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Metal-Supported Solid Oxide Fuel Cells
with Exceptionally High Power Density

for Range Extender Systems

David Udomsilp,'** Jurgen Rechberger,’* Raphael Neubauer,"* Cornelia Bischof, 3>
Florian Thaler,"* Wolfgang Schafbauer,’> Norbert H. Menzler,® Lambertus G.J. de Haart,*
Andreas Nenning,”¢ Alexander K. Opitz,>¢* Olivier Guillon,*” and Martin Bram.3.8.*

SUMMARY

Solid oxide fuel cells (SOFCs) exhibit potential to become a key tech-
nology for future clean energy systems. The metal-supported SOFC
exhibits decisive strengths like fast start-up capability, mechanical
robustness, and acceptable cost, making it the concept of choice
for mobile applications. As a promising example, SOFC-powered
range extenders for electric vehicles offer fast refueling and signif-
icantly increased driving range, while lowering size, weight, and the
cost of the vehicle's battery. Here, we report the development of a
metal-supported SOFC aiming at exceptionally high power density.
A knowledge-based improvement of all electrochemically active cell
components enables a performance increase up to a factor of 10 and
demonstrates the effectiveness of target-oriented optimization of
processing and microstructure. Ultimately, enhanced cells meet
the industrial performance target by providing a current density of
2.8 A x cm~? at 650°C and 0.7 V, setting a benchmark for SOFC
performance.

INTRODUCTION

Clean electricity generation based on renewables is of vital importance for realizing
the international goals set with regard to CO, emissions and air pollution in order to
limit the global temperature increase caused by greenhouse gases. As reported
recently by the International Energy Agency IEA (https://www.iea.org), the mobility
sector is a substantial contributor to these emissions, with 24% of the energy-related
CO; emissions worldwide in 2016. Therefore, significant impact can be achieved by
developing alternative powertrains.” Whereas the high efficiency of batteries pro-
motes their application, charging time, size, weight, and cost of batteries remain is-
sues still limiting their widespread application.”” Furthermore, large-scale electrifi-
cation of the individual transport sector based on battery vehicles may be a
substantial challenge for power grids, because they need to be capable of satisfying
the immense demand of electricity, especially in large urban areas.’

A promising concept to overcome these restrictions is the application of a range
extender system continuously recharging a small-sized battery.”** The fuel cell
technology, in general, and solid oxide fuel cells (SOFCs), in particular, are excep-
tionally well-suited to power automotive range extenders due to their superior effi-
ciency compared to combustion engines, silent operation, and fast refueling. More-
over, systems powered by SOFCs, which work at temperatures of 500°C-800°C,
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feature remarkable fuel flexibility. This flexibility allows for operation on almost every
kind of reformed fuels, because high CO levels can be tolerated.®’ Thereby, the
SOFC technology breaks free from the restrictions of lacking hydrogen infrastruc-
ture, making it both an excellent candidate for the intermediate stage of using exist-
ing infrastructure as well as for the operation on biofuels or synthetic CH4 and also
green hydrogen produced from renewables in the future.”**~'% Consequently,
SOFC-based range extenders combine the attractiveness of battery electric vehicles
with the convenience of liquid fuels. The high efficiency of electrochemical energy
conversion directly corresponds to lower CO, emission and enables a virtually par-
ticulate-free exhaust gas.

For a near-future realization of range-extender-based electric vehicles, quite strin-
gent boundary conditions such as quick start-up, large fuel flexibility, long service
life, high efficiency, and high power output have to be met to economically compete
with currently available power train systems. AVL List GmbH defined the following
target performance values that have to be met for SOFC-based range extender sys-
tems to, on the one hand, be economically competitive with existing systems and, on
the other hand, to be technologically realizable yielding a market-ready system

within the next years®*:

Operation at T <700°C on (1) liquid hydrocarbon fuels for quick refueling based
on existing fuel distribution infrastructure, and (2) green H; in the future

Quick start-up of the range extender in <15 min

Lifetime: >10,000 h of operation, resulting in service intervals accepted by cus-
tomers

System efficiency: >50%

Power output: >15 kW as a prerequisite for long-distance over-land driving
Current density: single-cell >2.0 A x cm™2

Current density: stack >0.8 A x cm™2

Volumetric power density: stack 1,000-1,200 W x L

Volumetric power density: system 100-120 W x L~

Gravimetric power density: system 120-140 W x kg™’

Degradation rate: <6 mV x kh™"

Cost stack: <100 € x kW'

Cost system: <200 € x kw™".

These boundary conditions are in accordance with the targets of the US Department
of Energy (DOE) Fuel Cells Technologies Office Multi-Year Research, Development,
and Demonstration Plan (FCTO-MYRD&D)."" This plan defines technical targets for
SOFC based auxiliary power units (APUs). DOE targets are dealing more with appli-
cation of SOFC APUs in heavy trucks, trains, aircraft, or ships and were e.g., used by
company Delphi to evaluate their progress of doing pioneering work in the field of
APUs for heavy truck applications.'? Nevertheless, application of APUs as range
extender for battery electric vehicles was already mentioned in the early works of
Botti et al.'®'? Because, in the heavy-duty and transportation sector the available
space is less restricted than in battery electric vehicles, targets of AVL List GmbH
are even more ambitious than DOE targets with respect to power density, system ef-
ficiency, and costs.

From the currently known fuel cell types, the metal-supported SOFC has the highest
potential to fulfil all these conditions.” High thermal conductivity and mechanical
stability of ductile porous metal supports are the key to resist quick start-up cycles.
Moreover, metal supports provide high robustness against vibrations and redox
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cycles, enable reduction of material costs, and ease joining (e.g., by welding).”'* ">

However, this type of fuel cell is the newest addition to the family of solid oxide cells
and thus still suffers from a couple of “teething problems” that need to be solved
before metal-supported SOFCs are ready for an application in the mobile sector.
In particular, volumetric as well as gravimetric power density, along with prolonged
lifetime, remain the major challenges on the way to commerecialization of metal-sup-

ported SOFCs in the automotive industry.”*®

To overcome these challenges within a reasonable time frame, a target-oriented
development of metal-supported SOFCs is required. Here, we report on a research
concept, which is based on a strong synergy of theoretical electrochemical simula-
tions, basic electrochemical studies of individual cell components, and advanced
expertise in materials science and processing. Results from fundamental electro-
chemical studies were introduced in three steps in the cell concept of Plansee
SE."” Some details of each optimization step have been already published
before.'®?" By combining all measures for the first time in one cell (here called gen-
eration three [Gen 3]), we demonstrate an impressive power density of up to
3.13 W x cm~2 at 800°C and 0.7 V, approaching an enhancement by a factor 10
compared to the literature.’’'” Importantly, with a current density of 2.8 A x
cm~2at 650°C, Gen 3 cells also meet the performance target of our industrial partner
stated above. Preliminary tests hint on long-term stability of single-cells, which are
operated under laboratory conditions for up to 1,000 h. All cells used in this study
are manufactured on industrial pilot scale with a cell size around 140 X 100 mm?
from which smaller cells are laser-cut for basic electrochemical investigations. Our
results reveal that metal-supported SOFCs with exceptionally high performance
can truly be realized, making them utilizable for application in range extender sys-
tems, as e.g., developed by AVL List GmbH.?* This development is achieved via a
knowledge-based optimization of cell components enabled by the close collabora-
tion of basic science and advanced engineering. The importance of our results is
emphasized by benchmarking with other cell concepts. In this context, itis important
to highlight that this remarkable increase in power density is achieved by systematic
improvement of microstructure and processing, without the need to introduce novel
SOFC materials. Such progress is rarely reported in SOFC literature but may be of
significant interest to decision-makers, manufacturers, and end-users of SOFC tech-
nology, since it shows the potential of the used materials and the technology in gen-
eral. Finally, the discussion of our results reveals that SOFC-based range extenders
have potential to be a key technology for the electrification of our transport and
mobility sectors. Furthermore, each optimization step has the potential to be imple-
mented in other SOFC concepts, which may thus lead to improved performance of
other SOFC applications.

RESULTS

Fundamental Approach to Boost Electrochemical Performance of Ni/GDC
Anodes

Aknowledge-based improvement of the cell components, in general, and of the fuel
electrode (i.e., the SOFC-anode), in particular, was performed to exploit the full po-
tential of metal-supported SOFCs. Because the metal substrate requires reducing
sintering conditions, the processing of the fuel electrode is considerably different
from established SOFC concepts and therefore needs individual development.
This development was guided by a basic understanding of the employed materials
and their interaction in the fuel electrode. Supported by experiments on model sys-
tems,’? aswell as by electrochemical simulations,”” the polarization resistance of the
anode was broken down to the level of physical elementary parameters. Linking
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experimental data, results of simulations, and materialographical investigations of
the electrode, allowed identifying the most efficient approaches for minimization
of the anode polarization resistance and thus was the key for maximizing the cell
performance.

Unlike the pure ion conductor Yttrium-doped zirconia (YSZ) in common SOFC an-
odes, Gadolinium-doped ceria (GDC) is a mixed ionic electronic conductor (MIEC)
under the reducing conditions at the fuel electrode.?*?° Owing to its mixed valence
of Ce®*/Ce**, it also acts as an excellent catalyst for the anodic fuel oxidation reac-
tion, which proceeds on the entire GDC surface.?® From this in-depth understanding
of GDC's elementary properties and their role for the electrochemical reaction in the
Ni/GDC cermet, we can deduce that the Ni phase is mainly necessary for the long-
range electron transport and mechanical stability, whereas fine GDC particles
distributed over the Ni scaffold promote electro-catalytic activity as well as ion trans-
port and local electron collection. This job-sharing situation is sketched in Figure 1A
and can be modeled by a transmission-line-type equivalent circuit’*?’~* that also
considers the chemical capacitance of the GDC phase.*'*? For fitting of impedance
data (see below), elements considering (minor) resistive and capacitive effects of the
electrode/electrolyte interface and the ohmic resistance of the electrolyte must be
added; the resulting circuit is depicted in Figure 1B. From this circuit and the posi-
tion of the resistors of the electrochemical reaction on the GDC surface and ion con-
duction in its bulk, it can be deduced that a high surface area and a low tortuosity of
the GDC phase are crucial for a low anode polarization resistance.

Therefore, the optimized microstructure of our Ni/GDC anode is rather unconven-
tional (see Figure 2)—the Ni phase is much coarser than the GDC phase and the
anode thickness needs to be relatively large. This anode thus breaks two yet
believed essential rules of SOFC anode processing: finely dispersed microstructure
of both phases and limited thickness to avoid gas transport limitations. However,
even if—in comparison to established SOFC anodes—sub-optimal at first glance,
such structure perfectly exploits the potential of the used materials and the electro-
chemical reaction pathways in the cermet. As a consequence, the polarization resis-
tance of our Ni/GDC fuel electrodes is relatively small as can be seen in Figure 1C.

In this image, a typical impedance spectrum measured on a symmetrical cell at
750°C (symbols) is plotted together with the obtained fit curve (lines) using the cir-
cuit from Figure 1B. From the corresponding fit results and the geometry parameters
of the electrode, the ionic conductivity and the surface reaction resistance of GDC
can be calculated (see Supplemental Experimental Procedures with Figures S1
and S2 for details and more impedance data). At 750°C, we get an ionic conductivity
Gion =0.06 S x cm ™' and a GDC surface-area-specific resistance Ryeaet = 2 Q X cm?,
which are in excellent agreement with literature values of 0.06 S x cm ™" **and 4 Q
x cm?,** respectively, thus proving the physical validity of the model. Thanks to the
excellent agreement of impedance fitting results to electrode thickness variation we
can verify that the GDC phase tortuosity is rather low (~3), compared to values pub-
lished for Ni-YSZ cermets.**” Due to the very different Ni and GDC particle sizes,
most GDC particles are ionically connected, which is most likely the origin of this low
tortuosity of the GDC phase. Together with the high GDC surface area, this low tor-
tuosity is jointly responsible for the low anode polarization resistance and thus the
high cell performance.

The respective microstructure of an optimized metal-supported SOFC shown in Fig-
ure 2 confirms small and homogeneously distributed GDC particles on a coarse Ni
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Figure 1. Predicting Optimum Microstructure of Ni/GDC Cermets by a Fundamental
Electrochemical Approach

Electrochemical performance of the fuel electrode.

(A) Sketch of the current pathways in the Ni/GDC cermet for oxide ions (solid arrows) and electrons
(dashed arrows). The electrochemical fuel oxidation reaction proceeds on the free GDC surface,
which is highlighted by the red color.

(B) Equivalent circuit representing the electrochemical current pathways and the physical
elementary parameters of the involved materials. For a percolating Ni phase, the resistances of the
electronic rail are very small (6eon of Ni is ca. 10° S xcm™); for fitting purposes, this rail was thus
short-circuited.

(C) Typical impedance spectrum (Nyquist plot) measured on a symmetrical model cell with 6-um
thick Ni/GDC cermet anode (circles) together with fit curve (line) employing the circuit in (B). To
demonstrate the reproducibility of the anode impedance and to show the effect of different
functional layer thickness, additional impedance results are shown in Figures ST and S2.

network. In addition to high catalytic activity for fuel oxidation, this novel kind of
anode microstructure has even further advantages like (1) sufficient mechanical sta-
bility and suitably low surface roughness for subsequent electrolyte coating via so-
called gas flow sputtering,'® (2) low risk of Ni coarsening and related degradation
phenomena even at operating temperatures up to 800°C, and (3) enhanced redox
stability compared to established Ni/YSZ anodes as demonstrated recently.'®
Furthermore, it is expected that this microstructure might be even attractive for
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1) Cathode (LSC)

2) Diffusion barrier layer (GDC)
3) Electrolyte (8YSZ)

4) Anode - active layer (Ni/GDC)
5) Anode - interlayer (Ni/'YSZ)
6) Anode - base layer (Ni/YSZ)
7) Diffusion barrier layer (GDC)
8) Metal support (Fe26Cr, ITM)

Figure 2. Implementation of Ni/GDC Cermet Electrode with Optimized Microstructure in Gen 3
Cells

(A and B) Microstructure of a Gen 3 metal-supported SOFC (A) cross-section showing all layers of the
cell, (B) optimized Ni/GDC anode design with coarse Ni network and finely dispersed,
electrochemically active GDC phase (large gray particles, Ni; small white particles, GDC).

operation in electrolysis mode, but related investigations are still pending and part
of our future work. In order to arrive at sound conclusions on its suitability, investiga-
tion of electrolysis-specific degradation phenomena (e.g., reported in literature for
solid oxide cells with Ni/YSZ electrode®®*?) will be an important part of this future
work.

Stepwise Increase of Cell Performance by Improving Electrodes and
Electrolytes

Starting from the reference cell (Gen 0) representing the state-of-the-art metal-sup-
ported SOFC from Plansee SE with Ni/YSZ anode,’”*%*" the cell was improved step-
wise as described in more detail in the Experimental Procedures. In Gen 1, the Ni/
YSZ anode was replaced by Ni/GDC with optimized microstructure according to
our fundamental study described before.'” The electrochemical performance of
the Gen 1 cell confirms the enhanced catalytic activity of the cermet thus proving
our approach. Gen 2 features a cell with highly active LSC cathode, therefore
increasing catalytic activity also on the air side.””" Finally, Gen 3 cell combines
for the first time these highly active electrode materials with the thin-film electrolyte
and the increased thickness of the active anode layer derived from the basic science
section. The electrochemical performance of the Gen 3 cell at operating tempera-
tures between 650°C and 800°C is demonstrated in Figure 3 by current versus
voltage curves (I-V-curves). Due to the outstanding performance of the cell, the
maximum current load of the available test rig is exceeded for 0.7 V at each temper-
ature. Therefore, current densities at 0.9 V were chosen for a direct comparison of
measured performance values. Additionally, the I-V-curves were extrapolated to a
cell voltage of 0.7 V, which is a more common operating point for performance
benchmarks. Because the |-V-characteristics show an almost linear behavior be-
tween ca. 1.5and 2.0 A x cm 2, this extrapolation can be done with acceptable ac-
curacy and helps to benchmark the cell performance to published literature. Related
extrapolations have already been used before in literature for evaluating SOFC per-
formance.*” The apparent hysteresis between the values measured with increasing
and decreasing current is due to Joule heating of the cell. To avoid overestimation
of the cell performance, the lower values are displayed in the following plots. For de-
tails, please see the section "Electrochemical Testing of Metal-Supported Fuel
Cells" in the experimental part. At the highest temperature of 800°C, current den-
sities of 1.77 A x cm™2 and 4.47 A x cm™2 were measured/extrapolated at 0.9 V

6 Cell Reports Physical Science 1, 100072, June 24, 2020



Cell Reports

Physical Science
1.2 1
1.1 -331\

#
4
4

%&m
ne e tee,

Voltage [V]

ey YW, %

0.9 %iﬂ“&%‘ﬁ i}‘g 1800 °C
Wh‘ 1750 °C
‘ :700 °C

0.8 Nt T

1

1

A

07 . . Jmax

0.0 04 0.8 1.2 1.6 2.0

Current density [A/cm?]

Figure 3. Electrochemical Performance of Gen 3 Cells

I-V-characteristics of the Gen 3 metal-supported SOFC at operating temperatures between
650°C and 800°C. 50 x 50 mm? cell with 16 cm? active cathode area. Gas supply, 1,000 sccm Hy,
2,000 sccm air.

2and

3.13W x cm 2, which is among the highest ever published values for SOFCs in gen-

and 0.7 V, respectively. This corresponds to power densities of 1.59 W x cm™
eral and the highest for metal-supported SOFCs in particular.

Figures 4A and 4B illustrate the development of cell performance from Gen 0 to Gen
3for0.7 Vand 0.9 V, respectively. Ultimately, the development of Gen 3 led to an
enhancement of the single-cell power density by up to a factor of 10 compared to
Gen 0, as also shown in Figures 4A and 4B. The achieved performance of the highest
performing cell type (Gen 3) is compared with results from literature for other metal-
as well as anode-supported cells in Figures 4C (0.7 V) and 4D (0.9 V), revealing a su-
perior performance level of our Gen 3 cells. For a more detailed performance bench-
marking with other metal-supported SOFC concepts reported in the literature, the
reader is referred to the Note S1 and Table S1.

It is particularly worth emphasizing that the Gen 3 metal-supported cell also outper-
forms the most advanced anode-supported SOFC (ASC) from Julich featuring a

1-um thin electrolyte,****

which already served as a major reference value for several
SOFC benchmarks. This higher performance despite the larger thickness of the elec-
trolyte confirms the effectiveness of the implemented measures in cell optimization
from Gen 0-Gen 3. Especially the performance boost realized by moving from Gen 2
to Gen 3 emphasizes that microstructure and processing optimization can have an
equally importantimpact on cell performance as introduction of novel electrode ma-
terials. Furthermore, by avoiding introduction of completely novel and thus insuffi-
ciently characterized materials, the risk of unexpected side effects like unknown, ma-
terial-specific degradation phenomena is reduced, which is an important aspectfora
successful transfer of the technology to industry.

Preliminary Testing of Long-Term Stability

Besides the efforts to achieve high-performance cells, preliminary long-term stability
tests with humidified fuel gas were conducted using Gen 2 cells. Overall test dura-
tions covered up to 1,000 h with more than 400 h of operation under a 50/50 H,/
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Figure 4. Evolution of Electrochemical Performance from Gen 0 to Gen 3 Cells and Benchmark to Other Cell Concepts

(A and B) Increase of current and power density by systematic processing and microstructure optimization of the metal-supported SOFC in 3 cell

generations at cell voltages of (A) 0.7 V and (B) 0.9 V.

(C and D) Performance benchmark by comparison of Gen 3 with literature data of the JULICH ASC***® and metal-supported SOFCs from LBNL,***¢
DTU,”"*® and Ceres Power"® at cell voltages of (C) 0.7 V and (D) 0.9 V. For a more detailed benchmark of published MSC results see Table S1.

H,O mixture as fuel gas. Figure 5A shows the long-term behavior at a current density
of 300 mA X cm™2. First, 230 h of the test were conducted with dry fuel gas, then the
fuel gas was switched to humidified conditions. Another 292 h of operation were
achieved with current load under humidified conditions (total humidified period:
432 h). Unfortunately, during this cell test, current and humidification were partly in-
terrupted due to malfunction of the experimental setup, which leads to the some-
what uncommon appearance of the test results in Figure 5A. A degradation rate
of <5 mV per 1,000 h was observed indicating that the cell performance was not
significantly changed under the given testing conditions. This result was confirmed
by |-V measurements in dry and humidified fuel gas before and after continuous
operation.

Post-mortem analysis of the Gen 2 cell by SEM after the long-term test revealed a
slightly oxidized metal support at the pore walls and at the interface to the GDC
diffusion barrier layer. Furthermore, we observed beginning oxidation of Ni grains
adjacent to the diffusion barrier layer (Figures 5B and 5C).** Energy-dispersive
X-ray spectroscopy (EDX) analysis revealed the formation of a Cr,O3 scale at posi-
tions marked with an arrow. Figure 5C hints on increased oxidation of sintering
necks, but further investigations are required to conclude on this. In the coarse
porous anode layer adjacent to the metal substrate (base layer in Figure 2), diffusion
of Fe and Crinto the Ni particles was found, which we suggested being the reason of
oxide scale formation on the Ni particles (Figure 5B). In contrast, Fe and Cr
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Figure 5. Preliminary Long-Term Test of Gen 2 Cells with Humidified Fuel Gas

(A) Cell voltage of a Gen 2 cell (Ni/GDC anode functional layer, LSC cathode) during a two-step
degradation test at 700°C and constant current load of 300 mA cm? over 900 h. First period: dry H,
fuel. Second period: 50% humidified H,.

(B and C) Post-mortem analysis after cell test showed (B) formation of Cr,O3 scales at the interface to
the diffusion barrier layer and adjacent Ni grains and (C) increased formation of Cr,O3 scales at
sintering necks. Cr,O3 scales were analyzed by EDX and are marked by arrows. Adapted from Thaler
et al.™

concentration in the active Ni/GDC anode layer was below the detection limit and
therefore, we did not observe oxidation of Ni phase in the electrochemically active
zone. To clarify when interdiffusion mainly takes place, EDX investigations on as-pre-
pared cells were performed as a reference. These measurements revealed that Fe
and Cr diffusion already occurred during sintering of the anode layers mainly due
to the higher temperature. The diffusion barrier layer reduced but not completely
prevented Fe and Cr diffusion. This observation might be caused by geometrical re-
strictions at positions where the anode layer penetrates the outer pores of the metal
substrate. Caused by the specific coating mechanism of PVD, only the surface of the
metal substrate is coated by the diffusion barrier layer.

These preliminary results of operating the cell for 1,000 h at 700°C under humid fuel
conditions suggest that the specific cell design of the metal-supported SOFC has the
potential for application in real range extender conditions. Because between the
Gen 2 and Gen 3 cells only the thickness of both the electrolyte and the anode layer
were changed, but the materials and processing parameters were kept the same, it is
expected that the degradation results of Gen 2 cells can be also regarded as repre-
sentative for Gen 3. Unfortunately, a related measurement failed due to malfunction
of the testing device. In conclusion, we must acknowledge that the results in the
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present state are preliminary and further systematic long-term tests are required—
both in lab conditions as well as in real range extender systems applying a suitable
stack design—to draw sound conclusions on the future applicability of this cell
concept.

DISCUSSION

Application of metal-supported SOFC technology in range extenders of battery
electric vehicles is quite challenging due to limitations in available space. System
performance in the range of 20-30 kW combined with a volumetric power density
(stack level) of 1,000-1,200 W x I~" at operation temperatures below 700°C—as
aspired by AVL List GmbH on a midterm scale’—can only be realized if the current
density of the cells exceeds 2 A x cm ™2 (see Introduction). At the beginning of our
target-oriented development of the Plansee SE cell concept in 2016, all published
performance values of metal-supported SOFCs were far below this value. For
more details, see Table S1. Our research hypothesis was to optimize the electro-
chemically active layers almost independently of each other enabling better under-
standing of the relationship between processing, microstructure, and resulting elec-
trochemical performance for each layer.'®" As exemplarily described for the anode
in the first part of the Results, in all cases, fundamental electrochemical studies on
model electrodes were the starting point of development.???3273934 Fyrthermore,
we decided to focus our research on established SOFC materials to avoid unforesee-
able degradation phenomena and interface reactions. The improvements achieved
by this approach were implemented step by step in the pilot manufacturing at Plan-
see SE resulting in Gen 1 and Gen 2 cells, which already show current densities near
to the target value. In the present work, all efforts were combined for the first time in
Gen 3 cells, which are characterized by a Ni/GDC anode, where the thickness was
adapted, a 2-um thin electrolyte and a high performing LSC cathode. As main result
of our study, the performance of Gen 3 cells is among the highest ever published
values for SOFCs in general and the highest for metal-supported SOFCs in particular
(Figures 4C and 4D). It is expected that system requirements regarding volumetric
and gravimetric density can be fulfilled if such current densities can be at least partly
transferred to stack level. Our results are—in our opinion—of high interest for other
research groups working on SOFC technology, because they demonstrate how
target-oriented optimization of processing and microstructure of SOFC electrodes
can be used to boost electrochemical performance. The advantage of Ni/GDC an-
odes and their specific processing resulting in a—compared to full ceramic fuel
cells—unconventional microstructure with a coarse and stable Ni network covered
by small interconnected GDC particles might be of special interest for other SOFC
concepts as well. This microstructure is expected to be quite stable against Ni coars-
ening and redox cycling. The latter has been proven recently.” In the last few
years—driven by the automotive industry—significant performance increase was
also reported for the cell concepts of Lawrence Berkeley National Laboratory
(LBNL)*>*¢ and Technical University of Denmark (DTU).*’ For both cell concepts,
infiltration technologies were applied to achieve high performing, nanostructured
electrodes. It is suggested by the authors that during long-term operation, these
nanostructures are sensitive to coarsening, which might become the reason for pro-
ceeding cell degradation. Another metal-supported SOFC concept is pursued by
Ceres Power (UK) focusing on low-cost cell fabrication, rather than maximizing per-
formance.*® Accordingly, operating conditions and cell requirements differ from
other cell concepts. Strategic collaborations in industrial-scale stack manufacturing
were established with Weichai Power (China) for range extender development and
Robert Bosch GmbH (Germany) for stationary power supply and application in
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data centers.*” For more details on running cooperation of Ceres Power, we refer to
https://www.ceres.tech/. Recently, General Electric even demonstrated the poten-
tial of metal-supported SOFCs for stationary power supply in the several 10 kW
range.”® To achieve stringent cost reduction, they used thermal spray technologies
in combination with punched and brazed sheet-metals to overcome traditional stack
design constraints. Concerning these multiple industrial activities, it becomes
obvious that the relevance of metal-supported technology is not necessarily a matter
of mobile applicability, but also considered for stationary systems depending on
purpose and boundary conditions. In general, we believe that all results of advanced
metal-supported SOFCs are significant for the industrial end-users and decision-
makers since they demonstrate the huge potential of the metal-supported SOFC
technology for a variety of applications. Furthermore, we believe that some of our
results can be easily integrated into other cell concepts like the application of an
optimized Ni/GDC anode in the concept of General Electric.

Anovel application of metal-supported SOFCs is the reversible operation in fuel cell
and electrolysis mode. Recently, the first related results were published by Wang
et al.>" If operating established full ceramic SOFCs in electrolysis mode, it was re-
ported by several authors that cermet anodes, which are proven for their long-
term stability under SOFC conditions, show a specific new degradation phenome-
non if operated in electrolysis mode.””>* After operation for several 1,000 h in
electrolysis mode, agglomeration and depletion of Ni from the electrochemically
active zone led to much higher cell degradation than in fuel cell mode. Up to now,
the underlying mechanism of Ni depletion is still unknown. Investigating the electro-
chemical performance and specific degradation of our optimized Ni/GDC cermet
electrode when operated under electrolysis conditions would be of high interest
and will be part of our future work.

Up to now, only preliminary electrochemical degradation studies were conducted for
evaluation of the long-term stability of the Plansee SE metal-supported SOFC
concept. The studies were done on a Gen 2 cell for up to 1,000 h with humidified
fuel gas (H»/H,O mixture with 50/50 ratio) at 700°C and a current density of 300
mA x cm™2. Under these relatively mild conditions, no obvious cell degradation
was observed. This result can be explained as follows. First, post-mortem analysis
of the cell indicated that growth of Cr,Oj3 scale on the metal support took place at
a quite moderate rate. Second, even if a GDC diffusion barrier layer is placed be-
tween metal support and Ni/YSZ base layer (Figure 2), diffusion of Fe and Cr into
the Ni phase could not be completely avoided. If exceeding a critical value, Cr in
the Ni phase is expected to trigger formation of an electrochemically inactive
Cr,O3 scale. SEM/EDX analyses of the cell before and after long-term operation** re-
veals that such interdiffusion mainly took place during processing (sintering of the
anode layers under H, atmosphere at temperatures in the range of 1100°C-
1200°C) and was not aggravated during cell operation. Post-test analysis of the
active Ni/GDC anode layer after long-term operation showed very low Cr concentra-
tion and no oxidation in this area. Third, our specific anode design with coarse porous
Ninetwork and finely dispersed GDC particles on its surface was found to be resistant
against further coarsening of microstructure during operation at 700°C. Based on this
observation, we expect an advantage regarding long-term stability compared to cell
concepts with infiltrated electrodes, but further long-term studies under more real-
istic range extender conditions are required to prove this assumption.

Whereas suitability for pilot scale manufacturing was confirmed, implementation of
the cell in an adapted stack design and testing of these stacks in range extender
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systems were not demonstrated yet. Therefore, an objective and comprehensive
assessment of the suitability of the Plansee SE cell concept for long-term operation
under range extender conditions needs to be done in future studies.

In summary, range extender systems for battery electric vehicles powered by SOFCs
present a very promising technology for the near-future electrification of the mobility
sector, because they enable increased driving range in combination with fast refuel-
ing and reduced size of the required battery. Metal-supported SOFCs, in particular,
are predestined to fit the requirements of electromobility such as quick start-up, cy-
clic operation, and fuel flexibility. However, high performance is a prerequisite for a
successful implementation.

Our results demonstrate that suitably combining the efforts of fundamental science
and advanced engineering on pilot scale enables major improvement of the elec-
trochemical performance of metal-supported SOFCs. The successful deconvolu-
tion of the fuel electrode impedance by using methods of basic electrochemistry
provided the understanding for the design of a novel Ni/GDC anode microstruc-
ture, which was one of the main keys for the high performance of the metal-sup-
ported SOFCs in this work. In accordance with the theoretical calculations, the im-
plementation of finely structured GDC into the fuel electrode and an optimized
thickness of the anode layer proved to be a significant measure to enhance cell
performance. For the first time, this optimized anode structure was combined
with a 2-pum thin-film electrolyte and a highly active LSC cathode, resulting in a per-
formance increase up to a factor of 10 without the need to introduce novel mate-
rials. The obtained Gen 3 metal-supported SOFC outperformed even state-of-the-
art anode-supported SOFCs, thus setting a new benchmark for SOFC develop-
ment and demonstrating how an in-depth understanding of fundamental materials
properties and their electrochemical interplay provides the basis for a knowledge-
based optimization of SOFCs. In addition, preliminary tests confirmed long-term
stability of the Gen 2 cells for up to 1,000 h of operation with negligible
degradation.

Consequently, metal-supported SOFCs have the potential to play a key role in the
implementation of range extender systems in battery electric vehicles. The pre-
sented results reveal that microstructure and processing optimization is a strong
measure to boost cell performance and encourage other developers of SOFC tech-
nology to strengthen efforts on this topic. As the next steps of development, cost
reduction of the fabrication, development of a robust stack design and demonstra-
tion of long-term stability in a real range extender system are considered most
important.

EXPERIMENTAL PROCEDURES

Resource Availability

M.B. discloses as Lead Contact any restrictions regarding distribution of materials
and protocols to other qualified researchers. The authors support the intention of
the journal that other researchers can reproduce or build on their own work on the
results published in this work.

Lead Contact
Further information and requests for resources should be directed to the Lead Con-
tact, M.B. (m.bram@fz-juelich.de).
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Figure 6. Stepwise Optimization of Processing and Microstructure of the Metal-Supported Solid
Oxide Fuel Cell (Plansee SE concept)
Schematic summary of all measures implemented in three cell generations resulting in the

Gen 0 Gen 1 Gen 2 Gen 3

demonstrated improvement of cell performance. Ni/ceramic ratio given in wt %

Materials Availability

All metal-supported solid oxide fuel cells investigated in this work were produced on
pilot scale at Plansee SE. As starting materials, commercial powders were used. The
main outcome of the work was significant improved processing and microstructure
of metal supported solid oxide fuel cells. For more details on cell manufacturing
and availability of cells manufactured on the pilot plant, we refer to W.S. from Plan-
see SE, who is co-author of this manuscript. For reproducible cell production, Plan-
see SE applied quality assurance measurements fulfilling industrial standards.
Furthermore, we refer to our related publications cited in the subchapter on
manufacturing of metal-supported cells.

Data and Code Availability

The authors declare that data supporting the findings of this study are available within
the paper and the Supplemental Experimental Procedures including Figures S1 and
S2. All other data are available from A.K.O. and M.B. upon reasonable request.

Manufacturing of Metal-Supported Fuel Cells

All metal-supported SOFCs used in this work were fabricated on a highly porous 300-
um thick ferritic oxide dispersion-strengthened Fe-Cr alloy (Intermediate Tempera-
ture Metal ITM from Plansee SE, Austria). The size of the substrates was around
140 x 100 mm?. For single-cell testing, smaller dimensions of 29 mm @ or 50 x
50 mm? were achieved by laser cutting respective pieces from real full-sized cells.
Figure 6 shows the stepwise change of the Plansee SE cell concept aiming at
improving electrochemical performance. For a general description of cell fabrication
at Plansee SE, we refer to the literature.'” In the work of Haydn et al.,’”” Gen 0 cells
were developed closely mirroring traditional anode-supported cells with Ni/YSZ
anode, thin-film 8YSZ electrolyte, and Lag 58Sro.4Fe0.2C00.803.5 (LSCF) cathode.
The Plansee SE cell concept contains a three-layered Ni/YSZ anode with decreasing
surface roughness and pore size enabling to coat a gas-tight, 4-um thick 8YSZ elec-
trolyte via gas flow sputtering. All anode layers were deposited by screen printing
starting from mixtures of metallic Ni and 8YSZ powder. It was found that a Ni/YSZ ra-
tio of 80/20 in the top layer was advantageous to achieve high gas tightness of the
electrolyte. Sintering of all anode layers was done in reducing H, atmosphere at tem-
peratures in the range of 1,100°C-1,200°C to avoid severe oxidation of the metallic
substrate.'” After sputtering of the electrolyte, the LSCF cathode was screen printed
and in situ activated at 800°C during onset of cell operation. To avoid severe inter-
diffusion at the interfaces, magnetron sputtered GDC barrier layers were deposited
between metal support and Ni/YSZ anode and between electrolyte and cathode.
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In Gen 1 cells, Ni/GDC was implemented leading to enhanced catalytic activity of
the cermet as predicted from fundamental electrochemical studies.'”?* Lowering
the Ni content to 60 wt % and reduction of sintering temperature to 1100°C was
found to be necessary to avoid pronounced Ni coarsening in the presence of
GDC. In Gen 2, the in situ activated LSCF cathode was replaced by a highly active
Lap.585r0.4Co03_5 (LSC) cathode, significantly increasing catalytic activity also on
the air side. Comprehensive studies were conducted to replace in situ activation
by ex situ sintering under protective atmosphere?® and implementation of LSC/
GDC dual-phase cathodes.?’ However, the best electrochemical performance was
still achieved by in situ sintering of LSC. Finally, Gen 3 combines the highly active
LSC cathode material with the Ni/GDC anode and thus compiled all efforts to opti-
mize the Plansee SE cell concept in one cell and testing of its electrochemical perfor-
mance was done for the first time in the present work. Especially, thickness (22 um)
and microstructure of the active Ni/GDC anode were further improved increasing
the electrochemically active volume while in parallel enabling deposition of a
2-um thin-film electrolyte according to the work of Bischof et al.'® The increased
active layer thickness is a direct consequence of the basic electrochemical investiga-
tions (see first part of Results). The region of electrochemical reaction decays from
the electrolyte into the porous Ni/GDC anode, and the entire electrochemical reac-
tion takes place within a zone of 3 X A (A = \/(RrcactOef) (see Supplemental Informa-
tion). For the optimized Ni/GDC anodes, A amounts to 5-6 um (see Figure S2D) and
thus 15-18 um active layer thickness are required for fully exploiting their potential.
The applied thickness of 22 um was therefore chosen to safely meet this require-
ment. Consequently, the Ni/YSZ 65/35 inter- and base layer do not play any role
in the electrochemical reaction. On the one hand, their function is to reduce the
pore size and roughness from the substrate to the functional layer, and on the other
hand, their function is to collect the electronic current from Ni/GDC.

Electrochemical Characterization of Ni/GDC Fuel Electrodes

For basic characterization of Ni/GDC electrodes, symmetrical electrolyte-supported
model cells were fabricated. For details, we refer to the related literature.'? The sym-
metrical cells were electrochemically characterized in an atmosphere containing 45
mbar H; and 25 mbar H,O, mimicking 35% of fuel utilization. The reduced total pres-
sure of 70 mbar was chosen to increase the gas diffusion coefficients, thus suppress-
ing resistive contributions from gas phase diffusion. For impedance measurements,
the symmetrical cells were electrically contacted by a highly porous Ni foam in a
custom-made sample holder (Huber Scientific, https://www.sofc.at). Impedance
spectroscopy in a frequency range of typically 10 mHz to 1 MHz was performed
at temperatures between ca. 580°C and 810°C using a N4L phase sensitive multi-
meter 1735 with |IAl impedance analyzer (both: Newtons4th Ltd., https://www.
newtons4th.com).

Quantitative analysis of impedance spectra was done by complex non-linear least-
squares (CNLS) fitting employing the equivalent circuit in Figure 1B (software:
Z-View 3.4, Scribner Associates, Inc., https://www.scribner.com). Fit results for the
Ni/GDC cermet electrode at all experimental temperatures and a comparison of
the respective elementary parameters with literature values are shown and dis-
cussed in the Supporting Information.

Electrochemical Testing of Metal-Supported Fuel Cells

The manufactured metal-supported SOFC full-cells with green (i.e., not sintered)
cathode are assembled in the test setup between two thin YSZ frames using a glass
sealant developed at Forschungszentrum Jiilich.>® The outer dimensions of the
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metal support were 50 x 50 mm?. The size of the active cathode area was 40 x
40 mm?2. During initial heating of the setup, the glass melts and ensures a gas-tight
sealing. A dwell time of 10 h at the sealing temperature of 850°C is set for crystalli-
zation of the sealant and “in situ activation” of the cathode. This term is chosen to
differentiate between common sintering processes during cell manufacturing and
thermal treatment within the test setup.

Electrochemical characterization is performed using a commercial test rig from EBZ
GmbH (Dresden, Germany). Homogeneous gas supply is ensured by the use of a
channel design flow field feeding either dry H, or a 50/50 H,/H,O mixture to the
fuel compartment with a flow rate of 1,000 sccm H,. Air is fed to the cathode as
an oxidant at 2,000 sccm. A Pt mesh is used for the cathode contact and a Ni
mesh as current collector at the fuel side. Current-voltage curves are measured
from 0-32 A (max 34 A) between 800°C and 650°C in steps of 50 K. The maximum
fuel utilization amounts to 22% resulting from the fuel flow rate and the maximum
current of the test rig.

IV curves are extrapolated to a theoretical operation point of 0.7 V in order to
compare the performance to previous experiments. An extrapolation of the
measured data points with a linear slope close to the maximum current load of 2
A x cm™?is used. A possible impact of concentration limitation can be neglected,
due to the low fuel utilization of <22%. Additionally, benchmarking of measured
cell performance is performed at a cell voltage of 0.9 V, to exclude the influence
of extrapolation errors. Moreover—as can be seen in Figure 5—the high current
load leads to an increase of the cell temperature due to Joule heating, which in
turn results in an apparent increase of the cell performance visible from the bending
of the (otherwise linear) IV curve and a hysteresis-like appearance in the plotted
graph between increasing and decreasing current. This is a common issue when
testing larger cells but complicates the assessment of extrapolated values.

For a conservative estimate of the presented performance, values for 0.7 V are
extrapolated from the data points of decreasing current, whereas the values
measured at 0.9 V are derived during increase of the current. This is as the cell tem-
perature tends to further increase while decreasing the current, resulting in a steeper
slope and thus in lower current densities extrapolated for 0.7 V. In contrast, the cell
temperature is closer to the setpoint during increase of the current load, whereas the
progress of the curve while decreasing the current would overestimate the cell per-
formance when relating it to the set temperature.

For estimating the long-term stability of metal-supported SOFCs, electrochemical
tests were conducted for up to 1,000 h. In the first 7 days, the cell was operated
with dry hydrogen. Gen 2 cells were mounted in the test rig and an initial |-V perfor-
mance check between 800°C and 650°C was done at the beginning of the test. Then
the cell was continuously operated at 700°C with a current density of 300 mA X cm ™2
for 100 h. Afterward, fuel gas composition was changed to a target value of 50 vol.%
humidified H,. |-V curves were measured at 700°C before and after 100 h operation
under dry fuel and at beginning and end of operation with humidified fuel gas, fol-
lowed by a final performance check using dry fuel.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.
2020.100072.
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Supplemental Experimental Procedures

General Information: The main manuscript outlines how fundamental research can contribute essentially to
boost the electrochemical performance of metal-supported SOFCs manufactured on a pilot scale. To keep
the balance between fundamental electrochemistry, processing, and full-cell performance, the main
manuscript includes a concise summary of the fundamental electrochemical issues. Otherwise the
electrochemistry part would go far beyond the scope of this paper. Therefore, the first part of this
supplemental information provides details of the electrochemical experiments. In the same manner, a
comprehensive benchmark of the state-of-the-art of metal-supported SOFCs in the main manuscript would
divert attention from the main argumentation. Nevertheless, the interested reader can get information on
the latest worldwide progress of metal-supported SOFCs in the second part of the supplementary

information.

Impedance Characterization Results of Ni/fGDC Fuel Electrodes: The effect of the functional layer thickness
of the fuel electrodes on the polarization resistance can be seen from the impedance spectra depicted in
Figure S1. The fit curves in this plot were obtained by CNLS-fitting using the equivalent circuit shown in

Figure 1b of the main text. This circuit has an analytic impedance function:

. ) 1 -1
Z = Rysz + (l(innt)pmt + ) .

Rint+ZTL
Therein, Rysz is the electrolyte resistance, Qint and pint are the constant phase element parameters
describing the interfacial capacitance (pint was fixed to 0.8 to avoid over-parametrisation), Rint is the area-
specific interfacial resistance and Z. is the transmission line modelling the fuel oxidation and ion conduction

in the electrolyte by the equation
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TL Gorr Voo co ionfec )

where
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The fit parameters are composite quantities, depending on microstructural and elementary material
parameters of the Ni/GDC cermet structure. The geometry parameters result from analysis of SEM images
(see Figure 2b in the main text) and 3D FIB-SEM reconstruction (data not shown here) — a GDC volume
fraction ecpc of ca. 30 % and a tortuosity Tepc of about 3, were obtained.

For calculation of the effective free GDC surface area, two models were used: from SEM cross-sections, a
mean GDC particle size of 270 nm is estimated, which have about 60 % of their surface atmosphere
exposed and 40 % sintered on other GDC, or Ni grains. With 30 vol% GDC, such a microstructure has ~30
GDC particles per ym? and a free GDC surface of 4 um? ym=3. The second surface area estimate relies on
the BET surface of the GDC powder (8.1 m? g1) before sintering. When we estimate that the atmosphere
exposed surface area decreases by 65 % during sintering, this amounts to an average GDC surface area
of 6 um? um-3. For the microscopic interpretation of our results, we used the average of both methods:

Aspec = 5 pmz pm'3.



With these microstructural parameters, the obtained fit parameters from impedance analysis can be used
to calculate material specific values, which are summarized for all experimental temperatures in the
Arrhenius plots in Figure S2:

(i) For the surface area specific reaction resistance Rsurface this is done by the relation
Rsurface = Rreact/Aspeca

where Rreact is the effective resistance of the fuel oxidation reaction in the cermet and Aspec is the specific
surface area. By this method we obtain GDC surface resistances of ca. 4 Q cm? at 650 °C and ca. 2 Q cm?
at 750 °C. Model studies on thin film GDC electrodes predict surface ASR values of 6 Q cm? at 650°C & and
4 Q cm? at 750°C °. The values obtained from the porous Ni/GDC electrodes (cf. Fig. 3) are thus in good
agreement with literature expectations, especially when considering the still remaining uncertainty of
determining the specific GDC surface area of the cermet and the degradation observed on thin film
electrodes.

(i) In addition to the reaction resistance, the GDC phase chemical capacitance is calculated by

where gcpc is the volume fraction of GDC in the porous electrode. The GDC chemical capacitance can be
compared to thermogravimetric isotherms, where oxygen non-stoichiometry is measured as function of
p(Oz2) by tracking of the sample mass, e.g. by Wang et al. 9.

8F2V dé
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(iii) The GDC phase ion conductivity cion and effective ion conductivity oesr are coupled by the relation.

Tepe

Oion = Oeff *
€6pC

The conductivity of dense GDC polycrystals is available in literature, e.g. 1.

(iv) The electrochemically active thickness A, determining the extension of the reaction zone from the
electrolyte is obtained by 12
A=V(R_react*c_eff ).

All of the above mentioned relations are used to obtain the diagrams of Figure S2, showing Arrhenius plots
of impedance fitting results of two electrodes with equal processing and testing conditions (45 mbar Hz + 25
mbar H20) and two different thicknesses, achieved through different screen printing meshes. Four samples

for each thickness were measured, and mean values + error bars are depicted.



Note S1

Benchmarking of MSC concepts: An overview of the electrochemical performance of MSCs achieved on
single-cell level over the past 15 years is given in Table S1 for summarizing the state-of-the-art of the main
MSC concepts. For better comparison, all current densities are given — if available — at a cell voltage of 0.7
V and at an operating temperature of 700 °C. Nevertheless, it must be considered that objective
benchmarking of these MSC concepts is limited by differences in test rigs, testing conditions, cell sizes, and
gas compositions used by the different research groups. In general, clear improvement of the
electrochemical performance of MSCs was demonstrated by several groups driven by the high requirements
automotive companies place on MSCs for the application in range extenders.

Various approaches resulted in enhanced cell performance. At 0.7 V and 700 °C, Gao et al. 13 achieved a
current density of 1.5 A cm-2 with an MSC button cell made by low-pressure plasma spraying. Nielsen et al.
14 at DTU (Denmark) reported a current density of 1.44 A cm?2 and Tucker 1517 at LBNL (USA) obtained
current densities of 1.5-2.2 A cm2. The MSC concepts of Nielsen and Tucker are based on lamination and
co-firing of electrolyte, porous ceramic backbones, and metal tapes, which are subsequently infiltrated with
precursor solutions for fabricating nanosized active particles in at least one of the electrodes. In the MSC
concept of Ceres Power, the maximum operating temperature is limited to 600 °C due to the application of
a gadolinium doped ceria (GDC) electrolyte, as electronic conductivity induced by reduction of Ce** to Ce®*
in the GDC electrolyte leads to internal short-circuiting and loss of performance 1819, The electrodes and the
electrolyte are applied on a perforated Fe/Cr steel substrate and sintered at T <1100 °C in air 2023, A
performance of 0.3-0.4 A cm2 is reported at a cell voltage of 0.75 V and 600 °C 22. A common feature of
these cell concepts is the use of a cermet made from Ni and doped ceria confirming its high electrochemical
activity as anode material. The metal-supported design enables the utilization of doped ceria in the anode
in combination with a stabilized zirconia electrolyte without facing the problem of secondary phases formed
during high-temperature co-sintering of doped ceria and zirconia-based electrolytes as is the case in the
fabrication of ASCs 4.

The cell design in the presented work — apart from the Ceres Power setup — is the only one which is not
based on infiltration techniques in order to achieve highly active electrode microstructures. This is the basis
for enhanced long-term stability in contrast to electrode structures prepared by infiltration of nanoparticles
which tend to coarsen during operation, thus degrading cell performance. At the same time, the present
design enables flexibility with regard to the optimum operating temperature for different applications.
Furthermore, the processing steps are suitable for an automated production, which is required for reliable
quality of the cells, and they allow for further microstructural optimization of the electrodes.

The Gen 3 cell performance of 2.8 A cm2 (0.7 V, 650 °C) and 0.89 A cm2 (0.9 V, 650 °C) on 16 cm2cells is
an excellent result in comparison to other metal-supported SOFCs reported in the literature. The high current
density even at 650 °C provides the possibility of designing stacks with high power density close to the
performance targets identified in the analysis of this work (c.f. Table 1 in the main text). Hence, the
presented metal-supported SOFCs are a major step towards industrially viable range extender systems.
Design and fabrication of stacks are the next steps needed to exploit the high performance of the Gen 3 cell

in range extender applications.



Ni/GDC10 composite anode, 45 mbar H, + 25 mbar H,0, 750 °C
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Figure S1: Impedance spectrum of Ni/GDC cermet anodes with two different fuctional layer thicknesses

(symbols) together with the respective fit curves (lines) using the equivalent circuit in Figure 1b.
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specific resistance of the hydrogen oxidation reaction, (c) GDC phase chemical capacitance, compared to
thermogravimetric measurements (d) electrochemically active thickness, (e) area-related resistance of the

YSZ-GDC interface, (f) ASR of the electrochemical electrode processes, after subtraction of the interfacial
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Table S1: Electrochemical performance of MSCs from selected research groups. All tests were done using
H2/H20 as fuel and air as oxidant. [GDC — (Ce,Gd)Oz2-5; LSCF — (La,Sr)(Co,Fe)Os-5; SDC — (Ce,Sm)O2-s;
ScYSZ - (Sc,Y,Zr)Ozs;, ScSZ — (Sc,Ce,Zr)O25, LSM — (La,Sr)Mn0Os-5; BSCF — (Ba,Sr)(Co,Fe)0ss; *)

extrapolated]

Authors Year Anode Electrolyte| Cathode Active area |Test parameters jo7v Po7v
[cm?] [Acm?] | [Wcm?
Brandon et al. | 2004 |  Ni/GDC GDC | LSCF/GDC 16 550 °C 0.25 0.18
Brandner et al. 26| 2008 Ni/YSz 9.5YSz LSCF 16 803 °C 0.60 0.42
Blennow et al. 2” | 2011 |Ni/GDC infiltrated] ScYSZ LSC 0.5 700 °C 0.9 0.63
Klemensg et al. 2| 2011 im{f:a?ecd scysz LsC 05 650 °C 15 1.05
Kesleretal. | 2013 | Cu/Co/NISDC | YSZ | LSCF-SDC | Not stated 700 °C 0.50 0.35
Rqe"ék’\g‘l’.‘i"k”er 2016 |  Ni/GDC Ysz LSCF 16 700 °C 0.75 0.53
Gaoetal.® |2017|  NiGDC GDC | LSM/BSCF 05 700 °C 15 1.05
Haydnetal.® |2017|  Ni/GDC Ysz LSCF 0.64 700 °C 16 11
Leahetal.?? |2017| Ni/GDC |GDC/YSZ| LSCF Not stated 600 °C (097'23\/) (o%OV)
Tucker | 2017 | SPUNWSZ | ygy | LSM/YSE 1.4 700 °C 15 1.05
Nielsen etal. * | 2018 |  NICDC Scsz LsC 16 700 °C 1.44 1.01
Dogdibegovic © | 2019 | r?f:ftgt';“d sesz | Heou 1 700 °C 2.2 15
Thiswork  |2020|  Ni/GDC Ysz LsC 16 700 °C 367 259
Thiswork  |2020|  Ni/GDC Ysz LsC 16 700°C  [1.34 (0.9 V)lL.21 (0.9 V)
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