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Alternating current complex impedance spectroscopy studies were conducted on symmetrical cells of the
type [gas, electrode/La, Sr Ga, Mg O; (LSGM) electrolyte/electrode, gas]. The electrode materials were
slurry-coated on both sides of the LSGM electrolyte support. The electrodes selected for this inves-
tigation are candidate materials for solid oxide fuel cell (SOFC) electrodes. Cathode materials include
La, Sr,MnO; (LSM), La,_Sr,Co Fe, ,0; (LSCF), a two-phase particulate composite consisting of LSM
and doped-lanthanum gallate (LSGM), and LSCF + LSGM. Pt metal electrodes were also used for the
purpose of comparison. Anode material investigated was the Ni + Ce, 3sGd, 50, composite. The study
revealed important details pertaining to the charge-transfer reactions that occur in such electrodes. The
information obtained can be used to design electrodes for intermediate temperature SOFCs based on

LSGM electrolytes.
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1. Introduction

Solid oxide fuel cells (SOFCs) offer the possibility of very
high-efficiency power generation. They are noiseless, emit far
lower quantities of greenhouse gases such as CO, compared
with conventional power generation systems, and have virtu-
ally zero NO, and SO, emissions. Despite their many advan-
tages, SOFC power systems are not yet cost-effective enough
to merit large-scale deployment in the power generation indus-
try. Of the approaches currently being investigated to decrease
the cost of SOFCs, improving power density while decreasing
operating temperature is perhaps the most promising option.
Improvements in power density will result in decreased system
size, which in turn will have the effect of decreasing the size of
the balance of plant. Decreasing operating temperature will
lead to the deployment of cheaper manifolding and intercon-
nection materials. However, decreasing operating temperature
has the effect of increasing all types of polarization losses in
the cell. Thus, the simultaneous goals of improving power
density while lowering the operating temperature are at odds
with each other. Therefore, the focus of recent research has
been aimed at the development of more active electrodes and
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more conductive electrolyte materials that can efficiently op-
erate at lower temperatures (i.e., 600-800 °C).

A very large fraction of the total polarization losses is
known to occur at the electrode-electrolyte interfaces, mani-
festing itself as the kinetic barrier to charge-transfer reactions.
Great advances have been made in reducing electrode polar-
ization related to the charge-transfer reaction through the use of
two-phase porous composite electrodes!’*! and mixed conduct-
ing electrodes.”®! Much of this work has been aimed at devel-
oping electrodes for SOFCs based on the conventional yttria-
stabilized zirconia (YSZ) electrolyte. The focus of this article is
an investigation of electrode materials for SOFCs based on the
perovskite electrolyte La; Sr,Ga; Mg O; (LSGM). LSGM
has received a lot of interest in recent years after it was first
reported by Feng and Goodenough'® to have significantly
higher oxygen-ion conductivity than conventional YSZ.

It is generally accepted that high power densities in SOFCs
can be achieved only through employment of electrode-
supported cells rather than electrolyte-supported cells. There
are essentially two options in the design of electrode-supported
cells, namely, cathode- and anode-supported SOFCs. Schemat-
ics of the two designs are shown in Fig. 1. In both designs, it
has been suggested that coarser grained electrodes with coarser
connected porosity be used away from the electrolyte-electrode
interfaces, while finer grained electrodes with finer connected
porosity be used closer to the electrolyte-electrode interfaces.
The coarser porosity away from the electrolyte-electrode inter-
face facilitates gas transport, and the finer porosity closer to the
interfaces aids in the charge-transfer reactions. This article re-
ports measurements of polarization resistances for various ma-
terials near the electrolyte-electrode interface, as shown in Fig.
1. The list of electrode materials investigated in this study is
given in Table 1.

Alternating current (AC) complex impedance spectroscopy
has been used to measure the effective charge-transfer polar-
ization at the electrode-electrolyte interfaces using symmetrical
cell arrangements. The experimental technique is described in
the following section.
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Table 1 The List of Electrode Materials Investigated and the Respective Thicknesses

Electrode

Materials Pt LSM LSM-LSGM LSCF LSCF-LSGM Ni-GDC

Composition Pure Pure La, ¢Sty ;MnO;5 Pure La, Sty 4Coq gFe .05 Ni
Platinum La, oSty ;MnO;5 +Lag oSty ,Gay gMg, ,05 La, ¢Sty 4Coq gFeg .05 +Lay oSty ,Gay gMg, ,05 +Ce 35Gdy 150,

Thickness, pm 5 30 30 4.5 ~ 150 30 30

2. Experimental Procedures

2.1 Powder Synthesis

Powders of the composition La, oSty ,Gay¢Mg,,05 (i.e.,
LSGM) were synthesized by mixing high-purity precursors
of lanthanum carbonate, strontium carbonate, gallium oxide,
and magnesium oxide in appropriate stoichiometric ratios and
calcining them at a temperature of 1200 °C for 4 h in air.
Electrode materials such as Lagy ¢Sry {MnO; (LSM),
Lay 6519 4C00 sFe .03 (LSCF), and Ce; 35Gdy. 150, (GDC)
were also made using the same mixing and calcination tech-
niques. The calcined powders were lightly crushed using alu-
mina mortar and pestle, and the calcination step was repeated
for completing the solid-state reaction. X-ray powder diffrac-
tion analysis confirmed the composition, phase, and purity of
the material. All of the synthesized powders (i.e., LSGM, LSM,
LSCF, and GDC) and the NiO powder (Baker, Phillipsburg,
NJ) were then separately ball-milled in methanol. A laser-
scattering particle size distribution analyzer (LA-910, Horiba,
Kyoto, Japan) was periodically used at different intervals of the
ball-milling process to determine the particle size and distri-
bution. The ball-milling process was stopped when the desired
particle size and distribution were obtained. The final particle
size and distribution of all the powders are shown in Fig. 2.
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2.2 Symmetrical Cell Fabrication

Calcined and milled LSGM powders at room temperature
were die-pressed with 10,000 pounds per square inch pressure
into pellets and were sintered in air at 1450 °C for 4 h The
sintered LSGM pellets were 1.4 mm thick and 2 cm in diam-
eter. The LSGM pellets were then all finely ground to a uni-
form 1 mm thickness using diamond-grinding discs. LSM-
LSGM, LSCF-LSGM, and NiO-GDC composite electrodes
were prepared by thoroughly mixing controlled amounts of the
powders. The electrode powders (i.e., LSM, LSM-LSGM,
LSCF, LSCF-LSGM, and NiO-GDC) each were dispersed in a
a-terpeniol solvent to form a paste. The ground LSGM elec-
trolyte pellets were masked with tape to form an outer ring on
both sides, and the electrode pastes were painted smoothly on
the open circular surfaces. The painted electrolyte pellets were
air-dried. The masks were then removed, and the pellets were
fired in air for 2 h The firing temperature was 1100 °C for all
the cathodic samples and 1300 °C for the anodic samples (i.e.,
the NiO-GDC electrode). When Pt electrodes were used, com-
mercial Pt paste (6926, Engelhard, East Newark, NJ) was
painted over a similarly masked LSGM electrolyte pellet and
fired at 950 °C for 2 h All electrodes had the same effective
area (~1.33 cm?). For the cathode materials, Pt mesh was co-
sintered onto both electrode surfaces at the same time to act as
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Fig. 3 A schematic diagram showing the measurements

current collectors. Lead wires of Pt were used to connect the Pt
mesh current collectors to the AC impedance spectrometer. For
the anode materials, Ni mesh was pressed over the electrode
surfaces in a reducing atmosphere, and lead wires of Ni were
used to connect the current collectors to the spectrometer.

2.3 AC Impedance Characterization

The experimental setup that was used is shown in Fig. 3. In
this setup, the symmetrical cell was exposed to the same oxi-
dizing (cathodic) or reducing (anodic) atmosphere on both
sides, and a two-probe configuration was used to measure
the impedance spectra. During measurement, a constant flow
rate of air was maintained for experiments involving the cath-
ode materials, and a constant flow rate of forming gas (i.e.,
95% Ar-5% H) was bubbled through water at 25 °C for ex-
periments involving the anode materials. The measurements
were made by applying a small-amplitude AC voltage (10 mV)
to the cell and monitoring the response current as a function of
the AC frequency (from 1 mHz to 65 kHz). A plot of the
imaginary part of the measured impedance versus the real part
reveals details of the individual ohmic and polarization contri-
butions to the total resistance of the cell. Impedance measure-
ments were made in the temperature range of 600-800 °C in
50 °C increments for all the samples using a potentiostat/
galvanostat (263A, Perkin-Elmer, Boston, MA) and an analyti-
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cal frequency response analyzer (model 1250, Solartron, Hous-
ton, TX).

These impedance measurements were performed both as a
function of composition for LSM-LSGM electrodes and as a
function of electrode thickness for the LSCF electrodes. After
electrochemical testing, the samples were epoxy-mounted and
polished in cross-section. Both scanning electron microscope
(SEM) and optical microscope microscopy were used to mea-
sure the grain size, porosity, and thickness of the electrodes,
and to confirm the consistency of the microstructure.

3. Results and Discussion

3.1 Microstructure

Typical SEM pictures of the fracture surface of the LSM,
LSM-LSGM, LSCF, and LSCF-LSGM electrodes and of their
interfaces with the electrolyte are shown in Fig.4. The cross
sections in Fig. 4 show that these electrodes have similar mi-
crostructures in terms of their interfacial adherence with the
LSGM electrolyte, porosity, and grain size. The backscattered
SEM pictures of epoxy-mounted and polished LSM, LSM-
LSGM, and LSCF electrodes are shown in Fig. 5. The grain
size is on the order of 1-2 pwm, and the porosity of the LSM,
LSM-LSGM, and LSCF electrodes are 55.5%, 54.3%, and
53.3%, respectively, as measured in terms of the percentage
area of the pores in the micrographs. Based on the porosity
measurement, gas diffusion is not expected to control the po-
larization process, particularly for the small applied potentials
that were used for the AC impedance measurements.

3.2 Impedance Spectroscopy

A typical impedance plot using the symmetrical cell ar-
rangement with LSCF electrodes is shown in Fig. 6. As dis-
cussed by previous workers,””"'*! the high-frequency intercept
of the impedance spectrum gives the ohmic resistance of the
cell (R,), which includes the resistive contributions of the elec-
trolyte, the two electrodes, the current collectors, and the lead
wires. The low-frequency intercepts give the total resistance
(R; + R,), which includes the ohmic resistance of the cell,
the concentration polarization (or mass transfer polarization)
resistance, the effective charge-transfer polarization resistance
(R°" ), and any other type of polarization resistance arising
from adsorption effects. The total polarization resistance of the
electrode (R)) is then extracted from the impedance plot. For
all samples measured in this investigation, a single depressed
arc was observed. Given that the electrodes were thin, the
amplitude of the applied AC voltage was small (10 mV), and
the airflow over the electrode was continuous, it is most likely
that the effective charge transfer resistance (R°".) dominates
the polarization resistance for the electrodes. That is, the con-
centration polarization is negligibly small, and R, is essentially
equal to R°™ .

3.3 Effect of Cathodic LSM-LSGM Electrode Composition
on Polarization Resistance

The typical AC impedance spectra of LSM-LSGM/LSGM/
LSM-LSGM symmetrical cells (about 30 pwm thickness) tested

Journal of Materials Engineering and Performance



LSCF Electrode —p»

LSGM Electrolyte

LSM/LSGM

Composite —p- |
Electrode

LSGM Electrolyte —»

LSCF/LSGM

Composite ——p )
Electrade i

LSGM Electrolyte ——»

Fig. 4 SEM micrographs of fracture surfaces of (a) LSCF/LSGM
interface, (b) LSM/LSGM interface, (¢) LSM-LSGM/LSGM interface,
and (d) LSCF-LSGM/LSGM interface

at 800 °C in air is shown in Fig. 7. It is evident from this figure
that when the LSGM content in the electrode was below 70
wt.%, the high-frequency intercepts remained the same, indi-
cating that the effective composite electrode-electrolyte inter-
facial contact area is roughly equivalent. However, an increase
in the LSGM content resulted in a decrease of the polarization
resistance, which was due to the increased mixed conducting
three-phase boundary (TPB) area within the electrode. When
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Fig. 5 Backscattered SEM micrographs of polished surfaces of (a)
LSM electrode, (b) LSM-LSGM electrode, and (¢) LSCF electrode

the LSGM content was more than 70 wt.%, which is the per-
colation threshold, the ohmic resistances of the electrodes were
no longer negligible, and therefore the high-frequency intercept
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Fig. 7 Typical impedance spectra of symmetrical LSM-LSGM/
LSGM/LSM-LSGM cells with different LSM-LSGM compositions
measured in air at 800 °C

of the impedance spectra was much larger (Fig. 7). The tem-
perature dependence of the polarization resistance for different
LSM-LSGM compositions is shown in Fig. 8. The activation
energies as a function of the LSM-LSGM composition ob-
tained from Fig. 8 are shown in Table 2. The activation ener-
gies increased with the LSGM content, from 126 kJ/mol for
pure LSM to 182 kJ/mol for the 40/60 LSM-LSGM electrode.
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Fig. 8 Temperature dependence of the polarization resistance for
different LSM-LSGM compositions measured in air

Table 2 Activation Energies of LSM-LSGM Composite
Electrodes on LSGM Electrolytes

LSM- LSM- LSM- LSM- LSM- LSM-
Pure LSGM LSGM LSGM LSGM LSGM LSGM
LSM (90:10) (80:20) (70:30) (60:40) (50:50) (40:60)

Ea, kJ/mol 126 156 155 165 168 167 182

This finding suggested that conduction in the composite elec-
trode became more ionic in character as the LSGM content was
increased, and resulted in a lowering of the polarization resis-
tance of the electrode within the percolation threshold.

3.4 Effect of Electrode on Cathodic Polarization Resistance

The Arrhenius plot of the measured polarization resistances
for the various cathode materials in Table 1 are shown in Fig.
9. It should be noted that the ohmic resistance (R,) obtained
from the high-frequency intercept of the impedance spectra
was approximately the same for all of these electrodes, indi-
cating that the effective electrode-electrolyte interfacial contact
areas were similar. As can be seen in Fig. 9, the standard 30 pm
thick LSM cathode had a polarization resistance that was worse
than that of the 5 wm thick Pt electrode. The 30 pm LSM-
LSGM (40:60) composite electrode had a polarization resis-
tance that was very similar to that of the Pt electrode. In con-
trast, the 30 wm thick LSCF electrode had a polarization
resistance that was six orders of magnitude lower than the Pt,
LSM, and LSM-LSGM electrodes. For the 30 pm LSCF-
LSGM (50:50) composite electrode, the polarization resistance
was slightly smaller than that of the pure 30 wm LSCF elec-
trode. This can be rationalized on the premise that single-phase
LSCF already has a high ionic conductivity. However, adding
LSGM to the LSCF electrode can buffer the thermal expansion
coefficient of the electrode and bring it closer to the LSGM
electrolyte material. The activation energies of these electrodes
are listed in Table 3. These values suggest that both the cata-
Iytic behavior and the ionic conductor constituent of the elec-
trodes influence the activation energies.
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Fig. 10 Impedance spectra of symmetrical LSCF/LSGM/LSCEF cells

with various electrode thickness measured in air at 600 °C

Table 3 Activation Energies of Investigated Cathodes on
LSGM Electrolytes

Pure LSM-LSGM
LSM (40:60)

LSCF-LSGM
Platinum LSCF (50:50)

Ea, kl/mol 126 182 163 165 154

3.5 Effect of LSCF Electrode Thickness on the Effective
Charge-Ttransfer Resistance

AC impedance spectra of LSCF/LSGM/LSCF symmetrical
cells at 600 °C as a function of electrode thickness are shown
in Fig. 10. All the impedance arcs, as stated earlier, appear to
be semicircular in nature, and the polarization resistance
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changed with the thickness of the electrodes. It is evident from
Fig. 10 and 11 that increasing the electrode thickness had the
effect of decreasing the effective charge-transfer resistance. A
similar thickness effect has been observed previously by Kenjo
and coworkers'>'#! Tanner et al.''!, and Virkar et al.'*®’ Tan-
ner et al.!'>! developed a comprehensive model to explain the
thickness effect of the effective charge-transfer resistance of
LSM-YSZ composite electrodes on YSZ electrolytes. When
the electrocatalyst cathode is a pure electronic conductor like
LSM, the sites for charge-transfer reactions have been conclu-
sively shown by Horita et al.,"'"! using oxygen-18 isotope and
secondary ion mass spectrometry, to be the TPBs formed be-
tween the electrode (i.e., LSM), electrolyte (i.e., YSZ), and the
gas phase. Thus, in the case of a porous composite electrode
comprising an electrocatalyst phase (LSM), and an ionic con-
ducting phase (YSZ), it is reasonable to expect that increasing
the electrode thickness should lead to an increase in the TPB
line length and, therefore, to a decrease in the effective charge-
transfer resistance. This effective charge-transfer resistance
should eventually approach an asymptotic minimum. Indeed,
the experimental and theoretical work of Tanner et al.!'>! and
Virkar et al."'®! showed just such a thickness effect.

In the case of a single-phase mixed ionic and electronic
conducting (MIEC) electrode, in addition to the TPBs at the
electrode-electrolyte interface, oxygen exchange can occur
over the entire pore surface area of the electrode. The nature of
this oxygen exchange, whether it is electrochemical (charge-
transfer) or simply a chemical exchange process, has been the
subject of much recent debate.!"®'?! The results presented here
do not clarify this debate. However, regardless of the nature of
the oxygen exchange process, an increase in MIEC electrode
thickness should reduce the total polarization resistance by
increasing the number of sites available for exchange between
the gas phase and the electrode-electrolyte system, just as in the
case of porous composite electrodes.!’>! As can be seen from
Fig. 11, this is indeed observed for the LSCF/LSGM/LSCF
symmetrical cells. Figure 11 also shows a fit to the data using
the model developed by Tanner et al.!'> using the following
values: porosity (53.3%); intrinsic charge transfer resistance
(R, = 3.8 Q-cm?); ionic conductivity (0.025 s/cm); and grain
size (1 wm). This also confirms the initial hypothesis that con-
centration polarization is a minor contributor to the total po-
larization resistance. Upon increasing the electrode thickness
further, pore diffusion of molecular oxygen through the MIEC
electrode phase may become rate controlling and, there-
fore, may increase the total electrode polarization resistance.
Indeed, this effect was predicted by Tanner et al.”">! However,
such an increase in R, was not observed in the electrode
thickness range investigated in this study (4.5-150 wm). This
again supports the hypothesis that the electrodes investigated in
this study were not “rate-controlled” by gas-phase pore diffusion.

The effect of microstructure changes on effective charge-
transfer resistance has not been investigated in this study. It is
expected that an electrode with a finer microstructure can lead
to a lower effective charge-transfer resistance due to the avail-
ability of a greater number of sites for charge-transfer reac-
tions. As shown theoretically by Tanner et al.!'>! the thickness
at which the asymptotic minimum in the effective charge-
transfer resistance is attained for a given electrode depends on
the microstructure of the electrode. That is, the finer the elec-
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Fig. 12 Time dependence of ohmic resistance of a symmetrical
Ni-GDC/LSGM/Ni-GDC cell measured in a reducing atmosphere at
800 °C

trode microstructure, the smaller the electrode thickness at
which the asymptotic minimum is attained. This behavior will
also be dependent on the mixed conducting characteristics of
the electrode.

3.6 Effect of Alternate Transport Paths on Effective
Charge-Transfer Resistance

In the model developed by Tanner et al."'*! for two-phase
composite electrodes (e.g., LSM-YSZ), it has been assumed
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Fig. 13 Time dependence of polarization resistance of a symmetrical
Ni-GDC/LSGM/Ni-GDC cell measured in a reducing atmosphere at
800 °C

that the charge-transfer process occurs at the TPBs at the in-
terfaces between the electrode, the electrolyte, and the gas
phase. In their calculations, Tanner et al.!'>! replaced the TPBs
by a negligibly thin continuous region where charge transfer
occurs. One of the assumptions in their model is that once
oxygen ion formation occurs at the TPBs, the only path for
transporting the ions through the contiguous electrolyte grains
extends into the electrode. While this may be true in some
cases, alternate transport paths for the oxygen ions (e.g., am-
bipolar surface transport in the MIEC electrodes) may also be
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possible and should be considered. Presently, the model by

Tanner et al.""! is being expanded to incorporate such alternate
transport paths.

3.7 Effect of Reaction Between Ni Anode Material and
LSGM Electrolyte on Polarization Resistance

Nickel is a well-known SOFC anode material, and it acts as
the fuel side electrocatalyst and current collector. A Ni-GDC
cermet anode is known to be an effective anode for SOFCs
based on the LSGM electrolyte.*® However, upon maintaining
a Ni-GDC/LSGM/Ni-GDC symmetrical cell in the same re-
ducing atmosphere at 800 °C, both the ohmic and polarization
resistances increased gradually with time, as shown in Fig. 12
and 13. These results confirm prior results™'! that Ni reacts
with LSGM to form insulating phases (i.e., lanthanum nick-
elates) at elevated temperatures. GDC is an excellent oxygen
ionic conductor, and is chemically and mechanically compat-
ible with the LSGM electrolyte. Thus, an intermediate dense
layer of GDC should be used between the LSGM electrolyte
and Ni-GDC anode to prevent direct contact between the Ni in
the anode and the electrolyte.

4. Conclusion

Charge-transfer polarization of several candidate electrodes
for an LSGM electrolyte has been investigated by AC imped-
ance spectroscopy. Among the cathode materials (i.e., LSM,
LSM-LSGM, and LSCF), the pure LSM electrode possessed
the worst polarization performance. The addition of the LSGM
electrolyte to the LSM electrode increased the mixed-
conducting boundary with the gas phase and lowered the po-
larization. Although LSM-LSGM composite electrodes are
better than just pure LSM, the performance of the best LSM-
LSGM (40:60) electrode was similar to that of Pt. Single-
phase, mixed-conducting LSCF electrodes had a much lower
polarization resistance than the LSM-LSGM composite elec-
trodes. As expected, the polarization resistance of the LSCF
electrode decreased asymptotically as the electrode thickness
increased. Although adding the LSGM electrolyte to the LSCF
electrode does not improve the cell performance very much, it
does buffer the thermal expansion coefficient of LSCF. The Ni
anode reacts with the LSGM electrolyte and lowers the overall
cell performance, making a dense layer of GDC between
LSGM electrolyte and Ni-GDC anode necessary.
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