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Abstract

Atomized silver spheres (<53 wm diameter) were coated with a 1 um thick layer of (LageSrg4)0.9sC002FeqsO3-5 via a mechanofusion dry
processing method. The material was successfully utilized as an SOFC cathode on anode-supported YSZ electrolytes at 700 °C, producing
>500mW cm~2 (at 0.7 V) and exhibiting relatively stable performance (~3% power degradation per 1000 h at 0.7 V) during >2000 h of operation.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Conductive oxides, such as La(Sr)MnQOs3, La(Sr)CoOs,
La(Sr)FeO3, and La(Sr)Fe(Co)O3, mixed with noble metals,
including palladium, platinum and silver (typically <5 wt.%),
have been the subject of numerous SOFC-related studies due
to their increased activity towards oxygen reduction [1-14].
Such materials have typically been produced in one of five
ways: (1) mixing noble metal precursor solutions with cath-
ode nitrate solutions (e.g. Pt diamine nitrite added to La—Sr—Fe
nitrate solution, i.e. La(NO3)3, Sr(NO3),, Fe(NO3)3) to pro-
duce an intimate mixture of noble metal/cathode powder after
combustion synthesis [1,2], (2) mixing cathode oxide powders
with noble metal powders prior to application and sintering
[1,3-5], (3) dual sputtering of oxide and noble metal from
separate sputtering targets [6], (4) application of noble metal
containing precursor solutions to the electrolyte surface prior
to cathode application and firing [7,8], and (5) impregnation
of precursor solutions after cathode sintering [9-14]. Whilst
these additions provide well documented improvements in cath-
ode activity, the Pd and Pt based composites materials can be
cost-prohibitive due to the raw material expense. Silver is, of
course, a more affordable option though the low melting point
of Ag (962 °C) and diffusivity/volatility at current SOFC oper-
ating temperatures (700-800 °C) are considered problematic. A
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good review of studies involving the addition of noble metals
to SOFC cathodes is presented in a recent article by Haanappel
etal. [15].

The work presented in this article describes a novel oxide—Ag
composite morphology. The originally intended application of
the material was as a contact paste between SOFC cathodes and
metal alloy interconnects, but somewhat unexpectedly the com-
posite has also shown promise when used directly as an SOFC
cathode. The composite in this particular study consists of silver
spherical cores up to 53 wm diameter coated with a 1 wm layer
of (Lag.6Sr.4)0.98Fep.8Cop203 (LSCF-6428) cathode powder.
The primary purpose for applying the oxide coating was the
reduction of silver diffusivity and/or volatility. The composite is
formed via a dry coating technique known as “mechanofusion”.
Pre-determined proportions of the silver spheres (termed the
host particles), and sub-micron ceramic oxide powders (guest
particles) are mixed under high shear and compressive forces.
The forces are capable of embedding the oxide powders into the
ductile Ag host without drastically changing the original shape
of the host material. In addition, the heat generated from these
forces can have the added benefit of fusing the guest particles
to the host. The mechanofusion process will not be considered
in depth within this article, but a good review of mechanofusion
and other similar dry coating techniques is presented by Pfeffer
etal. [17].

The use of dry particle coating technologies to coat ductile
metal spheres with oxide powders is not new, and has been
successfully implemented for coating copper spheres (~70 pm
diameter) with sub-micron alumina particles in order to increase
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the surface hardness of the Cu [18]. In addition, the method has
also been considered for processing fuel cell materials includ-
ing NiO-YSZ SOFC anode composites [19], and CoO/Ni and
MgFe,04/Ni for molten carbonate fuel cell (MCFC) cathodes
[20]. In the former case, 2-10 pm NiO (not metallic Ni) parti-
cles were processed with sub-micron YSZ powders, and for the
latter study Ni filaments (~3 wm) were coated with sub-micron
CoO or MgFe, 04 particles.

2. Experimental

Anode-supported electrolyte (8YSZ) membranes (1 mm
thickness, 25 mm diameter) were produced via standard organic
tape-casting and tape lamination procedures, co-sintered at
1375°C for 1h, and subsequently creep-flattened at 1350 °C
for 2 h. (Lag.¢Sro.4)0.98Fen.§Cop203 (LSCF-6428) cathode and
Cep.gSmp2019 (SDC-20) interlayer powders were supplied
by Praxair Specialty Ceramics, Seattle, WA. Atomized silver
spheres were purchased from Technic Inc. (Engineered Powders
Division), Woonsocker, RI. The size range of the spheres was
—270/4325 mesh (53-44 um particle sizes) though as indicated
by Fig. 1 smaller particles were also retained within the pow-
der. LSCF-Ag composites (~5 wt.% LSCF) were produced via
a mechanofusion technique using a Hosokawa Mechanofusion
System AMS-Mini. Processing and subsequent microstructural
optimization, with respect to maximizing surface coverage, was
performed by Hosokawa Micron Powder Systems, Summit, NJ,
and is not the subject of this particular study. SDC-20 interlayers
(~5 pm sintered thickness) were applied to the anode-supported
YSZ membranes via screen-printing, and sintered at 1200 °C
for 2 h; the sintered SDC layers contained ~25-35% porosity.
Such layers are typically used to prevent interaction between
the cathode and the YSZ electrolyte resulting in the formation
of interfacial and resistive La- and or Sr-zirconate phases. Anode
current collectors (Ni mesh embedded in NiO paste) were co-
sintered with the ceria. Cathode compositions were applied by
screen-printing (1.6 cm diameter print — 2 cm?), and then sin-
tered in situ during heat up (and sealing) of the cell to 800 °C. The

Fig. 1. Commercially supplied silver spheres (44—53 pm diameter) with retained
fines.
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Fig. 2. Topographic image indicating severe particle pull-out during SEM sam-
ple preparation.

cathode area was used as the active cell area to calculate power
density and area specific resistance. A combination of gold mesh
and foil were used as the cathode current collector, and simply
pressed into the wet cathode ink prior to heat up. The cells were
sealed to alumina test fixtures using Aremco cements (sintered at
800 °C/1 h), and compressive stress (~10 psi) applied to the cell
via a perforated alumina stub spring loaded outside the furnace
hot zone (detailed in [21]).

Current—voltage (I-V) and electrochemical impedance (ELS)
data was recorded at 700-750 °C using a Solartron 1480 Multi-
stat and 1255 Frequency Response Analyzer. Cells were held at
0.7V for 250-2000+h and subjected to impedance measure-
ments every 24-50h. A 250 mA dc bias was applied to the
cells for EIS measurements, and data recorded from 2 MHz to
0.1 Hz with a 100 mA amplitude. 48.5% H,—48.5% N»—3% H>0
was flowed to the anode at 200 sccm, and air to the cathode
at 200 sccm (ambient air relative humidity was approximately
35-45%). Room temperature X-ray diffraction (XRD) analysis
of reacted LSCF-6428/8-YSZ powder mixtures was obtained
(0.02° step size and 1 s hold time) using a Philips Wide-Range
Vertical Goniometer and a Philips XRG3100 X-ray Generator.
SEM/EDX was conducted with a JEOL JSM-5900LV micro-
scope with an OXFORD Instruments INCA Energy 200 X-ray
detector. A point to note with respect to preparation of sam-
ples for SEM. Samples were initially potted with epoxy (under
vacuum) and then sectioned, followed by a second potting step
and polishing. Fig. 2 shows a polished sample in topographic
mode, and clearly indicates substantial sphere pull-out during
polishing. It is also assumed that significantly more material
was removed during sectioning. Hence, the interpretation of
microstructures in this study can only be considered tentative
due to the aforementioned microstructural damage caused by
SEM sample preparation.

3. Results and discussion

Surface micrographs of the processed LSCF—coated Ag are
shown in Fig. 3. The majority of the silver sphere surfaces



S.P. Simner et al. / Journal of Power Sources 161 (2006) 115—-122 117

X1, 588

2k X195, gve

18mm

Fig. 3. Surface micrographs of silver spheres (44-53 pm) coated with LSCF-6428 predominantly indicating excellent coverage with small, discrete areas of poor

coverage and silver exposure.

appeared to be well-coated, though regions of exposed surface
were also observed. Fig. 4 shows cross-sections of the same
material, and suggests excellent adherence between the silver
host and LSCF coating (inset Fig. 4). It is also interesting to note
that significantly smaller particles (retained fines in the commer-
cially acquired silver spheres) can be equally well coated using
this technique as shown in Fig. 5, which may of benefit in real-
izing higher power densities due to increased particle surface
areas.

Fig. 4. Cross-sectional micrograph of silver spheres coated with LSCF-6428
predominantly indicating excellent coating adhesion.

Fig. 6 shows 500h performance data at 750°C/0.7V for
three cells prepared using LSCF-coated Ag as a cathode.
All of the cells indicated a very poor initial performance of
<100 mW cm~2 but subsequently underwent significant condi-
tioning to reach ~550-675 mW cm ™2 in less than 100h. Full
cell electrochemical impedance spectroscopy (EIS) verified the
conditioning of the cells. Fig. 7(a) and (b) indicate EIS data
at 0 and 50h, respectively. The data shows that the improved
cell performance resulted from significant reductions in both

ZEkI

Fig. 5. Cross-sectional SEM showing the applicability of the mechanofusion
process for coating smaller spheres.
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Fig. 6. 500h performance data for anode-supported YSZ cells utilizing the
Ag-LSCF composite cathode at 750 °C and 0.7 V.
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Fig.7. (a) Impedance spectroscopy data at 750 °C prior to cathode conditioning.
(b). Impedance spectroscopy data after 50 h of testing at 750 °C/0.7 V indicating
significant cathode conditioning.

the ohmic and non-ohmic resistances. The former decreased by
a factor of ~25 and the latter by a factor of ~4. SEM analy-
sis was conducted on pre-tested (annealed at 800 °C/1 h under
~10 psi compressive load and cooled to room temperature) and
post-tested (annealed at 800 °C/1 h under ~10 psi compressive
load, cooled to 750 °C and tested at 0.7 V for 500 h) samples to
establish potential changes in pre- and post-tested microstruc-
tures that might account for the conditioning characteristics of
the Ag sphere-LSCF composite cathode. All samples indicated
some diffusion of silver into the LSCF coating, as shown in
Fig. 8. Interestingly, the silver appears to collect at the outer
portion of the coating, and despite the diffusion of silver from
the sphere surface the silver-LSCF interface remains remarkably
intact, and free of porosity. It seems conceivable that the pres-
ence of sub-micron silver in the LSCF coating might provide
enhanced catalytic activity for oxygen reduction, but since the
silver also appeared in the pre-tested sample it fails to explain the
observed performance conditioning. An additional observation
is deformation of the spheres (under the compressive load) and
presumably enhanced electrical contact, Fig. 9. However, once
again both pre- and post-tested samples show this phenomenon,
and as such it does not explain the performance conditioning.
SEM analysis did reveal two distinct microstructual changes
with respect to pre- and post-tested samples. Firstly, Fig. 10
shows silver that has migrated into the SDC interlayer. This
phenomenon has been previously observed in samples in which
silver was used as the cathode current collector approximately
50 wm away from the cathode-electrolyte interface [16]. Sec-
ondly, Fig. 11 (and inset) indicates silver particles that have
essentially wet (diffused along) the SDC interface forming inti-
mate contact with the SDC interlayer. The presence of La, Sr,
Fe and Co (detected by EDS) at the silver—SDC interface sug-
gest that prior to testing the elongated particle was a coated
LSCEF sphere. It appears unlikely that the deformation of the
sphere resulted from the compressive load applied at 750 °C
since similar features were not observed in the pre-tested sam-
ple. It is perhaps conceivable that the discharge current results
in electromigration (movement of ions under the influence of

Fig. 8. Cross-sectional SEM showing diffusion of silver into the LSCF coating
after annealing at 800 °C for 1 h.
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Fig. 9. Cross-sectional SEM indicating deformation of coated spheres and
improved particle—particle contact.
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Fig. 10. Cross-sectional SEM indicating diffusion of silver into the porous SDC-
20 interlayer.

Fig. 11. Diffusion/spreading of silver (coated spheres) along the SDC surface

during testing at 750 °C/0.7 V.

-
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Fig. 12. Diffusion of silver (uncoated spheres) along the SDC surface during
testing at 750 °C/0.7 V.

an electrical potential difference) of the silver, a phenomenon
previously reported at 670-880°C by Ho et al. [22]. Fig. 12
shows a cell tested with uncoated Ag spheres at 750 °C/0.7 V
and also indicates a morphological change in the silver close
to the SDC. The spheres are misshapen (not spherical) and in
some areas silver extends long distances along the SDC surface,
again possibly due to electromigration. To confirm the role of the
discharge current in conditioning of these materials, a sample
was subjected to intermittent testing whereby it was held at open
circuit for 50 h periods with 5 min testing at 0.7 V between each
open circuit hold. Fig. 13 indicates minimal change in perfor-
mance for the intermittently tested cell over 200+ h (compared to
the performance conditioning observed for continuously tested
cells). In addition, SEM did not reveal the aforementioned silver
wetting phenomenon for the intermittently tested cells. As such,
it seems likely that the observed cell conditioning is associated
with the diffusion (spreading) of the coated silver spheres across
the SDC interface (under the influence of an electric field), and
hence increased active cathode/electrolyte contact area.
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Fig. 13. 200+ h performance data for cell intermittently tested (50 h OCV, 5 min
0.7V) at 750°C.
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Fig. 14. SEM micrograph indicating excessive Ag diffusion across the SDC
interlayer for a 750 °C test temperature.

With respect to long-term stability of these materials at
750°C, samples 1 and 2 (Fig. 6) indicate reasonable post-
conditioning stability over a 500 h test period. Obviously, how-
ever, significantly longer test times are required to establish the
true stability of the material, and indeed the data for sample
3, Fig. 6 inset (tested for 900+ h) indicates significant stabil-
ity issues with a power degradation rate of 0.016%per hour
from 200 to 900 h (at 0.7 V). SEM analysis of the SDC surface
(with the cathode partially removed) reveals significant Ag dif-
fusion across the entire SDC layer (Fig. 14). Hence, whilst some
spreading/diffusion of the coated silver spheres across the elec-
trolyte surface appears to be beneficial in extending the active
electrolyte—cathode interface, continued diffusion of the silver
likely reduces the triple phase boundary length and results in
performance degradation.

Improved stability is, however, observed at 700 °C. Fig. 15
indicates >2000 h of data for a cell conditioned at 750 h for 50 h
and then operated at 700 °C (conditioning at 700 °C takes con-
siderably longer as shown in Fig. 15 inset). The cell exhibits
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Fig. 16. Impedance spectroscopy data at 700 °C indicating slight performance
degradation.

continued conditioning up to 650-700h, and then relatively
stable performance. Degradation was, however, observed for
this cell, and a drop of ~4.9% in power density (at 0.7 V)
was measured between 660 and 2270h (~3% power drop per
1000 h). Impedance data verifies the time-dependent degrada-
tion (Fig. 16), and interestingly it would appear that competing
mechanisms are taking place. As the non-ohmic polarization
above 50 Hz increases, the intercept with the real axis (ohmic
resistance) decreases. Assignation of specific mechanisms to the
observed changes in impedance response was not attempted in
this study given the fact that the set-up does not incorporate a
reference electrode, and as such prevents separation of electro-
chemical phenomena associated with the cathode or the anode.
The validity (and limitations) of “full cell” impedance are dis-
cussed in a previous publication [16]. It should, however, be
noted that previous work at PNNL using lanthanum manganite
cathodes on identical anode-supported Y SZ substrates indicated
excellent stability during 2000 h of testing. As such it seems rea-
sonable to conclude that the observed degradation in this study
is not associated with the anode.
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Fig. 15. 1500 h performance data for anode-supported YSZ cells utilizing the
Ag-LSCF composite cathode at 700 °C and 0.7 V.
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Fig. 17. 100 h performance of LSCF and uncoated Ag spheres compared to the
Ag-LSCF composite.
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Fig. 18. 300 h performance data for anode-supported YSZ cells (without a pro-
tective ceria interlayer) utilizing the Ag—LSCF composite cathode at 750 °C and
0.7V.

Fig. 17 indicates 100 h performance data at 750 °C for the
composite cathode as well as for cathodes consisting of either
silver spheres or LSCF-6428 powder alone subjected to the same
sintering temperature of 800 °C/1 h during cell heat-up. These
tests were performed to confirm that the Ag—-LSCF composite
provided superior cathode performance when compared to each
of its components tested alone. The LSCF cathode indicated rea-
sonable initial performance (430 mW cm~2) followed by rapid
degradation (~30% in 10 h), whilst the Ag sphere cathode exhib-
ited very low initial power densities but underwent some degree
of conditioning during the 100 h test period. Similar degrada-
tion characteristics for LSCF cathodes (operated around 750 °C)
have been documented in a previous study [23].

Fig. 18 shows power density data (700-750°C/0.7 V) for
cells with the composite cathode, but without the protective
SDC-20 interlayer. The maximum power densities achieved
(within the indicated timeframe) were ~650 and 500 mW cm 2,
at 750 and 700 °C, respectively. These results are promising in
that they suggest that a protective ceria layer may not be required.
This is substantiated by the lack of evidence of formation of
La- and/or Sr-zirconate for an LSCF-YSZ powder mixture
heated to 800 °C for 1 h, Fig. 19. However, additional confirma-
tion (e.g. cross-sectional TEM) is required concerning possible
reactivity or interdiffusion due to the detection limits of X-ray
diffraction.

Two potential concerns exist concerning the ability to ther-
mally cycle these materials. Firstly, there is a substantial
CTE mismatch between the Ag-composite cathode (bulk CTE
essentially equivalent to Ag: ~20 x 10~ °C~!) and neighbor-
ing cell components (average CTE ~12 x 10~°C~!) though
it is envisaged that the ductility of the silver may negate
this concern. Secondly, a CTE mismatch also exists between
LSCF (~17 x 1079°C~1) and Ag (~20 x 10-%°C~1). Fig. 20
presents preliminary thermal cycling data. Each point represents
a thermal cycle between 750 and 250 °C (at 3°Cmin~!) with a
1-2h hold at each temperature for a total of 18 cycles. There
is some indication of degradation over the first eight cycles
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Fig. 19. Room temperature X-ray diffraction for an LSCF-6428/8-YSZ pow-
der mixture reacted at 800 °C for 1h. No Sr and/or La-zirconate phases are
discernible.

though subsequent cycling indicates reasonable stability. With
respect to sample integrity thermally cycling (even once) results
in crack formation in the LSCF coating and silver diffusion into
the cracks, Fig. 21. The effect of this microstructural change on
long-term cell stability has not yet been established. One final
factor worth consideration is cost. Based on a 10 liter batch the
cost (raw materials and processing) of the coated Ag-spheres is
approximately US$ 60 000 compared to US$ 25 000 for a typ-
ical perovskite cathode material. However, it should be noted
that the use of these materials has the potential of removing two
high temperature sintering steps. Firstly, the cathode is actually
fired in situ during cell heat-up and sealing as opposed to a sep-
arate sintering step at temperatures >1000 °C. Secondly, initial
data indicates that the SDC layer (and its associated and sepa-
rate firing temperature of 1200 °C) may not be required since
detrimental zirconate formation is avoided at the low cathode
firing temperature (~800 °C).
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Fig. 20. Thermal cycling data for Ag—LSCF composite at 750 °C.
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Fig. 21. Cracks in LSCF coating after thermal cycling between 200 and 800 °C.
4. Conclusion

Preliminary data suggests that silver spheres coated with
LSCF powder (via a dry coating technique) provide reasonable
power densities (>500 mW cm™2) and surprising stability dur-
ing >2000 h test duration at 700 °C and 0.7 V. The performance
is characterized by initially low performance (>100 mW cm~2)
followed by substantial conditioning. Phenomena responsible
for the conditioning characteristics of these materials have not
been conclusively established though it appears that wetting (dif-
fusion) of the coated spheres along the electrolyte surface may
play a role by increasing the cathode—electrolyte contact area.
Initial data looks promising though significantly more analysis
is required to understand the conditioning mechanisms observed
for this composite material, and to establish which of the com-
posite materials plays the most significant role in performance
conditioning and maximum power density. For example, is sim-
ilar performance achievable for silver spheres coated in LSM,
which is a considerably less active as an SOFC cathode com-
pared to LSCF? In addition, it is necessary to investigate the
“real-world” viability of these materials given the inherent prob-
lems of silver diffusivity and volatility.
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