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transference numbers were very high (nearly equal to 1).
Average thermal expansion coefficients were higher than
that of YSZ, ranging from 11.3 to 12.1 X 107 °C™%.
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Electrode Performance Test on Single Ceramic Fuel Cells Using
as Electrolyte Sr- and Mg-Doped LaGaO,

Kegin Huang,* Man Feng,* and John B. Goodenough
Center for Materials Science and Engineering, University of Texas at Austin, Austin, Texas 78712-1063, USA

Christopher Milliken**
Ceramatec, Incorporated, Salt Lake City, Utah 84119, USA

ABSTRACT

The electrode performance of a single solid oxide fuel cell was evaluated using a 500 pm thick Lag¢Sr, Ga, ;Mg ;0,45
(LSGM) as the electrolyte membrane. Comparison of La,Sr,,Co0;_; (LSCo) and La,Sr,,MnO; (LSM) as cathodes
showed LSCo gave an exchange current density two orders of magnitude higher than that of LSM. Comparison of
Ce0,/Ni and LSGM/Ni as anodes showed a degradation of the latter with time, and studies of the anode-electrolyte inter-
face and the reactivity of NiO and LSGM suggest better anode performances can be obtained with a buffer layer that pre-
vents formation of LaNiO,. The cell performance showed that, with a proper choice of electrode materials and LSGM as

the electrolyte, a SOFC operating at temperatures 600°C < T, < 800°C is a realistic goal.

Introduction

The solid oxide fuel cell (SOFC) promises a high conver-
sion efficiency (40 to 60%) of chemical energy to electric
power with negligible pollution and is attractive for use in
the cogeneration of electric power. The prototype SOFCs
now being marketed use yttria-stabilized zirconia (YSZ)
as the oxide-ion electrolyte, which forces an operating
temperature T,, = 1000°C if conventional thick-film
ceramic membranes are used. The interconnector between
individual cells must be stable in both the oxidizing
atmosphere at the cathode and the reducing atmosphere at

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.

the anode; and at T,, = 1000°C, it is necessary to use a con-
ducting ceramic. However, even the ceramic of choice,’
Ca-doped LaCrO,, loses oxygen from the side exposed to
the anodic atmosphere and gains oxygen on the side
exposed to the cathodic atmosphere, which causes the
interconnector membranes to warp. An operating temper-
ature in the range 600°C < T < 800°C could allow the use of
an oxidation-resistant stainless steel or another alloy as
the interconnector material; it would also reduce operat-
ing costs, increase durability, extend service life, and per-
mit more frequent cycling.

Two approaches to a T,, < 800°C are under active con-
sideration: (i) reduction of the thickness of the YSZ elec-
trolyte membrane to I = 10 pm and (if) use of another solid
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electrolyte having an oxide-ion conductivity at or below
800°C that is comparable to that of YSZ at 1000°C. The
most promising traditional material for the second
approach is CeO, doped with an alkaline-earth oxide MO,
but reduction of Ce*" to Ce’" in the anodic gas introduces
into the electrolyte an unwanted polaronic conduction.
However, La,Sr,,Ga, ;Mg .0, ,, hereinafter referred to as
LSGM, has recently been identified as a superior oxide-
ion electrolyte;*” it has an oxide-ion conductivity o, =
0.10 S/em at 800°C, good chemical stability, negligible
electronic conduction over a broad range of oxygen partial
pressures, and a stable oxide-ion conductivity over time at
600°C in preliminary aging tests. In this paper we give a
preliminary report on the performance of a single cell con-
structed with the LSGM electrolyte and standard elec-
trode materials. The behaviors of the individual electrodes
and the electrolyte were monitored with cyclic voltamma-
gram in a three-electrode configuration. The tests show ex-
cellent electrolyte performance, but also problems with the
electrode-electrolyte interfaces that need to be addressed.

Experimental

Sample preparation.—LSGM samples were made by
solid-state reaction as previously described.® The required
amounts of La,0, (99.97%), SrCO, (99.9%), Ga,O,
(99.99%), and MgO (99.99%) were mixed intimately with
the aid of acetone for 1 h and fired overnight at 1250°C.
After regrinding, the powder was milled with agate beads
in a polyethylene jar to reduce the particle size to less than
1 pm. Disks 2 in. in diam were cold-pressed and sintered
at 1550°C for 6 h. Thick membranes (~500 pm) were
obtained by grinding down the sintered disks with a dia-
mond wheel. It is recognized that 500 pm is too thick for
practical applications, but this configuration allows eval-
uation of the electrodes and the electrolyte/electrode
interfaces.

Powder x-ray diffraction on pulverized sintered pow-
ders was made with a Philips diffractometer and Cu K,
radiation. Well-polished LSGM samples were thermally
etched and their microstructure examined with a scanning
electron microscope (SEM, JEOL/JSM-35C). The thermal-
expansion coefficient (TEC) of an LSGM disk was meas-
ured with a Perkin-Elmer TMA7 thermal analyzer from
room temperature to 850°C; the pellet densities were
determined with a pycnometer (Micrometrics Accupyc
1330). Two-probe ac impedance spectroscopy with Pt elec-
trodes was used to determine the electrical conductivity
(grain + grain boundary) of the LSGM samples; the dc
conductivity was measured with a standard four-probe
method.

Fuel-cell construction.—Two cathode materials were
used for comparison: La,;Sr,,Co0O; ; (LSCo), which has
high electron and oxide-ion conductivities,” and
La,,Sr,,MnO,, which has a good electronic conductivity
and little oxide-ion conductivity.

The anodes were formed by the reduction of LSGM/NiO
or Ce0,/NiO composites to give porous LSGM or CeO, with
metallic Ni particles on the walls of the porous channels.

The overpotentials at both the cathode and the anode
were monitored with reference electrodes constructed
from the same materials and in the same way as the work-
ing electrodes; the cell configuration is shown in Fig. 1.
The electrodes were fabricated on the two sides of the
500 pm thick electrolyte membrane by screen printing a
slurry of an intimate mixture of electrode powder and
organic binder (from Heraeus). After baking at 1125°C for
2 h, Pt meshes with Pt leads were fixed, with excess elec-
trode paste to achieve good contact, on top of each elec-
trode to act as current collectors. The effective electrode
area was 2.5 cm®. The cells were finally glass sealed into
Zr0O, tubes at 1100°C for 30 min; ZrO, has a thermal
expansion coefficient close to that of LSGM. The glass
sealant used was developed by Ceramatec, Inc.

The test cells were placed in the hot zone of a vertical
furnace. Air was supplied directly to the cathode surface;
water-moistened (at ~30°C) hydrogen was fed to the anode

3621
air —
' Pt mesh N \‘/
i cathode: LSCo |current collectay ~}-'
) ref \I[ L1
&) B T TR T e | VU
" R / :'_ SONE T
il "L LSGM | ref I
; E anode: LSGM+Ni| O
or CeO,+Ni | na (W)

fuel ‘

Fig. 1. Single fuel cell configuration.

surface at a rate of 100 ml/min. All the tests and the heat-
ing/cooling of the furnace were controlled by computer;
the tests were carried out in the temperature range 600°C
< T,, < 800°C. With a three-electrode configuration, cyclic
voltammograms were taken at a fixed temperature from
open-circuit voltage (OCV) to 0.4 V and back in steps of

20 mV and holding 10 s at each point.

Results and Discussion

The powder x-ray diffraction patterns of LSGM could
be indexed into a primitive-cubic perovskite structure
with a lattice parameter a = 3.911 A; a small amount of
LaSrGaO, was also detected as an impurity phase. The
SEM observations revealed a preferential segregation of
the granular-like second phase to the grain boundaries.
(This observation shows that the LSGM electrolyte used
did not have the optimal composition. We have found that
removal of the second phase is possible and that its
removal improves the electrolyte performance.) Table I
lists the ac and dc conductivities of the LSGM samples,
their measured density, and the thermal-expansion coeffi-
cient (TEC).

The fuel-cell configuration allowed separate measure-
ments of the anode and cathode overpotentials, m, and n,,
the iR voltage dropped across the electrolyte to obtain the
area resistance R of the electrolyte, and the voltage drop
AU between the reference and working electrodes from the
cell terminal voltage U

U=Ue — M — M — iR — AU (1]

where m,, 1., iR, and AU all increase with the cell current
density i. The open-circuit voltage U, at 800°C was typi-
cally 1.08 V, which is near the theoretical value and indi-
cates negligible electronic conduction across the electrolyte.

Figure 2 shows the i-V and i-P curves obtained with an
LSCo cathode and a CeO,/Ni anode as measured in 50°C
intervals from 600 to 800°C. The maximum power density
of the cell is about 270 mW, which is 62% of the theoreti-
cal value 437 W/em?® (thickness: 500 pm, electrolyte con-
ductivity 0.075 S/ecm, OCV: 1.08 V). Even though about
one-third of the power loss was spent on the electrodes,
most-of it on the anode (see discussion below), these results
are still able to illustrate an excellent cell performance for
a 500 pm thick LSGM membrane at a T,, = 750°C.

The voltage drop across the anode and cathode with
respect to the corresponding reference electrodes gives m,
and m.. LSCo has been identified as a promising cathode
material despite its larger thermal expansion coefficient
compared with that of LSGM. Figures 3 and 4 show, for a
given temperature, an almost linear dependence on m, and
M, on i for an LSCo/LSGM/CeO, + Ni test cell, which indi-

Table I. Some technical data for the LSGM samples measured
in this study.

AC conductivity DC conductivity  Density TEC

(S/em) (S/cm) (g/em®) (X 107° [K])
600°C 700°C 800°C 600°C 700°C 800°C 20 ~ 850°C
LSGM 0.013 0.045 0.10 0.013 0.028 0.075 6.58 115
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Fig. 2. Single fuel cell performance based on LSGM electrolyte
with LSCo as cathode and CeO,/Ni as anode at different fempera-
tures.

cates a weak electrode polarization. The exchange current
densities i° listed in Table II were obtained for each elec-
trode from the slope of the equation

RT .

n nFi° ! 21
where n = 2 is the number of charges transferred per oxide
ion at the electrode/electrolyte interface. The high value of
i°, i.e., the low area electrode resistance, for the LSCo
cathode is due to its good oxide-ion as well as electronic
conduction, which allows utilization of the large surface

0,14 60°C
b

012 -
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© il
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Fig. 3. Plot of cathode LSCo overpotential vs. current density.
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Fig. 4. Plot of anode CeO,/Ni overpotential vs. current density.

area of the porous electrode for reduction of O, to 2 0*~. As
in the LSCo cathode, mixed electronic and oxide-ion con-
duction in the CeO,-based anode increases the mass-trans-
fer rate at the electrode surface and gives a low area elec-
trode resistance below i = 0.7 A/cm?®. The higher anode
overpotential observed suggests problems either with a
structural mismatch at the interface or with a chemical
interaction between LSGM and NiO (see discussion
below).

La, .Sr,MnO; (LSM) is at present the leading candidate
material for the cathode of ZrO,-based SOFCs operating
at 1000°C. However, the oxide-ion conductivity of LSM is
negligible under an oxidizing atmosphere, so a large three-
phase (gas, electrode, electrolyte} boundary length is need-
ed for charge and mass transfer to occur. Therefore, a
porous, thick LSM coating was fabricated on the elec-
trolyte membrane by screen printing. Figure 5 shows the
performance of an LSM/LSGM/LSGM + Ni test cell; it is
to be compared with that of an LSCo/LSGM/LSGM + Ni
test cell shown in Fig. 6. A high r_ is found for the LSM
cathode, and the shape of the m. ¢ curve indicates that
both oxygen diffusion and charge-transfer are limiting the
performance of this cathode. The exchange-current densi-
ty ¢° given in Table II was taken from the low-i portion of
Fig. 5. The poor cell performance with LSM as cathode
clearly indicates that L.SM is an inappropriate cathode
material for an LSGM fuel cell.

Table ll. The exchange current density i° (A/cm? of the electrodes
used in this study at different temperatures. The area electrode
resistance (Q cm? is shown in parenthesis.

T (°C) LSCo Ce0,/Ni LSM

800 0.263 * 0.001 0.061 * 0.004 0.003 * 0.001
(0.175 = 0.001) (0.758 * 0.049) (15.4 + 5.1)

750 0.164 = 0.002 0.039 = 0.004 .
(0.269 = 0.003) (1.130 = 0.115)

700 0.097 * 0.003 0.023 =+ 0.005 .
(0.432 + 0.013) (1.822 * 0.396)

650 0.052 + 0.004 0.012 *+ 0.008
(0.764 = 0.058) (3.313 = 2.208) -

600 0.024 * 0.010 0.006 + 0.015

(1.567 = 0.653)

(6.267 = 5.667)
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Fig. 5. Single fuel cell performance based on LSGM electrolyte
with LSM as cathode and LSGM + Ni as anode at 800°C.

Table II shows that the exchange-current density ° at an
LSCo cathode is nearly two orders of magnitude higher, the
area electrode resistance correspondingly lower, than that at
an LSM cathode. LSCo has not only a much higher oxide-
ion conductivity than LSM, but also a high surface-oxygen
exchange rate; and as noted by Steele," the catalytic activi-
ty of a CeO,/Ni anode is higher than that of a ZrO,/Ni anode.
On the other hand, comparison of Fig. 6 and Fig. 4 shows an
initial m, for an LSGM + Ni anode about half that for the
CeO, + Ni anode of the cell. However, the performance of the
LSGM + Ni anode degraded after cycling to a current den-
sity i = 0.7 A/m”. A doubling of 7 at the LSCo cathode of the
cell of Fig. 6 compared to that of Fig. 2 kept the maximum
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Fig. 6. Single fuel cell performance based on LSGM electrolyte
with LSCo as cathode and LSGM + Ni as anode at 800°C.

WA 2] )

Fig. 7. Microstructure of LSGM/LSGM + Ni interface after testing.

power density at 800°C to 300 mW/cm?, which is 70% of the
theoretical value, compared to the 270 mW/cm* obtained
with the cell of Fig. 2. The variation of m, from cell to cell
indicates that the process of cathode fabrication needs to be
carefully controlled.

Figure 7 shows an SEM picture of the anode-electrolyte
(LSGM + Ni anode) interface in cross section after testing.
The anode remains well bonded, so the degradation in per-
formance seems to imply either a coarsening of the Ni par-
ticles, which seems unlikely to be more rapid on LSGM
than on CeO,, or a reaction of the Ni with the LSGM to
form LaNiO,. We have found formation of LaNiO, at
1400°C. Although any LaNiO, present after firing a mix-
ture of LSGM and NiO at 1125°C, the electrode prepara-
tion temperature, was not detectable by x-ray diffraction,
nevertheless we have found that the introduction of a suit-
able interfacial layer prevents the increase of n, with time
and lowers the absolute value of m,. The detailed results of
this study will soon be published.

Conclusions

Single-cell SOFC tests with a 500 pm thick LSGM elec-
trolyte show promising performance compared to a YSZ
electrolyte at operating temperatures 600°C < T,, < 800°C.
A steady and relatively high maximum power density was
obtained with an LSCo cathode and a CeO, + Ni anode,
but neither electrode can be considered optimal. The tests
were able to demonstrate the superiority of a cathode that
is a conductor of both oxide ions and electrons as com-
pared to LSM, which is only an electronic conductor below
800°C. In the absence of a buffer layer, an anode contain-
ing Ni obtained by reduction of NiO reacts with an LSGM
electrolyte to form LaNiO,; this surface reaction degrades
the catalytic conversion of 2 O to O, followed by the
reaction with hydrogen. These electrodes performance
tests show that the realization of a SOFC operating in the
range of 600°C < T,, < 800°C is a realistic goal with the
LSGM electrolyte.
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ABSTRACT

The successful use of the electrochemical process to produce compositional heterogeneous Co, Fe,,(Cu) alloys is
shown. Structure, composition, and morphology of the heterogeneous alloyed films, produced by the potentiostatic
method, has been investigated by means of different techniques. Energy dispersive spectroscopy analyses reveal that the
total amount of Co and Fe in the electrodeposits is strongly dependent on the Cu concentration in the plating solution at
the potentiodynamic range investigated. The Co:Fe ratio does not change drastically due to Cu incorporation in the elec-
trodeposits. It was also observed that by increasing the Cu content in the electrodeposits a granular morphology is
obtained. Transmission electron microscopy was used to characterize the micromorphology and the heterogeneous com-
position of the alloys. The polycrystalline character of electrodeposits with a predominant face-centered cubic structure
was characterized by using selected area electron diffraction and x-ray diffraction measurements.

Introduction

Heterogeneous or cluster-based alloys have recently
prompted many investigations due to their interesting
magnetic properties.’”® Among the many interesting prop-
erties of these materials is the so-called giant magnetore-
sistance phenomenon which promises practical applica-
tion. Despite the extensive use of electrodeposited Co-Fe
alloys to fabricate thin-film heads’ and magnetic force
microscope tips® due to their soft magnetic properties; only
recently Chang and Romankiw!® report on the successful
electrodeposition of Cog.Fe,,/Cu multilayers with giant
magnetoresistance.

Electrodeposition of heterogeneous alloys offers the
great advantage of simplicity and cost. However, in order
to optimize parameters, which control properties like
giant magnetoresistance, a basic understanding of the
physical properties of this system is essential.

In this work, we report on the preparation and charac-
terization of thin films of heterogeneous Co-Fe alloys with
different amounts of incorporated Cu. The influence of the
incorporation of Cu on the morphology, composition, and
structure of Co-Fe alloys was investigated in the range of
relatively high cathodic overpotential and relatively high
concentration. We have focused on the ranges mentioned
above since they are currently used to produce magnetic
nanostructures. The investigation of the electrodeposition
of Co,_,Fe_ alloys is presented elsewhere.””

Experimental

All deposition experiments were performed with a sta-
tionary parallel plate electrode system consisting of a Pt
disk counterelectrode, a saturated Ag/AgCl reference elec-
trode, and a polished Cu disk as the working electrode.
The Cu electrode consisting of disks with an area of

* Electrochemical Society Active Member.

2.83 cm® was mechanically polished with 1 um diamond
paste, washed with distilled water, then chemically pol-
ished by successive rinses in 20% diluted H,SO, and
H,PO,, and then carefully washed in distilled water imme-
diately before each experiment. An EG&G PAR potentio-
stat/galvanostat (Model 273A) was used to control the
potential in the depositions through an analog-digital con-
verter fast interface board (4 ws) installed in a personal
computer. The plating solutions were prepared from
reagent grade chemicals (CoSO,, FeSO,(NH),SO,, and
CuSO0,) immediately prior to each experiment by dissolv-
ing the requisite amount of the metal sulfates in distilled
water. Plating solutions with total concentrations from
1 to 0.02 M were prepared maintaining a proportion 9:1
molar of metallic ions from Co sulfate and Fe ammoniac-
sulfate, respectively. The potentiostatic electrodeposition
of alloys was carried out at room temperature without
presence of additives (the pH was not adjusted). Each
deposition was performed during 90 s monitoring the cur-
rent through the cell by an oscilloscope (Hewlett-Packard,
TDS320).

All results shown and discussed in this work were
obtained from the central area (area: 0.79 cm? of the Cu
disks with an approximate thickness of 0.3 wm. The thick-
ness uniformity of the electrodeposit was determined by
using a stylus profiler being not inferior to 50%.

Cathodic potential was increased continuously from 0
up to —1.60 V (V vs. Ag/AgCl reference is used hereafter)
with a scan rate of 20 mV/s and steps of 2 mV. Curves of
cathodic current vs. potential were used to optimize the
electrodeposition conditions. Deposits made at —1.2 V
present a metallic aspect for low Cu partial concentrations
in the plating solutions. Deposits made with high Cu par-
tial concentration present an opaque surface by visual
inspection.!® All the samples were deposited at cathodic
potential of —1.2 V with cathodic currents varying from 75
to 250 mA.
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