coating on the other side of the electrolyte.
electrolyte substrates by screen-printing, followed by fir- The cell was open to air with an alumina felt to distribute
ing at 1150°C for 2h. The electrode area was 0.5cm the load evenly. The electrical contact for the current and
three-electrode system was used for electrochemical meavoltage probes was made by Pt mesh which was along the
surements. Pt paste (Engelhard 6082) was painted on to thé84 mm length of the LSM electrode coating and was 3 mm
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Fig. 1. Test cell (a) and test arrangement (b) for contact resistance and coating conductivity measurement.
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in width. The average distance between the edges of the
voltage probes was 4.7 mm. Measurement was carried out
in air at 800°C under various mechanical loads. Current
was passed through the two outside meshes and the voltage
was measured using the two inner meshes (voltage probes)
and the two outer meshes (current probe). From the voltage
measured by the voltage probes, the conductivity of the
electrode coating was obtained using the formula

Id

o=t (1)

wheret is the thickness of the coatinthe length of the

Pt mesh,d the distance between the Pt mesHeand Vy

are the applied current and voltage measured by the voltage
probes, respectively. From the voltage measured by the cur-
rent probe, the contact resistance can be estimated by sub-
traction of the resistance of the Pt wire and the LSM cathode
coating.

Vi
Rcr = 7'A — Rpt— Rism (2

whereV; is the voltage measured by the current prol#es,
the coating area between Pt current proResandR sy are
resistance of the Pt wire and the LSM coating, respectively.
The resistance of the Pt wire was measured separately and
R.sm was estimated from the conductivity of the coating, as
determined byEq. (1) Details of the test configuration are
given in[36].

Fig. 2. Scanning electron micrographs of (a) dk&5r.20)0.00MNO3
(LSM-B) power and (b) corresponding sintered electrode coating before
3. Results fuel-cell testing. Powder prepared by co-precipitation method.

3.1. Effect of powder morphology on coating
microstructure Control of the powder morphology is also important for
optimization of the synthesis process of LSM powders. In
The first step in the development of Sr-doped LaMnO the case of co-precipitation wet-chemical processing using
(LSM) cathode materials is to synthesize LSM powder with starting materials of nitrate salts (Sr(h)@, La(NO3)s,
the targetted composition and with controlled powder mor- Mn(NOs)2), the powder morphology is significantly affected
phology in order to have a high degree of electrode perfor- by the processing parameters, such as precipitation condi-
mance reproducibility. The actual composition of the LSM tions, washing procedure, and heating conditions in a static
powder depends, however, on the fabrication method. Forreactor or rotary reactor. Typical examples of the morpholo-
LSM powder prepared by the solid-state reaction method, gies of a LSM-B powder and an electrode prepared by the
the final composition of LSM was found to be almost the co-precipitation method before fuel-cell testing are shown in
same as the targetted composition. On the other hand, forFig. 2 The size of the LSM-B particles is very small, namely
LSM powder prepared by the co-precipitation method, the ~0.1-1.2um. Fine LSM particles do, however, form large
actual composition deviated slightly from the targetted one. and flake-type agglomerates. Most important, the flake-type
For example, the actual compositions of LSM powder for agglomerates of the powder still remain in the microstruc-
stoichiometric and non-stoichiometric LSM compositions ture of the LSM electrode coating, to form a needle- or
as determined by ICP-AES were (.&3S10.147)0.0sMnO3 plate-like microstructureHig. 2b).The formation of such an

(A:B = 0.98) and (L@ 831S10.169)0.80MNO3 (A:B = 0.89), anisotropic porous structure clearly originates from the ge-
as compared with the targetted stoichiome&i = 1 com- ometric anisotropy of the LSM powder (s€&. 23. It has
position of and a non-stoichiometric compositionfoB = been shown that plate-like particles can be easily aligned

0.90. The deviation of the actual composition from that tar- perpendicular to the compression axis during uniaxial press-
getted may be related to the nature of the synthesis processing, and thus induce the anisotropy of the powder packing
and therefore this possibility must be considered in the op- structure[37,38] The coating shrinkage varies significantly

timization of the LSM fabrication process. between 20 and 34%, which makes quality control of the
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screen-printed coating more difficult. In fact, a LSM elec- freshly-prepared (L&goSro.20)0.00MnO3 (LSM-B) electrode
trode with such an anisotropic porous structure shows poorwith cathodic current treatment at 200 mAcfrand 850°C
performance reproducibility and high sensitivity to cell in air are given inFig. 3. Before passing cathodic current,
mechanical loading, as compared with electrodes that havethe impedance response is characterized by a small high fre-
isotropic particle-type morphology. This is consistent with quency arc with a large and depressed arc at low frequencies.
a report[39] that Ni/YSZ cermet anodes with anisotropic As shown previously9], the initial impedance response of
microstructure have low electrical conductivity and poor the LSM electrode can be characterized by an equivalent
performance. This indicates that the microstructure and circuit with three RQ) circuits in series (wherd is the
polarization performance of LSM electrodes are strongly resistance an@ the constant phase element). With current
affected by the morphology of the powder. As the electro- passage, the impedance arcs are reduced significantly. A pas
chemical activity of the LSM electrode is related closely to sage of cathodic current for only 5 min reduces the electrode
the electrodelelectrolyte interface or so called three-phasepolarization resistanceRg) from 7.7 to~3.1Q cn?, a re-
boundary regio{40-42] the ability to monitor and con-  duction of 60%. The electrode impedance arc does not com-
trol the powder morphology is essential in scale-up of the pletely recover to the original size before the current passage

electrode fabrication process for application in SOFCs. treatment. Similar to the impedance behaviour, the polar-
ization potential for the @reduction reaction on the LSM
3.2. Initial polarization behaviour and reversibility electrode decreases rapidly with passage of cathodic current.

As the change in the electrode ohmic resistance is small,
It has been observed that freshly-prepared LSM electrodesthe reduction in the cathodic potenti@.fihoqd iS primarily
show pronounced initial polarization behaviour with the ca- due to the reduction in the overpotential, The substantial
thodic or the anodic current, or with polarization treatment. reduction in bottRg andz indicates a significant activation
The electrode impedance and polarization behaviour of aeffect of cathodic current treatment on the initial polarization
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Fig. 3. Initial impedance (a) and polarization (b) behaviour of freshly-preparagk§E®.20)0.90MnO3 (LSM-B) electrode with cathodic current treatment
at 200mAcm? and 850C in air.
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40 ———————————r——— again significantly decreases the electrode polarization resis-
Cathodic _ Anodic Cathodic tance Fig. 4). The reversibility of the electrode polarization
| behaviour of the LSM electrodes under anodic and cathodic

<
<
<
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30 —T 4 current treatment indicates a significant mobility and diffu-
sion of oxygen and cation species, such as Mn and Sr on the
Ng I LSM surface[25,26,28-31,42,47According to Yokokawa
G 20+ . et al.[48], oxygen plays an important role in the reductive
" dissolution of manganese from perovskite phase. Thus, the
. o~ Cathodic formation and accumulation of passivation species, such as
—— Anodic ’
10 F —— Cathodic | | SrO on the LSM surface and the re-combination of such
species into the LSM perovskite structure could be closely
[E | related to the extent and direction of the polarization, and
o ‘ Lot 1| w thus the oxygen partial pressure. The extraordinary deposi-
0 50 100 150 200 250 300 350 400 450 500 550 600 tion of Cr species on the zirconia electrolyte surface also
Current Passage Time / min demonstrates that cations, such as Mn are extremely mobile

on the LSM surface under the influence of cathodic polar-

Fig. 4. Initial electrode polarization resistance of {kgSr.20)0.00MNO3 ization in fuel-cell operation conditior[§1 47]_

(LSM-B) electrode as function of sequential cathodic, anodic and cathodic

current treatment. Current treatment carried out at 100 mA%can 800°C .
in air. Re measured at open-circuit. 3.3. Morphology and interface topography change
induced by polarization

performance of the LSM electrod®,26,43,44] The activa- The significant mobility of oxygen vacancies and cation
tion effect of cathodic polarization has also been observed species on the LSM electrode surface under the influ-
on LSM/YSZ composite electroddd45,46] Nevertheless, ence of polarization is also indicated by the morphological
the extent of this effect is much smaller on LSM/YSZ change and reorientation of the LSM graif$g. 5 shows
composite electrodes than on pure LSM electrodes. scanning electron micrographs of fractured cross-sections

The electrode polarization resistandg:) of a LSM-B of a (La®gSrp.2)0.9sMnO3 (A:B = 0.95) electrode at the
electrode is shown iifrig. 4 as a function of a sequential electrode|electrolyte interface before and after a cathodic
cathodic, anodic and cathodic current treatment. The cur-current treatment of 500 mA cm at 100°C in air for 3 h.
rent treatment was carried out at 100 mAchat 800°C in LSM electrode was sintered at 110D in this case. The
air andRg was measured by EIS at open-circuit. The initial LSM electrode before the cathodic current treatment is
polarization resistance before the cathodic current treatmentcharacterized by a plate-like structure and each plate is an
was 32.X2 cn? After such treatment for 5 mirRe was re- agglomerate of many small sphere-shaped patrticles.
duced to 1.6 cn?, i.e. ~20 times smaller than the initial After a cathodic current passage at 500 mAénand
value. With the application of anodic polarization, the elec- 1000°C for 3 h, the morphology of the LSM grains is charac-
trode polarization resistance increases monotonously withterized by well-defined, granular-shaped particles. Tsukuda
time. This is consistent with the observation of Tsukuda et al. et al. [43] also observed the microstructural change of the
[43]. The rate of increase iRg with anodic polarization is  contact points between the LSM grains and YSZ electrolyte.
much smaller than the rate of decreaseRinin the case It was found that the change in the morphology of the elec-
of cathodic current treatment. After 5 min of anodic current trode took place only in the interface region, the electrode
treatmentRe increases to 2.2 cm?, only about two times bulk was unaffected.
higher than theRg value before anodic current treatment AFM images of a YSZ electrolyte surface in contact with
(0.88% cnP). Only after prolonged anodic current treatment LSM-B electrodes after individual cathodic and anodic cur-
for 180 min, doesRe increase to 31.2 cn?, i.e. to almost rent treatment are presentedHig. 6. Current treatment was
the same value as the initiBg of the freshly-prepared LSM  performed at 100 mA cr? and 800°C for 3h in air, and
electrode. Nevertheless, the activation effect of cathodic cur-the LSM electrode coating was removed by HCI treatment.
rent treatment on the anodically polarized LSM electrode is A comparison of the YSZ surface without LSM contact
almost identical to that on freshly-prepared LSM electrodes. and with LSM electrode contact but with no polarization
TheRe is reduced from an initial value of 31.2—2.9%n? is given inFig. 6a and bThe contact topography between
after cathodic polarization for only 5min, i.ex11 times LSM particles and YSZ electrolyte is characterized by a ring
smaller than the initiaRg. which grows out of the YSZ electrolyte surfadeid. 6b.

The increase iRg with the time of anodic current passage Given that the LSM electrode used in this study is A-site
is an indication of the deactivation effect of the anodic polar- non-stoichiometric, the formation of the ring is most likely
ization on the performance of the LSM cathode, in contrast due to the diffusion of manganese ions from LSM to YSZ
to that of cathodic current polarization. This is supported by during sintering of the LSM electrode coating, formation of
the fact that a change of polarization to cathodic direction lanthanum zirconate at the three-phase boundary is unlikely
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important influence on the electrochemical processes in the
LSM electrode and YSZ electrolyte interface region.

The change in microstructure and polarization behaviour
with cathodic polarization clearly indicates that the rela-
tionship between the microstructure and polarization per-
formance is dynamic rather than static. The most significant
change in the morphology at the interface that is induced
by cathodic or anodic polarization occurs around the edge
of the LSM particles in contact with YSZ electrolyte (i.e.
the Mn—YSZ rings, as shown iRig. 6). As manganese dis-
solution, diffusion and oxygen vacancy formation occur si-
multaneously on the LSM electrode surface under cathodic
polarization[44], the change in the shape and the width of
the rings indicates that the;®@eduction reaction most likely
occurs in Mn—-YSZ ring region, i.e. in the three phase bound-
ary region[5,25,40-42] If the ring width is an indication of
the width of the three-phase boundary, then the width of this
boundary is about 0.25m which is similar in magnitude as
that estimated by electrochemical and secondary-ion mass
spectrometry (SIMS) measurements1(m) [5,40,49]
Clearly, the relative magnitude of three-phase boundary (i.e.
the ring area) and of the two-phase region between LSM
grains and YSZ electrolyte would vary significantly with
the LSM particle size and particle-size distribution, which
may change with the polarization conditions. Such varia-
tion may offer some explanation of the discrepancies in the
relation between the reaction rate, the three-phase boundary
length and/or the two-phase contact ar@2s-24,40,41,50]

Fig. 5. Scanning electron micrographs of fractured cross-sections of

(Lao.80S10.20)0.0sMNO3 electrode at electrode|electrolyte interface region 3.4. Effect of contact and cell size on electrode
(a) before and (b) after cathodic current treatment of 500 mAZHit performance
1000°C in air for 3h.

In addition to the effect of cathodic polarization on elec-
[25]. This is also indicated by the lack of formation of trode behaviour, as described earlier, it has been found that
square islands which would indicate lanthanum zirconate the polarization performance of LSM electrodes is also de-
on top of the rings. After cathodic current treatment of pendent on the cell size. The performance of LSM cathodes
100 mA cn12 for 240 min at 800C, the sharp edge of the and Ni/TZ3Y cermet anodes is shownfig. 7. The results
Mn—YSZ ring disappears and the ring grows outwards and were obtained on small button cells and on 50 &0 mm
broadens. This indicates that polarization not only induces plate cells at 900C in air and in 97% /3% Hy,O. The over-
a change in morphology and a reorientation of the LSM potentials were measured at 250 mAchand 900C. The
particles but also a morphological change at the LSM|YSZ effective electrode area of small coupon cells was 0.44 cm
interface Fig 60. Kuznecov et al[24] also observed the and for 50 mmx 50 mm plate cells the effective electrode
formation of nanopores in the LSM|YSZ interface region areawas 10 cfk The small coupon cells and 50 n¥B0 mm
after cathodic polarization treatment. The initial anodic cur- plate cells were fabricated at the same time and used the
rent treatment affects the LSM/YSZ interface topography in same LSM and Ni/TZ3Y inks. The testing conditions were
a similar manner to cathodic current treatment, as shown inalso similar for both types of cell. For Ni/TYZ3Y cermet
Fig. 6d Nevertheless, no reaction layer is detected betweenanodes, there is a very good correlation between the per-
the LSM and the YSZ electrolyte, as reported by Lee at formance measured on small coupon cells and on 50mm
al. [46] in a study of the formation of the reaction layer 50 mm cells. For LSM electrodes however, the performance
between a LSM|YSZ composite electrode and a YSZ elec- measured on 50 ms50 mm plate cells is significantly lower
trolyte after anodic current passage of 1 Athat 900°C than that measured on small button cells, in most cases. The
for 24 h. This indicates that the initial LSM|YSZ interface size of the cell has a significant effect on the performance of
is morphologically unstable. Either cathodic or anodic cur- LSM electrodes, but not on that of Ni/TZ3Y cermet anodes.
rent treatment has a significant effect on the formation of  Electrical conductivity measurements on the porous elec-
the interface topography at the LSM|YSZ contact region. It trode coatings show that the electrical conductivity of the
is expected that such changes in topography will have anporous Ni/TZ3Y cermet coating is254 S cn!, which is



396 SP. Jiang/ Journal of Power Sources 124 (2003) 390-402

nm
nm

2000.00

=3
=]
=3
=1
=1
~

(@)

nm
nm

2000.00
2000.00

(C) Hm (d) pm

Fig. 6. AFM images of YSZ electrolyte surface: (a) without LSM electrode contact; (b) with LSM electrode and no polarization; (c) with LSM electrode
after cathodic current treatment of 100 mAcfmat 800°C for 180 min; (d) with LSM electrode after anodic current treatment of 100 mAcat 800°C
for 180 min. LSM electrodes were sintered at 1160for 2h in air.

much higher than 45 S cnd for the porous LSM electrode  electrode coating and a Pt woven mesh current-collector on
coating at 800C [36]. The much higher electronic conduc- mechanical loading measured at 8@is shown inFig. 8.

tivity of Ni/'YSZ cermet anodes may be the reason for the The empty symbols represent the measured results for two
decreased sensitivity of polarization performance with in- different samples of LSM electrode. The solid triangles are
crease in cell size. It has been shown recently that the cellcontact resistance of the LSM cathode side measured on
performance is dependent on the contact between the elec50 mmx50 mm TZ3Y electrolyte cells, and the solid squares
trode coating and the current-collect®6]. High contact are the contact resistance of the LSM cathode side mea-
area is particularly important for an electrode coating with sured on 50 mnmx 50 mm 9 mol% SgO3-ZrO;, electrolyte

low electric conductivity. On the other hand, it has been cells at 800°C. The contact resistances on 50 50 mm
found that the contact resistance between the Pt woven mesitells were measured between a conventional voltage probe
current-collector and the LSM electrode coating depends onand a special voltage probe on the same electrode side us-
the operation temperature and the mechanical loading. Theing a special cell configuratiofp1]. The results show that
dependence of the contact resistance between a porous LSMhe contact resistance decreases significantly with increase
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Fig. 7. Comparison of overpotentials of LSM cathodes and Ni/TZ3Y
cermet anodes measured on small coupon cells (0.4%@nd on
50mmx 50mm plate cells (10cf) in air and in 97% H/3% H,O,
respectively. Overpotentials measured at 250 mA%rand 900C.

in the mechanical loading. In general, the mechanical load
on small button cells is due to the pressure applied by the
spring and is generally about 1.5 kgcfor higher, while

for 50 mmx 50 mm TZ3Y electrolyte cells, the load is below
0.5kg cnT2. The mechanical load on the small button cell
was several times higher than that on the 50 B0 mm

cell for the cells as described Fig. 7. The difference in the
mechanical loading on small button cells and on 50 sam
50 mm cells results in a significant difference in the contact
resistance. The high contact resistance will result in high

1.0
o O  LSM sample 1
g 0.8 Load over 50x50 mm cell v LSMsample2 | |
G A TZ3Ycel
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Fig. 8. Plots of contact resistance between LSM electrode coating and
Pt mesh current-collector as function of mechanical load measured at
800°C. See text for explanation of curves.
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polarization losses as the constriction effect not only occurs
at the electrodelelectrolyte interface, but also at the inter-
face between the electrode and current-collef26t. This
explains the significant size effect on the polarization per-
formance of porous LSM electrodes, as showikig. 7.

The contact between the LSM electrode coating and the
Pt current-collector also depends on the testing temperature.
The Pt woven mesh current-collector used in this study is
shown inFig. 9together with a LSM electrode contact sur-
face after fuel-cell testing at 100€ under mechanical load-
ing of 0.5kgcnT?. At an intermediate test temperature of
800°C and a sample loading of 0.14 kg ch the contact
between the Pt woven mesh and the LSM electrode would
be mainly through the alternative cross-over; the rest of the
mesh area is simply used to carry current laterally out of
the system. In this case, the contact area of the Pt woven
mesh current-collector with the LSM electrode coating is es-
timated to be~4.6%, and there is no clear contact mark of
the Pt mesh on the LSM electrode coat[8§]. In addition
to the increased mechanical load to 0.5kgémincreas-
ing the test temperature to 1000 would have significant
effect on the softening properties of Pt mesh. This is indi-
cated by the clear mesh mark on the LSM electrode coating
(Fig. 99. From the contact marks, the contact area between
the Pt woven mesh current-collector and the porous LSM
electrode coating is estimated to 86%, which is signifi-
cantly higher than that of the designed contact area of the Pt
mesh current-collector. Such an increase in the contact area
would have a significant effect on the performance of LSM
cathodes.

Fig. 9. Pt mesh current-collector (a) and LSM electrode surface (b),
showing the Pt mesh contact marks after fuel-cell testing at 1000
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the particles grow in a columnar structure. EDS identified
the presence of Zr and La elements in these grains, which
indicates the formation of a lanthanum zirconate phase on
the TZ3Y electrolyte surface. This is consistent with the
studies of Mitterdoft and GauckI¢25] on the dedicated re-
lationship between the stoichiometric composition of LSM
and the interface properties between LSM and Y3%].

A LSM electrode with stoichiometric composition shows
low stability, low shelf-life, and poor electrode performance
[8]. Thus, the non-stoichiometric composition (A-site defi-
ciency) of LSM is important for LSM|YSZ interface stabil-
ity and high-performance. A recent phase st of the
LSM-TZ3Y system showed that the fundamental reason for
the beneficial effect of A-site deficient or Mn excess in LSM
perovskite in inhibiting the formation of lanthanum zir-
conate is the fact that manganese oxide does not equilibrate
with the lanthanum zirconate resistive phase, even though
the LSM can be in equilibrium with either lanthanum or
strontium zirconate phases at high temperat{#8%

With reduction of the operation temperature of a SOFC,
metallic materials, such as Cr-based ferritic alloy and stain-
less steel can be used as the interconnect in place of doped
LaCrOs ceramic[53-55] Compared with ceramic materi-
als, metallic interconnect materials are cheap, mechanically
strong, much better in workability, and have high electrical
conductivity and high heat conductivity. Chromium-based
alloys, however, produce gaseous Cr species under the oxi-
dizing environment and without an effective protective coat-
Fig. 10. Scanning electron micrographs of (a) TZ3Y electrolyte sur- iNg, the volatile Cr species can cause significant performance
face after removal of stoichiometric LSM electrode coating prepared by degradation of the LSM cathod&6-58] Hilpert et al.[59]
solid-state reaction method and (b) enlarged part of formation of colum- haye demonstrated that thermodynamically, the electro-
nar structure. chemical reduction of high valent Cr species to@g can

occur in competition with the ©reduction reaction under
3.5. Interaction with other cell components SOFC operating conditions. The electrochemical reduction
of Cr species at the LSM|YSZ interface region in compe-

One of the most significant interactions between LSM tition with Oz reduction reaction is generally considered to
electrodes and other cell components is the reaction with be the deposition mechanism of Cr species under cathodic
the YSZ electrolyte. The stability of LSM with YSZ elec- polarization condition§56-58,60,61] On the other hand,
trolyte materials is related, however, to the stoichiometric systematic studies on the deposition process of Cr species
composition of LSM. Yokokawa et 48] have shown that  on LSM, Pt and (La,Sr) (Co,Fe}JLSCF) cathodes under
the significant A-site deficient lanthanum manganite in- different experimental conditions have provided convincing
hibits the interfacial reaction with YSZ for the formation of evidence that deposition of Cr species under SOFC oper-
lanthanum zirconate. In the case of LSM powders preparedation conditions is not controlled by the electrochemical
by co-precipitation synthesis processes, non-stoichiometricreduction of high valent Cr species in competition with O
LSM composition is essential to inhibit the formation of reduction reactions in the electrode|electrolyte interface re-
insulating pyrochlore zirconate phases at the LSM elec- gion. Rather, itis a chemical process in nafag47,62,63]
trode and ¥%03—-ZrO; electrolyte interfacg8,9]. The same Scanning electron micrographs of LSM and Pt electrodes
is also true for LSM powder prepared by the solid-state after passing cathodic current of 200 mAthat 900°C in
reaction method. Scanning electron micrographs of the contact with Cr-based alloy for 4 and 22 h, respectively, are
TZ3Y electrolyte surface after removal of the stoichiometry presented irFig. 11 Details of the experimental set-up of
(Lo.gSr.2)1.0MnO3 electrode coating are given rig. 10 the test cells can be found|&1,62] For the LSM electrode,
The LSM electrode was prepared from stoichiometry LSM the coating was carefully removed to expose the YSZ elec-
powder prepared by the solid-state reaction method and thetrolyte surface. LSM patrticles of irregular shape remained on
electrode coating was fired at 1080 for 4h in air. On the YSZ electrolyte surface. On the electrolyte surface be-
the TZ3Y electrolyte surface in contact with the LSM elec- tween the LSM particles, there were fine grain®(05um)
trode, the formation of small particles is clearly visible and and relatively large crystals~0.17pm) (Fig. 113. EDS
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Fig. 11. Scanning electron micrographs of: (a) LSM electrode after cathodic current passage of 200%s4 @D0°C for 4 h in contact with Cr-based
alloy; (b) Pt electrode after cathodic current passage of 200 mA&ah 900°C for 22 h in contact with Cr-based alloy EDS pattern; (c) deposit particles
on YSZ surface of LSM electrode; (d) deposit particles on YSZ surface of Pt electrode.

analysis showed that crystals contain Cr and Mn, which in- nucleation agent for the deposition of gaseous Cr species.
dicates that the crystals are most likely (Cr,N@) spinel The results also indicate that in addition to the development
phase Fig. 119. Most importantly deposition of Cr species of an effective and gas-tight protective layer for a Cr-based
occurs not only on the areas close to the LSM|electrolyte alloy interconnect, development of cathode materials which
interface, but also on the whole electrolyte surface betweeninhibit the formation of a nucleation agent could also be ef-
the LSM patrticles. The deposition of Cr species beyond the fective in the prevention of Cr deposition at the electrode.
electrode|YSZ electrolyte region is also indicated by the for-  In addition to the volatile Cr species from Cr-based metal-
mation of Cr deposit rings as wide as 30 on the YSZ lic interconnect, gaseous species from other cell components
electrolyte surface for the LSM electrode under polarization can also be harmful to the performance of LSM cathodes.
[47]. For the Pt electrode after polarization for 22 h in con- For example, volatile alkaline species, in particular,Qa
tact with the Cr alloy, there was no deposition of Cr species produced from borosilicate glass sealant containing Na and
on either the YSZ electrolyte surface or on the Pt electrode K at high temperatures, accelerate the grain growth of LSM
surface Fig. 110. EDS analysis of large and small particles particles and, thereby, leads to a decrease in the electrode
on the YSZ electrolyte surface shows the presence of Pt onlypolarization performancgs4]. In general, the constituents
(Fig. 119. This suggests that deposition of Cr species at Pt in the cell components should have low volatility to min-
electrodes is kinetically hindered as compared with that at imize adverse effects on the performance and stability of
LSM electrodes under cathodic polarization conditions. The the LSM electrode, or direct contact between the volatile
fundamental reason for the significant dependence of thespecies and the LSM electrode should be avoided through
Cr deposition process on the nature of the electrode is thatcareful stack design.

the driving force for Cr deposition under fuel-cell operating

conditions is not the electrochemical polarization potential. 3.6. Electrocatalytic effect under polarization

In the case of a LSM cathode, the driving force for Cr de-

position is most likely the Mfi- species generated under In addition to the activation effect of cathodic polar-
cathodic polarization or at high temperatuf@e,44] For a ization on the initial electrode performance of the LSM
Lag.6Sr.4Cop 2Fen 8O3 (LSCF) cathode, enrichment of SrO  cathode, as shown above, an electrocatalytic effect or en-
species on the surface is the main nucleation agent for thelargement of the reaction area on oxygen reduction could oc-
deposition of Cr specid62]. On the other hand, Ptis a poor cur under cathodic polarization, as indicated by a significant
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The Cr gaseous species was introduced into the system by
using a high Cr stainless-steel interconnect coupon in direct
contact with the electrodg@1]. The electrode polarization

f’ 44 resistanceRg) was measured by EIS at open-circuit. Char-

3

700

600

500 acteristics of LSCF electrodes can be foundi8]. The
change in polarization potentiaE{sthoqe for O2 reduction
on the LSM electrode with passage of cathodic current is
opposite to that in the Cr species-free environment. Instead
of a very rapid decreasing:athodein the Cr species-free en-
vironment (seé-ig. 3b), Ecathogeincreased very rapidly with
41 the cathodic current passage, and reached a potential plateau
i . ® | where the increase B:ainogeWas much slower. The change
‘ ‘ ‘ of EcathodeWith cathodic current passage was reproducible
100 150 200 250 at the initial stage of the polarization. The instantaneous in-
crease OfEcathogeand the almost complete reproducibility
3 of the polarization behaviour with cathodic current passage
indicate that the gaseous Cr species is a strong inhibitor of
' , . O reduction reactions on LSM electrodes. Similar to that
o r on LSM electrode, the polarization potential also increased
200 - 12 with the passage of cathodic current on the LSCF elec-
trode. The magnitude in the increaseEfinogeis however
smaller Eig. 12P This is most likely related to the high oxy-
gen ion conductivity of the LSCF materials compared with
10040 @0 @ . o1 that of LSM. LSM is a predominant electronic conductor
with very low ionic conductivity (oxygen ion conductivity is
e o o ~6x 1077 Scnr ! at 900°C [21]) while the oxygen ion con-
fv v v v ductivity of LSCF is much higher~0.2 Scnt! at 900°C
0 Ty [67]). The significant increase of polarization potential for
O5 reduction on the LSM electrode indicates that due to the
presence of surface process inhibiting species, such as Cr
Fig. 12. Electrode behaviour of (&) (§.80S10.20)0.00MNOs (LSM-B) and gaseous species, the electrocatalytic effect of cathodic polar-
(b) LaosSi.4Co2FepgOs (LSCF) electrode under cathodic current of  ization is no longer effective despite the very high cathodic
200mAcnT? at 900°C in air and in presence of gaseous Cr species.  polarization potential (the cathodic potential can go as high
as—0.98V versus Pt air reference electrode at 90&nd
there is still no decrease in the overpotential forr@duc-
decrease in electrode polarization resistance and an im-tion onthe LSM electrodfL9]). This, in turn, shows that the
provement in electrochemical performanide,14,44,65] oxygen vacancy cannot be initiated from the inside of the
There is, however, a diversity of opinion on whether LSM LSM electrode bulk under ©reduction polarization. Thus,
would develop a significant bulk diffusion property or ionic the electrocatalytic effect due to oxygen vacancy formation
conductivity under cathodic polarization. Secondary-ion observed on LSM electrodes under high polarization poten-
mass spectrometry (SIMS) studies on the LSM mesh elec-tials is essentially a surface phenomenon in nafli®e66].
trode under polarization indicate that the oxygen diffusion Even though the extent of the electrocatalytic effect of ca-
through the LSM bulk is dependent on the polarization thodic polarization on the ©reduction reaction on LSM
potential[5,49]. Under a cathodic overpotential of 0.336V electrodes cannot be quantified at this stage, it is most likely
at 700°C, oxygen ion was found to diffuse through LSM that such effect would be substantial and would probably be
(~0.5pum thick) while at lower cathodic polarization, oxide limited in the surface region.
ion did not diffuse through the LSM mesh. On the other
hand, Kuznecov et a[24] considered that the Oreduc-
tion reaction is dominated by oxygen diffusion through the 4. Conclusions
LSM bulk. Recent findings of LSM electrode behaviour in
the presence of chromium gaseous species offer some in- The development of electrode materials for fuel cells is
sight into the nature of @reduction reaction under SOFC a complex process which involves examination and consid-
operation condition§l9,42,66] eration of the material microstructure, interface properties
The electrode behaviour of LSM and LSCF electrodes at and electrochemical process, in addition to optimization
a cathodic current of 200mA cm and 900°C in air and of the fabrication process. In the case of a LSM cathode,
in the presence of gaseous Cr species is showkign12 the material microstructure and interface properties are not
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static but are constantly changing and evolving under po-
larization or fuel-cell operating conditions. It is important

to optimize the fabrication process in order to achieve the
optimum microstructure of the electrode. It is equally im-

portant to understand the dynamic relationship between the
material properties, the interface properties at the electrode
and electrolyte, the current-collector contact, and the elec-
trochemical behaviour. These factors must be taken into
account when determining and evaluating the mechanism
and kinetics of the electrode reaction concerned. In addition
to the factors discussed above, the thermal compatibility of
the electrode material, together with the chemical stability

and the tolerance of the electrode materials to the gaseou?33]
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