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Solid Oxide Electrolysis Cells (SOECs) have proven to be a highly efficient key technology for producing

valuable chemicals and fuels from renewably generated electricity at temperatures between 600 °C and

900 °C, thus providing a carbon-neutral method for energy storage. The successful implementation of

this technology on an industrial level in particular requires the long-term stability of all system

components with a concurrent overall degradation rate of a maximum of 0.75% kh−1 or even better 0.5%

kh−1, corresponding to a performance loss of 20% over approx. five years under constant operating

parameters. However, the materials currently used for SOEC systems have been developed and

optimized in recent decades for fuel cell operation. The degradation of these Solid Oxide Fuel Cell

(SOFC) materials used in SOECs, however, slows down the technology and market ramp-up.

Accordingly, a selection and development of materials specifically for use in SOEC operation, must

therefore be based not only on the highest performance but also on the lowest achievable degradation

rate. In general, the systematic development of new SOEC materials must be driven towards key

performance parameters such as mechanical, thermal, and chemical stability as well as an application-

oriented assessment (cost effectiveness, simple manufacturing). This review presents the state-of-the-art

materials in current industrial use for planar SOECs as well as future challenges regarding materials

design and degradation. Recent advances in material compositions are discussed and evaluated in terms

of their performance, stability, and potential for industrial implementation. In addition, a materials

selection for interconnects, coatings, and sealants is briefly listed to outline current developments in

these areas.
1. Introduction

The detrimental impact of fossil-fuel-based energy carriers on
the global climate has led to an increasing interest in carbon-
neutral energy technologies such as wind, solar, and biomass
to renewably generate electricity and the usage of green
hydrogen (H2) as an energy carrier. Hydrogen can also be stored
and re-electried in a fuel cell, as well as be used as a sustain-
able feedstock for the chemical industry (power-to-X, power-to-
fuel, power-to-chemicals, power-to-heat), thus facilitating the
large-scale integration of renewables, enabling efficient global
energy logistics and locally supporting the balancing of the grid.
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Due to its versatile application possibilities, hydrogen plays
a key role in a future sustainable energy system as a coupling
element for different sectors. Therefore, in addition to an
intensive expansion of renewably generated power, a exible
hydrogen infrastructure is necessary. Hydrogen is a non-toxic
energy carrier with a high mass-based specic energy content
that can be produced in either a carbon-neutral or carbon-free
manner. The chemical industry and reneries are currently
the main hydrogen consumers. Of the total hydrogen produc-
tion in 2020 (90 Mt), 44% (40 Mt) was used for the production of
valuable oil products in reneries through hydrocracking and
hydrotreatments for the desulfurization of fossil fuels.1 An
additional 45 Mt H2 was consumed in the chemical industry as
a basic component for the production of methanol and
ammonia.1 The remaining 5 Mt were mostly used for steel-
making with less than 0.02% H2 (<20 kt H2) used for transport.
Hydrogen fuel produced from renewably generated power
sources could decarbonize these sectors as well as various
energy-intensive industries (e.g., steel), the mobility sector, and
residential heating demand. Using natural resources also
means a reduction in the price of generating electricity.
J. Mater. Chem. A, 2023, 11, 17977–18028 | 17977
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Strategies are being implemented worldwide to build
a hydrogen economy and infrastructure, as highlighted in
Fig. 1. The political effort to increase hydrogen production
includes supporting research and innovation projects, scaling
up and decarbonizing existing hydrogen production facilities,
expanding logistics infrastructure, and establishing larger-scale
storage facilities. Europe is expected to achieve climate
neutrality in 2050, which is why a continent-wide hydrogen
network is planned. A signicant aspect is the repurposing of
e.g., existing natural gas pipelines for the global hydrogen trade
of gaseous hydrogen to lower the delivery costs. The hydrogen
pipeline network may connect industrial end users with large-
scale electrolyzers also found outside of the EU. In addition,
establishment of new pipeline networks to transport hydrogen
as ammonia, methanol, and liquid organic hydrogen carriers
(LOHC) is considered.2
Stephanie E. Wolf graduated
with distinction from RWTH
Aachen University, Germany, in
2020 with a degree in chemistry,
focusing on catalysis, computa-
tional chemistry, and spectros-
copy. Since October 2020, she
has been working as a PhD
candidate at the Institute of
Energy and Climate Research
(IEK-9: Fundamental Electro-
chemistry) at Forschungszentrum
Jülich. Her elds of research

include material synthesis, chemo-physical material characteriza-
tion, solid oxide cell preparation, electrochemical cell character-
ization, long-term degradation studies as well as postmortem
analyses.

Vaibhav Vibhu studied chem-
istry and obtained his master's
degree from the University of
Delhi and the University of Gre-
noble Alpes. He then completed
his PhD in 2016 at the ICMCB-
CNRS, University of Bordeaux,
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focuses on the development of electrode materials, materials
characterizations and processing, the manufacturing of cells,
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tion mechanisms of electrodes and degradation phenomena of
cells.

17978 | J. Mater. Chem. A, 2023, 11, 17977–18028
In particular, green hydrogen produced by renewably
generated power sources is considered essential for a sustain-
able transition of the energy system. However, current hydrogen
production is mainly based on gray power sources. Hydrogen
production routes and sources are shown in Table 1 with the
corresponding color encoding according to their present-day
classication.1 Hydrogen production via coal gasication
results in high carbon emissions and the end product is
referred to as black or brown hydrogen depending on the coal
type. Hydrogen produced by the steam methane reforming
(SMR) of natural gas was the main source of hydrogen in 2020,
representing 59% of global production. In naphtha reforming,
most reneries produce hydrogen as a by-product, with 21% of
global hydrogen production attributed to this route. Obtaining
hydrogen from oil oxidation, on the other hand, is negligible at
0.6%. All three synthesis routes produce grey hydrogen and are
considered ‘carbon-positive’ technologies. The industrial
Franziska E. Winterhalder is
currently pursuing her PhD in
materials engineering at the
Institute of Energy and Climate
Research (IEK-1: Materials
Synthesis and Processing) at
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chloralkali process generates clean, white hydrogen as a by-
product, although it does produce CO2 emissions, which stem
from electricity produced to operate the electrolyzers. In recent
years, low-carbon hydrogen technologies have emerged. Blue
hydrogen is classied as production using the SMR process,
with the subsequent storage of carbon emissions (CCS). This
method still has a low share of global H2 production (0.7%) and
is considered a bridging technology. Hydrogen production from
fossil fuels has the disadvantage that the gaseous product
stream has to be treated in downstream processes to reach an
adequate level of purity for further catalytic utilization. Green
hydrogen is produced by water electrolysis based on various
renewable energy sources. The electrochemical conversion of
water to hydrogen results in an almost pure product gas without
detrimental impurities. To achieve the goal of net-zero carbon
emissions by 2050, water electrolyzer capacities will have to be
Rüdiger-A. Eichel studied
physics at the University of
Cologne and completed his PhD
at the Swiss Federal Institute of
Technology (ETH) in Zurich. In
2012, he became a director at
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interests in the eld of solid
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built as well as tested, and electrochemically analyzed.
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ing (IEK-1, Forschungszentrum
Jülich) and professor at the
RWTH Aachen University in
2014. He is the spokesperson of
the research program “Materials
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Academy of Ceramics, fellow of the American and European
Ceramic Societies.

This journal is © The Royal Society of Chemistry 2023
increased to meet the increasing demand for green hydrogen
especially in the additional eld of energy logistics.3

Water electrolyzers are classied, depending on their oper-
ating conditions and charge carrier type (OH−, H+, O2−), as
alkaline electrolyzers, proton exchange-membrane (PEM) elec-
trolyzers, and solid oxide electrolyzers (SOE). Alkaline electrol-
ysis is a commercially mature, low-cost, and stable technology,
usually operated at 20–80 °C, up to 30 bar, with process effi-
ciency of about 62–82%.4,5 The charged Raney nickel electrodes
are immersed in a liquid alkaline electrolyte, which is
commonly potassium hydroxide (KOH). A diaphragm perme-
able only for OH− anions separates the product gases. Polymer
electrolyte membrane (PEM) electrolysis is also commercially
available and can operate at high current densities of around−2
A cm−2 to −3 A cm−2 between 50–80 °C. Compared to alkaline
electrolyzers, the polymer electrolyte membrane Naon® is
much thinner, provides good proton conductivity (0.12 ±

0.04 S cm−1),6 and has a quicker input response. This results in
efficiencies of 67–82% for PEM electrolyzers. The use of
expensive noble metal electrodes, for example, Ir, Pt, Ru, and Pr,
is essential due to the acidic environment.4 In anion exchange
membrane (AEM) electrolyzers, the conventional diaphragm of
alkaline electrolyzers is replaced with a quaternary ammonia
(polysulfone) AEM permeable for negatively charged OH− ions.
These membranes are less expensive than Naon®-based
membranes in PEM electrolysis and enable the use of transition
metal catalysts instead of noble metals. AEM electrolysis is still
a developing technology operated at 50–70 °C with up to −1.0 A
cm−2 at ∼2 V and a current efficiency of ∼40%.7,8 The specic
technological comparison of the limitations, advantages, and
disadvantages of different electrolyzer systems depends on the
application as well as on the economic and ecological point of
view. However, this is not the focus point of this paper and is
discussed in more detail elsewhere.9–11

Electrochemical energy conversion to generate chemical
fuels with high efficiency is possible in traditional oxide ion-
conducting electrolysis cells (SOECs) as well as protonic
Norbert H. Menzler studied
Materials Science at the Univer-
sity of Erlangen–Nuremberg
from where he got his Diploma
and his PhD Aerwards, he
acted as a Managing Director of
a Bavarian research network. In
2000 he joined For-
schungszentrum Jülich working
now on solid oxide cells. His
specialization is the cell mate-
rials, their processing, and the
post-test analysis of operated

stacks. Since 2016 he has been the head of the solid oxide cell
department of the Institute of Energy and Climate Research (IEK-1:
Materials Synthesis and Processing). In 2019 he received an
honorary professorship from the RWTH Aachen University.
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Fig. 1 Schematic representation of a hydrogen infrastructure: renewably generated power is used to generate hydrogen through a high-
temperature solid oxide electrolysis cell (SOEC). Energy-intensive industries, e.g., production and mobility, are powered by the low-emission
energy carrier hydrogen, and surplus chemical energy is stored.

Table 1 Types of hydrogen generation methods and sources with the corresponding theory of hydrogen colors. The percentage share of
production for 2020 is shown along with the generation method1

Color Source Method Production in 2020a/%

Black H2 Black coal Gasication 19%
Brown H2 Brown coal/lignite Gasication
Grey H2 Natural gas Natural gas reforming 59%

Oil Partial oxidation 0.6%
By roduct Naphtha reforming 21%

White H2 By product Chloralkali electrolysis
Blue H2 Natural gas + carbon capture and storage (CCS) Natural gas reforming 0.7%
Turquoise H2 Methane Pyrolysis
Pink H2 Nuclear energy Water electrolysis
Yellow H2 Mixed grid energy Water electrolysis
Green H2 Renewable-generated power sources Water electrolysis 0.03%

a Production is calculated as more than 100% in reference.
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ceramic electrolysis cells (PCECs). Proton-conducting materials
have attracted increasing interest due to their lower operating
temperatures (450–700 °C).12 As proton-conducting cells are
currently still in the development phase and not commercially
available, this review focuses on commercially available oxygen
ion-conducting electrolysis cells. Solid oxide electrolyzer cells
(SOECs) are typically operated between 600 °C and 900 °C,
consist of two porous electrodes separated by a dense pure
oxide-ion conducting electrolyte, and can achieve technical
efficiencies up to 100% due to advantageous thermodynamics
and reaction kinetics.13–15 In steam electrolysis, steam (H2O) is
electrochemically reduced to hydrogen (H2) at the negatively
charged fuel electrode. The resulting oxide ions migrate
through the electrolyte to the positively charged oxygen elec-
trode, where they are oxidized to molecular oxygen (eqn (1) and
(2)). Green CO production through direct CO2 electrolysis is also
feasible in SOECs.16 This process has attracted increasing
interest in a possible “closed recycling loop” within the
synthetics industry (eqn (3)). A unique advantage of SOECs is
also the direct production of syngas (H2 + CO) through co-
electrolysis, which is the simultaneous conversion of H2O and
17980 | J. Mater. Chem. A, 2023, 11, 17977–18028
CO. H2 : CO ratios from 1 : 1 to 3 : 1, which are currently of great
importance in the chemical industry, can be achieved using
high-temperature SOECs.17 The operating conditions and
equilibrium process impact the (reverse) water gas shi reac-
tion ((R)WGS) (eqn (4)) occurring during the co-electrolysis
process, with the product ratio on the fuel side being variable.
Synthetic natural gas and methane are derived from methana-
tion with an H2 : CO ratio of 3 : 1. In Fischer–Tropsch synthesis,
syngas with lower ratios of 1.8 : 1.2 is used to generate liquid
hydrocarbons, for example, synthetic fuels and chemical
lubricants.18,19 Additionally, aldehydes synthesized via the “oxo
process” hydroformylation are valued products and give way to
bulk chemicals such as esters, alcohols, and amines.20

2H2O + 4e− / 2H2 + O2 (1)

O2− / 2e− + O2 (2)

2CO2 + 4e− / 2CO + O2 (3)

CO2 + H2 % H2O + CO (4)
This journal is © The Royal Society of Chemistry 2023
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The high operating temperature is the main advantage of
SOECs, which results in lower ohmic losses compared to alka-
line and proton exchange membrane electrolyzers as well as
advantageous kinetics and thermodynamics. The required
process enthalpy DH of the endothermic steam reduction
process can be supplied in the form of heat and electrical energy
(Gibbs energy DG). With increasing temperatures, the enthalpy
increases slightly for steam reduction while the electrical energy
demand DG becomes smaller at higher temperatures. The
remaining energy demand TDS can be supplied in the form of
heat.21 By integrating the electrolyzer system into pre-existing
chemical industry plants, the heat demand can be supplied
from the external waste heat of exothermic downstream
chemical processes, for example, the production of synthetic
fuels, ammonia, or industrial processes such as the production
of steel, copper, aluminum, cement, or ceramics. In addition,
the internal cell resistances lead to the production of Joule heat,
which adds to the enthalpy for educt-to-product conversion. At
the thermo-neutral voltage Etn, the exact power required for the
endothermic electrolysis process is produced, and therefore no
external thermal management is necessary aside from
compensating for the heat loss to the surroundings. The energy
efficiency of up to 100% and the use of inexpensive catalyst
materials make SOEC systems more cost-effective in compar-
ison to alkaline and PEM electrolyzers.22

The current demonstrator systems for SOECs on laboratory
and industrial scales have been tested for up to 23 000 h at
a high current density of −0.9 A cm−2 with a voltage increase of
7.4 mV kh−1 (Table 2). Between 2016 and 2019, the European
project GrInHy manufactured an rSOC system (reversible solid
oxide cell) with 48 stacks, each with 30 Sunre cells, arranged in
six modules, with a power of 143 kW in electrolysis mode
(84%el,LHV) and 30 kW (48%el,LHV) in fuel cell mode.23 The
world's most powerful industrial high-temperature electrolyzer
(as of 2022) is showcased in the subsequent European collab-
oration project, GrInHy2.0, in which hydrogen is produced
Table 2 Steam electrolysis test overview performed on cell stack
systems in fuel electrode (FE) and electrolyte-supported
configurations

Operators Degrad./% kh−1 T °C Time/h Ref.

Electrolyte-supported cell-based stack
Topsoe, EIFER 4.6–5.6 820 4055 32
INL, Ceramtec 5.6, 4.6 800 1000 33
IKTS 0.5 800 2100 34
Sunre, EIFER 0.8 830 4224 35
Sunre, DLR 0.3–1.4 820 3370 36

Fuel-electrode-supported cell-based stack
Jülich 0.7 800 2400 37

1.9 700 2300
1.9 750 700
0.4–1 800 14 600

Jülich 1.5 810 2034 31
810 1001

Solydera, EIFER 0.5 710 3250 38
7450

This journal is © The Royal Society of Chemistry 2023
using waste heat from an iron and steel factory.24 The industrial
implementation of SOEC technology produces 200 Nm3 h−1

green H2 at 850 °C with a nominal power input of 720 kW and
an electrical efficiency of 84%el,LHV.

An example of a schematic layout of established stack
systems is presented in Fig. 2 for the laboratory scale of the
Jülich integrated module.25 All necessary system parts are
organized around the integratedmodule and inlet fuels are kept
at room temperature before being fed into the system. On the
fuel side, steam and hydrogen can be supplied to the stack by
mass ow controllers (MFCs). The steam is generated by the
evaporation of demineralized water. The system is connected at
the air side to inlet tubes for both compressed air as well as
puried ambient air. Fuel and air are heated before being fed
into the stack. Post-reaction, the gas mixture on the fuel side is
separated into hydrogen and steam in a plate heat exchanger. In
a downstream recirculation unit, the off-gas is condensed and
compressed with a double-headed prototype diaphragm
compressor to overcome the pressure drop of the recirculation
loop. The product gas is cooled down and transported out of the
system. The reintegration of off-heat and off-gas on the fuel side
increases the efficiency of the system.26–29 On the air side, the
off-gas is partly recirculated and cooled down with heat
exchangers, thus making way for fresh air. The system
surrounding the integrated module is permanently ventilated
with fresh air to reduce safety risks, for example, the ignition
limits of hydrogen.

The long-term operation of solid oxide cells in fuel cell mode
has been well developed and demonstrated for more than 100
000 h with a voltage degradation rate of only 0.5% kh−1.30 In
contrast, SOEC stack designs still exhibit higher degradation
rates of 0.6–1.5% kh−1, depending on the respective operating
conditions applied, for example, current density.31 Table 2
provides an overview of long-term SOEC tests with different cell
congurations and operating conditions conducted in cooper-
ation between research institutes and industry. Long-term
system durability is a key challenge to the increased economic
competitiveness and more widespread industrial implementa-
tion of SOEC technology in the future.

The reliable long-term performance of an SOEC stack system
requires all components to be thermally stable. However, state-
of-the-art systems have shown several lifetime issues related to
single-stack components. The interconnect plates separate the
stacked ceramic cells to give mechanical stability, thus also
separating the fuel and the air gas feed and connecting the
electrical current. Cr alloys and high Cr-containing ferritic
stainless steel (FSS) are currently used due to their good
mechanical strength and matching thermal expansion coeffi-
cients (TECs) with other SOC stack materials. When operated at
high temperatures, the metallic interconnect oxidizes in the
presence of steam or oxygen. This promotes the growth of an
electronically conductive oxide layer on the interconnect, which
may lead to spallation phenomena. Additionally, further chro-
mium oxidation can lead to the formation of Cr6+, which is
known to negatively impact the SOC electrodes via Cr evapora-
tion39 from the oxide scale and react either electrochemically or
chemically.40Glass-ceramic sealants are used to separate the gas
J. Mater. Chem. A, 2023, 11, 17977–18028 | 17981
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Fig. 2 Flow scheme of a laboratory-scale SOC system at Forschungszentrum Jülich. This work is licensed under the terms of the Creative
Commons Attribution 4.0 License © 2021 by the authors (CC BY, (https://creativecommons.org/licenses/by/4.0/)).25
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chambers in the horizontal plane, seal the cell into the inter-
connect, and ensure gas-tightness to the outer surrounding of
the stacks. They require similar properties to the interconnect,
for example, thermal expansion match and mechanical
robustness. In addition, they must be gas-tight and show good
creep resistance. In long-term operation, sealants can show
reactivity with other stack components, for example, interdif-
fusion, and delamination.41 The long-term and large-scale
deployment of SOEC technology also currently faces the chal-
lenge of electrode and electrolyte durability. The state-of-the-art
materials of SOECs are adopted from materials used in solid
oxide fuel cells. However, since the operating conditions/
reaction mechanisms are different for SOFC and SOEC opera-
tion modes, the electrode materials requirements also vary
depending on the mode of operation. Compared to SOFC
operation, different reactions take place at the electrode/
electrolyte interfaces, the materials must be stable in different
atmospheres/oxygen partial pressures and under different
applied voltages. At the moment, the state-of-the-art materials
considered from SOFC research exhibit microstructural degra-
dation as a consequence of the different gas compositions and
pollutants present in the gas stream.42,43 For a successful
commercial implementation of SOEC technology as part of
a future hydrogen infrastructure, the stack costs and the
longevity of the system have to be addressed. To meet the
industrial goal of a maximum degradation rate of a maximum
17982 | J. Mater. Chem. A, 2023, 11, 17977–18028
of 0.75% kh−1 or even better 0.5% kh−1, corresponding to
a performance loss of 20% in approx. ve years, the materials
used in current SOEC systems need to be optimized or new
innovative materials engineered that exhibit excellent chemical
stability and high electrochemical performance in long-term,
high-temperature operation.2

For the oxygen electrode, new perovskite-based materials
such as double perovskites e.g., Sr2Fe1.5Mo0.5O6−d (SFM),
PrBaCo2O5+d (PBC) and GdBaCo2O5+d (GBC) as well as Rud-
dlesden–Popper phases such as La2NiO4+d (LNO), Nd2NiO4+d

(NNO), and Pr2NiO4+d (PNO) are currently under investigation
and have already shown sufficient performance in short-term
measurements up to ∼200 h. Doped perovskite oxides based
on La0.2Sr0.8TiO3+d (LST), La0.75Sr0.25Cr0.5Mn0.5O3−d (LSCM),
La0.6Sr0.4Fe0.8Mn0.2O3−d, (LSFM), or double perovskites system
Sr2Fe1.5Mo0.5O6−d (SFM) or Sr2FeNbO6−d (SFN) are investigated
as alternative fuel electrode materials.44

In this paper, we elaborate on the key challenges in state-of-
the-art materials for all essential components, for example,
electrodes, interconnects, coatings, sealants, and electrolytes
used in commercial SOC stack systems. Novel material classes,
their production methods, and the assessment of their poten-
tial in terms of real-life use are essential to prolonging the
longevity of SOEC stack systems and establishing them within
a future hydrogen infrastructure. Special emphasis is placed on
the cell materials and the development of the electrode
This journal is © The Royal Society of Chemistry 2023
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microstructure from the laboratory scale to current commercial
applications.
2. Solid oxide electrolysis cell
configurations and designs

There are mainly two different cell congurations used in solid
oxide cells: the planar and the tubular type. Both congurations
consist of at least three different layers – oxygen electrode,
electrolyte, and fuel electrode – as displayed in Fig. 3.

Tubular cells are of interest due to their inherent high
mechanical stability, quick start-up capability, easier sealing,
and improved thermal cycling ability compared to planar cells,
however, their application in SOECs and reversible SOCs
(rSOCs) is still in the research and development phase.45,46

Therefore, laboratory and industrial applications are predomi-
nantly focused on planar cells, as these cells achieve higher
current densities as well as being easier to manufacture, for
example, by tape casting and screen-printing techniques, thus
increasing cost-effectiveness. Furthermore, planar cells exhibit
a lower internal resistance as well as higher exibility in gas ow
congurations compared to tubular cells. However, challenges
in using the planar cell in stack congurations include more
complicated sealing requirements and contact issues between
interconnects and cells.45,47–49 Regardless of cell design, each
cell requires a thick mechanical support layer, which ensures
good handleability during processing and absorbs the stresses
that may result from SOC operation. The cell design
Fig. 3 Planar and tubular cell designs and schematic representation of
electrode-supported cells, electrolyte-supported cells, and metal-suppo

This journal is © The Royal Society of Chemistry 2023
classication depends on the supportive layer. Industrially
manufactured and investigated cell designs are electrolyte-
supported cells (ESCs), fuel electrode-supported cells (FESCs),
oxygen electrode-supported cells (OESCs), and metal-supported
cells (MSCs).45,50,51

2.1. Electrolyte-supported cell

Electrolyte-supported cells typically consist of an electrolyte
layer with a thickness of 50–250 mm in between a fuel electrode
(5–20 mm) and an oxygen electrode (15–80 mm).50 The advan-
tages of ESCs are their good mechanical robustness and better
redox behavior compared to electrode-supported cells.52–54 ESCs
for high-temperature electrolysis are currently produced on an
industrial scale and sold by, for example, Kerafol, while also
being operated in SOEC stacks by Sunre55 or Bloom Energy.
However, they exhibit high ohmic resistances due to the rela-
tively thick electrolyte layer of partially stabilized zirconia,
which shows higher strength but lower oxygen-ion conductivity,
leading to lower power densities and thus requiring operating
temperatures above 800 °C. These high operating temperatures
require good thermal insulation and expensive thermostable
materials.47,53,56

2.2. Electrode-supported cell

In electrode-supported cells, a thick, porous electrode layer
offers mechanical support. As a cell consists of two different
electrodes, a distinction can be made between two types of
electrode-supported cells: fuel electrode-supported cells
the three different cell support types reported in the literature: (fuel-)
rted cells.

J. Mater. Chem. A, 2023, 11, 17977–18028 | 17983
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(FESCs) and oxygen electrode-supported cells (OESCs). Here,
the electrolyte layer can be signicantly thinner (2–20 mm),
whereas the supporting layer is 250–1000 mm for FESCs and
∼1 mm for OESCs.50 However, the thickness of the active elec-
trode layers is 5–20 mm for the fuel electrode and 15–80 mm for
the oxygen electrode.50 The reduced thickness of the electrolyte
in this cell design leads to a decrease in ohmic resistance and
the option of lowering the operating temperatures. When
comparing FESCs and OESCs, the fuel electrode-supported cells
are more favorable due to their higher power densities, espe-
cially at lower temperatures, which is why they are mainly used
at present.45,47,50 Nevertheless, electrode-supported SOCs exhibit
higher electronic resistance and low redox stability, resulting in
higher sensitivity for damage caused by redox cycling.53,54,56 At
present, fuel electrode-supported cells are key components in
Elcogen SOEC stacks as well as in SolydEra solid oxide elec-
trolysis (SOE) systems.57
2.3. Metal-supported cell

Another possibility for mechanically stabilizing an SOC is the
application of metal support. In this design, the electrolyte
thickness and the active fuel and oxygen electrode thicknesses
correspond to those of electrode-supported cells. The metallic
support has a thickness of ∼1 mm.50 Literature reports indicate
that MSCs can overcome many of the above-mentioned
restrictions for ESCs, FESCs, and OESCs. They exhibit high
mechanical robustness, fast start-up times, and high redox
tolerance. A further advantage of metal-supported cells is their
low material costs thanks to the minimization of the thickness
of the expensive, electrochemically active ceramic layers, for
example.51,58–62 MSCs can also operate at medium-to-low
temperatures (of around 650 °C) in 50% H2O + 50% H2 with
a 20% lower area-specic resistance (ASR) and a signicantly
lower degradation rate compared to state-of-the-art Ni-YSZ fuel
electrode-supported cells.58 Onemajor drawback of MSCs might
be their complex operating conditions, for example, the differ-
ences in the TECs between the metal and ceramic compo-
nents.51,56,60,63 As MSCs are currently being used successfully in
the SOFC systems of Ceres Power, SOEC systems are now being
developed.64 However, there is a lack of publications on the
long-term operation of MSC-based stacks in both fuel cell and
electrolysis mode.
3. Solid oxid electrolysis cell
components
3.1. Electrolytes

3.1.1. Requirements. The electrolyte separates the fuel and
oxygen electrode in a solid oxide electrolysis cell and must
therefore be stable in both reducing and oxidizing conditions.
The gas-tightness of the thin and dense electrolyte layer
prevents the reactants on both sides from mixing. The material
should possess high oxide ion conductivity (>0.1 S cm−1)65 at
operating temperature with negligible electric conductivity to
avoid current leakage. The performance of the electrolytes
predominantly depends on temperature, material properties,
17984 | J. Mater. Chem. A, 2023, 11, 17977–18028
and thickness. High operating temperatures increase the ionic
conductivity of the materials and promote thermally activated
electrochemical processes. For electrolyte-supported cells, the
electrolyte material governs the thermal expansion of the full
multi-layer cell, thus preventing delamination of other layers,
such as the electrodes, caused by a thermal expansion
mismatch.66,67

3.1.2. Zirconia- and ceria-based electrolytes. In high-
temperature SOCs, the extensively used electrolyte is
composed of yttrium-stabilized zirconium (YSZ) oxide, which
has good oxygen ionic conductivity between 700 °C and 900 °C.
Below 700 °C, 8 mol% yttria-stabilized zirconia (8YSZ) exhibits
sufficient performance if the electrolyte layer is thin enough (∼3
mm) and the grain size is around 0.6 mm.68 Direct substitution
with 8–10 mol% yttria stabilizes the cubic uorite structure of
ZrO2, which exhibits numerous vacant octahedral interstitial
sites. In addition, large concentrations of oxygen vacancies are
created through charge balance. This improves the ionic
conductivity of ZrO2 and results in an extended oxygen partial
pressure range of ionic conduction, making stabilized zirconia
a suitable and most commonly used electrolyte for high-
temperature electrolysis.69 The dopant valence, the ion size of
the dopant, and the dopant concentration in ZrO2 inuence
ionic conductivity.70 Higher doping concentrations have led to
immobile defect clusters, thus reducing conductivity. In some
industrial solid oxide stack applications,71–73 mostly ESC-based
stacks, 3 mol% YSZ (3YSZ) is employed due to its better frac-
ture toughness (∼10 MPa m0.5) and high exural strength (∼1
GPa) despite its lower conductivity at high temperatures (T > 550
°C).74 The 8 mol% YSZ has shown the highest conductivity of
0.14 S cm−1 at 1000 °C, but a higher conductivity of 0.3 S cm−1

at 1000 °C was achieved for ZrO2 with 11 mol% Sc2O3.70,75

However, the structure becomes rhombohedral over 9 mol%
Sc76 and the conductivity decreases below 600 °C. This is due to
the similar ionic radii of Sc3+ and Zr4+, resulting in a compact
structure with small structural defects.

Doped ceria is a uorite-type material with a higher ionic
conductivity than stabilized zirconia at medium temperatures
between 600 °C and 800 °C (Fig. 4). The ionic conductivity
reaches its maximum with around 15 mol% of dopant.77 A
widely used dopant is Gd, while Sm and Y have also been used
to a lesser extent.67,68 A major disadvantage of doped ceria
electrolytes is the observed reducibility of Ce4+ to Ce3+ in
a reducing environment, resulting in possible mechanical
instability and electrical conductivity.66,78

In addition to its physical characteristics, 8YSZ is still the
material of choice due to its cost advantages over scandia-
stabilized zirconia (ScSZ) and gadolinium-doped ceria (GDC).
Fuel electrode-supported cells with an 8YSZ electrolyte have
proven their long-term stability in various tests conducted at
Forschungszentrum Jülich,25,37,79,80 Topsoe,81,82 EPFL,38 CEA,83–85

DTU,86 DLR,87,88 and EIFER.89

3.1.3. Alternative electrolyte materials: apatites and
lanthanum gallates. One way to increase the longevity of SOEC
systems is to operate them at more moderate temperatures,
thus slowing down the detrimental thermally activated degra-
dation processes. Lanthanum apatites La8B2Si6O26 (B =Mg, Ca,
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Total conductivity of oxide ion electrolyte materials (Sc2-
O3)0.096(ZrO2)0.904,104 Zr0.9Y0.1O1.95 (YSZ),105 La9.75Sr0.25(SiO4)6O2.895

(Si-apatite),98 La9.5(Ge5.5Al0.5O24)O2 (Ge-apatite),106 Ce0.9Gd0.1O1.95

(GDC),107 La0.8Sr0.2Ga0.83Mg0.17O2.815, and La0.85Sr0.15Ga0.8Mg0.2O2.825

(LSGM).108
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Sr, Ba) are a promising alternative, as they exhibit higher
conductivity than YSZ and GDC at intermediate tempera-
tures.90,91 The oxygen interstitials migrate in the conduction
channels along the c-axis.90 Lanthanum silicate-based apatites
crystallize in a hexagonal structure (P63/m) and have been re-
ported to exhibit higher oxide ion conductivity at intermediate
temperatures than YSZ (La10−xSi6O26+d > 10−3 S cm−1 at 500 °
C).92–96 The oxide ion conductivity can be optimized by cation
doping at both the La and B sites.97,98 Despite the advantageous
material properties, apatites require high preparation temper-
atures (>1600 °C).99 One widely studied perovskite-structured
oxide is doped lanthanum gallate. Studies have shown the
best ionic conductivities for La0.8Sr0.2Ga0.8Mg0.2O3 and La0.8-
Sr0.2Ga0.85Mg0.15O3 (LSGM)100 exceeding the ionic conductivity
of YSZ over a wide range of oxygen partial pressure.101 However,
under a reducing atmosphere, gallium evaporation was
observed.102,103

3.1.4. Summary of electrolyte materials. Stabilized zirconia
remains a state-of-the-art electrolyte material in electrolyte- and
fuel-electrode-supported cells (ESCs, FESCs). In ESCs, partially
stabilized (3YSZ) zirconia or scandia-ceria-stabilized zirconia
(ScCeSZ) are typically used due to their higher mechanical
stability compared to 8YSZ. In FESCs, 8YSZ is the material of
choice as it is mechanically supported by a thick support layer
on the fuel electrode side. Inmetal-supported cells (MSCs), GDC
is most commonly used as its operating temperature is typically
lower than that of ESCs and FESCs (∼600 °C). This is due to the
enhanced corrosion of the metal support at higher tempera-
tures. If a GDC electrolyte is used, an additional very thin YSZ
electron blocking layer must be applied (e.g., by vapor deposi-
tion or electrophoretic deposition) to suppress electron
leakage.109 Alternative electrolyte materials are still in the
This journal is © The Royal Society of Chemistry 2023
research and development phase, including the rst single-cell
tests.
3.2. Oxygen electrode

3.2.1. Requirements. Solid oxide cells (SOCs) can be oper-
ated reversibly, as solid oxide fuel cells (SOFCs) for power
generation from chemical fuels or as solid oxide electrolyzer
cells (SOECs) using electricity for the production of chemical
fuels. As discussed previously, higher degradation rates have
been observed for SOEC compared to SOFC operation. With
regards to the oxygen electrode, the origin of degradation
processes has been related to the different oxygen activity in the
electrode and varied catalytic activity for the oxygen evolution
reaction (OER) in SOEC and the oxygen reduction reaction
(ORR) in SOFC mode.110 For the electrolysis reaction, a larger
pO2 gradient across the electrode/electrolyte interface has been
suggested, which enhances degradation processes such as the
formation of oxygen bubbles at the electrode/electrolyte inter-
face and subsequent delamination or microstructural changes
at the electrolyte/oxygen electrode interface. Due to the larger
pO2 gradient, the oxygen electrode material requirements for
solid oxide electrolysis cells (SOECs) should meet several
criteria, such as excellent catalytic activity for the oxygen
evolution reaction (OER) and high chemical stability in an
oxidizing environment without the formation of resistive pha-
ses with the electrolyte. The thermomechanical properties of
the material should be similar to those of the electrolyte to
avoid stresses upon heating or cooling, and high electrical
conductivity is essential for long-term industrial applications.

The electrode material catalyzes the dissociated oxygen
anions to oxygen molecules and surplus electrons (Fig. 5). The
mechanism of oxygen evolution at the oxygen electrode
includes several steps: ion transfer along the electrode/
electrolyte interface, charge transfer, solid-state bulk, surface
diffusion, surface desorption, and gas diffusion processes.
Among them, bulk transport and surface transport are generally
considered to be rate-limiting steps.111 The catalytic activity and
usability of an oxygen electrode material are determined by the
surface exchange coefficient (k*) and the oxygen self-diffusion
coefficient (D*). Adler, Lane and Steele112 proposed the ALS
model in 1996 to calculate the chemical reaction contribution
Rchem of oxide ion migration in the porous electrode in relation
to the oxygen self-diffusion coefficient (D*, cm2 s−1), the surface
exchange coefficient (k*, cm s−1), and microstructural parame-
ters such as tortuosity s, fractional porosity 3, and oxygen
surface concentration Co. Taking the charge transfer resistance
into account, they expressed the total impedance according to
eqn (5) as the sum of chemical impedance derived from the
oxygen evolution reaction (OER) and diffusion at the oxygen
electrode (zchem), the electrolyte resistance (Relectrolyte), and the
electrochemical kinetics at the electrolyte/electrode interface
(zinterface). Their models showed that when the surface exchange
and solid-state diffusion dominate, the total cell impedance
would be reduced to Z = Rchem.

Z = Relectrolyte + zinterface + zchem (5)
J. Mater. Chem. A, 2023, 11, 17977–18028 | 17985
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Fig. 5 Schematic description of the oxygen evolution reaction (OER) at the oxygen electrode surface.
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Rchem ¼ RT

2F 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s

ð1� 3ÞaC2
ok

*D*

r
(6)

High surface exchange coefficients (k* ∼10−7 cm s−1 at 700 °
C) and a high oxygen diffusion coefficient (D* ∼10−7 to 10−8

cm2 s−1 at 700 °C) are prerequisites for enhanced oxygen
transport and oxygen electrode kinetics in addition to sufficient
electrode porosity.113 The diffusion and surface exchange
properties of the oxygen electrode material are a good measure
for the catalytic activity of the oxygen electrode and are therefore
investigated by oxygen isotope exchange measurements.

The oxygen electrode material should be compatible with the
other cell component materials and possess high chemical
stability. The thermal expansion coefficient (TEC) gives the
relative expansion with temperature, and a mismatch between
the electrode material and electrolyte could pose the risk of
delamination. The typical value for common electrolyte mate-
rials such as yttrium-stabilized zirconia (YSZ), gadolinium-
doped ceria (GDC), strontium, and magnesium-doped
lanthanum gallium oxide (LSGM) is around 10–13 × 10−6

K−1.114 A similar or adapted thermal expansion for the electrode
thus avoids thermo-mechanical stress and ensures long-term
system operation. The thermal expansion coefficient depends
on the crystal structure as well as the perovskite cation radii.115

One way of tailoring the TEC is to dope the perovskite material
at the A- or B-site. However, this substitution also affects the
electrochemical properties of the material.116 It should be noted
that the prerequisite of adapted TECs is based on theory, for
example, FESCs with an LSC (cf. chapter 3.2.1.1) oxygen elec-
trode, which has a very high TEC (20.5 × 10−6 K−1), are being
used by Elcogen®, for instance. They do not show any delami-
nation or other mechanical problems during normal operation
and even during thermal cycles.117 High chemical stability
under different long-term operating atmospheres is necessary
to prevent degradation, which affects efficient oxygen evolution,
shortens the lifetime of the cell, and therefore increases costs.
High electronic and oxide ion conductivity under an oxidizing
atmosphere of over 100 S cm−2 and 10−3 S cm−2, respectively,
ensure good oxygen ion transport through the electrode as well
as a high conversion rate per area, resulting in low ohmic cell
resistance.118
17986 | J. Mater. Chem. A, 2023, 11, 17977–18028
Electrode materials are assigned as either n- or p-type
conductors. For the n-type conductor, an oxygen deciency is
required to create electrons, which is why these materials are
not stable under oxidizing conditions like ambient air. P-type
electronic conductors, on the other hand, are stable in air, as
they require oxygen excess to generate holes.119,120 Mixed ionic–
electronic conducting (MIEC) single-phase perovskite oxides
have increasingly become a eld of study due to their advan-
tageous material properties such as faster oxygen diffusion with
improved surface exchange kinetics. Due to their improved
performance under varied atmospheres and high potential
chemical stability, double perovskites with ordering on A- as
well as B-sites are a topic of high interest. Ruddlesden–Popper
phases have shown conductivities below the targeted
100 S cm−1, but their thermal expansion coefficient matches
closely to state-of-the-art electrolytes.

Electrode microstructure plays an important role in the
performance of solid oxide fuel and electrolysis cells, as it
determines the reactive surface sites. The most important
parameters include grain size, grain size distribution, porosity
3, tortuosity s, and electrode thickness (“active penetration
depth”) d. The penetration depth stands for the distance at the
electrode/electrolyte interface, in which the electrode is
impacted by polarization by the applied potential and takes part
in the oxygen evolution reaction. Beyond this distance, the
electrode remains in equilibrium with the gas phase. According
to Adler, the penetration depth for an MIEC electrode is
described by the following equation, where Lc is the character-
istic thickness and a the volume-specic surface area of the
electrode:112,121

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 3Þ

s

r
� Lc

a
(7)

The grain size and the grain size distribution affect grain
growth in the sintering process, thus directly inuencing elec-
trode performance. The loss of performance can result from
microstructural densication (grain size too big) and unperco-
lated grain particles (grain size too small). The optimization of
tortuosity and porosity is aimed at an ideal gas distribution/
conversion at the interface between the gas phase, the
This journal is © The Royal Society of Chemistry 2023
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electron-conducting electrode, and the ion-conducting electro-
lyte referred to as the triple-phase (TPB) or double-phase
boundary (DPB in the case of MIECs) sites of the electrode.

3.2.2. Electrode materials
3.2.2.1. Simple ABO3 perovskites. Noble metals such as

platinum have previously been selected for the oxygen elec-
trode. However, perovskite materials made of earth-abundant
materials are of greater interest due to their better cost-
effectiveness and higher compatibility with the electro-
lyte.123,124 Interest in perovskite materials for high-temperature
solid oxide electrolysis cells (SOECs) has continuously
increased over the last few decades due to their advantageous
properties such as high chemical stability, high conductivity
including mixed conductivity, excellent catalytic activity for
OER, and good cost-effectiveness. The ideal simple perovskite
structure has an ABO3 stoichiometry, as shown in Fig. 6a for the
example of SrTiO3. The A-site cations located at the corners of
the cubes are coordinated by twelve oxygen ions, while the
smaller B-cations are coordinated octahedrally and sit in the
cubic center. The A-site cation is commonly characterized by
a rare-earth, alkaline, or alkaline-earth ion of low charge and is,
therefore, larger than the B-site cation represented by transition
metals. Perovskites can exhibit a wide range of physical prop-
erties such as ionic conductivity or ferromagnetism, which are
inuenced by their structure.

Lanthanum manganite (LaMnO3) and lanthanum strontium
manganite (La1−xSrxMnO3−d) crystallize in the simple perov-
skite structure ABO3 and have attracted widespread research
interest due to their high perovskite stability, which improves
with increasing A-site cation radii. The partial substitution of
the rare-earth cation La3+ with the divalent Sr2+ introduces p-
type conductivity due to the principle of electroneutrality:
Fig. 6 Crystal structure of cathodematerials for (a) simple SrTiO3 perovsk
Popper structure Sr2RuO4. Crystal structures produced with VESTA©.122

This journal is © The Royal Society of Chemistry 2023
when La3+ is exchanged for Sr2+, an electric hole is formed on
the B-site cation.

LaMnO3 �!xSrO La3þ1�xSr
2þ
x Mn3þ

1�xMn4þ
x O3 (8)

Electronic conductivity increases with an increase in x and
a maximum electronic conductivity of 200–490 S cm−1 was ob-
tained for x = 0.5 at 1000 °C.125 The investigation of the oxygen
diffusion coefficient and oxygen surface exchange coefficient of
Sr-doped LaMnO3 by SIMS technique showed that D* increases
slightly with increased A-site doping from 4.8 × 10−12 cm2 s−1

for La0.9Sr0.1MnO3−d to 1.3 × 10−11 cm2 s−1 measured for the
composition La0.8Sr0.2MnO3−d, as this provided further oxygen
vacancies.126,127 In the case of electronic conductors, the reac-
tion sites are located at the interface between the electrode, the
electrolyte, and the gaseous phase. To enhance the electro-
chemically active area, composite LSM-YSZ oxygen electrodes
were fabricated.128,129 The combination of ionic conducting YSZ
and LSM as an oxygen electrode is applicable through careful
tailoring of the stoichiometry of LSM and choosing appropriate
sintering conditions of the composite on YSZ. The sintering
temperature should ensure good adhesion and no chemical
interaction. The combination of the ion-conducting YSZ phase
with the p-type electronic-conducting LSM phase results in
substantially enhanced electrocatalytic activity for the
composite oxygen electrode due to an extended triple-phase
boundary (TPB) and enhanced stability. The electrochemical
performance can be enhanced by varying the LSM/YSZ ratio130

as well as the microstructure.131 The microstructure is an
essential factor for the performance of composite electrodes, as
micro-sized particles cause TPB length loss and negatively
impact cell performance. Different preparation techniques were
ite, (b) double CaFeTi2O6/Sr2FeMoO6 perovskites, and (c) Ruddlesden–
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therefore employed to synthesize ultrane nano-sized particles.
In addition to the fast solid-state reaction, smaller nano-
particles were targeted by preparation with the combustion
method,128 the hydrothermal method,132 spray pyrolysis,129 and
sol–gel synthesis.133 Although nanostructuring of the LSM
enhances initial performance, high operating temperatures are
necessary due to the relatively poor catalysis of the LSM/YSZ
mixture. This, in turn, quickly changes the nanostructuring to
a micro-sized structure and again decreases the performance.
Similar to LSM electrodes, the catalytic activity of the LSM-YSZ
composite is enhanced by the application of cathodic polari-
zation but the enhanced performance is lost under SOEC
conditions.134 Despite the high electrical conductivity, which
made pure LSM a conventional oxygen electrode material in
solid oxide cell applications as early as the 1980s and 1990s, the
low ionic conductivity and catalytic activity have shied
research to other perovskite materials with mixed ionic and
electronic conducting (MIEC) properties.

Cobalt-based lanthanum strontium oxide (La1−xSrxCoO3−d

(LSC)) and lanthanum strontium ferrite oxide
(La1−xSrxCo1−yFeyO3−d (LSCF)) are the current state-of-the-art
oxygen electrode materials with MIEC properties that have
found widespread interest due to their higher catalytic activity
as well as their high ionic and electronic conductivity. In
contrast to purely electronic conducting (EC) materials such as
LSM, the reaction zone, i.e., the TPB where gas phase, elec-
tronic, and ionic conductor meet, is extended to the two-
dimensional double-phase boundary (DPB) at the mixed ion-
ic/electronic conductor interface with the gas phase. Compared
to LSM, Co-based perovskite electrodes have shown higher
structural and performance stability under long-term SOEC
operation conditions.135 However, the materials exhibit higher
thermal expansion coefficients (TECs) of up to around 20.5 ×

10−6 K−1 (30–1000 °C),136 which is higher than TEC values of
common electrolyte materials (Table 5). One strategy for
lowering the TEC value is to substitute the rare-earth cation La3+

(e.g., La0.4Sr0.6Co0.8Fe0.2O3−d, 21.4 × 10−6 K−1, 25–1000 °C)137

with the smaller Pr3+ (Pr0.4Sr0.6Co0.8Fe0.2O3−d, 20.6 × 10−6 K−1,
25–1000 °C) or Gd3+ (Gd0.4Sr0.6Co0.8Fe0.2O3−d, 17.6 × 10−6 K−1,
Table 3 Thermal expansion coefficient (TEC), electronic (se) and ionic (s
surface exchange coefficient k* for different ABO3 perovskite materials

Composition TEC/10−6 K−1 se/S cm−1 si/S c

La0.8Sr0.2MnO3−d 11.62 (100–900 °C) 200–300
(900 °C)

5.93 ×
(1000

13.13 (900 °C) 152
(800 °C)

4.0 ×

(900 °
La0.6Sr0.4CoO3−d 20.5 (30–1000 °C) 1585

(800 °C)
0.22 (

1595
(800 °C)

0.37 (

La0.6Sr0.4Co0.2Fe0.8O3−d 17.5 (30–1000 °C) 210
(900 °C)

8.0 ×
(800 °

15.3 (100–600 °C) 280
(800 °C)

1.0 ×

(1000

17988 | J. Mater. Chem. A, 2023, 11, 17977–18028
25–1000 °C).137 With the substitution of Fe ions for Co, the TEC
also decreases.138 LSCF has a high electronic and ionic
conductivity (280 S cm−1 and 8.0 × 10−3 S cm−1 at 800 °C) in
addition to high oxygen diffusion properties, for example,
oxygen self-diffusion coefficient D* (5.00 × 10−7 cm2 s−1,
800 °C) and oxygen surface exchange k* (6.00 × 10−6 cm2 s−1,
800 °C). This is much higher than that of LSM, as shown in
Table 3. The electrical and ionic conductivities of LSC surpass
LSCF and LSM with an electrical and ionic conductivity of
1585 S cm−1 and 0.22 S cm−1, respectively at 800 °C. The ionic
conductivity si in LSCF depends on the substitution of Co with
Fe, with the conductivity decreasing with a higher Fe content.
The ionic conductivity si for La0.8Sr0.2Co0.8Fe0.2O3−d (4.0 ×

10−2 S cm−1, 800 °C) is, therefore, one order of magnitude
higher than for La0.8Sr0.2Co0.2Fe0.8O3−d (2.3 × 10−3 S cm−1,
800 °C).138 Higher Sr and Co contents have shown higher oxygen
permeability and an increase in oxide ion mobility D*, which
was linked to the smaller oxygen ion binding energy of Co and
the increased oxygen vacancy concentration as a result of the
substitution of La with Sr.139 The lowest polarization resistance
(RP) value obtained for La0.6Sr0.4Co1.05O3−d (LSC) is 62 mU cm2

at 600 °C. Depending on the sintering temperature, LSCF elec-
trodes show resistances of 2.7–4.0 U cm2.140 Despite the
advantageous oxygen diffusion properties and conductivities
for state-of-the-art LSC and LSCF electrode materials, layered
perovskites have attracted increased interest as an alternative
oxygen electrode material.

3.2.2.2. Double perovskites. Double perovskite compounds
are derived from half-substituted B′-site cation places with B′′

cations, for example, resulting in the structure A2 B′B′′X6 with
alternatively arranged B′O6 and B′′O6 octahedra (Fig. 6b). In
these perovskites, two different transition metal (TM) cations
can be found at the B-site, which govern physicochemical
material properties such as electrical conductivity and oxygen
binding energy, thus offering higher exibility compared to
ABO3-structured perovskites.

The introduction of two different B-site cations can lead to
disordered as well as ordered A2 B

′B′′X6 double perovskites. The
key factor in determining the probability of ordering is the
i) conductivities in air, the oxygen self-diffusion coefficient D*, and the

m−1 D*/cm2 s−1 k*/cm s−1 Ref.

10−7

°C)
4.0 × 10−15

(800 °C)
5.62 × 10−9

(800 °C)
127 and 141–144

10−8

C)
1.0 × 10−16

(700 °C)
1.39 × 10−10

(700 °C)
145–149

800 °C) 2.86 × 10−9

(600 °C)
9.09 × 10−8

(600 °C)
136, 138 and 150

832 °C) 8.45 × 10−10

(600 °C)
7.33 × 10−7

(600 °C)
136, 151 and 152

10−3

C)
5.00 × 10−7

(800 °C)
6.00 × 10−6

(800 °C)
136, 138, 144 and 153

10−2

°C)
3.3 × 10−9

(700 °C)
1.5 × 10−6

(700 °C)
136, 138 and 154–156

This journal is © The Royal Society of Chemistry 2023
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oxidation state difference between the B′ and B′′ cations. In
addition to the B-site cations, the order degree depends on the
size of the A cation and decreases with an increasing A cation
radius.157

TheMo-doped SrFeO3−d is anMIEC perovskite oxide that has
shown high sensitivity of the B-site cation order on physical
properties such as electrical conductivity.158–160 Oxygen defect
formation, electrical properties, and catalytic activity are inu-
enced by the incorporation of the high-valence Mo ions, which
inuence the oxidation state of iron in the perovskite. With
increasing Mo dopant concentration in the brownmillerite
structure SrFeO3−d under an oxidizing atmosphere, the activa-
tion energy for oxygen transport decreases.161,162 At higher Mo
doping (0.5 # x # 1.5), the structure crystallizes as a double
perovskite Sr2Fe2−xMoxO6−d.163–165 The ferromagnetic perovskite
Sr2Fe1Mo1O6−d, therefore, nds no widespread use as an oxygen
electrode. It can only be synthesized under reducing conditions
due to the lack of Mo solubility under oxidizing conditions,
resulting in a large detectable SrMoO4 phase.166,167

The Sr2Fe1.5Mo0.5O6−d double perovskite phase, however,
has attracted interest due to its high ionic conductivity of
0.13 S cm−1 in air (800 °C).168 This is signicantly higher than
for current state-of-the-art materials such as La0.6Sr0.4Co0.2-
Fe0.8O3 (8.0 × 10−3 S cm−1, 800 °C)138 and is comparable to the
high-performance oxygen electrode material La0.6Sr0.4CoO3

(0.22 S cm−1, 800 °C).169 In contrast to simple perovskite
materials, the p-type conducting material Sr2Fe1.5Mo0.5O6−d

exhibits weak Fe–O bonds and upon removal of the neutral
oxygen atom, an extra charge delivered to the lattice is fully
delocalized, thus forming a high concentration of oxygen
vacancies.170 Values for the total conductivity in air
(14.93 S cm−1, 750 °C;171 14.5 S cm−1, ∼450 °C (ref. 172)) do not
compare to state-of-the-art oxygen electrode materials.173 They
display a thermal expansion coefficient value of 18.1× 10−6 K−1

for Sr2Fe1.5Mo0.5O6−d, which is lower than for cobaltites but
slightly higher than for common electrolyte materials such as
8 mol% yttrium-stabilized zirconia (8YSZ), gadolinium-doped
ceria (GDC), and La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) in the temper-
ature range of 200 °C to 1200 °C.174 Nevertheless, Sr2Fe1.5-
Mo0.5O6−d exhibits a higher TEC compared to Mn-based
cathodes such as La0.8Sr0.2MnO3 with a TEC of 11.6 × 10−6

K−1 in air141 but can surpass Co-based materials such as La0.6-
Sr0.4CoO3 (20.5 × 10−6 K−1),127 which shows a higher value.
Similar to other Sr-containing electrode materials, SFM exhibits
good chemical compatibility with known electrolyte materials,
except for YSZ, with which an insulting secondary phase
formation can be observed.166

An investigation of the rate-determining steps of oxygen
surface exchange showed that in an oxidizing atmosphere,
Sr2Fe1.5Mo0.5O6−d exhibits high oxygen conductivity and oxygen
diffusion, but is limited by the oxygen incorporation rate.175

Diffusion coefficient D* (5.0× 10−6 cm2 s−1, 750 °C) and surface
exchange coefficient k* (2.8× 10−5 cm s−1, 750 °C) for SFM were
determined to be in line with the diffusion properties of La0.6-
Sr0.4Co0.2Fe0.8O3 (LSCF),176 corresponding to La0.6Sr0.4-
MnO3+d.175 However, these values for the high-performance
oxygen electrode material La0.6Sr0.4CoO3 are slightly higher
This journal is © The Royal Society of Chemistry 2023
than reported for SFM.177 The exchange current density of Sr2-
Fe1.5Mo0.5O6−d in air (0.186 A cm−2)87 is higher than that of LSM
(0.003–0.004 A cm−2)177,178 at 800 °C and comparable to the Co-
based materials (0.005–0.519 A cm−2).174,177,178 These results
suggest that SFMmay have good electrochemical activity for the
oxygen evolution reaction. Table 6 provides examples of elec-
trochemical performance for state-of-the-art materials
compared to double perovskite materials such as oxygen elec-
trode material in solid oxide electrolysis cells. To improve the
performance of Sr2Fe1.5Mo0.5O6−d in air, doped SFM materials
and composite electrodes have been investigated using
symmetrical SFM cells due to their excellent redox stability.179

An excessive Cu doping (x > 0.1) in Sr2Fe1.5−xCuxMo0.5O6−d

(SFCM) resulted in the expansion of the unit cell, which had
a detrimental effect on oxygen ion diffusion.172 The maximum
total conductivity of 49.3 S cm−1 at 450 °C was observed for
10% mol Cu due to a high electric charge carrier concentration
(electron holes). With decreased Cu doping (x < 0.1), the oxygen
vacancies increased but could not compensate for the decrease
in the electron–hole concentration. Sr2Fe1.4Cu0.1Mo0.5O6−d also
showed the best electrochemical performance with an area-
specic resistance (ASR) of 0.26 U cm2 compared to undoped
SFM (0.63 U cm2) and Sr2Fe1.2Cu0.3Mo0.5O6−d (0.45 U cm2) at
800 °C. The electrochemical characterization of composite
electrodes of SFC0.1M with Sm0.2Ce0.8O1.9 (SDC) resulted in an
ASR of 0.15 U cm2 for the mass ratio of 60 : 40 SFC0.1M to SDC.
Measurements in H2O/CO2 co-electrolysis with similar
composite SFM-SDC/LSGM/SFM-SDC cells showed a lower
polarization resistance of 0.48 U cm2 at OCV with an electrolysis
current density of −0.73 A cm−2 at 850 °C and 1.3 V. The
durability test with −120 mA cm−2 at 800 °C showed an
increased cell voltage of 0.13 mV h−1.180,181 Symmetrical cells
(SFM/GDC/6Yb4ScSZ/GDC/SFM) tested in SOEC (90% H2O +
10% Ar) and co-SOEC (75% H2O + 25% CO2) mode presented
a high current density of −1.4 A cm−2 and −1.1 A cm−2 at
1.3 V.182 Electrochemical impedance spectroscopy also under-
lined the high performance with an ASR at −0.5 A cm−2 of
around 0.31 U cm2 in 90%H2O + 10% Ar and 0.42 U cm2 in 75%
H2O + 25% CO2. The durability in H2O/CO2 co-electrolysis
showed promising short-term performance for 24 h (36 mV) at
900 °C.

Doped double perovskites of the formation A′A′′B2X5+d, with
A′ being a lanthanide cation and A′′ an alkaline-earth element
such as Sr or Ba exhibit rapid oxygen ion transport. The struc-
tural investigation for oxygen-decient perovskites LnBaCo2-
O5+d

183 derived from the “112”-type YbaFeCuO5 (ref. 184)
showed that the Ba and Ln ions order in alternating layers (001).
The oxygen content decreased along the lanthanide series with
the cell volume (LaBaCo2O5+d: doxygen = 0.806; GdBaCo2O5+d:
doxygen = 0.698).185–187 An advantage of layered perovskites is the
good oxygen diffusion and surface exchange kinetics at rather
low temperatures of around 600 °C (k* = 2.8 × 10−7 cm s−1 and
D* = 4.8 × 10−10 cm2 s−1 at 575 °C (ref. 188)), which is in the
same order of magnitude as simple ABO3-type perovskites187,189

due to the reduced oxygen bonding strength in the [AO] layer
and the formation of crystalline channels for enhanced ion
transport. The high ionic conductivity was linked to the mixed
J. Mater. Chem. A, 2023, 11, 17977–18028 | 17989
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valence state of Co in the presence of divalent cations (Ba2+,
Sr2+) with Co2+/3+ and Co3+/4+ and, therefore, reduced oxygen ion
hopping energy.190

These layered materials can also signicantly display high
electronic conductivity191 that is sufficient for SOEC applica-
tions in the range of ∼960 S cm−1 at 470 °C down to
∼500 S cm−1 at around 800 °C.189 However, as with other cobalt-
containing perovskites, the A-site cation-ordered perovskites
have a high thermal expansion coefficient (24.0 × 10−6 K−1 for
PrBaCo2O5+d (PBC))192 that is not in the range of common
electrolytes, such as yttrium-doped zirconia (8YSZ, 10.5 × 10−6

K−1)193 and gadolinium-doped ceria (GDC, 12.5 × 10−6 K−1),193

as listed in Table 5. The secondary alternative electrolyte
material, strontium magnesium-doped lanthanum gallate
(LSGM, 10.9 × 10−6 K−1),193 offers a similar comparison. These
large differences could lead to thermal stress between the cell
components. Enhanced electrode reaction kinetics and
improved mechanical compatibility have led to the develop-
ment of composite electrodes consisting of A-site ordered
cobalt-containing perovskites and ceria-based electrolyte
materials.

PrBaCo2O5+d is a new, intensely studied material for SOC
applications as the electrochemical performance in the
LnBaCo2O5+d series increases from La to Pr as an A-site cation
(Pr > Gd > Nd > Sm > La).187 The incorporation of GDC in PBC
has an unfavorable effect on electrical conductivity, which
decreases with increasing GDC content.194 However, at a typical
SOEC operating temperature of 800 °C, the electrical conduc-
tivities are sufficient for application with 360 S cm−1,
456 S cm−1, 569 S cm−1, and 682 S cm−1 for x= 20 wt%, 20 wt%,
10 wt%, and 0 wt%, respectively. Symmetrical cell measure-
ments in air have shown a lower RP of 0.86 U cm2 at 600 °C
compared to 1.2 U cm2 for La0.6Sr0.4Co0.2Fe0.8O3−d (LSCF) under
similar conditions.140,195 Single-cell measurements with a PBC-
10 wt% GDC oxygen electrode in a temperature range of 550–
850 °C indicate good catalytic activity and improved mechanical
Fig. 7 Schematic representation of La2NiO4 (n = 1),206 La3Ni2O7 (n = 2
sandwiched between rock-salt LaO layers. Crystal structures produced

17990 | J. Mater. Chem. A, 2023, 11, 17977–18028
stability with the addition of GDC, for example, 0.698U cm2 and
0.550U cm2 at 550 °C for PBC and PBC-10 wt% GDC.194 The A-site
cation-decient PrBaxCo2O5+d (PBxCO, x = 0.90–1.0)196 has shown
a higher performance than (La0.6Sr0.4)1−xCo0.2Fe0.8O3−d197 and
(Ba0.5Sr0.5)1−xCo0.8Fe0.2O3−d198 PBxCO (x = 0.90–1.0) shows
increased electrical conductivity (>600 S cm−1) at the desired
operating temperatures and a decrease in the thermal expansion
coefficient with Ba deciency.196 The composition PrBa0.94Co2-
O5+d exhibits the highest electrocatalytic activity with a low
polarization resistance of 42 mU cm2 at 600 °C in addition to
a high conductivity of ∼935 S cm−1 (700 °C). An increase in the
content of Ba results in an increased TEC of 17.4× 10−6 K−1 (50–
300 °C) for PrBaCo2O5+d and a higher RP (160mU cm2) in addition
to lower electrical conductivity (∼672 S cm−1, 700 °C). Decreasing
the Ba doping to PrBa0.90Co2O5+d also results in less electrical
conductivity (∼876 S cm−1, 700 °C), a higher polarization resis-
tance (86mU cm2), and a slightly increased TEC (15.2× 10−6 K−1,
50–300 °C) compared to PrBa0.94Co2O5+d.196 Other oxygen elec-
trode materials, for example the cobalt-free perovskite SrNb0.1-
Fe0.9O3−d (SNF)199 and the cobalt-containing perovskite
Ba0.5Sr0.5Co0.8Fe0.2O3−d (BSCF)200 exhibit higher resistances than
PrBa0.4Co2O5+d (390 mU cm2 and 72 mU cm2, respectively). This
highlights the potential of PrBa0.4Co2O5+d for application in
electrochemical devices.

3.2.2.3. Ruddlesden–Popper nickelates. Despite the high
performance and good durability of perovskite-structured
materials such as La1−xSrxCoO3−d or La1−xSrxCo1−yFeyO3−d,
the search for new materials with a better matching TEC has
sparked interest in alternative Ruddlesden–Popper lanthanide
nickelates Ln2NiO4+d (Ln = La, Pr or Nd) presented in Fig. 7 and
6c. They show high surface exchange coefficients (k*) and high
anionic bulk diffusion (D*) with good electrical conductivity
(∼100 S cm−1 (ref. 201)) as well as good thermal expansion
properties matching state-of-the-art electrolyte materials
(Tables 5 and 7) and cell components such as metallic
interconnects.202–205
),207 and La4Ni3O10 (n = 3),208 with n-stacked NiO6 octahedral layers
with VESTA©.122

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Nd2NiO4+d crystal exchange experiment at 703 °C for 856 s: (a)
surface scanning methods: 16O and 18O SIMS images (along the c-
axis). (b) Using the line-scanning method, the normalized 18O
concentration profile along the (a,b)-plane was recorded. (c)
Normalized 18O concentration profile extract along the c-axis (ob-
tained from image in (a)). Reprinted with permission from ref. 214.
Copyright 2013 American Chemical Society.
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The nickelate structure Lnn+1NinO3n+1 (n = 1) consists of
alternate Ln2O2 rock-salt layers and polyhedral NiO2 square
plane layers with interstitial oxygen in the salt layers.209,210 This
material accommodates the oxygen excess in the form of
interstitial oxygen in the Ln2O2 rock-salt layer, which leads to
a mixed-valence of the B-site cation Ni (Ni2+/Ni3+) and, in turn,
leads to fast oxygen ion transport.202,211–213 The oxygen ion
mobility in the ab-plane is favored and induces anisotropy to
Fig. 9 Diffusion properties of different oxygen electrode materials c
(LSFC).201,216

This journal is © The Royal Society of Chemistry 2023
the ion conductivity. Any diffusion along the c-axis of the
structure involves a less favorable diffusion pathway through
the occupied oxygen sites in the perovskite blocks. This is
highlighted by Fig. 8, which shows 16O and 18O SIMS images
(along the c-axis, Fig. 8a) obtained using the surface scanning
method alongside the normalized 18O concentration prole
extract along the (a,b)-plane in Fig. 8b for Nd2NiO4+d. Although
the diffusion D*

c is three orders of magnitude lower than D*
ab, the

overall ionic conductivity of the nickelates is compatible with
known SOC oxygen electrode materials and higher than those of
LSCF at 700 °C (ref. 202 and 214–216) (Fig. 9).

The investigation of diffusion coefficients for different
lanthanide nickelates showed higher diffusion along the ab-
plane and lower activation energy for diffusion for Pr2NiO4+d

compared to Nd2NiO4+d (E
Pr
a ∼0.7 eV and ENda ∼1.4 eV). This is in

contrast to D*
c, which is very similar for both materials, with

similar activation energies (1.1–1.3 eV) for oxygen diffusion.214

Of the lower order Ruddlesden–Popper phases, La2NiO4+d

(LNO), Pr2NiO4+d (PNO), and Nd2NiO4+d (NNO) have been
investigated as the most promising oxygen electrode materials
for SOC application.217–222 The oxygen over stoichiometry (+d)
indicates the ionic conductivity of the lanthanide nickelates and
is highly dependent on the rare-earth cation size. Lanthanum
nickelate La2NiO4+d (LNO) has a lower amount of oxygen inter-
stitials (d ∼ 0.13)216 and a larger La3+ cation radius (1.16 Å)
compared to Pr2NiO4+d (PNO) (d ∼ 0.21)216 and the smaller ionic
radius of Pr3+ (1.126 Å). Nd2NiO4+d (NNO) with Nd3+ (0.98 Å) was
reported to have the highest oxygen diffusion coefficient above
850 °C and an interstitial oxygen amount with d ∼
0.22.216,217,223,224 The cation of lanthanide nickelates also inu-
ences material properties. PNO shows the highest electro-
chemical performance, i.e., the lowest polarization resistance
(RP) value, better ionic and electronic conductivity, as well as
diffusion properties compared to LNO, especially at interme-
diate temperatures (600–700 °C).217,225 In comparison, LNO
ompared to La0.6Sr0.4Fe0.8Ni0.2O3−d (LSFN), La0.6Sr0.4Fe0.8Co0.2O3−d
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exhibits higher chemical stability. At high temperatures of
around 800–950 °C, the decomposition of Pr2NiO4+d aer 6.5 h
into PrOx and Pr4Ni3O4+d was reported.226 In the intermediate
temperature range from 600 °C to 800 °C, a decomposition into
Pr6O11, PrNiO3−d, and Pr4Ni3O10+d was observed.227,228 The
comparison of polarization values RP before and aer the
complete dissociation of PNO as a measure of electrochemical
performance showed no change at idc = 0. The second RP
nickelate structure (Ln3Ni2O7±d) is composed of two NiO6 layers
connected in the c-axis between rock-salt layers. Ln4Ni3O10±d (n
= 3) has a similar structure to three innite NiO6 sheets con-
nected between the rock-salt layers. Higher order RP phases
have relatively high total conductivity and are oxygen under-
stoichiometric in contrast to the n = 1 phases.229 No Ni2+/Ni3+

impurity phase formation for La3Ni2O6.95 and La4Ni3O9.78 was
reported in contrast to La2NiO4+d and La2Ni1.9Co0.1O4+d at 900 °
C aer two weeks in air.229–231 Pr4Ni3O10+d shows metallic
behavior232 and higher conductivity than Nd4Ni3O10+d and La4-
Ni3O10+d. Pr4Ni3O10+d was shown to be an over-stoichiometric
MIEC type under air and oxygen.

Doped lanthanide nickelates were synthesized to improve
diffusivity, surface exchange coefficients, conductivity, and
electrochemical performance. The substitution of the A-and/or
B-site cation can lead to improved electronic and ionic
conductivity. Ni is frequently substituted with Co, and La with
Sr and Ca. Atomistic simulations predicted that the substitution
of Ni2+ with Co3+ or Fe3+ would increase the oxygen interstitial
concentration, but also have a detrimental effect on oxygen ion
diffusivity.233 The investigation concerning factors affecting the
ionic transport in oxygen-hyperstoichiometric phases with
K2NiF4-type structures such as the lanthanum nickelates found
that the decreasing radii of the A-site rare-earth cation led to
a decrease in ionic transport.212

Electrochemical studies as to the effect of Co doping on
Pr2NiO4+d showed an increase in electrochemical performance
and long-term stability of the lanthanide nickelates.217

Increasing the cobalt content (x = 0.0, 0.1, and 0.2) led to an
increase in d, which is one indication for better electrochemical
properties and higher diffusivity/ionic conductivity. Symmet-
rical cell measurements under pO2 attributed the process
resistances to the gas diffusion process and the oxygen surface
exchange reaction, i.e., the charge transfer process (surface
diffusion of the adsorbed/desorbed oxygen atoms and their
consequent reduction/evolution).217 The charge transfer process
was identied as the rate-limiting step among the electrode
processes for these PNO and Co-substituted PNO electrodes. An
investigation of single cells (NiO-YSZ/YSZ/GDC/electrode,
CeramTec®, ASC-10C type) exhibited very high performance
for Pr2Ni0.8Co0.2O4+d (PNCO20) with an RP value of 118 mU cm2

compared to 128mU cm2 (PNO). Stability tests at 800 °C with−1
A cm−2 up to 250 h showed less degradation for cells containing
Co-doped nickelates as oxygen electrodes. The degradation of
LSCF and PNO cells were similar (∼88 mV kh−1), although
Pr2Ni0.9Co0.1O4+d (PNCO10) and Pr2Ni0.8Co0.2O4+d (PNCO20)
exhibited less than half with 36 mV kh−1 and 22 mV kh−1,
respectively. La2Ni0.8Co0.2O4+d (LNCO20) showed similar
degradation (∼30 mV kh−1).234 Post-test analysis showed no
17992 | J. Mater. Chem. A, 2023, 11, 17977–18028
severe damage or delamination/cracks for Co-doped nickelate
electrodes, but SEM-EDS revealed the reactivity of GDC and PNO
in the form of Ce and Pr interdiffusion at the electrode/
electrolyte interface. The investigation of thin PNO and
PNCO10 lms showed an improved performance of PNO with
cobalt substitution due to an enhancement in the diffusion
coefficient (D*) and surface exchange coefficient (k*).235 La2-
NiO4+d shows a relatively lower electrical conductivity of 70–
80 S cm−1 between 600 °C and 800 °C. For this reason, attempts
to substitute the A-site cation with Ca and Sr were conducted.
The investigation of Sr-substituted LNO showed higher oxygen
diffusivity of La1.9Sr0.1NiO4+d than LaxSr1−xCoyFe1−yO3−d, but
lower transport properties than La1−xSrxCoO3−d

223 and La2-
NiO4+d. Substituting the A-site cation La3+ with Sr2+ (La2−xNiO4+d

with x = 0.1 and 0.2) leads to a decrease in the diffusion coef-
cient D* compared to the non-doped La2NiO4+d due to
a decrease in interstitial oxygen atoms.216 This decrease was
observed to be less severe for the substitution (Nd, Ca) than for
(La, Sr) due to the similar ionic radius of Ca2+ and Nd3+ (1.18
and 1.16 Å) compared to La3+ and Sr2+ (1.22 and 1.31 Å). Similar
trends were observed by other authors.212,223,230,236 In contrast,
the creation of Nd vacancies on the A-site improved the oxygen
diffusivity and had a benecial effect on k*. The substitution of
Ni (B-site) with other transition metal ions (Fe, Cu, Co) gave
mixed results regarding the diffusion properties. The substitu-
tion of Ni with Co (x$ 0.5) leads to slightly higher diffusion and
largely enhanced surface exchange coefficients, with remark-
ably low activation energies of around 20 kJ mol−1 re-
ported.202,237 Although the surface exchange coefficient k* for
La2−xSrxNi1−yMyO4+d (M = Fe, Cu, Co) showed an increase aer
the substitution of Ni with Co, iron did not have a signicant
effect and Cu substitution was detrimental to the coefficient k*
up to around 800 °C.238 Similar observations were made for Ca-
doped NNO (x = 0.2).216 Another strategy to enhance material
properties is the development of mixed or composite nickelate
electrodes, which have shown improved performance compared
to single phases as well as better TEC matching between the
electrode material and electrolyte.239 A signicant improvement
in conductivity s, d-values, and electrochemical performance
was achieved for mixed composition nickelate electrodes
La2−xPrxNiO4+d (0.0 # x # 2.0) (LPNO).240–243 In this series, the
highest RP was observed for LNO with 0.28 U cm2 at 700 °C.
With increasing Pr content, the RP decreased to 0.03 U cm2 for
PNO.240 The composite electrodes with a La2NiO4+d and La4-
Ni3O10−d ratio of 40 : 60 showed the highest conductivity of
∼29 S cm−1 at 700 °C, in the same range as La4Ni3O10−d

(∼30 S cm−1) and with a much lower ASR in symmetrical cell
measurements (0.90 U cm2) compared to La4Ni3O10−d (∼1.47 U

cm2). The best electrochemical performance was observed for
a 50 : 50 wt%mix with an ASR of 0.62 U cm2 at 700 °C.244 Table 8
summarizes the electrochemical performance of nickelate
materials as an oxygen electrode material in solid oxide elec-
trolysis cells.

3.2.3. Electrode microstructure. In addition to the selected
electrode material, the electrode performance is highly inu-
enced by the microstructural design, including electrode
thickness, particle connectivity, particle size and distribution,
This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Microstructures for SOC electrodes. (left) Single-phase electron conductor, e.g., LSM; (middle) ion conduction (IC)/electronic
conduction (EC) composite structure, e.g., LSM-YSZ. (right) Single-phase MIEC electrode, e.g., LSCF. The oxygen evolution reaction (OER) is
restricted to the triple-phase boundaries (TPBs) in the case of a single EC layer as well as for the composite oxygen electrode including both an
electronic conductor and an ionic conductor (EC + IC). Materials with mixed ionic and electronic conductivity (MIEC) properties enable the
reaction at triple- and double-phase boundaries, thus extending the reaction zone.
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electrochemically active penetration depth, and adhesion to the
electrolyte. Thermal treatment, material synthesis, and the
different fabrication techniques determine the active area of the
chosen material (e.g., triple/double-phase boundary length or
available surface).245–247 For single-phase electron conductor
materials, for example, LSM and composite electrodes, the
active areas are located exclusively at the interface between the
gas phase, the electron-conducting (EC) electrode, and the ion-
conducting (IC) electrolyte, as illustrated in Fig. 10a and b,
which is therefore referred to as the triple-phase boundary
(TPB). As seen in Fig. 10c, MIEC electrodes, for example, LSCF,
have an entirely electrochemically active electrode surface, thus
extending the reaction zone from TPB to include reactions
taking place at the solid/gas double-phase boundary (DPB).

The development of the oxygen electrode for solid oxide cells
at Forschungszentrum Jülich optimized the electrode material
parameters, for example, microstructure, chemical composi-
tion, and thickness as well as the processing techniques. Fig. 11
shows cross-sections of the typical fuel electrode-supported
O2−-conducting SOC developed over the last few decades.

Until 2010, the “state-of-the-art” fuel electrode-supported
cells manufactured at Forschungszentrum Jülich were charac-
terized by a double-layered La0.65Sr0.3MnO3 (LSM)/LSM-Y2O3-
stabilized ZrO2 (YSZ) oxygen electrode applied on a thin YSZ
Fig. 11 Novel SEM micrographs of the fuel electrode-supported single
schungszentrum Jülich and characterized by a double-layered La0.65Sr0.3
on a thin YSZ electrolyte. (b) Cell manufactured at Forschungszentrum J
ceria) and a 40 mm-thick La0.58Sr0.4Co0.2Fe0.8O3−d (LSCF) oxygen electr
barrier layer reduced at 900 °C.262

This journal is © The Royal Society of Chemistry 2023
electrolyte (Fig. 11a).248 These cells were mainly operated in fuel
cell mode at temperatures between 800 °C and 900 °C. Subse-
quent studies focused on the variation of the LSM/YSZ ratio,
thickness, and porosity of the oxygen electrode functional layer
and current collector layer as well as the grain size distribution
of the electrode material.248–250 Early studies on LSM and the
composite LSM-YSZ electrode investigated the correlation
between microstructure and electrode performance. A correla-
tion between performance and structure was observed for
screen-printed LSM on YSZ and identied the length of the TPB
and electrode thickness as the main inuencing factors.251 The
performance of a composite LSM-YSZ layer and two current
collecting layers of LSM sintered at different temperatures
showed that decreasing sintering temperatures led to smaller
grain size and higher electrode porosity.252 Several studies also
underlined the decrease in cell resistance with reduced particle
size and an optimized current collector layer.121,253,254 Noble-
metal-containing oxygen electrodes showed enhanced catalytic
activity due to higher surface reactions in comparison to
conventional Ni-8YSZ/8YSZ/LSM-8YSZ/LSM cells manufactured
at Forschungszentrum Jülich with a 60/40 wt% LSM-8YSZ
functional layer.255

The development of mixed ionic–electronic conducting
perovskite-type electrode materials, for example, lanthanum
cell cross sections comparable to:248,261 (a) cell manufactured at For-
MnO3 (LSM)/LSM-Y2O3-stabilized ZrO2 (YSZ) oxygen electrode applied
ülich with a 5 mm-thick diffusion barrier layer (GDC, gadolinia-doped
ode. (c) Pre-test commercial Elcogen® cell made of LSC with a GDC
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strontium cobalt ferrite (LSCF), aimed to achieve higher power
densities for fuel electrode-supported cells (Fig. 11b). In addi-
tion, the operating temperature could be lowered due to higher
electrocatalytic activity and higher oxygen-ion conductivity. The
new cells were assembled as the LSM electrode cells in the rst
approach with equivalent materials and layer thicknesses for
the fuel electrode, support, and electrolyte. Later studies opti-
mized the cell geometry in terms of the electrode thickness,
material composition, and sintering temperature.256,257 Due to
the chemical reactivity of these materials with the YSZ electro-
lyte, the investigation of thin-lm processes for barrier inter-
layers comprised of GDC gained an increased signicance.258 A
screen-printed diffusion barrier layer made of GDC is now
applied whenever an LSC(F)-based electrode is used for inter-
mediate operating temperatures (∼700 °C). State-of-the-art
commercial Elcogen® fuel electrode-supported cells (Fig. 11c)
incorporate oxygen electrodes comprised of strontium-
substituted lanthanum cobaltite (La1−xSrxCoO3−d, (LSC)),
which exhibits signicant ionic conductivity (0.01–0.45 S cm−1)
in addition to high electronic conductivity in the operating
temperature range of 650–800 °C.259 Lower operating tempera-
tures (<700 °C) in fuel cell mode with LSCF oxygen electrodes
require thinner barrier layers applied by, for example, PVD or
sol–gel technology.109,260

In recent years, the inuence of electrodemicrostructure was
studied by electrostatic spray deposition (ESD).121,129,263–266

Electrospray is a low-cost electrohydrodynamic method used to
deposit thin lms and coatings with various morphologies. The
inorganic or organometallic precursor materials dissolved in
organic solvents result in sub-micrometer droplets accelerated
towards the substrate. The morphology can be varied depend-
ing on the deposition conditions, which enables the fabrication
Fig. 12 SEMmicrographs of surface and cross-sectional views of dense (a
Reprinted from ref. 264, copyright 2012, with permission from Elsevier.

17994 | J. Mater. Chem. A, 2023, 11, 17977–18028
of, for example, nanosponge-like, nanopillar, or dense
materials.267

La0.6Sr0.4Co0.2Fe0.8O3−d (LSCF) cathode lms with different
morphologies on a dense Ce0.9Gd0.1O2−d (GDC) electrolyte were
synthesized as shown in Fig. 12.263 The FIB-SEM reconstruction
differentiated between cracked, coral, and dense microstruc-
tures. The coral microstructures showed distinct features, with
solid particles arranged in highly ramied structures and
a thickness of up to 25 mm. The cracked lms exhibited
a thickness varying between 3 mm and 8 mm and contained
noncontinuous reticulated surfaces, with gaps of ∼1 mm
throughout the surface. All lms displayed the three elementary
steps identied as the charge transfer process at the LSCF/GDC
interface, the diffusion process within the volume of LSCF, and
oxygen transfer at the LSCF/gas interface. The lowest polariza-
tion resistance RP of 0.82U cm2 at 600 °C was found for the coral
sample with a high surface area of around 24.7, normalized to
the geometrical area. Nanostructured MIEC electrode materials
can therefore be regarded as promising candidates for inter-
mediate temperatures. The inuence of different microstruc-
tures for two LSCF layers sequentially deposited onto the
Ce0.9Gd0.1O2−d (GDC) substrate was shown as well.121 The rst
layer of nano-scaled LSCF with a thickness of 7 mm was
deposited by electrostatic spray deposition (ESD). A current
collector layer of La0.58Sr0.4Co0.2Fe0.8O3−d with a thickness of
∼45 mm and a larger particle size was deposited by screen
printing aer annealing. The area-specic resistance (ASR)
determined from impedance spectroscopy measurements
decreased from 0.82 U cm2 (ref. 268) to 0.3 U cm2 at 600 °C.

Similar investigations were made into the microstructural
design of La2NiO4+d (LNO) as an oxygen electrode on Ce0.9-
Gd0.1O2−d (GDC) electrolyte to enhance electrochemical prop-
erties characterized through the polarization resistance (RP).
–c), cracked (d–f), and coral (g–i) La0.6Sr0.4Co0.2Fe0.8O3−d (LSCF) films.

This journal is © The Royal Society of Chemistry 2023
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Compact 1–2 mm-thick LNO layers were deposited in addition to
a 12 mm porous screen-printed LNO electrode on top (particles
in the range of 1–2 mm), thus decreasing the RP value from 7.4 to
1.0 U cm2 at 700 °C.269 The thin, compact LNO layer enhanced
the contact between the electrode and the electrolyte and
therefore also oxygen mobility. Higher sintering temperatures
can also increase layer connectivity while simultaneously
decreasing the electrode surface area. The insertion of a dense
base layer was shown to lower the sintering temperature and
enlarge the TPB region. This decreased the ASR at 600 °C by
35% compared to the best porous cell.270

The polarization resistance of La2NiO4+d electrodes with
different microstructures prepared on Ce0.9Gd0.1O2−d (GDC) by
ESD and screen printing (SP) was analyzed (Fig. 13).266 The
porous electrode with a 3D coral microstructure and a thickness
of 20 mm (sample 1, particle size ∼100 nm) exhibited an inter-
mittent cathode/electrolyte interface coupled with a rough
contact between the current collector and the top of the elec-
trode (RP = 40.73 U cm2 at 600 °C). The implementation of
a thin, dense LNO interlayer with a 3D coral microstructure on
top (sample 2, particle size ∼120 nm) improved the cathode/
electrolyte interface connectivity, which is crucial for the
charge transfer process from cathode to electrolyte (RP = 3.33 U

cm2 at 600 °C). A screen-printed cathode with a thickness of 20
mm (sample 3, particle size∼400 nm, RP = 3.53 U cm2 at 600 °C)
was reported. Vibhu et al. achieved an RP of 0.93 U cm2 at 600 °C
for a 20 mm thick screen-printed LNO electrode with an average
particle size of 0.6 mm on a YSZ electrolyte.240

The optimized RP of 0.42 U cm2 was achieved at 600 °C by
combining the thin, dense LNO interlayer with an LNO 3D coral
Fig. 13 Schematic and SEMmicrographs of calcined films showing the su
2 were obtained by electrostatic spray deposition (ESD). Sample 3 w
a combination of SP and ESD. For the individual figures labelling please re
from Elsevier.

This journal is © The Royal Society of Chemistry 2023
microstructure and a screen-printed current collecting layer on
top (sample 4). The improved electrochemical performance is
related to the improved electric contact between the current
collector and the electrode, resulting in decreased ohmic
resistance. The thin, dense contact enhances the oxygen ion
transfer between the electrode and the electrolyte.

Nanostructured materials have been suggested as a means of
improving gas diffusivity in the electrode bulk and increasing
the specic surface area of the porous electrode structure.
Electrospun ceramic one-dimensional (1-D) nanobers provide
a large surface-to-volume ratio with good catalytic activity and
high charge mobility. The diameters of the as-spun nanobers
range from 100 nm to 300 nm (ref. 271 and 272) depending on
thematerials. With a successful synthesis of LSCF nanobers by
electrospinning, a polarization resistance of 0.26 U cm2 at 750 °
C was achieved.271 The cell performance was further improved
by the inltration of 20 wt% GDC, decreasing the RP to 0.21 U

cm2 at 750 °C. Sr2Fe1.5Mo0.5O6−d nanobers used as electrode
material in a symmetrical cell setup with humidied air
exhibited a similar performance at 750 °C. Despite the perfor-
mance of nanostructured materials, the microstructural
changes when sintered at elevated temperatures will affect the
performance and change the nanober porosity.273

3.2.4. Degradation mechanisms
3.2.4.1. Chemical stability and delamination. ABO3 perov-

skite oxides (Fig. 6a), double perovskites like AA′B2O5+d (Fig. 6b),
and Ruddlesden–Popper An+1BnO3n+1 (RP, n = 1 shown in
Fig. 6d) exhibit remarkable capabilities as oxygen electrodes for
electrolysis, but they are hindered by degradation effects. The
fast degradation of the oxygen electrode responsible for the
rface, cross sections, and scheme of the samples. Sample 1 and sample
as prepared by screen printing (SP). Sample 4 was prepared using
fer to the original publication. Reprinted from ref. 266 with permission
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oxygen evolution reaction (OER) has affected the widespread
adoption of solid oxide electrolysis cells. Interface evolution is
considered one of the most critical factors determining the
stability and performance of solid oxide electrolysis cells. The
typical changes at the electrode/electrolyte interface are
considered detrimental to the cell performance and include
microstructural changes, interfacial reactions, micropore
formation, element segregation/diffusion, and delamination.

In addition, the segregation of electrode components at the
surface leads to the deterioration of surface functionality.274

Surface segregation is inuenced by, for example, lattice
structure, operating temperature, ion mobility, polarization,
and composition/stoichiometry. The difference in ion size is
one main factor that leads to enrichment or depletion
compared to the bulk phase.275 Perovskites are typically
comprised of large A-site (lanthanide and/or alkaline-earth
cation) and smaller, catalytically active B-site (transition
metal) cations. The segregation of the larger A-site cation to the
surface forms insulating AO islands or RP layers,276 which
obstruct contact of the B-site cation with reactants and hinder
oxygen and charge transfer.277 Recent studies on A-cation
segregation suggest that a suitable choice of A-site cations can
minimize surface segregation in perovskites.275

The investigation of LSM chemical stability with the typical
electrolyte YSZ has shown that cation (Sr and Mn) migration
plays a key role in electrode deactivation. Depending on the
stoichiometric composition of LSM, a high Sr content leads to
Sr depletion and the interfacial formation of SrZrO3. However, it
was suggested that a deciency at the A-site in perovskites leads
to Mn diffusion into YSZ and chemical reactivity to La2O3 and of
La2Zr2O7 at the electrolyte/electrode interface.278–280 This phase
Fig. 14 Right: interdiffusion region at the YSZ/LSM interface visualized in
mapping with dashed lines highlighting the interdiffusion region with (c
Experimental and theoretical average interdiffusion widths indicated in (
under the terms of the Creative Commons Attribution 4.0 License (CC
authors. Left: Sr 3d photoelectron spectra underline the change in Sr/
Reproduced from ref. 290, which is licensed under the terms of
creativecommons.org/licenses/by/4.0/), © 2022 by the authors.
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is detrimental to the electrochemical activity and performance
of the LSM electrode.281,282 A recent characterization of the YSZ/
LSM electrolyte/electrode interface with transmission electron
microscopy (TEM) and DFT claried the interfacial nano-
structure, which is essential to improving cell performance and
stability.283 Aer much discussion on the nature of the
interface,284–289 an interlayer of self-limited width with partial
amorphization and strong compositional gradient was found,
which exhibited characteristics of a complexion stabilized
between two bulk phases. Images taken with high-
magnication EDS are provided in Fig. 14. The dark eld
STEM (DF-STEM) electron micrograph in Fig. 14a shows the
LSM phase on top of the YSZ. The elemental mappings in
Fig. 14b for Y and Zr (blueish colors), as well as for La, Sr, and
Mn (reddish colors), present the intermixing of elements with
YSZ at the grain boundary in a compositionally unique region
(white dashed). Monte Carlo simulations and corresponding
elemental line proles are taken across the interface to verify
these results and give an average interdiffusion width of
1.25 nm (Fig. 14d). Based on these ndings, the origin of Sr
surface nucleation aer thermal aging was localized by
combining force eld-based simulations, energy dispersive X-
ray spectroscopy (EDS), and multi-variate statistical analysis.290

The graph on the le in Fig. 14 displays the validation through
surface-sensitive XPS measurements, showing interfacial Sr
enrichment occurring at the LSM/YSZ side of SOEC aer aging.
The aged sample was sintered at 1200 °C for 1 h and exhibited
a slight accumulation of Sr at the surface and an increase in the
Sr/La ratio by 11.5%. This corresponds to an increase of 9.7% in
the nominal A site occupancy by Sr, whichmight result from the
segregation of strontium oxide.
(a) DF-STEM imaging of the YSZ/LSM interface and (b) EDS elemental
) intergranular layer width derived from experiments and simulations.
d) are qualitatively close. Reproduced from ref. 283, which is licensed
BY, https://creativecommons.org/licenses/by/4.0/), © 2021 by the

La ratio upon aging at the surface, including the accumulation of Sr.
the Creative Commons Attribution 4.0 License (CC BY, https://
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Experimental investigations showed that microstructural
changes in the oxygen electrode could also lead to oxygen elec-
trode delamination. This electrode delamination was related to
the disintegration of the La0.8Sr0.2MnO3 (LSM) particles and the
formation of nanoparticles at the electrode/electrolyte inter-
face.291 The nanoparticle formation resulted from the shrinkage
of the LSM lattice due to the migration of oxygen ions from the
YSZ electrolyte into the LSM grain, thus oxidizing Mn3+/Mn4+ into
Mn4+ and creating local tensile stresses. The delamination at the
electrode/electrolyte interface is a common failure mechanism
attributed to the build-up of high internal oxygen partial pressure
close to the interface.292,293 The bubbles evolve under anodic
overpotential and penetrate the porous electrode/electrolyte
interface, which leads to pressure buildup.294–296 Studies of Ni-
YSZ/YSZ/LSM-YSZ electrolysis cells under high current densities
exhibited hole/pore formation in the grain boundaries near the
oxygen electrode, leading to very high grain boundary resistivity
and thus increasing the ohmic resistance of YSZ.297 Densication
and delamination of the LSM-YSZ oxygen electrode were attrib-
uted to cation migration under a high anodic current (−1.5 A
cm−2 at 750 °C).298 Interdiffusion between the two phases was
observed as well as an intergranular fracture along YSZ grain
boundaries. La, Sr, and Mn cations are reported to segregate
Fig. 15 Proposed delamination mechanisms due to microstructural chan
ref. 302, copyright 2018, with permission from Elsevier. Formation of La
2012, with permission from Elsevier. The disintegration of LSM due to te
permission from Elsevier.

This journal is © The Royal Society of Chemistry 2023
along the grain boundary of the electrolyte, thus facilitating the
generation of oxygen gas bubbles, which in turn led to electrode
delamination. The formation of the second phase La2Zr2O7 is
suggested to be the cause of LSM electrode delamination, as
shown in eqn (9).299

LaMnO3+d + ZrO2 + 1/4O2 4 1/2La2Zr2O7 + MnO2 (9)

Due to their high chemical reactivity with zirconia-based
electrolytes, cobaltite-based electrodes such as LSC and LSCF
are only used with a ceria-based barrier layer. Otherwise, the
formation of the electronically insulating phases SrZrO3 and
La2Zr2O7 can be observed as a result of Sr segragation.137 This
phenomenon was observed at the oxygen electrode/electrolyte
interface aer the operation of an electrolysis cell for 6100 h
at −0.75 A cm−2 between 777 °C and 780 °C.42 The authors
theorized from the microscopic results that oxygen electrode
demixing, the transport of gaseous Sr species, and Zr mass
transport through the grain boundary to the 8YSZ electrolyte are
contributing to the degradation of the LSCF electrode. This is
driven by the chemical potential gradient of SrZrO3 formation.
The relationship between the material destabilization and
operating conditions was characterized by comparison of
ge: Co migration and formation of SrZrO3. Adapted and reprinted from

2Zr2O7 nanoparticles. Adapted and reprinted from ref. 299, copyright
nsile stress. Adapted and reprinted from ref. 291, copyright 2011, with
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reference samples and cells tested under both fuel cell and
electrolysis mode through synchrotron X-ray microdiffraction
and micro-uorescence.43 While pristine samples exhibited
strontium zirconate and a Gd-rich interdiffusional layer pre-
test/post-manufacturing, the accumulation of SrZrO3 at the
interface between the barrier layer and the interdiffusional layer
was found for the aged samples. Additionally, the LSCF cell
volume evolved due to strontium segregation. Both phenomena
were found to be enhanced in electrolysis mode and thermally
activated. Ni-YSZ-supported SOEC cells with an LSC-GDC
oxygen electrode were tested at −1 A cm−2 in co-electrolysis
conditions for 2700 h at 800 °C. The authors observed Sr and
Co depletion at the LSC-GDC boundary of the tested cell around
3–5 mm from the electrode interface. As this depletion was not
observed in the reference cell, the depletion was attributed to
long-term testing.300 The performance and stability were tested
of the LSCF electrode for 50 h with and without a GDC interlayer
in a Ni-YSZ/YSZ-supported full cell at 800 °C and−0.8 A cm−2.301

The cell without an interlayer showed a large increase in area-
specic resistance (ASR) and more severe delamination
compared to the measured cell with a GDC interlayer. The
degradation of the cells was associated with the phase change of
LSCF from rhombohedral to cubic. Half-cells measured in
a three-electrode conguration at 800 °C aer polarization with
an electrolysis current of −1 A cm−2 for 24 h showed relatively
stable ohmic resistance RU for 18 h, with the resistance
increasing abruptly thereaer.302 The YSZ surface characteriza-
tion showed the formation of an insulating SrZrO3 layer at the
LSCF/YSZ interface during the sintering of fresh samples. Post-
test analysis suggested that the SrZrO3 interlayer delaminated
from the YSZ electrolyte rather than the LSCF electrode from the
interlayer. Co diffusion into the SrZrO3 layer and the YSZ elec-
trolyte was conrmed by EDS analysis. The diffusion process
enabled the formation of O2 at the interlayer/electrolyte
Fig. 16 Left: XRD patterns after heating at 1150 °C for 1 h: (a) GDC, (b) GD
800 °C for 5 days for (e) GDC/PNO. Right: XRD patterns after heating at 1
and XRD pattern after heating at 800 °C for 5 days for (e) LSGM/PNO. R

17998 | J. Mater. Chem. A, 2023, 11, 17977–18028
interface, which led to the delamination of the SrZrO3 layer
and the LSCF electrode.

Based on the proposed delamination mechanisms as
described in Fig. 15, several studies have focused on counter-
measures. To minimize the formation of La2Zr2O7,299

manganese-modied yttria-stabilized zirconia (Mn-YSZ) inter-
layer was utilized on the electrolyte.303 The symmetrical cells
were tested at 840 °C at a constant voltage of 0.8 V for 200 h in
electrolysis mode. No delamination was observed post-test for
Mn-modied cells. Compared to unmodied cells, less Mn
migrated from the LSM electrode to the YSZ electrolyte. The
authors hypothesized that the porous sol–gel coating averts
high oxygen pressure build-up, thus diminishing the electrode
delamination. Based on previous investigations about nano-
particle formation in LSM,291 the LSM-inltrated YSZ (LSM-YSZ)
composite electrodes were prepared to prevent reactivity
between LSM and the YSZ electrolyte.304 The inltrated LSM-YSZ
oxygen electrodes exhibited high electrocatalytic activity and
good stability under SOEC conditions compared to non-
composite electrodes. The results underlined that the micro-
structural stability of the LSM nanoparticles is impacted by two
opposing parameters: (a) LSM lattice shrinkage under the
anodic polarization and (b) grain growth by thermal sintering.
Inserting a Ce0.43Zr0.43Gd0.1Y0.04O2−d (CZGY) contact layer
between the YSZ and GDC led to an increased interface stability
and prevented GDC delamination. The CZGY contact layer
improved the stability with the neighboring layers and pre-
vented delamination during the short-term (100 h) electrolysis
tests (800 °C, −0.8 A cm−2). Cation surface segregation and
phase instability also occur on various perovskite oxides for
example, layered perovskite oxides and Ruddlesden–Popper
oxides except for LSM and LSC/LSCF.

Chemical reactivity was also found between double perov-
skites, for example, Sr2Fe1.5Mo0.5O6−d and derivatives with
commonly used YSZ. This limits the selection of compatible
C/LSFC, (c) GDC/NNO, (d) GDC/LNO and XRD pattern after heating at
150 °C for 1 h: (a) LSGM, (b) LSGM/LSFC, (c) LSGM/LNO, (d) LSGM/NNO
eprinted from ref. 310, copyright 2013, with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2023
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electrolyte materials or necessitates a protective layer of Ce0.8-
Gd0.2O2−d or La0.6Ce0.4O2−d deposited between the electrolyte
and the electrode material. Stoichiometric composition is
a crucial factor that affects the extent of SrO surface segregation.
In addition to the amount of Sr dopant, thermodynamic
calculations indicate that the B-site cation type impacts SrO
activity in (La,Sr)MO3 (M = Fe, Co, Mn), which decreases in the
order of Co > Fe > Mn.305 The surface chemistry of double
perovskites PrBaCo2O5+d (PBC) and GdBaCo2O5+d (GBC) was
investigated using low-energy ion scattering (LEIS) aer
annealing (400–800 °C).306–308 The results showed segregation
and surface domination of the larger A-site cation with B-cation-
enriched regions below the surface. Similar observations were
made when observing Ba and Co segregation out of the lattice
aer annealing at high temperatures (>800 °C).309

The chemical reactivity between Ruddlesden–Popper nick-
elates and commonly used electrolyte materials is an important
factor in long-term SOEC application. The formation of an
insulating phase can result from excessive chemical reactivity
and lead to increased polarization resistance. The stability
under operating conditions of lower-order RP is therefore the
main issue in the long-term application of nickelates such as
LNO, PNO, and NNO. Studies on chemical reactivity with the
GDC electrolyte have shown that it has good chemical
compatibility with Nd2NiO4+d.310 With the electrolyte material
Fig. 17 Cr deposition and subsequent poisoning of the LSMoxygen electr
at the electrolyte/electrode interface. Under anodic polarization, SrO seg
SrCrO4 on the LSM surface and Cr deposition on the electrolyte surface
electrode taken under the rib of the Fe–Cr interconnects after 1 h at 8
permission from the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2023
YSZ, Nd2NiO4 has shown good stability from 700 °C to 900 °C
and only a minor formation of Nd2Zr2O7 at 1000 °C.311

Compatibility tests with LSGM electrolytes have shown partial
reactivity aer 1 h in air at 1150 °C through the formation of
Nd4Ga2O9 due to Ga vaporization at high temperatures.310

La2NiO4+d and Pr2NiO4+d have been known to react with both
YSZ and GDC.311–313 The reactivity test of La2NiO4+d (LNO) with
YSZ shows the formation of an insulating pyrochlore La2Zr2O7

phase at 900 °C aer 72 h, which led to increased ASR values
over 700 °C.312 For the electrolyte material LSGM, the reactivity
test shows good chemical compatibility with LNO, although
small traces of decomposed LSGM (z3%) were observed310

(Fig. 16). Despite the relative stability of LSGM, the authors
argued that the very low electrical conductivity of the small
impurities could infringe on cell performance. The secondary
phases NiO, La2O3, and La3Ni2O7 were observed aer perform-
ing a reactivity test using GDC as an electrolyte.312

Pr-based lower-order Ruddlesden–Popper phases were
observed decomposing, while the studies of higher order RP
such as Pr4Ni3O4+d showed good structural stability up to 1000 °
C.243,314 PNO decomposition in air was observed for example
aer 24 h at 900 °C and the decomposition product reacted
subsequently with YSZ to Pr2Zr2O7 and Pr6O11.311 The formation
of the insulating phases was attributed to the thermodynamic
instability of PNO above 700 °C and not the chemical reactivity.
odes under SOEC operating conditions. (a) LSM nanoparticle formation
regates from the bulk of the electrode to the surface. (b) Formation of
and at the electrolyte/electrode interface. (c) SIMS image of the LSM

00 °C and −0.8 A cm−2. Reproduced and adapted from ref. 326 with
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Pr2NiO4+d also showed no stability with GDC, decomposing to
the higher order RP Pr4Ni3O10 and Pr6O11, although the results
did not clarify whether PNO only decomposes above 700 °C or
a chemical reaction between PNO and the electrolyte material
occurred. Similar results were reported for an 8% PNO phase
aer sintering a PNO/LSGM sample for ve days.310 Higher
order RP phases have relatively high total conductivity and are
oxygen under-stoichiometric in contrast to the n = 1 phases.229

In addition, the Ni3+ content is increased, which leads to higher
chemical stability. Up to 1000 °C, the Pr4Ni3O10+d phase is fully
stable under oxygen and decomposes into Pr2NiO4+d and NiO at
higher temperatures.314

3.2.4.2. Cr poisoning. An additional issue to consider is the
interaction of oxygen electrodes and the Cr-forming alloys (i.e.,
stainless steel), which are used as metallic interconnects in
SOEC stacks similar to SOFC. They are inexpensive and easy to
produce and exhibit high thermal and electrical conductivity. At
high temperatures, volatile chromium species are generated
under oxidizing conditions, which can react electrochemically
with the LSM electrode and lead to fast material
degradation.315–317 The Cr deposition and poisoning of oxygen
electrodes by the volatile species CrO3 and CrO2(OH)2 from the
protective Cr2O3 scale have been extensively studied under
SOFC operation conditions.318–323 It is known that under
cathodic polarization, Cr deposition at the LSM/electrolyte
interface and on the surface leads to the formation of Cr2O3

and the (Cr,Mn)3O4 spinel, which have a detrimental effect on
cell performance.315,324,325 Although Fe–Cr alloys are commonly
used as interconnect materials for SOEC, little work has been
carried out on electrode poisoning under SOEC conditions. The
Cr poisoning of an LSM oxygen electrode under SOEC condi-
tion313 is shown in Fig. 17.
Fig. 18 Post-test analysis of an electrode before and after polarization a
optical images of the LSCF electrode surface under the Fe–Cr interconn
spectroscopy mapping at n = 860 cm−1, corresponding to SrCrO4. (d) Ra
after testing of the GDC electrolyte and the LSCF oxygen electrode for
interconnects. Reproduced from ref. 328 with permission from the PCC

18000 | J. Mater. Chem. A, 2023, 11, 17977–18028
The LSM electrode partially disintegrates to form LSM
nanoparticles at the electrode/electrolyte interface. Under
anodic polarization, SrO/SrCO3 species segregate to the elec-
trode surface, which is enhanced by the inhibition of Mn2+

generation. Cr deposition and high activity between Cr and Sr,
in turn, lead to the dominant SrCrO4 product on the electrolyte
surface and the electrode/electrolyte interface, rather than the
(Cr,Mn)3O4 spinels under SOFC conditions. Based on the
nucleation theory,327 the reaction of SrO segregation to the
surface and the subsequent reaction with the gaseous Cr species
is given by eqn (10)–(13).

Sr segregation:

La0.8Sr0.2MnO3+d / La0.8Sr0.2−xMnO3+d + xSrO (10)

Cr deposition via nucleation and grain growth route:

SrO + CrO3 / Cr–Sr–Ox (nuclei) (11)

Cr–Sr–Ox + CrO3 / CrOy + Cr2O3 (12)

Cr–Sr–O + SrO + CrO3 / SrCrO4 (13)

Chromium deposition of SrCrO4, CrO2.5, and Cr2O3 phases at
the La0.6Sr0.4Co0.2Fe0.8O3−d (LSCF) oxygen electrode increased
the overpotential of the O2 evolution reaction (OER). The
hindered electrocatalytic activity was linked to the signicant
deciency of catalytically active Sr in the electrode bulk segre-
gating to the electrode surface. The areas near the rib of the
interconnect (Fig. 18) showed signicantly higher Cr enrich-
ment compared to the regions of the interconnect channels.328

The dissociation of La0.8Sr0.2CoO3−d (LSC) was the reason to
conclude that Cr-containing phases from the stainless steel
interconnects are driven into the contact layer microstructure,
t 900 °C and −0.2 A cm−2 in the presence of Fe–Cr interconnects: (a)
ect after 40 h treatment. (b) As-prepared cell before testing. (c) Raman
man profiles collected at points 1, 2, and 3. (e) XRD pattern before and
20 h and 40 h at 900 °C and −0.2 A cm−2 in the presence of Fe–Cr
P Owner Societies.

This journal is © The Royal Society of Chemistry 2023
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Fig. 19 (a) Backscattered electron (BSE) imaging of segregated PBCO surface at 900 °C in 100% O2. Electron microprobe analyzer (EPMA)
elemental mappings for (b) Pr, (c) Ba, (d) Co, (e) Cr, and (f) O. Higher concentrations are indicated in red, while lower concentrations with scale
bars of 2.5 mm are highlighted in blue. (g) XRD patterns for PBCO–Cr2O3 mixtures after reacting for 5 h in air at 1000 °C, and (h) Raman profile of
the PBCO–Cr2O3. Reprinted in part with permission from ref. 309. Copyright 2018 American Chemical Society. (i) XRD patterns after Cr
poisoning tests for SFM and LSC@SFM surfaces. Reprinted with permission from ref. 330. Copyright 2019 American Chemical Society.
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thus causing the long-range transport of Sr and Co cations and,
consequently, La–Cr–O phases.329

The effects of Cr poisoning upon LSM and LSC(F)-based
electrodes have received the highest level of research interest.
Although other oxygen electrode materials have also been
investigated, the current literature is mostly focused on Cr
effects in SOFC, and degradation studies are oen not con-
ducted for an extended period (<500 h). Few studies consider
double perovskite materials in terms of their chromium
poisoning resistance. The durability of strontium iron-
molybdenum oxygen (SFM) electrodes was reported to be
affected by Cr poisoning (Fig. 19i). Short-term Cr-poisoning
tests of around 160 h on symmetrical cells with SFM oxygen
electrodes showed Cr species poisoning the electrode surface,
resulting in the formation of SrCrO4 aer the direct reaction of
the Sr with Cr2O3 and gaseous CrO3.330 The reactivity with
chromium was studied by looking at SmBaCo2O5+d (SBC)331 and
later PrBaCo2O5+d (PBC)309 (Fig. 19a–h). At high temperatures,
Ba and Co cation diffusion was observed for PBC, forming BaO
and Co3O4 precipitates on the surface, mainly located at the
grain boundaries. In the presence of Cr, BaCrO4 was formed and
had an impact on electrochemical performance.309
This journal is © The Royal Society of Chemistry 2023
The electrochemical activity of SmBaCo2O5+d (SBC) also
degraded quickly in the presence of a chromium-forming
metallic interconnect. The authors concluded that the Cr
deposition was induced by the segregated BaO on the SBCO
surface, leading to the formation of BaCrO4.331 Similar results
were observed for NdBaCo2O5+d (NBC) and PrBa0.5Sr0.5Co1.5-
Fe0.5O5+d (BSCF), although the authors found that LNO (La2-
NiO4+d)-inltrated PBSCF improved tolerance to Cr poisoning.
This result highlights the possibility of Cr-poisoning-resistive
oxygen electrodes in the absence of nucleating agents (Sr, Ba,
Mn). Long-term measurements over 1000 h revealed that La2-
NiO4+d oxygen electrodes exhibited good stability under dry
conditions in the presence of Cr.332 However, the oxygen activity
declined as soon as humidity was introduced into the system,
and the LNO surface layer decomposed. Similar results were
found for PNO.333 Although LNO electrodes react readily with
Cr2O3 to form LaCrO3 and LaNiO3 reaction products, their
chromium tolerance was found to be higher than for LSCF
oxygen electrodes.334 Nd2NiO4+d (NNO) is a potential alternative
to standard perovskite materials due to its high catalytic activity
and chromium poisoning tolerance.335 No chromium-related
compound was observed in either the Nd2NiO4+d cathode or
the NNO/YSZ interface. However, Nd depletion of the nickelate
J. Mater. Chem. A, 2023, 11, 17977–18028 | 18001
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was identied as a result of secondary phase formation with the
Cr contaminants.336 The changes in NNO due to Cr poisoning
only had a minor inuence on the surface exchange
properties.183

3.2.5. Summary of oxygen electrode materials. The state-of-
the-art oxygen electrode materials lanthanum strontium cobalt
ferrite (La1−xSrxCo1−yFeyO3−d and (LSCF)) lanthanum strontium
cobaltite (La1−xSrxCoO3−d (LSC)) exhibit good performance and
durability for long-term application (>5000 h) in solid oxide
electrolysis stacks in operating conditions around 700 °C to
850 °C. New perovskite-based materials for the oxygen side
compromise of double perovskites e.g., Sr2Fe1.5Mo0.5O6−d

(SFM), PrBaCo2O5+d (PBC) and GdBaCo2O5+d (GBC) as well as
Ruddlesden–Popper phases such as La2NiO4+d (LNO), Nd2-
NiO4+d (NNO), and Pr2NiO4+d (PNO). They show sufficient
performance in short-term measurements up to ∼200 h.
However, the stability of these materials has not been investi-
gated yet in stack systems under industrial operating conditions
for longer periods. Known stability issues include segregation
reactions in double perovskites and chemical reactivity with
currently used electrolyte materials like yttria-stabilized
zirconia (YSZ) and gadolinium-doped ceria (GDC). For lower-
order Ruddlesden–Popper phases Lnn+1NinO3n+1 (n = 1) the
main issue in a long-term application is the decomposition
above 600 °C, for example, Pr2NiO4+d decomposes into Pr6O11,
PrNiO3−d, and Pr4Ni3O10+d phases. Despite this phase insta-
bility, good catalytic activity of these decomposition products
has been observed.
3.3. Fuel electrode

3.3.1. Requirements. The fuel electrode of an SOEC
(cathode) must fulll several requirements to achieve sufficient
performance. First of all, the electrode must be made of a cata-
lytically active material with regard to the electrolysis of varied
inlet fuels. In the case of steam electrolysis, see Fig. 20a, the fuel
electrode catalyzes the dissociation of gaseous water molecules
(water splitting reaction (WSR)) into oxygen ions and gaseous
hydrogen at the catalytically active sites of the fuel electrode
(hydrogen evolution reaction (HER)).337–339 The reduction of CO2

to CO plus oxygen ions during CO2 electrolysis (CO2RR) at the
electrode interface is schematically shown in Fig. 20b.
Fig. 20 Schematic description of the reactions at the fuel electrode/e
electrolysis: water splitting reaction (WSR) including the hydrogen evo
reduction reaction (CO2RR).

18002 | J. Mater. Chem. A, 2023, 11, 17977–18028
The main advantage of SOECs is the combination of steam
and CO2 electrolysis, referred to as co-electrolysis, resulting in
the production of industrially crucial syngas (H2 + CO). Here,
both the dissociation of water molecules and the reduction of
CO2 take place at the active sites of the fuel electrode for the
respective reaction. However, depending on the gas composi-
tion, the conversion of CO2 into CO takes place mainly due to
the reverse water–gas shi reaction (RWGS) between the
produced H2 and CO2, and is not electrocatalytically, but cata-
lytically activated.340,341

The fuel electrode also requires long-term chemical stability
in humid reducing atmospheres as well as in mixed gases. In
particular, the respective gas composition can have a strong
inuence on the performance and durability of the fuel elec-
trode. The gas mixture, which is partly dependent on the elec-
trolysis mode, can consist of different fractions of reducing
agents (e.g., H2), water molecules, carbon-containing molecules
(CO2, CO), and possibly carrier gas. The optimization of the
electrode material is dependent on the gas mixtures occurring
during the electrolysis operation.

An example of how the complexity of the gas composition
inuences the electrode material has been fairly well investi-
gated for the commonly used Ni-YSZ fuel electrode. The selec-
tion of Ni-YSZ as a fuel electrode material for SOECs is based on
the fact that the materials used in SOECs were initially adapted
from the solid oxide fuel cell. However, the gas mixture at the
fuel electrode for SOFCs differs from the composition used for
electrolysis cells. For instance, there is a variation in fuel gas
properties such as oxygen partial pressure, humidity, and the
amount of reducing gases. In the case of Ni-YSZ being used as
a fuel electrode in steam electrolysis, an increase in humidity in
the fuel gas initially leads to a higher conversion of H2O into H2

and 1/2O2. While at the same time, material degradation and
reduced electrode performance are accelerated over time.342,343

Additionally, the observed cell voltage in SOEC operation is
higher at 1.1–1.4 V compared to SOFCs (0.6–1.0 V), which leads
to a decrease in the local oxygen partial pressure at the fuel
electrode side.42

The fuel electrode material also requires preferably high
electronic and ionic conduction to extend the electrochemical
reaction area (triple-phase boundary (TPB)) as well as matching
lectrolyte interface during different electrolysis operations: (a) steam
lution reaction (HER). (b) Carbon dioxide electrolysis: carbon dioxide

This journal is © The Royal Society of Chemistry 2023
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thermomechanical properties of the electrode material with the
other components of the solid oxide cell, especially the elec-
trolyte. A sufficient electrical conductivity for the fuel electrode,
which should be achieved throughout the whole operation time,
is in the scale of 100 S cm−1.344 The relative expansion
depending on temperature given by the thermal expansion
coefficient (TEC) is typically considered the rst indicator of the
thermomechanical compatibility between the electrode and the
electrolyte. The TEC values for commonly applied electrolytes
such as YSZ or GDC are around 10−13 × 10−6 K−1.114,193 A
mismatch between the TECs of the electrode and the electrolyte
heightens the possibility of cracks or delamination during the
heating and/or cooling of the cell. Adaption or optimization of
the thermal expansion coefficient can be achieved by doping the
electrode material or by mixing it with other materials, for
example, electrolyte material. The microstructure of the
respective fuel electrode has a strong impact on its properties
and, therefore, on the performance and degradation behavior of
the electrode. Microstructure parameters such as grain size,
grain size distribution, tortuosity, percolation, and porosity
dene the resulting electrode properties/performance. For
instance, grain size or its distribution affects the percolation
paths of the electrode. A specic porosity is required to ensure
unimpeded gas diffusion throughout the electrode toward the
electrode/electrolyte interface.345,346 On the microstructural
level, a well-performing electrode exhibits a triple-connecting
network of pores as well as electronic and ionic paths.

3.3.2. Electrode materials
3.3.2.1. Ni cermet electrodes. The most commonly used

materials for fuel electrodes in SOCs are currently Ni cermets.
Adopted from use in SOFCs, the composites of Ni metal and YSZ
or GDC are also mainly used as fuel electrodes in high-
temperature electrolysis operations. These materials feature
a high catalytic activity for electrochemical water reduction and
high electronic conductivity, resulting in a good initial perfor-
mance of Ni-cermet-based fuel electrode SOECs.347 Properties of
the Ni cermets such as the thermal expansion coefficient or
electrical conductivity depend on the material fabrication
process and its resulting microstructure.348,349 For the Ni-GDC
cermet, rst, a TEC of 14.3 × 10−6 K−1 was approximated.350

Themeasured TEC for a NiO-GDC (50 : 50 wt%) composite in air
resulted in 13.5× 10−6 K−1 for a temperature range of 25–1000 °
C.351 The TEC also changes with different amounts of Ni inside
the composite material. An increase of Ni from 15 vol% to
30 vol% caused an increase in the TEC from 10.4 × 10−6 K−1 to
13.2 × 10−6 K−1 at 900 °C.352 An investigation regarding the
inuence of porosity and sintering temperature on the resulting
TECs and the electrical conductivity of Ni-YSZ (50 : 50 wt%)
showed that the thermal expansion of Ni-YSZ changes with the
addition of pore former.349 The initial value of 11.88 × 10−6 K−1

increased to 12.23 × 10−6 K−1 using 15 wt% of pore former.349

For a 50% Ni-YSZ material fabricated by citric method TEC of
9.1 × 10−6 K−1 was obtained in 5% H2 + 95% Ar atmosphere.353

The electrical conductivity is partly inuenced by the particle
size of the material, the porosity, the volume fraction of Ni, the
distribution of Ni and YSZ or GDC inside the material, and the
percolation threshold of Ni (see Section 3.3.2).348
This journal is © The Royal Society of Chemistry 2023
For Ni-YSZ prepared by solid-state reaction, the electrical
conductivity in air at 25 °C increased with increasing sintering
temperature (3936 S cm−1 at 1250 °C and 9203 S cm−1 at 1450 °
C) and decreased with an increasing amount of pore former.349

The conductivities of Ni-YSZ increased to 25 S cm−1 and
4094 S cm−1 using 15 wt% of pore former at the respective
sintering temperature. The inuence of the Ni content in the
electrode material on electrical conductivity showed an increase
in conductivity from 0.103 S cm−1 to 989 S cm−1 in hydrogen at
900 °C with a Ni volume change from 15 vol% to 30 vol%.352

Electrical conductivity stability for Ni-YSZ composites (cermets)
in dry and wet reducing atmospheres (combinations of H2 +
diluting gas) could be conrmed for conductivities of 1100–
1200 S cm−1 at 600 °C.344 However, a signicant conductivity
loss was observed in wet atmospheres for temperatures of 800 °
C and above and in dry atmospheres for temperatures $850 °
C.344 For the electrical conductivity of Ni-GDC composite con-
sisting of 65 wt% NiO and 35 wt% GDC a conductivity of 0.28 ×

10−3 S cm−1 was seen at 700 °C. This is slightly higher than the
conductivity of a NiO-YSZ (50 : 50 wt%) composite (0.17 ×

10−5 S cm−1).354 The electrical conductivity of NiO-GDC cermets
in hydrogen at 610 °C could be increased with Cu doping from
2.4 × 10−3 S cm−1 (pure NiO-GDC) to 4.5 × 10−3 S cm−1 (Cu-
doped NiO-GDC).355 The performance of Ni-YSZ and Ni-GDC
fuel electrodes in different SOEC operation modes was tested
in several studies. The performance of a Ni-YSZ/YSZ/LSM cell
has been investigated with a variation of absolute humidity (AH)
in steam electrolysis for 800 °C and 900 °C.356 A current density
of −1.1 A cm−2 was achieved under thermoneutral voltage with
82 vol% AH at 800 °C. The authors observed decreasing ASR
from 0.69 U cm2 to 0.42 U cm2 with an increase in the absolute
humidity from 30 vol% to 82 vol%. The ASR also decreased
when increasing temperature up to 900 °C, resulting in values of
0.32–0.20 U cm2 for 30–82 vol% AH. At 900 °C and below ther-
moneutral voltage with 1.1 V, a current density of −1.4 A cm−2

was achieved. The analysis of operating temperature and fuel
gas composition on the performance of a Ni-YSZ/YSZ/GDC/
LSCF-GDC cell showed an increase in current density at a set
voltage of 1.3 V from −0.352 A cm−2 to −0.674 A cm−2 when the
temperature was increased from 700 °C to 800 °C. Moreover,
a change in the volume ratio of the gas composition at 750 °C
(H2 + H2O + CO2) from 20%H2 + 0%H2O + 80%CO2 to 20%H2 +
80% H2O + 0% CO2 led to an increase in the current density of
the cell from −0.445 A cm−2 to −0.598 A cm−2.357 The perfor-
mance of the Ni-YSZ/YSZ/LSCF-GDC cells in dependence of gas
composition resulted ASR values of 0.21 U cm2, 0.22 U cm2, and
0.27 U cm2 when operating the cells at 800 °C in 50% H2 + 50%
H2O, 25% H2 + 75% CO2, and 25% H2 + 25% CO2 + 50% H2O,
respectively.358 For the operation under 25% H2 + 25% CO2 +
50% H2O at 800 °C using a set voltage of around 1.3 V, the
authors achieved syngas production rates of ∼7 sccm cm−2. Ni-
YSZ/YSZ/LSM-YSZ cells exhibited initial cell voltages of 1.42 V
and 1.5 V for current densities of −1.5 A cm−2 and −2.0 A cm−2

at 865–875 °C during co-electrolysis in a 45% H2O + 45% CO2 +
10% H2 atmosphere.359 The syngas conversion was 45% and
60% for −1.5 A cm−2 and −2.0 A cm−2. The effect of Ba inl-
tration in Ni-YSZ (50 : 50 wt%) on electrode performance was
J. Mater. Chem. A, 2023, 11, 17977–18028 | 18003
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studied during steam electrolysis, co-electrolysis, and CO2

electrolysis at 800 °C.360 The pure Ni-YSZ electrode at a set
voltage of 1.3 V achieved current densities of −0.45 A cm−2,
−0.27 A cm−2, and −0.36 A cm−2 for H2O electrolysis, co-
electrolysis, and CO2 electrolysis. For the BaCO3-inltrated Ni-
YSZ fuel electrodes, increased current densities of −0.69 A
cm−2, −0.55 A cm−2, and −0.62 A cm−2 are observed. Moreover,
the interfacial polarization resistance between the electrolyte
and the electrode was decreased due to the inltration of Ba in
the Ni-YSZ electrode from 1.01 U cm2, 1.59 U cm2, and 1.18 U

cm2 to 0.64 U cm2, 0.82 U cm2, and 0.70 U cm2 for H2O elec-
trolysis, co-electrolysis, and CO2 electrolysis. The difference
between using a Ni-YSZ fuel electrode and a Ni-SDC fuel elec-
trode for CO2 electrolysis was tested with cells made of Ni-YSZ/
YSZ/LSM and Ni-SDC/YSZ/LSM at a set voltage of 1.6 V at 1000 °
C.361 The cells achieved current densities of −1.13 A cm−2 and
−0.87 A cm−2 for Ni-SDC and Ni-YSZ electrodes, respectively, in
a 45% CO2 + 10% H2 + 45% N2 atmosphere. Analysis of the
polarization resistance in gas atmospheres with 25% and 45%
CO2 resulted in RP values for Ni-SDC for both gas mixtures
around 0.17U cm2, whereas the RP values for Ni-YSZ were 0.46U
cm2 and 0.53 U cm2 in 25% and 45% CO2 respectively. The
performance of a Ni-GDC (65 : 35 wt%)/YSZ/GDC/LSCF cell
conguration under steam and co-electrolysis operation was
examined at a set voltage of 1.5 V.362 Current densities in steam
electrolysis reached−1.31 A cm−2 at 900 °C and−0.41 A cm−2 at
750 °C, while the corresponding RP increased from 0.061 U cm2

to 0.31 U cm2 with decreasing temperature. The current density
value for co-electrolysis at 900 °C was −1.37 A cm−2, corre-
sponding to an RP of 0.089 U cm2. The inuence of Mo and Au
doping on the electrochemical performance of a Ni-GDC (65 :
35 wt%) fuel electrode, a YSZ electrolyte, a GDC barrier layer
between the electrolyte and the oxygen electrode, and an LSCF
oxygen electrode was analyzed in steam electrolysis. The fuel
electrode doped with 3 wt% Mo and Au was tested regarding its
performance with a pre-reduced fuel electrode in different
pH2O/pH2 ratios. The resulting polarization resistances at 900 °
C for a pH2O/pH2 of 1, 2.3, and 9 for a pure Ni-GDC fuel elec-
trode were 1.36 U cm2, 1.53 U cm2, and 1.64 U cm2, respectively.
Doping with 3 wt% Mo and 3 wt% Au led to a decrease of RP to
values of 0.34 U cm2, 0.34 U cm2, and 0.36 U cm2. The authors
concluded that for H2O electrolysis, the 3Au–3Mo–Ni-GDC fuel
electrode exhibits better performance compared to the undoped
material.347 In addition to cell performance, the performance in
a long-term test with the use of an applied NiO contact layer was
examined. At a set voltage of 1.3 V at 800 °C, the cells without
a NiO contact layer achieved a current density of −0.076 A cm−2

in a 50% H2O + 50% H2 atmosphere. Using a NiO contact layer
for the same cell conguration and under the same experi-
mental conditions, a current density of −0.361 A cm−2 was
reached. A higher current density of −0.780 A cm−2 at 1.3 V and
900 °C was achieved under steam electrolysis with a gas
composition of 7% H2 + 30% N2 + 63% H2O.363

3.3.2.2. Perovskite-based electrodes. As materials exhibiting
MIEC properties, perovskite oxides have received increased
attention in recent years with regard to their use in various
components of an SOEC, such as the fuel electrode. The reasons
18004 | J. Mater. Chem. A, 2023, 11, 17977–18028
for this increased attention as well as their respective crystal
structures are outlined in Section 3.2.1. To optimize and
enhance the properties with respect to their respective appli-
cation, the inuence of adding dopants, mixing different pha-
ses, and inltration processes is investigated for all of these
possible fuel electrodes.

LSCM exhibits a simple perovskite structure with A- and B-
site doping of the lattice. It is reported to have excellent redox
stability as well as catalytic activity for fuel gases, thus leading to
its consideration as a fuel electrode material in SOECs.364–367

Investigations of La0.75Sr0.25Cr0.5Mn0.5O3−d (LSCM) as a fuel
electrode material in H2O electrolysis366,368 and co-electrolysis365

have already been carried out.
The average thermal expansion coefficient of LSCM in

a temperature range of 64–956 °C is 9.3 × 10−6 K−1.369 The
investigation of the electrical conductivity in air and 5% H2 at
different temperatures showed an electrical conductivity of
LSCM is 7.7 S cm−1 in air at 320 °C, and 1.4 S cm−1 in 5% H2/
Ar.369 With an increased temperature of 900 °C, the values
increased to 38.6 S cm−1 in air and 1.49 S cm−1 in 5% H2. In
a wet 5% H2 atmosphere at 900 °C, an electrical conductivity of
0.95 S cm−1 wasmeasured for LSCM.370 The authors achieved an
increase in conductivity in wet 5% H2 to 1.66 S cm−1 by doping
the LSCM electrode with Ce. Work on Sc doping in LSCM
(La0.75Sr0.125Ce0.125Cr0.5Mn0.5O3−d – LSCMS) and its impact on
the electrical conductivity in 5% H2 + 95% Ar at 700 °C showed
that doping with Sc leads to a decrease in electrical conductivity
from 0.639 S cm−1 to 0.185 S cm−1.368 Additionally, doping
LSCM with Sc inuences the polarization resistance RP of the
electrode, which was tested at 700 °C and 1.8 V in a mixture of
5%H2O + 95% Ar. Adding Sc to thematerial reduces the RP from
9 U cm2 (LSCM) to 6.5 U cm2 (LSCMS). Performance analysis of
LSCM electrodes in co-electrolysis mode at 800 °C and OCV in
different ratios of H2O and CO2 revealed that the polarization
resistance increases with increasing steam content from 21.49
U cm2 (20% H2O + 80% CO2) to 22.17 U cm2 (60% H2O + 40%
CO2).365 The same observation was made while testing the
material at 800 °C with a constant current of −0.12 A cm−2

using different steam concentrations.366 In addition, the study
results underline that alongside the polarization resistance, the
maximum current density is also dependent on the respective
steam content. The steam electrolysis experiments at 850 °C
under ∼1.6 V showed that an increase in the steam content
from 20 vol% AH to 80 vol% AH leads to a change in the current
densities from −0.431 A cm−2 to −0.593 A cm−2.366,367 The
maximum current densities of LSCM fuel electrodes for CO2

electrolysis and co-electrolysis (60% H2O + 40% CO2) at 800 °C
under a voltage of 2 V achieved were −0.18 A cm−2 and −0.23 A
cm−2 for CO2 electrolysis and co-electrolysis, respectively.365 A
comparison of the maximum current density for LSCM and Sc-
doped LSCM electrodes at 700 °C and 2 V for steam electrolysis
(5% H2O + 5% H2 + 90% Ar) showed current densities of −0.4 A
cm−2 and −0.75 A cm−2 for LSCM and LSCMS.368 The authors
also investigated the hydrogen production rate using the same
temperature and voltage, only varying the gas composition.
They obtained hydrogen production rates of 0.28 ml min−1 for
LSCM and 1.2 ml min−1 for LSCMS in a 5% H2O + 95% Ar
This journal is © The Royal Society of Chemistry 2023
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atmosphere and similar results for 5%H2O + 5%H2 + 90% Ar.368

For the LSCM electrode, a hydrogen production rate of 561 ml
cm−2 h−1 at 850 °C and a voltage of 1.6 V with 80 vol% AH were
achieved.367

Fuel electrodes based on LaFeO3−d perovskite oxide are
particularly investigated with regard to their application in
SOECs for electrolysis using CO2-containing fuels. LSFM-based
fuel gas electrodes are particularly suitable for CO2 electrolysis
or co-electrolysis and exhibit a high CO2 selectivity and resis-
tance to C deposition during electrolysis operation.371,372 Pure
LSFM electrodes of different stoichiometries were investigated
and the authors concluded that the performance of LaFeO3−d

perovskite-based electrodes could be optimized by doping with
Sr and Mn.372 LSFM exhibits a TEC of 10.9–12.3 × 10−6 K−1

between 30 °C and 1000 °C in air373 and 18.7× 10−6 K−1 in H2.374

The maximum conductivity of La0.6Sr0.4Fe0.8Mn0.2O3−d

observed in air at 800 °C was in the range of 35.24 S cm−1 (ref.
375) to 50.3 S cm−1.374 The performance of LSFM fuel electrodes
in CO2 electrolysis and co-electrolysis operation was analyzed in
several publications.

The cell composed of LSFM/LSGM/BLC (Ba0.6La0.4CoO3–d) at
1.6 V in 50% CO2 + 1% CO + 49% Ar showed the best perfor-
mance so far for La0.6Sr0.4Fe0.8Mn0.2O3−d. With this material,
current densities of −0.28 A cm−2 and −0.52 A cm−2 were
achieved at 800 °C and 900 °C. The CO2 reduction rate at 900 °C
was 153 mmol cm−2 min−1.372 The performance of a composite
fuel electrode consisting of La0.6Sr0.4Fe0.8Mn0.2O3−d and
CuFe2O4 (CuF) in a ratio of 1 : 1 in co-electrolysis was analyzed
using the cell conguration of LSFM-CuF/LSGM/BLC.371 At
a temperature of 800 °C and a voltage of 1.6 V, the authors
achieved amaximum current density of around−1.43 A cm−2 in
30% CO2 + 30% H2O + 40% Ar. The cell performance of an
LSFM-GDC (60 : 40 wt%) composite fuel electrode for CO2

electrolysis was investigated with the LSFM stoichiometry
La0.6Sr0.4Fe0.9Mn0.1O3−d.376 The authors used symmetrical, YSZ
electrolyte-supported cells with a GDC barrier layer and ach-
ieved current densities of −1.1 A cm−2 at 800 °C and −1.74 A
cm−2 at 900 °C using a voltage of 2.0 V. The respective polari-
zation resistances were RP= 0.85U cm2 (800 °C) and RP= 0.48U
cm2 (850 °C). At a temperature of 800 °C, they observed a CO
production rate of 6.438 ml min−1 cm−2.376,377 Further experi-
ments were conducted in pure CO2 on the La0.6Sr0.4Fe0.9Mn0.1-
O3−d fuel electrode side at temperatures of 800 °C and 900 °C
and a voltage of 1.6 V. In the operating conditions, current
densities of−0.335 A cm−2 at 800 °C and−0.76 A cm−2 at 900 °C
could be achieved.378

LST has been categorized as a redox-stable perovskite with
great potential as an electrode material in SOECs.379 The
material exhibits TEC values of 11–12 × 10−6 K−1 between 30 °C
and 1000 °C.380,381

Investigations with regard to the thermal expansion behavior
of reduced and non-reduced La0.4Sr0.4TiO3 in different atmo-
spheres between 50 °C and 1000 °C found that the TEC of the
material in a 5%H2 + 95% Ar atmosphere with 11.89× 10−6 K−1

is higher compared to the expansion in air of 10.35 × 10−6

K−1.382 Additionally, the authors observed that reducing the
material aer sintering could reduce the resulting TEC to 11.60
This journal is © The Royal Society of Chemistry 2023
× 10−6 K−1.382 The conductivity of LST also depends on whether
the material is in the pre-reduced or oxidized state. Non-
reduced LST (La0.2Sr0.8TiO3+d) reached a conductivity of
0.001 S cm−1 in air at 800 °C.383 The conductivity of reduced LST
and iron-doped LST in air and 5% H2 + 95% Ar at 800 °C ach-
ieved conductivities of 0.7 S cm−1 and 0.5–0.6 S cm−1 in air and
1.1 S cm−1 and 1.5 S cm−1 in a reducing atmosphere for LST and
Fe-LST.379 In hydrogen, sintered LST has conductivities of 100–
500 S cm−1 between 700 °C and 1000 °C under 10−15 < pO2 <
10−20.380 Measured in wet H2, reduced LSTO reached a conduc-
tivity of 30 S cm−1 at 700 °C.384

To improve the conductivity and the catalytic activity, LST
was doped with Ca and Fe.385 The authors theorized that doping
LST on the A-site with Ca should enhance the electrical
conductivity of the perovskite oxide. In addition, substituting Ti
ions with Fe on the B-site of the crystal lattice of strontium
titanate should lead to high mixed ionic–electronic conductivity
and high catalytic activity. The investigations revealed a depen-
dency of the conductivity on the Ca amount within the La0.2-
Sr0.25CaxTi0.95Fe0.05O3−dmaterial. They determined a maximum
conductivity of 5.5 S cm−1 at 850 °C under 97% H2 + 3% H2O
with an optimum calcium content of x = 0.45 mol%.385

The combination of titanate and ceria (La0.35Sr0.65TiO3−d–

Ce0.5La0.5O2−d) was examined as a fuel electrode material in
a reversible SOC concerning the material's conductivity.386 The
authors discovered that the electrode's conductivity and, in
turn, its performance is strongly dependent on the prevailing
oxygen partial pressure as well as on the H2O/H2 ratio of the
respective gas composition.386 ASRs of 0.2–0.28 U cm2 were
achieved under a constant polarization loss of 0.1 V in pH2O =

0.5–0.9 using a mixture of LST with Ce0.5La0.5O2−d as a fuel
electrode.386 A composite electrode of LST (La0.2Sr0.8TiO3+d)-SDC
in CO2 electrolysis operation was investigated using a symmet-
rical cell with a YSZ electrolyte.387 To enhance CO2 selectivity
and electrode performance, the LST was doped with Mn
(La0.2Sr0.8Ti0.9Mn0.1O3+d). They observed a decrease in the
polarization resistance RP of the fuel electrode with increasing
pH2 (10% to 100%). The RP is reduced from 28 U cm2 to 9 U cm2

for the LST-SDC composite and from 4 U cm2 to 2 U cm2 for the
manganese-doped LSTM-SDC fuel electrode. The authors ach-
ieved current densities of −0.12 A cm−2 and −0.25 A cm−2 for
LST- and LSTM-based fuel electrodes during operation at 800 °C
under 2.0 V. The resulting CO production rates were 0.1–0.2 ml
cm−2 min−1 and 1.1 ml cm−2 min−1,387 respectively. Similar
experiments using a cell conguration of LST-SDC/YSZ/LSM-
SDC achieved a current density of −0.125 A cm−2 during CO2

electrolysis at 700 °C under 2.0 V.384 The CO production rate of
1.23 ml cm−2 min−1 achieved in this work was higher than the
LSTO-based fuel electrode results.

SFM, Sr2Fe1.5Mo0.5O6−d, is a double perovskite, the proper-
ties of which are described in detail in chapter 3.2.1.2. It is
a mixed ionic–electronic conductor, which also has high cata-
lytic activity.388 The electrical conductivity of SFM (Sr2Fe1.5-
Mo0.5O6−d) measured at 800 °C was 32 S cm−1 in H2 and
14.90 S cm−1 at 750 °C in air,180 which is higher than the
conductivity of other ceramics such as LSCM or LSTO. Under
J. Mater. Chem. A, 2023, 11, 17977–18028 | 18005
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a 50% CO2 + 50% CO atmosphere at 750 °C, SFM shows an
electrical conductivity of 19 S cm−1.182 The conductivity
measured at 800 °C decreased from 15.9 S cm−1 to 8.3 S cm−1 by
doping with antimony in 5%H2 + 95% Ar.389 Adding Mn to SFM,
on the other hand, leads to a decrease in conductivity in air at
800 °C and an increase from 16 S cm−1 to 25 S cm−1 in a 5%H2 +
95% Ar atmosphere for Sr2Fe1.4Mn0.1Mo0.5O6−d.390 The TEC
value of SFMO was found to be around 14.5 × 10−6 K−1 in the
temperature range of 200–760 °C in air.174 Regarding the use of
SFM fuel electrodes in steam electrolysis, several experiments
were conducted using symmetrical SFM/LSGM/SFM cells.179 At
1.3 V and with 40 vol% absolute humidity (AH), current densi-
ties of −0.48 A cm−2 and −0.59 A cm−2 were achieved at 800 °C
and 900 °C, respectively. Changing the AH from 20 vol% to
60 vol% leads to an improvement in current density from −0.38
A cm−2 to −0.88 A cm−2 at 900 °C. The polarization resistance
under OCV conditions with 60 vol% AH RP decreases from 0.83
U cm2 to 0.26 U cm2 going from 800 °C to 900 °C. The authors
reached a hydrogen production rate of 380 ml cm−2 h−1 at 900 °
C using a set voltage of 1.3 V and 60 vol% AH.179 The perfor-
mance of a symmetrical electrolyte (YbScSZ)-supported cell with
an SFM electrode tested in steam (90% H2O + 10% Ar) and co-
electrolysis (75% H2O + 25% CO2) at 900 °C with a set voltage
of 1.3 V resulted in current densities of −1.4 A cm−2 and −1.1 A
cm−2, respectively.182

Because the electrical conductivity of pure, single-phase SFM
at 800 °C in hydrogen is only 10 S cm−1, the necessity of an
enhanced SFM fuel electrode for steam electrolysis was
proposed.391 Likewise, the performance in terms of the elec-
trode polarization resistance and current densities achieved at
800 °C and 1.3 V with values of 0.65 U cm2 and −0.48 A cm−2

indicate the need for electrode material optimization. The
authors suggest that one way of increasing the current density
and reducing the polarization resistance of the electrode is to
introduce nanocatalysts through inltration processes or in situ
exsolution into the material. Doping the B-site of the perovskite
oxide with transition metal elements is one example. Aer in
situ reduction, those elements form exsolved metal catalysts on
the surface of the base perovskite grains and also lead to
a change in the oxygen vacancy concentration. Using the exso-
lution process to enhance the performance of SFM-based fuel
electrodes is more frequently investigated under fuel cell mode.
In the case of SFM-based fuel electrodes in electrolysis opera-
tion, only a few publications are available. Here, doping SFM
with Ni and/or additional Fe sources such as cobalt was studied
concerning the effect of exsolution.181,392–394 In one study, the
SFM double perovskite was doped with nickel to obtain the
stoichiometry Sr2Fe1.3Ni0.2Mo0.5O6−d.391 The authors subse-
quently examined the performance and degradation behavior of
cells with two different fuel electrodes: one consisting of pure
SFM-SDC and one of the SFMNi-SDC composite in an atmo-
sphere of 42% H2O + 58% H2. In both cases, the ratio between
the perovskite oxide and SDC was 60 : 40 wt%. At 850 °C and
a set voltage of 1.3 V, a current density of −0.64 A cm−2 was
achieved for the pure SFM-based electrode. For Sr2Fe1.3Ni0.2-
Mo0.5O6, the current density increased to −1.26 A cm−2 and the
resistance at the OCV was reduced from 0.44 U cm2 to 0.21 U
18006 | J. Mater. Chem. A, 2023, 11, 17977–18028
cm2.391 Another study investigated the performance of a Sr1.9-
Fe1.5Ni0.1Mo0.4O6−d (SFMN) based fuel electrode for CO2-elec-
trolysis in electrolyte-supported cells composed of SFMN-SDC
(Sm0.2Ce0.8O1.9)/SDC/YSZ/LSM-YSZ.392 Aer annealing at 800 °
C in hydrogen, the exsolution of Ni–Fe nanoparticles in the
SFMN-SDC composite electrode was observed, which enhanced
the chemical adsorption and surface reaction kinetics of the
fuel electrode. Moreover, a stability test of the cell for 500 h in
CO2-electrolysis mode at 800 °C and 1.3 V showed a relatively
stable current density of −1.1 A cm−2. Only a slight current loss
at the beginning of the measurement was detected, which the
authors ascribe to an initial oxidation of the Ni–Fe particles.392

The use of SFM perovskites with exsolved nanoparticles can
therefore improve the catalytic activity of the fuel electrode
material. However, the lack of experimental data regarding the
long-term stability in electrolysis operation and reversibility of
the exsolution process needs to be addressed to evaluate this
modication process in more detail. SFM was also doped with
Ba to obtain a double perovskite electrode material with
improved electrochemical properties.395 As a result of doping
the A-site cations with the larger Ba cations, the authors ex-
pected an enhanced oxide ionmigration due to the expansion of
the unit cell. In this publication, electrochemical measure-
ments were performed on half-cells with 0.2 mol% barium-
doped SFM as an electrode (Ba0.2Sr1.8Fe1.5Mo0.5O6−d). The
amount of 2 wt% Ba agrees with the results of previous exper-
iments, indicating that this Ba content is advantageous in terms
of electrical conductivity and power density.396,397 To prevent
a reaction between the YSZ electrolyte and the electrode,
a protective SDC layer was applied between the electrolyte and
electrode. From their experiments, the authors conclude that
the optimal calcination temperature for Ba-doped SFM is 1100 °
C, thus avoiding the formation of secondary phases like SrMoO4

during calcination. Furthermore, the authors reported that
SOEC operation with a gas composition containing 20% H2O +
80% H2 led to a maximum current density of −0.18 A cm−2 at
a set voltage of 0.2 V and −0.36 A cm−2 for 0.4 V.395

SFM-SDC fuel electrodes in a symmetrical LSGM electrolyte-
supported cell in co-electrolysis operation were investigated at
850 °C using a set voltage of 1.3 V.180 A current density of−0.734
A cm−2 and a polarization resistance of 0.48 U cm2 at OCV and
850 °C were achieved in a 16% H2O + 16% CO2 + 20% H2 + 48%
N2 atmosphere. The authors produced syngas with a corre-
sponding CO2 conversion rate of 0.58 and an ideal H2/CO ratio
of approx. 2.180 The electrochemical performances of a pure
SFM, an Mn-doped SFM, and an SFM-SDC composite fuel
electrode were compared in an atmosphere of 50% CO + 50%
CO2 at 800 °C.390 The authors obtained polarization resistances
of 1.12U cm2, 0.60U cm2, and 0.50U cm2 for SFM, SFMMn, and
SFMMn-SDC. Further investigations were conducted using an
SFMMn-SDC fuel electrode combined with an LSCF-SDC oxygen
electrode and an LSGM electrolyte. Current densities of −1.80 A
cm−2 and −1.35 A cm−2 were achieved at 850 °C and 800 °C,
respectively, using a set voltage of 1.5 V in pure CO2.390

The double perovskite SFN (Sr2FeNbO6−d) and the simple
perovskite SrFe0.9Nb0.1O3−d have been investigated several
times as an electrode material for SOFCs.398,399 The electrical
This journal is © The Royal Society of Chemistry 2023
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conductivity of an SFN double perovskite at 850 °C in air is low
with 0.05 S cm−1.400,401 The conductivity increases to 2.39 S cm−1

(@900 °C)402 and 2.215 S cm−1 (@850 °C)400 when the atmo-
sphere is changed to the reducing conditions of 5%H2 + 95% Ar
and 80% H2O + 20% H2. The effect of Mn doping into the SFN
double perovskite on the conductivity in air and in 80% H2O +
20% H2 atmosphere was investigated.401 Substituting 50% Fe
with Mn leads to an electrical conductivity value of 0.5 S cm−1 in
oxidizing and reducing atmospheres. With an increasing
amount of Mn, a maximum conductivity of 1.37 S cm−1 in air
was reached for Sr2MnNbO6−d. The authors concluded that
through doping Mn in the B-site of the SFN double perovskite
the conductivity increases in air but decreases under reducing
atmospheres.401 The observed increase in conductivity in air
through doping the B-site of SFN was conrmed by other
authors as well.398 They achieved a maximum conductivity of
5.7 S cm−1 at 800 °C for a Co-doped Sr2Fe0.1Co0.9NbO6. The
electrical conductivity of the simple SFN perovskite SrFe0.9-
Nb0.1O3−d was found to be around 30 S cm−1 (ref. 399) in
a reducing atmosphere. Cu doping of SFN in a 5% H2 + 95% Ar
atmosphere achieved the highest conductivity of 30–60 S cm−1

between 300 °C and 700 °C for SrFe0.8Cu0.1Nb0.1O3−d.399 The
thermal expansion of pure SFN and a Mo-doped SFN double
perovskite in air and in 5% H2 + 95% Ar was investigated in the
temperature range of 30–1000 °C.403 The authors obtained
average TEC values for SFN and SFNMo of 11.3 × 10−6 K−1 and
12.5 × 10−6 K−1 in air and 12.6 × 10−6 K−1 and 13.5 × 10−6 K−1

in 5% H2 + 95% Ar. The doping of Mo into the SFN double
perovskite lattice leads to an increase in thermal expansion in
air as well as in a reducing atmosphere.403 The polarization
resistances of the electrode at 800 °C in air for pure SFN andMo-
doped SFN using an LSGM electrolyte in air were 1.72U cm2 and
0.469 U cm2 for SFN and SFNMo, respectively. The RP values
measured in reducing atmospheres (5% H2 + 95% Ar) were 2.97
U cm2 and 0.353 U cm2 for SFN and SFNMo. Independent of the
atmosphere, lower RP values were measured for SFN doped with
Mo.403

Only a limited number of studies deal with the use of SFN
double perovskite-based fuel electrodes in SOECs.400 The elec-
trochemical performance of an SFN-YSZ (80 : 20 wt%)
composite fuel electrode was compared to a state-of-the-art Ni-
YSZ fuel electrode in steam electrolysis operation in a cell
composed further of a YSZ electrolyte and an LSM-YSZ oxygen
electrode. Applying a set voltage of 1 V at 850 °C in an 80% H2O
+ 20% H2 atmosphere, a total resistance of 2.84 U cm2 was
obtained for the SFN-YSZ fuel electrode, which is signicantly
lower compared to the resistance of the Ni-YSZ fuel electrode
(21.42 U cm2). The authors concluded that the SFN-YSZ fuel
electrode showed a better electrochemical performance
compared to the Ni-YSZ electrode in SOEC operation under the
same conditions. In addition, they observed the high catalytic
activity of SFN for H2O dissociation. Through chemical
absorption on the SFN surface, the reaction process was accel-
erated and the energy barrier for charge transfer was lowered.400

PBFM ((PrBa)0.95(Fe0.9Mo0.1)2O5+d) is an A-site layered double
perovskite with the general stoichiometry of LnBaM2O5+d (Ln =

lanthanides, M = transition metals) and has great potential as
This journal is © The Royal Society of Chemistry 2023
a fuel electrode material in SOECs for steam electrolysis.404 The
crystal structure can be described as the stacking of transition
metal oxide layers in between Ba oxide and lanthanide oxide
layers: (BaO)-(MOx)-(LnOd)-(MOx)-(BaO).405–407 Through this
lattice structure, two-dimensional oxygen diffusion via oxygen
vacancies formed inside the three inside layers can be
observed.405 Inmost literature studies, praseodymium is used as
the lanthanide dopant. Here, the Pr3+ and Ba2+ ions are ordered
in alternating layers in the (001) direction.407 This stacking of
layers results from the difference in the ion sizes of barium (135
pm) and praseodymium (109 pm). Most of the oxygen vacancies
inside the layered structure are located at the lanthanide oxide
layer, leading to a high tendency to form ordered structures
under changing atmospheres (pO2 decrease).407 Due to this
structure, higher conductivities and better electrochemical
performance can be obtained compared to simple perov-
skites.405,407 PBFM reaches high electrical conductivities of
217 S cm−1 and 59.2 S cm−1 in air and 5% H2 + 95% Ar at 800 °
C.407 A TEC of 11.96 × 10−6 K−1 was measured for PBFM.407 The
performance of a composite PBFM-SDC (70 : 30 wt%) fuel elec-
trode was also tested in steam electrolysis.404 The authors
investigated the dependence of the resulting current density
and the electrode polarization resistance on the operating
temperature at a set voltage of 1.3 V in a 3% H2O + 97% H2

atmosphere. They observed an increase in current density from
−0.28 A cm−2 to −0.82 A cm−2 with a simultaneous decrease in
RP from 3.34 U cm2 to 0.73 U cm2 as the temperature increased
from 750 °C to 850 °C.404

3.3.3. Microstructure. To obtain the best possible electro-
chemical performance over a long period, the microstructure of
the electrode (including porosity, pore shape, pore size distri-
bution, grain size, and percolation) must be optimized con-
cerning the application of the cell (SOFC/SOEC). The
percolation threshold of Ni inside the Ni cermet electrode is
required to ensure its electrical conduction. The percolation
threshold, and therefore the electrical conductivity, can be
affected by porosity and the microstructure of the composite.
The threshold is described by theminimumNi content required
in the cermet to obtain a continuous Ni network leading to
a sufficiently high conductivity. In general, the conductivity of
the Ni cermet increases with increasing Ni content inside the
material. The percolation limit for a Ni-YSZ composite electrode
was observed to be approximately 30 vol% of Ni.408 The authors
report that cermets with a Ni content below 25 vol% have low
electrical conductivities.408 The percolation limit for Ni-YSZ
cermets prepared by solid-state reaction and liquid dispersion
methods with 30 vol%Ni was reduced to a value of 10–20 vol% if
an electroless coating technique was used to fabricate the Ni
cermet.409 Good adhesion between the Ni and the YSZ ceramic is
necessary to provide sufficient mechanical strength as well as
sufficient charge transfer.

The electrode porosity must ensure good gas diffusion in
addition to sufficient percolation for conductivity and
mechanical stability. Compared to the gas diffusion through the
fuel electrode in SOFC operation, the transport of a larger
amount of steam through the electrode material during steam
electrolysis is more complex.410 The values considered to offer
J. Mater. Chem. A, 2023, 11, 17977–18028 | 18007
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Fig. 21 SEM images of the electrode/electrolyte interface of a Ni-YSZ fuel electrode-supported cell with a fine microstructure tested under
electrolysis for 1000 h at −1.25 A cm−2 (ref. 413) (a) SEM image of the tested cell, (b) in-lens low-voltage image, (c) and (d) microstructure
changes denoted by blue squares for Ni–Ni contact loss, red arrows for Ni-YSZ loss, and red circles for impurities. Reprinted from ref. 413,
copyright 2016, with permission from Elsevier.
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optimal porosity for fuel electrodes, therefore, vary depending
on the operation: 35 vol% for SOFCs and 45 vol% for
SOECs.345,346,411–413

To increase the porosity, pore formers such as polymethyl
methacrylate (PMMA), corn/potato starch, graphite, and carbon
black can be introduced into the electrode material. The
resulting porosity and performance (electrical conductivity,
ohmic resistance) are highly dependent on the pore former
used, its particle size, and its shape. Large pores tend to lead to
a reduction of the TPB length and a decrease in performance,
while very small pores hinder fuel gas diffusion. PMMA used as
a pore-forming agent was found to be the most promising in
terms of SOEC application.345 This is due to the uniform pore
size distribution, the accelerated charge transfer in the active
area due to the generally smaller pores, and the simultaneously
sufficient porosity compared to other pore-forming agents.345,346

Grain size and microstructure changes impact the degradation
behavior and electrode performance in the case of Ni-YSZ fuel
electrodes.412,413 The coarser initial microstructure led to Ni loss
Table 4 Results of cell tests of SOECs with different fuel electrodemicro
specific operating parameters413

Operation mode Fuel electrode Degradation rat

SOEC Microstructure modied Ni-YSZ 0.3–0.4% kh−1

SOEC Ni-YSZ 2% kh−1

SOFC Ni-YSZ <1% kh−1

SOEC Ni-YSZ 6% kh−1

SOFC Ni-YSZ 2% kh−1

18008 | J. Mater. Chem. A, 2023, 11, 17977–18028
during SOEC operation at the electrocatalytically active layer.
This, in turn, led to a signicant decrease in electrode perfor-
mance. In contrast, electrodes with a ner microstructure
exhibit electrode degradation dominated by Ni agglomeration
or coarsening. Long-term tests with cells supported by a Ni-YSZ
fuel electrode indicate that the Ni loss during SOEC operation is
relatively low aer 10 700 h for the cells with nely structured
electrodes.412,413 Fig. 21 displays a cross-section of the Ni/YSZ
fuel electrode/electrolyte interface using a ner structured
electrode aer 1000 h operation in electrolysis mode with an
applied current density of −1.25 A cm−2 in 90% H2O + 10% H2.
The SEM images show the degradation of the electrode/
electrolyte interface only in the form of Ni–Ni and Ni-YSZ
contact losses and the segregation of impurities inside the
nickel particles.

In contrast, for the electrode with a coarse microstructure,
a clear Ni loss at the electrolyte/electrode interface can already
be seen aer an operating time of 1000 h.412 These results
indicate that the number of TPBs and a higher specic surface
structures (with and without modification) compared with SOFCs under

e Current density Temperature Gas composition Ref.

−1 A cm−2 800 °C pH2O/pH2 = 0.9/0.1 413
−0.5 A cm−2 850 °C pH2O/pH2 = 0.5/0.5 414
1 A cm−2 850 °C — 415
−1 A cm−2 950 °C pH2O/pH2 = 0.9/0.1 414
1.7 A cm−2 950 °C — 415

This journal is © The Royal Society of Chemistry 2023
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area between the two phases for a ner microstructure have
a decisive inuence. An electrode with a ner microstructure
thus mitigates Ni migration by limiting the overpotential at
a given current density.412,413 Matching particle size distribu-
tions of the individual electrode components improves the
mixing and dispersion of nickel, YSZ, and porosity. Well-mixed
and homogeneously distributed phases in the fuel gas electrode
can restrict Ni migration through the YSZ backbone.413 Another
possibility for optimizing certain microstructural properties of
the Ni-YSZ fuel electrode in terms of long-term stability is to
design the electrode with the highest possible density. The
densication of the Ni-YSZ electrode enhances the tortuosity of
the Ni particles percolation, increases the number of perco-
lating paths, and benets the Ni-YSZ interface.413 It was sug-
gested that a suitable choice of the above-mentioned
parameters can prevent irreversible degradation during long-
term application under a high current and high pH2O. By
optimizing the microstructure and the operating parameters,
the authors achieved a signicant improvement in the degra-
dation rate. Table 4 shows the results of cell tests for SOECs with
and without a modied fuel electrode microstructure as well as
results for SOFCs together with their respective operating
parameters. Due to the obtained low degradation rate of 0.3–
0.4% kh−1, the authors expect a prolonged lifetime of an SOEC
with such a modied Ni-YSZ fuel electrode microstructure of
more than ve years under cell operation near the thermoneu-
tral point.413 The design of the electrode microstructure is ex-
pected to depend highly on the desired application. For fuel
electrodes applied in SOECs at high current densities, a ner
particle size and a denser structure are most suitable. If,
however, only low current densities are required or the opera-
tion takes place at very high temperatures, an electrode with
a coarser microstructure is sufficient and more cost-effective.413

3.3.4. Degradation. The degradation behavior of fuel elec-
trodes depends on the electrode's microstructure and operating
parameters, such as current density, polarization/overpotential,
gas humidity, temperature, and the local redox potential of the
respective gas composition.52,411,412,416,417 Depending on the
applied temperature, particle growth, agglomeration and cation
interdiffusion between electrode and electrolyte already occur
through the sintering step during cell manufacturing and
inuence the electrode's initial microstructure and therefore
the performance.418 It has been found that the degradation rates
in SOEC operation, especially at higher current densities, are
higher compared to the degradation of the same cells operated
in fuel cell mode if a state-of-the-art Ni cermet is used as a fuel
electrode.419 Besides the different operating conditions in SOEC
compared to SOFC mode, the different polarization of the fuel
electrode also affects the degradation of the fuel electrode. The
altered polarization leads to changes in the interface's micro-
structure, active site length, and local composition. Depending
on the applied current, a different degree of degradation and
diffusion at the electrode/electrolyte interface can be
observed.418 Taking into account the fact that SOECs need to be
operated at high temperatures and combined with different gas
compositions and high current densities, the development of
alternative fuel electrodes is necessary.343 Despite their good
This journal is © The Royal Society of Chemistry 2023
initial performance for high-temperature electrolysis, Ni
cermets used as fuel electrodes exhibit relatively poor stability
in long-term operation. Further investigations of Ni-YSZ fuel
electrodes in SOECs conrm this conclusion, describing the
high degradation of this electrode and its resulting low level of
long-term stability in electrolysis operation.52,343,417,420–423 The
mechanisms behind the degradation of the Ni-YSZ fuel elec-
trode are highly complex and yet to have been fully under-
stood.411 There is therefore a need for alternative materials and/
or microstructures413 which are better suited for the respective
electrolysis.

3.3.5. Ni cermets. Previous studies on the degradation
behavior of the Ni-YSZ fuel electrode revealed two predominant
degradation mechanisms during electrolysis that lead to
microstructural changes: coarsening/agglomeration of the Ni
particles, and the migration of nickel.52,412,417,424 Nickel serves as
both a catalyst and an electron conductor in the electrode, but it
also exhibits high mobility in the temperature range of 650–
950 °C. Changes in local Ni concentrations or the dislocation of
nickel particles within the electrode layer, therefore, have
a strong inuence on electrode performance. The coarsening or
agglomeration of Ni particles takes place independently of the
operatingmode and polarization.412,417 Particle agglomeration is
attributed to an Ostwald ripening process at high gas
humidity.52 This process aims at minimizing the surface free
energy, with larger particles consequently growing at the
expense of smaller ones. This is caused by a concentration
gradient resulting from the higher equilibrium vapor pressure
on the smaller particle. When a small particle is located near
a larger particle, a diffusion of mass can develop toward the
bigger one. The mass transport here can take place either
through surface diffusion or via the gas phase. Another mech-
anism leading to the coarsening of Ni particles is their high
mobility based on the formation of Ni(OH)x. Due to the particle
growth, there is a loss of contact between the Ni particles.
Therefore, the percolating network of nickel particles is
reduced, resulting in a decrease in conductivity if the percola-
tion threshold is reached. An initially rapid decrease of
conductivity can be observed followed by a more gradual
reduction until it reaches a plateau.344 In addition, the
increasing particle size and, therefore, the decreasing number
of particles results in a reduction of the three-phase boundary
length and of the porosity at the electrode/electrolyte inter-
face.52,344,411 The migration of nickel by different processes is
suggested to occur only at current densities greater than 0.5–1 A
cm−2.411 At low current densities of −0.25–0.25 A cm−2 (hlow
overpotential), no displacement processes of the Ni particles are
observed. Ni migration occurs irrespective of Ni growth and the
loss of contact between Ni particles. At present, there are two
different hypotheses discussed in the literature to describe the
migration of nickel particles during electrolysis and their
underlying mechanisms.52,411,412,417,424 The irreversible loss of
nickel at the catalytically active electrolyte/electrode interface is
one of the main processes leading to the degradation of the fuel
gas electrode and, therefore, to a degradation in the perfor-
mance of the SOEC.52,417 It was found that the migration of
nickel particles in an SOEC is favored compared to an SOFC.412
J. Mater. Chem. A, 2023, 11, 17977–18028 | 18009
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Fig. 22 SEM images of fuel electrode/electrolyte interfaces of fuel electrode-supported cells: pristine (as-reduced) and after operation at 800 °C
for 1000 h in 80% H2O + 20% H2 at OCV and three different current densities (−0.5 A cm−2,−1.0 A cm−2, and−1.5 A cm−2).52 Reprinted from ref.
52, copyright 2018, with permission from Elsevier.
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At operating temperatures of 800–900 °C, the Ni particles
migrate from the electrolyte/electrode interface toward the
electrode substrate, resulting in a loss of nickel in the active
layer near the electrolyte. The Ni particles move against the H2O
gradient (pO2).411,412 This relocalization of the Ni particles leads
to a reduction of percolating nickel and an increase in the
porosity of the active layer of the electrode.417 Consequently,
a shi and reduction of the reaction zone/TPB and, therefore,
an increase of electrolyte thickness occurs, which ultimately
leads to higher ohmic resistances of the cell.52,425 The decline of
the active area of the electrode and its dependency on the
applied current density is shown in Fig. 22. The number of non-
percolating Ni particles and the porosity at the electrode/
electrolyte interface increase with higher current densities.52

Ni migration toward the fuel electrode substrate is only
observed at gas humidities of $80% and temperatures of
$800 °C.52 If the operating temperature of the SOEC is 950 °C,
the direction of Ni migration changes and the particles migrate
toward the electrolyte. Themigration of the particles takes place
along the H2O gradient (pO2).411 This also leads to a loss of
electrode performance, since the porosity near the electrolyte/
18010 | J. Mater. Chem. A, 2023, 11, 17977–18028
electrode interface is clogged and the TPB is therefore
reduced.52 The displacement of Ni particles toward the elec-
trolyte at a temperature of 950 °C during electrolysis operation
corresponds with observations of Ni migration of an SOFC stack
operated at 700 °C for a long period (>10 years).411

The theories presented below are intended to explain and
reconcile the above observations. However, the underlying
mechanisms of Ni migration are not yet fully resolved.52,411,412

The various literature sources at least agree that the locally
prevailing polarization, or the local overvoltage/overpotential,
plays a major role in this process.52,412,417,424 Sun et al.424 found
that the degradation rate of an SOEC generally increases with
increasing polarization of the fuel electrode. There are different
hypotheses as to how the particles detach from the composite
material and thus migrate. Trini et al.417 suggest that the contact
angle, which changes under different polarization, is the
driving force for the release of the Ni particles from the
composite. According to their hypothesis, the strongly polarized
zone close to the electrolyte leads to a high contact angle
between Ni/YSZ and a de-wetting of the material occurs. The
nickel particles then move from the area at the electrolyte/
This journal is © The Royal Society of Chemistry 2023
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electrode interface with a low pO2 towards higher pO2 values at
the outer and less strongly polarized areas of the electrode. The
less strong polarization in these areas results in a lower contact
angle between Ni and YSZ, and there is better wetting of the
material between them.417 Sun et al. also describe the tendency
of Ni to detach from YSZ during strong (cathodic) polarization
due to de-wetting processes and to migrate toward the less
polarized regions of the electrode substrate.424 High cathodic
polarization results in an accumulation of vacancies, which in
turn leads to a decomposition of the Ni/YSZ interface and thus
to a dissolution of Ni particles from the composite. The
migration of nickel is explained here by the formation of
gaseous Ni(OH)x species due to the inuence of the partial
vapor pressure.412 Hoerlein et al. suggest that volatile nickel
hydroxides under cathodic polarization follow the gradient of
Ni(OH)x activity from non-percolating to percolating nickel.52

Mogensen et al. suggest that Ni migration is driven by electric
polarization by the surface diffusion of Ni(OH)x species below
800 °C and by gaseous nickel hydroxides at temperatures
$900 °C. The main parameters affecting migration are the local
overpotential of the Ni particles, the local pH2O, and the activity
of the Ni(OH)x species. In the case of an SOEC with an operating
temperature of 800–900 °C, a strong cathodic overpotential
leads to a loss of contact between polarized Ni particles and
YSZ. In the case of simultaneous contact loss among Ni parti-
cles, the isolated Ni particles adopt the potential of the local gas
composition.411 The local pH2O around the particles becomes
higher, as more H2O molecules migrate towards the electrolyte
without coming into contact with the polarized Ni particles at
the TPB. The pH2O at the active TPB is minimized. The activity
of the Ni(OH)x species is proportionate to the potential and is
lowest where the potential is also lowest. The dissolved Ni
particles thus migrate locally towards the region with a lower
pH2O (the new active TPB) and deposit on the polarized nickel
at the displaced TPB. The nickel hydroxides thus seem to
migrate against the electrochemical potential or the global
pH2O/pO2 gradient of the fuel gas electrode.411

Degradation processes also occur due to the segregation of
impurities at the TPB. Ni-YSZ composites almost always have
thin monolayers of impurities or segregated components at YSZ
surfaces, Ni-YSZ interfaces, or grain boundaries.411 Impurities
can be introduced into the system by raw materials, the gas
ow, or evaporating species from the interconnects and seal-
ings. As an example of an observed process, the precipitation of
SiO2 at the TPB was reported. A possible source of Si-containing
fuel gas impurities are the vaporizers made of glass containers
for water vapor generation. Carbon deposition has also been
observed when carbon-containing reactant gases were used.52,411

Several stability studies on Ni cermet fuel electrodes used in
SOEC operation have been carried out.79,426–428 The degradation
of a Ni-YSZ/YSZ/GDC/LSCF cell in steam electrolysis was carried
out at a temperature of around 780 °C.426 The authors used
a reducing atmosphere with an AH of 80 vol% and operated the
cell for 9000 h at a current density of −1.0 A cm−2. During
operation, they observed a voltage degradation rate of 3.8%
kh−1. Aer cell operation, the microstructure was analyzed by
SEM images. The authors detected a weakened contact between
This journal is © The Royal Society of Chemistry 2023
the electrolyte and the hydrogen electrode and varying surface
roughness of the Ni particles. No impurity segregation was
observed at the interface. An SOEC stack consisting of Ni-YSZ/
YSZ/GDC/LSCF cells was tested under 50% humidied H2 at
a current density of −0.5 A cm−2 at 800 °C for 2300 h, followed
by 1800 h at 700 °C.79 A voltage and an ASR degradation rate of
0.7% kh−1 and 10.1% kh−1 were observed during the rst
2300 h of operation at 800 °C. At 700 °C, a voltage and ASR
degradation of 1.9% kh−1 and 9.0% kh−1 were detected. The
authors also conducted a long-term electrolysis test of an SOEC
stack using the cell conguration mentioned above and the
same conditions for around 20 000 h. At 800 °C, they achieved
an average voltage degradation rate of 0.6% kh−1 aer 18 000 h
of electrolysis operation.419 The same cell conguration was
galvanostatically tested for 9300 h at a set current density of
−1.0 A cm−2, which resulted in an overall voltage degradation
rate of 3.8% kh−1.135 The long-term stability test of a Ni-YSZ/
YSZ/GDC/LSCF-GDC cell conguration at 750 °C with
a current density of −0.3 A cm−2 in a 20% H2 + 40% H2O + 40%
CO2 atmosphere was conducted for 1000 h.357 A voltage increase
led to a degradation rate of 10.69% kh−1. The stability of a Ni-
YSZ/YSZ/LSM-YSZ cell conguration at current densities of
−2.0 A cm−2 and −1.5 A cm−2 in 45% H2O + 45% CO2 + 10% H2

for 700 h exhibited voltage degradation rates of 0.452 V kh−1

and 0.275 V kh−1 respectively for the period between 400 h and
700 h.359 Post-test analysis showed severe changes in the
microstructure of the fuel electrodes, such as the loss of Ni
percolation, contact loss between YSZ and Ni, and the decom-
position of YSZ. Additionally, the formation of nano-zirconia
inside the Ni-YSZ electrode was detected.359

The chemical stability of a Ni-YSZ fuel electrode in CO2

electrolysis tested in pure CO2 at 700 °C and a set voltage of
1.5 V for 60 h achieved a relatively stable current density of
−0.330 A cm−2 throughout the testing period.429 XRD
measurements of the fuel electrode subsequently showed only
slight changes in the patterns and no NiO peak. In addition to
the XRD, the authors analyzed the post-test microstructure
using SEM images. They observed the agglomeration of Ni
particles inside the fuel electrode but no carbon deposition on
the surface or cross-section of the fuel electrode.429 The stability
of a Ni-GDC fuel electrode operated for 80 000 current on/off
cycles was investigated under steam electrolysis for one year
at a temperature of 856–860 °C.430 The authors used the
following ESC with a conguration of Ni-GDC/GDC/YSZ/GDC/
LSCF. The set current densities were −0.7 A cm−2 (ON) and
−0.07 A cm−2 (OFF) in an atmosphere of 75% humidied H2.
The resulting voltage degradation rate over the whole period of
operation was 0.4% kh−1, with an ASR degradation of 7.3 mU

cm2 kh−1.
Ni-GDC fuel electrodes were tested with the same cell

composition in co-electrolysis and steam electrolysis operation
at 900 °C with a current of −0.5 A cm−2 for 500 h.362 In co-
electrolysis conditions, the resulting degradation rate of
308mV kh−1 was lower than the degradation observed for steam
electrolysis (499mV kh−1). The polarization resistance over time
also increased from 0.07 U cm2 to 0.28 U cm2 in steam elec-
trolysis, and from 0.10 U cm2 to 0.16 U m2 in co-electrolysis
J. Mater. Chem. A, 2023, 11, 17977–18028 | 18011
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operation. In the microstructural post-test analysis, the authors
compared the average Ni particle size of the as-reduced cell with
the operated cell and observed an increase in the Ni particle
size. The as-reduced cell featured a Ni particle size of 1.37 mm,
whereas the Ni particle sizes increased to 2.19 mm (62%) and
2.86 mm (109%) during steam and co-electrolysis. Besides the Ni
agglomeration/particle growth, Ni depletion, and a loss of GDC
percolation with GDC-covered Ni particles were found.362 A long-
term stability test of a 3Mo-3Au-Ni-GDC/YSZ/GDC/LSCF cell
conguration was conducted for 1700 h at a temperature of
900 °C and in a 7% H2 + 30% N2 + 63% H2O atmosphere with
a set current density of −0.3 A cm−2.363 During the 1700 h of
operation, an increase in cell voltage from 0.99 V to 1.05 V was
observed with an overall degradation rate of 33 mV kh−1. Post-
test analysis showed no delamination or cracks occurring, but
Ni particle coarsening and Ni depletion at the fuel electrode/
electrolyte interface were detected. In this study, a compar-
ison between an as-reduced cell and an operated cell led to the
conclusion that the operation in electrolysis mode increases the
tendency to coalesce and build clusters. Furthermore, a loss of
GDC percolation and the coverage of Ni particles by GDC was
discovered as well as an increase in pore size and pore
fraction.345

3.3.5.1. Perovskite-based fuel electrode materials. Perovskites
have a high potential for application as fuel electrode materials
in high-temperature electrolysis cells. A prerequisite for
successful application in SOECs is the long-term stability of the
electrode under the applied operating conditions.

The chemical stability of LSCM-based fuel electrodes for
SOECs has been tested in different reducing atmo-
spheres.364,366,367 Aer exposing pure LSCM powder to 40 sccm
H2 (ref. 366) and 30 sccm H2 (ref. 367) with an absolute
humidity (AH) of 80 vol% at 900 °C for 24 h, the subsequent
XRD analysis did not show secondary phases or peak splitting.
The authors conclude that LSCM is chemically stable in
a reducing atmosphere combined with a high AH.366,367

The chemical stability of an LSCM-GDC composite (ratio 1 :
1) electrode in a humid CO2 atmosphere (50% H2O + 50% CO2)
at 850 °C for 20 h has been conrmed.364 The LSCM-YSZ
composite electrode material was tested in terms of its chem-
ical stability during heat treatment at 1400 °C in air for 4 h and
under a reducing atmosphere (30 sccm H2, 80 vol% AH, 900 °C,
24 h).367 No secondary phases or peak splitting were detected for
both samples, which is in agreement with the results for pure
LSCM. Furthermore, changes to the electrode microstructure of
a fuel electrode-supported cell, which occurred during elec-
trolysis operation for 103 h at 850 °C with a current density of
−0.33 A cm−2 in 45 vol% AH and a 30 sccm H2 atmosphere were
analyzed. Coarsening of the interface and a minor crack
between the LSCM-YSZ electrode and the YSZ electrolyte were
observed. The authors attributed this to the increasing loss of
lattice oxygen in the LSCM crystal throughout the operation,
leading to an alteration in the thermal expansion behavior of
the LSCM electrode and, therefore, mechanical stresses at the
electrode/electrolyte interface.367 Initial short-term durability
tests for LSCM fuel electrodes in steam electrolysis operations
have been already conducted. Cells tested at 850 °C for 35 h
18012 | J. Mater. Chem. A, 2023, 11, 17977–18028
under galvanostatic operation using a current density of −0.2 A
cm−2, a gas mixture of 60 vol% AH, and 40 sccm H2 as a carrier
gas exhibited a relatively stable voltage of 1.22 V throughout the
test.366

At a higher current density of −0.6 A cm−2 and a lower
temperature of 800 °C in the gas mixture of 13% H2O + 6.5% H2

+ 80.5% N2, the cell reached a voltage of 1.7–1.75 V during 25 h
with a degradation rate of 0.022% h−1.431 In co-electrolysis
mode, short-term stability tests with LSCM fuel electrodes
showed a decrease of the current density from −0.1031 A cm−2

to −0.09761 A cm−2 during a test period of 24 h at 800 °C under
a set voltage of 1.5 V in 60% H2O + 40% CO2.365 An LSCM-GDC
composite electrode with a set current density of−0.3 A cm−2 at
800 °C using 50% H2O + 50% CO2 exhibited an initial voltage
increase during the rst 8 h, and a stable voltage of 1.5 V was
achieved during the following 100 h of operation.364

The chemical compatibility of LSFM (La0.6Sr0.4Fe0.8Mn0.2-
O3−d) and YSZ has been investigated for a heat-treated mixture
of LSFM and YSZ (50 : 50 wt%) for one week in a temperature
range of 600–950 °C.375 No chemical reaction was detected for
temperatures of 600–850 °C, whereas secondary phase forma-
tion in the form of SrZrO3 was identied for temperatures of
900–950 °C. The authors concluded that LSFM and YSZ show
good compatibility in an intermediate temperature range. The
compatibility between LSFM and GDC was also investigated at
800 °C in air and CO2 with respective heat treatment, and no
impurity phases were observed in both tested atmospheres.376

The stability of an LSFM (La0.6Sr0.4Fe0.9Mn0.1O3−d) electrode
was investigated in CO2 electrolysis with 50% CO2 + 1% CO +
49% Ar.378 Post-test analysis of the fuel electrode microstructure
with SEM and XRD was performed. No signicant changes in
the electrode microstructure and only small peaks of secondary
phases in the XRD pattern were found. The short-term stability
of an LSFM-GDC fuel electrode during CO2 electrolysis was
tested at 800 °C under a constant current of −0.4 A cm−2. The
authors observed a voltage increase from 1.30 V to 1.37 V aer
40 h of operation. However, the post-test analysis showed no
impurities in the electrode material and no signicant struc-
tural changes in the microstructure of the electrode.376 The
short-term stability of a fuel electrode consisting of LSFM
(La0.6Sr0.4Fe0.8Mn0.2O3−d)-CuF (1 : 1) was analyzed using an
LSGM electrolyte and a BLC (Ba0.6La0.4CoO3–d) oxygen electrode.
Aer 100 h at a constant current density of −0.765 A cm−2 in an
atmosphere with 50% CO2 + 10% H2O + 40% Ar at 800 °C, the
cell exhibited a voltage of approx. 1.3 V with a corresponding
degradation rate of 0.038% h−1.371

The chemical stability in reducing atmospheres and struc-
tural changes of pure and doped LST (La0.2Sr0.8TiO3+d) electrode
material has been characterized by several studies.379,384,385,387

Partly chemical reduction of the Ti4+ ions to Ti3+ due to heat
treatment at 800 °C for three hours in 5% H2 + 95% Ar followed
by an increase in the lattice parameters was observed.379 No
phase changes through reduction were detected. Additionally,
the authors examined the stability of iron-doped LST in
reducing atmospheres. Here, a partial change from Ti4+ to Ti3+

is also observed as well as a reduction from iron oxide to
metallic Fe. Redox cycling experiments (800 °C, 5%H2 + 95% Ar/
This journal is © The Royal Society of Chemistry 2023
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Fig. 23 LSCTF-45 diffraction patterns: black: as-prepared LSCTF-45
powder, red: reduced LSCTF-45 powder (1000 °C, 50 h, 100% H2).385

Reprinted from, ©The Electrochemical Society. Reproduced by
permission of IOP Publishing Ltd. All rights reserved.
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pure air, for 10 h) regarding the conductivity of the respective
material conrmed the chemical stability of LST and iron-
doped LST in operation in alternating oxidizing and reducing
atmospheres.379 The stability of LST (La0.2Sr0.8TiO3−d) in wet H2

at 1400 °C for 10 h was investigated and XRD results conrmed
the preservation of the crystal structure of LSTO during the
reduction.384 The authors detected a minimal decrease in the
cell parameters aer the reduction process. This was attributed
to the fact that only a small amount of Ti4+ was reduced to Ti3+

and, therefore, the loss of oxygen likely prevents an increase of
the average radii of Ti.384 Aer heat treatment of LSTO and Mn-
doped LSTO (La0.2Sr0.8Ti0.9Mn0.1O3+d) at 1300 °C for 10 h in 5%
H2 + 95% Ar to analyze chemical stability, the unit cell param-
eters increased due to the reduction of Ti4+ and, in the case of
the Mn-doped LSTO, a partial Ti4+ reduction as well as
a reduction of Mn4+ to Mn3+.387 Post-test characterization
conrmed no phase transition had occurred.387 A Ca- and Fe-
doped LSTO (La0.2Sr0.35Ca0.45Ti0.95Fe0.05O3−d (LSCTF-45)) is
chemically stable under a 100% H2 atmosphere for 50 h at
1000 °C.385 The XRD patterns in Fig. 23 show no apparent
differences between the as-prepared LSCTF-45 and the reduced
LSCTF-45 powder. Furthermore, the authors observed lattice
parameter decrease of LSCTF with a higher Ca ratio.385

Several studies were conducted to investigate the stability of
the LST-based fuel electrode during electrolysis operation. A
composite electrode of LST (La0.2Sr0.8TiO3+d)-Ce0.8Sm0.2O2−d

(SDC) (ratio 65 : 35 wt%) has been investigated in very short
experiments of 21 min each in SOEC CO2 electrolysis with a YSZ
electrolyte and an LSM-SDC oxygen electrode.387 The cells were
characterized at three different voltages (1.2 V, 1.6 V, and 2.0 V)
at 800 °C in pure CO2 atmosphere and exhibited a decrease in
current density above 1.2 V. The short-term stability of
a composite LST-SDC fuel electrode, using a ratio of 50 : 50 wt%,
was investigated for 0.5 h at 700 °C using a constant voltage of
2 V with cells composed of LST-SDC/YSZ/LSM-SDC.384 The
This journal is © The Royal Society of Chemistry 2023
authors tested the stability of the fuel electrode material under
CO2 electrolysis operation and achieved a constant current
density of −0.125 A cm−2.384 In steam and CO2 electrolysis,
a composite LST (La0.2Sr0.8TiO3+d)-GDC (50 : 50 wt%) fuel elec-
trode was tested at 700 °C with a voltage of 2 V in different
atmospheres (3% H2O + 97% N2 and CO2 = 100%) on a YSZ
electrolyte-supported cells with an LSM-GDC oxygen electrode.
During steam electrolysis of around 20 h, they achieved a rela-
tively stable current density of −0.090 A cm−2 as well as
a current density of −0.080 A cm−2 for 0.7 h CO2 electrolysis.383

Pure SFM (Sr2Fe1.5Mo0.5O6−d) and Sb-doped SFM (Sr2Fe1.5-
Mo0.5Sb0.1O6−d) electrode material were examined at 800 °C in
a humidied H2 atmosphere for 5 h.389 The results are shown in
Fig. 24 and indicate that both SFM and Sb-SFM preserved the
cubic crystal structure under these conditions. Despite a slight
shi of some diffraction peaks (Fig. 24b) to lower angles, there
are no signicant XRD pattern changes. The peak shi is
attributed to an increased cell volume correlating with
a decrease in Fe and Mo valences. A subsequent microstructure
analysis of the Sb-SFM using TEM-EDS (Fig. 24c) conrmed the
stability of this electrode material in humidied reducing
atmospheres. Similar results were obtained by studying the
structural stability of Mn-doped SFM (Sr2Fe1.4Mn0.1Mo0.5O6−d)
at 850 °C for 12 h in a 5% H2 + 95% Ar atmosphere.390 To obtain
information about the stability of an SFM fuel electrode in
a symmetrical cell with LSGM electrolyte in steam electrolysis,
short-term experiments at 850 °C with a set voltage of 1.2 V for
100 h in a 60 vol% AH atmosphere were conducted.179

Throughout the 100 h test, the current density was between
−0.5 A cm and −0.7 A cm−2, and only a slight decrease in the
current density was detected during the rst 10 h. Furthermore,
the short-term co-electrolysis stability of a symmetrical cell,
consisting of SFM electrodes and a ytterbium scandium stabi-
lized zirconia (YbScSZ) electrolyte, was investigated at 900 °C
and a constant current density of −0.5 A cm−2.182 The fuel gas
composition consisted of 75%H2O + 25% CO2. Aer 24 h of, the
gas composition of the symmetrical cell was reversed at the two
electrodes and the electrolysis was operated for a further 18 h. A
slight increase of 1 mV h−1 in voltage over the rst 24 h was
observed, indicating degradation processes inside the mate-
rial.182 The stability of an SFM-SDC composite electrode (60 :
40 wt%) was characterized in co-electrolysis mode and
a symmetrical, LSGM electrolyte-supported cell.180 The authors
conducted galvanostatic experiments at a current density of
−0.12 A cm−2 and a temperature of 800 °C in a 16% H2O + 16%
CO2 + 20% H2 + 48% N2 atmosphere. They observed a degra-
dation rate of 0.00013 V h−1 over 103 h of testing. The micro-
structural analysis of the SFM-SDC electrode before and aer
electrolysis operation using SEM and EDX analysis subse-
quently showed no obvious grain growth, new phase forma-
tions, or carbon deposition.180 The stability of an Mn-doped
SFM-SDC composite electrode in CO2 electrolysis was exam-
ined using cells consisting of SFMMn-SDC/LSGM/LSCF-SDC. At
750 °C and a constant voltage of 1.3 V, the authors achieved
a stable current density of −0.6 A cm−2 for 50 h.390 Post-test
analysis with SEM and Raman spectroscopy conrmed good
adherence between the electrode and the electrolyte, the
J. Mater. Chem. A, 2023, 11, 17977–18028 | 18013
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Fig. 24 Chemical stability analysis for SFM-basedmaterial: (a) and (b): XRD analysis of pure SFM and Sb-SFM in an oxidized and reduced state, (c):
TEM-EDS of Sb-SFM after reduction; reduction parameters: humidified H2, 5 h, 800 °C. Reprinted with permission from ref. 389 with permission
from the Royal Society of Chemistry.
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stability of the fuel electrode under the tested conditions, and
the fact that there was no carbon deposition on the Mn-doped
SFM fuel electrode during pure CO2 electrolysis.390

The chemical stability of Mn-doped SFN double perovskites
aer heat treatment in a reducing atmosphere (80% H2O + 20%
H2/air, 900 °C, 24 h) was analyzed by XRDmeasurements.401 The
oxidized and reduced Mn-SFN powders showed no apparent
differences in the XRD patterns for a low doping content of 0 #

x # 0.2. Nevertheless, a shi from high-angle peaks to smaller
angles was observed with increasing Mn content. According to
the authors, this shi correlates to an expansion of the crystal
lattice.401 The reactivity of Co-doped SFN (Sr2Fe0.1Co0.9NbO6)
with YSZ and GDC using powder mixtures with a weight ratio of
1 : 1 was tested by sintering at 1200 °C for 24 h.398 The authors
were not able to detect any new, additional peaks or peak
shiing in the resulting XRD patterns.398 For the simple
perovskite SrFe0.9Nb0.1O3−d, its chemical stability in reducing
atmospheres was conrmed aer reducing the powder in 5H2 +
95% Ar at 700 °C for 10 h.399 Aer the reduction of
18014 | J. Mater. Chem. A, 2023, 11, 17977–18028
SrFe0.9Nb0.1O3−d doped with Cu (x = 0.1), the perovskite main
phase in addition to a peak of metallic iron was detected in the
XRD pattern. With increasing Cu content, Cu-rich and Fe-rich
alloys were formed. Cycling tests to establish the reversibility
of this exsolution process showed that the exsolved metal ions
dissolved back into the crystal lattice during re-oxidation and
exsolved again during reduction.399

The stability of (PrBa)0.95(Fe0.9Mo0.1)2O5+d under reducing
conditions aer heat treatment for 200 h at 1000 °C was
investigated via XRD.407 Besides a slight shi in the diffraction
peaks, the authors were unable to detect secondary phase
formation in the XRD pattern. The chemical compatibility
between the PBFM and LSGM at 1000 °C for 100 h was also
studied and no chemical reactions were observed.407 The short-
term stability of a PBFM-SDC fuel electrode (70 : 30 wt%) was
tested under steam electrolysis conditions with a cell composed
of PBFM-SDC/LSGM/SDC-PBFM. The cells achieved a current
density of −0.51 A cm−2 at 1.3 V and 800 °C in a 3% H2O + 97%
H2 atmosphere for 6 h.404
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta02161k


Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/2
5/

20
26

 7
:3

3:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.3.5.2. Summary of fuel electrode materials. The state-of-the-
art fuel electrodematerials for SOECs are the cermets electrodes
composed of Ni-YSZ and Ni-GDC. These materials exhibit
sufficient performance and stability in electrolysis operation
and are currently used in commercially available SOECs.
Nevertheless, especially in the case of fuel electrode-supported
SOECs, severe degradation of these fuel electrode materials
during electrolysis operation occurs. The main degradation
processes inside the Ni cermet fuel electrode are Ni particle
agglomeration/coarsening and Ni migration. These mecha-
nisms change the microstructure of electrode and lead to
a reduction of active sites and a thicker electrolyte layer during
electrolysis operation. Subsequently, this leads to a severe
performance loss with increasing duration and operating time.

To overcome the challenges regarding cell longevity and
costs, new fuel electrode materials and/or microstructures must
be developed. Currently, many materials, including La0.75-
Sr0.25Cr0.5Mn0.5O3−d (LSCM), La0.6Sr0.4Fe0.8Mn0.2O3−d (LSFM),
La0.2Sr0.8TiO3+d (LST) or double perovskites as Sr2Fe1.5Mo0.5O6−d

(SFM) or Sr2FeNbO6−d (SFN) are investigated as alternative fuel
electrode materials. These alternative electrodes still have
certain limitations regarding their catalytic activity and/or ionic
and electronic conductivity or stability under operating condi-
tions. These limitations lead to insufficient performance and
durability of the cells. Therefore, studies are carried out to
improve the properties and enhance the material's stability
using composite materials, inltration of active catalysts in
perovskite-based electrode scaffolds, and/or exsolution
processes on the electrode's surface. However, none of these
alternative materials reached the technological maturity for
commercialization, and no long-term (>5000 h) durability tests
have been carried out yet.
3.4. Further stack components

Other stack components such as interconnects, sealants,
contact layers, and Cr retention layers are also crucial to the
development of high-performance and durable SOECs.
However, in current SOEC research, the components used and
their related materials have been adapted from extensively
studied and optimized SOFC research. They have already been
proven to fulll all the requirements of SOEC stacks for high
and stable performance during medium-term opera-
tion.31,35,73,80,432,433 The longest example of operation amounts to
∼20 000 h.37 In this section, a brief overview of these additional
components and the materials used will be presented.

3.4.1. Interconnects. Solid oxide cells are operated in cell
repeat units referred to as stacks, as shown in Fig. 3, in which
interconnects act as an electrical connector between the fuel
and the oxygen electrode of adjacent cells, thus separating the
oxidizing and reducing atmospheres on both sides. This
necessitates gas tightness and excellent electrical conductivity
(area-specic resistance (ASR) less than 0.1 U cm2) in addition
to good chemical stability (phase andmicrostructure stability in
both oxidizing and reducing atmospheres) at operating condi-
tions for the targeted stack lifetime.434,435 The relative thermal
expansion, given by the thermal expansion coefficient (TEC), is
This journal is © The Royal Society of Chemistry 2023
matched to the electrodes and the electrolyte material (∼10−13
× 10−6 K−1) to minimize thermal stresses when heating up and
cooling down the stack. Criteria for the material selection of
interconnects include mechanical stability (creep resistance,
strength), ease of fabrication, and material costs.435

3.4.1.1. Ceramic interconnects. The most common ceramic
interconnect material is perovskite-based lanthanum chromite
LaCrO3. It is a p-type semiconductor material, which was
previously used due to its sufficient electrical conductivity
(∼1 S cm−1 at 1000 °C),434 good material stability, and its
average thermal expansion coefficient of 9.5 × 10−6 K−1 near
YSZ (10.5 × 10−6 K−1). However, it is difficult to obtain dense
LaCrO3 layers during fabrication and processing, which limits
the attainable geometries. Additionally, lanthanum is consid-
ered an expensive rare-earth material for large-scale production.
The most prominent use of doped LaCrO3 as an interconnect is
the old tubular-type Westinghouse/Siemens SOFC.436 In recent
years, the use of LaCrO3 as a ceramic interconnect material has
declined with typical operating temperatures decreasing from
∼1000 °C to 600–900 °C, with the focus of research thus shiing
to metallic interconnect materials.

3.4.1.2. Metallic interconnects. Due to their superior char-
acteristics, metallic alloys have replaced LaCrO3 as the preferred
interconnect material. Their mechanical strength supports all
ceramic components in the stack and the easy, low-cost pro-
cessing enables the construction of gas channels with innova-
tive ow congurations (e.g., counter-ow, cross-ow, and/or
co-ow). The interconnects are commonly comprised of high
electronic and thermal conductive metal alloys containing Cr
and/or Cr and Fe, which grow electrically conducting oxide
layers (Cr2O3) during operation. However, excessive pure Cr-
oxide layer growth is certain for higher chromium contents
(compared to e.g., Cr-containing spinel layers) and results in
electrode poisoning and an undesirable high ASR. A Cr content
of 20–25% is necessary for a continuous oxide layer in opera-
tion.437 Fe–Cr alloys such as Crofer22APU, Crofer22H, SUS 430,
and similar metals are more ductile than nearly pure Cr-based
alloys like Cr5FeY2O3, but both types show great promise as
interconnect materials in stacks due to their optimized thermal
expansion coefficient (Fe–Cr alloys for FESCs and Cr alloys for
ESCs) and easy processing methods.438 While the Cr alloys form
pure Cr2O3 scales under both oxidizing and reducing condi-
tions, Fe–Cr alloys – developed especially for SOFC use – form
an oxide double layer (e.g., Crofer types). This double layer
consists of an inner pure chromia scale and an outer Cr–Mn
spinel layer. Mn thus has to be added as an alloying element for
the build-up of this double layer. The formation of an outer
spinel layer reduces the evaporation of volatile Cr species from
the oxide scale, thus reducing the number of available mole-
cules which can interact with the oxygen electrode materials
and, in turn, leading to reduced Cr-induced degradation.
However, even these double layers evaporate too much Cr for
long-term SOC operation and additional Cr retention layers
therefore have to be added (see Section 3.4.2).439–442

3.4.2. Contact and Cr retention layers. In addition to
special interconnect materials (see Chapter 3.4.1), possible
mitigation solutions for Cr poisoning of the oxygen electrodes
J. Mater. Chem. A, 2023, 11, 17977–18028 | 18015
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Table 5 Linear thermal expansion coefficients between 30 °C and 800 °C and between 30 °C and 1000 °C for solid oxide electrolyzer
components

Material Component

TEC/10−6 K−1

Ref.30–800 °C 30–1000 °C

BaO–Al2O3–Nd2O3–SiO2 Glass sealing 13.3 13.6 193
Al2O3–MgO–CaO–BaO–SiO2–B2O3 Glass sealing 12.3 13.3 193
Al2O3–MgO–SiO2–B2O3 Glass sealing 11.4 12.0 193
X 10 CrAl 18 Interconnect 12.9 13.9 193
La0.9Sr0.1CrO3 Interconnect — 10.7 69
Cr Fe5 Y2031 Interconnect 11.3 12.0 193
La0.7Ca0.3Cr0.5Ti0.503 Interconnect 9.6 10.1 193
Ni-8YSZ (40% Ni-60%YSZ) Cermet electrode 12.5 12.6 193
Zr0.85Y0.15O1.93 (8YSZ) Electrolyte 10.5 10.8 193
Zr0.82Y0.18O1.91 (10YSZ) Electrolyte 10.6 11.0 193
Zr0.85Sc0.15O1.93 (8ScSZ) Electrolyte 10.3 10.4 462
Zr0.80Sc0.19Al0.02O1.90 (10ScSZ) Electrolyte 10.5 10.9 193
Ce0.8Gd0.2O1.90 (GDC) Electrolyte 12.5 12.7 193
La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) Electrolyte 10.9 11.4 193
La0.79Sr0.2MnO3 (LSM) Perovskite 10.8 11.1 463
La10Si6O27 Electrolyte 9.0 (800 °C) — 464
La9.5 (Ge5.5Al0.5O24)O2 Electrolyte 8.9 (500–900 °C) — 106
LaMn0.45Co0.35Cu0.2O3 (LCC10) Interconnect ∼14 — 465 and 466
La0.8Sr0.2CoO3 (LSC) Electrode — 19 373
La0.58Sr0.4Co0.2Fe0.8O3 (LSCF) Contact layer, electrode — 13–16 146 and 373
La0.8Sr0.2Co0.5Mn0.5O3 (LSMC) Contact layer — 12–16 373 and 467
Mn1.0Co1.9Fe0.1O4 (MCF) Protective coating ∼13 — 468 and 469
Crofer22 APU Interconnect 11.9 — 455
La0.98Ni0.6Fe0.4O3 (LNF) Contact layer 13.5 — 460
La0.65Sr0.3MnO3 (LSM) Contact layer 12.8 — 460
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are protective coatings like Mn1.0Co1.9Fe0.1O4 (MCF), which are
applied, for example, by atmospheric plasma spraying (APS)
and can negate this effect.443–446 Comparable results can also be
achieved with other spinel coatings (Mn–Co, Mn–Cu, Ce–Co) or
Table 6 Summary of electrochemical performance for state-of-the-ar
electrode materials in solid oxide electrolysis cells

Structure Test conditions

SFM/LSGM/SFM 40% H2O + 60% H2, 800 °C
40% H2O + 60% H2, 900 °C

Ni-YSZ/YSZ/YSZ-LSM 50% H2O + 50% H2, 800 °C
50% H2O + 50% H2, 900 °C

Ni-YSZ/YSZ/YSZ-LSM 60% H2O + 40% H2, 800 °C
60% H2O + 40% H2, 900 °C

SFM-SDC/LSGM/SFM-SDC180 16% H2O + 16% CO2 + 20% H
Ni-YSZ/YSZ/LSM-YSZ 45% H2O + 10% H2 + 45% CO
SFM/YbScSZ/SFM 90% H2O + 10% Ar, 900 °C

75% H2O + 25% CO2, 900 °C
SFM-LSGM/LSGM/SFM-LSGM 100% CO2, 800 °C
SFM/LSGM/SFM 60% H2O + 40% H2, 900 °C
Ni-SDC/SDC/PrBaCo2O5+d 100% H2, 650 °C
Ni-GDC/LCO/LSGM/PBC-10 wt% GDC H2 + 3% H2O, 850 °C

H2 + 3% H2O, 550 °C
Ni-GDC/LCO/LSGM/PBC H2 + 3% H2O, 850 °C

H2 + 3% H2O, 550 °C
La0.4Ce0.6O2 (LCO)
La0.8Sr0.2Ga0.87Mg0.13O3 (LSGM)
(ZrO2)0.9(Yb2O3)0.06(Sc2O3)0.04 (6Yb4ScSZ)
Sm0.2Ce0.8O1.9 (SDC)
PrBaCo2O5+d-Gd0.1Ce0.9O2−d (PBC-GDC)

18016 | J. Mater. Chem. A, 2023, 11, 17977–18028
perovskites447–449 and alternative coating technologies such as
wet chemical coating methods (e.g., wet powder spraying),
screen printing, slurry dip coating, and electroplating as well as
high vacuum deposition techniques such as physical vapor
t materials compared to double perovskite materials such as oxygen

i@ 1.3 V/A cm−2 RP@OCV/U cm2 Ref.

−0.48 0.68 179
−0.59 0.23 179
−0.3 1.0 470
−0.7 0.44 470
−0.24 — 471
−0.38 0.71 471

2 + 48% N2, 850 °C −0.734 0.48 180
2, 850 °C −1.000 0.42 472

−1.4 182
−1.1 182
−0.92 0.226 473
−0.88 0.26 179

0.05 195
0.168 194
0.550 194
0.136 194
0.698 194

This journal is © The Royal Society of Chemistry 2023
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deposition (PVD) and atomic layer deposition (ALD). A dense
protective layer has been shown to have a high capability of
blocking Cr diffusion and thus prolonging stack dura-
bility.40,450,451 Protective layers prepared with deposition tech-
niques (e.g., PVD, ALD) are thin and dense enough to prevent Cr
evaporation and reduce contact resistance. In comparison, wet
coating methods produce a more porous coating microstruc-
ture, which requires additional densication at high tempera-
tures. Layer densication and crack healing by annealing APS-
MCF in air were demonstrated to simulate operation condi-
tions.444,452,453 The MCF coating was deposited in reducing
conditions, which led to a metastable rock-salt conguration.
Aer annealing in air, the low-temperature stable spinel phase
(T < 1050 °C) was formed due to the incorporation of oxygen,
leading to densication of the coating and sealed cracks. The
application of dense coatings (irrespective of the applied tech-
nology) which hinder Cr diffusion is essential for long-term SOC
operation. Applying these types of layers has been proven to
function up to approx. 35 000 h.320,454

Contact layers reduce the interfacial contact resistance
between the electrode and the interconnect, act as a gas
distribution element (on the fuel side), ensure proper contact-
ing by minimizing/leveling layer surface roughnesses and
manufacturing-related differences (e.g., height, layer thickness),
and might also act as Cr getter layers.455 On the airside, they are
typically applied on the cells or the interconnect and sintered in
Table 7 Oxygen over-stoichiometry d calculated from TGA and iodom
coefficients (TECs)

Nickelates dTGA diodo dmean value

La2NiO4+d 0.16 0.16 0.16
0.14, 0.11

La2Ni0.75Cu0.25O4+d 0.16, 0.13 0.13 0.14
La2Ni0.50Cu0.50O4+d 0.11, 0.09 0.09 0.10
La2Ni0.25Cu0.75O4+d 0.05 0.05 0.05
La2CuO4+d — 0.01 0.01

La2Ni0.9Co0.1O4+d 0.18 — 0.18
La2Ni0.8Co0.2O4+d 0.20 — 0.20
Pr2Ni0.9Co0.1O4+d 0.27 — 0.27
La1.5Pr0.5Ni0.9Co0.1O4+d 0.23 — 0.23
La1.5Pr0.5Ni0.8Co0.2O4+d 0.25 — 0.25
La1.5Pr0.5NiO4+d 0.16 0.17 0.17
LaPrNiO4+d 0.19 0.19 0.19
La0.5Pr1.5NiO4+d 0.22 0.20 0.21

0.21 0.20 0.205
Pr2NiO4+d 0.25 0.25 0.25

0.23, 0.19 0.21 0.21
0.25 0.23 0.24

Pr4Ni3O10+d 0.10 — —
Pr2Ni0.9Co0.1O4+d 0.27 0.27 0.27
Pr2Ni0.8Co0.2O4+d 0.30 0.28 0.29
Nd2NiO4+d 0.23, 0.21 0.21 0.22
Nd1.9Ca0.1NiO4+d — 0.20 0.20
Nd1.8Ca0.2NiO4+d — 0.10 0.10
Nd2Ni0.9Co0.1O4+d 0.26 — 0.26
Nd2Ni0.8Co0.2O4+d 0.29 — 0.29

This journal is © The Royal Society of Chemistry 2023
situ during stack assembly and sealing at appropriate temper-
atures. On the fuel electrode side, the combination of either a Ni
contact paste or current collection layer (e.g., for ESCs) or the Ni-
containing support (FESCs) and a Ni mesh/felt/foam forms
a kind of metallurgical bond with the interconnect, which
lowers the electrical resistance and is therefore currently used
exclusively by industry and research for state-of-the-art Ni
cermet electrodes.456–459 The contact layer for the oxygen elec-
trode has to be chemically compatible with the Sr-doped elec-
trode material and Cr-forming interconnects, and must
therefore be oxidation-resistant. Additional challenges include
the high resistance of the metal/ceramic interface and the
thermal gradients across the cell, which can lead to contact
layer delamination. The materials are selected according to
their thermal expansion behavior, their reactivity, and
conductivity at operating temperatures. Commonly used
contact layer materials listed in Table 5 include La0.7Sr0.3CoO3/
La0.6Sr0.4Co0.8Fe0.2O3 LSC(F), La0.98Ni0.6Fe0.4O3 (LNF), La0.65-
Sr0.3MnO3 (LSM), and La0.7Sr0.3FeO3 (LSF).460 In many cases, the
difference between the real air-side electrode and the contact
layer, which might be made of the same material, is their
microstructure and overall thickness. While the oxygen elec-
trode is developed for high electrochemical performance and
thus has a ne structure for themost part (high amount of triple
phase boundaries and/or high available surface area) and has
a thickness adapted to the resistances within the overall cell, the
etry measurements, average d value, and different thermal expansion

Thermal expansion
coefficient/K−1 from

Ref.Dilatometry 10−6 XRD 10−6

13.0 12.8 201, 216 and 240
201

— — 201
12.8 201

201
0–250 °C: 8.6 12.8 201
250–900 °C: 13.8

474
474
474
474
401 and 474
240
240
240
475
240
216
217

12.0 10.0 314
217
217

12.7 11.9 216
216
216
474
474

J. Mater. Chem. A, 2023, 11, 17977–18028 | 18017
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Table 8 Summary of electrochemical performance of nickelate materials as oxygen electrode materials in solid oxide electrolysis cells

Nickelates se in air/S cm−1 Conditions RP OCV/U cm2 i@ 1.5 V/A cm−2 Ref.

Ni-YSZ/YSZ/GDC/Pr2Ni0.8Co0.2O4+d 60 (700 °C) 50% H2 + 50% H2O, 800 °C 0.118 −1.90 474 and 476
50% H2 + 50% H2O, 900 °C −3.00 234 and 476

Ni-YSZ/YSZ/GDC/Pr2Ni0.9Co0.1O4+d 50% H2 + 50% H2O, 800 °C −1.75 474
50% H2 + 50% H2O, 900 °C −2.37 234 and 474

Ni-YSZ/YSZ/GDC/Pr2NiO4+d 93 (850 °C) 50% H2 + 50% H2O, 800 °C 0.128 −1.62 474 and 476
50% H2 + 50% H2O, 900 °C −2.09 234 and 476

Ni-YSZ/YSZ/GDC/La2Ni0.8Co0.2O4+d 51 (850 °C) 50% H2 + 50% H2O, 800 °C −1.60 474 and 476
Ni-YSZ/YSZ/GDC/La2NiO4+d 43 (850 °C) 50% H2 + 50% H2O, 800 °C −1.51 474 and 476
Ni-YSZ/YSZ/GDC/LSCF 50% H2 + 50% H2O, 800 °C −1.50 476

50% H2 + 50% H2O, 900 °C −2.37 234 and 476
Ni-YSZ/YSZ/GDC/Nd2NiO4+d 50% H2 + 50% H2O, 800 °C −1.62 474
Ni-YSZ/YSZ/GDC/Nd2Ni0.8Co0.2O4+d 50% H2 + 50% H2O, 800 °C −1.80 474
Ni-YSZ/YSZ/GDC/La1.5Pr0.5NiO4+d 50% H2 + 50% H2O, 800 °C −1.60 474
Ni-YSZ/YSZ/GDC/La2Ni0.8Co0.2O4+d 50% H2 + 50% H2O, 800 °C −1.79 474
La2NiO4+/GDC/8YSZ/GDC/La2NiO4+d 36 (800 °C) 100% air 0.142 240
La2Pr0.5NiO4+d/GDC/8YSZ/GDC/La2Pr0.5NiO4+d 48 (800 °C) 100% air 0.044 240
La2Pr1.0NiO4+ d/GDC/8YSZ/GDC/La2Pr1.0NiO4+d 73 (800 °C) 100% air 0.017 240
La2Pr1.5NiO4+d/GDC/8YSZ/GDC/La2Pr1.5NiO4+d 81 (800 °C) 100% air 0.015 240
La2Pr2NiO4+d/GDC/8YSZ/GDC/La2Pr2NiO4+d 88 (800 °C) 100% air 0.010 240
Pr2NiO4+d/GDC/8YSZ/GDC/Pr2NiO4+d 100% air 0.010 227
Pr4Ni3O4+ d/GDC/8YSZ/GDC/Pr4Ni3O4+d 86 (800 °C) 100% air 0.16 (600 °C) 314
La0.6Sr0.4Fe0.8Co0.2O3−d/8YSZ/La0.6Sr0.4
Fe0.8Co0.2O3−d

100% air 0.05 477

La2NiO4+d/8YSZ/La2NiO4+d 100% air 0.37 477
Pr2NiO4+d/8YSZ/Pr2NiO4+d 100 (800 °C) 100% air 0.14 477
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contact layer has only one electrical task, which is an appro-
priately less-resistant conduction of electrodes. The grains can
thus be coarser, the microstructure can be more open-pored,
and the thickness is typically higher than that of the electrode.

3.4.3. Sealants
3.4.3.1. Compressive sealants. Gastight seals are essential for

SOC stack operation. They are xed at the edges of each cell, at
the edges of all stack layers, and at the gas manifold, thus
separating the two gas atmospheres and electrically insulating
the individual stacking layers. Compressive sealants require an
external compressive load and a frame for even load distribu-
tion during SOC operation. Applying load on an SOC stack
composed of brittle ceramic components can lead to crack
formation. The sealant frames are exposed to an oxidative
atmosphere and are therefore liable to material oxidation.
Commonly used compressive sealants are mica-based and
composed of SiO4 sheets and metal gaskets (e.g., Au m.p. 1063 °
C), which can deform easily at high temperatures under load.25

Additionally, compressive seals can be used between the stack
itself and an adapter plate that connects the stack to either the
SOC housing in a system or the furnace. Those sealants must be
demountable in case of stack maintenance or replacement.

3.4.3.2. Glass (-ceramic) sealants. Sealants made of glass and
glass-ceramic are commonly used in high-temperature SOC
applications due to their good electrical insulation, chemical
stability in reducing and oxidizing atmospheres, and appro-
priate thermal expansion behavior. Alkaline-earth metal oxides
containing silicate or borosilicate glasses, for example, BaO–
SiO2–CaO, have been considered. However, they can exhibit
18018 | J. Mater. Chem. A, 2023, 11, 17977–18028
interdiffusion with the Cr-containing interconnector when
containing more than 40 mol% alkaline-earth metal oxides.
This leads to the formation of an electrical conductive ACrO4 (A
= Ca, Sr, Ba) phase that is detrimental to the sealing properties
and can be avoided through the additional thin coating on the
interconnector.41,461 Typically, these sealants are applied as
a paste on the components and de-bindered, melted, and
crystallized during stack heat-up. Glass-ceramics are preferred
to pure amorphous glasses, as they have a higher strength and
are not prone to owing under load (either for securing gas
tightness by external load or when overpressure is applied
internally).

4. Conclusion

In this paper, the current progress in SOEC technology and the
development of component materials are reviewed. The results
show that high-temperature SOEC operation with a suitable
current density and cell resistance can now be achieved with
state-of-the-art materials as well as with novel materials. Up to
now, most of the cell or stack component materials, such as
electrodes, electrolytes, interconnects, and sealing and coating
materials, have been considered in SOFC research. Therefore,
the cells containing state-of-the-art oxygen and fuel electrode
materials exhibit larger degradation in electrolysis mode
compared to fuel cell mode. Nevertheless, alongside huge R&D
efforts, start-up companies are currently developing HT-SOEC
stacks (both FESCs and ESCs) and systems containing the
state-of-the-art YSZ or GDC electrolytes, LSC/LSCF oxygen elec-
trodes with a GDC barrier layer, and Ni-YSZ or Ni-GDC fuel
This journal is © The Royal Society of Chemistry 2023
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electrodes capable for operating at 700–900 °C with >0.5–1.0 A
cm−2. Systems and stacks based on MSCs operated at medium-
to-low temperatures (of around 650 °C) are currently under
development due to signicantly lower degradation rates.

One of the major challenges during HT-SOC operation is the
long-term stability of electrodes during SOEC operation.
Therefore, novel electrode materials and manufacturing
methods for performance optimization (e.g., exsolution) are
investigated concerning performance and long-term stability.

On the oxygen electrode side, perovskite-type LSCF is
currently used but exhibits Sr segregation due to the migration
of the volatile SrO from the LSCF electrode to the GDC/
electrolyte interface. There it forms an insulating SrZrO3

phase, which in turn leads to cell degradation and performance
loss. Alternative oxygen electrodes with layered perovskites
(Ruddlesden–Popper nickelates, e.g., Ln2NiO4+d, Ln = La, Pr or
Nd) and a double perovskite structure (Sr2Fe2−xMoxO6−d and
LnBaCo2O5+d where Ln= La, Pr, Nd, Gd, Sm) have attracted a lot
of scientic attention mainly due to their higher oxide ion
diffusivity and surface exchange activity compared to conven-
tional perovskite-based materials. For example, the perfor-
mance of single cells containing Pr2NiO4+d and co-doped
Pr2NiO4+d oxygen electrodes exhibit a higher current density
compared to the LSCF electrode. In particular, the Pr2Ni0.8-
Co0.2O4+d electrode shows a lower degradation rate of 22 mV
kh−1 compared to the LSCF cell (88 mV kh−1). Moreover, the
microstructure of the oxygen electrode strongly affects the
performance of the cell, for example, the La2NiO4+d electrode
with a coral microstructure prepared by the electrostatic spray
deposition technique shows a lower polarization resistance
(0.42 U cm2) than the conventional screen-printed electrodes
(0.93 U cm2) at 600 °C. In addition, further improvement of cell
performance can be achieved by using nanobers and nano-
structured electrodes. However, reproducibility tests, scale-up
to stack-relevant sizes, and stack tests are still lacking.

With respect to the fuel electrode, Ni migration and
agglomeration are the major concerns for the state-of-the-art Ni-
YSZ electrode as well as the Ni-GDC electrode, during SOEC
operation. These mechanisms detrimentally impact the elec-
trode's microstructure and subsequently, lead to severe
performance loss with increasing duration and operating time.

To avoid such concerns, several alternative perovskite elec-
trode materials based on mixed ionic and electronic conduc-
tivity are proposed, such as lanthanum strontium chromium
manganite (LSCM), lanthanum strontium iron manganite
(LSFM), lanthanum strontium titanate (LST), strontium iron
molybdate (SFM), strontium iron niobate (SFN), and
praseodymium-doped barium iron molybdate (PBFM). These
materials show good thermal expansion behavior, chemical and
redox stability, and conductivity at high operating temperatures
and under reducing conditions. However, these new materials
still exhibit limitations in catalytic activity, therefore material
development and initial cell performance testing have to be
conducted further. Regardless of promising initial tests of the
cell performance for selected materials, their long-term stability
is still unknown, which is the focus point for their large-scale
and system-level implementation.
This journal is © The Royal Society of Chemistry 2023
Despite the sufficient performance for state-of-the-art mate-
rials in industrial high-temperature SOEC stacks, the aspect of
the materials' lifetime and stability remains a challenge, espe-
cially with regard to future widespread applications and
increasedmarket interest. Therefore, to achieve improved SOEC
system lifetime, existing materials need to be modied and
highly active materials need to be developed. This review of
alternative electrode materials underlined the lack of long-term
(>5000 h) durability tests, which will be necessary to assess their
technology readiness level for future commercialization.
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