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ABSTRACT

In SOFC stacks the electrical contact between the ceramic cathode layer and the
metallic interconnector (IC) has to be adjusted carefully to minimize the contact resistance
and slow down degradation mechanisms. In JULICH, ICs made of Crofer22APU are coated
with a MnCoq.9Feo104 spinel (MCF), applied by atmospheric plasma spraying (APS), which
successfully prevents the diffusion of volatile Cr species from the steel into the cell. Materials
for the cathode contact layer have to be sufficiently good electronic conductors, stable in
oxidizing atmosphere, chemically stable and compatible with the adjacent layers, and show a
thermal expansion behavior similar to MCF and the cathode material, i. e.
Lao.58Sr0.4C00.2Fe0.803-x (LSCF).

To obtain an optimal contact layer, different aspects such as material properties,
microstructure, and processing have to be considered. Here we compare various materials
regarding their electrical conductivity and compatibility with each other and discuss different
processing routes for the application of the cathode contact layer. DC conductivity
measurements and scanning electron microscopy (SEM) imaging give information on the
correlation of material properties and microstructure. We conclude that an LSCF contact layer
with coarse porosity on top of the fine structured LSCF cathode is the most suitable
contacting for JULICH SOC stacks.

INTRODUCTION

Fuel cells are always being optimized for more power output, making the various layers
thinner for less ohmic resistance and adjusting the interfaces for less polarization resistance.
But when several cells are put together into a stack not only the cell values but also the
interconnecting elements become important and a good contact from the cells to the
connecting elements is required.® 2

Interconnectors (IC) establish the electrical connection between the individual stack
planes and the gas distribution across the cells. In JULICH, a Ni mesh is used as contacting
layer between the anode substrate and the IC at the fuel side, and a contact layer either printed
onto the cathode or applied to the IC is used at the cathode side.® * This contact layer has to be
a good electrical conductor, be stable at high temperature under oxidizing atmosphere, be
chemically compatible with the adjacent materials, and have a thermal expansion coefficient
(TEC) similar to the coefficients of the materials in neighboring components.®> These features
will be discussed here.

For reasons of easy fabrication and good electrical conductivity, Cr-based ferritic
steels such as Crofer22APU are commonly used for interconnecting elements.® 7 The
naturally formed chromia scale protects the material from excessive corrosion and oxidation
at high temperatures and has an acceptable electrical conductivity compared to silica or
alumina whose amounts are kept to a minimum level in Crofer22APU.2 ® 1% The disadvantage
of the Cr-based steel is the release of volatile Cr species at SOC operating temperatures,
especially in the presence of water vapor, which cannot be excluded when operating a stack
under realistic conditions.*™ 2 The volatilized Cr adsorbs onto the cathode or contact layer
surface and causes degradation. This poisoning of the cathode side happens via the formation
of detrimental SrCrO4 crystallites with a low electrical conductivity, which block the pores
and hence the gas supply of the cathode.*® 14 1516 To prevent the poisoning, the Crofer22APU
is coated with a protective layer that either is dense enough to hinder Cr diffusion via the gas
phase or acts as a Cr getter, for instance by offering a reaction partner that holds the
evaporated Cr in a layer near to the Crofer22APU surface.!” In JULICH, this protective



coating is made of MnCo1gFeo.104 (MCF) and applied by atmospheric plasma spraying (APS)
onto the 1Cs.18 1% This coating is dense and has proven its ability for the retention of Cr.4 1314
15,20 The electrical conductivity of MCF at 800°C amounts to 26-30S/cm? and the TEC is
about 13-10%/K (30-800°C)?! 22 which is comparable to the TEC of Crofer22APU with
11.9-10°/K (30-800°C)*. Other types of coating materials are manganese oxide or
manganese cobalt oxides and numerous application techniques yielding more or less dense
coatings are reported in literature,6: 2% 23 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36 Concerning
JULICH stacks, highest power output is reached with an APS MCF protective coating
compared to a wet powder sprayed (WPS) MnOx coating. % %2

Thus, one interface of the contact layer is towards the protective coating. The second
interface is the one towards the cathode, which in JULICH consists of LSCF
(Lao.s8Sro.4Coo.2Fe0803). LSCF has a remarkably higher TEC than the formerly used LSM
(Sr-doped La-Mn perovskite) as a compound with YSZ for improved ionic conductivity in the
cathode — approx. 15-10°/K3" 3 compared to approx. 12-10°/K (both 30-800°C)?" 8. But
LSCF is a MIEC material itself and yields a higher power density. As a disadvantage, LSCF
IS more prone to poisoning by impurities (sulfur, silicon) and to Sr segregation at the surface
in combination with the formation of undesired phases than LSM.3% 40-4%. 42 Byt as the power
is higher and degradation could be slowed down by protective coatings, LSCF is the material
of choice. Especially when the operation temperature is lowered to 600-800°C, the electrical
conductivity of LSCF is much higher than of LSM.*® Alternatively, LSC, a Sr-doped La-Co
perovskite, could be used as cathode material. LSC has an even higher conductivity for
electrons than LSCF but the TEC is also higher, which might cause problems during thermal
cycling of such a cell, and the ionic conductivity is lower than for LSCF.> %

Considering the protection layer and the cathode material, the contact layer should
have a TEC of 13-19-10%/K and a good electrical conductivity. An overview of possible
materials for the cathode contact layer can be found in literature.® #* 4 In JULICH, a Co- and
Cu- doped La-Mn perovskite composition called LCC10 has been the standard for some
years.* 5 46.47.48 Recently, LSCF has also been tested as a contact layer material with perfect
compatibility to the LSCF cathode. Alternatively, Sr- and Co-doped La-Mn perovskite
(LSMC) or even LSC might be used. Here we compare LCC10, LSCF, LSMC, and LSC with
regard to the suitability, intrinsic material properties, microstructural effects, and influences
due to processing. In Table | the relevant materials and their properties are listed. The aim is
to minimize the contact resistance between interconnector and cathode while keeping the
production easy and cheap by an optimal selection of material, microstructure, and
processing.*8

Table I. Properties of some SOC materials

Layer Name ce-/ Scm™at 800°C | TEC / 10°K ! for 30-800°C
Interconnector Crofer22APU 8700 10 11.910

Protective coating | MCF 26-30 2 ~13 2122

Protective coating | MnOXx 0.1%4 8.8 4

Contact layer LSMC ~180 % 12-16 27*8 (30-1000°C)
Contact layer LCC10 ~80 46 ~14 46

Contact layer, LSCF 100-200 3738 13-16 3738 (30-1000°C)
Cathode

Cathode LSC >1220 38 19 %8 (30-1000°C)

Cathode LSM ~160 11-12.4 2738 (30-1000°C)




EXPERIMENTAL

Electrical conductivity measurements

The electronic conductivities of LSCF, LCC10, LSMC, and LSC are measured on
pressed and pre-sintered pellets. The pellets are contacted by two platinum meshes pressed
onto the sample during the measurement. The samples are heated up to 850°C and kept at this
temperature for several hours before cooling down with 5K/min. Meanwhile a constant
current of 1A (corresponding to approx. 0.5A/cm?) is applied to the sample and the voltage is
measured by a multimeter with a resolution of 10uV. These measurements yield the
conductivity of porous samples. By taking the dimensions (size and weight) of the pellets,
measuring the density by the Archimedes method, and estimating the porosity from
microscopy images via setting a threshold, the relative densities of the pellets are obtained by
comparison to the theoretical densities.
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Figure 1. Three sample geometries are used. All samples have a symmetric setup with
metallic interconnector elements at the top and at the bottom for easy and reproducible
contacting via platinum wires. The cathode in the sample center consists of a pressed and
sintered LSCF pellet.

Contact resistance measurements

For stack operation not only the intrinsic material features but especially the properties
of the layered system with several interfaces are important. In order to measure a simple but
roughly realistic sample system we build symmetric samples according to Figure 1. The
systems comprise IC parts (with a channel-rib-structure) at the top and at the bottom,
including the protective coating (PC) (if applied to a certain sample) on the corresponding
inside of the element. The contact layer (CL) is printed onto the full area of the cathode (both
sides) for sample Type I, onto the pre-coated IC elements for sample Type Il, and onto the
interconnector ribs as stripes of 1.5mm width for sample Type Ill. An LSCF pellet (pressed
and sintered) polished to approx. 14mm by 14mm is used as the cathode in the center of the
sample sandwiches.

For contacting the samples, platinum wires are spot welded by laser welding to the IC
pieces. Each sample has four wires, two at the top and two and the bottom, for separate U-
and I-connections. A current of 1A is lead diagonally through the sample, corresponding to a
current density of 0.5A/cm2 which is a frequently used value in stack tests®°. The voltage drop
across the sample is measured via the other two wires. For contact resistance measurements
the samples are heated up to 850°C, which is the stack sealing temperature for JULICH
stacks, and kept there for 10h. At the moment, the sealing time at JULICH is 100h due to the
glass sealings but a shorter sealing time of 10h is basically aimed at. Current and voltage



values are recorded during the cooling process of 5K/min. During the entire procedure, the
samples are pressed together with a weight of approx. 500g/cm?.

The contact resistance is usually plotted as area specific resistance (ASR) dependent
on the temperature (“operation temperature”). The ASR as the product of total resistance R
and active sample area A is a useful tool to compare the resistances of samples with different
areas but a similar setup in their cross section perpendicular to the current flow. Hence, we
can compare the ASR values measured on the mentioned symmetric samples to ASR values
measured for a single (contacted) cell or a layer in a stack.

Microscopic investigations

To obtain an insight into the microstructure of surfaces and interfaces, scanning
electron microscopy (SEM) is applied for imaging sample surfaces and cross sections. By this
method, the porosity can be estimated from the images and subsequently the results can be
correlated to conductivity and resistance measurements.

RESULTS AND DISCUSSION

Comparison of contact layer materials

Our measurements of the conductivities of porous samples, shown in Figure 2, are
partly in agreement with literature yielding the highest conductivity for LSC**. We observe
the second highest value for LSCF while LSMC and LCC10 show values that are rather low
compared to the other two materials. The deviations might be explicable considering the
deviating microstructures of the pellets investigated here resulting from powders with very
different particle size distributions and pre-treatments. The LSCF, LCC10, and LSC powders
made in JULICH have a coarse structure with grains of 1-50 pm size and received a heat
treatment of less than 1000°C. The LSMC powder provided by a project partner contains
much finer particles of less than 1um grain size with agglomerates of up to 100um and has
probably been annealed up to 1100°C. Hence, the sinterability of LSMC at 1200°C is much
lower than for the other powders and the LSMC pellet remains more porous as proven by
SEM graphs in Figure 3.
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Figure 2. Electronic conductivities of four materials in dependence on temperature.

As the samples used here are not completely dense, we applied several methods to
obtain values for the density of the samples and correlated the conductivity with the achieved
density.*” 5! In the diagram in Figure 2 the conductivity values are shown with the sample
porosity considered according to the formula suggested by Tietz et al.*’ Obviously the



conductivity values measured here are about one order of magnitude lower than reported in
literature (c.f. Table I), which is most probably due to the not optimal contacting by pressing
platinum meshes onto the samples. Nevertheless, LCC10, LSCF, and LSMC have been
considered for the next experiments where they have been applied as a layer between an
LSCF cathode and the protective coating on the interconnector. LSC was not considered
further as a contact material since its high TEC is assumed to cause problems when the stack
temperature is changed.
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Figure 3. SEM surface images of pressed and sintered (1200°C) pellets used for conductivity
measurements. Left: LCC10 with high sinterability and coarse particles. Right: LSMC with
low sinterability and very fine particles.

Three samples are set up according to Figure 1, Type I, as symmetric sample
sandwiches with the channel-rib structure typical for JULICH SOC stacks. The contact
material is prepared as a paste and screen printed onto the entire surface on both sides of the
cathode pellet. After drying, the sample is placed into a furnace and the contact resistance is
measured as described above. Figure 4 depicts the ASR for the samples with different contact
layer materials in dependence of the “operation” temperature after a sealing time of 10h at
1090°C. The lowest resistance is achieved with the sample that has an LSCF contact layer but
the other two samples have an only slightly higher resistance. Here is becomes clear that not
only the material’s electronic conductivity determines the performance (el. cond. LSCF >
LCC10 > LSMC), but the microstructure becomes important in thin and porous layers
overruling the material properties partly (LCC10 is coarse with higher conductivity compared
to LSMC which has less conductive but is fine-grained; but both show similar ASR results as
porous layer).
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Figure 4. Contact resistances of samples with different contact layer materials in dependence
on the operation temperature.

Contributions of layers and interfaces to the total contact resistance
In order to identify the layer(s) or interface(s) with a high or low contribution to the
overall contact resistance, meaning the total resistance measured between IC and cathode,
symmetric samples were set up with fewer layers, according to Type Il and Il in Figure 1.
The resistances plotted in Figure 5 belong to the following layer combinations:
e “IC+PCaprs” means IC with protective coating applied by APS without contact layer
and cathode in the sample center.
o “IC+PCapstCLscF” means IC with protective coating (APS) with LSCF contact layer
without cathode in the center.
e “full” means a full sample (IC, PC either by APS or WPS, contact layer and cathode).
e “IC+PCwpstcath” means IC with protective coating applied by WPS with cathode in
the center but without contact layer.
o “IC+CLyscrtcath” means IC without protective coating but with LSCF contact layer
and cathode.
o “ICoxtCLiscrtcath” means IC without protective coating but pre-oxidized with LSCF
contact layer and cathode.

Interestingly, the “full” samples (red, orange and green symbols) with three interfaces (IC-PC,
PC-CL, and CL-cathode) have the second lowest resistance at 500-700°C. The lowest
resistances for T>500°C (IC-PCaps, red, and IC+PCaps+CLiscr, Orange) are achieved with
samples comprising no cathode pellet. The reason for this fact could be that the relatively
thick pellet used here contributes a non-negligible ohmic resistance. On the other hand, the
total resistance of the full samples is still lower by a factor of 5-10 than the resistances of
samples without a protective coating (ICox+CLLscr+cath, blue triangles), at least for T>500°C.
This means that already in the beginning of stack operation (as simulated in our experiments)
the protective coating is important for lowering the contact resistance. Later during long-term
operation, the coating will result in a decreased degradation rate. The sample IC+PCwps+cath
(green crosses) shows a similar resistance as the full samples with a contact layer at T>750°C.
For lower temperature the resistance is slightly higher without the contact layer. Thus, from
the presented measurements we conclude that the contact layer itself and its interfaces to the
cathode and to the protective coating contribute a certain but not too large part to the total
contact resistance of the sample. The most important layer to include is the protective coating



as it conveys the transition from the otherwise corroding metal to the porous, susceptible, easy
poisonable ceramics. The role of the contact layer is to adjust the transition from the
protective coating to the cathode, especially for T<750°C. In addition it is used to level height
differences during the stack assembly and with its coarse porosity it assures a sufficient
supply of air to the fine-structured cathode.

Performance of two contact layer materials in combination with different protective coatings
The previous investigations made us aware of the importance of the protective coating
in combination with the contact layer. Now we measure contact resistances for seven different
combinations of protective coating and contact layer material. All samples have the Type I11
geometry (Figure 1) and an LSCF cathode pellet in the center. The combinations are:

o |ICox, LSCF: pre-oxidized IC metal but no protective coating, LSCF contact layer

e |ICox, LSMC: pre-oxidized IC metal but no protective coating, LSMC contact layer

e WPS, LSCF: IC with MCF PC applied by WPS, LSCF contact layer

e WPS, LSMC: IC with MCF PC applied by WPS, LSMC contact layer

e WPS red+ox, LSCF: IC with MCF PC applied by WPS and 2-step reactive sintering
(for densification), LSCF contact layer

e APS, LSCF: IC with MCF PC applied by APS, LSCF contact layer

e APS, LSMC: IC with MCF PC applied by APS, LSMC contact layer
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Figure 5. Contact resistances of samples with varying amounts of layers and interfaces in
dependence on the operation temperature. For abbreviations see Figure 1 (in state “full” two
samples have been characterized for reproducibility test).

We expect the samples with an APS PC to show the lowest and the samples without a
PC the highest contact resistance. Usually, with a WPS PC the resistance is higher than with
an APS coating due to the lower density and ability for chromium retention of the WPS
coating, as mentioned above.'® 181920 Thuys APS has been applied for many years at JULICH
although this method is rather complicated and time consuming. WPS is less complex but
does not yield dense coatings unless combined with a heat treatment of the sprayed sample
called reactive sintering. During two sintering steps, first in reducing atmosphere and
subsequently in oxidizing atmosphere, the structure of the sprayed material changes in a way



that a final density is obtained that seems sufficient for chromium retention. Similar effects
haven been reported for manganese-cobalt-oxides.!” 28 30. 36. 52,53 |n Figure 6 two electron
microscopy images of cross sections are shown, one with the conventional APS protective
coating and one with the newly developed coating applied by WPS and densified by reactive
sintering.
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Figure 6. Cross sections in SEM. Left: MCF protective coating on Crofer 22 APU applied by
APS and highly porous LSCF contact layer applied by screen printing. Right: MCF protective
coating on Crofer 22 APU applied by WPS and reactive sintering for densification, LSCF
contact layer.

Figure 7 depicts the contact resistances of the samples with different PC-CL
combinations. The samples without any protective coating (ICox) have the highest and the
samples with a PC applied by APS have the lowest electrical contact resistance, just as
expected, at least for temperatures above 600°C. The samples with a PC applied by WPS have
about twice the resistance than the samples with an APS PC. Interestingly, the two samples
with an LSMC contact layer (dashed lines) and either an APS coating (light grey) below or
without a protective coating (black) have a lower resistance than the corresponding samples
with an LSCF contact layer (solid lines). For the APS samples, this is probably due to the
finer microstructure of the LSMC layer due to smaller initial particle sizes. A finer network
offers more paths for electrons to pass through the layer and hence the resistance is smaller.
For the samples without a protective coating, there might occur an additional effect reducing
the resistance: LSMC contains manganese which is a favored reaction partner of chromium to
form a Cr-Mn spinel. Hence, the LSMC layer acts as a getter for the detrimental volatile Cr
species and prevents them to poison the cathode, which would become visible in an
increasing resistance. With a WPS protective coating, some of the Cr is blocked by this PC
and both contact layers show a similar performance because LSCF has the higher
conductivity but LSMC has the finer structure and in addition getters some diffusing Cr
species. The coarse and highly porous microstructure of the LSCF contact layer is given in
Figure 6 and the microstructures of an LSMC contact layer and a protective coating applied
by WPS without a subsequent heat treatment are given in Figure 8.
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Figure 7. Contact resistances of samples with different combinations of protective coating and
contact layer in dependence on the operation temperature.

From these measurements we conclude that the dense APS protective coating offers
the best Cr retention and the lowest contact resistance. The alternative WPS coatings show a
similar performance in the experiments conducted here. Nevertheless, for a conclusive study,
long-term stack tests have to be evaluated regarding the degradation rates achieved with these
layer combinations.
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Figure 8. Cross section in SEM. Left: MCF protective coating on Crofer 22 APU applied by
APS and rather dense and thin LSMC contact layer applied by screen printing. Right: MCF
protective coating on Crofer 22 APU applied by WPS (no heat treatment) and fine structured
LSMC contact layer.

Effect of the contact layer thickness

As mentioned before, one task of the contact layer is to level height differences in a
stack, especially during assembly and sealing. We varied the contact layer thickness and
conducted resistance measurements to observe the effect of the layer thickness. The sample
geometry is Type lll, the protective coating is the same for all six samples of which three
have an LSMC and the other three an LSCF contact layer. To vary the thickness, the contact
layer was screen printed up to three times onto the IC ribs. The contact resistances measured
as described above are plotted in Figure 9. The three samples with the LSMC CL (full



symbols) have all the same resistance within the uncertainty of the measurement. The samples
with the LSCF CL (open symbols) show above 650°C a slight tendency that the resistance
increases with the layer thickness, which is given in the legend. At lower temperatures this
trend is nearly reverse. Despite the fact that the overall ASR differences are relatively small,
especially the ASR cross-over at ~ 650°C seems to be more than “measurement uncertainty”
(but a clear uncertainty factor cannot be given). Hence, it seems that the layer thickness does
not affect the contact resistance as long as it is below 200um. Above this value the thickness
may cause and additional ohmic resistance increasing the total contact resistance between IC
and cathode. The deviation between LSCF and LSMC here is again explained by the different
microstructures, as discussed previously.
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Figure 9. Contact resistances of samples with LSMC or LSCF contact layer of different
thicknesses, in dependence on the operation temperature.

CONCLUSIONS

We presented a comparison of various materials for contact layers and protective
coatings used in SOC stacks. From the electronic conductivity measurements of LSCF,
LCC10, and LSMC we conclude that LSCF is the most applicable material as its conductivity
is better than those of LCC10 and LSMC. But this material property is not the only factor to
be considered when creating a contact layer. Concerning the microstructure, small particles
yield a fine structure that is beneficial for the conduction of electrons. But for a sufficient
supply of air to the cathode a coarse structure is required. Thus, we recommend using a
coarsely structured, highly porous LSCF contact layer applied by screen printing, which is an
easy and quick method.

As the contact layer is also used for leveling height differences during the stack
assembly, we recommend keeping the thickness of this layer below 200um. Above this value
the Ohmic contribution to the resistance of the layer increases noticeably.

For the retention of chromium in the interconnector steel, a protective coating of MCF
applied by APS offers the best performance due to its dense structure. About this layer it is
known that the initial contact resistance as well as the long-term degradation behavior during
stack operation is satisfying. The newly developed contact layer applied by WPS and treated
with reactive sintering shows a comparable low initial contact resistance. The long-term
degradation behavior will soon be tested in a stack experiment.
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