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ABSTRACT

In this study, the polarization resistance of anode-supported solid oxide fuel cells (SOFC) with
LagsSro4Cop2Feps03 (LSCF) cathodes was investigated by I-V sweep and electrochemical impedance
spectroscopy under a series of operating voltages and cathode environments (i.e. stagnant air, flowing
air, and flowing oxygen) at temperatures from 550 °C to 750 °C. In flowing oxygen, the polarization resis-
tance of the fuel cell decreased considerably with the applied current density. A linear relationship was
observed between the ohmic-free over-potential and the logarithm of the current density of the fuel cell
at all the measuring temperatures. In stagnant or flowing air, an arc related to the molecular oxygen diffu-
sion through the majority species (molecular nitrogen) present in the pores of the cathode was identified
at high temperatures and high current densities. The magnitude of this arc increased linearly with the
applied current density due to the decreased oxygen partial pressure at the interface of the cathode and
the electrolyte. It is found that the performance of the fuel cell in air is mainly determined by the oxygen
diffusion process. Elimination of this process by flowing pure oxygen to the cathode improved the cell
performance significantly. At 750 °C, for a fuel cell with a laser-deposited Smo,Ceo 5019 (SDC) interlayer,
an extraordinarily high power density of 2.6 W cm~2 at 0.7 V was achieved in flowing oxygen, as a result
of reduced ohmic and polarization resistance of the fuel cell, which were 0.06 cm? and 0.03 2 cm?,
respectively. The results indicate that microstructural optimization of the LSCF cathode or adoption of
a new cell design which can mitigate the oxygen diffusion limitation in the cathode might enhance cell

performance significantly.

Published by Elsevier B.V.

1. Introduction

Oxygen reduction at the cathode side of solid oxide fuel cells
(SOFC) is a very complex process which involves the interaction
of electronic, ionic, and molecular species. The overall oxygen
reduction mechanism usually consists of several steps such as gas
diffusion in the pores of the electrode, absorption, dissociation, and
charge transfer at the gas/electrode interface, surface migration
or bulk diffusion of oxygen ions through the electrode material,
and the transfer of oxygen ions at the electrode/electrolyte inter-
face. Numerous studies have been undertaken to investigate the
reaction mechanism either by modeling or experiments. However,
there is still a lot of work needed to reach a consensus in under-
standing the oxygen reduction mechanism due to the large number
of variables involved, including the physico-chemical properties
(e.g., ionic/electronic conductivities, oxygen diffusion coefficient,
and electro-catalytic properties) and the microstructure (e.g., pore
size and distribution) of the cathode, as well as the testing con-
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ditions. Several reviews have been given on the cathode reaction
mechanisms of solid oxide fuel cells [1,2].

Electrochemical impedance spectroscopy (EIS) is a powerful
technique that is widely used by the fuel cell community to inves-
tigate the reaction mechanism because it can separate different
processes based on their relaxation times. However, interpretation
of the results is not always easy. A number of impedance studies
have been carried out to understand the oxygen reduction mech-
anism, either on symmetrical cells [3-5] or complete cells [6,7],
porous cathode [5,8-12] or dense cathode [13,14], LSM [3,7,11] or
other mixed ionic and electronic conductors (MIEC) [5,9,15] for
intermediate temperature applications. However, almost all the
impedance studies were performed at open circuit voltage (OCV),
where the fuel cell is in areversible state, with only a few performed
under operating voltages or current densities [7,15].

When EIS is performed at OCV on a complete fuel cell, a very
small current, usually of several mA, passes through the fuel cell
as a sinusoidal signal, which means that the current could be
positive at one time and negative at another time. As a result, dur-
ing the impedance measurement the fuel cell alternatively works
as a fuel cell and an electrolyzer, which does not represent the
true working conditions of the cathode where relatively high cur-
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rent always flows out (electrons flow in) during operation. Wang
et al. [15] argued that even for symmetrical cells with a cath-
ode/electrolyte/cathode structure, in the presence of an applied
current, the symmetrical cell is no longer symmetrical since the
two cathodes are polarized differently. Therefore, the polariza-
tion resistance calculated simply by counting half of the measured
polarization resistance does not truly represent the actual polariza-
tion resistance of the cathode. Our previous study [6] demonstrated
that the polarization resistance of the LSCF cathode is a dynamic
property which decreases with the current density of the fuel cell.

In this study, we try to shed further light on the cathode reaction
mechanism under real working conditions by performing EIS under
a series of operating voltages and cathode environments.

2. Experimental

Ni+YSZ anode-supported YSZ thin films were fabricated by a
tape-casting and lamination process, described in more detail else-
where [16]. The green tape was cut into discs, sintered at 1385°C
for 2 h, and subsequently creep-flattened at 1350 °C for 2 h. The flat-
tened substrate, which was about 25 mm in diameter, consisted of
three layers: bulk Ni+YSZ anode, active Ni+YSZ anode, and YSZ
electrolyte. The thicknesses of the bulk anode, active anode, and
electrolyte were 1 mm, 8 wm, and 10 wm, repectively. The active
anode contained 50vol.% of Ni and 50 vol.% of YSZ after reduction,
while the bulk anode contained 40 vol.% of Ni and 60 vol.% YSZ to
improve the mechanical strength of the substrate and match the
coefficient of thermal expansion between the substrate and the YSZ
electrolyte.

An Smg;CepgO19 (SDC, Praxair) interlayer was employed
between the YSZ electrolyte and the cathode to block potential
interdiffusion and chemical reaction between the two components.
The SDC interlayer was applied by screen-printing SDC ink onto the
YSZ electrolyte and sintering at 1200 °C for 2 h. The fired SDC layer
was about 4 pum thick and contained about 25% porosity, measured
from the weight and volume of this layer. LaggSrg4Cog2FeggOs3
(LSCF, Praxair) was used as the cathode material. The as-received
powder (dso=1.0 um) was attrition milled to reduce the particle
size to about 0.3 pm. The LSCF cathode was fabricated by screen-
printing LSCF ink onto the SDC interlayer and sintering at 900 °C
for 2 h. Lag gSrpCo03 (LSC, in house) was screen-printed onto the
LSCF and sintered at 850 °C for 2 h to serve as the cathode current
collector. The cathode area, 2cm? in this study unless otherwise
specified, was used as the effective area of the fuel cells to calcu-
late the power density and area specific resistance (ASR). All the
inks used in this study had about 40 wt.% solids loading and were
prepared by mixing solid powders with V-006 binder (Heraeus)
on a three-roll mill. A fuel cell with a dense SDC interlayer was

fabricated by pulsed-laser-deposition and tested for comparison.
Detailed information on the fabrication of the dense SDC interlayer
is described elsewhere [17]. The fabrication procedures for the LSCF
cathode and LSC cathode current collector were the same as those
of the fuel cells with screen-printed SDC interlayer, except that the
cathode area was 1cm?.

Screen-printed Au grids with embedded Au gauze and NiO grids
(reduced to Ni metal in situ) with embedded Ni gauze were used
to collect current from the cathode and anode, respectively. The
cells were sealed to alumina tubes using a glass seal, and -V and
impedance spectra were recorded using a Solartron 1470 Multistat
coupled with a Solartron 1255 frequency response analyzer. Elec-
trochemical impedance spectroscopy was performed under OCV or
an operating voltage. When performed under an operating voltage,
the cell was held at that voltage for 10 min before the impedance
measurement was executed. Moist hydrogen with a flow rate of
200sccm was supplied to the anode and three different condi-
tions were tested for the cathode side: stagnant air, flowing air,
and flowing oxygen with a flow rate of 500 sccm. After testing, the
fuel cells were observed under scanning electron microscopy (SEM)
(JEOLJSM-5900LV) for cross-sectional views.

3. Results and discussion
3.1. Microstructure of the LSCF cathode

Fig. 1 shows the cross-sectional SEM micrographs of a fuel cell
with LSCF cathode sintered at 900 °C for 2 h and LSC current col-
lector sintered at 850 °C for 2 h. The LSCF cathode and LSC current
collector were each about 20 wm thick after sintering. The LSCF
cathode showed a relatively dense structure with an average pore
size under 1 um, while the LSC current collector exhibited a more
open structure, with pore sizes larger than 1 wm. Strong bonding
between each layer was observed. It is noted that cracking at the
interface of the YSZ electrolyte and the SDC interlayer most likely
occurred during SEM sample preparation, due to the shrinking of
the mounting resin.

3.2. Polarization resistance of the LSCF cathode

I-V sweep and electrochemical impedance spectroscopy (EIS) of
the fuel cells were performed at 550°C, 650°C, and 750°C under
three different cathode conditions, i.e. stagnant air, flowing air, and
flowing oxygen with a flow rate of 500 sccm. The EIS was performed
under a series of operating voltages, which covered the entire range
of voltages used in the I-V measurements. Figs. 2 and 3 give two
examples of the I-V characteristics of a fuel cell tested at 750°C
and 550°C, respectively, with the corresponding electrochemical

Fig. 1. Cross-sectional SEM microngraphs of a fuel cell with LSCF cathode sintered at 900 °C for 2 h and LSC current collector sintered at 850 °C for 2 h.
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Fig. 2. I-V characteristics (a) and electrochemical impedance spectra (b-d) of a fuel cell tested at 750°C in three different cathode environments.

impedance spectra also included. In the legend of Figs. 2 and 3, the
current density corresponding to each applied voltage for the EIS
measurements was also included in the parentheses following the
applied voltage.

At 750°C, the cell performance increased significantly in a
sequence of stagnant air, flowing air, and flowing oxygen, as shown

in Fig. 2a. The maximum power densities of the fuel cell were
0.4W cm~2 and 0.8 W cm~2 in stagnant air and flowing air, respec-
tively. The power density of the fuel cell was over 1.4W cm—2
at 0.7V in pure oxygen flow, with the maximum power density
estimated to be over 1.8 Wcm~2. All the I-V curves had very sim-
ilar slopes when the current density was small. However, the [-V

Fig. 3. I-V characteristics (a) and electrochemical impedance spectra (b-d) of a fuel cell tested at 550°C in three different cathode environments.
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Fig. 4. Equivalent circuit used to fit the electrochemical impedance spectra in Figs. 2 and 3.

curve tested in stagnant air and flowing air showed a remarkable
increase in slope when the current density exceeded a certain value,
0.4 Acm~2 for fuel cells in stagnant air and 0.9 Acm~2 in flowing air
at 750°C, with the corresponding voltages of 0.9V and 0.8 V in the
curves, respectively. Only the I-V curve tested in flowing oxygen
did not show any turning point; instead, the slope of the curve con-
tinued to decrease as the current density increased, exhibiting a
concave-up curvature.

The different behaviors of the I[-V characteristics can be
explained by the corresponding EIS, as shown in Fig. 2b-d. At OCV,
all the impedance spectra measured in different cathode environ-
ments had almost the same shape and magnitude, which gave an
ohmic resistance of about 0.12 Q2 cm? and an overall polarization
resistance of 0.5 € cm2. All the values of the ohmic and polarization
resistance from electrochemical impedance spectra in this study
were obtained by fitting the impedance spectra with the equivalent
circuit, shown in Fig. 4. In the circuit, L; represents the inductance
from the wires of the testing system; Ry is the ohmic resistance of
the fuel cell; Ry, Ry, R3 stand for the polarization resistance of the
arcs in the EIS, with the corresponding constant phase elements Cq,
C,, and C3, respectively. The ohmic resistance of the cell remained
almost constant as the operating voltage decreased (current density
increased) for all three cathode testing environments, consistent
with our previous study [6]. However, the polarization resistance
of the cell behaved very differently under different cathode testing
conditions as the operating voltage decreased.

In flowing oxygen, three arcs were found in the impedance
spectra (Fig. 2b). Since their specific attributions were undeter-
mined, only the overall polarization resistance was considered. The
polarization resistance decreased with decreasing operating volt-
age (and increasing current density) over the entire range, as shown
in Fig. 5. The change in polarization resistance was found to obey
the Tafel equation, in which the ohmic-free over-potential (AV) of
the cell is given by

AV=Aln (}) (1)

0

Fig. 5. Polarization resistance of a fuel cell as a function of current density in flowing
100% oxygen at different temperatures.

Fig. 6. Over-potential of a fuel cell as a function of the current density in flowing
100% oxygen at different temperatures.

where A is a constant (Tafel slope), i and iy are current den-
sity and exchange current density, respectively. Therefore, the
ohmic-free over-potential of the fuel cell was plotted against
the logarithm of the current density, as shown in Fig. 6. The
ohmic-free over-potential was calculated as a product of the polar-
ization resistance obtained from EIS (the sum of Ry, Ry, and R3
in the equivalent circuit) and the corresponding current density.
It is shown that at all the measuring temperatures, a logarith-
mic relationship between the ohmic-free over-potential and the
current density was maintained. By fitting the curve, the Tafel
slope and the exchange current density at different temperatures
were determined, as summarized in Table 1. It can be seen that,
as the temperature decreased from 750°C to 550°C, the Tafel
slope increased from 20 mV to 50 mV, while the exchange current
density decreased from 25mAcm~2 to 6 mAcm2. The exchange
current densities are lower than those reported by Liu et al. [18]
for Lag gSrg 2 Cog gFeg 03 cathodes of 65 mA cm~2 at 700 °C, and by
Qiangetal.[19]for Lag 58Srg4Cog2FeqgO3 + GdgCeg01.9 compos-
ite cathode of 301 mAcm~2 at 750°C.

Since the polarization resistance from the anode reaction is usu-
ally negligible, the major contribution to the polarization resistance
of the fuel cell is from the cathode reaction (oxygen reduction reac-
tion) [20,21]. Because the Tafel equation is valid only when the
electrode reaction is controlled by electrical charge transfer at the
electrode (and not by the mass transfer to or from the electrode
surface), the logarithmic relationship between the current density
and the over-potential indicates that charge transfer is the rate-
determining step of the cathode reaction for the LSCF cathode in
flowing oxygen. This also means that oxygen diffusion to the sur-
face of the cathode or the triple-phase-boundary is not a limiting
step for the cathode reaction in flowing oxygen, even at high current
densities when oxygen consumption is high. This is not surprising

Table 1
Tafel slopes and exchange current densities of a fuel cell measured at various tem-
peratures in flowing oxygen.

Temperature 550°C 650°C 750°C
Tafel slop 50 mV 30mV 20mV
Exchange current density 6 mAcm—2 16 mA cm—2 25mAcm—2
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considering the porous nature of the LSCF cathode and the pure
oxygen environment.

In flowing air, the polarization resistance also decreased with
increasing current density when the current density was small, as
shown in Fig. 2c. However, when the current density exceeded a
certain value (in this case 0.6 Acm~2 at 0.9 V), a new arc appeared in
the low frequency end of the spectrum and increased in size as the
current density increased. The resistance of the new arc dominated
the total resistance at high current densities, which was reflected
by the change in slope in the I-V curve. This phenomenon was exag-
gerated in stagnant air, as shown in Fig. 2d. The new arc appeared
at a much smaller current density, 0.18 Acm~2 in stagnant air com-
pared to 0.6 Acm~2 in flowing air, and increased with the current
density.

The new arc is believed to be related to the diffusion of molecu-
lar oxygen in the gas phase through the majority species (molecular
nitrogen) present in the pores in the electrode layer. Similar phe-
nomena were found for dense cathodes in air or porous cathodes at
relatively low oxygen partial pressures [8,10,14,22]. However, the
gas diffusion problem at the high oxygen consumption rates asso-
ciated with operating at high current densities in air has not been
well studied.

It has been shown that for a cathode thickness of [ with spatially
invariant porosity and tortuosity, the partial pressure of oxygen at
the cathode/electrolyte interface, po, (), is given by [23]

iRTTcl, ] @)

_ _ _no

where p is the total pressure, p"o2 is the invariable oxygen partial
pressure outside of the cathode, i is the current density, 7. is the
tortuosity factor, D, is the oxygen diffusion coefficient in the cath-
ode, Vy() is the volume fraction of porosity of the cathode, and F, R,
and T have their regular meanings.

For an anode-supported fuel cell with small cathode thickness,
the exponential part can be approximated and Eq. (2) can be written
as [23]

P—D3, RTrl,

1 3
p 4FDCV,,(C) ( )

Poy(e) = Po, —

Eqgs.(2)and (3) imply that the presence of other gas species besides
oxygen in the cathode gas stream (e.g. nitrogen, in the case of
air) is the source of gas diffusion limitation in SOFC cathodes and
that microstructural optimization of the cathode is important in
mitigating these effects. For instance, in the flowing 100% oxygen
atmosphere, since p"o2 ~ p, it is easy to derive that po, () ~ p"o2 ~ D,
which means that according to these equations, the oxygen par-
tial pressure at the interface of the cathode and the electrolyte
is independent of the current density. This is consistent with the
impedance results in flowing oxygen (Fig. 2b) where no diffusion-
related arc was observed as the current density increased. In the
case of fuel cells tested in air, po, (c) decreases with the current den-
sity because p"o2 is smaller than p from Egs. (2) and (3). Since the
oxygen consumption in the cathode or at the interface of the cath-
ode and the electrolyte increases with the current density, at high
current densities, a large amount of oxygen is consumed, leaving
behind excessive inert nitrogen in the pores of the cathode or at the
interface, which hinders the transport of oxygen to the active reac-
tion sites in the cathode or at the interface. Therefore, a decreased
oxygen partial pressure at high current densities is anticipated, con-
sistent with Eq. (3). It is reported that polarization resistance has
a simple inverse relationship with the oxygen partial pressure if
the rate-determining step involves the diffusion of molecular oxy-
gen [13,24]. Therefore, as the current density increases, the oxygen
partial pressure at the interface of the cathode and the electrolyte
decreases, resulting in an increase in the electrode resistance.

Fig. 7. Plot of the concentration polarization resistance of a fuel cell with current
density in stagnant air at different temperatures.

The concentration polarization resistance related to the oxy-
gen diffusion at different temperatures was plotted as a function
of the current density, as shown in Fig. 7. The concentration polar-
ization resistance was obtained from the resistance of the new arc
appearing at the low frequency end of the EIS measured at high
current densities in stagnant air at different temperatures. A lin-
ear relationship was found between the concentration polarization
resistance and the current density at all the measuring tempera-
tures. By fitting the results linearly, the slope and the intercept of
the lines with the x axis can be obtained. The slope of the lines
decreased with increasing temperature, while the intercept with
the x axis remained constant. The slope of the line indicates how
fast the polarization resistance increases with the current density,
while the intercept with the x axis indicates when the polarization
resistance starts to contribute to the total resistance (threshold cur-
rent density). According to the Chapman-Enskog theory [25], the
diffusion coefficient of a gas is proportional to T3/2, If this T3/2 depen-
denceis substituted for D. in Eq.(3), it is easily derived that the slope
of po,(c) as a function of current density is proportional to -T2
meaning that at higher temperatures, the oxygen partial pressure at
the interface will be depleted more slowly with increasing current
density than at lower temperatures. Because concentration polar-
ization is the direct result of oxygen depletion, this explains the
decreasing slope with increasing temperature observed in Fig. 7.
The fact that the threshold current density is independent of the
measuring temperature further strengthens the argument that this
resistance is related to the oxygen consumption rate, which is only
dependent on the current density.

As the testing temperature decreased to 550°C, the power
density of the fuel cell decreased dramatically, as well as the differ-
ence in cell performance between different cathode environments.
The maximum power densities were 0.10Wcm~2, 0.13Wcm2,
and 0.15W cm~2 in stagnant air, flowing air, and flowing oxygen,
respectively. Only a 50% increase in power density was observed at
550°C when the cathode environment changed from stagnant air
to flowing oxygen, while a 4-fold increase was observed at 750°C.

The decrease in power density was due to an increase in both
ohmicand polarization resistance of the fuel cell as the temperature
decreased, indicated in the corresponding EIS (Fig. 3b-d). Because
of the low current density and therefore low oxygen consumption
rate at this temperature, concentration polarization did not influ-
ence the power density as much as it did at 750°C. At 550 °C, only
the fuel cell tested in stagnant air showed a distinguishable slope
change at a current density of 0.16 Acm~2 with corresponding volt-
age of 0.6V, where the resistance of the diffusion-related arc made
a significant contribution to the total resistance (Fig. 3d).
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Fig. 8. I-V characteristics of fuel cells with screen-printed SDC and laser-deposited
SDC interlayer in flowing oxygen at 750°C.

3.3. Effect of ohmic and polarization resistance on cell
performance

In our previous study [6], as well as in this one, it has been shown
that the polarization resistance of a fuel cell is a dynamic property,
which changes with the current density of the fuel cell. Therefore,
performance evaluation of the cell components based on the data
obtained at OCV may be inaccurate or even misleading. For exam-
ple, at 750°C, from the electrochemical impedance spectroscopy
performed at OCV (Fig. 2b-d), the ohmic and polarization resis-
tances were 0.12 Q2 cm? and 0.50 2 cm?, respectively. Assuming
that the polarization resistance of the anode is very small and can be
neglected, it seems that the polarization resistance of the cathode
dominates the total resistance due to its insufficient electro-
catalytic activity. However, as this study has shown, in flowing
oxygen where concentration polarization can be eliminated, the
polarization resistance decreases significantly as the current den-
sity increases. At a current density of 1.4Acm~2 (corresponding
voltage 0.8 V), the polarization resistance is only 0.05 £ cm?, com-
pared to the invariable ohmic resistance 0.12 € cm?. Therefore,
efforts should be made to decrease the ohmic resistance of the
fuel cell, instead of further reducing the polarization resistance
of the cathode, usually by identifying better cathode materials or
improving the existing cathode material. The reason that the polar-
ization resistance of the cathode in flowing oxygen is considered is
because it is free of concentration polarization. Similar polarization
resistance should be anticipated in air if the microstructure of the
cathode can be optimized so that the concentration polarization can
be negligible. From this perspective, we prepared a fuel cell with a
pulsed-laser-deposited (PLD) SDC interlayer, which proved to have
a smaller ohmic resistance than the fuel cells with a conventional
screen-printed SDC interlayer [17].

Figs. 8 and 9 show the I-V characteristics of the fuel cell with
the PLD SDC interlayer and the electrochemical impedance spectra
performed at 0.8V, respectively, at 750°C in pure oxygen flow-
ing at a rate of 500 sccm. Also included in the figures are results
for a fuel cell with a conventional screen-printed SDC interlayer
tested in pure oxygen flow for comparison. A power density of
2.6 Wcm~2 was achieved at 0.7V for the fuel cell with a PLD SDC
interlayer. Similar high power density was also achieved by Yan et
al. on an anode-supported, laser-deposited LaggSrg>GaggMgp,03
electrolyte fuel cell tested in pure oxygen [26]. The extraordinar-
ily high power density of the fuel cell was due to low ohmic and
polarization resistances of the fuel cell, indicated by the impedance
spectroscopy performed at 0.8V (Fig. 9). The ohmic and polar-
ization resistances were 0.06 2 cm? and 0.03 2 cm?, respectively

Fig. 9. Electrochemical impedance spectra (measured at 0.8 V) of fuel cells with
screen-printed SDC and laser-deposited SDC in flowing oxygen at 750 °C.

at 750°C in flowing oxygen, while those for the fuel cell with a
conventional screen-printed SDC interlayer were 0.12 £ cm? and
0.04 Q cm?, respectively. The decrease in ohmic resistance was
partially attributed to the dense SDC interlayer with improved
electrical conductivity and good bonding between the SDC inter-
layer and the YSZ electrolyte. The very small polarization resistance
means that LSCF is a satisfactory cathode material for intermediate
temperature SOFC applications.

Another implication from the extraordinarily high performance
of the fuel cells in flowing oxygen where concentration polarization
is eliminated is that, even for a “normally functional” fuel cell in air,
concentration polarization still dominates the total cell resistance
at high current densities, limiting the cell performance. Optimiza-
tion of the microstructure of the cathode or employment of new
cathode design which can mitigate the oxygen difussion problem
might enhance the cell performance significantly. Recently, numer-
ical modeling by several groups [27-30] proposed that by changing
the microstructure of the electrode, improved performance can be
expected. Ni et al. [27] found that for a composite cathode with 40%
(volume) porosity, diffusion limitation can be expected even in air
if the electrode particle size decreases below 0.2-0.3 wm. An inno-
vative thin-walled geometry proposed by Ramakrishna et al. [29]
showed an improved cell performance compared to the plain one
due to the better distribution of reactants along the length in the
thin-walled geometry.

4. Conclusion

Anode-supported fuel cells were tested in three different cath-
ode environments: stagnant air, flowing air, and flowing oxygen
at temperatures from 550 °C to 750 °C. Electrochemical impedance
spectroscopy performed under a series of operating voltages
revealed features which have not been well documented. In flowing
oxygen, the polarization resistance decreased considerably with
the current density. The ohmic-free over-potential of the fuel cell
calculated from the polarization resistance and the corresponding
current density showed a linear relationship with the logarithm of
the current density. In air, an additional arc related to diffusion of
molecular oxygen arose in the low frequency end of the spectrum
at high current densities and increased in size as the current density
was further increased due to the low oxygen partial pressure at the
interface of cathode and the electrolyte. Optimization of the micro-
structure of the cathode or employment of a new cathode design
which can mitigate the oxygen diffusion problem might enhance
cell performance significantly.
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