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Abstract
Solid oxide electrolytic cells (SOECs) with oxygen ion- or proton-conducting electrolytes have received extensive 
attention in recent years as a kind of energy storage technology. SOECs achieve the synthesis of chemicals such as 
hydrogen, CO or syngas by electrolyzing water, CO2 or both at high temperatures. This review presents the basic 
structure and electrochemical principle of SOECs, then introduces the recent research progress of cathodes, 
anodes and electrolytes in SOECs, and particularly points out the current challenges of SOEC materials, such as 
inactivation at high temperatures and decay due to long-term operation. We summarize various strategies to 
improve the properties of different electrode materials, including doping, in situ exsolution and microstructure 
modification. Moreover, the advantages and disadvantages of different SOEC stack structures (planar and tubular) 
are also outlined. Finally, the future development trends in novel materials and engineering design of SOECs are 
proposed.

Keywords: Solid oxide electrolytic cells, perovskite cathodes, hydrogen production, degradation mechanisms, 
SOEC stacks

INTRODUCTION
At present, the global energy structure is still dominated by traditional fossil energy sources, which cause 
serious environmental pollution. With the increasing demand for clean energy, hydrogen (H2) as an 
efficient and environmentally friendly energy carrier has received widespread attention[1]. Traditional 
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hydrogen production technology is mainly based on the reforming and partial oxidation of fossil fuels, 
which not only consumes a large amount of energy but also produces a lot of carbon dioxide. Therefore, the 
development of clean and efficient hydrogen production technology has become a hot research topic today. 
As shown in Figure 1, strategies are being implemented worldwide to build a renewable energy economy 
and infrastructure[2].

Solid oxide electrolytic cells (SOECs) are highly efficient electrolysis devices that convert water into 
hydrogen and oxygen through electrolysis. Compared with traditional low-temperature electrolysis 
technology, SOECs have higher energy efficiency and faster reaction rate, and show great potential in 
hydrogen production. However, the early experimental work usually focused on the synthesis and 
performance study of high-temperature solid oxide electrolytes. In recent years, with the worsening energy 
crisis and increasing environmental awareness, solid oxide electrolysis technology has received growing 
attention. Researchers have continuously improved the properties of solid oxide electrolytes, such as ionic 
conductivity, chemical stability and mechanical strength, by optimizing the material composition, 
microstructure and preparation process.

At present, solid oxide electrolysis cells (SOECs) play an important role in energy conversion, storage and 
utilization due to a number of advantages such as high-efficiency conversion, high-temperature operation 
and high-purity gas output. As most clean electricity is intermittent and variable and cannot be directly 
connected to the grid, SOECs can be used to convert electrical energy into chemical energy for long-term 
energy storage. Depending on the feed gas, SOECs can produce various products. H2 can be produced by 
electrolysis of water, enabling large-scale production of “green hydrogen”. Compared with the conventional 
alkaline electrolysis, anion exchange membrane (AEM) and proton exchange membrane (PEM) hydrogen 
production technologies, SOECs are highly efficient, cost-effective and environmentally friendly. SOECs can 
also be used for the co-electrolysis of H2O and CO2 to produce H2, CO and other chemical products[3]. 
Reversible solid oxide cells (RSOCs), which combine the advantages of both SOEC and solid oxide fuel cell 
(SOFC) models, play an important role in the carbon neutrality goal, as they enable carbon recycling in 
addition to promoting the efficient use of renewable energy sources and the production of “green 
hydrogen”[4]. RSOCs offer an efficient and sustainable solution to China's carbon neutrality goals and will 
play an important role in the world's energy system. Table 1 shows the performance of different electrolysis 
technologies.

The higher temperatures required for SOEC systems reduce the demands on reaction kinetics, helping to 
overcome some limitations of conventional electrolysis cells. This results in increased electrolysis efficiency 
and reduced polarization losses. However, SOEC systems also face numerous challenges, including the 
disruption of material structure at high temperatures, expansion and contraction due to mismatched 
thermal expansion between the electrode material and other components during redox cycling, and the 
potential adverse effects of gases and other products generated during electrolysis on the electrode 
material[6].

WORKING PRINCIPLE OF SOEC
Basic chemical reactions
SOECs are highly efficient electrochemical devices based on the conduction of oxygen ions or protons in 
solid oxide electrolytes. A SOEC consists essentially of a cathode (fuel electrode), an anode (air electrode) 
and a porous dense electrolyte (ion conductor) [Figure 2]. For a SOEC with oxygen ions conducting 
electrolyte, at high temperatures (typically between 600 and 1,000 °C), steam accepts electrons at the 
cathode and is reduced to form H2 and O2-. At the same time, oxygen ions pass through a dense electrolyte 
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Table 1. Technical characteristics of different water electrolysis technologies[5]

Alkaline water 
electrolysis AEM PEM SOEC

Electrolyte KOH/NaOH (1M) KOH/NaOH 
(1M)

Solid polymer 
electrolyte

Solid oxide

Operating temperature (°C) 70-90 40-60 50-80 700-850

Nominal current density (A·cm-2) 0.2-0.8 0.2-2 1-2 0.3-1

Voltage range (V) 1.4-3 1.4-2.0 1.4-2.5 1.0-1.5

Cell pressure (bar) < 30 < 35 < 70 < 10

Efficiency 50%-78% 57%-59% 50%-83% 89% 
(laboratory)

Lifetime (thousand hours) 60 > 30 50-80 20

H2 purity 99.5%-99.9998% 99.9%-
99.9999%

99.9%-99.9999% 99.9%

Development Mature R & D Commercialized R & D

Capital costs estimate for large stacks, > 1 MW 
(USD/kWel)

270 - 400 > 2,000

Capital cost range estimate for the entire system, > 10 
MW (USD/kWel)

500-1,000 - 700-1,400 -

Figure 1. Schematic of clean energy applications. Reproduced with permission from Ref.[2]. Copyright 2023, The Royal Society of 
Chemistry.

Figure 2. Working principle of SOECs. Reproduced with permission from Ref.[6]. Copyright 2023, Elsevier.
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[usually yttria-stabilized zirconia (YSZ)] and are oxidized to oxygen. During electrolysis of H2O, CO2 or
both of them, the basic chemical reactions can be divided into two half-reactions, one at the cathode and
another at the anode:

At the cathode side:

H2O + 2e- → H2 + O2-                                                                   (1)

CO2 + 2e- → CO + O2-                                                                                                                        (2)

At the anode side:

2O2- → O2 + 4e-                                                                                                                                          (3)

CATHODE
Cathodes, also known as fuel electrodes, provide active sites for the decomposition of H2O and transport
channels for oxygen ions and gases, so they must have good electronic conductivity and catalytic activity to
improve the efficiency of the electrolytic cells. Meanwhile, they generally have a loose porous structure to
ensure the flow of gases. Since the reaction usually occurs at the triple phase boundaries (TPBs), the cathode
must have high mixed ion-electron conductivity to extend the TPB area. However, long-term stability
issues, such as particle aggregation, carbon deposition, nickel oxidation and sulfur poisoning, hinder further
applications[7,8].

Cermet
Cermet materials are commonly used as cathodes. Pure metals have the disadvantages of mismatched
thermal expansion coefficients, poor chemical stability, high-temperature creep, and high cost, making
them unsuitable for direct use as SOEC cathodes[9]. By compositing with metals and ceramics, the
advantages of both can be combined: excellent electronic conductivity and mechanical strength of metals,
and good high-temperature stability and electrochemical properties of ceramics.

Ni-Y0.08Zr0.92O2+δ (Ni-YSZ) has excellent electrocatalytic activity, stability, and low preparation cost, and has
been successfully commercialized in large-scale applications[10]. Ni, YSZ and pores can be used as transport
channels for electrons, ions and gases. However, Ni particles tend to aggregate at high temperatures. In
addition, problems such as carbon deposition, Ni oxidation and sulfur poisoning will further limit their
application[11].

Recent studies have shown that carbon atoms on the surface of cerium oxide-based materials such as
Sm0.2Ce0.8O2-δ (SDC) and Ni-SDC can be trapped as carbon oxide intermediates, mitigating carbon
deposition during CO2 electrolysis [Figure 3]. Therefore, as SOEC cathodes, ceria or ceria-based materials
can be further investigated.

Compared with Ni-based cermet materials, Cu-based materials have higher electronic conductivity and are
less prone to carbon deposition. However, the catalytic activity of Cu is low, and the composite with
metallic oxides that have higher catalytic activity is an effective method[13].
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Figure 3. Mechanism of carbon formation on Ni and Ce surfaces. Reproduced with permission from Ref.[12]. Copyright 2018, Springer 
Nature.

In addition to Ni and Cu, other metal-doped cermets can be used as SOEC cathodes. Ag has high electronic 
conductivity and chemical stability[14]. Compared to precious metals, Fe is cheaper, but it is easily oxidized at 
high temperatures. The alloy represents a significant avenue for enhancing the performance of electrode 
materials. The prevailing approach entails the uniform attachment of nano-alloy particles to the oxide 
surface, achieved through the in situ exsolution or impregnation techniques[15]. In a recent study, 
Wang et al. prepared Ni-M (M=Fe, Pt, Co, Cu, Ru) cathodes, respectively, and observed that the addition of 
Pt and Co resulted in a decrease in current density, whereas the addition of Fe, Cu, and Ru led to an 
improvement in electrode performance[16]. Among the alloys, the Ni-Fe alloy exhibited the most favorable 
performance. The main reason for this result is that Fe can effectively inhibit the agglomeration of Ni 
particles and the coking, thereby enhancing the stability of materials. Accordingly, the current research will 
focus on determining the optimal ratio of doping elements to enhance the promotion of dopants on 
electrode performance.

In conclusion, the implementation of diverse metal or alloy doping materials can enhance the 
electrochemical performance and catalytic activity of cathodes. However, the performance of other cermets 
is still difficult to compare with that of Ni-based materials, and future research is needed to address the 
issues of stability and degradation in long-term operation. Table 2 presents a comparative analysis of the 
electrochemical performance of various cermets. Among them, the performance of Ni-based materials is 
significantly superior to that of other metal element doping.

Perovskite oxide-based materials
Compared to traditional cermet electrodes, perovskite oxides exhibit superior mixed ionic-electronic 
conductivity (MIEC), resistance to carbon deposition, and high-temperature stability[23]. Figure 4 depicts the 
structural configurations of single perovskites (ABO3) and double perovskites (A′AB′BO6).

The MIEC of perovskites enables the reaction to occur not only at the TPBs, but also at the gas-solid 
interface. This effectively reduces the polarization resistance. However, the lower catalytic activity of 
perovskite oxides greatly limits their applications. The A, B, and O sites in the perovskite structure can 
introduce various ions[24]. The use of doping, impregnation to introduce nano-catalysts, and in-situ 
exsolution can facilitate the formation of lattice defect structures and increase the concentration of oxygen 
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Table 2. Electrochemical properties of different cermets

Components Conditions Operating temperature/°C Voltage/V Current density/A·cm-2 Ref.

Ni-GDC 100% H2O 900 1.50 1.310 [17]

Ni-YSZ-BaCO3 70% CO2/CO 800 1.30 0.690 [18]

Ni-YSZ-Ni0.9Co0.1/SDC 100% H2O 800 0.07 0.500 [19]

Ni-SDC-Ni0.9Co0.1/SDC 100% H2O 800 1.21 0.500 [20]

Fe-SDC 95% CO2/N2 800 1.90 0.570 [21]

Cu-GDC 38% CO2/H2 750 2.00 0.071 [22]

Figure 4. Structure of perovskite oxide materials. (A) The structure of single perovskite SrTiO3; (B) The structure of the double 
perovskite CaFeTi2O6 and Sr2FeMoO 6. Reproduced with permission from Ref.[2]. Copyright 2023, The Royal Society of Chemistry.

vacancies, thereby enhancing the catalytic ability of materials[25]. Moreover, the modification of surface 
nanostructures and the investigation of degradation mechanisms can also enhance material properties 
without altering the elemental composition[2].

Single perovskites
Cr-based perovskites, exemplified by La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM), are a prevalent class of single 
perovskites. It was demonstrated that the LSCM was capable of reaching a current density of 0.593 A·cm-2 
for the electrolysis of 80 vol.% H2O at 1.6 V and 850 °C, thereby exhibiting considerable potential as a fuel 
electrode for high-temperature steam electrolysis[26]. However, it still faces problems such as low electronic 
conductivity and poor catalytic activity. Ce doping can effectively improve the low conductivity of 
LSCM[27], and the incorporation of metals, such as Ni and Fe, into the B-site of LSCM can markedly enhance 
its catalytic activity[28,29].

SrFeO3-δ (SFO)-type perovskites exhibit excellent mixed ion-electron conductivity and catalytic activity. 
Nevertheless, the Fe4+ in SFO can be readily reduced to Fe3+ during electrolysis, which results in the 
decomposition of materials and renders it unsuitable for direct use in SOEC cathodes[30]. The doping of SFO 
with metal ions, such as La, Sc, Ni, Co, Mn and Nb, at the A or B sites is a common method of enhancing 
the stability of materials[31,32]. La0.7Sr0.3VO3 (LSV)-based perovskites are suitable cathodes for SOECs, 
exhibiting excellent high-temperature stability and high conductivity under hydrogen and methane 
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conditions[33]. Nevertheless, the poor catalytic performance and harsh synthesis conditions restrict their 
further application. The impregnation of Ni or Fe nanoparticles onto the LSV surface can significantly 
improve its current density, and the ohmic resistance is almost unchanged, which is a promising method[34].

SrTiO3-δ (STO)-based perovskites represent a class of materials that have been the subject of considerable 
research interest. The most widely used composition is 20% La-doped La0.2Sr0.8TiO3-δ (LST) at the A-site. In 
air, LST exhibits p-type conductivity, whereas in reducing atmospheres, it exhibits n-type conductivity[35]. 
LST demonstrates excellent stability under high-temperature reducing conditions and resistance to carbon 
accumulation, making it suitable for CO2 electrolysis. However, its relatively low catalytic activity and 
oxygen ionic conductivity present obstacles to its broader application. Loading with nanometallic particles 
is an effective way to improve the catalytic performance[36].

In addition to LST, Nb-doped STO (STN) materials are also widely used. The catalytic activity and cycling 
stability of STN can be enhanced through the doping of Nb elements at the B-site. Nevertheless, its direct 
application in steam electrolysis will encounter the challenge of inadequate catalytic efficacy. Yang et al. 
prepared (Sr0.94)0.9(Ti0.9Nb0.1)0.9Ni0.1O3 (STNNO) cathodes with A-site defects and B-site excess by loading Ni 
nanoparticles on the STN surface[37]. It was demonstrated that the exsolution of Ni particles on the STN 
surface during the redox process was entirely reversible.

Double perovskites
The crystal structure of double perovskites comprises two mutually stacked metal hexahedral layers, where 
the metal elements are in disparate oxidation states. This configuration can offer active sites for electrolysis, 
and enhance the electrical conductivity. The presence of metal ions in two oxidation states within the 
structure results in a more complex oxygen ion conduction channel, thereby enabling precise regulation of 
the oxygen ion conduction properties[8].

Sr2Fe1.5Mo0.5O6-δ (SFM) is a kind of prevalent double perovskite, which is an optimal SOEC cathode material 
due to its remarkable stability under redox conditions, favorable coefficient of thermal expansion, and high 
MIEC[38]. The performance of SFM can be enhanced by optimizing the ratio of Fe/Mo[39]. The oxidation 
ability increases with Fe content, which further enhances the hybridization of metal and oxygen, bringing 
the O 2p energy band closer to the Fermi energy level, thus increasing the concentration of oxygen 
vacancies and improving the catalytic activity of the material. Moreover, doping with elements such as 
Nb[40], Zr[41], Ba[42], and others is also worth studying.

In addition to A and B-site doping, anionic doping of oxygen vacancies is also a viable approach. F-doping 
improves the adsorption capacity of CO2 and the volumetric oxygen vacancy concentration, reduces 
polarization resistance, and accelerates the chemical reaction rate and the surface diffusion rate. The 
perovskite oxyfluoride compound, Sr2Fe1.5Mo0.5O6-δF0.1 (F-SFM), has a lower polarization resistance than that 
of SFM[43].

The Mn-O-Mn lattice, formed by Mn ions of different valence states in PrBaMn2O5+δ (PBM)-based 
perovskites, facilitates the transport of oxygen ions and electrons, exhibits excellent carbon resistant 
properties, and demonstrates considerable potential as an electrolytic CO2 cathode material[44]. The doping 
of PrBaFe2O5+δ (PBF) with Co has been demonstrated to enhance the electrochemical performance. 
PrBaFe1.8Co0.2O5+δ (PBFC02) is susceptible to decomposition during the reaction. However, it can be 
restored to its original structure through air calcination. Additionally, its favorable redox properties were 
highlighted. The electrochemical performance of PBFC02 was evaluated, and it was determined that the 
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material exhibited excellent performance in co-electrolysis of H2O/CO2, establishing it as an ideal candidate 
for the SOEC cathode[45].

Overall, perovskites have attracted considerable attention due to their excellent mixed ion-electron 
conductivity and carbon-resistant properties. However, their conductivity is not as optimal as that of cermet 
cathodes. Although cermet materials have higher electronic conductivity and catalytic activity, they have 
problems such as easy migration and oxidation of metal elements at high temperatures. The development of 
more stable cathode materials remains a pivotal objective within the current research landscape. 
Furthermore, the study of the hydrogen electrode reaction mechanism and degradation mechanism is also a 
very interesting topic. In-situ investigations employing a range of advanced characterization tools, including 
transmission electron microscopy and X-ray photoelectron spectroscopy, when combined with first-
principle calculations and model simulations, will facilitate the elucidation of the SOEC cathode reaction 
mechanism, and then find a way to improve the electrochemical performance of the cathode material. In 
order to visualize the electrochemical properties of different perovskite cathode materials, the performance 
differences between them are given in Table 3.

ANODE
Oxygen evolution reaction (OER) occurs at anodes of SOECs. Consequently, the anodes must exhibit high 
electronic conductivity, ionic conductivity, catalytic activity, appropriate redox activity, and a matched 
thermal expansion coefficient with electrolytes. The reaction typically involves the diffusion of oxygen; it is 
necessary for anode to have a porous microstructure. Nevertheless, the issue of electrode and electrolyte 
delamination during prolonged operation represents the most significant obstacle to the advancement of 
SOEC anodes. To enhance stability, current research is mainly focused on the development of advanced 
materials and microstructures and the optimization of existing techniques[63].

Materials design
La1-xSrxMnO3-δ (LSM) has high catalytic activity and electronic conductivity, along with a matched 
coefficient of thermal expansion and favorable chemical compatibility with YSZ electrolyte materials[64]. It 
has been demonstrated that LSM will form a localized region of elevated oxygen partial pressure during 
long-term operation. This will result in delamination with the electrolyte interface, thereby increasing the 
resistance of the electrode and potentially leading to a decay of the performance of SOEC or even its 
failure[65]. Su et al. employed the spin-coating method to create a porous layer of YSZ between the LSM and 
the electrolyte [Figure 5A][66]. It was found that the introduction of the YSZ porous layer accelerated the 
diffusion of oxygen ions at the solid-solid two-phase interface (SSTPI), which led to a reduction in the 
oxygen partial pressure in the SSTPI zone and inhibited the degradation of the anode. Furthermore, the 
TPB area was increased, thereby improving the performance of SOECs. The reversible cycle operation 
serves to decelerate the kinetic rate of the OER at the anode.

The doping of A-site rare earth or alkaline-earth metal ions is another common method for increasing the 
concentration of oxygen vacancies, which is used to enhance the performance of anodes. As shown in 
Figure 5B and C, the introduction of Au nanoparticles onto LSM-YSZ by impregnation can accelerate the 
electron transfer rate and the formation of new TPBs during the reaction, thereby enhancing the stability of 
the anode in an atmosphere with a higher oxygen partial pressure[67]. Mahata et al. prepared LSCM with Sr 
substituted by Ca by combustion synthesis and found that the electronic conductivity of the final product 
varies with the Ca content[68]. When Sr was completely replaced by Ca, the electronic conductivity of LCM 
increased with the Ca percentage; while Sr was partially replaced, the conductivity decreased with the 
increasing Ca percentage. As illustrated in Figure 5D, the hydrogen production of LCM is markedly higher 
than pure LSM and partially Ca-doped LSCM. Furthermore, the hydrogen production does not decrease 
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Table 3. Electrochemical properties of common perovskite cathode materials

Components Conditions Operating temperature/°C Volt./V Current density/A·cm-2 Ref.

La0.75Sr0.25Cr0.5Mn0.5O3-δ 5% H2O/5% H2/Ar 800 1.00 0.5528 [46]

La0.65Sr0.3Cr0.85Ni0.15O3-δ 80% H2O/H2 830 1.29 0.650 [46]

Fe-La0.75Sr0.25Cr0.5Mn0.5O3-δ 3% H2O/5% H2/Ar 800 2.00 0.110 [47]

(La0.75Sr0.25)0.95(Cr0.8Ni0.2)0.95Ni0.05O3-δ 3% H2O/5% H2/Ar 800 2.00 0.093 [48]

(La0.2Sr0.8)0.9Ti0.5Mn0.4Cu0.1O3-δ 100% CO2 800 1.80 2.820 [49]

-La0.8Sr0.2FeO3 20% H2O/20% H2/Ar 800 1.40 0.920 [50]

(La0.65Sr0.3Ce0.05)0.9(Cr0.5Fe0.5)0.8Ni0.15O3-δ 100% CO2 850 1.85 2.260 [24]

La0.6Ca0.4Fe0.8Ni0.2O3-δ 100% CO2 800 2.00 1.500 [51]

La1.2Sr0.8Mn0.4Fe0.6O4-δ 70% CO2/CO 850 1.50 2.040 [52]

PrBaMn2O5+δ 70% CO2/CO 850 1.50 0.850 [53]

Pr0.3Sr0.7Ti0.3Fe0.7O3-δ 60% H2O/H2/Ar 800 1.46 0.302 [54]

Pr0.4Sr0.6Co0.2Fe0.7Mo0.1O3-δ 70% CO2/CO 850 1.60 1.010 [55]

Pr0.4Sr1.6(NiFe)1.5Mo0.5O6-δ 100% CO2 800 1.40 1.580 [56]

Sm0.9Ca0.1Fe0.9Cu0.1O3-δ 100% CO2 800 1.50 1.200 [57]

Sr0.95Ti0.8Nb0.1Mn0.1O3 100% CO2 800 2.00 0.348 [58]

Sr0.95(Ti0.3Fe0.63Ru0.07)O3-δ 50% H2O/H2 800 1.30 1.700 [59]

SF1.575M-SDC 100% CO2 850 1.60 0.750 [60]

Sr2Fe1.3Zr0.2Mo0.5O6-δ 100% CO2 800 1.80 1.850 [41]

Sr2Fe1.5Mo0.3Cu0.2O6-δ 100% CO2 800 1.40 1.940 [61]

Co-Fe-Sr2Ti0.8Co0.2FeO6-δ 100% CO2 800 1.60 1.260 [62]

Figure 5. (A) Cross-sectional scanning electron microscopy (SEM) images of the LSM with YSZ. Reproduced with permission from 
Ref.[66]. Copyright 2019, Elsevier. (B) Cross-sectional SEM images of the SOEC. Reproduced with permission from Ref.[67]. Copyright 
2019, Elsevier. (C) I-V curves of the LSM-YSZ and Au-LSM-YSZ. Reproduced with permission from Ref.[67]. Copyright 2019, Elsevier. 
(D) Hydrogen production of the LSM, LCM, and LSCM at different temperatures. Reproduced with permission from Ref.[68]. Copyright 
2017, Elsevier. (E) Constant current stability test in SOEC mode. Reproduced with permission from Ref.[69]. Copyright 2018, Elsevier. (F) 
Schematic representation of the Ruddlesden-Popper-type perovskite structure. Reproduced with permission from Ref.[2]. Copyright 
2023, The Royal Society of Chemistry.
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significantly with increasing temperature, suggesting the potential of LCM as an anode material for SOECs.

In addition to LSM, B-site transition metal ion (Fe3+, Co3+, and Ni3+)-doped perovskites have also been 
demonstrated to enhance the oxygen vacancy concentration. Among them, Co and Fe co-doped 
La1-xSrxCo1-yFeyO3-δ has been the subject of considerable research interest due to its stability and catalytic 
activity in OER. A discontinuous Sr layer was formed between LSCF and YSZ during anode polarization. 
This inhibited the segregation of Sr and the movement toward the electrode/electrolyte interface, resulting 
in the formation of a stable electrode/electrolyte layer. This greatly improves the performance of SOECs. 
Furthermore, doping other metal elements has also been demonstrated to enhance the performance of 
LSCF-based oxygen electrodes. Tian et al. synthesized PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) double-perovskite by 
wet-chemical method, and then electrolyzed at 850 °C, 2.0 V, and 70 vol% absolute humidity[69]. Results 
showed a hydrogen production rate of up to 1,544 mL·cm-2·h-1, with a maximum current density of 
3.694 A·cm-2. Additionally, the material demonstrated high stability, as shown in Figure 5E. Among them, 
the excellent performance of PBSCF under polarized conditions may be due to its high intrinsic catalytic 
activity, which proves that SOECs based on this type of material have a wide range of applications.

Ruddlesden-Popper (R-P)-phase perovskites have the structure An+1BnO3n+1. As shown in Figure 5F, this type 
has an alternating structure of AO rock salt lattice and perovskites, and generally exhibits high oxygen 
mobility and stability. The typical R-P-phase perovskites are Ln2NiO4+δ (LNO) and Pr2NiO4+δ (PNO)-based 
materials, which can accommodate more oxygen, have lower polarization resistance, and exhibit excellent 
oxygen transport properties. Additionally, they are free of Sr and Co, which can avoid being poisoned by 
cobalt in the reactant gas and have good chemical stability[70]. In order to gain insight into the mechanism of 
oxygen transport in R-P perovskites, Gu et al. conducted an in-depth analysis of 20 samples comprising six 
distinct R-P perovskites, such as La2NiO4, La2CoO4, etc.[71]. Their findings revealed that the OER during the 
anodic electrolysis process is influenced by three key factors: the interstitial oxygen ion concentration, the 
migration of interstitial oxygen ions, and the migration of lattice oxygen. Therefore, they believe that the 
doping of metal ions in a reasonable quantity can be employed to enhance the material properties and 
accelerate the reaction rate. Therefore, future research should focus on the optimization of such materials 
and the study of reaction mechanisms.

At present, the majority of SOEC anodes are perovskites containing Sr and Co, which face the problems of 
Sr segregation and Co poisoning. Consequently, Co- and Sr-free R-P perovskites have been gradually 
gaining prominence, yet their utilization in SOECs has durability challenges. Consequently, experimental 
confirmation of the crystal structure and physicochemical attributes of the samples remains a necessity. 
Hence, the current research should focus on understanding the reaction mechanism, optimizing electrode 
properties, developing new materials or improving existing ones, and making a reasonable choice between 
catalytic activity and stability. Table 4 provides a brief summary of the anode materials and their electrolytic 
cell properties from selected studies on SOEC anodes in recent years. It can be seen that elemental doping is 
still the main means to improve the performance of anode materials.

Microstructure modification
In addition to the design of new materials, the appropriate adjustment of the microstructure of existing 
materials is also a useful approach to improving the performance of materials. By precisely adjusting the 
microstructure (i.e., porosity, pore size, and distribution), the area of TPBs can be increased to ensure 
sufficient active surface area during the reaction, which can reduce polarization loss. Nevertheless, the 
porosity must be constrained to a specific range, as excessive porosity will impair the stability of the 
electrodes and diminish the TPB area[91].
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Table 4. SOEC anodes and cell performance in recent literature

Components Conditions Operating temperature/°C Volt./V Current density/A·cm-2 Ref.

LSM 50% H2O/H2 900 0.70 0.500 [72]

LSM-SDC-CuO 40 vol% RH 800 1.50 0.360 [73]

LSM-YSZ-SrTi0.3Fe0.6Co0.1O3-δ 50% H2O/H2 800 1.30 2.000 [74]

Y-stabilized Bi2O3-LSM 45% AH 800 1.28 1.520 [75]

La0.6Sr0.4Fe0.9Mn0.1O3-δ 100% CO2 850 2.00 1.744 [76]

La0.6Sr0.4FeO3-δ-YSZ 50% H2O/25% H2/N2 800 1.30 0.660 [77]

LSCF 63% H2O/7% H2/N2 900 1.30 0.780 [78]

LSCF-GDC 80% H2O/H2 773 1.20 0.750 [79]

La0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ 75% CO2/15% H2O/H2 850 1.30 0.638 [80]

La0.3Sr0.7Fe0.7Ti0.3O3 100% CO2 800 2.00 0.521 [81]

Ba0.6Sr0.4Co0.8Fe0.2O3 50% H2O/H2 800 1.30 1.370 [82]

SrCo0.8Fe0.1Ga0.1O3-δ 40% AH 850 1.50 2.221 [83]

BaZr0.2Co0.8O3-δ 50% H2O/H2 800 1.30 1.430 [84]

CaMn0.9Nb0.1O3-δ 50% H2O/3% H2/N2 700 1.70 0.210 [85]

SFM-YSZ 75% H2O/H2 750 1.20 0.327 [86]

La2NiO4+δ 21% H2O/N2 750 0.107 0.500 [87]

PrBaCo2O5+δ 90% CO2/CO 750 1.30 0.750 [88]

Nd1.95Ba0.05NiO4+δ pH2O = 0.03 atm 750 1.60 1.210 [89]

Pr2NiO4+δ 50% H2O/H2 800 1.20 0.980 [90]

PrBaFe1.8Co0.2O5+δ 50% H2O/CO2 850 1.30 0.650 [45]

The conventional preparation processes make it difficult to obtain pores of appropriate size and uniform 
distribution. Wu et al. developed a novel anode with a biomimetic honeycomb structure using freeze-
casting and infiltration techniques[92]. The material was found to have a porosity of approximately 75%, an 
ultra-high-strength three-dimensional structure, and an ultra-low polarization resistance of 0.0094 Ω·cm2. 
The honeycomb structure facilitates the rapid diffusion of oxygen and accelerates the mobility of electrons 
and ions. Nanocomposites are also widely used in improving the performance of the anodes. In addition, 
designing the skeleton structure for easy gas flow is also a method to improve the performance of SOECs. 
Cao et al. employed La0.6Sr0.4CoO3-δ as an anode catalytic nanolayer and designed a vertically aligned 
backbone structure to promote the oxygen generation and release rate[93]. Additionally, they integrated the 
electrode/electrolyte interface to avoid delamination. Furthermore, the performance of anodes can be 
enhanced by preparing the nanocomposite materials, constructing the new interface, and developing 
alternative synthesis methods, e.g., pulsed laser deposition or magnetron sputtering.

ELECTROLYTE
Electrolytes represent the fundamental component of SOECs, responsible for facilitating ion conduction 
while separating reducing and oxidizing gases at the two electrodes. Consequently, they must exhibit high 
ionic conductivity, compatibility with electrodes, matched thermal expansion coefficients and sufficient 
mechanical strength[94]. As shown in Figure 6A and B, SOECs can be classified into two categories: oxygen-
ion conductor SOECs (O-SOECs) and proton conductor SOECs (H-SOECs), based on the conducting ions 
present in the electrolyte.

Electrolytes of O-SOECs
During electrolysis, oxygen ions migrate from the cathode to the anode via oxygen vacancies in the 
electrolyte. The conductivity is contingent upon the concentration of oxygen vacancies. It has been 
demonstrated that the ionic conductivity of the electrolytes will increase with temperatures. However, 
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Figure 6. Schematic of SOECs for different types of electrolytes. (A) H-SOECs; (B) O-SOECs. Reproduced with permission from Ref.[95]. 
Copyright 2023, Springer Nature.

higher temperatures result in an increase in the difference in the coefficient of thermal expansion between 
the electrode and electrolyte[96]. The current research mainly focuses on lowering the reaction temperature, 
enhancing stability, and increasing the conductivity of oxygen ions[97].

ZrO2 has various crystal structures; depending on the temperatures, it transforms between different 
phases[98]. However, pure ZrO2 is typically non-conducting and results in reduced stability during changes of 
crystal structure. Its ionic conductivity is significantly enhanced by doping with divalent or trivalent metal 
cations[99]. It was determined that the 8-10 mol% YSZ exhibited the optimal ionic transport properties[100]. 
However, YSZ exhibits a high polarization resistance below 700 °C, and thin-film techniques are typically 
employed to reduce its resistivity. The common methods include chemical vapor deposition[101], film 
casting[102], and screen printing[103] [Figure 7A].

Sc2O3-doped ZrO2 (ScSZ) also exhibits suitable ionic conductivity and a thermally stable structure. At 
780 °C, it reaches a conductivity of 0.14 S·cm-1, which is more suitable for low and medium temperatures 
than YSZ[104]. As the temperature decreases, the structure of ScSZ undergoes a transformation from cubic to 
tetragonal, which results in a reduction in the ionic conductivity and stability of ScSZ[105]. This issue can be 
addressed by co-doping other oxides. Bernadet et al. prepared a symmetric cell [Figure 7B] using 
(ZrO2)0.9(Yb2O3)0.06(Sc2O3)0.04 (YbScSZ) as the electrolyte[106]. They observed that the current density for 
electrolysis of 90% H2O/Ar at 900 °C and 1.3 V up to 1.4 A·cm-2. Nevertheless, the elevated cost of Sc-based 
materials suggests that it may be challenging to substitute YSZ for commercial applications.

Pure CeO2 exhibits a minimal capacity for conducting oxygen ions[107]. As illustrated in Figure 7C[108], to 
enhance the ionic conductivity of CeO2, rare earth metal ions situated in close proximity to the Ce4+ radius 
are typically employed for doping or co-doping. Among these, Gd2O3-doped CeO2 (GDC) and SDC have 
been demonstrated to exhibit high oxygen ionic conductivity and excellent low and medium temperatures 
electrolytic properties[109]. However, Ce4+ in the CeO2-based electrolyte is partially reduced to Ce3+ during the 
reaction process, exhibiting MIEC. This results in localized short-circuiting, which has the effect of reducing 
the performance of SOECs[110]. To address this issue, Qian et al. employed BaMn1-xNixO3 as an anode 
precursor to circumvent the internal short circuit of the cell and augment the open-circuit voltage by 
incorporating an electron-blocking layer (4 m in thickness) predominantly comprising BaCeO3 in the SDC-
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Figure 7. (A) Schematic of the screen-printing. Reproduced with permission from Ref.[103]. Copyright 2012, Elsevier. (B) SEM image of 
the cross-section of SOEC. Reproduced with permission from Ref.[106]. Copyright 2020, Elsevier. (C) Effect of ionic radius of different 
dopant elements on the ionic conductivity of CeO2-based electrolyte. Reproduced with permission from Ref.[108]. Copyright 2007, 
Elsevier. (D) Schematic of the constituent atoms of SOEC. Reproduced with permission from Ref.[118]. Copyright 2020, American 
Chemical Society. (E) SEM image of the dense BZCYYb/LCO layer. Reproduced with permission from Ref.[119]. Copyright 2019, 
American Chemical Society. (F) Schematic of the working principle of the Hybrid-SOEC. Reproduced with permission from Ref.[120]. 
Copyright 2018, Elsevier.

based cell[111]. There are still some problems with CeO2-based electrolytes, and the addition of barrier layers 
and the selection of appropriate types and ratios of co-dopant elements will be the focus of future research.

LaGaO3 is an oxygen ion conductor electrolyte with a perovskite structure, which exhibits superior ion-
conducting capabilities and enhanced chemical stability at low and medium temperatures. The doping of 
LaGaO3-based electrolytes with alkaline earth or transition metal elements at the A-site and B-site, 
respectively, has been demonstrated to enhance performance. A series of LaGaO3-based electrolytes were 
studied by Ishihara et al., who identified La1-xSrxGa1-yMgyO3-δ (LSGM) as the electrolyte with the highest 
ionic conductivity[112]. Furthermore, they observed that as the La content increased and the Sr content 
decreased, the performance of LSGM was improved further[113]. However, the volatility of Ga elements 
under high-temperature reducing atmospheres presents significant challenges to the development of LSGM. 
The introduction of a buffer layer between the LSGM and the electrode material serves to avoid the 
chemical reaction between them. Tan et al. employed a dip-coating and co-sintering process to load 
Sm0.5Sr0.5CoO3-δ (SSC) into the LSGM layer[114]. The incorporation of a buffer layer was observed to diminish 
the cathode overpotential and augment the long-term stability of electrode materials. Despite the high ionic 
conductivity of perovskite electrolytes, they are hindered by two significant challenges: the high cost of 
production and the incompatibility of their thermal expansion coefficients with those of electrode materials.

In summary, the traditional oxygen ion conductor electrolyte materials are inadequate for the current 
requirements of low-temperature electrolysis. Additionally, there are also a series of issues, including 
material degradation and thermal expansion coefficient mismatch.
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Electrolytes of H-SOECs
The H-SOEC can operate at low temperatures (< 500 °C) due to the use of a proton conductor as the 
electrolyte[115]. BaCeO3 exhibits high proton conductivity and facile firing, but its diminished chemical 
stability in steam makes it unfeasible for direct utilization as a SOEC electrolyte[116]. BaCe0.8Y0.2O3-δ (BCY), 
prepared by Y doping, exhibits higher proton conductivity; however, it is not stable in the high 
concentration of H2O and CO2 atmospheres. Yang et al. prepared BaCe0.7Zr0.1Y0.1Yb0.1O3 (BZCYYb) solid 
electrolyte using Yb doping[117]. Results showed that high ionic conductivity and chemical stability were 
archived at low temperatures (500~700 °C), along with excellent resistance to sulfur and coking. As shown 
in Figure 7D and E, Gd doping[118] or adding a barrier layer at the electrolyte interface[119] can further 
improve the performance of SOECs.

In SOEC systems, simultaneous electrolytic oxidation of the reactants at both the cathode and anode can be 
achieved, resulting in an enhanced yield. Kim et al. prepared a hybrid SOEC (Hybrid-SOEC, Figure 7F) 
with BaZr0.1Ce0.7Y0.1Yb0.1O3-δ as an electrolyte[120]. The electrolysis of 10% H2O/H2 at 700 °C and 1.3 V resulted 
in a current density of 3.16 A·cm-2, which far exceeded that of the electrolyte material with a single 
conductor. Furthermore, the cell shows no significant performance degradation during more than 60 h of 
continuous operation. This means that it is a stable and efficient hydrogen production system. In 
conclusion, the conventional oxygen ion conductor electrolytes are not suitable for the current 
requirements for low-temperature electrolysis. The higher ionic conductivity of proton-conducting 
electrolytes at low temperatures aligns with the development trend of low- and medium-temperature SOCs, 
making further research in the this area worthwhile. Hybrid-SOEC exhibits a high hydrogen production 
rate, but it remains in the laboratory stage of development. In order to accurately represent the performance 
differences between different electrolyte materials, the conductivities of various materials have been collated 
and are presented in Table 5.

SOEC CONFIGURATIONS
It is essential that the SOECs have a stable structure to ensure the mechanical strength of the cell. As 
illustrated in Figure 8, the common SOECs can be classified into three distinct categories based on the type 
of support layer: fuel electrode-supported cells (FESCs), oxygen electrode-supported cells (OESCs), and 
electrolyte-supported cells (ESCs).

Electrode-supported cells
The resistance of SOECs is attributable to the ohmic resistance of the electrolytes and the polarization 
resistance of the electrodes. The utilization of fuel electrodes as the support layer can diminish the 
electrolyte thickness, thereby attenuating the impact of ohmic resistance on the electrolytic cell. However, 
the anode in FESCs is insufficiently thick, and the oxygen generated during the reaction increases the 
oxygen partial pressure at the anode/electrolyte interface, which causes delamination or fracture at the 
interface and significantly reduces the stability of SOECs[131]. The selection of an appropriate thickness 
(5-20 µm) for the active electrode layer of the fuel electrode and the reduction of the electrolyte thickness 
can result in a reduction of ohmic resistance and operating temperature for the cells. Thus, it can lead to an 
enhancement in the electrochemical performance and redox stability of the FESCs[132].

OESCs facilitate the reduction of electrolyte and cathode thickness, thereby diminishing the ohmic 
resistance of the electrolytic cell. Additionally, they prevent delamination caused by volume changes in the 
cathode material. However, conventional perovskites result in a reduction in anode pore structures during 
high-temperature sintering, which subsequently causes barriers for gas diffusion. The construction of 
asymmetric thick OESCs with a robust anode-electrolyte interface and dendritic anode gas diffusion 
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Table 5. Comparison of properties of electrolyte materials

Components Operating temperature/°C Conductivity/S�cm-1 Ref.

8YSZ 1,000 0.140 [100]

ScSZ 850 0.178 [121]

Ce0.8Sm0.2O3-δ 800 0.100 [122]

1Bi10ScSZ 1,000 0.330 [123]

La0.9Sr0.1Ga0.8Mg0.2O2.85 800 0.110 [124]

La0.8Sr0.2-xBaxGa0.8Mg0.2O2.8 600 0.046 [125]

BaZr0.6Co0.4O3-δ 700 0.012 [126]

BaCe0.5Zr0.3Dy0.2O3-δ 600 0.019 [127]

BaCe0.5Zr0.2In0.3O3-δ 750 0.0064 [128]

BaCe0.68Zr0.1Y0.1Yb0.1Cu0.02O3-δ 700 0.019 [129]

Figure 8. Different types of SOECs. Reproduced with permission from Ref.[130]. Copyright 2022, Elsevier.

channels serves to inhibit anode sintering and facilitate the formation of a robust interfacial adhesion, 
thereby preventing the delamination of anode material during electrolysis[133]. In conclusion, FESCs exhibit 
high electrochemical performance and adaptability to low-temperature operation. The oxygen electrode-
supported structure provides an effective approach to preparing SOECs.

Electrolyte-supported cells
The electrolyte is characterized by robust mechanical properties, facile sintering, and a thickness range of 
15-80 m. The electrolyte, following high-temperature firing, exhibits a denser structure[134]. However, an 
increase in the thickness of the electrolyte layer results in an elevated ohmic resistance of the SOECs, which 
in turn leads to a decline in the performance of the SOECs. The ionic conductivity of the electrolyte is 
predominantly temperature-dependent. Higher performance can be achieved at operating temperatures 
above 800 °C, which constrains the operational range of the electrolytic cell. The current research on ESCs is 
focused on enhancing ion mobility and reducing electrolyte thickness. Enhancing ion mobility can be 
achieved by the development of new electrolyte materials, while reducing electrolyte thickness can be 
accomplished by improvements in the SOEC assembly process.

DEGRADATION
SOECs exhibit a significant decay in performance over extended periods of operation. The most stable 
SOEC system exhibits a degradation rate of approximately 3%·(khr)-1, which is below the commercial 
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standard of 1%·(khr)-1. In order to enhance the stability of the electrolytic cell, it is imperative to gain a 
comprehensive understanding of the degradation mechanism of the SOEC system[23]. It is currently thought 
that the degradation of the SOEC is mainly associated with the cathode, anode, and electrolyte.

Cathode degradation
Ni-YSZ exhibits favorable performance in a majority of scenarios. During electrolysis, the primary forms of 
degradation observed in Ni-YSZ are oxidation, migration, agglomeration, depletion, carbon deposition and 
poisoning.

The high concentration of steam during the electrolysis process results in the oxidation of Ni particles into 
gaseous Ni(OH)x, which is subsequently transferred to the surface of the electrolyte. This result increases the 
ohmic resistance of the electrolytic cell and reduces the TPBs, thereby decreasing the catalytic performance 
of the electrode materials[135]. Furthermore, the formation of NiO results in a reduction in the surface 
activity and electronic conductivity of the catalyst. Additionally, the formation of NiO dendrites following 
multiple redox reactions also causes damage to the microstructure of the electrode[136]. In order to avoid the 
oxidation of Ni and enhance the electrochemical performance of the electrodes, the incorporation of 
partially reducing gases or the doping of metals is typically employed. Chen et al. found that Ce could 
inhibit the oxidation of Ni in CO2 [Figure 9A][137]. Accordingly, they prepared a Ce-Ni-YSZ cathode by 
loading Ni0.1Ce0.9O2-x nanoparticles on the surface of Ni-YSZ, and observed that its anti-CO2 oxidation 
performance was markedly superior to that of Ni-YSZ. This material is a promising cathode for CO2 
electrolysis.

In addition, Ni-based materials are prone to oxidation during the electrolysis of CO2, resulting in the 
formation of diverse carbon depositions, including carbon nanotubes, carbon fibers, and amorphous forms. 
These deposits diminish the area of the TPBs, obstruct the gas transport channels, and compromise the 
stability of the electrode materials. The doping of Cu can increase the concentration of oxygen vacancies, 
enhance the conductivity of the material, and accelerate the adsorption and diffusion of CO2

[13].

Anode degradation
SOECs typically require high current densities for optimal performance. At higher current densities 
(> 0.5 A·cm-2), the anode exhibits a more pronounced degradation than the cathode, suggesting that the 
degradation of SOECs is mainly related to the anode[138]. It is commonly believed that delamination at the 
anode/electrolyte interface, cation migration, and the generation of deleterious phases represent the primary 
causes of anode degradation.

For LSM-based anode materials, delamination represents a significant factor contributing to the 
degradation of SOECs. One view is that O2 is continuously accumulated at the electrode/electrolyte interface 
during electrolysis, resulting in the formation of localized high oxygen partial pressure sites that lead to 
anode delamination [Figure 9B]. Another view is that the cation migration will result in the formation of a 
secondary phase, which obstructs the active sites on the TPBs, thereby leading to the deterioration of the 
electrolytic cell. Furthermore, anode poisoning represents another potential cause of SOEC degradation. 
The interconnects in the SOEC stack are composed of stainless steel. At elevated temperatures, volatile Cr-
based compounds, such as CrO2(OH)2, decompose into Cr2O3 and other substances that are deposited on 
the surface of the electrodes and electrolyte[139]. This deposition increases the polarization resistance of the 
electrodes, leading to SOEC degradation[140]. In order to mitigate the effects of Cr poisoning, it is common 
practice to coat conductive materials (e.g., perovskites) on the surface of the interconnects. Sealants and 
reaction gases typically comprise volatile elements, such as B[141] [Figure 9C] and S[142], which can be 
deposited at the electrode/electrolyte interface. This can block the reaction sites and also damage the pore 
structure of the electrodes, resulting in a reduction in the catalytic activity and stability of the electrodes.
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Figure 9. (A) Oxidation processes of Ni-YSZ and Ni-GDC in H2O and CO2. Reproduced with permission from Ref.[137]. Copyright 2022, 
Elsevier. (B) Microstructural changes at the LSM/YSZ interface in SOEC mode. Reproduced with permission from Ref.[6]. Copyright 
2023, Elsevier. (C) SEM image of the electrode/electrolyte interface after anodic polarization of the LSM for 20 h in the presence of 
borosilicate glass. Reproduced with permission from Ref.[141]. Copyright 2016, Elsevier. (D) Schematic of inhibiting Sr diffusion after 
adding GDC barrier layer. Reproduced with permission from Ref.[143]. Copyright 2021, American Chemical Society. (E) SEM image of 
YSZ electrolyte rupture. Reproduced with permission from Ref.[147]. Copyright 2011, Elsevier.

In LSCF-based materials, cation diffusion and segregation of Sr represent the primary causes of degradation. 
As shown in Figure 9D, the addition of a GDC barrier layer between the Zr-based solid-state electrolyte and 
the LSCF can prevent the diffusion of Sr and inhibit the formation of deleterious phases, such as SrZrO3 or 
La2Zr2O7. However, this approach was unable to inhibit the degradation of the LSCF[143]. Laurencin et al. 
concluded that electrolysis results in the depletion of oxygen vacancies in the LSCF, thereby segregation of 
Sr from the anode and consequently leading to LSCF degradation[144]. However, Ai et al. concluded that the 
direct assembly of LSCF on YSZ without a blocking layer also results in the production of high-performance 
SOEC anodes[145]. It was found that anode polarization has the effect of reducing the concentration of 
oxygen vacancies and inhibiting the segregation of Sr and the generation of SrZrO3, thereby enhancing the 
stability of the anode/electrolyte interface. The development of innovative material systems and a deeper 
understanding of the degradation process represent promising avenues for enhancing the stability of 
SOECs.

Electrolyte degradation
YSZ may exhibit delamination, fracture, and evolution of metallic elements when subjected to prolonged 
operation in a reducing atmosphere. Moreover, this material requires high temperatures to sustain its high 
level of activity, which can result in its degradation and the accelerated aging of sealants. The ohmic 
resistance in SOECs is attributable to the electrolyte. A reduction in temperature results in a decline of 
oxygen ion conductivity, which in turn elevates the ohmic resistance and gives rise to fractures at the 
junctions between electrolyte particles[146]. In SOEC mode, Tietz et al. found that the electrolyte layer 
exhibited distinct degradation, with voids forming a clear distribution and horizontally aligned pores at the 
edges of the electrolyte grains[65]. The diffusion of the two elements, Y and Zr, and the crystallization on the 
electrode surface will result in an increase in the overpotential during the reaction. Laguna-Bercero et al. 
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performed a series of stability tests on a microtubular SOEC with YSZ as the electrolyte at a high voltage of 
2.8 V[147]. The formation of voids at the grain boundaries of the electrolyte interface results in the 
propagation of cracks within the electrolyte, leading to delamination, which would impair the performance 
of the electrolytic cell, as shown in Figure 9E.

ScSZ-based electrolytes exhibit high ionic conductivity at low to medium temperatures (< 800 °C), about 
twice that of YSZ. However, the grains and grain boundaries of ScSZ are subject to damage during the 
process of reaction, which in turn affects the conductivity and stability of the electrolyte[148]. LSGM exhibits a 
broad operational temperature range and high ion transfer numbers. However, it displays a discrepancy in 
thermal expansion coefficients with Ni-based cathode materials, as well as the formation of LaNiO3 particles 
during electrolysis, which ultimately results in electrolyte rupture[149]. The development of electrolyte 
materials suitable for low and medium temperatures will be a key area of focus for research.

STACK AND ECONOMIC BENEFITS
Structure of stacks
The stacking technology of SOEC is similar to that of SOFC, which is mainly classified into planar[150] and 
tubular[130] types [Figure 10A and B]. Planar cells are more prevalent in practical applications due to their 
simple structure, high power density, low internal resistance, and low manufacturing cost[130]. However, the 
fabrication of stacks demands advanced sealing technology and has the risk of gas leakage. The 
improvement of planar cells is the development of low-cost sealants. Tubular cells exhibit better thermal 
cycling performance, enhanced structural strength and rapid start/stop capabilities. However, the current 
trajectory is lengthy, which has resulted in elevated resistance and diminished power density[94]. Reducing 
the inner diameter and preparing microtubular SOECs represents an effective method for enhancing the 
performance of tubular cells. Yao et al. prepared a microtubular SOEC with the structure Ni-YSZ/8YSZ/
LSCF-GDC by introducing an insulating ceramic connecting device and employing silver paste as a 
collector at the cathode [Figure 10C], which represents a significant improvement compared to that of 
conventional tubular SOECs[151]. The flat-tubular configuration represents a distinctive category of SOEC 
stacks, which combines the advantages of both planar and tubular SOECs. This configuration offers high 
power density, robust thermal cycling performance, and ease of sealing, rendering it suitable for industrial 
applications. As illustrated in Figure 10D, the flat-tubular anode-supported cell without a metal connecting 
plate can not only avoid Cr poisoning in the reaction process, but also reduce the manufacturing cost, 
making it a promising candidate for a next-generation SOEC structure[152].

Economic benefits
Both CO and H2 are crucial chemical intermediates utilized in the synthesis of a multitude of high-value 
chemicals, such as ammonia and olefins. At present, the predominant methods of industrial preparation 
mainly adopt steam methane reforming and coal gasification. The process will result in the generation of a 
considerable quantity of CO2 and a notable degree of environmental contamination[153]. However, the 
electrolysis of CO2 by SOEC to produce CO, not only can directly consume CO2 in industrial production, 
but also reduce the consumption of fossil fuels and achieve indirect emission reduction of CO2. Blast 
furnace gas (BFG) is a low calorific value fuel that can be used in a clean and efficient way to produce 
organic chemicals by CO reduction. However, the use of ‘green hydrogen’ prepared by SOEC to replace CO 
can not only reduce environmental pollution, but also greatly improve economic benefits. Kong et al. 
developed a process for value-added recycling of BFG based on BFG-SOFC-SOEC-H2

[154]. Optimization was 
conducted by ASPEN Plus software and the results showed that the process was able to achieve a capture 
rate of 99.92% of carbon oxides and a hydrogen production rate of 0.24 kmol·(kmol·BFG)-1.
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Figure 10. (A) A typical planar SOEC stack-unit scheme. Reproduced with permission from Ref.[150]. Copyright 2022, MDPI. (B) 
Schematic of tubular SOEC. Reproduced with permission from Ref.[130]. Copyright 2022, Elsevier. (C) Schematic of microtubular SOEC 
structure. Reproduced with permission from Ref.[151]. Copyright 2022, Elsevier. (D) Cross-section of flat-tubular anode-supported cell 
and channel position. Reproduced with permission from Ref.[152]. Copyright 2017, Elsevier.

The economy of SOEC mainly depends on the power consumption in the electrolysis process, and the 
electrolysis efficiency can be effectively improved by an external heat source. Therefore, fuel-assisted SOEC 
is proposed to reduce overpotential by adding fuel to the anode, allowing it to react with the generated 
oxygen. As shown in Figure 11, Xu et al. proposed a CH4-assisted SOEC co-electrolysis of H2O and CO2 in 
conjunction with Fischer-Tropsch synthesis for low-carbon feedstock generation[155]. It was demonstrated 
that by modifying the H2O/CO2 ratio at the inlet, it was feasible to regulate the ratio of CO/H2 in the syngas. 
This suggests that the SOEC system may offer a significant advantage for hydrocarbon synthesis. 
Furthermore, the utilization of sine-like flow channels to facilitate the diffusion of reactive gases can serve to 
enhance the performance and stability of the electrolyzer[156]. The combination of this approach with 
Fischer-Tropsch synthesis represents an additional avenue for the engineering application of SOECs.

SUMMARY AND OUTLOOK
SOECs, as a high-temperature electrolysis technology, offer a viable approach to energy conversion, storage, 
and mitigating the greenhouse effect. This paper summarizes the latest research developments in SOECs, 
emphasizing the materials and degradation mechanisms. Additionally, key challenges that hinder the 
further advancement of SOECs are also given. We believe that the integration of SOECs with renewable 
energy sources can facilitate energy storage and ensure a constant output. While significant advancements 
have been made in the relevant technology, a considerable gap remains between its current state and that of 
large-scale commercial application. The technical challenges include the degradation of materials due to 
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Figure 11. Schematic of direct methane synthesis from CO2-H2O co-electrolysis in a tubular unit combining a SOEC and a Fischer-
Tropsch reactor. Reproduced with permission from Ref.[157]. Copyright 2023, Elsevier.

long-term operation, the development of high-entropy perovskites, the accumulation of harmful substances 
in interconnect materials, the loss of gas tightness, and the limited scenarios of application. In addition, the 
economic challenges include higher costs due to reduced durability and increased maintenance costs caused 
by critical materials such as interconnects and sealants. In summary, to prepare SOECs with good catalytic 
activity and stability, and promote the industrial application of solid oxide electrolysis technology, future 
research should focus on the following:

(1) Developing high-performance electrolyte and electrode materials that are stable at low temperatures 
while improving the structure of existing materials.

(2) Enhancing SOEC performance by optimizing the stoichiometric ratio of perovskites and introducing 
more active sites.

(3) Advancing H-SOEC technology to enhance its electrocatalytic performance and durability at lower 
temperatures.

(4) Exploring new processes to enhance the stack performance, reduce internal resistance, and maintain 
stable operation under high-temperature conditions.

(5) Promoting the systematic and large-scale application of SOECs, integrating them with clean energy 
sources and electric grids.

(6) Coupling SOECs with other chemical synthesis processes, such as ethylene production from methane or 
nitrogen monoxide production from nitrogen, to enhance the economic benefits of SOEC technology.

(7) Conducting in-depth investigations of the mechanisms behind electrolytic reactions and chemical 
processes at the electrode-electrolyte interface.
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(8) Developing an integrated electrolysis and fuel cell system to enhance the flexibility and application 
scenarios of SOEC technology.
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