REVIEW

W) Check for updates

Energy Technology

ion, Conversion, Storage, Distribution

www.entechnol.de

Performance Benchmark of Planar Solid Oxide Cells Based
on Material Development and Designs
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Solid oxide cell (SOC) technology currently attracts great attention due to its
unique potential for substantially contributing to a carbon-neutral power supply.
The variety in possible designs and applications—covering oxygen ion and
proton conductors and the ability to convert surplus electricity to easily storable
synthetic fuels, as well as to produce electricity from these fuels according to
demand and availability—provides the excellent position of SOCs with regard to
decentralized power generation and distribution. Herein, a reference work on cell
performance is provided by highlighting specific advantages of the different cell
types, designs, and materials with regard to certain operating conditions,
including challenges concerning operational modes, processing, and degrada-
tion. In conjunction with a critical examination in terms of relevance and
technical feasibility, the data provided enable an assessment of the general
potential of the cell types for technology development and connect scientific

research to industrial considerations.

1. Introduction

To limit human-made global warming, significant efforts
worldwide are dedicated to carbon-neutral power generation
and supply as an alternative to fossil-derived energy.
Therefore, great interest arises with regard to solid oxide cell
(SOC) applications electrochemically converting the chemical
energy of liquid or gaseous fuels into electricity and
vice versa. The potential of the SOC technology to be a key aspect
on the way to carbon-neutrality can be illustrated by the possible
impact on the main sectors contributing to global CO,
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emissions. In 2016, only four sectors
accounted for 93% of global CO, emis-
sions. The largest emitting sector was elec-
tricity and heat accounting for 42% of
emissions, followed by transport (24%),
industry (19%) and buildings (8%)." In
all of these sectors, SOC-based systems
offer the potential to reduce emissions,
both through enhanced efficiency and the
ability to utilize green fuels. SOC systems
are particularly well suited for flexible and
decentralized power generation and
distribution. In peak periods of renewable
power generation from solar or wind,
surplus electricity can be converted to syn-
thetic fuels. These fuels can be efficiently
stored and easily transported and recon-
verted to electricity and heat during peak
load times or periods of limited availability
of renewable energy sources. In industrial
production of e.g., steel or glass, carbon emissions can be signif-
icantly reduced using H, generated from solid oxide electrolysis
instead of using fossil sources for iron reduction or thermal man-
agement. In the transport sector, SOC-based range extenders for
battery electric vehicles offer increased driving range, fast refu-
eling, and fuel flexibility.*™* Moreover, the direct conversion
enables superior efficiency compared with combustion-based
technologies—especially under partial load—combined with
silent operation and low or even zero emissions, depending
on the fuel used. In this context, the term SOCs describes oxy-
gen-ion (O*~) conducting cells as well as proton (H™) conducting
cells made from oxide ceramics. Furthermore, it also includes
the operation in fuel cell mode (generating electricity) or in elec-
trolysis mode (converting electricity into chemicals). The deno-
tation therefore covers four terms: solid oxide fuel cells and
electrolysis cells (SOFCs/SOECs) and proton-conducting fuel
cells and electrolysis cells (PCFCs/PCECs).

Various SOC concepts were developed and several of them
are commercially available or close to market entry.*~*? The
concepts differ in the species acting as charge carrier through
the electrolyte, geometrical cell design, and mechanically sup-
porting structure. First substantial progress was achieved by
Westinghouse on tubular cells.">**) Advantageous properties
of the tubular design are a well-supporting structure and a seal-
ing area outside of the heated zone. Nowadays, the majority of
concepts utilizes the planar cell design, as volumetric as well as
gravimetric power density are typically higher and automation of
the processing is easier enabling cheaper fabrication.>~""]
Recently, significant progress in terms of volumetric power
density was reported on microtubular cells."® However, even
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if these results are impressive and show potential for small-sized
devices, scale-up is expected to prove challenging, as current
collection and interconnection of tubular cells is substantially
more complex compared with planar cells. The geometrical cell
design, together with the materials of the cell components,
roughly predefines parameters for cell operation. A typical line
of development comprises the development of an operational
cell, followed by enhancement of the cell performance, and sub-
sequent optimization of the durability for long-term operation.
General tendencies during the past decades point to lower
operating temperature, higher performance, and most recently
intensified focus on operation in electrolysis mode. The gathered
experience and knowledge of electrochemical processes and deg-
radation phenomena indicate that a single line of development is
not expedient for universally meeting the current demands, but
that cells must be specifically designed with regard to the
intended application. That is the intended temperature of
operation, stationary versus mobile application, required power
density (or acceptable size and weight of a system), etc.

Evaluation of the performance is a central step to match the
goals set and the results achieved. This applies to a single cell as
well as to stacks and systems. Even when limiting the compari-
son of performance to single-cell measurements, there are
various factors that need to be considered to assure the signifi-
cance of the conclusions drawn. These include: 1) gas mixtures,
2) feed rates, 3) temperature, and 4) cell dimensions and
active area.

In addition to a higher susceptibility to errors when using cells
with small active area, the performance of very small button-cells
often is difficult to directly transfer to full-size cells or even to
stacks. With regard to practical applicability, manufacturing
procedures need to be suitable for scale-up. In the case of stack
testing, however, there are many additional influences complicat-
ing comparison of cell performance. Different stack designs and
materials, less-defined gas supply, quality of contacting, and
temperature gradients have a pronounced impact on the power
output. As an example, geometry and orientation of the air and
fuel flow fields considerably influence thermal management of a
stack.l"*?% Co-flow, counter-flow or cross-flow exhibit different
properties and can be advantageous according to certain opera-
tional modes and fuels (H,, CHy,, etc.). Similarly, characteristic
challenges are connected to system design, setup, and operation.
Therefore, the topics of stack development and system integra-
tion are beyond the scope of this work as they provide data for
separate extensive elaboration.

There are various excellent reviews and books available in the
literature covering certain cell types, cell components, materials,
manufacturing or mode of operation.'®!”?!™*! These articles
provide detailed insights into reaction mechanisms, nanoscale
material properties, degradation phenomena, and economics
of operation to name just a few. The aim of this article is to pres-
ent an overview of investigated material combinations and the
obtained range of performance of planar SOCs, facilitating the
assessment of the general potential of the cell types also for
nonexperts. This is based on concise description of the most
important material properties and consideration of the influence
of fabrication methods and test conditions. The technical
feasibility of individual approaches and the state of development
are considered, to emphasize especially promising approaches
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for systematic, application-oriented and -adapted development.
With that, this comprehensive review connects scientific
research of materials and design on single-cell level to industrial
considerations for future technology development.

2. SOC Processing, Testing, Setups, and
Materials

This section will be subdivided into four parts. The first subsec-
tion provides a brief introduction to processing methods and
their influence on the cell properties, followed by a paragraph
on the influence of testing conditions. The subsequent parts are
dedicated to the type of material used as the electrolyte, oxygen-
ion conductors and proton conductors. The state-of-the-art
materials are presented including the materials used for air
and fuel electrodes. In addition, examples of advanced process-
ing and alternative materials, their performance and potential are
discussed.

2.1. Processing of Planar SOCs

Various methods with different sequences of fabrication of the
single components are commonly used for manufacturing of
planar SOCs. These include (sequential) tape casting, extrusion,
pressing, (thermal) spraying, screen printing, electrophoretic
deposition (EPD), or thin-film techniques like sol-gel-based
dip and spin coating, physical vapor deposition (PVD), and
pulsed laser deposition (PLD).'"”) Some advanced processing
techniques aim at optimization of certain properties in a defined
regime of operating conditions. Table 1 shows processing
methods along with information on the effort (such as time, cost,
efficiency, scalability) associated with their use and properties of
the fabricated layers. All of the presented technologies have been
proven to be suitable to manufacture at least one of the layers of
SOCs. However, in the view of industrialization (sequential) tape
casting and screen printing have been established as the state-of-
the-art processing methods./*>™**! This is due to their flexibility
with regard to materials and layer thickness as well as their scal-
ability, aiding mass production at low cost. In contrast, extrusion
and pressing are mainly suitable for the fabrication of rather
thick substrates. Pressing is frequently used in lab-scale experi-
ments as it is generally available and easily applicable, but does
not allow for a continuous fabrication. Spraying methods suffer
from moderate efficiency and difficult microstructure adjust-
ment. For example, the fabrication of gas-tight electrolyte layers
by atmospheric plasma spraying (APS) poses a challenge, same
as providing sufficient open porosity of electrodes.*®! More
sophisticated thermal spray processes such as high-velocity
oxy-fuel spraying (HVOF) come with substantially higher cost
of manufacturing. Thin-film techniques like chemical vapor
deposition (CVD), PVD, PLD, and sol-gel-based methods
typically provide high-quality layers but exhibit higher cost of
fabrication because of increased invest or time consumption.
For example, the vapor deposition techniques and PLD are
carried out in a vacuum chamber and sol-gel methods usually
require multiple coating and thermal treatment steps.
Therefore, the application of these methods is a tradeoff between
acceptable cost and achievable benefit in performance. Especially
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Table 1. Processing methods for fabrication of planar SOC. SOA—state-of-the-art processing method used in industrial scale or well-established in lab
scale; “v"—suitable for fabricating respective layer; “X"—not suitable.

Method Effort and properties Thickness (dry layer) Substrate  Fuel electrode  Electrolyte Barrier (air side)  Air electrode
Tape casting (single Scalable 40-800 pm SOA SOA SOA v v
layer) Continuous
Industrialized
Sequential tape casting Same as above 5-800 pm (single layer) SOA SOA SOA v (limited) v (impractical)
Single-step thermal treatment 250-800 pm (multi-layer)
Tape casting/ Limited scalability 40-800 pm (single layer) SOA SOA SOA v (limited) v
lamination/pressing Single-step thermal treatment 250-1500 pm (multi-layer)
Pressing Lab-scale method >1mm v v (limited) v (limited) v (limited) v (limited)
Easy
Low cost
No thin films
Extrusion Industrialized >500 pm v v (limited) X X X
High wear
Anisotropic aspect ratio and
microstructure
Thermal spraying Industrialized 20-200 pm X v v v v
High invest
Moderate efficiency
Microstructure control challenging
Wet powder spraying Industrialized 20-200 pm X v v v v
Moderate efficiency
Microstructure control challenging
Screen printing Industrialized 3-150 pm X SOA SOA SOA SOA
Scalable
Continuous (possible)
EPD Well-known in automotive corrosion <5 pm (single layer) X v SOA v v
protection (but not for ceramics)
Careful suspension control required
Sol-gel Time consuming ~Tpm X v (impractical) v v v (impractical)
Batch processing
High quality possible
PVD High cost 0.5-2pm X v v SOA v
High layer quality
CvD Very high cost <1pm X v (impractical) v 4 v (impractical)
Very thin layers
PLD High cost; not scalable <1pm X v v SOA v
Thin layers
Low T process
ESD Low T process 5-50 pm X v v v v
Large active surface
Microstructure degradation at high T
Infiltration of scaffolds Large active surface - X SOA X X SOA

Time consuming

Microstructure degradation at high T
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for the deposition of electrolyte layers, the interplay between the
surface to be coated and quality of the thin-film electrolyte is
crucial. Very smooth and homogeneous surfaces are required
to reliably deposit gas-tight layers.*”*®! Highly active
electrode microstructures can be achieved by infiltration of
nanoparticles/precursors®®*?! in porous scaffolds previously
fabricated by, e.g., tape casting or by advanced processing
methods like electrostatic spray deposition (ESD).*%*! In case
of infiltration-based techniques, long-term stability is an issue,
as coarsening of the nanoparticles at elevated temperature causes
performance degradation due to the loss of active surface area.l*®!
Yet, infiltration may enable microstructural design beyond tradi-
tional sintering-based methods, given a thorough consideration
of microstructure evolution during operation. ESD provides
increased flexibility with regard to the resulting microstruc-
ture,”® enabling tailored layer properties. As an example, a
relatively dense interlayer between the electrolyte and the
highly porous active electrode can improve adherence as well as
interfacial resistance.”? Again the influence of high-temperature
exposure needs to be evaluated carefully as coarsening may
degrade the electrode performance. For more detailed informa-
tion on processing methods, the reader is referred to the relevant
literature.['7-2341°3-551 What should be emphasized here is that
processing predetermines the cell properties. The method itself,
in combination with raw materials, their preconditioning, ink/
suspension formulation, processing parameters, and subsequent
steps like thermal treatments critically affects the microstructure
of the functional layers and thus cell performance and durability.
Hence, substantial improvements may be achieved solely by the
optimization of the fabrication in early stages of development.

2.2. Testing of Single Cells

This section describes impacts of testing procedure to ease
comparison of results and underline the importance of testing
conditions. The theoretical cell voltage (electromotoric force,
EMF) of the oxidation of hydrogen at certain conditions can
be calculated using the Nernst equation

1/2

—AG —AG® RT (pﬁzpoz)

EMF =~ +—In

nF nF nF

1)

Pu,o0

Accordingly, the cell voltage directly depends on temperature
and the partial pressures of the reactants at the electrodes.
Hence, operating gas composition and absolute pressure sub-
stantially affect the measurement of cell performance. The cell
voltage can be used to directly calculate the humidity in the fuel,
which is useful to determine the amount of gas leakage in the test
setup (through both cell and sealing) when using dry H, as fuel.
Gas tightness cannot be assessed accurately when using humid-
ified H, as fuel.

Gas conversion and flow rate of supplied gases (i.e., fuel
utilization) play a dominant role under increasing load. This
influence is even more pronounced in case of inhomogeneous
gas supply over the electrode area, which therefore should be
resolved generally. Moreover, the cell temperature may consid-
erably differ from the furnace set point and can increase substan-
tially under high current load, leading to a hysteresis in the I-V
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curve. The accuracy of the temperature measurement depends
on the position of measurement as thermocouples can mostly
not be placed on the cell directly.

Other important aspects for comparison of cell performance
are cell dimensions and contacting of the electrodes during the
measurement. Fabrication as well as contacting and gas supply
are easier for small button-cells than full-sized cells suitable for
stacking. To mimic ideal contacting and avoid influences due to
inhomogeneous current distribution, some researchers apply
noble-metal contacting pastes. However, these might also
manipulate the results in either direction. For example, Ag or
Pt nanoparticles exhibit pronounced activity for oxygen reduction
and therefore might boost apparent performance of air
electrodes.”® In contrast, sintering of contact paste material
can close open porosity of electrode structures, accompanied
by hindered gas supply and lower performance. In other words,
ideal contacting using all measures (such as noble metal mesh) to
avoid influences of the contacting is of particular interest in fun-
damental scientific research focusing on reaction pathways and
their individual steps. The closer applied research moves to
industrialization, the more economic boundary conditions call
for a solution that serves best in terms of combined cost and
performance and the focus shifts to utilization of the cell perfor-
mance on stack and system level.

The most well-controlled parameters for assessment of cell
performance and comparison with other work are usually
supplied gases, their pressure and (area specific) flow rate.
Small variations in fuel humidification cause significant changes
in terms of OCV at low total humidity, but tend to alleviate under
load due to gas conversion effects. In contrast, a preset water
vapor content of 50% will lead to lower power output over the
whole current-voltage range in comparison with (almost) dry
fuel conditions, but is relatively insensitive to humidity fluctua-
tions. High flow rates and low fuel utilizations are applied in
most single-cell characterizations to evaluate the performance
limit of cells. Humidification is often used to assure stable output
with little fluctuation but kept low for the same purpose of maxi-
mum performance. Recently, Klotz, Weber and Ivers-Tiffée
recommended clear guidelines for reliable comparison of cell
performance, indicating the cell voltage at a current density of
1A cm™? and pH,0 = 0.6 atm as a reliable indicator for perfor-
mance comparison due to the insensitivity of these settings to
humidity fluctuations, self-heating, or nonlinearity.[57] Notably,
the often-specified maximum power density (MPD) of an SOC
is meaningless, as it not only reflects operation parameters that
are irrelevant to SOC operation due to the low electrical efficiency
at low cell voltages, but is also very sensitive to the testing param-
eters and the cell geometry.

2.3. Cells Based on Oxygen-lon Conducting Electrolytes

2.3.1. Structural Design and Nomenclature

Oxygen-ion conducting SOCs are named with regard to the
mechanically supporting structure.'®”! Electrolyte-supported
cells (ESCs) are usually fabricated by tape casting and sintering
of the electrolyte substrate and subsequent application of the
electrodes. The thickness of the electrolyte tape depends on
the ionic conductivity and the mechanical stability of the
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electrolyte material and typically ranges from 40 to 300 pm. Due
to the relatively thick electrolyte, ESCs are predominantly oper-
ated in the higher temperature range of 750-900 °C. Moreover,
the restricted thermal shock resistance limits their use to station-
ary applications.

The mechanical support can be provided by either of the elec-
trodes as well. In this case, the electrolyte thickness can be
reduced to less than 20 pm enabling operation at lower temper-
atures of 600-800 °C. Fuel electrode-supported cells represent
the state-of-the-art of the electrode-supported design and are gen-
erally referred to as anode-supported cells (ASCs) originating
from the operation in SOFC mode. ESCs and ASCs are the dom-
inating designs used in SOC development and applications.
Accordingly, these represent the cell types of commercially
available products shown in Table 2 together with their nominal
performance. Other designs use specific substrate materials dif-
fering from the functional materials of the cell. An inert support
usually is a ceramic material that provides mechanical stability
and sufficient open porosity for gas supply but does not
participate in electrochemical or reforming reactions.**%
Aforementioned designs are often referred to as fully ceramic
setups, even though they comprise a cermet (e.g., Ni/YSZ) struc-
ture in the reduced state. However, fabrication and assembly are
usually performed in the oxidized, and therefore fully ceramic,
state (NiO/YSZ). Moreover, ceramic materials are the main con-
stituents of each layer irrespective of the fabrication/operation
status. In contrast, metal-supported cells (MSCs) utilize a porous
metal for mechanical support. The intention is to make use of the
ductility, superior thermal and electrical conductivity, and easy
manufacturability of the metal. At the same time, the thickness
of more brittle ceramic or cermet layers can be kept to a mini-
mum. This is especially attractive for use in applications that
require cyclic operation and robustness against vibrations or high
heating/cooling rates. Challenges arise from corrosion of the
metal substrate in humid fuel conditions, interdiffusion between
substrate and fuel electrode, and substantially different process-
ing conditions required to avoid oxidation of the metal substrate.

www.entechnol.de

This article focuses on fully ceramic designs. Therefore, the
reader is referred to MSC-specific literature for further
details?®**% and only selected examples of data on MSCs are
presented hereafter.

2.3.2. Electrolytes

A variety of oxygen-ion conducting materials was investigated as
SOC electrolyte, establishing fluorite and perovskite-type
materials as the state-of-the-art electrolytes. Among these,
stabilized zirconia, doped ceria, stabilized bismuth oxides, and
substituted lanthanum gallates account for the great majority
of conducted experiments.

Zirconia is predominantly used in the partially or fully stabi-
lized state, by substitution of Zr with Y (3YSZ and 8YSZ, respec-
tively) or cosubstitution with Sc and Ce (ScSZ, often simply
referred to as scandia stabilized zirconia). YSZ is the material
of choice in the temperature range between 700 and 900 °C as
it provides sufficient oxygen-ion conductivity and mechanical
as well as chemical stability under typical operating conditions.
Whereas in terms of single properties YSZ does not exhibit the
best performance available, most importantly, it outperforms
other materials due to the absence of substantial weak-
nesses.''”) When operating the cell at 600-700°C, ScSZ is
of interest as an alternative to YSZ due to its superior ionic con-
ductivity.®? However, YSZ is still used in many applications
because of the higher price of Sc and issues concerning
fabrication and phase stability of ScSZ.'*** The largest draw-
back of zirconia-based electrolytes is their reactivity with Sr
(and to a lesser extent La) which are elements present in many
high-performance air electrodes. Formation of SrZrO; and/or
La,Zr,0; takes place mainly during high-temperature sintering
but was also evidenced after long-term exposure to relevant
operating temperatures.[“’(’gl These zirconate phases are
electrically insulating and result in an increased polarization
resistance, thus lowering performance of the cell.l*”!

Table 2. Performance data of commercially available SOCs. Values provided on company websites or extracted from illustrations. Data of fuel cell
materials and Elcogen single-cells derived by linear extrapolation of test results with maximum current density of 0.5Acm 2 (measurement data
from Elcogen AS provided by Dr. Sergii Pylypko through personal communication).

Manufacturer Type Air electrode Electrolyte Fuel electrode Jozv [Acm™? T[°q Reference
Kerafol ESC LSM/ScSZ YSzZ Ni/YSZ 0.47 850°C kerafol.com
LSM/ScSZ YSZ Ni/GDC 0.52
LSCF ScSZ Ni/GDC 0.88
SOFCMAN ESC Not specified ScSZ Not specified 0.76 850°C sofc.com.cn
ASC LSCF/GDC YSz Ni/YSZ 0.9 700°C
~ 0.6 (Stack) 750°C
Fuel cell materials ASC LSC YSzZ Ni/YSZ 0.65 +0.01 600°C fuelcellmaterials.com
1.14+0.05 650°C
1.5+0.1 700°C
Elcogen ASC LSC Ysz Ni/Ysz 0.65+0.01 600°C Personal communication
1.11 £ 0.04 650°C
1.6 £0.1 700°C
0.25 @ 0.83 V (Stack) 650°C elcogen.com
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Application of diffusion barrier layers (DBLs) is commonly used
to prevent or minimize the formation of detrimental reaction
phases. The effectiveness of DBLs strongly depends on the
processing parameters, final microstructure, and material
combination,[2*43-6%

Ceria doped with rare-earth elements like Gd (GDC) or Sm
(SDC) is an attractive electrolyte material because of its very high
ionic conductivity.!*” However, doped ceria is prone to reduction
of Ce*™ to Ce*" when subjected to the reducing environments
present in SOC fuel gas atmospheres, leading to notable elec-
tronic conductivity and performance loss due to internal short
circuiting. This issue is typically alleviated by inclusion of a pure
ionic conductor to block the short-circuiting current. Apart from
that, the compatibility with zirconia and conventional air
electrode materials makes doped ceria an excellent choice for
application as DBL.3343¢]

Er-stabilized Bi,O; (ESB) exhibits a defective fluorite structure
and provides exceptional oxygen-ion conductivity at low temper-
ature. However, even stronger reducibility than doped ceria,
issues regarding phase stability, and reactivity with air electrode
materials pose substantial challenges in terms of efficiency and
degradation in long-term operation.*3-3*3¢

Substituted lanthanum gallate is the most common
perovskite-type electrolyte material for SOC and typically applied
in a (La,Sr)(Ga,Mg)O; composition providing high ionic conduc-
tivity at intermediate and low operating temperature.’%?!
A significant drawback is a pronounced reactivity with Ni and
NiO, which are used in state-of-the-art fuel electrodes.?***3¢73]

Table 3 shows the single-cell performance of SOFCs with
different electrolytes, fuel electrodes, and air electrode materials.
If electrochemical full-cell tests are not available, polarization
resistance of the electrode materials derived from symmetrical
cell measurements is presented. Presented data are arranged
according to the electrolyte materials—LSGM, ESB, stabilized
zirconia, and doped ceria—and within these in the order of
increasing performance with the best performing material sets
shown in bold. As the published values usually represent initial
cell performance, long-term stability and degradation behavior
has to be kept in mind for evaluation of cell setups. This is
another reason why YSZ is mostly chosen as the electrolyte, mak-
ing use of its high reliability when using compatible electrode
materials or suitable diffusion barrier layers.

The configuration with Ni/stabilized zirconia or Ni/doped
ceria functional fuel electrode, stabilized zirconia electrolyte,
doped ceria barrier layer, and air electrodes made of
(La,Sr)(Co,Fe)O3_s or composites thereof with doped ceria today
is the most common setup of oxygen-ion conducting SOCs
including commercial products. Within these, ASCs with
Ni/YSZ support and thin-film electrolytes of <10 pm thickness
provide the highest performance values published. As shown in
Table 3, single-cells operating at 700 °C were shown to provide
current densities between 2 and 3.4 Acm ™2 at a cell voltage of
0.7V when optimizing design and processing, whereas more
exotic materials mostly deliver inferior power output. A cross-
section of a typical fuel electrode-supported O” -conducting
SOC is shown in Figure 1. To point out the difficulty to compare
performance data of cells on stack level (compared with single-
cell level) the influence of stacking of multiple cells is illustrated
by comparing values from previous studies”*”® in Table 3 as

Energy Technol. 2021, 9, 2001062 2001062 (6 of 18)

www.entechnol.de

one example. Whereas nominally identical cells deliver
1.7 Acm™*at 0.7 V and 700 °C in single-cell measurements,”*7>!
the current density reaches only 0.9 A cm™2 when tested in a
stack,””! as discussed in the Outlook to commercial application
of SOCs. Furthermore, testing of identical cells in single-cell and
stack setup and detailed analysis of the results revealed that
anode polarization and contact resistance on the air side domi-
nate the overall ASR of stacked cells of common SOCs, with
minor contributions of electrolyte and air electrode.””)

2.3.3. Fuel Electrodes

As mentioned earlier and shown in Table 3, Ni-based cermets are
the most common fuel electrode material. In fact, they still are
the only available electrodes with proven high performance and
durability in full-cells and stacks, despite their moderate redox
stability and degradation related to Ni coarsening (especially at
high temperature) or Ni depletion (mostly in electrolysis mode).
Ni/YSZ cermets are well-known and widely applied in SOCs.
Replacing YSZ by doped ceria (GDC, SDC) aims at enhancement
of catalytic activity, redox stability, and tolerance against carbon
deposition and sulfur poisoning.**”##3 Formation of secondary
phases with poor ionic conductivity and pores at the interface
between electrolyte and fuel electrode during high-temperature
sintering (>1300°C) impedes extensive application of
ceria-based cermets in combination with stabilized zirconia
electrolytes,[84] and necessitates the use of an additional ceria
barrier layer between electrolyte and fuel electrode.

Investigation of fully ceramic fuel electrodes aims at develop-
ment of redox tolerant cells which are less prone to poisoning by
fuel impurities. In the current status of research, fully ceramic
fuel electrode materials such as substituted Sr-titanates do not
reach the high performance achieved with Ni-based cermets.
So far, highest performance values obtained are in the range
of <1Acm > at 700°C (see the studies by Burnat and
coworkers®~°" in Table 3) corresponding to about 50% of
state-of-the-art cermets. If the performance can be enhanced
to comparable levels, however, this approach shows great poten-
tial to significantly improve durability.”#8%859091 One of the hot
topics in SOC research is the development of electrode materials
which favor exsolution of metal nanoparticles from a ceramic
host matrix under reducing conditions in the fuel compartment.
These embedded nanoparticles are expected to provide large
active surface promoting the electrochemical reaction, at the
same time being stable against agglomeration as they are pinned
to the ceramic matrix.*** A significant benefit is envisaged
from successful implementation of such materials, as they com-
bine the high activity of the metal surface with the superior
microstructural and redox stability of ceramics.**571%0)
Application in full-cells and verification of sufficient stability
during multiple redox-cycles including exsolution and reincorpo-
ration of the metal phase need to be addressed in further
research.

2.3.4. Air Electrodes

The area of materials used as air electrode for O” -conducting
SOCs is more diverse. Perovskite type materials of the formula
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Table 3. Fuel cell performance of oxygen-ion conducting cells (SOFCs) with different electrolyte, fuel electrode, and air electrode materials in single-cell
measurements (unless noted otherwise). “—” indicates measurement of one electrode in a symmetrical cell setup. Best performing material sets are
indicated in bold font for each type of electrolyte.

Air electrode Electrolyte — Fuel electrode 600°C 700°C Remarks Ref.
barrier layer Jor R, Jorv R,
[Acm™? [Qcm? [Acm™? [Qcm?]
SrCog gFeq 203 LSCGM (Sr/Ba),FeMoOsg 0.4-0.5 2.5-3.1 Ceramic anode [86]
SrCog.65M0g 0503 LSGM Ni/SDC 0.5 0.07 [183]
SrCo4 5sM0g 506 LSGM Ni/SDC 0.5 0.08 [184]
SrCo gFep 03 LSGM Sr,MgMoOg 0.9 (750°C) Ceramic anode [87]
LSM/ESB ESB - 0.4 [185]
Pro.sBagsMnO;/ESB Smg o75Ndo 075 Ni/Smg o75Ndg 075Ce0.8502 0.7 [186]
Cey.350,/ESB
LSM/ESB YSZ-GDC Ni/Ysz 0.5 (650°C) 0.23 (650°C) sintering additive  [104]
CuO
LSCF YSZ-GDC Lag 2Sro8TigoNig103/YSZ 0.1 (650°C) MSC, exsolution [95]
LSM/YSZ YSz Lag ,Sro7TiO3/GDC 0.5 Ceramic anode, [85]
T not specified
SrFeO, YSZ-SDC Ni/YSZ 0.25 0.88 0.65 [187]
SrFeO;.95F0.05 YSZ-SDC Ni/YSZ 0.3 0.39 1.0
SrFeO;, 9F0 1 YSZ-SDC Ni/YSZ 0.3 0.49 0.9
PryNisOn04s YSZ-GDC Ni/Ysz 0.16 (ASR) 0.64 0.025 (ASR) [124]
LSCF GDC-YSZ-GDC Pro.sBag sMngoMog 103 0.7 (800°C) Ceramic anode [89]
800°C
LSM/YSZ Ysz Ni/Ysz 0.7 [74]
SraFey 455¢0.05M0g 506 YSZ-SDC Ni/YSZ 0.75 0.35 [188]
LSC ScYSZ-GDC Ni/GDC infiltrated (La,Sr) 0.6 (650°C) 0.35 (650°C) 0.9 MSC exsolution [189]
(Fe,Ni,Ti)O3-ScYSZ-Fe22Cr infiltrated
GDC infiltrated YSZ-GDC Ni/YSzZ 0.9 0.08 50% H,0 [190]
Lag.97Nio.5C00.503
PrBag ;Cag3C0,0s YSZ-GDC Ni/Ysz 0.4 0.16 1.1 0.035 191
SrCog gFep1Gag 103 YSZ-GDC Ni/YSzZ 0.5 1.3 [192]
BaFeg 95Sn0.0503 YSZ-SDC Ni/YSZ 0.6 1.2 0.03 Co free [193]
PrBaCo,_,0¢_s YSZ-GDC Ni/YSZ 0.7 0.2 1 (650°C) 0.059 [194]
LaNig sCop503-GDC- YSz Ni/Ysz 0.07-0.31 1.2 0.02 rSOC [195]
YSzZ (air electr.)
(PrLaBa) (FeZn)Os/ SDC  YSZ-GDC Ni/YSZ 0.7 0.6 1.2 0.1 [196]
LSC YSZ-GDC Ni/Ysz 0.7 0.5 PLD n97]
AACVD
LSM/YSZ Ysz Ni/Ysz 1.5 (750°C) [105]
Smg sSresCo0;3/SDC YSZ-GDC Ni/YSz 1.6 [198]
LSCF YSZ-GDC Ni/YSZ 0.6 1.4 1.7 0.25 10 pum YSZ [74,75]
LSCF YSZ-GDC Ni/YSZ 0.3 0.9 <017 Stack [76]
Lag ¢Bag 4Co0s YSz - 0.17 (Rsurf) PLD high TEC [199]
LSC YSz - 0.5 PLD
(Bi,Sr) (Fe,Nb)O; YSZ-GDC Ni/Ysz 0.8 0.16 2 0.04 [115]
Lag.6sCap.35FeO3_; YSZ-GDC NifYsz 0.6 0.65 2.1 0.21 3um YSZ [120]
LsC YSZ-GDC Ni/Ysz 0.8 21 10 pm YSZ [74]
LSCF YSZ-GDC Ni/Ysz 1.0 1.4 21 0.25 1pm YSZ [74,75]
BaCoyg 4Feg 4Zr.1Y0.103 YSZ-GDC Ni/Ysz 23 0.31 [200]
Infiltrated GDC + YSZ (dense/ - 0.05 Low R, in symm. cell [201]
Lag 95C0g.4Nip 603 porous)
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Air electrode Electrolyte — Fuel electrode 600 °C 700°C Remarks Ref.
barrier layer ory R, Jorv R,
[A cm’z] [Q sz] A cm’z] [Q cmz]

LsC YSZ-GDC Ni/YSZ 1.77 PLD [108]
LsC YSZ-GDC Ni/YSZ 1.9 34 1pm YSZ [74,75]
LSC/GDC YSZ-GDC Ni/Ysz 2.0 0.27 2.5 (650°C)  0.19 (650°C) PLD [202]
LSCF GDC-YSZ-GDC Ni/GDC 0.53 (0.75V) MSC [203]
LSC ScYSZ-GDC Ni/GDC infiltrated Ni22Cr/YSZ 1.44 MSC [107]
LSCF YSZ-GDC Ni/GDC 1.6 MSC [204]
PrgOn, infiltrated ScSZ ScSZ Ni/SDC infiltrated ScSZ 2.2 MsC [205]
LsC YSZ-GDC Ni/GDC 3.6 MSC [109]
LSM/ScSZ Scsz Gdo.1Ceo.sNig1/Lag1Sro.sTipoNio 103 0.25 (800°C) Exsolution 98]
LSM/ScSZ ScSzZ ScSZ/ Lag1SrooTiO3 + GDC + Ni/Pd 0.75-0.9 (800°C) Ceramic anode [91]
LSM/YSZ ScSzZ Lag 9Cag.1FegoNbg 103 5/ScSZ 0.5 Ceramic anode [88]
Cuy 4Mn, 604 ScSz Ni/ScSZ 0.6 [206]

Lag.sSro.sFep gCug.1sNbg.osO3 ScSZ-SDC

Lag.sSro.sFep gCuo.1sNbg.osO3 1 (800°C) 0.16 (800°C) Cu exsolution [99]
Pro.sSro.sCug,Feq 303 ScSZ-SDC Lag sSrosFeqsCug1Tin103 0.8 0.26 Ceramic anode [90]
- SDC Lag 4Srg.4S¢co.oNip103/SDC 0.25 Exsolution [96]
Infiltrated CuCo,04 ScSZ Not specified 1 [207]
St.05C00.7Nbo.1Feo 205 sDC Ni/SDC 0.05 0.43 0.1 0.1 [208]
La;NiOy4 5 GDC - 0.42 0.08 ESD [122]
La3;Ni,O;/GDC GDC - 0.13 0.03 [127]
NdBag.56C0,05 sDC (Ni,Cu)/SDC <0.25 (650°C) 0.3 (650°C) [126]
LSCF/GDC GDC Sro.2Nag sNbg.sVo103/GDC 0.25 (650°C) 0.2 (650°C) Ni free [209]
LaPrNiO,4 GDC Ni/Ysz 0.25 0.12 0.5 ESD [123]
LSCF/GDC GDC Ni/GDC 0.4 0.17 [210]
CuO infiltrated LSCF SDC Ni/SDC 0.4 [217]
LSCF/GDC GDC - 0.07 ESD [212]
LSCF GDC - 0.07 0.02 (650°C) ESD [52]
YBag 5Sro.5C0q.75Feg 25 GDC Ni/GDC 1.5 0.08 [125]

05/GDC

Air electrode

“ Diffusion barrier

 Electrolyte

Substrate

Figure 1. Cross-sectional SEM image of the microstructure of a common
fuel electrode-supported SOC with O? -conducting YSZ electrolyte
manufactured at Forschungszentrum Jilich.
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ABOj; represent the state-of-the-art materials. Most extensively
studied are lanthanum manganites and lanthanum cobaltites,
which are substituted with other elements on the A and/or B site.
This substitution is used to improve or adapt material properties
like ionic and electronic conductivity, sintering activity, thermal
expansion, surface exchange, and reactivity with electrolyte
materials and contaminants.B1917%) The composites of
La; ,Sr,MnO; 5 (LSM) and stabilized zirconia used in the
early-generation SOCs exhibit compatibility with stabilized
zirconia electrolytes but provide moderate performance as the
reaction takes place only at triple phase boundaries (see the stud-
ies by Blum and coworkers”*'**1%! in Table 3). Nonetheless,
LSM/stabilized zirconia compositions are still widely used in
ESCs (also see Table 2), as performance is limited by the higher
resistance of the electrolyte layer. When aiming at operation
below 800°C, they were largely replaced by mixed ionic
electronic conductors (MIEC) such as La;_,Sr,Co;_ Fe O3 5
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(LSCF), extending the reaction zone to the entire surface of the
electrode. Whereas the strontium-substituted lanthanum cobalt-
ite provides the highest electrochemical activity, the
addition of Fe improves the material properties with regard to
thermal expansion mismatch and stability during processing
and cell operation.!"”*"%! High-performance materials such as
the Fe-free composition La;_,Sr,CoOs_5 (LSC) or Ba;_,Sr,Co;_y
Fe,05_5 (BSCF) enhance electrochemical performance (see the
studies by Blum and coworkers!”*7>1972%%)) byt exhibit signifi-
cantly larger coefficients of thermal expansion (CTEs) and pro-
nounced chemical expansion increasing the expansion
mismatch between electrode and electrolyte.''*13 Hence the
benefit of superior electrochemical performance has to be evalu-
ated in consideration of inferior thermo-chemo-mechanical
durability. As the sites in the perovskite lattice can be occupied
by various elements, there is a large number of possible element
combinations and stoichiometries. In addition to improving
performance, substitution or addition of elements is frequently
carried out to reduce degradation phenomena. Sr tends to seg-
regate and react with other elements. Therefore, replacing Sr is
expected to improve compatibility to stabilized zirconia as well as
tolerance against volatile Cr species originating from steel surfa-
ces of interconnectors and Balance-of-Plant (BoP) or S contam-
inants of the supplied air.**''* Segregation of Co is considered
less critical, but substitution of Co might contribute to lower cost
of SOCs, underlining the interest in Co-free materials.*>=**”!
Whereas the reported performance of many Sr- or Co-free air
electrodes is inferior compared with state-of-the-art materials,
(La,Ca)FeO;_g was found to provide fast oxygen exchangel!'®11]
and most recently also high performance in single-cell measure-
ments,['?) as shown in Table 3.

Some other perovskite types and structurally related materials
have been attracting attention due to enhanced surface exchange
or oxygen-ion transport properties, smaller CTE mismatch, and
increased tolerance against Cr species. These include the Sr-free
lanthanum nickelates LaNiO; and La,NiO, as well as further
layered perovskites of the Ruddlesden-Popper series
A, 1B, X3,41.2" The polarization resistances of 0.1-0.4 Q cm?
obtained at 600°C (see the studies by Sharma et al, !>~
Table 3) are comparable with state-of-the-art LSCF electro-
des."™"12*I However, high performance was not yet demonstrated
in single-cell tests. Promising performance of 1.5 Acm™*at 0.7 V
and 600 °C was reported using a composite of double perovskite
YBag 5Sro5C01 75Fep 2505 and GDC as air electrode with GDC
electrolyte and Ni/GDC fuel electrode.’*! Double perovskites
of the composition LnA’B,Os,5 (Ln = La, Pr, Nd, Sm, Gd;
A’=Ba, Sr; and B=Co, Fe, Mn) exhibit layer sequences of
A’0O—BO,—LnOs—BO, which feature fast in-plane conductivity
of oxygen ions in the Ln*" layers.[*2>12¢]

Dual-phase composites of an active air electrode material and
electrolyte phase aim at adaptation of the CTE and/or enhance-
ment of the ionic conductivity in the electrode. Doped ceria is
commonly used as the second phase due to its compatibility with
most air electrode materials. In addition to the intrinsic material
properties like CTE and ionic conductivity, the addition of a
second phase can further change electrode properties. The sin-
tering activity of a dual-phase composite differs from a single-
phase material. For example by the inhibition of particle
coarsening, ceria particles affect the electrode microstructure,
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which fundamentally influences the electrochemical properties.
Furthermore, the surface properties may change considerably
due to scavenging of impurities by one of the compounds,
providing a clean and highly active surface of the second
phase.B"127713% A5 a consequence, doped ceria that is generally
not considered as an active material for oxygen reduction, can
improve properties of air electrodes by modifying sintering
behavior, microstructure, and bonding to the electrolyte. It
should be noted that these implications are not universally valid
but strongly depend on material combination, processing, oper-
ating conditions, and other characteristics of individual setups.

2.3.5. Solid Oxide Electrolysis Cells

Data of investigations in electrolysis mode is sparse in compari-
son with fuel cell mode, as shown in Table 4. Electrolysis is
considered increasingly important driven by economic and
environmental issues. Countries that have limited access to fossil
resources like Japan or South-Korea push the development of a
hydrogen society to become more independent in terms of
energy supply. At the same time, large efforts are placed on a
climate-neutral economy as specified in the Paris Agreement
and the European Green Deal of the EU."*"13% Therefore, per-
formance and degradation phenomena of cells operated in SOEC
mode, have been investigated in more detail recently. The mate-
rials used for fabrication of the functional layers are similar to
traditional SOFC materials as these exhibit catalytic activity in
both operational modes and often provide initial SOEC perfor-
mance in agreement with SOFC tests. However, comparison
of the available data is complicated by a lack of standardized oper-
ation conditions. The operating temperature in electrolysis mode
is mostly between 700 and 850 °C, which is higher than the
average fuel-cell-operating temperature. The operation can be
categorized in pure H,O electrolysis, pure CO, electrolysis,
and coelectrolysis of H,O and C0,.2>1331 Furthermore, the
H,/H,0 ratio of the fuel composition differs in literature due
to different amounts of H, fed. This can be because of limitations
of the experimental setups or to ensure a sufficiently reducing
atmosphere. Published data also differ in the cell voltage or cur-
rent density used for comparison of performance. Most applica-
tions aim at operation close to the thermo-neutral point, resulting
in a cell voltage around 1.3 V. At this operating point, the net
reaction heat and Joule heating of the cell level out, minimizing
the required external heating or cooling.**

Whereas the initial performance of SOEC mostly is in accor-
dance with SOFC performance, degradation was found to be sub-
stantially different when cells are operated in electrolysis mode.
In addition to well-known degradation caused by fuel impurities
or contaminants, SOEC-specific degradation phenomena occur.
Among these, crack formation in the electrolyte or at the electro-
lyte/air electrode interface, Ni migration leading to depletion of
Ni at the electrolyte/fuel electrode interface, and carbon deposi-
tion at the fuel electrode when operating on carbon-containing
fuel are considered most critical. High current densities and
increased polarizations of electrodes and interfaces at higher cell
voltage increase degradation rates. Furthermore, the redox reac-
tions at the air and fuel electrode are reversed in comparison with
fuel cell operation, which might affect the degree of degradation
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Table 4. Electrolysis performance of oxygen-ion conducting cells (SOECs) with different electrolyte, fuel electrode, and air electrode materials in single-cell
measurements (unless noted otherwise). Best performing material sets are indicated in bold font.

Air electrode Electrolyte—barrier Fuel electrode 700°C 800°C Remarks  Ref.
layer JAem™ R, [Qcm?] jAem™ Ry [2cm?]

Lag eSro.4FepsMng 03 LSGM Bagglag4Co03 0.52 @ 1.6V (900°C) [213]
Ni, Cu, Ni/Cu infiltrated Lag 75Sro.2s LSGM LSM/SDC 0.28 @ 1.2V (CO,) 0.75-3 [214]
Cro.sMngsO3/SDC

Bio.42Y0.5501.5/LSM Ysz Ni/YSZ 0.25 [215]
- YSZ dense/porous LSM 0.5 [134]
LSC/GDC YSZ-GDC Ni/YSz 0.15 (750°C) [135]
La 55r0.2C00.5Nio.203 Ysz Ni/Ysz 08 @ 1.2V 0.12 [216]
infiltrated LSM/GDC

LSC infiltrated LSCF YSZ-GDC Ni/YSzZ 0.7 @11V 0.06 [137]
LSC infiltrated GDC YSZ-GDC Ni/YSZ 03 @11V 0.18 08 @11V 0.09 [217]
LSCF YSZ-GDC Ni/YSZ 03@11V <0.17 075 @ 1.1V <0.1 Stack [76]
LSC/GDC YSZ-GDC Ni/YSzZ 1@ 11V 0.14 [147]
Pr¢O,, infiltrated ScSZ ScSz Ni/SDC infiltrated Sc¢SZ 1.0 @ 1.1V 24 @11V MsSC [218]

processes. Crack formation on the air side is hypothesized to
occur due to high vapor pressure of oxygen in the electrolyte
or at the interface to the electrode. Materials and microstructures
with improved transport properties and fast oxygen evolution are
desired to improve durability. Improved long-term stability was
achieved by interface engineering!"** and optimization of the
electrode microstructure and composition.**~3”) Carbon depo-
sition can be mitigated by monitoring the gas composition and
ensuring sufficient water vapor content."*®’ Moreover, new
materials are investigated that are less prone to carbon deposition
than pure Ni. Examples are Ni-Sn!*** and Ni-Cu alloys or incor-
poration of Mo in the fuel electrode structure.'*”! However, the
addition of foreign elements frequently decreases cell perfor-
mance and processing is complicated due to the low melting
point of the alloying elements and limited solubility at high
temperature.[14°"l42]

A deeper understanding of Ni migration is crucial for further
SOEC development. Early hypotheses regarding the mechanism
of Ni migration were based on evaporation of Ni species in highly
humid atmospheres."**! However, Ni migration does not occur
under OCV conditions which present the highest humidity but
only under polarization.** Comparison of stack test datal**>'4¢]
and FactSage calculations of the vapor pressure of Ni species at
800°C in a typical 90% H,0, 10% H, atmosphere indicate that
evaporation is unlikely to be the sole reason for Ni migration.
Ni(OH), exhibits the highest vapor pressure of 1.8 x 10~ '° bar.
Considering 18 000 h of stack operation and the amount of gas
fed to the fuel electrode, only 0.25% of the Ni in the functional
layer can be evaporated. Therefore, polarization-dependent prop-
erties of the fuel electrode cermet are expected to play a key role
in Ni migration. This is in agreement with published results
indicating enhanced durability achieved by minimization of
the electrode overpotential due to optimized processing!**’!
and observation of polarization-dependent wettability of Ni in
contact with YSZ.**81%% Based on these findings, Trini et al.*>”!
hypothesized that the reverse effect of Ni loss due to migration
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observed during electrolysis operation is likely to occur after very
long operation in fuel cell mode, leading to Ni enrichment in the
fuel electrode. This assumption was recently supported in a pub-
lication of Menzler et al. on the results of the post-test analysis of
an SOFC stack operated for 100.000 h at 700 °C.!">"

2.4. Cells based on Proton Conducting Electrolytes

Proton-conducting materials exhibit promising properties for
use as SOC electrolyte. Proton conduction is comparably fast
at low and intermediate temperatures of 350-550 °C, making
PCFCs attractive for low-temperature operation. Moreover, very
high fuel utilization and operation at peak power are possible as
water is formed at the air side and the fuel is not diluted by water
vapor, maintaining safe conditions for redox prone fuel electro-
des. However, achieving sufficient conductivity in the range of
10 *Scm ™! is challenging at temperatures above 500°C as
dehydration of the material leads to decrease of the charge carrier
concentration.

2.4.1. Electrolytes

Acceptor-doped BaZrO;—BaCeOj solid solutions are the basis for
most PCFC electrolytes. Barium zirconate exhibits high phase
stability and chemical stability in typical SOC fuel atmospheres
containing H,0, CO,, CO, CHy, and H,S but shows limited
proton conductivity due to pronounced blocking effects of grain
boundaries."> In contrast, barium cerates provide very high
conductivity, a coarser microstructure with fewer grain bound-
aries, and high charge carrier concentration but insufficient ther-
mochemical stability during operation. The higher reducibility of
BaCeOj; compared with BaZrOs and reactivity with CO, and H,0
to form carbonates or hydroxides prevent the use of pure BaCeOs
as electrolyte for proton-conducting SOC. The combination of
both systems provides an electrolyte material with high conduc-
tivity and sufficient stability.'"***** Y is the most common
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dopant and frequently combined with Yb doping to enhance con-
ductivity and catalytic reforming of hydrocarbons. The resulting
Ba(Zr,Ce,Y,Yb)O;_s (BZCYYD) electrolyte compositions exhibit
conductivities in the range of 107*Scm™' at 600°C and
improved coking resistance.'>*'** Nonetheless, stability in
atmospheres containing water vapor, CO, or hydrocarbons
remains an issue.'*'*® Densification of the electrolyte layer
is often reported to present another difficulty. Very high temper-
atures of >1600°C required for densification of single-phase
BaZrO; compositions are in conflict with the requirement of
high porosity of electrode substrates, and cause loss of Ba due
to evaporation, negatively affecting the proton conductivity.
A widespread approach to densify BaZrO;—BaCeO; mixtures
at lower sintering temperature is the addition of suitable
amounts of sintering aids such as CuO, NiO, ZnO, and Bi,0;
while keeping high proton conductivity.'** However, it was
recently reported that cosintering of the electrolyte on an elec-
trode substrate can promote densification and provide suffi-
ciently dense electrolyte layers even at temperatures as low as
1350 °C.%7) This phenomenon is actually not novel but well-
known from fabrication of SOFC (YSZ electrolyte on Ni/YSZ
substrate). The higher shrinkage of the support presents an addi-
tional driving force for electrolyte sintering due to compressive
stresses, thereby enhancing densification.'**15%

Other materials investigated as PCFC electrolyte suffer from
insufficient proton conductivity at relevant operating tempera-
ture. Lanthanum tungstate presents an alternative to the
Ba(Zr,Ce,Y,Yb)O;_s materials if very thin films of about 1 pm
thickness can be manufactured. High thermochemical stability,
better sinterability, and less blocking effects of the grain bound-
aries are advantageous for application as electrolyte, whereas the
conductivity is about one order of magnitude lower than the one
of BaZrO;—-BaCeOs compositions at 800 o [160-162]

2.4.2. Fuel Electrodes

Similar to cells based on oxygen-ion conductors, PCFC fuel elec-
trodes are usually cermets made of electrolyte material and NiO,
which is reduced to metallic Ni when subjected to fuel conditions
at the beginning of operation."®*'*Y The microstructure of a rep-
resentative fuel electrode-supported PCFC is shown in Figure 2.
Symmetrical cells using other materials such as BaFeMo,0; as

Figure 2. Cross-sectional SEM image of the microstructure of a high-
performance fuel electrode-supported proton conducting cell. Adapted
with permission.['®”] Copyright 2018, Springer Nature.
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fuel electrode did not yet achieve performance comparable with
Ni/electrolyte cermets.!*!

2.4.3. Air Electrodes

Air electrode materials used for SOFCs are widely applied also as
PCFC air electrode and frequently mixed with electrolyte mate-
rial to form a dual-phase electrode. Addition of the electrolyte
phase improves the proton conductivity and extends the available
reaction zone, similar to early LSM/YSZ air electrodes for
SOFC.%"1%8 The pronounced MIEC properties and fast surface
exchange are beneficial for both SOFC and PCFC. However,
state-of-the-art SOFC air electrodes like LSCF show negligible
proton conductivity at relevant operating temperature*®® and
many proton-conducting materials suffer from dehydration at
temperatures above 400 °C. Therefore, development of air elec-
trode materials with enhanced hydration properties and
improved stability of protons at elevated temperature is desired.
Of special interest are triple conducting materials (e~, 0°~, H")
to maximize the reaction zone and active volume of air
electrodes.">*17°172 proton-conducting air electrode materials
usually limit the possible sintering temperature to 800-1000 °C
increasing the risk of delamination due to poor contact with the
electrolyte and stresses induced by CTE mismatch.'”*! Some of
the most promising air electrode materials reported are double-
perovskites of the composition LnA’B,0s,5 (Ln=La, Pr, Nd,
Sm, Gd; A’ = Ba, Sr; and B = Co, Fe, Mn).[174’175] Table 5 shows
the performance of various PCFCs reported in literature. Most
single-cell measurements show moderate performance of
0.4-0.6 Acm 2 at 0.7V and 600°C."7*78 Substantial perfor-
mance enhancement to 1.4Acm™ at 0.7V and 600°C was
achieved wusing a PrBagsSrosCo;sFeqsOs,s (PBSCF) air
electrode providing enhanced solubility of protons.
A dense PBSCF interlayer applied by PVD on the
BaZr 4Ceg4Y0.1YDo 103 electrolyte is reported to enhance contact
between electrode and electrolyte.'’”) High performance of
1.75Acm™* was reported using a cell comprising thin
(<5pm) BZCY electrolyte fabricated on a co-shrinking Ni/
BZCY substrate and BSCF air electrode.l'>”! Further progress
in terms of performance and durability is envisaged by the appli-
cation of advanced PCFC air electrode materials. Certainly,
extended durability (stack) tests are required to evaluate the
industrial applicability of PCFCs. Relevant lifetimes cover at least
8000h (1year) of operation to become commercially viable,
and more likely should last several 10000 in stationary appli-
cations. The available single-cell test durations of up to
1400 h{*>6-170:179.189) jjy;strate the gap in maturity of PCFC tech-
nology in comparison with SOFC.

2.4.4. Proton-Conducting Electrolysis Cells

Operation of proton-conducting cells in electrolysis mode
(PCEC) was reported to result in substantially lower efficiency
than fuel cell operation.'”® Therefore, little data on PCEC are
available. Recently, it was shown that BZCYYb compositions
show drastically improved PCEC performance due to lower
electronic leakage compared with BZY-type materials, reaching
between 0.75 and 1.92Acm™ at 1.3V and 600°C (3-20%
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Table 5. Fuel cell performance of PCFCs with different electrolytes, fuel electrodes, and air electrode materials in single-cell measurements. Best

performing material sets are indicated in bold font.

Air electrode Electrolyte Fuel electrode 600°C 700°C Remarks Ref.
josvAem™ Ry [Qem’  josv[AemT R, [Qcm?]
PrBaCo,0s/Ba(Zr,Ce,Y,Yb)O3 BZCY Ni/BZCY Prnax 0.27 W em ™2 Prnax 0.67 W cm ™2 Bi,O5 sintering aid [219]
(BzCY) BaZrg3Ceo5Y0.203
La;Ni; ¢C00.407 BZCY Ni/BZCY 0.3 0.35 (650°C) 0.5 [220]
LSCF/BZCYYb BZCYYb Ni/BZCYYb 0.4 0.5 [227]
LiNio sC020,/BZCY BZCY Ni/BZCY 0.5 (650°C) ZnO sintering aid [171]
(Pr,La) (Ni,Cu,Nb)O, BZCY Ni/BZCY 0.4 0.7 [176]
infiltrated BZCY
PrBaCo,0s/BZCYYb BZCYYb + Co Ni/BZCYYb 0.4 0.35 0.7 0.12 [222]
SmBaCo,05/SDC BaCeo5Yo.15Ndo.0sO3 Ni/BaCeosYo.15Ndo.0sO3 0.4 03 0.7 0.08 [177]
Smo.sSto.sCoO; infiltrated GDC BZCYYb Ni/BZCYYb 0.6 0.7 [178]
BaCog 4Fe 4Zr.1Y0103 BZCYYb Ni/BZCYYb 0.9 0.6 Acm 2 (500°C) [156]
PrBag 5Sro sC04 sFep sOs BZCYYb Ni/BZCYYb 1.1 0.14 Without PLD [170]
PrBag.5Sr.5C01.5Feg 505 BZCYYb Ni/BZCYYb 1.4 0.14 +PLD [170]
Bag 5Sro.sCop gFep 203 5 BZCY Ni/BZCY 1.75 0.09 <5 pm electrolyte [157]
1350 °C sintered
Table 6. Electrolysis performance of PCECs with different electrolytes, fuel electrodes, and air electrode materials in single-cell measurements.
Air electrode Electrolyte Fuel electrode 550°C 600°C Remarks Ref.
javAecm™? R, [Qcm?] jisy [Acm™?] R, [Qcm?]
NdBag 5Sro.sCoq sFesOs/BZCYYb  BZCYYb  Ni/BZCYYb 0.42 0.38 0.75 0.21 “Hybrid”-cell 10% H,0 in H, and air; [181]
FE not given
PrBagsSrosCo, Fe,Os BZCYYb  Ni/BZCYYb 0.42 0.85 95Ar/5H, 12% H,0 in Oy; FE>97% (500°C) [182]
BaCog 4Fe 4Zr0.1Y0103 BZCYYb  Ni/BZCYYb 0.75 ~0.17 1.0 ~0.14 10-85% H,0 in Ny; FE > 90% 179]
PrBag sSrp.sCoq sFeqsOs BZCYYb Ni/BZCYYb 0.75 0.25 1.42 0.14 Without PLD; FE 74-87% [180]
1.0 0.28 1.92 0.15 +PLD; FE 74-87%

H,0),177182 a5 shown in Table 6. Despite these improvements,
significant contributions of electronic leakage may still reduce
the efficiency of electricity to hydrogen conversion. Moreover,
the performance in electrolysis mode cannot be directly extracted
from the I-V curve, contrary to fuel cell operation. In both oper-
ational modes, an internal electronic leakage decreases the cell
voltage. In fuel cell mode, this directly corresponds to lower per-
formance. In electrolysis, however, a lower voltage at given cur-
rent indicates an improved performance assuming constant
conversion efficiency. It is therefore important, to include the
Faradaic efficiency (FE), which describes the ratio of produced
amount of hydrogen to the theoretical amount assuming full con-
version. Otherwise, the provided data only describe the power
input without indication of product output. Whereas in some
works values up to 98% were obtained,'”* others obtained lower
FE of 76%.%"l

3. Conclusion
Many novel materials have been investigated for application in

SOC. Promising characteristics of these newly developed

Energy Technol. 2021, 9, 2001062 2001062 (12 of 18)

materials were mainly obtained in symmetrical cell setups, as
they enable easy fabrication and testing. However, the validation
of high performance in full-cell tests either was not yet addressed
or did not provide the intended benefit. In parallel, setups utiliz-
ing traditional material combinations were optimized as well,
thus still providing the highest power output published
(see Figure 3). Current densities of 2.0-3.4Acm > at 0.7V
and 700°C are reported for state-of-the-art cells consisting of
Ni/YSZ substrate and fuel electrode, YSZ electrolyte, GDC dif-
fusion barrier, and air electrodes made of (La,Sr)(Co,Fe)Os_s or
dual-phase composites thereof with doped ceria. This empha-
sizes the importance of microstructure, processing, and com-
bined properties of the applied materials. Whereas 700-800 °C
is a quite common range of SOC (ESC/ASC) operating temper-
ature at which traditional materials show beneficial properties,
different material combinations, or processing techniques can
be advantageous when the intended application and operation
conditions change. Especially, for low-temperature operation,
highly active electrode structures with large active surface and
low interfacial resistance to the electrolyte are crucial. For this,
suitable processing needs to be combined with long-term

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 3. Current density of selected SOFC (closed symbols; MSC—half-filled symbols) and PCFC (open symbols) achieved in single-cell tests.

stability at operating temperature. High-temperature exposure
should be kept to a minimum to avoid loss of active surface
by coarsening. Advanced processing techniques like PVD and
PLD can provide high-quality layers with adjustable microstruc-
ture providing enhanced performance. However, industrial
application is impeded by their higher cost and limited
scalability.

Large improvements were achieved with regard to the
development of high-performance air electrode materials, which
presented the bottleneck in early-stage research. This, in turn,
opens the possibility to exploit the potential of enhanced fuel
electrodes in further activities. Application of doped ceria in fuel
electrodes is of high interest for two reasons. First, the electro-
chemical activity of ceria under fuel conditions contributes to
enhanced cell performance. Second, Ni/doped ceria cermets
show potential for increased stability in SOEC mode due to
reduced electrode overpotential. An issue to be solved for wide-
spread application of ceria-based fuel electrodes is their process-
ing in contact with a YSZ electrolyte, as interdiffusion leads to
pore formation at the interface and increased ohmic resistance.
Doped ceria is highly relevant also as an electrolyte material
when aiming at low operating temperature. Here, effective
measures need to be established to avoid electronic leakage,
e.g., by application of blocking layers. If successfully realized,
doped ceria electrolytes may contribute substantially to enhanced
low-temperature performance.

Great potential is attributed to PCFCs when aiming at
low-temperature operation. Very promising properties were
identified in early-stage research but considerable improvement
is still required to effectively compete with existing SOFC
designs. Here, the development of better air electrodes exhibiting
adequate proton conductivity at operating temperature is espe-
cially important, together with the evaluation of long-term stabil-
ity (>1000h), scale-up, and stack testing.

Energy Technol. 2021, 9, 2001062 2001062 (13 of 18)

In summary, it becomes clear that the choice of cell type,
design, materials, and fabrication techniques strongly depends
on the intended application. Operating temperature, the fuel
to be used, desired lifetime, thermal as well as redox cyclability,
and of course cost and performance targets have to be considered
to select the optimum cell type. From this, it can be deduced, that
the future SOC technology will not be represented by a single
state-of-the-art cell covering all sorts of applications, but more
likely will consist of customized designs serving particular
operating conditions. The data on cell performance, material
properties, and manufacturing presented in this article provide
a basis for goal-oriented development in academic research as
well as a guideline for industrial considerations.

3.1. Outlook to Commercial Application of SOCs.

For successful commercialization of SOCs, the single-cell perfor-
mance and durability is only the first step of development.
As a single cell only provides a voltage of about 1V, several cells
need to be connected to form a stack, meeting industrial require-
ments with regard to power output. Some fundamental differen-
ces and limitations have to be considered when operating SOCs
in a stack in comparison with the single-cell characteristics.
Reliable mechanical integration, sealing, electrical contact, and
gas supply are examples for basic considerations in stack design.
All of these factors contribute to losses and affect durability in
stack operation to individual extent. Stacking of cells introduces
additional interfaces between cells, interconnectors, barrier
layers, and contact layers. These interfaces present extra barriers
for current flow and therefore cause contact resistances. Another
challenge is a homogeneous gas distribution between the layers
as well as within each cell. A 3D temperature distribution with a
mean stack temperature rather than a homogeneous
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temperature at every active site causes different reaction rates,
local fuel utilizations, and thermal stresses which complicate
stack operation. Furthermore, characterization of small single
cells is often performed with rather small fuel utilization,
whereas stack operation aims at high fuel utilization to efficiently
exploit the chemical energy of the fuel. As a result, cells assem-
bled in a stack generally do not deliver the same power output as
an identical cell tested in single-cell operation. To illustrate the
magnitude of this issue, recent results show that the current out-
put of a high-performance cell in a Jiilich F10 stack is only about
50% of the current measured on identical cells in a single-cell
test, at 700 °C and a cell voltage of 0.8 V.

Also, degradation behavior is likely to differ between ideal lab
conditions of single-cell testing and real stack operation. This is
due to contaminants of fuels (S- or C-containing species) and air
(CO,, H,0, S, and Cr), different operating conditions, or inho-
mogeneous gas- and temperature-distribution to name just a few
causes. Consequently, the job is not done after the optimization
of single materials, but tests in real stacks or stack-mimicking
environments (e.g., Cr-containing interconnector material) are
crucial parts of material development. Subsequently, stack and
system development are another important topic on the way
to widespread application of SOCs.
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