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SUMMARY: Recently, symmetrical solid oxide electrolysis cells (SSOECs) with the 

same electrode materials as both the anode and cathode have attracted lots of attention, 

because of their simple manufacturing process and low cost. Moreover, it can narrow 

the trouble of chemical incompatibility, thermal mismatching, and also these SSOECs 

are more convenient in practical application without distinction of cathode and anode. 

However, there is no comprehensive and critical review to summarize the recent 

progress of SSOECs so far. In this paper, their development history, fundamental 

mechanisms, electrolyte and electrode materials, and fabrication methods are 

highlighted. Fuel-assisted SSOECs to decrease the over potential and other applications 

based on SSOECs are introduced. Furthermore, the challenges and prospects for future 

research into SSOECs are included, to some extent, offering critical insights and useful 

guidelines for knowledge-based rational design of better electrodes for commercially 

viable SSOECs. 
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Progress and potential 

Electrolysis is the core technology of power-to-X solutions, where X can be hydrogen, 

syngas, or synthetic fuels. Solid oxide electrolysis cells have received growing attention 

because of unrivaled conversion efficiencies—a result of favorable thermodynamics 

and kinetics at higher operating temperatures. Symmetrical solid oxide electrolysis cells 

with the same electrode materials as both the anode and cathode have attracted lots of 



attention, because of their simple manufacturing process and low cost. However, there 

has not been a comprehensive and critical review to summarize the recent progress of 

them so far. This review is timely, since it gives a comprehensive overview of their 

development history, fundamental mechanisms, electrolyte and electrode materials, 

fabrication methods and potential applications. In the end, we share our perspectives on 

the remaining challenges and potential solutions for driving this emerging field forward. 

This review will provide food for thought to researchers in the field and a jump-start to 

beginners who want to join this exciting field. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



INTRODUCTION 

With the rapid development of social economy, the demand for energy of human 

beings is further increased. Nowadays, energy consumption and environmental 

pollution caused by traditional fossil energy-based energy systems have resulted in a 

series of serious problems in human life. 1-3 Therefore, using clean and renewable 

energy has grown up to be a common goal throughout the world. Many countries have 

set targets and strategies to achieve 100% use of green and renewable energy by 2050. 

4-6 Renewable energy sources such as wind energy and solar energy are now widely 

used and will become the main energy sources in the future. However, a key feature of 

these renewable energy sources is intermittent supply. Wind energy depends on climatic 

conditions, sunlight and tides have cycles throughout the day. To overcome these 

drawbacks, energy conversion and storage technologies are urgently required. 7-15 

Among them, electrolytic cell technology has received more attention due to their high 

efficiency, environmental friendliness and wide applications. 15-19 Different types of 

electrolysis cell were developed based on this concept so far, including alkaline 

electrolysis cell (AEC), 20-22 polymer electrolyte membrane electrolysis cell (PEMEC) 

[23-25] and solid oxide electrolysis cell (SOEC) 26-28. These three types of electrolysis cell 

have been systematically compared as displayed in Table 1. It can be seen that SOEC 

is the most effective way due to their low cost and high efficiency.  

 

 

 



Table 1. Comparison of three types of electrolysis cells. 

 

 

Alkaline electrolysis cell 

(AEC) 

 

Polymer electrolyte membrane  

electrolysis cell (PEMEC) 

 

Solid oxide electrolysis 

cell (SOEC) 

Temperature ＜100 °C ＜150 °C ＞500 °C 

Electrolyte Liquid solution Polymer  Ceramic 

Cathode Metal Metal Perovskite 

Anode Pt Ir/Pt Cermet /perovskite 

Charge Carrier OH- H+ O2-/H+ 

Advantage Rich products 

High faradaic efficiency 

Rich products 

High current density 

High faradaic efficiency 

High current density 

High faradaic efficiency 

Good stability 

High energy efficiency 

Disadvantage Low current density 

Poor energy efficiency 

Insufficient stability 

Poor energy efficiency 

Insufficient stability 

Simple products 

Chemical incompatibility 

under high temperature 

SOEC can cleanly and efficiently convert the redundant renewable energy (solar, 

wind and tidal energy) into chemical energy, which plays a vital role in peak-fill of the 

power grid especially under the background of vigorously developing renewable energy. 

This is in order to solve the energy crisis and environmental pollution caused by the 

massive use of fossil energy. SOEC is a very promising technology for converting a 

variety of renewable electrical energy and heat energy into chemical energy as shown 

in Figure.1. 29-30 At the same time, it can use waste heat from the factory to improve 

energy efficiency. The requirement of electric energy would decrease with the 



increasing operation temperature. 29, 31 SOEC can electrolyze H2O to produce hydrogen, 

CO2 electrolysis for reducing the CO2 emission, and co-electrolyze H2O/CO2 to produce 

syngas (H2/CO) for chemical production. It has numerous advantages: high efficiency, 

environmental friendliness, wide-range in application, high electrolysis current, 

modular design and high reliability. Therefore, SOEC has attracted more and more 

attention due to its huge development potential. 32-35 

 

Figure 1. Schematic diagram of energy conversion and storage based on solid oxide 

electrolysis cells technology. 

Theoretically, SOEC is the reverse process of solid oxide fuel cell (SOFC), so it 

inherits the development of SOFC. 36-37 The traditional SOECs have a “sandwich” 

structure with a dense electrolyte in the middle and porous cathode and anode layers on 

both sides. Generally, the anode and the cathode are composed of different materials. 



For example, the most traditional Ni-Y0.08Zr0.92O2-δ (YSZ)/YSZ/La0.8Sr0.2MnO3-δ (LSM) 

configuration cell can be described as A/B/C structure, which is asymmetrical 

configuration with difference materials named as traditional SOEC. 38-40 For the 

preparation of SOEC, it is usually necessary to prepare a support by tape casting or dry-

pressing, and then prepare a cathode and an anode by screen printing. In addition, its 

sintering process is also more complicated. The first step is to sinter the support, then 

another sintering process for each electrode is sequentially required. It has complex 

fabrication process because at least two thermal steps are required for the fabrication of 

asymmetrical cell. More thermal steps in production mean more energy consumption. 

Moreover, asymmetric cells also have the following disadvantages: high fabrication 

cost, two kinds of electrode-electrolyte interfaces, thermal mismatching with the 

electrolyte as shown in Figure. 2(A).  

The chemical incompatibility and thermal mismatching of electrode-electrolyte 

can be effectively solved if the same material is applied to both electrodes, named 

symmetrical solid oxide electrolysis cell (SSOECs). 41 They are A/B/A type structure 

and have great advantages over conventional SOECs as shown in Figure. 2(B). 

Compared with an asymmetric SOEC, there is only one electrode material. Therefore, 

the screen printing step will become simple, and the sintering of the electrode can also 

be completed in a single thermal treatment. It can reduce the fabrication process and 

cost. Moreover, it can alleviate the trouble of chemical incompatibility, thermal 

mismatching, and also these SSOECs are more convenient in practical application 

without distinction of cathode and anode. In fact, a real advantage of SSOECs is that it 



can reduce the complexity of electrolyte/electrode interface, which makes it easier to 

clarify reaction mechanism. Minfang Han et al used a systematical and practical 

approach to identify the rate-limiting elementary reactions of the redox-stable 

electrodes in symmetrical SOFCs. 42  

Although SSOECs have these glorious advantages, compared to traditional 

SOECs, the accompanying challenge is that the electrode of SSOECs must both exhibit 

high electro catalytic activity and good stability towards oxygen evolution reaction 

(OER), CO2 or H2O reduction reaction (CO2-RR or HER). The electrode material needs 

to have a thermal expansion coefficient matching the electrolyte. Moreover, it needs to 

have appropriate chemical compatibility, electrical conductivity and stability in the test 

environment, which puts higher requirements on the choice of electrodes.  

 

Figure 2. The comparison of asymmetrical cell (A) and symmetrical cell (B). 

Fanglin Chen et al. proposed symmetrical SOEC in 2010. 19 Perovskite oxide 

Sr2Fe1.5Mo0.5O6- (SFM) has been successfully synthesized and employed as both anode 

and cathode in SOECs for H2O electrolysis. From then on, the research for SSOECs 



emerged. Many materials as the electrode of SSOEC have been developed for H2O and 

CO2 electrolysis, and some are also used for H2O-CO2 co-electrolysis. The structural 

stability of the electrode material and the catalytic activity in the corresponding 

atmosphere are the focus of attention. The electrochemical performance of SSOEC has 

been continuously improved with the development of materials and structural 

improvements. However, the H2O or CO2 electrolysis mechanism of SSOEC is still 

rarely studied. In addition, new application potentials of SSOEC still need to be tapped. 

To date, there is lack of a comprehensive and critical review to summarize the recent 

progress of SSOECs. The developments suggest that a review articulating the 

differences in the various SSOECs in the literature is due and kept very helpful for 

understanding SSOECs as well as providing useful guidelines for further development. 

Herein, we will summarize recent progress on developing electrodes for SSOECs, 

discussing their development history and fundamental mechanisms. We are then 

spotlight examples where fuel-assisted SSOECs to decrease the over potential and other 

applications based on SSOECs, to some extent, providing critical insights and useful 

guidelines for knowledge-based rational design of better electrodes for commercially 

viable SSOECs. 

RECENT DEVELOPMENTS IN SSOECs 

Fundamentals of SSOECs 

As the reverse process of SOFC, the first use of SOEC was to produce O2 with 

electrolysis CO2 on Mars in NASA’s Mars missions in 1969. 43 In the 1980s, Isenberg 

proposed the use of SOEC as a means of energy conversion for the H2O/CO2 



electrolysis to produce H2/CO and O2. 44 After that, SOEC technology has been paid 

more and more attention due to the increasingly prominent energy crisis and 

environmental problems. 1, 45 Badding et al. first proposed symmetrical SOFC in 2001, 

46 From then on, the research for SSOFCs emerged. 47-52 In 2010, Fanglin Chen et al. 

investigated a novel electrode material (Sr2Fe1.5Mo0.5O6–δ) with high electrical 

conductivity in both air and hydrogen environments, excellent redox stability, and 

promising performance as electrodes in symmetrical SOFCs. The cell achieves peak 

power density over 835 mW·cm-2 and 230 mW·cm-2 at 900 °C using H2 and wet CH4 

as fuel, respectively. 53 In the same year, this material was also used as an electrode for 

symmetrical SOEC to electrolysis of H2O. This is the first time report about SSOEC. 19 

According to the different types of electrolytes, SSOEC can be divided into the 

following two categories: oxygen ion conductive symmetrical electrolytic cell (O-

SOEC) and proton conductive symmetrical electrolytic cell (H-SOEC). The working 

principle of the SSOEC has mentioned above in Figure. 3. The electrolyte is utilized 

for transporting oxygen ions (i.e., oxygen ion-conducting O-SOEC) or protons (i.e., 

proton-conducting H-SOEC) and it should have good ion migration ability. The 

corresponding basic working principles of two types of cells are illustrated in Figure. 

3 (A) and (B), respectively. Specifically, for the O-SOEC, H2O molecules at the 

cathode obtain electrons under the effect of an applied voltage, generating H2 and O2-. 

O2- anions are driven by the applied electric field from the cathode through the dense 

electrolyte to the anode. Then O2 molecules are produced and electrons are released. 

For the H-SOEC, H2O molecules at the anode lose electrons under the effect of the 



applied voltage, generating H+ and O2. H+ cations are driven by the applied electric 

field from the anode through the dense electrolyte to the cathode, generating H2. 54-56 

 

Figure 3. The working principles of oxygen ion-conducting O-SOEC (A) and proton-

conducting H-SOEC (B). 

SSOEC’s unique all-solid-state device characteristics make it ideal for operation 

in the high temperature range of 700-1000 °C. On one hand, high temperature operation 

is conducive to the electrode reaction kinetics process, because higher temperature will 

accelerate the electrode reaction kinetics and reduce the cell resistance, thus improving 

the performance of SSOEC. On the other hand, high temperature operation can reduce 

the demand for electrical energy. The thermal energy provided by high temperature 

operation occupies a large part of the total energy required for electrolysis, especially 

when using some high-quality thermal energy, such as nuclear reactor thermal energy, 

geothermal energy, etc. The total energy demand (ΔH) of high-temperature SOEC 

consists of electrical energy demand (ΔG) and thermal energy demand (TΔS), as shown 

in Eq (1): 

∆H=∆G+T∆S                            (1) 



The relationship between the energy required for high temperature H2O and CO2 

electrolysis and the operating temperature is displayed in Figure. 4. 57 As the 

temperature increases, the heat energy provided increases, and the electrical energy 

demanded by SOEC gradually decreases. Especially for the CO2 electrolysis, the trend 

of increasing the temperature is more noticeable for reducing demand for electric energy. 

Because the anode and cathode use the same material, the structure of SSOEC is very 

simple. Therefore, the key materials of SOEC are electrodes and electrolytes. 

 

Figure 4. Thermodynamic diagram of H2O and CO2 electrolysis. 57 Copyright 2015, 

The ELSEVIER. 

Electrolyte 

The main function of the SSOECs electrolyte is to transport ion between the two 

electrodes and to isolate the fuel gas and the oxidizing gas. It is one of the core 

components in the components of the SSOEC. The electrolysis performance of the 



electrolysis cell is closely associated with density and conductivity of electrolyte 

materials. According to the difference of electrolyte conductive ion types, there are two 

categories of electrolytes are more commonly used, namely oxygen ion conductive (O-

SOEC) and proton conductive (H-SOEC). 

Oxygen ion conductive electrolyte 

For oxygen ion conductive electrolyte materials, they are usually necessary to 

meet the following conditions: 58 

a. High oxygen ion conductivity and negligible electronic conductivity; 

b. Good thermal stability and chemical stability. Specifically, it can maintain 

chemical, structural and dimensional stability under the oxidizing and reducing 

atmosphere. It also does not react with the electrode material; 

c. High enough density to avoid gas leakage; 

d. Low cost and easy to process. 

At present, commonly used oxygen ions electrolyte materials for O-SSOEC 

mainly include yttrium-stabilized zirconia (YSZ), 59 scandium-stabilized zirconia (SSZ), 

60 strontium and magnesium doped lanthanum gallium (La0.9Sr0.1Ga0.8Mg0.2O3, LSGM). 

53 YSZ is the most commonly used and lowest cost electrolyte material due to its 

suitable conductivity and mechanical properties at high temperature. However, its 

compatibility with electrode material containing La or Sr element is weak which is easy 

to react with perovskite material and generate high resistance phases La2Zr2O7 or 

SrZrO3. 61-62 The conductivity of YSZ at medium temperature (600 °C -800 °C) is only 

0.003 S·cm-1~0.03 S·cm-1, which limits its development at medium and low 



temperature. 63 Minimum operating temperature of YSZ is about 700 °C. SSZ achieved 

higher ionic conductivity than YSZ. At 1000 °C, the ionic conductivity of SSZ is 3 

times higher than that of YSZ, so it can be used at moderate temperatures. 64 However, 

the abundance of Sc element and its high price prevents its further promotion. Though 

CeO2-based electrolyte has a high conductivity at intermediate and low temperature, 

but Ce4+ will be reduced to Ce3+ in reduction atmosphere, resulting in partial electronic 

conductance decaying in the cell, which eventually leads to low Faraday efficiency. 65-

66 Therefore, CeO2-based electrolytes have almost no application in the field of SOEC. 

Taking into account the quality of the mixed conductors of these materials under 

intermediate temperature conditions, they are often added to the electrode materials to 

improve the electrochemical performance of the electrode materials. LSGM is currently 

the most concerned intermediate temperature electrolyte material. Compared with YSZ, 

it has a higher ionic conductivity, which can reach 0.17 S·cm-1 at 800 °C. 58 However, 

it has some defects such as difficulty processing and proneness to the second phase 

LaSrGaO4 in the preparation process. 67  

Proton conductive electrolyte 

For H-SSOEC, on account of the higher ion conductivity and lower activation 

energy of proton conductors at low temperature range (400 to 700 °C), 68-69 therefore, 

the operation temperature of H-SOECs can be lower than O-SOECs. In fact, reducing 

the operation temperature of SOECs can broaden the selection range of sealing and 

connection materials.  

Iwahara et al. found that zirconates (zirconia, Zr) and alkaline earth cerates 



(cerium, Ce) such as barium cerium oxide (BaCeO3), strontium zirconium oxide 

(SrZrO3) and strontium cerium oxide (SrCeO3) possessed high protonic conductivity in 

hydrogen environment at high temperatures in the early 1980s. 70 Up to now, there are 

four main groups of perovskite-structured oxides used for H-SOEC, including simple 

perovskite structure proton conductor (cerium-based perovskite structure electrolyte, 

Zr-based perovskite structure electrolyte), single-doped zirconate–cerate-based proton 

conductor (BaCexZr1-xO3-based electrolyte), composite perovskite structure electrolyte 

and hybrid-doped zirconate–cerate-based proton conductor. Among them, 

Ba(Zr0.1Ce0.7Y0.2)O3 (BZCY), 71 BaCe0.5Zr0.3Y0.16Zn0.04O3-δ (BCZYZ) 72 etc exhibit 

excellent and high proton conductivity. However, these oxides still face challenges in a 

H2O or CO2 containing atmosphere at typical operating temperature. Recently, a hybrid 

ion conductor BaZr0.1Ce0.7Y0.2–xYbxO3-δ have been recognized suitable for H-SOEC 

due to their high conductivity and stability towards H2O and CO2. 73-75 Current research 

work is mainly focused on improving cell performance and exploring new proton 

conductor materials. However, there is still a large gap between the overall performance 

of the cell and the actual application requirements, and there is still huge room for future 

research in this area. 

Whether it is O-SSOEC or H-SSOEC, the electrochemical performance of SSOEC 

is still worse than that of traditional anode-supported SOEC so far. A main reason is 

that the cell structure is supported by thick electrolyte (usually >300 μm). Therefore, 

there is still a lot of work to do for improving cell performance about electrolyte. 

 



Electrode 

Symmetrical SOEC use the same electrode material as the anode and cathode, 

which put more stringent requirements on the material. The material must meet the 

requirements of the anode material and also meet the requirements of the cathode 

material: 47 

a. High electronic and ionic conductivity; 

b. High catalytic activity. The material must not only have good catalytic 

performance for H2O or CO2 reduction reaction (HER, CO2RR), but also has good 

catalytic activity for oxygen evolution reaction (OER); 

c. High stability and compatibility. The material should have high stability (structural 

stability, phase stability, thermodynamic stability and chemical stability) both in 

oxidizing and reducing atmosphere. The material should have good stability towards 

H2O and CO2. It should also provide chemical and thermal compatibility with 

electrolyte and connectors. Besides, sufficient porosity for the transfer of fuel and 

specific surface area to provide enough active site for electro catalytic reaction are also 

important; 

d. Easy to manufacture and low cost. 

In existing electrode materials, neither cathode materials nor anode materials can 

meet the requirements of symmetric electrode materials. Therefore, methods as 

changing the composition and microstructure of the electrode material, and adding new 

materials to prepare the composite electrode are adopted in order to meet the 

requirements of the symmetric electrode material. According to the structure of the 



electrode material, it is divided into four categories, including simple perovskite (SP), 

double perovskite (DP), spinel oxide and other oxides as shown in the Figure. 5 below.  

 

Figure 5. The main kinds of oxides of electrode for SSOEC. 

Simple perovskite oxide (SP) 

The simple perovskite oxide with the general formula ABO3 is defined as an oxide 

with the same crystal structure as CaTiO3. In general, rare earth ions with the large 

radius occupy the A-site that are 12-fold coordinated with oxygen ions, while the B-site 

is occupied by 6-fold coordinated transition metal ions. 76 One characteristic of 

perovskite is that it can accommodate multiple A- and B-site cations. A variety of 

perovskite materials can be derived by doping or partial substitution at the A or B 

position. By adjusting the type and content of the A and B elements, the material 



properties can be effectively adjusted, including redox stability, electrical conductivity, 

catalytic activity, etc., to meet specific application requirements. 77 In this case, 

perovskite materials have huge application prospects in photocatalysis, electrocatalysis, 

piezoelectric materials, thermoelectric materials and many other fields. 12, 78-79  

Symmetrical electrode materials are first studied on the basis of connector 

materials. The LaCrO3 based connector material with perovskite structure has good 

physical and chemical stability under different oxygen partial pressure and high 

electronic conductivity under oxidizing atmosphere. However, electronic conductivity 

of this connector material in a reducing atmosphere, as well as the catalytic activity of 

the material for hydrogen and oxygen, cannot satisfy the requirements. 77-79 In order to 

make the connector material meet the requirements as a symmetric electrode material, 

from the direction of changing the electrode material structure, the researchers 

conducted the following research. La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM) were discovered 

by Tao et al. And used as SOFC anode materials to replace traditional Ni-YSZ anodes. 

80 They revealed that the LSCM material is a mixed ionic and electronic conductivity 

(MIEC). The conductivity in air at 900 °C is 38.6 S·cm-1, and the conductivity in 

5%H2/N2 is 1.49 S·cm-1. 81 Most importantly, LSCM has good redox stability, resistance 

to sulfur poisoning and carbon deposition. In addition, LSCM materials are structurally 

stable under high temperature conditions and have excellent chemical compatibility 

with YSZ. Therefore, this redox-reversible oxide was used as an electrode for SSOECs. 

59 LSCM electrode shows excellent performance with high current for activation both 

in air and CO2. Reduction of LSCM is the main process of low voltage during 



electrolysis while reduction of CO2 is the main process of high voltage. However, 

insufficient electrocatalytic activity of the LSCM still limits the cell performances and 

current efficiency. In order to improve the cell performances, the SSOECs based on 

LSCM loaded with 2 wt.% Fe2O3 was demonstrated. 82 The loading of nano catalysts 

considerably enhances the electrode performance and the current efficiency of CO2 

electrolysis was accordingly enhanced by approximately 75% for the impregnated 

LSCM-based electrode at 800 °C. Scandium is doped into LSCM 

(La0.25Sr0.75Cr0.5Mn0.4Sc0.1O3-δ) to enhance the performance of the composite cathode. 

[83] Faradic efficiency is accordingly enhanced by 20% and 50% compared with the 

electrolysis cell with LSCM cathode for high temperature steam electrolysis. In 

addition, LSCM based SSOECs is also used for steam/CO2 co-electrolysis. 84 They can 

achieve the maximum density currents of 750 mA·cm-2 and 620 mA·cm-2 at 1.7 V for 

pure H2O and for co H2O-CO2 electrolysis with ratios of 1:1, respectively. Generally, 

the electrical conductivity of the electrode should be at least 1 S·cm-1 to reduce its 

ohmic loss. While LSCM is a p-type conductor, the concentration of charge carriers in 

LSCM will decrease because of the formation of oxygen vacancies at low pO2. In 

addition, under high electrolytic voltage, LSCM has the potential of phase change or 

even to decomposition. 85 

Fe-based perovskite materials have good ion-electron conductivity and excellent 

electrocatalytic performance. It has a lower coefficient of thermal expansion as 

compared to co-based perovskite materials and has better structural stability. 86-88 

Therefore, Fe-based perovskite materials are promising as electrodes of SSOEC. 



La0.6Sr0.4Co0.2Fe0.8O3 (LSCF), a commonly used SOEC anode material, also applied as 

an electrode for SSOEC. Their performance in high temperature H2O electrolysis 

performance was investigated. 89 The over-potential of the LSCF-GDC cathode was 

found to have decreased significantly at a given current. Infiltration of GDC 

nanoparticles in LSCF electrode has improved the performance of SSOECs in CO2 

electroreduction, 90 whereas10 wt.% GDC nanoparticle infiltration of the LSCF 

(10GDC/LSCF) electrode results in the highest performance. Mojie Cheng et al. 

reported a cell infiltrated with LSCF-GDC composite on YSZ scaffold as cathode and 

anode for CO2 electrolysis, 91 the cell obtains a current density of 1.01 A·cm-2 at 1.4 V 

and 800 °C, along with an CO production rate of 6.95 mL·min-1·cm-2 and Faraday 

efficiency of 98.8%. Moreover, they observed CO2 electrolysis on LSCF-GDC cathode 

passes through two charge transfer reactions, in which the second charge transfer 

reaction from the intermediate carbonate reduction to CO is the key rate-determining 

step. Palladium (Pd) doped LSCF (LSCF-Pd) is a potential electrode of SSOEC. 

Current densities of more than 360 mA cm-2 were obtained at 800°C in electrolyte-

supported tubular cells with high CO2 and H2O conversion to syngas. 92 However, the 

stability of LSCF electrode materials in different working station has not been studied. 

In fact, LSCF can't maintain its structure in redox atmosphere. Therefore, the strategy 

of doping high-valence ions to stabilize LSCF has been studied. Co-electrolysis of H2O-

CO2 in a SOEC with symmetrical La0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ (LSCFN) electrode has 

also been studied. 93 The current density can reach up to 0.638 A·cm−2 @1.3 V and 

850 °C with the composition of 75% CO2-15% H2O-10% H2 and the cell demonstrates 



excellent stability. Zhibin Yang et al investigated LSCFN perovskite oxide as electrode 

materials for SSOEC for CO2 electrolysis with high current density and a low 

polarization resistance. 94 Owing to the reverse water gas shift reaction, cell 

performance of CO2 electrolysis with H2 as carrier gas is better than that with CO as 

carrier gas. However, the cobalt-containing oxides have a greater thermal expansion 

coefficient (TEC) than the YSZ electrolyte, which induces severe thermal stresses 

between the electrode and electrolyte, thereby weakening the charge exchange and 

mass transfer process. 95-96 Besides that, the Co element can become volatile at high-

temperature sintering, and Co is quite expensive. Hence, the development of cobalt-

free electrodes is an essential requirement. 

Co-free La0.3Sr0.7Fe0.7Ti0.3O3 (LSFT) perovskite oxide is investigated as both 

anode and cathode materials in a SSOEC for direct electrolysis of pure CO2 at 800 °C. 

97 At an applied voltage of 2.0 V, the current density is 521 mA cm-2. The symmetrical 

SOEC’s lowest polarization resistance (Rp) is obtained at 2.0 V with a value as low as 

0.08 cm2. LSFT cathode also shows excellent durability in pure CO2 electrolysis, 

particularly at high voltage of 2.0 V. The conventional electrode La0.8Sr0.2MnO3-δ (LSM) 

was also used as an electrode of SSOEC for electrolysis CO2 but resulted in 

unsatisfactory performance. 98 

In our group, we are dedicated to the study of stable and excellent performance of 

ceramic oxide as electrodes for symmetrical cell. The SSOEC with a 

La0.6Sr0.4Fe0.8Ni0.2O3-δ (LSFN)-GDC/GDC/YSZ/GDC/LSFN-GDC configuration was 

assessed for electrochemical performance in pure CO2 electrolysis. 99 It is determined 



that the current density is 1.03 A·cm-2 and the Rp is as low as 0.12 Ω·cm2 at 800 °C 

with the voltage of 2.0 V as shown in Figure. 6. CO formation rates can reach 6.35 mL 

min-1 cm-2 at voltages of 2.0 V at 800 °C, corresponding to high Faraday efficiency over 

90%. Furthermore, the SSOEC also displayed high stability in the long-term CO2 

electrolysis test. The result confirms the proposed novel LSFN as a potential electrode 

material for pure CO2 electrolysis in SSOECs. Although the LSFN symmetric cell has 

achieved good electrochemical performance, longer time operation should be carried 

out to confirm the reliability of LSFN materials in the future work.  

 

Figure 6. I-V curves of the LSFN symmetrical SOEC for pure CO2 electrolysis at 

800 °C and 850 °C (A); EIS of symmetrical SOEC under different voltages (1.2~2.0 V) 

for pure CO2 electrolysis (B); Electrochemical performances of the symmetrical SOEC 

at 800 °C. (C) potential static tests for CO2 electrolysis at different applied voltages. (D) 

production rates of the CO; (E) Faradic efficiency of CO2 electrolysis at different 

applied voltages and (F) short-term durability test for pure CO2 electrolysis at 1.5 V. 99 

Copyright 2018, The Journal of The Electrochemical Society. 



In order to enhance the performance LSFN electrode, we evaluated a novel quasi-

symmetrical SOEC with reduced La0.6Sr0.4Fe0.8Ni0.2O3-δ (R-LSFN) as cathode and 

LSFN as anode for pure CO2 electrolysis 100. After reduction, Ni-Fe alloy nanoparticles 

are in-situ exsolved and oxygen vacancies are formed in LSFN lattices at the same time 

as shown in Figure. 7 (A). The size of the nanoparticles is about 30 nm and it is tightly 

bound to the perovskite matrix. Compared to the LSFN symmetrical cell, the quasi-

symmetrical cell with R-LSFN cathode shows current density of (1.42A/cm2 vs 1.25 

A/cm2) at the applied voltage of 2.0 V under 850 °C for CO2 electrolysis, has lower 

polarization resistance (0.06 Ω·cm2 vs 0.09 Ω·cm2), higher Faraday efficiency (98% vs 

94%) and better long-term stability at 850 °C as shown in Figure. 7 (B). The 

enhancement mechanism is also discussed, which is due to the synergistic effect of the 

in-situ exsolved Ni-Fe nanoparticles and oxygen vacancies. The results suggest that the 

quasi-symmetrical SOEC with R-LSFN cathode demonstrate promising application for 

CO2 electrolysis. It provides a new door to improve the performance of SSOEC by 

reducing the electrode on one side with this novel quasi-symmetrical structure. 

 

Figure 7. The morphology of LSFN and R-LSFN (A): the SEM images of LSFN (a) 



and R-LSFN electrode (b), the EDS mapping of R-LSFN (c) and line scanning of R-

LSFN (d); The electrochemical performance of R-LSFN quasi-symmetrical SOEC for 

CO2 electrolysis: Polarization resistance of SSOEC under different voltage (a); short-

term performance of CO2 electrolysis at various voltage with LSFN cathode and R-

LSFN cathode (b); the rate of CO production and Faraday efficiency at 850 °C (c) and 

long-term test of the R-LSFN cathode at 800 °C (d). 100 Copyright 2019, The 

ELSEVIER. 

In addition, we also study the perovskite oxide La0.6Sr0.4Fe0.9Mn0.1O3-δ (LSFM) as 

the electrode for direct high-temperature electrolysis of pure CO2 in a SSOECs. 101 The 

results confirm that LSFM as an excellent electrode material in a symmetrical SOEC 

for pure CO2 electrolysis. However, segregation of the Sr element on the electrode 

surface, which radically deteriorate the electrode performance. When Sr-contained 

perovskite oxides are used as SOEC cathode for CO2 electrolysis, they have a tendency 

to form the SrCO3 layer on the electrode surface, causing the irreversible cell 

performance degradation. 102-104 Similar performance degradation was noticed in our 

previous work, and one possible reason is that the Sr reacted with CO2 to form SrCO3 

at the surface. In order to avoid the deleterious carbonate phase, Sr-free perovskite 

oxide La0.6Ca0.4Fe0.8Ni0.2O3-δ (LCaFN) were developed and investigated as an electrode 

of SSOEC as shown in Figure. 8. 105 The polarization resistance of LCaFN in air and 

CO2 are both lower than that of LSFN. For pure CO2 electrolysis, LCaFN symmetrical 

cell achieves a maximum electrolysis current density of 1.41 A·cm-2 at 800 °C under 

2.0 V, and this value is larger than LCaFN asymmetrical cell (1.37 A·cm-2) and LSFN 



symmetrical cell (1.08 A·cm-2). Moreover, the polarization resistance of SSOEC is only 

0.04 Ω·cm2 and the cell has a high Faraday efficiency as shown in Figure. 8 (A). 

Moreover, the LCaFN electrode shows good stability and can be recovered after a 

period of operation through simple air treatment whether it is a long-time interval or a 

short time interval, as shown in Figure. 8 (B), indicating this material possesses the 

self-recovery ability. In fact, Ca in LCaFN lattice will inevitably diffuse to the surface 

under long-term high temperature operating conditions. On the one hand, CaO is a good 

idea to the adsorption of CO2. On the other hand, due to the lower decomposition 

temperature of CaCO3 (825 °C), the electrode can be refreshed to the original state in 

the air because the CaCO3 can be decomposed. Unfortunately, for LSFN cathode, once 

SrO reacts with CO2 to form SrCO3, it is very difficult to decompose the stable SrCO3 

due to their higher decomposition temperature (1200 °C). Therefore, SrCO3 will 

continue to grow and deposits on the surface and reduces electrochemical active sites, 

leading to irreversible performance degradation. This work proves that doping Ca at A 

site is beneficial for CO2 electrolysis.  



 

Figure 8. The electrochemical performance of three cells (A):Rp of LCaFN and LSFN 

electrode under air and CO2 atmosphere (a), I-V curves of LCaFN symmetrical cell, 

LCaFN asymmetrical cell and LSFN symmetrical cell for pure CO2 electrolysis (b), 

EIS of three cells (c), Rp and Faraday efficiency of three cells at applied voltage of 2.0 

V at 800 °C (d), the schematic diagrams of the self-recovery of LCaFN electrode in 

CO2 electrolysis at 800 °C; The self-recovery performance of LCaFN cells (B): The 

cyclic test (short time interval 1 h) (a), 40 h durability test(b), the cyclic test (long time 

interval 10 h) and resistance of the LCaFN symmetrical cell (c, d), the cyclic test (long 

time interval 10 h) and resistance of LSFN symmetrical cell (e, f). 105 Copyright 2019, 

The Royal Society of Chemistry. 

Double perovskite oxide (DP) 

Double perovskite oxides (DP) with a formula of AA'B2O6 (where A are rare-earth 

metals, A' are alkali or alkaline earth metals and B are a transition metals) possess 

superior mixed ionic conductivities and high oxygen surface exchange coefficient due 

to their special crystal structure, showing a [AO]–[BO]–[A'O]–[BO]–stacking 



sequence. The oxygen vacancies are primarily located in the [AO] planes. Excellent 

cell performance has been achieved by using these materials. 106-108 This type of material 

has high ionic conductivity, oxygen diffusion coefficient, and oxygen surface 

conversion coefficient compared to traditional perovskite cathode materials; it is also 

possible to dope different elements to tune the electronic conductivity and TEC. A novel 

type of perovskite electrode material SrFe1-xMoxO3 has widely grabbed the attention as 

it has high electronic conductivity and good redox stability in both air and fuel 

atmospheres, which aptly fits the requirements of a symmetric electrode material. For 

the first time in SSOECs, perovskite oxide Sr2Fe1.5Mo0.5O6-δ (SFM) was considered to 

be both anode and cathode for hydrogen production. 19 At 900 °C, with an electrolysis 

voltage of 1.3 V and 60 vol % AH, an electrolysis current of 0.88 A cm-2 and a hydrogen 

production rate up to 380 mL cm-2 h-1 can be achieved. The cell also demonstrated good 

stability in the long-term H2O electrolysis test. SFM performance has proven to be a 

promising alternative electrode of SSOEC for H2O/CO2 co-electrolysis process. 109 The 

cell shows a current density of 0.734 A·cm-2 at 850 °C. Syngas with CO2 conversion 

rate of 0.58 and H2 to CO ratio of 2 has been achieved by adjusting the inlet gas fraction. 

A novel SSOEC was prepared by a facile tape-casting and infiltration method. 110 It can 

achieve a current density of 1.24 A·cm-2, which could be related to the significantly 

extended active sites resulting from novel architecture with infiltrated SFM nano-

networks. This strategy seems to be a promising approach to produce unique 

architecture with SSOECs. Furthermore, in situ grown Fe-ceramic composite cathode 

after reduced can augment triple-phase boundaries (TPB) for the H2O/CO2 co-



electrolysis process. 111 Thus 10% Fe has been doped in the B-site of Sr2Fe1.6Mo0.5O6-δ. 

At 1.6 V and 850 °C, the current density achieves 1.27 A·cm-2 using the 

Sr2Fe1.6Mo0.5O6-δ-SDC/LSGM/SFM-SDC configuration of solid oxide cells. The 

highest current efficiency of ~91% is attained at 1.3 V. The cell shows highly stable 

performance even after 100 h operations. SFM electrodes are deposited on both sides 

of the GDC coated YbScSZ tapes. 112 In addition to SFM, another double perovskite 

(PrBa)0.95(Fe0.9Mo0.1)2O5+δ (PBFM) as electrode materials was studied for high-

performance SSOECs. 113 At 800 °C, the PBFM/LSGM/PBFM-configured SOEC 

exhibits a relatively high current density of 510 mA cm-2 at 1.3 V. 

Apart from the A-site ordering double perovskite, B-site ordering double 

perovskite like Sr2Ti0.8Co0.2FeO6 (STC02F) was also fabricated as symmetrical 

electrode for SOFC and SOEC. 114 STC02F is capable of exsolving Co-Fe alloy 

nanoparticles in reducing conditions and ensures perovskites structural stability. 

STC02F based symmetric solid oxide cell exhibited exceptional performance in various 

fuel and co-electrolysis H2O/CO2. Moreover, STC02F symmetrical electrode operating 

in SOFC and SOEC model shows satisfying electrochemical stability. 

However, only the aforementioned double perovskite oxides are used for the 

electrodes of SSOECs so far, compared with the simple perovskite oxides electrode, the 

research on double perovskite oxides electrode is still relatively minor. However, the 

double perovskite oxides such as PrBa0.8Ca0.2Co2O5+δ (PBCC), 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF), SmBa0.5Sr0.5Co2O5+δ (SBSC) have been widely 

used in the cathode and anode of SOCs. 115-117 In the future research, we can learn from 



the research strategy of single perovskite oxide, through doping, coating modification, 

exsolution or other technical means to further improve the electrocatalytic performance 

and stability of double perovskite materials. 

Spinel oxide 

Spinel oxides with the composition AB2O4 (where A and B are metal ions) have 

formed a very large family and may contain one or more metal elements. Almost all of 

the main group and transition metal can exist in the spinel phase. Spinel oxides have 

shown intrinsic magnetic, 118 optical, 119 electrical 120 and catalytic properties 121 owing 

to their variable compositions, electron configurations and valence states. A spinel 

oxide MnCo2O4 electrode-based SSOEC is studied for pure CO2 electrolysis. 122 The 

electrode is prepared by the impregnation method; the cell attained a current density of 

0.75 A cm-2 with 1.5 V at 800 °C. Also, the MnCo2O4 electrodes exhibited excellent 

stability when operated for more than 80 h during pure CO2 electrolysis. Another 

electrode with Ni(Mn1/3Cr2/3)2O4 (NMC) spinel oxides composite GDC are also 

adopted for SSOCs and their applicability are demonstrated successfully in both SOFC 

and SOEC modes. 123 NMC can be decomposed to Ni and other spinel oxide under H2 

or CO, but it would quickly recuperate to NMC in air or pure CO2 atmosphere. 

Moreover, NMC–GDC composite electrodes display a high redox resistance and rapid 

recovery. This is mainly due to the significant difference in Gibbs free energy of NMC 

in reducing and oxidizing atmospheres as shown in Figure. 9 (A). Faradaic efficiency 

of over 96% at 700–850 °C and the electrolysis current density of 2320 mA·cm-2 at 

850 °C can be achieved in SOEC mode as shown in Figure. 9 (B). Furthermore, it is 



worth noting that the voltage decreased from 1.507 V to 1.407 V during the stability 

test as shown in Figure. 9 (D). The reason may be the nickel exsolved in a reduction 

atmosphere. In addition, the NMCs has the multi-functionality due to the abundant 

transition metal element centered octahedra. The results indicated that NMC shows 

outstanding redox resistance and running stable. This work is anticipated to play a 

pivotal role in the future exploration of novel and stable spinel oxide electrodes for 

solid oxide cells. Because we usually think that spinel oxide is unstable under high 

temperature conditions. In fact, developing electrode materials with both well 

electrochemical performance and good stability is the research hotspots, but the most 

effective way is to get a delicate balance between them. 

 



Figure 9. The XRD results of NMC synthesized at different temperatures and processed 

in different atmospheres (A), I-V curves of the symmetrical cell (NMC–

GDC/YSZ/NMC–GDC) fueled with pure CO2 in the cathode at 650–850 °C (B), The 

faradaic efficiencies of the symmetrical cell at different applied voltages and 

temperatures (C), The V–t curves of the symmetrical cell at an electrolysis current 

density of 0.8 A·cm-2 at 800 °C (D). 123 Copyright 2020, The Royal Society of 

Chemistry. 

Not only in the field of symmetrical electrolysis cells, even in the field of solid 

oxide cells, there are relatively few studies on spinel oxides so far. The main reason is 

that most of the spinel oxides are structurally unstable at high temperature and in a 

reducing atmosphere. In the future research, we think the electrocatalytic activity and 

stability of spinel oxides can be furthermore improved by constructing a core-shell 

structure through drawing on existing electrode research. In our group, La2NiO4-δ 

coated PBSCF composite cathode with core-shell structure was prepared and used as 

the cathode of SOFC, which can improve the stability and electrocatalytic activity of 

the electrode. 124 In addition, La0.8Sr0.2MnO3-δ coated Ba0.5Sr0.5Co0.8Fe0.2O3-δ was also 

investigated with the same core-shell structure. 125 Therefore, core-shell structure can 

improve the stability of electrodes. 

Reversible symmetrical solid oxide electrolysis cells 

Reversible solid oxide electrolysis cells (RSOECs) have been favored for their 

high efficiency and ecological compatibility. 126-128 They can convert the fuels (H2, CO, 

CH4 et al) chemical energy into clean electric energy in the fuel cell mode, or use the 



non-continuous clean energy (wind, solar, tidal energy, etc.) to electrolyze H2O or CO2 

in the electrolysis mode for energy storage. In general, SSOEC can both work in SOFC 

mode for power output, and it also can work in SOEC mode for energy storage. 

Reversible symmetrical solid oxide electrolysis cell (RSSOECs) has drawn significant 

attention for energy conversion and storage. GDC-infiltrated La0.3Ca0.7Fe0.7Cr0.3O3-δ 

(LCFC) symmetrical electrodes were first studied for reversible SSOECs. 129 It has 

achieved admirable activity towards the oxygen reduction and oxygen evolution 

reactions. Similar electrode La0.3Sr0.7Fe0.7Cr0.3O3-δ (LSFCr-3) was studied using the 3-

electrode half-cell configuration in a different atmosphere. The results indicated that 

the oxygen reduction being slightly worse than that of oxygen evolution, and CO2 

reduction more active than CO oxidation. 130 LSFCr/GDC/YSZ/GDC/LSFCr cells 

make a highly effective and stable towards CO2 electrolysis (SOEC mode) and the 

oxidation of CO (SOFC mode). Moreover, cell performance during the electrolysis of 

CO2 is higher than for the oxidation of CO. 131 

In order to improve material processing and cell manufacturing methods in 

RSSOECs. Viola Birss et al. first reported the fabrication of a SSOEC based on LCFC 

using rapid, low-cost, low-energy, and green microwave processing techniques. [132] In 

addition, highly active ceramic symmetrical electrode La0.3Sr0.7Ti0.3Fe0.7O3-δ-CeO2 for 

RSSOECs has been studied. A well-deposited microstructure is observed in the 

infiltrated electrode. Maximum current density of 1.90 A·cm-2 at 2.0 V can be obtained 

from the I–V curves, at CO: CO2 ratio of 1: 1 for CO2 electrolysis at 850 °C, whereas 

the corresponding power density is 357 mW·cm-2 in SOFC mode under the similar 



operating conditions. 60 Co-free La0.5Sr0.5Fe0.9Nb0.1O3-δ (LSFNb) was synthesized and 

used as an electrode of RSSOC. 133 The maximum power density can be achieved 1.157 

W·cm-2 at 850 °C in SOFC mode, while the electrolysis current density is 1.46 A·cm-2 

at 1.3 V in SOEC mode. In addition, the H2 and CO production rates are 2.19 and 2.77 

mL·min-1·cm-2 with nearly 100% Faradaic efficiency for H2O/CO2 Co-electrolysis at 

800 °C. Moreover, the symmetric cell displays good stability under CO2-H2O co-

electrolysis. Both these results indicate that LSFNb symmetrical cell has promising 

application prospect for H2O/CO2 co-electrolysis as well as for regenerative fuel cells. 

To achieve a high-performance cell, Guntae Kim et al. designed a ‘self-transforming 

cell’ with the asymmetric configuration using only single type materials, one based on 

atmospheric adaptive materials. 134 Atmospheric adaptive perovskite oxide 

Pr0.5Ba0.5Mn0.85Co0.15O3-δ (PBMCo) was used as self-transforming cell electrodes, 

which in the fuel atmosphere changed into layered perovskite and metal, and retained 

its original structure in the air atmosphere as shown in Figure. 10. In SOFC mode, the 

self-transforming cell displays excellent electrochemical performance of 1.10 W·cm-2 

at 800 °C and good stability for 100 h without any catalysts. In SOEC mode, moderate 

current densities of 0.42 A·cm-2 for 3 vol.% H2O and 0.62 A·cm-2 for 10 vol.% H2O, 

respectively, were observed at a cell voltage of 1.3V at 800 °C. The transforming cell 

maintains the constant voltages for 30 h in the reversible cycling test at +/− 0.2 A·cm-2 

and 10 vol. % H2O. The “self-transforming cell” is similar to the concept of quasi-

symmetrical cell we mentioned earlier. It can be concluded that the quasi-symmetric 

cell can effectively improve the electrochemical performance of the cell. 



 

Figure 10. (A) Voltage-current density and corresponding power density curves of the 

transforming cell at 800, 750, 700 °C using humidified H2 (3% H2O). (B) Voltage-

current density curves of the transforming cell at 800 °C under electrolysis mode with 

3% and 10% H2O containing H2 safe gas. (C) Long-term stability of the transforming 

cell at 700 °C with current density of -0.2 A·cm-2. (D) The reversible cycling result 

performed at -0.2A·cm-2 (electrolysis mode) and at 0.2 A·cm-2 (fuel cell mode) and the 

long term test of SOFC (E). 134 Copyright 2018, The Nature. 

A nominated Sr2Fe1.5Mo0.5O6-δ (SFM) is deposited onto porous YSZ backbone via 

an infiltration process. 135 In SOFC mode, the two corresponding cells exhibit good 

performance with maximum power densities of 0.218 and 0.265 W·cm-2, respectively. 

In SOEC mode, the current densities are 0.573 and 0.618 A·cm-2 when 1.5 V is 



implemented. Applying SFM-GDC symmetrical electrode, the 300 μm-thick YSZ 

electrolyte-supported RSOECs with GDC buffer layers show acceptance 

electrochemical performance and can seamlessly switch between power generation and 

electrolysis modes with no obvious degradation after 20 h of short-term stability test 

working under humidified (3%H2O) H2 and 3%H2O-air atmospheres, respectively. [136] 

Cu-based cermet suitable for electrodes in RSSOECs based on the GDC electrolyte 

were developed. 137 The high stability, reversibility, catalytic activity and 

electrochemical performance make these electrodes promising for RSSOECs. A-site 

deficient (La0.8Sr0.2)0.9Sc0.2Mn0.8-xRuxO3-δ can serve simultaneously as an air electrode 

and a fuel electrode in RSSOECs. 138 Ru nanoparticle catalysts are exsolved on the 

surface of (La0.8Sr0.2)0.9Sc0.2Mn0.8-xRuxO3-δ in the reducing atmospheres. Ru-doing 

significantly enhances the electrochemical activity of both the air electrode and the fuel 

electrode. In SOFC mode, the maximum power density of the symmetrical single cell 

reaches 0.318 W·cm-2 at 800 °C. In SOEC mode, the electrolysis current density is 

0.536 A·cm-2 at 750 °C at an applied voltage of 1.5 V at 50% H2O/H2.  

We have summarized the electrode that have been used in SSOEC for H2O 

electrolysis, CO2 electrolysis or Co-electrolysis as shown in Table 2. We found the Fe 

based perovskite oxides and double perovskite oxides displayed exciting electrolysis 

current density. Moreover, infiltration and in-situ exsolution method also can improve 

the electrochemical performance of the electrode.  

 

 



Table 2 The summarized performance of SSOEC with different electrodes. 

Electrode 
Electrolyt

e 

Think

ness 
Test Current Rp Rp@ 

Ref 
(μm) conditions density (Ω·cm2) Air 

  (A/cm2)   

La0.75Sr0.25Cr0.5Mn0.5O3-SDC YSZ 2000 800@CO2 0.018@2.0V 2@2.0V 0.325 59 

La0.3Sr0.7Ti0.3Fe0.7O3-δ-CeO2 SSZ 70 850@CO/CO250:50 1.90@2.0V 0.28@OCV 

 60 

LSCrM-SDC-Fe2O3 YSZ 2000 800@CO2 0.38@2.0V 0.6@2.0V 0.35 82 

La0.25Sr0.75Cr0.5Mn0.4Sc0.1O3-δ YSZ 2000 700@ 5H2O 0.075@2.0V 6.5@1.8V 2.4 83 

La0.75Sr0.25Cr0.5Mn0.5O3-δ YbScSZ 165 850@H2O/CO2 0.62@1.7V   84 

La0.6Sr0.4Co0.2Fe0.8O3-GDC SSZ 200 800@H2O/CO2 0.36@1.6V   89 

La0.6Sr0.4Co0.2Fe0.8O3‐δ-

GDC(impregnation) 
YSZ 300 800@CO2 0.555@1.6V 0.225@1.6V  90 

La0.6Sr0.4Co0.2Fe0.8O3‐δ-

GDC(impregnation) 
YSZ 150 800@CO2/CO 1.01@1.4V 0.45@1.4V  91 

Pd-La0.6Sr0.4Co0.2Fe0.8O3-δ YSZ 800 800@CO2 0.3@1.6V 1.12@1.6V 
0.07@1

.6V 
92 

La0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ YSZ 500 850@75CO2/15H2O 0.638@1.3V 0.42@OCV  93 

La0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ YSZ 200 800@CO2 0.442@1.5V 0.68@OCV  94 

La0.3Sr0.7Fe0.7Ti0.3O3 YSZ 700 800@CO2 0.521@2.0V 0.08@2.0V  95 

La0.8Sr0.2MnO3-δ YSZ 700 750@CO2/H2=92/8 0.28@2.5V 17.2@OCV  98 

La0.6Sr0.4Fe0.8Ni0.2O3-δ-GDC YSZ 400 850@CO2 1.52@2.0V 0.12@2.0V 0.025 99 

Fe-Ni-La0.6Sr0.4Fe0.8Ni0.2O3-δ YSZ 300 850@CO2 1.42@2.0V 0.06@2.0V  100 

La0.6Sr0.4Fe0.9Mn0.1O3-δ YSZ 200 800@CO2 1.107@2.0V 0.068@2.0V 0.24 101 

La0.6Ca0.4Fe0.8Ni0.2O3-δ YSZ 300 800@CO2 1.41@2.0V 0.04@2.0V 0.03 105 

Sr2Fe1.5Mo0.5O6-SDC LSGM 502 850@H2O/CO2 0.734@1.3V 0.48@OCV  109 

Sr2FeMoO6(impregnation) LSGM 15 800@CO2 1.24@1.5V 
0.226@OC

V 
0.064 110 

Sr2Fe1.6Mo0.5O6-δ-SDC LSGM 300 850@H2O/CO2=1/1 1.27@1.6V 0.29@1.3V  111 

Sr2Fe1.5Mo0.5O6-δ 6Yb4ScSZ 280 900@90H2O/10Ar 1.4@1.3V 0.13@OCV 0.15 112 

(PrBa)0.95(Fe0.9Mo0.1)2O5+δ LSGM 450 800@3H2O/97H2 0.51@1.3V 1.5@OCV  113 

Sr2Ti1–xCoxFeO6 LSGM 270 800@50H2O/50H2 0.46@1.3V 0.124  114 

Ni(Mn1/3Cr2/3)2O4-GDC 

La0.3Sr0.7Fe0.7Cr0.3O3–δ 

La0.5Sr0.5Fe0.9Nb0.1O3-δ 

YSZ 

YSZ 

LSGM 

250 

300 

250 

800@CO2 

800@CO2/CO90:10 

850@H2O/CO22:8 

1.74@0.2V 

0.41@1.5V 

1.46@1.3V 

0.17@2.0V 

0.87@OCV 

0.09@1.3 V 

 

0.26 
 

123 

131 

133 

Pr0.5Ba0.5Mn0.85Co0.15O3-δ LSGM 300 800@10%H2O 0.62@1.3V 0.14@OCV 0.033 134 

Sr2Fe1.5Mo0.5O6(impregnation) YSZ 100 750@CO:CO250:50 0.618@1.5V 0.434@1.5V 0.064 135 

Sr2Fe1.5Mo0.5O6-δ-GDC YSZ 300 750@3%H2O 0.202@1.3V 0.53@OCV 

 136 

(La0.8Sr0.2)0.9Sc0.2Mn0.8-xRuxO3-δ SSZ 200 750@50H2O/50H2 0.536@1.5V  0.23 138 

 

Recent developments in H-SSOEC 

H-SOECs have gradually gained research attention in recent years, chiefly because 



of the unique merits of H-SOECs over O-SOECs, such as lower operation temperature 

(500–700 °C), lower activation energy of proton, and ease of gas separation. 55, 139-140 

Compared to O-SSOECs, H-SSOECs are significantly less prevalent in the literature 

and the development of H-SSOECs is still the preliminary phase.  

Kui Xie et al. reported a novel H-SSOEC with redox-stable LSCM electrode for 

the electrochemical conversion of CO2/H2O into syngas (CO/H2). 72 LSCM is 

impregnated with Ru catalyst to improve the electrode activity. Electrochemical 

measurements demonstrate that the CO2 is electrochemically reduced to syngas (CO/H2) 

with simultaneous H2O electrolysis. The loading of Ru catalyst promotes the 

electrochemical process with higher Faradic efficiency while induces a more 

competitive process of hydrogen evolution at 700 °C. electrolysis of H2O/CO2 in 

SSOEC with barium cerate-carbonate composite electrolyte was also studied. 141 The 

application of composite electrolytes promotes the transport of protons and directly 

leads to the production of H2, even CH4. To some extent, carbon resistance ensures the 

SSOEC operation at a lower bias potential of 0.5 V (vs OCV) applied. A redox-stable 

and carbon-tolerant LSCM as symmetric electrode with a hybrid-ion-conducting 

composite electrolyte achieves the fuel synthesis by CO2 reduction in H-SOEC. The 

cell fabricated on the basis of P–N–BCZD|BCZD|PBN–BCZD (where BCZD = 

BaCe0.5Zr0.3Dy0.2O3-δ, PBN = Pr1.9Ba0.1NiO4+δ, P = Pr2O3, N = Ni) is investigated at 

different temperatures and water vapor partial pressures (pH2O). 142 The SOEC mode 

of this cell is considered to be more appropriate than the SOFC mode in high humidified 

atmospheres, since its improved performance is determined by the ohmic resistance, 



which decreases with an increase in pH2O. Jun Zhou et al reported a highly active 

Ruddlesden-Popper oxide as a symmetrical electrode for RSOEC via in-situ exsolution 

strategy. 143 A simple reduction procedure can produce the Cu nanoparticle-decorated 

(LaSr)0.9Fe0.9Cu0.1O4 (LSFCu) oxide. The LSFCu shows a highly electrocatalytic 

activity toward ORR and HOR respectively as shown in Figure. 11 (A, B). In SOFC 

mode, the peak power densities are 0.573 W·cm-2 and 0.396 W·cm-2 at 800 °C using 

humidified H2 and CH4 as fuel, respectively as shown in Figure. 11 (C). Moreover, an 

exceedingly high current density of 1.02 A·cm-2 can be accomplished at 1.2 V in SOEC 

mode as shown in Figure.11 (D). This work demonstrates a novel strategy to converse 

various energies using H-SSOCs. BaCo0.4Fe0.4Zr0.1Y0.1O3 (BCFZY) perovskite oxide 

has been considered to be an outstanding electrode for H-SOC with achieving excellent 

electrochemical performance. 144-145 This material was also employed as an electrode of 

symmetrical H-SOFC for low temperature and high-performance application. 146 Quasi-

SSOFCs with 480 μm thick BZCY electrolyte and 25 μm thick electrode deliver a peak 

power density of 0.1148 and 0.0743 W cm-2 at 650 and 600 °C, respectively. 

Additionally, SSOFC also displays acceptable durability under constant voltage 

operational condition for 25 h. However, there is no reported research into its 

electrochemical performance in SOEC mode. Considering its superior electrolytic 

catalytic activity, it is worth investigating the electrochemical performance in SOEC 

mode.  



 

Figure 11. Electrochemical performance of LSFCu symmetrical electrode. (A) 

Impedance of LSFCu in air. (B) Impedance of LSFCu in 5% H2. (C) Cell voltages and 

power densities as a function of current density of LSFCu symmetrical electrode 

measured in FC mode using H2 and CH4 as fuels. (D) Cell voltages as a function of 

current density of LSFCu symmetrical electrode measured in EC mode under 53.2% 

H2O/46.8% N2. 143 Copyright 2020, The ELSEVIER. 

Fuel-assisted SSOECs and other applications based on SSOECs 

CH4 has been reported to assist the production of CO on CO2 electrolysis cells 

with a dramatically decreased electric input, called partial oxidation of methane. 147-148 

It can also be applied for the electrochemical conversion of methane to ethylene in a 

solid oxide electrolyzer. 149 Therefore, this method was also used in SSOEC. Vasileios 

Kyriakou et al. reported a low-substitution rhodium-titanate perovskite 



(La0.43Ca0.37Rh0.06Ti0.94O3) electrode for the process, capable of exsolving high Rh 

nanoparticle populations, and assembled in a SSOC configuration. 150 By introducing 

dry methane to the anode compartment, the demand for electricity is significantly 

reduced, even allowing syngas and electricity cogeneration. In order to provide further 

insight into the role of Rh nanoparticles in methane-to-syngas conversion, they adjusted 

their size and population by altering the reduction temperature of the perovskite. The 

results exemplify how the exsolution concept can be used to make efficient use of noble 

metal to activate low-reactivity greenhouse gas in challenging energy-related 

applications. Partial oxidation of methane (POM), combined with SOEC technology, 

gets a promising prospect from this perspective.  

As major air pollutants, nitrogen oxides (NOx) can cause numerous environmental 

problems such as photochemical smog, acid rain and ozone depletion. 151 NOx is also 

detrimental to human health, which can gravely destroy the respiratory system. 152 

Therefore, curbing NOx pollution has been a universal issue and various NOx removal 

technologies have been developed. 153-154 SSOEC with LSM/GDC electrode was 

adopted to electrochemical catalytic reduction of NO. 155 BaO and Pt were infiltrated to 

electrodes in order to further improve the catalytic activity. The results show that the 

cell has a certain catalytic activity for the electrochemical catalytic reduction of NOx 

with propylene. Pt infiltration promotes the selective reduction of NOx but BaO 

infiltration lowered the NO conversion due to the active sites on LSM are blocked. 

When a voltage was applied to the cell with BaO infiltration electrodes, the conversion 

of NO increases when there is no propylene and 10% O2 in the feed gas. In the BaO 



infiltration electrode, the addition of propylene did not increase the conversion rate of 

NO. When Pt is co- infiltrated with BaO, the catalytic activity to reduce NO is enhanced. 

However, when voltage was applied, almost no effect was found. In addition, when 

cells are infiltrated by Pt, the electrochemical promotion of CO2 production is observed. 

The symmetric cell using LSCM-SDC composite electrode was also designed to 

remove nitric oxide (NO). 156 The results show that adding an appropriate amount of 

SDC to the LSCM electrode can improve the cell performance due to the expansion of 

the three-phase boundary (TPB). The electrode with an SDC of 30 wt.% has the highest 

NO conversion rate of 69.2% at 750 °C, and the lowest polarization resistance at 1000 

ppm NO. Cathodic polarization activates the cathode due to the reduction of Cr/Mn 

ions, more surface oxygen vacancies and the exsolution of Cr metal. Cells have good 

tolerance to H2O, CO2 and SO2, but excess O2 shows a higher activity affinity than NO. 

The NO conversion decreased sharply when 5% O2 was introduced as shown in Figure 

12 (A). However, the introduction of 5% H2O even has a positive effect on the NO 

conversion as shown in Figure 12 (B). Adding 5%CO2 and 250 ppm SO2 has slighted 

influence on the NO conversion as shown in Figure 12 (C, D). Moreover, both current 

density and NO conversion increased by increasing voltage as shown in Figure 12 (E). 

Single cell stability and flexible working methods have also been demonstrated by 

alternating DC voltage of ± 2.4 V as shown in Figure 12 (F). The performance keeps 

stable and it indicates that the symmetrical cells had reversible redox properties. In 

addition, the mechanism of NO adsorption on the LSCM surface is clarified through 

density functional theory (DFT) calculations. 



 

Figure 12. Effects of (A) 5% O2, (B) 5% H2O, (C) 5% CO2 and (D) 250 ppm SO2 

additions on the NO conversions of LSCM-SDC30 under 2.4 V voltage in 1000 ppm 

NO at 750 °C. Current densities and NO conversions at (E) various voltages and (F) 

alternating DC voltages of ±2.4 V as the function of operating time. 156 Copyright 2020, 

The ELSEVIER. 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) powder was prepared by solid-state reaction 

method. A symmetric cell with SDC as electrolyte and BSCF as electrode was 

established as an electrochemical reactor for reducing NOx. In the electrochemical 

reduction process, NOx is reduced at the cathode and O2 is evolved at the anode. [157] 

In order to investigate the NOx reduction performance of the electrode, the impedance 

of the symmetric cell in different atmospheres was analyzed. In a symmetrical cell, two 

different conversion modes are used: dual-chamber and single-chamber. The results 

suggest that the double-chamber denitrification performance is better, while the single-



chamber structure is simple and has other advantages. The preliminary results of the 

stability of a single-chamber symmetrical cell indicate that BSCF is the most reliable 

for reducing nitric oxide in a symmetrical cell. In addition, symmetrical protonic 

ceramic cells are therefore suggested as hydrogen pumps. 158 Nanoporous Ni-cermet 

shows high levels of activity for H2 oxidation and evolution. Excellent H2 flux of 9.4–

15.8 mL·cm-2·min-1 is achieved at 350–500 °C. 

OUTLOOK 

It is important for SSOECs to analysis what actually hindered its development. 

The challenges and possible future research directions have been listed in Figure 13. It 

mainly including enhancing cell performance, solving cell degradation, clearing 

reaction mechanism and developing potential application. 

Enhancing performance 

Despite recent advancements, the SSOECs electrochemical performance is still 

lower than the traditional anode-supported SOEC. A main reason for this is due to the 

thick electrolyte supported (usually >300 μm) cell structure. Reducing the thickness of 

the electrolyte is an effective way to boost efficiency, but it cannot be too small as it 

makes the cell fragile. Another effective approach is to develop electrolyte materials 

with superior ionic conductivity such as Bi2O3 base electrolyte material. Bi2O3 in a 

fluorite structure (δ-Bi2O3) with the highest oxygen ionic conductivity due to a high 

concentration of oxygen vacancies (around 0.25) and a high anion mobility. 159 Er2O3, 

Dy2O3, Gd2O3, WO3 doped or Co doped Bi2O3 system were investigated which can 

display an oxygen ion conductivity of 0.1 S·cm−1 at 500 °C. 160-161 It is the highest 



conductivity values reported in this temperature regime. These types of materials have 

achieved excellent electrochemical efficiency, as the conventional SOFC electrolyte. 

[162] However, it has not yet been reported in the SSOEC field. It is, therefore, an 

electrolyte material of SSOEC with great potential for development. Furthermore, it 

should be noted that Bi2O3 is easy to decompose to metal Bi at low oxygen partial 

pressure which needs to be resolved in future research. 163  

To further enhance the SSOEC’s efficiency, an exceptional electrode material 

needs to be developed. Doping, infiltration, in-situ exsolved nanoparticles methods etc. 

can be used to enhance the electrocatalytic activity. Among them, in situ exsolution is 

a promising method. There are also studies on applying this method to SSOEC 

electrodes. Moreover, if the infiltration and in situ exsolution are combined, the 

exsolution of smaller metal particles on the surface of the nanoelectrode particles 

obtained by the infiltration method may further improve the performance of the 

electrode material. However, how to optimize the nanoparticle composition (metal 

element, alloy) and particle size is still a challenge. Besides, the nano-electrode particles 

have a tendency to agglomerate and grow up during the long-term operation. Therefore, 

the delicate balance between electrochemical performance and good stability needs to 

be further studied. The use of techniques that allow a precise control of the 

microstructure, e.g. using PMMA microspheres as template, can certainly lead to 

improving performance. 164 Moreover, composite optimization via the introduction of 

other additives or improved grading could also produce better results, and further 

research is much needed to increase cell efficacy. 



As mentioned earlier, SSOECs based on a ceramic proton conductor, or H-SSOEC, 

have remarkable advantages over SOECs based on an oxygen ion-conducting 

electrolyte (O-SOEC) for operation at low temperatures. However, relatively little 

research is being done on H-SSOEC, and additional efforts can be placed in future 

research to develop new electrodes for proton conductor cells. Double perovskite 

material has a high oxygen diffusion coefficient and oxygen surface conversion 

coefficient. Compared to the cathode material of simple perovskite structure, this kind 

of material exhibits superior thermal stability and thermal expansion coefficient. 

Moreover, these new cathode materials have high electronic conductivity and relatively 

low interface impedance. However, the time spent researching these materials is 

relatively short, and further research is necessary to improve the performance of these 

materials to a greater extent. 

In the first part of the electrode as we mentioned above, the connecting material 

can be applied as the SSOEC electrode. If we can improve the electrocatalytic activity 

of the connecting material through a series of modification methods such as doping, 

infiltration, in-situ exsolved nanoparticles methods etc. There are only two materials in 

the entire stack system (electrolyte and functional material). 165 Therefore, such a stack 

can greatly reduce manufacturing and design costs. In fact, tubular configuration cell 

does not have the sealing problem compared with the flat-plate configuration cell. 166-

167 But there is no report on the corresponding tubular symmetrical cell so far. Therefore, 

we should also pay more attention to the development of tubular symmetrical cell. 

Solving degradation  



At present, there are not many studies on the long-term stability of SSOECs. The 

lifetime of the SSOEC should be at least 40 000 h to maintain its competitiveness in the 

market, but most of the reported SSOECs only display lifetime of hundreds of hours 

with evident degradation rates. Significant degradation issues were observed under 

galvanostatic operating conditions caused by the delamination of the oxygen electrode-

electrolyte interface. This is associated with the rise in the internal oxygen pressure near 

the surface of the oxygen electrode due to the OER. 168 The use of robust and more 

catalytically active functional layers is put forward as a solution for mitigating the 

delaminating problem along with the easy-to-integrate in reversible symmetrical cells. 

Sr segregation and Cr poisoning are also the main causes of electrode performance 

attenuation. The Sr-free and Cr-free electrode can be adopted to solve this problem; 

besides, novel core-shell structure can also be used to augment electrode stability. In 

addition, how to maintain the stability of nanoparticles of in situ exsolution also needs 

to be studied in future work. Carbon deposition and sulfur poisoning are contributing 

factors. Meanwhile, switching gas is one of the promising solutions for electrode 

poisoning.  

The mentioned above are all that SOFC and SOEC have encountered some 

troubles so far, but it is unclear whether there will be other problems when SSOEC is 

towards commercialization. It is an urgent task that operating SSOEC for a long time 

(over thousands of hours or even longer), try to combined physiochemical 

characterization (X-ray Photoelectron Spectroscopy, X-ray diffraction, transmission 

electron microscopy, and scanning electron microscopy) and electrochemical 



characterization (electrochemical impedance spectroscopy (EIS) with distribution of 

relaxation times (DRT) analysis to find out the degradation reason of the SSOEC during 

long-term operation. 169 Moreover, in order to determine the application of SSOEC, 

further studies, including the in-situ regeneration process should be explored. The 

research of redox behavior is particularly important for SSOEC, but the current research 

in this area is more of the resultant research after oxidation or reduction, it is necessary 

to strengthen the in-situ characterization and analysis of the redox transformation 

process. 

Clearing mechanism 

The mechanism of the ORR and the OER at the transition metal active sites has 

not been fully understood yet, but the use of methods such as Density Functional Theory 

(DFT) has allowed us to gain greater understanding. 170 Additional efforts are needed 

to clarify several aspects of the electrode-electrolyte interface. In fact, the real 

advantage of SSOECs is that it can reduce the complexity of electrolyte/electrode 

interface, which makes it easier to clear reaction mechanism, so we should pay more 

attention to mechanism researches based on SSOECs and get a deeper understanding 

of it. At present, the reaction process of CO2RR, HER, OER, etc. of electrode materials 

still needs more research, as well as the kinetics and reaction barriers of key elementary 

steps involved in oxygen/proton/electron transfer. 171-172 We can use electrochemical 

impedance spectroscopy (EIS) and distribution of relaxation times (DRT) analysis by 

controlling H2O or CO2 partial pressure to understand the reaction mechanism of 

CO2RR, HER deeply. In addition, in-situ characterizations such as near ambient 



pressure X-ray Photoelectron Spectroscopy (NAP-XPS), 173 in situ X-ray diffraction (In 

situ XRD), 174 in situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS), 175 In situ surface enhanced Raman spectroscopic (SERS) can be used to 

analysis the elementary processes of the electrode reactions. Methods for gathering 

information are critical for understanding electrocatalysis research, and more 

information is required to guide the development of near-ideal catalysts. 

Potential application 

Fuel assisted CO2 electrolysis has an upbeat perspective, in addition to methane, 

if carbon is used directly, the effect may also be appropriate. In addition, the use of 

SOEC technology is also promising to reform CH4 for production of ethylene. [176] 

There is also a certain possibility of using nitrogen to synthesize ammonia with the help 

of proton conductor cells. Depending on the operating temperature of the electrolytic 

cell, the combined hydrogen production system of solar energy and the electrolytic cell 

is studied, and the heat energy and electrical energy required for the hydrogen 

production process is provided by solar energy. Coupling hydrogen production 

technology with solar thermal and photoelectric technology could open up new 

application areas of solar energy. 177-178 Moreover, according to the development trend 

of SOFC, SOEC will also be operated at medium and low temperatures in order to avoid 

problems with sealing and material selection. Therefore, it is necessary to develop 

electrolyte and electrode materials with excellent performance at low and medium 

temperatures.  



 

Figure 13. Outlook for target SSOECs. 

 

CONCLUSION 

Symmetrical solid oxide electrolysis cells using the same electrode materials as 

both the anode and cathode have attracted lots of attention, Owing to their simple 

fabrication process, low cost and more convenient. In this review, we summarized the 

recent progress on developing electrolytes, electrodes for SSOECs, discussing their 

development history and fundamental mechanisms. Then spotlight examples where 

fuel-assisted SSOECs to decrease the over potential and other applications based on 

SSOECs. The outlook for enhancing performance, solving degradation, clearing 

mechanism and potential application has been demonstrated. To some extent, providing 

critical insights and useful guidelines for knowledge-based rational design of better 

electrodes for commercially viable SSOECs. Despite SSOEC possess many advantages, 

commercialization still needs a long way to go. The key lies in the need to develop 

high-performance electrolyte and electrode materials, and expand other applications of 



SSOEC. It requires the joint efforts of researchers in all fields. We believe that SSOEC 

technology can benefit all mankind as soon as possible due to their high efficiency and 

environmentally friendly features. 
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