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Abstract Electrochemical reduction of oxygen at the
interface between a Lag oSrg.;MnO; (LSM)-based elec-
trode and an electrolyte, either yttria-stabilized-zirconia
(YSZ) or LaggSrg-,GagoMgy 05 (LSGM), has been in-
vestigated using DC polarization, impedance spectros-
copy, and potential step methods at temperatures from
1053 to 1173 K. Results show that the mechanism of
oxygen reduction at an LSM/electrolyte interface
changes with the type of electrolyte. At an LSM/YSZ
interface, the apparent cathodic charge transfer coeffi-
cient is about 1 at high temperatures, implying that the
rate-determining step (r.d.s.) is the diffusion of partially
reduced oxygen species, while at an LSM/LSGM inter-
face the cathodic charge transfer coefficient is about 0.5,
implying that the r.d.s. is the donation of electrons to
atomic oxygen. The relaxation behavior of the LSM/
electrolyte interfaces displays an even more dramatic
dependence on the type of electrolyte. Under cathodic
polarization, the current passing through an LSM/YSZ
interface increases with time whereas that through an
LSM/LSGM interface decreases with time, further
confirming that it is the triple phase boundaries (TPBs),
rather than the surface of the LSM or the LSM/gas in-
terface, that dominate the electrode kinetics when LSM
is used as an electrode.

Keywords Oxygen reduction - Lanthanum strontium
manganite electrode - Electrode polarization -
Impedance spectroscopy - Solid oxide fuel cells

Introduction

Strontium-doped lanthanum manganite (LSM) has been
widely used as a cathode material for high-temperature
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solid oxide fuel cells (SOFCs) based on yttria-stablized
zircornia (YSZ), owing to its high catalytic activity for
oxygen reduction, high electronic conductivity, and good
chemical and thermal compatibility with YSZ. However,
the catalytic activity of LSM for oxygen reduction at in-
termediate and low temperatures needs to be further in-
vestigated [1]. For low-temperature SOFCs, the YSZ
electrolyte must be sufficiently thin (a few microns) to
minimize ohmic losses and the long-term stability and
durability of thin-film YSZ are yet to be demonstrated.
LaGaOs-based electrolytes, such as LagoSrg GagoM-
20.103 (LSGM), exhibit much higher oxygen ion con-
ductivity than YSZ at intermediate and low temperatures
with adequate stability [1, 2, 3, 4]. Itis also reported [1] that
LSM electrodes supported on LSGM have a high activity
for oxygen reduction at relatively low temperatures.
LSGM has a good potential to be a viable electrolyte
material for intermediate- and low-temperature SOFCs.

While LSM has high electronic conductivity, it is a
poor mixed ionic and electronic conductor (MIEC) be-
cause of its relatively low ionic conductivity. Oxygen
reduction takes place mainly at the triple phase bound-
ary (TPB) rather than the LSM/gas interface when LSM
is used as an electrode, especially at low overpotentials.
When the cathodic overpotential is sufficiently high, the
activity of an LSM electrode supported on YSZ in-
creases dramatically; this was reportedly due to the ex-
tension of the active area from the TPB to the LSM/gas
interface [5, 6, 7, 8, 9]. However, it is difficult to quantify
the exact contribution of the LSM/gas surface.

The overall reaction for oxygen reduction at an LSM
electrode can be expressed as:
1 — (1] X
5O2(gas) +2¢7 + Vg — Op (1)
where V¢ and Oé represent an oxygen vacancy and an
oxygen ion at a regular oxygen site, respectively. Phe-
nomenologically, the relationship between the current
passing through the interface, i, and the overpotential
across the interface, 5, can be described by the Butler-
Volmer equation [10]:



i = io[exp(otaF1/RT) — exp(—ocFn/RT)] (2)

where iy is the exchange current density, F' is Faraday’s
constant, R is the universal gas constant, T is the ab-
solute temperature, and o, and o, are the anodic and
cathodic charge transfer coefficients, which are related to
the number of electrons evolved in the overall reaction,
n, and the number of times the rate-determining step
(r.d.s.) occurs for one act of overall reaction, v, as fol-
lows:

(3)

When the overpotential is sufficiently small, i.e.,
In| < (RT/F), Eq. 2 simplifies to:

. F
i =ip(0tc + o) (R_171’>

Thus, the interfacial polarization resistance under this
condition can be approximated by:

- () ()0

and the exchange current density is given by:

= () () () )

When the cathodic overpotential is sufficiently high
(—n> RTJ/F), Eq. 2 simplifies to:

i = —igexp(—ocFn/RT)

O + 0 =n/v

(4)

(5)

(7)

and the cathodic charge transfer coefficient can be de-
termined from:

<= (7) (3)ml(5)

Various models have been proposed to describe the
mechanism for oxygen reduction at an LSM electrode.
Listed in Table 1 are the charge transfer coefficients of a
model proposed by Bouwmeester [5, 11, 12]. Under
certain conditions, the r.d.s. for oxygen reduction could
be deduced from the values of the charge transfer coef-
ficients.

While the use of Butler-Volmer equation is effective
in determining the mechanism of electrochemical
reduction of oxygen under certain conditions, the anal-
ysis gives no information about the microscopic details

(3)

Table 1 Reaction mechanism for oxygen reduction on an LSM
electrode and the corresponding charge transfer coefficients [5]

Reaction o, o
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of the reaction. The characteristics of oxygen reduction
at a Pt/YSZ interface [12] were reported to be similar to
those at an LSM/YSZ interface [11]. However, oxygen
reduction can take place only at the TPB for a Pt elec-
trode, while both the TPB and the surface of the LSM
can be active in principle, especially when the cathodic
overpotential is relatively high. Therefore, more infor-
mation is needed to understand the oxygen reduction on
an LSM electrode.

In this paper, we report the observed electrochemical
behavior of Laj¢Sry;MnO;3-based electrodes supported
on a YSZ or a LSGM electrolyte as studied using DC
polarization, impedance spectroscopy, and a potential
step method, in an effort to elucidate the electrode ki-
netics and reaction mechanism of oxygen reduction on
an LSM electrode.

Experimental

YSZ electrolyte pellets were prepared from a commercial YSZ
powder (8 mol% Y,03-doped ZrO,, Tosoh) by pressing at 6000 psi
for 1 min followed by sintering at 1773 K for 6 h. The thicknesses
of the YSZ pellets were about 1 mm and the diameters were about
16 mm.

La,03, SrCO3, Ga,03, and MgO were used as precursors for
the preparation of the Lag ¢Sty 1GagoMgy 103 (LSGM) electrolyte
[13]. Powders with stoichiometric compositions were ball-milled in
ethanol for 24 h and calcined at 1373 K for 5 h to form the per-
ovskite phase. X-ray powder diffraction (Philips, PW 1800) was
used to determine the phase composition of the calcined products.
Powders with the perovskite phase were crushed using an agate
mortar-and-pestle and then ball-milled in ethanol for 24 h. The
resulting fine powders were pressed into pellets (with a diameter of
20 mm and thickness of 1 mm) at 6000 psi for 1 min and sintered at
1773 K for 6 h.

Lag ¢Srg.;MnO; (LSM) perovskite powder was synthesized us-
ing the Pechini method, starting from the precursors La,Os, SrCOs,
and MnCOj;. The phase composition of the prepared LSM was
confirmed using X-ray diffraction. LSM-YSZ and LSM-LSGM
composite electrodes were prepared by thorough mixing and
grinding the LSM powder with 20 wt% corresponding electrolyte
powders.

A three-electrode assembly was used to investigate the electro-
chemical properties of the electrodes, as shown in Fig. 1 [6, 8, 11].
LSM paste, which was prepared through mixing the LSM powder
with an appropriate amount of organic binder and solvent, was
painted on one side of the electrolyte as a working electrode. The
electrode/electrolyte assemblies prepared included LSM/YSZ,
LSM-YSZ/YSZ, LSM-LSGM/YSZ, LSM/LSGM, LSM-YSZ/
LSGM, and LSM-LSGM/LSGM. The area of each electrode was
about 0.3 cm® and the thickness was about 10 pm. The working
electrodes were fired at 1473 K in air for 2 h before the application
of counter and reference electrodes.

Pt counter and reference electrode were prepared by screen-
printing Pt paste (Engelhard) on the other side of the electrolyte,
followed by sintering at 1123 K for 2 h. The areas of the Pt
counter and reference electrodes were about 0.8 and 0.1 cm?,
respectively.

The electrode/electrolyte assembly was placed in an appropri-
ately designed quartz reactor and exposed to flowing air. Pt grids
were attached and pressed with springs on the working and counter
electrodes as current collectors. Three Pt wires were connected to
the working, counter, and reference electrodes and led to a poten-
tiostat/galvanostat. The flow rate of air was about 100 mL min™".

All electrochemical measurements were carried out with an
EG&G 273A potentiostat/galvanostat and a 5201 lock-in amplifier.
The frequency range of impedance measurements was from
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Fig. 1 A schematic diagram showing the three-electrode configu-
ration used for electrochemical testing (WE = working electrode,
CE =counter electrode, RE =reference electrode)

0.01 Hz to 100 kHz, and the amplitude of the applied AC voltage
was 5 mV. The spectra were recorded at 5 points per decade.
Ohmic resistance of the electrolyte and Pt wire was determined
from the impedance at the high-frequency limit (w—eo) [6].

A potential step method was used to study the time dependence
of the interfacial properties during polarization. Recently, it has
been used to characterize the formation and spillover of oxygen
vacancies over LSM electrodes [6, 8]. In a typical potential step
experiment, the working electrode was first subjected to a —0.8 V
potential with respect to the reference electrode until the current
reached a stable value. Then, the potential applied to the electrode
was stepped to 0.4 V to eliminate the oxygen vacancies in the
electrode. After the anodic current reached a steady-state value, the
potential applied to the working electrode was then stepped back to
—0.8 V and the current response was recorded as a function of time.
The microstructures of the samples after electrochemical testing
were examined using a scanning electron microscope (SEM,
Hitachi S-800).

Fig. 2 SEM micrographs of the
top views of a LSM, b LSM-
YSZ, and ¢ LSM-LSGM
electrodes, and d the cross-sec-
tional view of an LSM-YSZ/
YSZ interface. All of the
electrodes were fired at 1473 K
for2 h

Results and discussion
Microstructure

Shown in Fig. 2 are some typical surface microstruc-
tures of the three LSM-based electrodes. The average
grain sizes of the electrodes vary from 0.15 pm for
LSM-LSGM, to 0.5 um for LSM-YSZ, and to 1 um for
LSM. Clearly, the addition of electrolyte powder into
LSM hinders the grain growth of LSM particles during
firing, thus increasing the surface area for electrode
reaction. The cross-sectional view of an LSM-LSGM/
YSZ interface, shown in Fig. 2d, indicates that the ad-
hesion of the electrode to the electrolyte appears to be
sufficient and the thickness of the electrode is about
10 pm.

Impedance spectroscopy and polarization
near equilibrium

Shown in Fig. 3 are some typical impedance spectra of
LSM/LSGM and LSM/YSZ interfaces. The interfacial
resistances (R;,), as determined from the impedance
spectra shown in Fig. 3, are similar to those determined
from linear polarization measurements. Shown in Fig. 4
are plots of T/R,, versus 1/T for the different electrodes
studied. Clearly, the interfacial resistances of the pure
LSM and LSM-YSZ electrodes supported on a YSZ
electrolyte are far smaller than those supported on an
LSGM electrolyte, implying that the oxygen reduction
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Fig. 3 Impedance spectra of a LSM/LSGM and b LSM/YSZ
interfaces in air under open circuit conditions. The number adjacent
to each line represents the temperature at which the impedance
spectra were acquired

on LSM electrodes depends strongly on the properties of
the TPB (which involves the electrolyte), although the
surface of the LSM could be active since LSM is still a
mixed conductor.

Listed in Table 2 are the activation energies of T/R,,
as calculated from the Arrehnius plots shown in Fig. 4.
The activation energies for oxygen reduction on LSM-
YSZ and LSM-LSGM composite electrodes varied from
130 to 170 kJ mol !, but showed little dependence on the
nature of the electrolyte used. However, the activation
energy for oxygen reduction on a pure LSM electrode
was strongly affected by the nature of the electrolyte,
varying from 230 kJ mol ' for an LSM/YSZ interface to
about 120 kJ mol" for an LSM/LSGM interface. The
exchange current densities of LSM-based electrodes
supported on YSZ were much higher than those sup-
ported on LSGM, as shown in Table 2, except for the
LSM-LSGM celectrode, further confirming that the
electrode kinetics on an LSM electrode depends strongly
on the properties of the TPB. The observed high cata-
Iytic activity of LSM-LSGM/LSGM is due probably to
the existence of more TPB as well as the good compat-
ibility between the LSM-LSGM electrode and the
LSGM electrolyte. It is noted, however, that the LSM/
YSZ interface is different from the LSM-YSZ/YSZ
interface and the properties of the composite LSM
electrodes depend on the composition and the subse-
quent processing conditions.
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Fig. 4 Arrhenius plots for various LSM-based electrodes support-
ed by either YSZ or LSGM. The slopes of these plots are related to
the activation energies for the interfacial processes, as tabulated in
Table 2

Impedance spectroscopy and polarization far away
from equilibrium

Shown in Fig. 5 are some typical impedance spectra of
a pure LSM electrode supported on LSGM and YSZ
under high overpotential polarization. Most of the
impedance spectra could be deconvoluted into two
arcs. In general, the impedance decreased considerably
with the value of the applied DC cathodic overpoten-
tial, implying that the charge transfer processes are
dominating the overall process. The polarization resis-
tances calculated from impedance spectra were close to
those calculated from DC polarization for the LSM/
YSZ interfaces. However, the interfacial resistances of
LSM/LSGM determined from impedance spectra were
smaller than those determined from DC polarization.
The discrepancy between the impedance data and the
DC polarization data is due probably to the relaxation
properties of the LSM/LSGM interface, as explained
below [5].

The size of the arc at high frequencies showed little
dependence on the value of the applied DC overpoten-
tial; however, the size of the arc at low frequencies de-
creased with the value of the applied DC overpotential,
implying that the low-frequency arc was closely related
to charge transfer steps. The impedance spectra were
dominated by the low-frequency arc, i.e., charge transfer
process, especially under relatively low overpotentials.

Table 2 Activation energies of 7/R,, and exchange current densities (at 1173 K) of LSM-based electrodes

LSM/YSZ LSM/LSGM  LSM-YSZ/YSZ LSM-YSZ/LSGM LSM-LSGM/YSZ LSM-LSGM/LSGM
E, (kI mol'")  2.3x10? 1.2x10? 1.7x10? 1.7x10? 1.3x102 1.5x10?
ip (A cm?) 24 3.4 15 5.8 2.9 5.9
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Fig. 5 Impedance spectra of a LSM/LSGM and b LSM/YSZ
electrodes as measured in a three-electrode configuration under
various cathodic polarizations at 1173 K. The number adjacent to
each spectrum represents the value of the DC polarization applied
to the cell while the impedance was acquired

Shown in Fig. 6 are the results of DC polarization at
the LSM/YSZ and LSM/LSGM interfaces at different
temperatures. All DC polarization experiments were
recorded when a steady state was reached, and the time
required to reach an equilibrium state for each DC po-
larization measurement varied with the experimental
conditions. It can be seen that the current passing
through an LSM/LSGM interface is far lower than that
through an LSM/YSZ interface. In either case, however,
a Tafel region is apparent at high overpotentials. Listed
in Table 3 are the cathodic charge transfer coefficients
and exchange current densities of the two electrodes as
determined from the data shown in Fig. 6. The exchange
current densities of the two electrodes are similar,
especially at high temperatures. The cathodic charge
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Fig. 6 Cathodic polarization of an LSM electrode supported on
YSZ and LSGM at various temperatures

transfer coefficient of oxygen reduction at an LSM/
LSGM interface was about 0.5, and that at an
LSM/YSZ interface was about 1 at high temperatures
(1093-1133 K). The variation of «. could be caused by a
change in r.d.s. with operating temperature. As can be
seen from the impedance spectra, there are two arcs in
each spectrum and the size of them changed with
temperature and with the value of the overpotential
applied to the electrode. The calculation of o, is based on
the assumption that the overall reaction is dominated by
one r.d.s., i.e., the low-frequency arc in this experiment;
however, the high-frequency arc was comparable with
the low-frequency arc under high overpotentials.
Therefore, the value of «. could be affected by the high-
frequency arc under high overpotentials. Theoretically,
the resistance corresponding to each arc can be calcu-
lated from the impedance spectrum. Since we are pri-
marily interested in the general effect of electrolytes on
the performance of an LSM electrode, we used the DC
polarization data to approximate the value of o.. How-
ever, it is noted that the exchange current densities de-
termined from linear polarization (Table 2) are smaller
than those determined from Tafel polarization
(Table 3). This is due primarily to the change in catalytic
and transport properties of the LSM under the influence
of a large-value DC polarization, as explained in detail
in the next section.

Table 3 Charge transfer coefficients and exchange current densities for oxygen reduction on an LSM electrode supported on YSZ and

LSGM electrolytes

1053 K 1093 K 1133 K 1173 K

o ip (MA cm %) o ip (MA cm %) o ip (mA cm %) o ip (mA cm ?)
LSGM/LSM 0.6 3.9 0.6 11 0.5 28 0.5 49
YSZ/LSM 0.6 10 1.0 13 1.1 26 1.4 53




Shown in Fig. 7 are the polarization curves of dif-
ferent electrodes as measured at 1173 K. It can be seen
that, for a given cathodic polarization, the electrodes
supported on YSZ exhibit higher catalytic activity than
those supported on LSGM, consistent with results of
linear polarization. Further, the calculated cathodic
charge transfer coefficient, o, is about 1 for the LSM/
YSZ interface and about 0.5 for the LSM/LSGM in-
terface at high temperatures. According to the model in
Table 1, it is most likely that the r.d.s. of oxygen re-
duction on an LSM electrode supported on YSZ is the
diffusion of partially reduced oxygen species from the
electrode surface to the TPB, while that on LSGM is
electron donation to adsorbed oxygen atoms.

Current relaxation measurements

Shown in Fig. 8 are some typical current relaxation
curves when the working electrode (LSM) was stepped
to a potential of —0.8 V with respect to a Pt reference
electrode. The two cells based on different electrolytes,
LSM/YSZ/Pt and LSM/LSGM/Pt, showed very differ-
ent behavior. The current passing through LSM/YSZ/Pt
increased with time whereas that passing through LSM/
LSGM/Pt decreased with time, implying that the current
relaxation is dominated by the TPB, not by the LSM/gas
interface.

Previous studies [5, 8, 14] suggested that the increase
of cathodic current through an LSM/YSZ interface
could be related to the increase of mixed conductivity in
LSM electrodes as a consequence of Mn®" reduction
and oxygen vacancies formation, which extends the ac-
tive area from the TPB to the surface of the LSM elec-
trode. The spillover of oxygen vacancies on an LSM
electrode, supported on YSZ, was recently verified by
Horita et al. [15], using SIMS under certain conditions.
However, the extension of the active region for oxygen

T=1173 K
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LSM-YSZ/YSZ
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Fig. 7 Polarization curves of various samples at 1173 K
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reduction is unlikely for an LSM supported on LSGM
since the cathodic current decreases with time.

The dramatic difference between the cathodic charge
transfer coefficients for oxygen reduction at the LSM/
YSZ and LSM/LSGM interfaces also suggests that the
oxygen reduction at the LSM/LSGM interface is pri-
marily limited by the TPB reaction and the LSM/gas
interface reaction does not contribute significantly to the
overall electrode reaction. If the LSM/gas interface in-
deed contributes significantly to the overall electrode
reaction for both the LSM/YSZ and the LSM/LSGM
interfaces, the oxygen reduction at the two interfaces
should exhibit similar characteristics.

The strong dependence of current relaxation on
electrolytes is likely to be related to the dependence of
reaction kinetics on the electrode/electrolyte interface.
The oxygen reduction at an LSM/LSGM interface is
limited to the TPB at the moment when a cathodic

800
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Fig. 8 Current relaxation of a LSM-YSZ/YSZ and b LSM-YSZ/
LSGM after the potential of the working electrode was stepped at
—0.8 V at different temperatures. The temperature adjacent to each
curve represents the temperature at which the experiment was
performed
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potential is applied to the interface, considering that
LSM is a poor mixed conductor [16]. Since the oxygen
reduction at an LSM/LSGM interface is controlled by
the electron donation to oxygen atoms, the extra oxygen
atoms at the interface and the surface of LSM electrode
could limit the formation and spillover of oxygen
vacancies on the surface of the LSM electrode. As for
the LSM/YSZ interface, the reaction is controlled by the
diffusion of the partially reduced oxygen species, and the
active region is not limited only to the TPB. The increase
in concentration of oxygen vacancies will improve the
diffusion of ““charged species”, leading to a significant
increase of catalytic activity.

The inter-diffusion of elements between LSM and
LSGM might take place at high temperatures. However,
a recent study [17] indicated that the inter-diffusion/re-
action between LSM and LSGM is insignificant at
1743 K for 10 h. Thus, it seems that the kinetics of ox-
ygen reduction at an LSM/electrolyte interface and its
relaxation characteristics are determined primarily by
the behavior of the TPB.

Conclusions

The kinetics of oxygen reduction at an LSM /electrolyte
interface shows strong dependence on the nature of the
electrolyte. The cathodic charge transfer coefficient is
about 1 at an LSM/YSZ interface at high temperatures,
implying that the r.d.s. is the diffusion of partially re-
duced oxygen species, and about 0.5 for an LSM/LSGM
interface, indicating that the r.d.s. is the donation of
electrons to atomic oxygen. The impedance of both in-
terfaces decreases with the value of the applied DC ca-
thodic overpotential, because the charge transfer, rather
than the mass transfer, is dominating the electrode
kinetics. LSM electrodes supported on YSZ exhibit a
higher catalytic activity than those supported on LSGM.

The relaxation properties of the LSM electrodes show an
even more dramatic dependence on the nature of the
electrolyte. Under cathodic polarization, the current
increases for an LSM/YSZ interface, but decreases for
an LSM/LSGM interface, further confirming that the
oxygen reduction at an LSM/electrolyte interface de-
pends strongly on the electrolyte.
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