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In this work, LaNig ¢Fey 403 (LNF) powders have been synthesized
by sol-gel methods and used to prepare a contacting paste. A
testing setup, developed to test anode-supported cells with
different contacting geometries, has been used to investigate the
effect of LNF contacting paste between the cathode and the current
collector. The cell performances were comparable to those
measured using a state-of-the-art LagsSrg4Cog2Feqg0; (LSCF)
contacting paste, however, showing better stability under electric
load. Cell performances have been investigated by means of
current-voltage curves. Electrochemical impedance spectroscopy
has been used to distinguish the loss contribution within the
investigated system and to measure its evolution over time. The
performances evolution was confirmed by microstructural changes
and migration of elements characterized post-experiment by means
of scanning electron microscopy-energy dispersive X-ray and X-
ray diffraction techniques.

Introduction

In planar solid oxide fuel cell (SOFC) stacks, ohmic losses are introduced at the interface
between the electrodes and current collectors, especially in the cathodic compartments,
due to the contact inhomogeneity. Such losses are usually responsible for the major
performance decrease of the stack limiting its power output (1).

The porosity of the electrodes and geometrical issues linked to the shape of
interconnects are factors resulting in the reduction of the contact surface between such
components. Contacting layers are often applied between the cathode and the
interconnect in order to minimize the influence of such issues ensuring a uniform current
collection from the electrode (2,3) during the operation of the cells, increasing the
performances in terms of power output and mitigating their degradation rate (4).

Contacting materials have no direct involvement in the electrochemical reactions;
therefore, they are not required to be catalytically active or ionic conductive. However,
they should have high electronic conductivity and suitable coefficient of thermal
expansion (CTE) matching the adjacent cell components. Their initial sintering
temperature should be below 1000°C to avoid dedicated curing treatment that could
damage the metallic parts of the stack. Additionally, contacting materials must be
chemically stable at the SOFC operating conditions avoiding reactions with the
neighboring materials and the formation of detrimental phases (5-7). To meet such
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conditions, the same perovskite materials constituting the electrodes are often applied as
contacting materials. LaNig ¢Feg 405 is already known as suitable contacting material for
SOFC cathodes having a good CTE, chemical stability and an electrical conductivity
higher than the state-of-the-art cathodes (8,9).

In this work specifically, we further investigated LNF materials. Powders were first
synthesized by sol-gel methods to prepare a contacting paste. A testing setup, developed
to test anode-supported cells with different contacting geometries, has been used to
investigate the effect of LNF contacting paste between the cathode and the current
collector. The performance of the assembly cell + contact layer + interconnect has been
investigated by means of current-voltage curves. Microstructural changes and migration
of elements have been characterized post-experiment by means of scanning electron
microscopy-energy dispersive X-ray (SEM-EDX) and X-ray diffraction techniques
(XRD).

Materials and Methods

LNF powders were synthesized by sol-gel method mixing, in stoichiometric amounts,
La(NO3);*6H,0, Ni(NO;);*6H,0 and Fe(NO;),*9H,0 (Fluka Chemika, Switzerland,
purity 99%) in deionized water. An excess (3.3 mol/mol) of citric acid (Sigma Aldrich,
Germany, purity 98%) was added to act as chelant. The choice of nitrates was driven by
their low decomposition temperatures (below 400°C). The solution was heated at 120°C
until viscous gels were obtained. A firing treatment in air at 600°C for 1 hour was
performed in order to obtain a xerogel. Powders, obtained by grinding the xerogel in a
mortar, were annealed in air for 4 hours at various temperatures in the range 800-1100°C.
Calcined powders were grinded and ball-milled for 70 hours and then characterized by
XRD using a D8 Discover GADDS X-ray diffractometer (Bruker, Germany), equipped
with a VANTEC-2000 area detector. Such characterization was carried out to investigate
the effect of annealing temperature on the right phase formation and the presence of any
contamination introduced during the whole production process.

The synthesized LNF and commercially available LSCF (FCM, USA) were mixed
with the ink vehicle (94 wt% terpineol, 6 wt% polyethylene glycol) and homogenized in
an Exakt 80E three roll mill (Exakt Advanced Technologies GmbH, Norderstedt,
Germany) to form a contacting paste (60 wt% powder, 40 wt% solvent).

Porous pellets were prepared by drying contacting inks in a die and then sintering the
greens in static air at 1200°C for 4 hours to obtain samples for dilatometry measurements.
The CTE was measured using a DIL 402 C (Netzsch-Geritebau GmbH) from room
temperature to 900°C in air with a heating rate of 5°C min.

Commercially available anode-supported cells (ASC) manufactured by CeramTec
AG (Markiredwitz, Germany) were tested with LNF and LSCF contacting pastes at the
cathode side. Pastes were brushed over the electrode to obtain homogeneous layers. Cells
consisted of a 50 mm x 50 mm Ni/8YSZ-cermet anode (where 8YSZ: 8 mol% Y,0s
doped Zr0,), a 50 mm x 50 mm 8YSZ electrolyte with GDC (CegsGdg10,.5) interlayer at
the cathode side followed by a LSCF (Lag ¢Sro4Cop2Feq503.5) 40 mm x 40 mm cathode.
Metallic meshes (Heraeus Deutschland GmbH & Co. KG) with a wire diameter of 0.04
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mm, mesh width of 0.12 mm and 3600 meshes per cm” were used as current collector
between the cell and the electronic characterization devices at both the anode and the
cathode side. On both sides Pt meshes were spot-welded with the platinum wires used as
potential probes and current carriers. The current collector at the cathode side and a
nickel mesh at the anode were placed between these meshes and the electrodes. The use
of a Ni mesh at the anode was intended to avoid alloying between the platinum contacts
and the nickel contained in the electrode.

The cathode current collector was produced by a stamping process (Graebner
Maschinentechnik GmbH & Co. KG, Germany) using Crofer 22 APU plates 0.5 mm
thick (ThyssenKrupp VD). The obtained interconnects were square-shaped corrugated 30
mm X 30 mm plates characterized by an asymmetric design with 3.5 mm wide air
channels and 0.5 mm wide contact ribs.

Tests on ASCs were performed using a dedicated setup already described in a
previous study (10) designed to host the interconnect at the cathode side as current
collector. In this way, it was possible to test the influence of contacting on the cell
performances.

Each cell was heated up to 900°C with a ramp speed of 5°C min™ in flowmg dry air
at the cathode side (0.5 Nlmin™) and dry nitrogen at the anode (0.5 NImin™). At 900°C
the anode reduction was performed gradually introducing hydrogen in the nitrogen flow.
The anode gas flow composition was gradually turned to 1 N1 mm ' of 3% wet hydrogen
while the air flow at the cathode was increased to 1 NI min”'. After 1 hour in such
conditions, the furnace temperature was lowered to 750°C to start the cell performance
evaluation by current-potential (I-V) curves and Electrochemical Impedance
Spectroscopy (EIS) measurements. The electrochemical characterization was carried out
using an Electrochemical Workstation IM6 (Zahner-Elektrik GmbH & Co. KG, Kronach,
Germany).

I V curves were measured applying an increasing current load by steps of 0.125 mA
cm” up to cell voltages not below 0.6 V.

EIS spectra were recorded in the frequency range 0.1 Hz—100 kHz and deconvoluted
using a Complex Non-Linear Regression Least-Squares (CNRLS) method (11-15).
Fitting was carried out using the software Thales-SIM (Zahner-Elektrik GmbH & Co.
KG, Kronach, Germany) accepting a fitting error below 1% and relative uncertainty of
each element lower than 30%. The equivalent circuit used for the fitting procedure
(Figure 1) was used in a previous study with cells coming from the same batch (10).
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Figure 1. Equivalent circuit used for CNRLS fitting.
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An inductive element (L) was used to model the respective contribution, at high
frequencies, generally due to the wiring between the sample and the instrument. Ry,
represents the ohmic resistance, depending on the electrolyte and contacting losses. Its
value is identified, in Nyquist plots, as the high-frequency intercept of the real part axis.
Two resistance//constant phase element meshes (Rjanode and Raanode) Were used to fit the
higher frequencies of the cell polarization (R). They describe loss contributions related
to the anode functional layer due to the gas diffusion, charge transfer and ionic transport
in the bulk of the electrode. A Gerischer element was used to fit the medium frequency
range characterized by the cathodic loss contributions (Regmode). They include the surface
exchange kinetics of oxygen and its ionic diffusivity within the bulk of the electrode. The
low frequency part of the spectra was described by a bounded Warburg element modeling
the gas diffusion impedance of the anode substrate (R3anode).

After the preliminary electrochemical characterization held at open circuit voltage,
cells were electrically loaded for 100 hours in galvanostatic mode applying a constant
current necessary to lower the initial cell potential to 0.9 V. Once the OCV was stabilized
after the removal of electric load, impedance spectra were recorded to evaluate the
changes in the ohmic and cell polarization contributions.

Cells and interconnects were individually studied post-experiment. XRD analysis was
performed on the cell cathode to evaluate the presence of pollutant compounds due to the
interaction with the current collector. Sample cross-sections were prepared by mounting
in epoxy resin, cutting and polishing with diamond suspensions up to 250 nm grain size.
Such sections were observed and analyzed using a scanning clectron microscope Zeiss
Evo 40, equipped with EDX detector PentaFET.

The cathode contacting area of each sample was evaluated through image analysis
(Fiji Imagej 1.47 h) on SEM micrographs.

Results

XRD analyses on LNF powders showed that already after the firing treatment at
600°C for four hours the right thombohedral phase was formed (Figure 2). Each peak
found in the diffraction profile matched the powder diffraction file 01-088-0637 of the
LaFeg4NipgOp3. No additional peaks, due to unwanted phase formation or
contaminations, were found.

The annealing treatments were applied to increase crystallinity, noticeable by sharper
diffraction peaks. Fired powders were chosen for further processing to avoid the
coarsening induced by the annealing treatment.

The CTEs reported in Figure 3 were calculated relative to the room temperature by
the dilatometry data. LSCF exhibited the highest values, increasing the deviation from
those of the other materials at 250 °C. LNF showed closer values and a similar behavior
compared to the current collector material. Its CTE value resulted in between those of
Crofer 22 APU and LSCF for the whole testing temperature range. It confirmed the
possibility to use LNF as contacting layer between LSCF electrodes and Crofer 22 APU
interconnect since its intermediate expansion would accommodate the thermal stresses
between the two materials.
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Figure 2. Diffraction profiles of LNF powders fired at 600°C and annealed in the range
800-1100°C.
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Figure 3. Temperature dependence of the coefficient of thermal expansion of LSCF and
LNF compared to Crofer 22 APU (16).

The I-V curves measured at 750°C confirmed the influence of the contacting solution
on the cell performances. As observed in a previous study (10), the use of a contacting
material increases the cell power output by reducing the ohmic losses. In Figure 4 the
effect of the cathode contacting layer addition is clearly visible in the mitigation of the
slope in the voltage curve. Such optimization is due to the reduction of the ohmic losses
in the cathode contacting region. The same effect was observed with the application of
both LNF and LSCF. It consisted in the increase of the cell power at 0.7 V from 124 mW
cm? to 640 mW cm™ using LSCF and 577 mW cm™ with LNF. The differences
measured changing the contacting material can be attributed to variations in the contact
arca at the cathode side (Table I). The extension of the interconnect-contacting interface
was lower due to the settlement of the contact layer after its application.
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Figure 4. 1-V curves and power densities of cells measured at 750°C, 1 Nlpm air at the
cathode side and 1 Nlpm H, with 3 vol.% H,O at the anode.

The impedance spectra exhibited similar total resistance and polarization
contributions (Figure 5). The higher ohmic contribution measured with LNF confirmed
the cause of the lower power output as previously hypothesized by the differences in the
I-V curve slope.

The cell polarization was smaller as result of significantly lower gas diffusion
impedance of the anode substrate (Rsanoqe). The other polarization contributions exhibited
higher values. In particular, the cathode polarization was more than 30% higher when
LNF was used as contact material. Such differences can be related to the influence of the
ohmic losses to the cell polarization due to the uneven current distribution along the cell
section (3,10).
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Figure 5. Impedance spectra of the cells contacted using Crofer 22 APU as cathodic
current collector with LSCF and LNF contacting paste layers.
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The galvanostatic load applied to the cells resulted in both cases in a linear decrease
of thclr voltage. The cell contacted using LSCF started with a power output of 343 mW
cm™ at 0.9 V while with LNF it was 299 mW cm™ (Table II). Keeping constant the
current load, after 100 hours, the cell overpotential increased by 6 mV for the first cell
and only 1 mV for the second one. Such variations consisted in a power output drop of 2
and 1 mW cm™ respectively. Recording the impedance spectra before and after such test
allowed investigating the source of the cell degradation (Table I).

TABLE I. Impedance contributions calculated by CNLS method before and after the galvanostatic test.

Sample Ronm/ Ry+HR;/ Rcmhude Riunode/  Rypotarization / Cathode contacting
Oecm* Qcem? Q cm® 0 cm® Q em? Area / em?
LSCF-0h 0.239 0.139 0.075 0.187 0.401
LSCF-100h 0240  0.118 0.026 0.196 0.340 10.02
LNF-0h 0.299 0.173 0.100 0.075 0.348
LNF—100h 0292  0.170 0.104 0.076 0.350 251
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~Crafer 22 APU + LNF
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Figure 6. Impedance spectra of the cells contacted using Crofer 22 APU as cathodic
current collector with LSCF and LNF contacting paste layers.

TABLE II. Summary of the cell parameters before and after the galvanostatic test.

Sample Overpotential / Power density / Current density /
mV mW cm’” mA em”
LSCF-0h 193 343
LSCF - 100 h 199 341 o8
INF-0h 181 299
LNF - 100 h 182 298 i

The ﬁrst cell improved its polarization impedance decreasing its resistive value by 61
m€ cm®. This change was due to the decrease of the R;+R; and R_amode contributions that
can be attributed to a better sintering of the electrodes as a result of the combined action
of the operating temperature and the current. However, the increase of the ohmic
contribution led to the power output decrease. The use of LNF as contact material
ensured higher stability during the galvanostatic test. The impedance measurements
revealed an increase by 2 mQ cm?® of the cell polarization. Also in this case, the Rj+R;
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contributions improved even if at lower extent compared to the previous cell. The
cathode performance worsened measuring an increase of 4 mQ cm”. However, the
decrease by 7 mQ cm” of the ohmic resistance values compensated the reduced cell
polarization contribution in terms of power output.

The XRD patterns measured on the cathode side of both cells were compared to those
measured using Crofer 22 APU current collector without contact paste and only platinum
mesh (Figure 7). This allowed distinguishing between the contributions of the cathode
material, contacting and additional phases due to the presence of the FSS current
collector.

All the peaks visible in the diffraction pattern of the cell contacted using a platinum
mesh are attributed to the LSCF cathode material. The use of Crofer 22 APU as current
collector at the cathode side gave rise to the presence of additional peaks ascribed to Cr,
Mn and Fe based oxides.

When a contact layer was applied on the cathode side, the footprint of the current
collector was visible on the electrode. It gave the possibility to acquire the XRD spectra
on both the interconnect/electrode interface and under the interconnect channel. Similar
patterns were recorded in both positions confirming the formation of the same
compounds. This result highlighted the element migration phenomena via volatile species
formation and precipitation within the electrode. Alloying elements of the FSS can also
migrate by solid-state diffusion as already observed in previous studies (17-19).

0 * MnfFe,0,
o Cr,0q
! Crofer 22 APU + LNF | © Mn,0,
00 00 1 o LNF

Crofer 22 APU + LSCF

e

Crofer 22 APU

N
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Figure 7. X-ray diffraction patterns of the cathode surface of the cell contacted with
Crofer 22 APU with and without different contact layers. The diffraction patterns are
compared with that measured on the cell contacted using platinum mesh only (17).
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On the XRD pattern measured on the LNF contacted cell, additional peaks, related to
the contact material were observed. In this case, no pollutant phases were detected at the
cathode side. LNF is known as chromium tolerant cathode material (20-22) since the
absence of strontium limits the formation of stable compounds based on such elements.
However, the chromium migration by volatile species formation cannot be limited except
by applying an additional ad hoc protective layer on the metal surface. Pollutants might
be precipitated in localized areas of the electrode or in distributed not detected quantities.

In Figure 8 the interconnect-contact layer interfaces are shown for both samples. The
current collector exhibited the formation of well adherent oxide layers, thicker when in
contact with LSCF. The scale was mainly constituted by Cr,_Fe, O3 and (Cr,Mn);0,. The
formation of such oxide compounds at high temperatures on FSS is known to limit
chromium evaporation and to be characterized by good electronic conductivity (17, 18,
23-28). Within the first pm of the LSCF contacting material a brighter region was also
visible. It was attributed to the interaction between the two materials. In previous studies
the LSCF characteristic was observed to interact with chromium being able to fix it on its
surface forming secondary phases (29, 30). Additionally, the presence of a well-packed
contact layer can be related to the lower Ry, contribution. The measured evolution of
such value can be due to the increase over time of the interconnect oxide layer thickness.

In the LNF contacted sample, the oxide scale on the interconnect was thinner and no
interaction layer between the two materials was observed confirming the XRD results.
The contact material looked more porous and constituted by particles with distributed
sizes. These aspects could introduce higher ohmic losses as measured by EIS in
comparison to the previous sample. Additionally, such morphology could evolve in
denser layer due to the sintering for the combined temperature and current effects. It
would result in the improvement of the contact resistance as observed in the reduction of
the Rgnm contribution.

| Crofer22APU = . Crofer 22 APU
Figure 8. SEM-BSE images on cross-sections of the interconnect-contacting interfaces
with (a) LSCF and (b) LNF.
Conclusions
In this work, LNF powders were synthesized by sol-gel method and used to produce a

cathode contact ink. Such material exhibited CTE values between those of Crofer 22
APU and LSCF up to 900 °C. The effects of LNF and state-of-art LSCF contact inks on
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ASCs were compared in terms of cell performances and degradation under current load.
The use of LSCF resulted in lower ohmic losses. Despite the comparable total resistance
of the two cells, higher power output was measured with LSCF contact material. This
result confirmed the role of the ohmic losses in the overall cell performances affecting the
power density to a greater extent compared to the cell polarization contributions.

The application of a constant current load resulted in a significant increase of the
overpotential of the cell contacted with LSCF while the use of LNF ensured higher
stability. This evolution was driven by changes in the Ry, contributions, which increased
in the first cell while decreased with LNF contacting.

The post-experiment investigations evidenced different extensions of the contacting
interface in the two samples. Such aspect could have influenced the ohmic contributions.
Microstructural differences were observed in the two contacting layers. LSCF was
characterized by well-packed particles and the presence of an interaction Cr-rich layer
while higher porosity was observed in LNF and no presence of unwanted phases.

The combination of electrochemical and post-experiment investigations highlighted
the complex nature of the cathode contacting region. The effects of such layers on the
cells are not fully predictable by the electrical and mechanical properties of the involved
materials. The extension of the contact interface between the electrode and the current
collector, interaction between coupled materials and microstructural changes resulted in
critical factors influencing the measured power densities. Such aspects have to be taken
into account, at the cell level, for proper comparison of performances considering the
contacting effects on their measurement and evolution. Additionally, optimal contact
materials and design have to be implemented in stacks to minimize losses in their power
density.
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