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Abstract The electrode behavior and microstructure of
freshly prepared (La0.8Sr0.2)0.9MnO3 (LSM) electrodes
were investigated under various polarization conditions.
The original, large agglomerates in freshly prepared LSM
electrodes were broken down into sphere-shaped grains
when exposed to cathodic or anodic current passage of
200 mA cm)2 at 800 �C in air for 3 h. Microstructural
changesundercathodicpolarizationcouldberelatedtothe
pronounced diffusion and migration of oxygen vacancies
and Mn ions on the LSM surface and lattice expansion,
while lattice shrinkage under oxidation conditions most
likely contributes to the structural changes under anodic
polarization. Such morphological changes were irrevers-
ible and were found to be beneficial to the performance of
freshly prepared LSM electrodes. Freshly prepared LSM
electrodes behaved very differently with respect to the
cathodic and anodic current passage treatment.
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Introduction

Sr-doped LaMnO3 (LSM) is the most common cathode
material for solid oxide fuel cells due to its high stability
and high electrocatalytic activity for O2 reduction at
high temperatures [1, 2, 3]. However, as shown recently
[4], there is a complex relationship between the micro-
structure and electrochemical polarization performance
for O2 reduction on LSM electrodes. The relationship
between the microstructure and electrode behavior

involves continuous change and evolution under fuel cell
operation conditions. A typical example is the initial
polarization behavior of LSM electrodes. It has been
shown that, for the O2 reduction reaction on freshly
prepared LSM electrodes, the initial polarization losses
are very high and decrease significantly with cathodic
polarization/current passage [5]. Such an activation ef-
fect of cathodic polarization/current passage on the
polarization behavior of LSM electrodes has been
attributed to the generation of oxygen vacancies [6, 7, 8,
9], the enlargement of the three-phase boundary (TPB)
area [10, 11], and the breaking of surface passive layers
associated with SrO segregation [12].

In addition to the improvement of polarization per-
formance, cathodic polarization/current passage was
found to induce microstructure and morphology chan-
ges. Tsukuda et al. [13] studied the effect of cathodic
current passage on the electrode properties of
La0.9Sr0.1MnO3, and found that microstructure changes
occurred at the LSM/YSZ interface after cathodic
polarization. This was ascribed to the flux of oxygen
vacancies from YSZ electrolyte to the LSM side under
cathodic potential. Mizusaki et al. [14], in a study of O2

reduction on dense LSM films, observed the formation
of grains of submicrometer size with clear grain
boundaries on originally dense and smooth LSM films
after cathodic polarization, an indication of morpho-
logical change induced by polarization treatment. Our
recent studies show that cathodic polarization causes
microstructural change not only at the LSM/YSZ
interface but also in the LSM electrode bulk [15]. In this
report, we will present additional results of electrode
behavior and microstructure observation for LSM
electrodes under various current passage/polarization
conditions. The results of electrochemical impedance
spectroscopy (EIS) and scanning electron microscopy
(SEM) indicate that either cathodic or anodic polariza-
tion treatment will result in microstructure change at the
electrode/electrolyte interface and in the LSM electrode
bulk. Such microstructural change has a significant ef-
fect on the polarization performance of LSM electrodes.
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Experimental

Zirconia electrolyte disks were prepared from 8 mol%
Y2O3-ZrO2 (YSZ, Tosoh, Japan) by die-pressing, fol-
lowed by sintering at 1,500 �C in air for 4 h. The
thickness and diameter of sintered YSZ electrolyte disks
were �1 and 18 mm, respectively. A-site nonstoichio-
metric (La0.8Sr0.2)0.9MnO3 (LSM) powders were pre-
pared by coprecipitation and calcined at 900 �C in air.
X-ray diffraction (XRD) spectra of the as-fired powder
showed the perovskite structure only [16]. LSM elec-
trode ink was applied to the electrolyte substrate by
screen-printing and then sintered at 1,150 �C in air for
2 h. The electrode coating thickness was �15 lm and
the electrode coating area was 0.5 cm2. Pt paste was
painted on the other side of the YSZ electrolyte sub-
strate as the counter electrode and reference electrode.
The counter electrode was symmetrically positioned at
the center, opposite to the working electrode. The ref-
erence electrode was painted as a ring around the
counter electrode. The gap between counter and refer-
ence electrodes was �4 mm.

All polarization treatments were performed under a
current density of 200 mA cm)2 at 800 �C in air. The
polarization treatments selected in this study were (a)
cathodic for 3 h, (b) cathodic and anodic for 6 h, (c)
anodic for 3 h, and (d) cathodic, anodic, and cathodic for
9 h. The duration for each individual polarization section
was kept as 3 h. The polarization was interrupted from
time to time to conduct electrochemical impedance spec-
troscopy (EIS) measurement using a Solartron 1260 fre-
quency response analyzer in combination with a
Solartron 1287 electrochemical interface. The frequency
range of EIS was from 0.1 Hz to 100 kHz and the signal
amplitude was 10 mV. EIS measurements were per-
formed in a three-electrode arrangement at open circuit.
The electrode ohmic resistance (RW) was measured from
the high-frequency intercept and the electrode interface
(polarization) resistance (RE) was obtained directly from
the difference between the high-frequency and low-fre-
quency intercepts on the impedance curves.

The microstructure of the LSM electrode before and
after various polarization treatments was examined by
scanning electron microscopy (SEM, Leica S360). At
least two samples were tested for each current/polari-
zation treatment to confirm the reproducibility of the
microstructure change and electrode behavior. The
average particle size of the LSM electrodes after various
current passage treatments was directly estimated from
SEM pictures taken at different areas of the electrodes.

Results

Polarization behavior

Figure 1 shows the impedance responses and the change
of electrode polarization resistance (RE) of a freshly

prepared LSM electrode as a function of cathodic cur-
rent passage time at 200 mA cm)2 and 800 �C in air for
3 h. The absolute value of RE depended on the indi-
vidual LSM electrodes. However, the trend of the
change of RE with the cathodic current passage time was
the same. RE shows a very sharp decrease in the first
5 min of cathodic polarization after which the decrease
in RE was much smaller with the current passage time.
The initial RE value was 18.5 W cm2 before cathodic
current passage and was reduced significantly to 3.5 W
cm2 after 5 min of current passage. At the end of 3 h
cathodic polarization treatment RE was reduced to
0.75 W cm2. This indicates that the activation process of
cathodic polarization on the polarization performance
of LSM electrodes is rather rapid and is most effective in
the first 5 to 15 min of cathodic current passage under
present test conditions.

Figure 2 shows the impedance responses and elec-
trode polarization resistance of a freshly prepared LSM
electrode after 3 h cathodic current passage followed by
another 3 h anodic current passage at 200 mA cm)2 and
800 �C. Similar to that shown in Fig. 1, a rapid
reduction in RE was observed with cathodic current
passage. After the cathodic current passage treatment,

Fig. 1a,b Initial a impedance responses and b electrode polariza-
tion resistances (RE) of a freshly prepared LSM electrode as a
function of cathodic current passage time at 200 mA cm)2 and
800 �C in air
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RE increased with the anodic current passage. However,
different from the rapid reduction of RE with the
cathodic current passage, the increase in RE with anodic
current passage time was rather gradual and much
slower (Fig. 2c). The increase of RE with the anodic
current passage is an indication of the deactivation effect
of anodic polarization on the O2 reactions on LSM

electrodes. At the end of anodic current passage treat-
ment for 3 h, RE was 23 W cm2, still smaller than the
initial RE of 43.6 W cm2 before the cathodic current
passage. This indicates that the activation effect of
cathodic polarization and the deactivation effect of
anodic polarization are not reversible in respect of the
polarization behavior of LSM electrodes.

The effect of anodic polarization was also studied on
a freshly prepared LSM electrode, as shown in Fig. 3.
Change of RE with anodic current passage time can be
characterized by two distinct regions: RE increased very
quickly with anodic current passage, followed by a re-
gion where RE showed a gradual decrease (Fig. 3b). RE

was 19 W cm2 before anodic current passage. After
5 min of anodic current passage, RE increased signifi-
cantly to 39.5 W cm2. Further anodic current passage
treatment led to the monotonous decrease of RE. After
anodic polarization for 3 h, RE was reduced to 32 W
cm2, which was still higher than the initial value of 19 W
cm2 before anodic polarization. Such polarization
behavior of the freshly prepared LSM electrode with
anodic current passage was quite different from that
observed on the cathodically polarized LSM electrode
(see Fig. 2).

Figure 4 shows the impedance responses and change
of electrode polarization resistance as a function of

Fig. 2a–c Impedance responses of a freshly prepared LSM elec-
trode with a cathodic and then b anodic current passage time at
200 mA cm)2 and 800 �C in air. The change of electrode
polarization resistance (RE) as a function of different current
passage time is shown in c

Fig. 3a,b Initial a impedance responses and b electrode polariza-
tion resistances (RE) of a freshly prepared LSM electrode as a
function of anodic current passage time at 200 mA cm)2 and
800 �C in air
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sequential cathodic, anodic, and then cathodic current
passage treatments at 200 mA cm)2 and 800 �C in air.
The activation effect of cathodic polarization and
deactivation effect of anodic polarization were again
observed and the rate of increase in RE with anodic
polarization was much smaller than the rate of decrease
in RE with cathodic polarization, similar to that de-
scribed above (Fig. 2). Moreover, the activation effect of
cathodic polarization on anodically polarized LSM
electrodes is almost identical to that on freshly prepared
LSM electrodes, indicated by the rapid reduction in RE.

Microstructure observation

Figure 5 shows the SEM pictures of fractured cross
sections of LSM electrodes in the bulk and at the elec-
trode/electrolyte interface region before and after
cathodic polarization treatment at 200 mA cm)2 and

800 �C for 3 h in air. The microstructure of a freshly
prepared LSM electrode is characterized by large
agglomerates with no clear grain boundaries between
LSM particles (Fig. 5a). The bonding between LSM
agglomerates and YSZ electrolyte appears to be good,
indicated by the continuity between the LSM electrode
and YSZ electrolyte phases (Fig. 5c). After cathodic
current passage treatment, large agglomerates of the
LSM electrode disappeared and the microstructure of
the LSM electrode was characterized by much smaller
and well-defined granular-shaped particles with clear
grain boundaries (Fig. 5b). This is similar to the
microstructure change induced by cathodic polarization
on LSM electrodes with different composition [15].
However, such change in the microstructure of the LSM
electrode does not seem to affect the good bonding be-
tween LSM particles and YSZ electrolyte. This is indi-
cated by the continuity at the LSM and YSZ interface
(Fig. 5d). There is also a significant increase in small
pores due to the microstructural change of the LSM
cathode after cathodic current passage.

Figure 6 shows the SEM pictures of freshly prepared
LSM electrodes after separate cathodic and anodic
current passage for 6 h, anodic current passage for 3 h,

Fig. 4a–d Impedance responses of a freshly prepared LSM
electrode with a cathodic, b anodic, and finally c cathodic current
passage time at 200 mA cm)2 and 800 �C in air. The change of
electrode polarization resistance (RE) as a function of different
current passage time is shown in d
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and cathodic, anodic, and cathodic current passage for
9 h at 200 mA cm)2 and 800 �C in air. For the purpose
of simplicity, only the SEM pictures of the LSM bulk
phase are shown in the figure. However, the micro-
structural change at the LSM/YSZ interface is similar to

that observed in the bulk. Like those after cathodic
polarization (see Figs. 5b and 5d), the microstructure of
a freshly prepared LSM electrode after cathodic and
anodic polarization was characterized by well-defined
sphere-shaped particles (Fig. 6a). This indicates that the

Fig. 5a–d SEM pictures of
fractured cross section of a
freshly prepared LSM
electrode. a, c Before cathodic
current passage; b, d after
cathodic current passage of
200 mA cm)2 at 800 �C for 3 h
in air. a and b show the bulk
phase and c and d are the
interface region

Fig. 6a–c SEM pictures of the
fractured cross section of a
freshly prepared LSM electrode
after a cathodic and anodic
current passage for 6 h, b
anodic current passage for 3 h,
and c cathodic, anodic, and
cathodic current passage for 9 h
at 200 mA cm)2 and 800 �C in
air
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morphology change caused by the cathodic current
passage treatment cannot be reversed with subsequent
anodic current passage treatment. The microstructural
change was also observed on a freshly prepared LSM
electrode after anodic current passage (Fig. 6b). The
morphology change induced by anodic current passage
was similar to that after cathodic current passage
treatment on a freshly prepared LSM sample (see
Fig. 5). This shows that the morphology and micro-
structure change of the freshly prepared LSM electrode
can take place either under cathodic or anodic polari-
zation conditions. Similar morphological change was
also observed after sequential cathodic, anodic, and fi-
nally cathodic current passage for a total of 9 h
(Fig. 6c). However, it appears that LSM particles grow
after such sequential polarization treatment. After
cathodic current passage for 3 h, the average LSM
particle size was estimated to be 0.76±0.18 lm
(Fig. 5b). After anodic current passage for 3 h, the
average particle size of LSM was 0.67±0.19 lm
(Fig. 6b), slightly smaller than that after cathodic cur-
rent passage treatment. On the other hand, LSM parti-
cles grew to 0.89±0.29 lm after cathodic and anodic
current passage for 6 h (Fig. 6a) and to 1.04±0.29 lm
after cathodic, anodic, and finally cathodic current
passage for 9 h (Fig. 6c).

Figure 7 compares the average particle size of LSM
electrodes after various current passage treatments. The
LSM particles after alternate cathodic, anodic, and
cathodic current passage for 9 h was 37% larger than
that after cathodic current passage for 3 h. It appears
that the increase in the LSM grains is quite significant
with alternate cathodic and anodic current passage/
polarization.

Discussion

Cathodic current passage/polarization has a significant
effect on the polarization behavior of the O2 reduction
reaction on LSM electrodes. As shown in Fig. 1, elec-
trode polarization resistance (RE) for the reaction on
freshly prepared LSM decreased very quickly with the
application of cathodic polarization. This is followed
by the much slower reduction in RE with prolonged
cathodic polarization, indicating that the activation
process of the cathodic current passage treatment is a
fast one. The same activation effect of cathodic polar-
ization was also observed on the prior anodically
polarized LSM electrodes (see Figs. 2 and 4). An early
study on the LSM electrode with and without acid
etching treatment indicates that the initial polarization
behavior of the freshly prepared LSM electrode could
be related to the presence of passivation species such as
MnOx and SrO on the LSM surface [12]. After acid
etching treatment of the freshly prepared LSM elec-
trode, the activation effect of cathodic current passage/
polarization on the polarization performance of the
treated LSM electrode was no longer effective and
chemical analysis of the acid solution showed primarily
the presence of elemental Mn and Sr. This is consistent
with XPS studies of the surface composition of LSM
powders, showing strontium enrichment on the LSM
surface [17].

Surface segregation of Ca content was also observed
on the surface layer of La1)xCaxMnO3 powders and
their catalytic activity decreased with an increase in the
Ca content [18]. The correlation between the catalytic
activity of La1)xCaxMnO3 perovskites and the surface
Ca content was explained by the blocking of the surface
active sites by CaO segregated within the surface layer
[18]. Similarly, SrO species originally enriched within the
surface layer of LSM electrodes can inhibit oxygen
surface diffusion by blocking the diffusion path as SrO is
an insulator, leading to the initially very high polariza-
tion loss of LSM electrodes. Under cathodic polariza-
tion conditions and reduced partial pressure of oxygen,
SrO on the LSM surface could incorporate into the
LSM perovskite phase, eliminating the inhibiting effect
of SrO species on the oxygen diffusion process. The
incorporation of surface SrO into the LSM perovskite
structure could also lead to the formation of oxygen
vacancies in the LSM bulk, enhancing the polarization
performance of the LSM electrode. Such incorporation
of SrO into the A-site of the LSM perovskite structure
could be favorable under high temperature and cathodic
current passage/polarization (i.e., reducing environ-
ment) as the solution energy for the Sr2+ substitution of
La3+ in LaMnO3 perovskites is relatively low [19].

Partial doping of the La3+ site in LaMnO3 per-
ovskites with low-valence cations (e.g., Sr2+) will lead to
an increase in the valence of the B-site Mn metal ions (as
positive holes) and/or the formation of oxygen vacan-
cies. The predominant defect is largely a function of

Fig. 7 Average particle size of LSM electrodes after cathodic
current passage for 3 h, anodic current passage for 3 h, cathodic
and anodic (C-A) current passage for 6 h, and cathodic, anodic,
and cathodic (C-A-C) current passage for 9 h at 200 mA cm)2 and
800 �C in air
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partial pressure of oxygen [3, 20]. According to the de-
fect model proposed by Mizusaki et al. [21], two defect
equilibria can be written as a function of partial pressure
of oxygen and temperature:

OX
O;LSM þ 2Mn�Mn $ V��O;LSM þ 2Mn�Mn þ

1

2
O2 ð1Þ

OX
O;LSM þ 2Mn�Mn $ V��O;LSM þ 2Mn’Mn þ

1

2
O2 ð2Þ

where Mn�Mn, Mn�Mn; and Mn’Mn donate Mn4+, Mn3+,
and Mn2+ ions, respectively, and OX

O;LSM and V��O;LSM
stand for O2) ions and oxygen vacancies in LSM lattice
sites. Under fuel cell operation conditions, oxygen
vacancies can be generated at the electrode/electrolyte
interface region with charge compensation by the
reduction of B-site transition metal ions (e.g., Mn3+ to
Mn2+) according to [8]:

OX
O;LSM þ 2Mn3þ þ V��O;YSZ þ 2e

! V��O;LSM þ 2Mn2þ þOX
O;YSZ ð3Þ

where OX
O;YSZ and V��O;YSZ are the O2) ions and oxygen

vacancies in YSZ lattice sites, respectively. This shows
that oxygen vacancies are not only generated at the
electrode/electrolyte interface region but also in the bulk
regions of the electrode as a result of the reduced partial
pressure of oxygen under cathodic current passage/
polarization. Oxygen vacancies formed at the LSM/YSZ
interface region would propagate, extending the reactive
sites for the O2 reduction reaction [8]. The electro-
chemical improvement in activity is thus believed to re-
sult from the favorable broadening of the active reaction
zone as a result of the formation of oxygen vacancies [6,
7].

The polarization behavior of freshly prepared LSM
electrodes under anodic current passage is very different
from that under cathodic current passage. For a freshly
prepared LSM electrode, a very sharp increase of elec-
trode polarization resistance (RE) was observed after
applying anodic polarization for 5 min and this was
followed by a gradual decrease in RE with anodic cur-
rent passage time (Fig. 3). Nevertheless, after anodic
current passage for 3 h, the RE was still higher than the
initial value for the freshly prepared LSM electrode
before the current passage treatment. However, in the
case of cathodically polarized LSM electrodes, RE in-
creased with the anodic current passage time (Figs. 2
and 4), which is consistent with the results observed by
Yamashita and Tsukuda [22].

There may exist two possible effects of anodic current
passage on the electrode behavior of freshly prepared
LSM electrodes. Under anodic polarization conditions,
LSM is in the oxidation environment and would exhibit
apparent oxygen excess nonstoichiometry. According to
the defect model (Eqs. 1 and 2) [21], charge compensa-
tion for the excess oxygen would be met by the oxidation
of the B-site Mn ions with the concomitant decrease of
oxygen vacancies. The reduction in oxygen vacancies

could lead to the increase in polarization resistance for
the oxygen oxidation (evolution) reaction, as LSM is
predominantly an electronic conductor with little ionic
conductivity [23]. O2 could only be evolved at the three-
phase boundary (TPB) region. A decrease in oxygen
vacancies could also cause SrO segregation from the
perovskite structure to the LSM surface layers, again
leading to the increase in the electrode polarization
resistance for the reaction. On the other hand, the
microstructure and morphology of the LSM electrode
also change under anodic current passage, similar to
those observed under cathodic current passage (Fig. 6b).
The transition from large agglomerates to sphere-shaped
particles increases the three-phase boundary area be-
tween gas, LSM electrode, and YSZ electrolyte, result-
ing in the reduction of the polarization resistance for the
O2 oxidation reaction. The subsequent decrease in RE

with the anodic current passage time (Fig. 3b) indicates
that the positive effect of morphology improvement
became predominant, compensating the negative effect
of the decrease in the oxygen vacancies in the LSM
electrodes. As the morphological change induced either
by cathodic current passage or by anodic current pas-
sage is not reversible (see Fig. 6), the beneficial effect of
the morphology improvement induced by anodic
polarization for the O2 oxidation reaction on prior
cathodically polarized LSM electrodes is therefore no
longer operative. Thus, the polarization resistance
would increase with the increase of anodic current pas-
sage time due to the continuous decrease in oxygen
vacancies until the pressure of O2 generated at the
interface is high enough to cause delamination at the
electrode/electrolyte interface [22]. The very fast initial
increase of RE for the reaction on the freshly prepared
LSM electrode as compared to that on the prior
cathodically polarized LSM electrode could be the
magnified effect of the reduction in oxygen vacancies on
originally large and plate-like agglomerates with very
low three-phase boundary areas.

It should be pointed out here that delamination at the
LSM electrode/YSZ electrolyte interface may not occur
in the present studies. This is indicated by the very stable
electrode ohmic resistance before and after various
current passage treatments. SEM examination of LSM
electrodes at the electrode/electrolyte interface region
after 3 h of anodic polarization showed no evidence for
delamination. However, after anodic current treatment
at 200 mA cm)2 and 800 �C for more than 25 h, the
LSM electrode coating was observed to be completely
delaminated from the YSZ electrolyte. Yamashita et al.
[22] studied the effect of cathodic and anodic polariza-
tion on the electrode performance of La0.9Sr0.1MnO3,
and found that the LSM electrode adhered well to the
YSZ electrolyte after anodic current treatment at
300 mA cm)2 for 5 h but delaminated after �10 h of
anodic current treatment. The delamination is most
likely caused by the high oxygen pressure generated at
the electrode/electrolyte interface due to the O2 oxida-
tion reaction.
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As shown by the SEM studies of freshly prepared
LSM electrodes (Figs. 5 and 6), the change in micro-
structure and morphology can be induced by either
cathodic or anodic current passage. The microstructure
change of LSM electrodes under polarization is clearly
irreversible, as shown by the stability of the sphere-like
morphology of LSM electrodes after repetitive current
passage treatments (Fig. 6). The microstructure changes
induced by cathodic current passage could be explained
by the generation and migration of oxygen vacancies and
Mn ions under cathodic polarization conditions. As
shown recently by Miyoshi et al. [24], the lattice of LSM
perovskites expanded in a reduction environment at low
partial pressure of oxygen. This is due to the fact that
when oxygen vacancies are introduced (i.e., an increase of
oxygen nonstoichiometry) due to reduced partial pres-
sure of oxygen, the charge neutrality in the LSM structure
would be maintained by the reduction of transition metal
ions in the LSM B-site to the lower valence state (Eqs. 1
and 2), leading to an increase of the averaged ionic radius
of the cation and thus lattice expansion. The effect of an
increase in B-site radius could be partially offset by the
increase in the crystallographic distortion [24].

Lattice expansion upon reduction has also been
studied on LaCrO3-based interconnect materials [25,
26]. Similar to the effects in a reducing environment at
low partial pressure of oxygen, lattice expansion and
crystallographic distortion of the LSM perovskite
structure could also occur under cathodic current pas-
sage/polarization conditions. It is known that manga-
nese species such as Mn3+ and Mn2+ ions are also
mobile under fuel cell operating conditions, as shown by
the extensive Cr deposition on the YSZ electrolyte sur-
face which has been shown to be initiated by the Mn2+

ions migrated from LSM electrodes [27, 28]. Weber et al.
[29] studied the microstructure change of La0.8Sr0.2
MnO3 cathodes operated at 950 �C for �2,000 h and
observed the migration of Mn out of the cathode and
into the zirconia electrolyte, in addition to the significant
grain growth and densification. Lattice expansion,
crystallographic distortion, and cation migration could
all weaken the contacts between particles of the
agglomerates, leading to the disintegration of the
agglomerating structure into sphere-shaped particles.
Diffusion of oxygen vacancies generated under cathodic
polarization is most likely through diffusion on the LSM
surface [23, 30]. Therefore, morphological change from
an agglomerating structure to sphere-shaped particles
induced by cathodic polarization would promote the O2

reduction reaction, as the surface diffusion path of
oxygen would be shorter on sphere-shaped particles as
compared to that on larger agglomerates. However,
morphological change induced by prolonged cathodic
polarization can cause pore formation and increase the
porosity of LSM electrodes, leading to performance
degradation [31]. On the other hand, prolonged sintering
at 1,000 �C under open circuit conditions in air has little
effect on the microstructure and performance of LSM
electrodes [31].

Similar to the observations under cathodic current
passage, large agglomerates in freshly prepared LSM
electrodes changed to sphere-like particles with clear
grain boundaries after anodic current passage treatment
at 200 mA cm)2 and 800 �C for 3 h (Fig. 6b). Accord-
ing to the defect model (Eqs. 1 and 2) [21], LaMnO3)d

displays not only oxygen-deficit but also oxygen-excess
nonstoichiometry. Under anodic current passage/polar-
ization or oxidation conditions, LSM perovskites could
incorporate excess oxygen with the valence increase of
the transition metal ions in the LSM B-site and/or the
creation of cation vacancies, leading to lattice shrinkage
similar to that observed on LaMnO3)d [32, 33]. Thus,
the morphology and microstructure change of freshly
prepared LSM electrodes under anodic current passage/
polarization is most likely related to the shrinkage of
unit cells of LSM in an oxidation environment. This
appears to be supported by the slightly smaller grain size
of the LSM electrode after anodic current passage at
200 mA cm)2 and 800 �C for 3 h (0.67±0.19 lm) as
compared to that (0.76±0.18 lm) after cathodic current
passage under the same conditions. LSM lattice expan-
sion and shrinkage under cathodic and anodic polari-
zation could be the reason for the observed relatively
fast grain growth of LSM electrodes after alternate
cathodic and anodic current passage treatment (Fig. 7).
The irreversibility in the microstructure and morphology
change under cathodic or anodic current passage ex-
plains the partial irreversibility of the initial LSM
polarization behavior observed on the freshly prepared
LSM electrodes [5, 8].

Conclusions

The effect of polarization has been studied on freshly
prepared LSM electrodes at 800 �C in air under different
polarization conditions. Cathodic current passage/
polarization was found not only to enhance the polari-
zation performance of LSM electrodes, but also to im-
prove their microstructure and morphology. The
generation and migration of oxygen vacancies and Mn
ions, and lattice expansion and crystallographic distor-
tion under cathodic current passage could all contribute
to the microstructural changes. Similar to the observa-
tions under cathodic current passage, anodic current
passage also induced microstructure and morphology
improvement in freshly prepared LSM electrodes, which
is most likely due to lattice shrinkage in an oxidation
environment.

The performance of freshly prepared LSM electrodes
for O2 reduction reactions is improved significantly un-
der cathodic current passage/polarization. In addition to
the microstructure enhancement, cathodic polarization
could reduce the content of passivation species such as
SrO on the LSM surface layers [12] and promote the
generation of oxygen vacancies [8], leading to the
broadening of the three-phase boundary areas for the O2

reduction. In the case of freshly prepared LSM elec-
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trodes, anodic polarization would lead to a decrease of
oxygen vacancies due to the increased oxygen excess
nonstoichiometry under oxidation conditions and at the
same time enhance the microstructure of the LSM
electrode. The microstructure change from large
agglomerate to sphere-like particles with clear grain
boundaries increases the three-phase boundary regions
for the O2 oxidation reaction. This explains the observed
initial increase and then gradual decrease in RE of the
freshly prepared LSM electrode with anodic current
passage time.
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