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Time stability of the solid oxide fuel cells (SOFCs) has been a significant concern toward
realization of their practical applications. Its operation at elevated temperatures and in oxidizing
atmospheres makes the cathode current collector one of the most vulnerable components of
the SOFCs. Silver and silver-based metal oxide [lanthanum—strontium manganite (LSM) and
yttria-stabilized zirconia] composites were investigated for the development of low-cost current
collectors with long-term stability. While densification of pure silver limited its use as current
collector, incorporation of oxide particles to the silver matrix led to formation of porous
composites. However, addition of YSZ particles did not result in a stable porosity. Analysis of
the impedance spectra allowed further investigations on the obtained microstructures and the
formed contacts. No microstructural degradation has been observed in the porous Ag-LSM
composite current collector and its electrical properties remained stable for over 5000 h of

measurements at 800 °C in air.

. INTRODUCTION

Ohmic losses, which arise due to the high resistance of
the contact materials, have been a vital concern for the
development of solid oxide fuel cells (SOFCs).' ™ Stability
and efficiency of the current collection on the cathode
side of the SOFCs is a relatively more challenging issue
than the anode side especially for the intermediate tem-
perature (600-800 °C) SOFCs due to high temperature
oxidation.*”® Common current collectors include ceramics
(e.g., LaCoOj3 and LaCrOj3) and noble metals (e.g., Pt, Pd,
Au, and Ag).” Although ceramic materials have high
stability in oxidizing conditions, their lower electrical
conductivities limit their use. Noble metals such as Pt,
Au, or Pd are used as common current collectors stable at
high temperatures, while their relatively high cost makes
them less desirable for use in SOFC applications.” ' Its
relatively low-cost and advantageous attributes such as high
conductivity, high ductility, and self-healing at operating
temperatures make Ag a good candidate for the current
collection.®!! However, operational conditions deteriorate
its structural stability and limit its use in SOFCs.®!'!~!3
Operational temperatures of SOFCs (e.g., 800 °C) allow
sintering of Ag particles and result in nearly full den-
sity of initially porous microstructure within a relatively
short time (<170 h) with respect to the target lifetime of
40,000 h'* due to relatively low melting temperature of
pure Ag (962 °C), as shown in Figs. 1(a) and 1(b)."?
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Development of a porous and structurally stable
Ag-based current collector was aimed by this study. Since
the degradation of the cathode and anode layers limits the
detailed analysis of the degradation mechanisms of the cur-
rent collectors, Ag-based current collectors were applied on
stable electrolytes as symmetrical electrodes to analyze
their stability. Thus, the electrodes in this study should
not be confused with actual anode and cathode materials
of SOFCs. A systematic approach was developed to
analyze the stability of the current collector compositions.
The measured electrical conductivities and impedance
spectra were utilized to identify the rate-limiting polari-
zation mechanisms of the symmetrical cells. Identifica-
tion of the bulk diffusion of oxygen in solid Ag as the
unique polarization mechanism led to the correlation of
diffusion length with the coarsening of the Ag grains and
the real part of the complex polarization with the ef-
fective contact area. Porous Ag current collector was
obtained by incorporating up to 25 vol% lanthanum-—
strontium manganite (LSM) particles while maintaining
the percolation of Ag grains for sufficiently high elec-
trical conductivity and wetting of the underlying electro-
lyte layer to achieve efficient current collection and stable
electrical contact.

Il. EXPERIMENTAL

Ag and Ag-based composite inks were prepared for
screen printing of the symmetrical current collectors. Since
the previous studies showed that high surface area of
Ag results in structural instability,®'® a relatively coarse
(dso = 1.1 um) Ag powder (Alfa Aesar, Ward Hill, MA)
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was used for the investigations. Initial powders of the
conventional LSM-yttria-stabilized zirconia (YSZ) cath-
ode were incorporated to the pure Ag. Utilized LSM
(NexTech, Columbus, OH) and YSZ (8 mol% YSZ,
TZ-8Y; TOSOH, Tokyo, Japan) powders have the aver-
age particle sizes of 0.5 um and 25 nm, respectively. The
preparation of the inks consists of the dispersion of the
oxide powders (LSM or YSZ) in a solvent (a-terpineol;
Alfa Aesar) by ultrasonication and mixing the dispersed
suspension with Ag powder and a polymeric vehicle (V006;
Hearaeus, Conshohocken, PA). The rheological properties
of the inks were optimized for screen printing of symmet-
rical current collectors on YSZ electrolyte by adjusting the
solvent and polymeric vehicle amounts. Symmetrical cells
were prepared by screen printing of current collector inks
on both sides of 180-pum-thick YSZ electrolyte (8 mol%
YSZ; NexTech, Columbus, OH).

Electrochemical performance investigations and electri-
cal conductivity measurements of the cells were performed
using a combined potentiostat and frequency response
analyzer setup (1470 CellTest; Solartron, Mobrey, UK).
Four-probe electrical conductivity measurements were
carried out on 0.5 x 3.0 cm rectangular samples using
four Ag leads fixed perpendicular to the longer edge of the
samples at certain intervals. Electrical conductivity meas-
urements of the YSZ electrolyte were made on rectangular
YSZ samples, while Ag and Ag-based composites were
applied on an insulating substrate (e.g., alumina) for the
conductivity measurements. Impedance measurements were
carried out using two-probe configuration by fixing Ag leads
on either electrode of the symmetrical cells. Impedance
spectra were measured in the frequency range of 0.1 Hz to
1 MHz using an excitation voltage of 20 mV, and all
electrical measurements were carried out in air to simulate
the operational conditions of the cathode side of SOFCs.
Scanning electron microscopy (SEM) techniques were
used for the microstructural characterization of the current
collectors.

lll. RESULTS AND DISCUSSION

SEM micrographs shown in Fig. 1 demonstrate the
microstructural development of pure Ag and Ag—20 vol%
YSZ composite after measurements for various times at
800 °C. Although pure Ag reached nearly full density by
closing the initially open pores in a relatively short time,
Ag—20 vol% LSM composite maintained its porous micro-
structure without any distinguishable grain growth and
coarsening over 170 h, as it was reported before."
Addition of the same volume of YSZ powder to the pure
Ag formed initially open pores; however, the porous micro-
structure was not stable and Ag left the composite forming
individual grains on the surface as shown in Fig. 1(d).

Although conductivity of 46,000 S/cm was measured
with pure Ag at 800 °C, it showed a decreasing trend with

increasing amount of LSM powder as shown in Fig. 2. As
it is seen in the percolation curve, additions of LSM
powder above 25 vol% would lower the conductivity
below the target limit of the electrical conductivity, which
was 100 S/cm for this study. Thus, the Ag—25 vol% LSM
composition was analyzed as the highly loaded composite
mixture to investigate the stability of Ag-LSM current
collectors.

Ag-25 vol% LSM composite maintained its initially
open porosity and microstructural stability after 170 h of
continuous electrochemical measurements simulating its
operational conditions, as shown in Fig. 3. The microstruc-
ture of Ag—25 vol% LSM was similar to the microstructure
of Ag—20 vol% LSM observed by the authors previously.'’

Although electrical conductivity of the Ag—25 vol%
LSM composite current collector was sufficiently high, its
performance by forming an efficient contact with the under-
lying layer was crucial for the current collection in oper-
ational SOFC configurations. The analysis of the obtained
impedance spectra was utilized for further investigations

(c) (d)

FIG. 1. SEM micrographs of (a, b) pure Ag'® and (c, d) Ag—20 vol% YSZ,
both obtained after 2 and 170 h of measurements at 800 °C, respectively.
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FIG. 2. Electrical conductivity of Ag composites with various LSM
loadings at 800 °C in air.
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of the contact interface between the current collector and
the electrolyte.

Impedance spectra consist of ohmic and polarization
resistances. Since ohmic resistance of symmetrical cells
can be obtained from the high frequency x-axis intercepts
of Cole-Cole plots,'” ohmic and polarization resistances
can be distinguished in the impedance spectra. The mea-
sured ohmic resistance involves the electrical resistances
of symmetrical current collectors and the electrolyte.
However, impedance spectroscopy is not capable of dif-
ferentiating the contributing ohmic components. There-
fore, the resistance of the electrolyte was required to be
excluded from the obtained ohmic resistance to determine
the resistance of the current collector accurately. The
electrical resistance of the YSZ electrolyte was measured
by four-probe electrical conductivity measurement tech-
nique and an area-specific ohmic resistance (ASR) of
0.25 Qcm? was calculated for 180-pm-thick electrolytes at
800 °C. Since YSZ electrolyte, symmetrical pure Ag cell,
and symmetrical Ag—25 vol% LSM cell demonstrated the
same ASR of 0.25 Qcm? as shown in Fig. 4, it can be con-
cluded that the contact resistance was stable and negligible
for both Ag-based current collectors.

Further analysis of the impedance data by complex
nonlinear least square fitting to equivalent circuit models
revealed that the impedance spectra could be interpreted
using an equivalent circuit, which consists of a resistor
and a finite-length Warburg element with transmissive

(a) (b)

FIG. 3. SEM micrographs of (a, b) Ag—25 vol% LSM obtained after 2
and 170 h of measurements at 800 °C, respectively.
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FIG. 4. Area-specific resistances of the YSZ electrolyte, symmetrical
pure Ag cell, and symmetrical Ag-25 vol% LSM cell at 800 °C as
a function of time.

boundary conditions in series as shown in Fig. 5. It is in
good agreement with the configuration of the symmetrical
cell since the proposed Warburg element represents the
diffusion of charged particles to a planar electrolyte.'®

The Warburg impedance which is attributed to finite-
length diffusion with transmissive boundary conditions is
described by Eq. (1):

tanh \/joty
VIOTy

where R,, is the Warburg polarization resistance and T,y is
the time constant.

The characteristic relaxation frequency of the corre-
sponding Warburg polarization mechanism can be cal-
culated using the following equation and correlated with
the mean diffusion time of oxygen, 1, obtained from the
fitting:

- Iw

(1)

1

fw = (ZTCTW) . (2>

Although a good fit of the measured impedance spectra
to the finite-length Warburg element with less than 1%
deviation suggests that the observed polarization mech-
anism is dictated by diffusion, the nature of the diffusion
was required to be identified for further analysis of the
current collectors. Therefore, the characteristic relaxation
frequencies were obtained from the fitting of the imped-
ance spectra measured at various temperatures. Analysis
of the temperature dependence of the characteristic relax-
ation frequency allowed determination of the activation
energy for the dominating diffusion mechanism. "%

The solubility and mobility of oxygen within the bulk
solid Ag have been studied by other researchers.”' >
Their investigations revealed that oxygen has high solu-
bility and mobility in solid Ag. The activation energy for
the dominating polarization mechanism, calculated from
the temperature dependence of the characteristic relaxa-
tion frequency, was in a good agreement with their results
and revealed that the rate-determining mechanism was the
diffusion of oxygen atoms through bulk Ag as shown in
Fig. 6. Although the decreasing porosity of pure Ag could
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FIG. 5. Cole-Cole plot of the experimental data of pure Ag
measured at 800 °C and its fitting according to the equivalent circuit
model.
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also give rise to the limitation of the transport of gases,
relatively low activation energies should have been
observed if the polarization was induced by the gas phase
diffusion.?® Therefore, it suggests that the bulk diffusion is
the controlling transport mechanism for oxygen in solid Ag.
Thus, the following equation was used for the diffusion
coefficient, Do ag(s), With reasonable accuracy”:

(3)

—0.503 eV
RT

Do ag(s) = 4.9 x 107 exp<

Since the characteristic relaxation frequency, f,,, is not
dependent on the surface area in the symmetrical cell con-
figuration, the diffusion length of oxygen as charge carrier
can be calculated according to the following equation®’:

D

Li= Dty = | —— .
4T VI T o,

(4)

Results of the impedance spectroscopy measurements
on the symmetrical cell with pure Ag revealed that the
relaxation frequency corresponding to the electrode polar-
ization decreases with time as shown in Fig. 7(a). Diffusion
length, Ly, was associated with the characteristic relaxa-
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FIG. 6. Temperature dependence of the characteristic relaxation fre-
quency of Warburg impedance.
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tion frequency using the diffusion constant, Do ag(s) at the
measurement temperature (800 °C) by using Eq. (4).
Densification of initially porous Ag is reflected in the
change of diffusion length, which is correlated with the
relaxation frequencies obtained from the fitting of imped-
ance spectra. The shift to the lower relaxation frequencies
is attributed to longer diffusion length of oxygen through
larger grains of dense solid Ag as compared to shorter
diffusion length of oxygen through smaller grains of
initially porous Ag, as shown in Fig. 7(b). Calculated
diffusion lengths are in good agreement with the grain
sizes observed in the analysis of the densifying micro-
structure of pure Ag, as shown in Figs. 1(a)-1(b). The
thickness of the dense pure Ag current collector on the
YSZ electrolyte was measured after 600 h of measure-
ments at 800 °C. Its measured thickness of ~38 pum
showed a good agreement with the calculated diffusion
length of 43.4 pm.

The electrical resistance of a current collector is
formulated by the following equation:

1 L
R= X7 (5)
The electrode polarization due to the diffusion of
oxygen through bulk Ag resulted in the complex imped-
ance, expressed by the Warburg element. The real part of
this complex impedance can be resolved as Warburg
resistance, R,,. Thus, it would yield an ASR normalized to
the surface area of the symmetrical current collector. In
this case, the conductivity component, &, of the Eq. (5),
can be described as the conductivity due to the diffusion of
oxygen through solid Ag, and the length component (L)
can be interpreted as the diffusion length (L4) that is

expressed by the following equation:

1
ASR =—x Ly . (6)
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FIG. 7. (a) Characteristic relaxation frequency and (b) diffusion length as functions of time calculated from the impedance spectra of the pure Ag and

Ag-25 vol% LSM cells measured at 800 °C.
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The normalized surface area of the current collector
could be assumed completely covered with a fully dense
pure Ag upon densification and saturation of the diffusion
length after 600 h at 800 °C in air as shown in Fig. 7.
However, Ag—25 vol% LSM was not capable of providing
the same coverage of the contact surface due to its porous
microstructure. Thus, a coverage coefficient, o, was in-
troduced to the Eq. (6) where it reaches to the unity in the
case of the total coverage of the electrolyte surface area
with dense Ag as formulated by the following equation:

1 L
ASR=—x=4 | (7)
(¢ o

The polarization resistance of pure Ag current collector
demonstrated an increasing trend with time, while the
Ag-25 vol% LSM current collector exhibited a decreasing
polarization resistance; however, the polarization resistan-
ces of both Ag-based current collectors stabilized after
around 300 h of measurements at 800 °C. Since the
conductivity due to the diffusion of oxygen atoms through
solid Ag, o, is constant for all Ag-based current collectors,
effective contact area can be estimated using the coverage
coefficient, o, calculated using the measured ASRs and
determined diffusion lengths. Therefore, the coverage
coefficients of both Ag and Ag-25 vol% LSM current
collectors increased with time and reached to stable values
during the measurements at 800 °C, as shown in Fig. 8.
This suggests that the Ag—25 vol% LSM composite cur-
rent collector developed a better contact with the under-
lying electrolyte with time and covered 1.5% (o = 0.015)
of the available surface area, while pure Ag also developed
a better contact with increasing time and covered 100%
(oo = 1) of the available surface area approximately within
the same time period.

Since the samples were not exposed to elevated
temperatures prior to the measurements, microstructural
changes (e.g., densification and coarsening) took place as
they were heated up to the measurement temperatures
(e.g., 800 °C). As the connectivity between Ag grains and
their contact with the YSZ electrolyte were developed,
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FIG. 8. Change of the effective contact area represented by the calcu-
lated coverage coefficient, o, with increasing time at 800 °C.

oxygen atoms were transferred through shorter diffusion
lengths. These initial microstructural changes in Ag-25
vol% LSM composite current collector resulted in an
increase in the measured characteristic relaxation fre-
quency, which stabilized after ~300 h. The initial increase
and the saturation in the characteristic relaxation fre-
quency are attributed to a decrease in the diffusion length
followed by the stabilization of the obtained porous
microstructure as shown in Fig. 7(b). On the other hand,
the symmetrical cell of pure Ag exhibited a decrease in the
characteristic relaxation frequency with time during the
initial stage of the measurements (~300 h), which can
be interpreted as the coarsening of Ag grains and further
densification of bulk Ag. There were no further changes in
the characteristic relaxation frequency for the rest of the
measurements (>4700 h). The densification of the Ag on
the electrolyte surface led to the coverage of the total
available contact area. Thus, the identified coverage
coefficient, o, reached to the unity with time and a good
contact was maintained during the measurements as
shown in Fig. 8. In the case of Ag-25 vol% LSM com-
posite current collector, oo showed a significant increase
over a period of time (~300 h) but could not reach the unity
and stabilized at 0.015. The fact that there is no degradation
in the smaller contact area obtained by incorporation of
LSM particles into Ag confirms the observed stable porous
microstructure of the Ag—25 vol% LSM current collector
shown in Figs. 3(a) and 3(b).

Although densification of Ag was hindered by the uni-
formly dispersed LSM particles inhibiting the grain growth,
percolation of Ag grains was maintained by neck formation
between Ag particles and conductive nature of Ag matrix
remained unaffected by addition of LSM. A stable contact
was formed at the electrolyte interface without coarsening of
Ag grains or delamination of the composite electrode,
although the Ag matrix contained a relatively high amount
of LSM particles (25 vol%). Ag-LLSM composite current
collector showed no ohmic loss and a stable contact for
a significantly long period of time without any microstruc-
tural changes. The use of Ag—LSM current collector and Cr
blocking feature of LSM may also realize the use of rel-
atively inexpensive Cr containing ferritic steel as intercon-
nect material to build SOFC stacks.”

IV. CONCLUSIONS

Analysis of the microstructures using SEM and elec-
trical measurements of symmetrical cells by impedance
spectroscopy demonstrated that highly stable silver-based
current collectors were obtained for cathodes of SOFCs
by incorporation of LSM particles into the Ag matrix. Addition
of LSM terminated the densification of Ag particles and led
to a stable porous microstructure of the composite current
collector, while the ohmic resistance remained unchanged
after >5000 h of measurements at 800 °C in air. Further
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studies will focus on the evaluation of Ag-LLSM current
collectors on symmetrical cathode layers, complete fuel cells,
and stacks.
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