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Abstract 

With the development of technology, environmental problems are 

becoming increasingly serious. It is crucial to use reliable electrochemical 

technology to treat carbon emissions to achieve the goals of ñcarbon peakò 

and ñcarbon neutralityò. Solid oxide electrolysis cells (SOECs) have become 

one of the reliable methods for dealing with carbon emissions due to various 

advantages such as high selectivity, high conversion rate, high efficiency, 

fast response, controllable reaction and multi fuel adaptability.  

Flat-tube SOECs are a novel structure, in which fuel is introduced from 

the middle of the cells and diffused to the fuel electrode, which may alleviate 

the diffusion of macromolecules such as CO2 in the electrode. However, the 

research on this structure is currently very scarce. In this regard, this study 

attempted to address this research gap. The innovative points of this paper 

are as follows:  

(i) The utilization of solid oxide electrolysis cells for CO2 electrolysis 

may generate by-products such as coke, thereby reducing Faraday efficiency. 

Therefore, in this thesis, the suitable reaction conditions for long-term 

operation were first calculated from thermodynamic theory, and then the 

stability of CO2 electrolysis operation under high temperature was verified 

through short-term experiments. The effects of different types and contents 

of reducing gases on the performance and products of solid oxide electrolysis 
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cells were also studied. To avoid the impact of sealing on test results, the 

thesis further explored the types of sealing materials and assembly processes, 

and determined appropriate process parameters. These exploratory works 

have laid the foundation for extending the lifespan of flat-tube SOECs. 

(ii) Feed gas compositions of 25 vol.% H2-75 vol.% CO2 and 23.8 vol.% 

CO-76.2 vol.% CO2 with same oxygen partial pressure were selected for 

long-term durability test under no air conditions for investigating the impact 

of air, with a focus on analyzing the efficiency changes, impedance changes, 

and potential degradation mechanisms of SOEC, including degradation of 

electrodes and electrolyte.The flat-tube SOECs were stable operated for 

more than 1000 hours under no air conditions, which exceeded that of most 

current planar SOECs. Through comparative experiments, it was found that 

strontium segregation at the interface between the air electrode and 

electrolyte is the main cause of degradation. 

(iii) Focusing on the demand for ñenergy storageò, the durability and 

degradation mechanism of SOEC under fluctuating currents of -100-300 

mA/cm2 were studiedin this paper, after the cells successfully ran for 808 

hours. Subsequently, the feasibility of the ñpower-gas-powerò conversion 

technology was verified using the RSOC (reversible solid oxide cells) 

system concept in a 50 vol.% CO-50 vol.% CO2 fuel electrode atmosphere, 

and over 100 reversible charge-discharge cycles were achieved. 

(iv) Consequently, this thesis also conducted research on the 
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electrolysis stack to verify the durability of constant current electrolysis 

under different currents, and simultaneously analyzed the degradation of 

various components. The stack finally successfully achieved stable CO2 

electrolysis operation for over 1200 hours under the high current density of 

-500 mA/cm2. Through the analysis of the degradation mechanism under 

high current density, the influence of interconnects on the overall stability of 

the stack was discovered, and coating improvements were performed on the 

interconnects for durability verification of the stack under intermittent 

pulsed current. 

(v) In the assembled two-unit SOEC stack, a manganese-cobalt spinel 

coating was employed as the protective layer for the interconnects, and lead 

wire was used to monitor the real-time degradation of various parts in the 

stack. During over 900 hours of high-temperature CO2 electrolysis operation, 

the toxic effect of chromium on the air electrode interconnects seemed to 

have been alleviated, this work provides ideas for the development of in-situ 

monitoring technology for stacks.  

In summary, this work aims to utilize flat-tube SOECs for CO2 

electrolysis, achieving significant breakthroughs in durability, scalability, 

and degradation mechanism, which also presented great significance in the 

development of renewable energy storage.The novel flat-tube cells used in 

this paper greatly improved the mechanical strength and antioxidant 

reduction stability of the cells at high temperatures, which provided great 
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help for long-term CO2 electrolysis.  
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Chapter 1. Research background 

1.1 Research background 

Since the industrial revolution, with the widespread burning of fossil 

fuels, CO2 concentration in the atmosphere has increased year by year, from 

280 ppm in 1750 to 424 ppm in 2023. The global heating brought on by the 

rising CO2 concentration has greatly threatened the survival of species [1, 2]. 

Therefore, it is imperative to develop a low-carbon economy and achieve 

carbon neutrality as soon as possible. The signing of the Paris Agreement in 

2015 proposed a long-term goal of maintaining the increase in global 

average temperature below 2 ÁC above pre-industrial levels, which further 

strengthened the determination of countries to strive for the long-term goal 

of low carbon emissions. Although the spread of COVID-19 reduces 

people's travel, thereby affecting CO2 emissions, carbon emissions returned 

to the previous levelonce the crisis lifted. Energy transformation and 

decarbonization remain important measures to alleviate the energy crisis and 

climate change [3-6]. 

Solar, wind and tidal energies are common renewable energy sources, 

however, they all exhibit an ñintermittentò operation, with their output power 

fluctuating in response to changes in external energy [7, 8]. If ñintermittentò 

energy is directly connected to the grid, it may increase the burden on the 

grid, and affect the normal transmission of electricity [9, 10]. Therefore, it is 
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necessary to establish an energy consumption and storage system near the 

power generation system that uses ñintermittentò energy, to realize a high 

proportion of intermittent renewable energy to be integrated [9, 11]. 

PSP (pumped storage plant) is the largest, most efficient and 

commercially sustainable form of grid energy storage available in the world 

[12], but it needs large capital investment, proposes high requirements for 

geographical location and occupies a large floor area. Recently, the potential 

for developing new pumped storage sites is declining [7, 13-14]. As a 

consequence, it is crucial to develop and adopt new energy storage methods 

to absorb ñintermittentò energy. Power-to-Gas (P2G) technology seems to be 

a promising approach to absorb renewable energy, which involves using 

electrolysis to split CO2 into fuel gas and oxygen. The fuel gas can then be 

stored for later use. This method results in less electricity waste [15]. 

Lithium-ion, lead-acid and liquid flow batteries are commonly leveraged in 

electrochemical energy storage technology. These battery systems have a 

certain installed capacity, but unfortunately, they still expose many 

shortcomings for large-scale energy storage systems applied to public 

utilities, and require significant improvements in performance, stability, 

material life, safety, and efficiency. 

A solid oxide electrolysis cell (SOEC) is a device that can directly 

convert electric energy into chemical energy, which has the advantages of 

high conversion rate, high efficiency, and fast kinetics. SOECs are a new 



3 

 

energy storage technology with high potential and accuracy for fuel 

production and energy applications. The electrochemical response of SOECs 

can be almost completed in an instant [16, 17]. Nowadays, the solid oxide 

cell (SOC) system has been proven to have great potential to be durable for 

over 10 years, with a round-trip system efficiency of approximately 60-90%. 

Compared to other electrochemical energy storage methods, the attraction of 

SOCs lies in the power-to-gas and gas-to-power storage modes, which can 

store excess energy through off-peak electricity to produce useful chemicals 

and fuels such as H2, CO, O2 by electrolysis. 

The largest obstacle to the commercialization of SOECs is their 

durability under high temperature conditions. The degradation during high-

temperature operation mainly comes from changes in the fuel electrode, the 

air electrode, the electrolyte layer, the contact areas between electrode and 

electrolyte, as well as the stack components [18, 19]. There are many studies 

on the degradation of fuel electrodes, and the main results show that nickel 

coarsening occurs in the fuel electrode structure [20-23]. The performance 

decline caused by oxygen electrode degradation may be related to strontium 

segregation, the formation of secondary phases such as strontium oxide and 

strontium zirconate, electrode delamination and the formation of Co rich 

phases [24, 25]. The degradation at the interface between electrodes and 

electrolyte includes the formation of grain boundaries, and the formation of 

nano-pores during long-term testing [26-29]. In a SOEC stack composed of 
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multiple units, the degradation mechanism becomes more complex, because 

of the addition of more components: Cr vapor poisoning from the 

interconnects and Si poisoning from the sealing materials can also seriously 

affect the activity of the oxygen exchange reaction in the air electrode [30-

32]. Considering the stability and lifespan of the stack, it is generally 

necessary to add a coating on the surface of the interconnects to weaken or 

eliminate the toxic effect of chromium on the functional layer during large-

scale or long-term energy storage operations [33, 34]. 

SOEC technology combined with intermittent renewable energy power 

plays an important role in energy intensive areas and is used for sustainable 

production of syngas for industrial sectors and transportation [35]. In 

practical industrial applications, large energy storage devices are hard to 

manage to ensure stable electricity, and exploring the operation under non-

stationary conditions will be an even greater challenge. The reversible solid 

oxide cell (RSOC) system can realize power-to-gas and gas-to-power 

conversionby using CO-CO2 as the energy storage medium, so as to store 

electricity when there is sufficient power and release power when the 

electricity is insufficient. However, there are still a lot of aspects to be 

considered to develop SOC energy storage device, which involve low carbon 

footprint, safety, continuity, and high energy efficiency, as well as high 

stability and energy storage capacity. There is hope to open up a promising 

new technical route for the improvement of grid quality and the realization 
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of carbon neutralityif satisfactory results can be achieved. 

1.2 Aims and objectives 

The purpose of this thesis was to clarify the durability and degradation 

mechanism of nickel-based flat-tube solid oxide electrolysis cell stacks 

under various operating conditions so as to achieve high CO2 conversion and 

efficient power-gas-power conversion under long-term high-temperature 

operation. In the context of ñcarbon neutralityò and ñenergy storageò, the 

research objectives of this thesis are as follows: 

(1) Explore the optimal experimental conditions for CO2 electrolysis in flat-

tube solid oxide electrolysis cells, including initial performance, short-

term durability and electrochemical impedance testing, as well as gas 

composition analysis. Thermodynamics of carbon deposition, energy 

conversion efficiency, and CO2 conversion rate calculations were carried 

out. The results were intended to become the foundation for long-term 

durability experiments. 

(2) Explore the influence of the fuel electrode and air electrode atmosphere 

on the long-term CO2 electrolysis operation using solid oxide electrolysis 

cells, and analyze the degradation mechanism of each electrode under 

each atmosphere, propose improvement plans and provide reference data 

for various industrial application scenarios. 

(3) Simulate the industrial application scenario of coupling SOECs with 
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intermittent renewable energy and simulate the application mode of 

power-gas and gas-power conversion through reversible charging and 

discharging cycles, to meet the high requirements of power grid 

connection. The energy storage capacity of solid oxide electrolysis cells 

was analyzed by exploring the long-term durability, energy conversion 

efficiency and the degradation mechanism of the cells under constant 

current, pulsed current and reversible cycle conditions. Further, the 

application prospect was proposed by comparing it with other 

electrochemical energy storage methods. 

(4) Carry out research on the constant current CO2 electrolysis in a three-

unit solid oxide electrolytic stackbased on the durability and degradation 

mechanism of single cells, and study the internal degradation mechanism 

of the stack under different operating currents, as well as the degradation 

mechanism at the electrolyte/electrode interface. Propose new methods 

for improving the performance, durability, structure, sealing, and 

assembly methods. 

(5) Simulate the coupling with renewable energyusing intermittent pulsed 

current, and analyze the degradation mechanism of the electrolytic stack 

during the long-term operation of CO2 electrolysis. Determine if the 

interconnects in the stack can be further optimized with coatings to 

improve the lifespan of the stack in unsteady pulsed current. 
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1.3 The thesis structure 

Chapter 1 covers the background, aims, and objectives of the research 

and the thesis structure. Chapter 2 focuses on literature review, involving 

CO2 utilization, the principles and materials of solid oxide electrolysis cells, 

the degradation of each component in solid oxide electrolysis cells and the 

current state of energy storage. 

The experimental and characterization methods are presented in 

Chapter 3, including the preparation, assembly and test methods of cells and 

stack, electrochemical impedance test, scanning electron microscope 

analysis, gas composition analysis, energy conversion efficiency analysis 

and mechanical property test.  

Chapter 4 illustrates the influencing factors of CO2 electrolysis in solid 

oxide cells, encompassing temperature, protective gas type and volume 

fraction. The critical values of carbon deposition and the methanation 

reaction were calculated. Through short-term stability and gas 

chromatography analysis, the suitable condition for long-term operation was 

selected. 

Chapter 5 elaborates the long-term performance of solid oxide 

electrolysis cells under the conditions with air and without air in the air 

electrode. The degradation of each electrode with or without air during long-

term operation was compared. A long-term test without reducing gas in the 

fuel electrode was conducted for analyzing the oxidation resistance of 



8 

 

nickel-based fuel electrode. 

To investigate the cell performance under unstable electrolytic current, 

the long-term performance and degradation mechanism of CO2 electrolysis 

under intermittent renewable energy were explored in Chapter 6. For the 

aims of energy storage in the case of energy surplus, and electricity 

generation in the case of insufficient power, the reversible solid oxide cells 

were used in Chapter 7. Besides, carbon-contained fuels could be recycled 

in each cycle. 

Chapter 8 and 9 feature the degradation of solid oxide electrolytic 

stacks during CO2 electrolysis. Chapter 8 mainly focuses on the degradation 

mechanism of the cells and interfaces inside the stack during constant current 

electrolysis. Chapter 9 describes the stack structure and interconnects 

modified for CO2 electrolysis with renewable energy. Chapter 10 is the 

discussion and conclusion section.  

  



9 

 

Chapter 2. Literature review 

2.1 Introduction to energy demand and security 

Energy serves as the foundation of human societies, supporting human 

survival and development [36]. China is the worldôs largest energy consumer, 

characterized by abundant coal, scarce oil, and limited gas resources. The 

high dependence on overseas for crude oil and natural gas also highlights 

Chinaôs energy security issues [37]. To ensure Chinaôs energy security and 

prevent the continuous deterioration of the environment, it is necessary to 

continuously develop and utilize clean and environmentally friendly 

renewable energy to change the current energy pattern dominated by fossil 

fuels. 

According to statistics from the International Energy Agency (IEA), 

although China has made significant progress in renewable energy since 

2000, it still heavily relies on fossil fuels [38]: In 2020, about 85% of Chinaôs 

total primary energy demand was provided by fossil fuels, with coal alone 

accounting for nearly 60% and oil accounting for about 20%. From 2002 to 

2013, the economic growth rate was the fastest. During this period, coal 

accounted for 77% of the total increase in Chinaôs primary energy demand. 

With the improvement of efficiency and policy restrictions on coal use 

expansion, coal consumption has been roughly stable since 2013, but in 

2019-2020, coal demand once again increased. Although fossil fuels 
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continue to dominate, nuclear power, hydropower, bioenergy, and other 

renewable energy sources have experienced significant development in the 

past decade, with their share in the total demand for primary energy also 

increased by about 5%. The forecast results in World Energy Outlook 2023 

indicated that coal demand in China would continue to increase until 2024, 

and then decrease from 2025 [39]. 
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Figure 2.1. The total primary energy demand for different sources in China 

[38] 

 

Table 2.1. The proportion (%) of primary energy demand for different 

sources in China from 1990 to 2020 [38] 
 

Coal Natural 

gas 

Hydro Wind, 

solar, 

etc. 

Biofuels 

and 

waste 

Oil Nuclear 

1990 60.74 1.47 1.25 0.00 22.95 13.60 0.00 

1995 62.02 1.44 1.57 0.12 19.60 14.94 0.32 

2000 58.92 1.83 1.69 0.23 17.48 19.47 0.38 

2005 67.55 2.18 1.92 0.30 9.45 17.84 0.78 

2010 70.56 3.52 2.41 0.63 5.25 16.87 0.76 

2015 66.65 5.29 3.19 1.64 3.79 17.96 1.48 

2020 60.69 7.57 3.25 3.05 3.82 18.89 2.73 
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According to results of Our World in Data [40], the global primary 

energy consumption increased with year. In 2022, the total amount reached 

178,899 TWh, coal accounted for 44,854 TWh, oil accounted for 52,970 

TWh, solar energy reached 3,448 TWh and wind energy accounted for 5,488 

TWh, as shown in Table 2.2 and Figure 2.2. 

 

Figure 2.2. The total primary energy demand from different sources in the 

world [40] 

 

Table 2.2. The amount of primary energy demand for different sources in 

the world in 2022 [40] 

2022 Coal 

Other renewables 2,414 TWh 

Modern biofuels 1,199 TWh 

Solar 3,448 TWh 
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Wind 5,488 TWh 

Hydropower 11,300 TWh 

Nuclear 6,702 TWh 

Natural gas 39,413 TWh 

Oil 52,970 TWh 

Coal 44,854 TWh 

Traditional biomass 11,111 TWh 

Total 178,899 TWh 

 

Carbon dioxide is an important medium in the global carbon cycle, but 

excessive emissions caused by the combustion of fossil fuels pose a threat to 

ecosystems. China is currently the worldôs largest emitter of carbon dioxide. 

By the end of 2022, the carbon emissions amount of China had reached 11.4 

billion tons, mainly due to the industrial system dominated by fossil fuels 

and manufacturing [41]. Under increasing environmental pressure, ñcarbon 

neutralityò has become a consensus among various countries, but its 

implementation still faces many challenges such as politics, resources, 

technology, markets, and the structure of the energy economy. The proposed 

solutions for the ñdual carbonò goal include: (i) Energy substitution and 

transformation, such as commercial applications of non-carbon energy such 

as renewable energy, green hydrogen and green methanol [42]; (ii) Energy 

conservation and emission reduction [43]; (iii) Carbon-based energy 

recycling [44]; (iv) Ecological carbon sequestration [45]. Among them, 

substitution and transformation of energy can be the main approach. 
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Figure 2.3. Carbon emissions of different countries from 2000 to 2022 [41] 

 

 Solar energy, wind energy, and tidal energy are several common types 

of renewable energy with abundant resources. Compared to traditional fossil 

energy, the development level of renewable energy is relatively low, along 

with broad development prospects [46, 47]. However, the above-mentioned 

renewable energy sources are ñintermittentò, and their output power 

fluctuates with external energy, resulting in low competitiveness of 

renewable energy technology [48, 49]. The direct connection of intermittent 

energy to the grid may have an impact on the power grid and increase the 

burden of power grid, thus affecting the normal transmission of electricity 

[50]. Therefore, according to the status of Chinaôs power grid, it is necessary 

to establish an energy consumption system that can solve the problem of 

integrating intermittent renewable energy into the grid [51]. 

Driven by factors such as energy security, economic development, and 

air quality, the promotion of renewable energy has always been an important 

part of Chinaôs energy policy. To facilitate energy substitution and 
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transformation, the ñ14th Five Year Planò has identified new energy and new 

automotive technology as strategic emerging industries [52]. The plan 

emphasizes the need to increase efforts to reform the energy market, promote 

low-carbon energy investment, and ensure energy security. In recent years, 

the rapid development of renewable energy in China has also provided a 

strong driving force for global energy transformation. According to data 

released by the International Renewable Energy Agency (IRENA), by the 

end of 2022, the global installed capacity of renewable energy generation 

had reached 3372 GW, with the stock of renewable energy increased by 

about 9.6%. Almost half of the newly installed capacity in 2022 was in Asia, 

with China contributing the most [53], which fully demonstrated Chinaôs 

efforts in energy provision reform. 

Facing the intermittent challenges of renewable energy, developing 

scalable energy conversion technologies is the key to effectively utilizing 

renewable energy. Since the signing of the ñParis Agreementò in 2016, China, 

as the worldôs largest wind energy supplier, has taken action to promote 

renewable energy. According to statistics on renewable energy capacity, in 

2022, the newly installed capacity of wind and photovoltaic power 

generation in China exceeded 120 million kilowatts, reaching a new 

historical high value. The newly installed capacity of all the kinds of 

renewable energy was 152 million kilowatts, accounting for 76.2% of the 

total newly installed power generation. By the end of 2022, the installed 
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capacity of renewable energy and pumped storage had exceeded 1.2 billion 

kilowatts, accounting for 47.3% of the total installed capacity of power 

generation in China, further indicating the gradual transformation of Chinaôs 

energy system towards a low-carbon energy system [54]. 

In the fields of industrial manufacturing and transportation, the 

development of hydrogen energy can effectively reduce the emissions of 

carbon containing gases [55]. Carbon conversion technology can be 

conducive to transition of the emitted waste carbon to ñworking carbonò [56]. 

According to the energy situation of China, CO2 based power-to-gas and gas-

to-power conversion technology is expected to become a key technology. 

However, carbon capture and storage (CCS) technology faces many 

challenges, such as CO2 storage leakage as well as high energy consumption 

and cost of carbon capture, transportation, and storage processes [57]. Using 

renewable electricity to convert CO2 into useful materials instead is an 

attractive solution that can promote the achievement of the ñdual carbonò 

goal. 

With the continuous increase in the proportion of renewable energy in 

various countries around the world, how to improve the energy storage 

capacity, peak shaving capacity, and flexibility of the power grid, and 

enhance the resilience of the energy system has become one of the main 

problems that needs to be dealt with during energy transformation. With the 

occurrence of various global emergencies, the energy industry and supply 
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chain are bound to be impacted. Ensuring national energy security and 

normal operation of both economy and society is of utmost importance. 

Therefore, it is essential to search for key technologies for the future energy 

blueprint.One promising emerging technology that may in future play a 

significant role is solid oxide electrolysis cells (SOECs). 

2.2 Introduction to Solid Oxide Electrolysis Cells (SOECs) 

2.2.1 CO2 conversion in SOECs 

The main technological routes for CO2 utilization include 

thermochemical conversion, electrochemical conversion, biological 

conversion and photocatalytic conversion. The products may be methane, 

methanol, syngas, urea, organic carbonates and formic acid [58, 59]. 

Although these carbon utilization technologies have made significant 

progress in the past few years, most are still at the laboratory scale. Among 

these methods of carbon dioxide conversion, electrochemical methods are 

the most efficient and economical and are thus considered the most likely 

technologies to be commercialized and support the energy transformation 

from fossil fuels to renewable energy. Resulting from the unpredictability of 

intermittent energy generation from wind energy and solar energy, the 

generated power may be surplus. Electrochemical conversion methods can 

utilize or store excess energy that cannot be directly fed into the grid, 

eliminating the risk of energy being wasted. Alternatively, they offer an 
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opportunity of CO2 to be selectively converted into low-carbon fuels or high 

economic value chemicals, and directly used to satisfy market demand [60]. 

Electrochemical CO2 conversion methods can be further divided into 

high-temperature and low-temperature technologies. Low-temperature 

technology utilizing flow cell (<100 ÁC) and molten electrolysis cells 

(>400 ÁC) [61, 62] has not been widely used because of their low selectivity 

for target products, low energy efficiency, insufficient stability and short 

service life. High temperature reduction technology is known as an 

electrocatalytic electrolysis technology with solid oxide electrolysis cells as 

the core that is close to commercialization. The electrode reactions of SOECs 

are fast, simple and stable, and the start-stop process is easy to control. 

Additionally, SOECs have a higher Faraday efficiency because of the high 

working temperature. If industrial waste heat can be utilized, operating costs 

will be greatly reduced and the overall energy efficiency of the 

electrocatalytic electrolysis conversion system will be improved. More 

importantly, solid oxide cell systems can also reversibly use CO as the raw 

gas for discharge, i.e. function as reverse solid oxide cells (RSOCs), so as to 

promote the continuous operation of power-gas-poweras a ñcarbon cyclingò 

technology. They can thereby help reduce the environmental impact of 

power generation and lower energy supply costs. SOECs are now considered 

one of the most cost-effective options for long-term power storage [63]. 

Taking SOEC-O2- as an example, during the electrolysis of CO2, CO2 
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enters from the fuel electrode of SOECs and undergoes a decomposition 

reaction with an external DC power to produce CO and oxygen ions. Oxygen 

ions are transported from the fuel electrode side to the air electrode side 

through a solid electrolyte, producing oxygen through oxygen evolution 

reaction. The specific reaction equation is: 

Fuel electrode reaction: ὅὕ ςὩ  O  ὅὕ ὕ      (Eq. 2.1) 

Air electrode reaction: ὕ  O ρȾςὕ ςὩ              (Eq. 2.2) 

Total reaction: ὅὕ O  ὅὕ ρȾςὕ                           (Eq. 2.3) 

During the operation of the electrolysis cells, if H2 is used as a reducing 

protective gas, the reverse water gas shift (RWGS) reaction will also happen 

in the fuel electrode under catalysis (such as Ni catalysts): 

Ὄ Ὣ ὅὕ Ὣ ὅὕὫ ὌὕὫ               (Eq. 2.4) 

When the extent of RWGS reaction is large enough, the fuel electrode 

is more inclined towards CO2/H2O co-electrolysis reaction. Due to the easier 

occurrence of the steam electrolysis reaction, the electric potential of co-

electrolysis reaction will be lower than that of the electrolysis of pure CO2 

[64]. From a thermodynamic perspective, the total energy required during 

the operation of CO2 electrolysis in SOECs is composed of thermal and 

electrical energy, both provided by the external environment and Joule heat 

generated by the cells. 
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Figure 2.4. Thermodynamic analysis of carbon dioxide electrolysis 

reaction 

 

According to the thermodynamic calculation results in Figure 2.4, as 

the reaction temperature increases, the total energy demand of the CO2 

electrolysis process remains basically unchanged, with an increase in 

thermal energy demand and a decrease in electricity demand. This is mainly 

because the CO2 decomposition reaction belongs to an endothermic reaction. 

At room temperature (25 ÁC), the electrical energy required for CO2 

decomposition reaction accounts for more than 90% of the total energy 

demand, while at 750 ÁC, the proportion of electrical energy demand 

decreases to 68%, and the reduced electrical energy is replaced by thermal 

energy. As the temperature increases, the electrical energy consumption 

during the electrocatalytic conversion process decreases, which is more 

conducive to large-scale applications. If the industrial waste heat can be fully 

utilized to maintain the operating temperature of SOECs, the comprehensive 

economic benefits and cost competitiveness of SOECs can be significantly 

improved, and the cost for CO2 electrolysis can be reduced [65]. 

If the energy demand is expressed as voltage, the following equation 
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can be obtained:  

ЎὋ ὲὊὉ                                    (Eq. 2.5) 

where Ὁ represents the reversible potential, the minimum cell potential 

required to maintain CO2 splitting, n is the number of electrons involved in 

the reaction (for reducing CO2 to CO, n=2) and F refers to the Faraday 

constant (96485 C/mol). According to the calculation results obtained from 

the HSC chemistry software, at 25 ÁC, ЎὋ  is 256.94 kJ/mol, and 

corresponding Ὁ is 1.33 V; while at 750 ÁC ЎὋ is only 193.36 kJ/mol, and 

Ὁ is 1.002 V. 

For reversible processes that are not in a standard state (1 atm), the 

reversible cell voltage depends on the reactant partial pressure, and the 

Nernst equation can be used to calculate the reversible cell voltage:  

Ὁ
Ў

ὰὲ                            (Eq. 2.6) 

where R is the gas constant, T represents the absolute temperature, ὴ  is 

the partial pressure of CO2 on the cathode, ὴ  denotes the partial pressure 

of CO on the cathode, and ὴ  means the partial pressure of oxygen on the 

anode. When the gas partial pressure changes, there will also be a slight 

change in Ὁ . When the current passes through the electrolysis cell to 

undergo CO2 decomposition reaction, Joule effect heat is generated to 

compensate for the thermal energy demand during electrolysis. Joule heat 

can be utilized in high-temperature electrolysis cells to achieve higher 

efficiency. When the voltage of the electrolysis increases to a certain value, 

Joule heat generated by the current can exactly meet the thermal energy 

required for the electrolysis reaction without the need for additional heating, 
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and the voltage at this time is called the thermal neutral voltage [66]:  

Ὁ
Ў
                                           (Eq. 2.7) 

where ЎὌ  is the total energy required for the high-temperature CO2 

electrolysis reaction (kJ/mol); Ὁ  denotes the thermal neutral voltage (V); n 

is the number of electron transfers; F means the Faraday constant (C/mol). 

The progress of the electrolysis reaction in SOECs is driven by external 

overvoltage. When CO2 decomposition reaction occurs, the reactions 

occurring in the fuel electrode are related to multiple processes such as 

material adsorption, migration, dissociation, charge transfer, and desorption. 

The deviation of voltage from the thermodynamic equilibrium state is called 

polarization loss. Polarization of electrolysis cells can generally be divided 

into electrochemical polarization, ohmic polarization and concentration 

polarization. At low current density, electrochemical polarization plays a 

dominating role, while in high current density, concentration polarization 

tends to dominate [67].Electrochemical polarization is mainly caused by 

insufficient catalytic performance of electrode materials, which means that 

reactions are hindered on the surface of electrodes. Electrochemical 

polarization can usually be reduced by modifying material properties and 

improving the microstructure of cells [68].Ohmic polarization is the 

phenomenon that the electrode potential deviates from the equilibrium 

potential due to the resistance of the electrolysis cell component, which 

obeys Ohmôs law. Ohmic polarization of SOECs is mainly generated by the 
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conduction of oxygen ions in the electrolyte. This is primarily because the 

electronic conductivity of electrode materials is much higher than that of 

electrolyte materials. Therefore, it is necessary to increase the conductivity 

of oxygen ions in electrolyte materials or shorten the transportation distance 

of oxygen ions to decrease ohmic polarization in the electrolysis cells [69]. 

Concentration polarization is a polarization phenomenon caused by the fast 

charge transfer rate in cells, which occurs when the concentration of 

reactants is insufficient to maintain the electrode reaction. Concentration 

polarization is determined by the mass transfer process, driven by 

concentration gradients, and is related to factors such as pressure, 

temperature, reaction flow rate, and electrode porosity. As a result, the usual 

solution is to strengthen the performance of the electrolysis cells by 

increasingthe concentration of reactants or optimizing the cell structure [70]. 

According to the above definitions, the working voltage of SOEC can 

be expressed as:  

ὠ Ὁ – ȟ – ȟ – ȟ – ȟ –      (Eq. 2.8) 

where Eis the equilibrium potential (V); – ȟ  and – ȟ are the 

concentration overpotentials of fuel electrode and air electrode, respectively; 

– ȟ and – ȟ are the activation overpotentials of the fuel electrode and air 

electrode, respectively; –  refers to the ohmic overpotential. 

2.2.2 The Principles of SOECs 

An electrolysis cell is a device that converts electrical energy into 
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chemical energy, normallyconsisting of two electrodes and an electrolyte. 

Based on the technological maturity in hydrogen production through 

electrolysis of water, the US Department of Energy has classified four 

electrolysis technologies: alkaline (ALK) [71], proton exchange membrane 

(PEM) [72], anion exchange membrane (AEM) [73], and solid oxide (SOEC) 

[74], for reference by industry professionals. 

Solid oxide electrolysis cells, such as cells used for high-temperature 

CO2 electrolysis, can be regarded as an energy conversion device with an 

all-solid ceramic structure. The basic structure and design principle of a 

SOEC are displayed in Figure 2.5. The working temperature is usually 

above 600 ÁC. A typical SOEC consists of three layers, with a dense 

electrolyte layer in the middle, flanked by a porous fuel electrode (cathodes) 

and an air electrode (anodes).Solid electrolyte materials mainly play the role 

of ion transport in the electrolysis cells, achieving the transfer of oxygen ions 

(O2-) from the fuel electrode to the air electrode. Another function is to 

separate the fuel electrode and the air electrode, preventing the mixing of the 

raw and product gases. This requires solid electrolyte materials to exhibit 

high ion conductivity, and toact as poor conductors of electrons to prevent 

short circuits [75]. 

 

Figure 2.5. Schematic diagram of CO2 electrolysis reaction in solid oxide 
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electrolysis cell, where IC= ionic conductor, EC=electronic conductor 

 

The porous fuel electrode and air electrode are respectively connected 

to the negative and positive electrodes of the DC power supply, providing 

sufficient active sites for electrochemical reduction and oxygen exchange 

reactions, and also offering pathways for the transportation of electrons, ions, 

reactants, and products. Therefore, it is required that both fuel electrode and 

air electrode materials must be excellent electronic and ionic conductors with 

sufficient catalytic activity for CO2 reduction and oxygen exchange reactions, 

respectively. Electrode materials also need to possess an appropriate porosity, 

which enables gas diffusion and transportation, and also creates sufficient 

triple phase boundaries (TPBs) for the electrode reaction of the electrolysis 

cells. The triple phase boundaries are interfaces between the oxygen ion 

conductor (electrolyte), electron conductor (electrode), and reaction gas 

(carbon dioxide) [76]. To obtain the required power capacity, cells are often 

connected in series to form an electrolytic stack. The cells in the stack are 

connected through interconnects, which are often made of stainless-steel 

materials with high-temperature electron conductivity. To prevent high-

temperature oxidation and corrosion of interconnects, SUS441 grade steel is 

usually applied.  

SOCs can achieve the required catalyst activity without expensive 

precious metals, which enables them to tolerate variable feed components 

such as steam and carbon containing fuels. 
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2.2.3 The Structure of SOECs 

At the macro level, there are three common types of SOCs on the 

market, namely flat-tube, planar and tubular, as shown in Figure 2.6. The 

most advanced tubular SOC is being developed by Siemens Westinghouse 

Power Corporation (SWPC) [77]. The highly symmetrical structure endows 

the tubular SOCs with high mechanical strength and thermal stability, and 

the smaller sealing area makes it easier to assemble into SOC stacks. 

Although the performance test results in the laboratory stage are quite 

advantageous, the commercialization of the tubular structure still encounters 

great obstacles, such as long current transmission path, uneven current 

collection, insufficient utilization of fuel gas and high manufacturing cost. 

Consequently, it is better to turn to flat-tube structure [78-80]. 

 

Figure 2.6. Three types of SOC structures: (a) tubular, (b) planar and (c) 

flat-tube 

 

The planar structure is generally made of YSZ electrolyte (yttria-
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stabilized zirconia), with shorter current transmission path and higher power 

density. With good flatness, cells with planar structure are easy to assemble 

into a stack. However, the traditional cells with planar structure planar 

structure also have some problems yet to be solved. Compared with the 

highly symmetrical tubular structure, the asymmetry of cells based on planar 

structure leads to poor oxidation-reduction performance. When the fuel 

electrode Ni is oxidized, the cell matrix tends to expand and break, causing 

serious irreversible degradation. Therefore, traditional planar SOECs 

propose strict sealing requirements [81-84].  

SOCs with flat-tube structure combine the advantages of tubular and 

planar structures, constructing the fuel electrode channel in a thick matrix. 

The fuel gas first enters the channel and gradually diffuses to the porous fuel 

electrode, making the gas diffusion more sufficient inside the cell. This 

avoids insufficient reduction caused by a large active area of the cell, and 

greatly improves the utilization of fuel gas. In addition, flat-tube SOCs 

overcome the problem of poor mechanical strength of conventional thin cells 

and can satisfy the high strength requirements during high-temperature 

operation. Flat-tube SOCs are regarded as the most promising SOC type for 

large-scale industrial applications [85, 86]. 

SOCs are usually divided into two categories based on the supporting 

components: self-supporting and external supporting [87]. The self-

supporting types can be divided into fuel electrode supported [88], air 
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electrode supported [89], and electrolyte supported [90]. In an externally 

supported SOC, the supporting element can be a metal interconnect, as 

shown in Figure 2.7 [87]. Currently, fuel electrode supported and electrolyte 

supported structures are extensively studied and applied.Since fuel electrode 

materials exhibit high ion conductivity, using a fuel electrode supported 

structure can reduce the thickness of the electrolyte layer and effectively 

reduce ohmic impedance of cells [91]. The advantage of electrolyte 

supported cells lies in its better mechanical strength, which can contribute to 

improving the long-term redox stability and thermal cycling stability of cells. 

However, electrolyte supported cells require working temperatures above 

800 ÁC to achieve high power requirements, which is not in line with the 

requirement of developing medium and low temperature cells in the interest 

of reducing energy use. By contrast, the fuel electrode supported type is more 

popular in the market [92]. Additionally, with the development of SOCs, 

some special structures have also appeared on the market, such as 

honeycomb-shaped [93] and cone-shaped [94]. Nevertheless, these 

structures are more complex to manufacture and have not been widely used. 

 

Figure 2.7. Different types of cell support architectures for SOC 
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According to the electrolyte conductivity mechanism, SOCs can also 

be separated into oxygen ion conduction types (SOC-O2-) [95] and proton 

conduction types (SOC-H+) [96]. Compared with SOC-O2-, the electrode 

reaction of SOC-H+ is more complicated, and the options for electrode 

materials are also limited. SOC-H+ is suitable for working temperatures 

below 500ÁC, but the development still lags behind SOC-O2-, mainly due to 

the lack of appropriate fuel electrode catalysts to enable cells to operate 

effectively at medium and low temperatures. According to the analysis 

results by Mojaver et al. [97], from the perspectives of energy, economy, and 

the environment, SOC-O2- yields better performance than SOC-H+. 

2.2.4 Materials used for the SOECsô components 

The active fuel electrode is the place where fuel (steam, CO2, CH4) 

conversion reactions occur. To facilitate the diffusion of fuel gas, electrode 

materials generally require a porous structure. A widely recognized fuel 

electrode material is Ni-YSZ cermet [98]. Ni can be used as the catalyst for 

multiple fuel electrode reactions. YSZ inhibits the coarsening of pure Ni to 

a certain extent, and high ionic conductivity of Ni-YSZ provides a 

conductive pathway for oxide ions. The YSZ polycrystalline ceramic phase 

reduces the thermal expansion coefficient of the fuel electrode material, 

making it better matched with the electrolyte material. Consequently, the 
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electrodes are hard to delaminate even under high temperature operation [99, 

100]. Compared with other applied cermets, such as Ru/ZrO2 and Mg-YSZ, 

Ni-YSZ is characterized with lower cost and more stable structure. However, 

traditional Ni-YSZ electrode still faces several problems. Firstly, in terms of 

redox instability, Ni is easily oxidized to NiO, especially in a no-H2 (or CO) 

atmosphere. Oxidation makes the fuel electrode expand, such that the 

generated stress will break cells. Secondly traditional Ni-YSZ electrode 

presents poor resistance to carbon deposition. Ni is also employed as the 

catalyst for the carbon deposition reaction. When CO concentration at the 

gas outlet rises to a certain value, the disproportionation reaction of CO will 

take precedence over the CO2 electrolysis reaction, and the generated carbon 

will block active sites of electrodes. Thirdly, nickel easily coarsens and 

agglomerates at high temperatures, which affects the service life of cells 

[101-107]. Nevertheless, as the most mature fuel electrode material, Ni-YSZ 

has been widely recognized for its fuel universality, making it difficult to 

find suitable alternative materials. 

The air electrode of an SOEC, as the site for the oxygen exchange 

reaction, requires excellent ion and electron conductivity, a high oxygen ion 

surface exchange coefficient, and good high-temperature catalytic activity 

[108]. Besides, to ensure high-temperature stability of cells, air electrode 

materials not only need to maintain chemical and structural stability under 

high-temperature oxidation conditions, but also to retain chemical 
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compatibility with electrolyte materials.There are high oxygen vacancies in 

the perovskite structure. La1-xSrxCoO3-ŭ (LSC) based perovskite is one of the 

most extensively studied air electrode materials recently, because of 

excellent catalytic activity of Co. Therefore, the use of Co-based oxides can 

maintain better performance in cells [109]. However, the thermal expansion 

coefficient of Co-based oxides is much higher than that of the common 

electrolyte material YSZ, which can easily cause electrode detachment 

during high-temperature operation. The (La,Sr)MnO3 (LSM) based air 

electrode performs well above 850 ÁC, but the catalytic activity is 

insufficient between 500-700 ÁC [110]. Therefore, La0.6Sr0.4Co0.2Fe0.8O3-ŭ 

(LSCF) material with low polarization resistance, high oxygen diffusion 

performance, and a low thermal expansion coefficient has received 

widespread attention [111]. LSCF has high ionic and electrical conductivities 

(8.0Ĭ10 -3 and 280 S cm-1 at 800 ÁC [112]) and high oxygen diffusion 

properties, with its oxygen self-diffusion coefficient (D*) and oxygen 

surface exchange coefficient (k) being 5Ĭ10-7 cm2 S-1 [113] and 6Ĭ10-6 cm 

S-1 [114] at 800 ÁC, respectively.To improve chemical and thermal 

compatibilities, LSCF is usually enhanced with gadolinium-doped ceria 

(GDC), another popular electrolyte material of SOFCs. The thermal 

expansion coefficient (TEC) of LSCF is 14-15.2Ĭ10-6 K-1 [115], which is 

higher than that of YSZ (10.7Ĭ10-6 K-1) [116]. Therefore, LSCF is usually 

mixed with GDC to decrease thermal expansion as well as reinforce the 
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electrochemical activity [117].  

Electrolyte materials are usually made of dense solid oxides or ceramic 

materials, which can transport oxygen ions or protons. Materials without 

electron conductivity should be chosen as much as possible to minimize 

current leakage [118]. YSZ with its fluorite structure is the most common 

electrolyte material in fuel electrode supporting SOECs, as it can achieve 

diffusion of oxide ions within the lattice by generating oxygen vacancy 

defects and thus apply a driving force inside the lattice [119].The ion 

conductivity of YSZ does not show significant changes when the oxygen 

partial pressure changes by more than ten orders of magnitude. When Y2O3 

content is about 8 mol.%, both ion conductivity and chemical stability are 

the highest [120]. Limited by temperature, YSZ needs to function above 

700 ÁC to exhibit good ionic conductivity and electrochemical performance. 

As for ScSZ (Sc2O3 stabilized zirconia), the strength of doped zirconia 

decreases with increasing Sc2O3 concentration due to crystal structure 

differences. As a result, ScSZ is usually utilized as an alternative electrolyte 

material at 650 ÁC [121]. The addition of Ce exerts a positive effect on the 

stability of ScSZ phase. For example, Nikonov et al. [122] reported that the 

microhardness of ScSZ doped with Ce increased by 4%. In metal-supported 

solid oxide cells, considering the medium to low temperature (500-600 ÁC) 

operating requirements of the metal skeleton, CGO can be used as the 

electrolyte with a thin layer of electronic blocking layer. For instance, Ceres 



32 

 

Power reported the cell test results using hydrogen fuel for continuous 

operation for more than 2500 h [123].Moreover, YSZ electrolyte also 

exhibits good stability in metal-supported SOC. Button cells produced by 

DLR undergo 2000 h of stability testing, with the cell degradation rate less 

than 1.5%/kh [124]. 

2.2.5 The History of SOECs 

The high-temperature electrolysis technology on SOECs originated 

from the Mars exploration mission in the 1960s, which adopted a SOEC 

reactor to electrolyze the Martian atmosphere and produce oxygen that 

supports human life activities. Early research was mainly carried out by 

NASA and Westinghouse. As early as 1970, NASA had already announced 

a 3-module CO2/H2O co-electrolysis oxygen production system. The system 

can operate continuously with an oxygen production rate of 481 sccm for 

over 250 h at 127 A and 880 ÁC, achieving Faraday efficiency nearly 100% 

[125]. In 1978, NASA reported that the electrolysis cell could perform CO2 

electrolysis or steam electrolysis operations under conditions not exceeding 

538 mA/cm2 [126]. In 1981, Siemens-Westinghouse Electric Company 

announced a 5000 h electrolysis duration for a solid oxide electrochemical 

cells, without observing any performance degradation of single cell 

components or stacks [127]. In 1997, the design and development of high-

temperature steam electrolysis for hydrogen production were carried out at 
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the Japan Atomic Energy Research Institute (JAERI). 12 series of connected 

solid oxide cells were leveraged to form an electrolysis tube for laboratory-

scale experiments, achieving a hydrogen production rate of 44 Nml/cm2h at 

950 ÁC. Afterwards, JAERI manufactured a metal-supported planar 

electrolysis cell, capable of continuously producing hydrogen at a rate of 

33.6 Nml/cm2h at 950 ÁC [128]. After the 1990s, due to a significant decrease 

in the prices of fossil fuels, the development of SOEC slowed down. 

The Idaho National Laboratory (INL) has been dedicated to researching 

steam electrolysis for hydrogen production since 2005, and began 

conducting the laboratory scale test in 2008, with a duration period of 1080 

h. The average H2 production rate was about 1.2 Nm
3/hr, with a peak 

measured value of over 5.7 Nm3/hr. During the initial 480 h, the degradation 

was dominated by the condensation of the generated hydrogen. After 480 h, 

modules 1 and 2 did not further degrade, while the performance of module 

3 continued to deteriorate [129]. In 2008, INL cooperated with Ceramatec 

Inc. to expand steam electrolysis based on high-temperature solid oxides 

cells to CO2/H2O co-electrolysis to produce syngas, and carried out 

experiments on efficient and large-scale syngas production on electrolytic 

button cells (2.5 cm2), 500 W stacks (640 cm2) and 15 kW systems (three 

modules, 720 units) [129]. The results suggested that the co-electrolysis of 

H2O/CO2 to prepare hydrocarbon fuels was feasible, and the area specific 

resistance (ASR) of co-electrolysis was closer to steam electrolysis than CO2 
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electrolysis, indicating that steam electrolysis served as the main electrolysis 

reaction under the co-electrolysis atmosphere. 

Since 2008, due to the need for energy transformation, the number of 

institutions and labs studying SOECs has gradually increased, including the 

European Institute for Energy Research (EIFER) and the Risß National 

Laboratory at the Technical University of Denmark (DTU). Among them, 

EIFER utilized 45 cm2 solid oxide electrolysis cells as their demonstration 

product. As early as 2004, EIFER achieved steam electrolysis operation for 

over 9000 hours, with a minimum degradation rate of only 1.7%/1000 h. In 

2012, through technoeconomic technical analysis, they established a model 

for the hydrogen production cost by high temperature electrolysis as function 

of the electrolyser environment like external heat and electricity sources, 

which provided a reference for the development and deployment of 

subsequent synthetic gas production [130]. The demonstration product of 

Risß DTU consisted of 16 cm2 planar electrolysis cells and stacks, with a 

typical operating temperature of 750-850 ÁC. In 2009, DTU reported a study 

on the durability of CO2 electrolysis testing based on a nickel-based SOEC. 

The results showed that, the passivation rate of the cell was between 0.22 - 

0.44 mV h-1 under 70 vol.% CO2-30 vol.% CO and 98 vol.% CO2-2 vol.% 

CO (industrial grade) at 850 ÁC and current densities were between -250 and 

-500 mA cm-2. The degradation was found to be mainly caused by the 

adsorption of impurities in the fuel gas on active sites [131]. In 2020, DTU 
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developed nanocomposite structured perovskite materials for investigating 

the cell lifetime for syngas preparation by co-electrolysis. The test faculty 

operated at a current of -500 mA/cm2 for 600 h with a voltage decay rate of 

approximately 10.5%/kh [132]. Other institutions such as the University of 

St. Andrews and Imperial College London tended to focus more on the 

modification of electrode materials for button cells, rather than the 

commercialization of large-sized cells or stacks. 

The development of energy storage technology using SOECs in China 

started relatively late, just over 20 years ago. Active research institutions 

include Fuzhou University, Nanjing University of Technology, University of 

Science and Technology of China, Dalian Institute of Chemical Physics 

(Chinese Academy of Sciences), Ningbo Institute of Materials Technology 

and Engineering (Chinese Academy of Sciences), Shanghai Institute of 

Ceramics (Chinese Academy of Sciences), Chaozhou Three-Circle (Group) 

Co., Ltd., and H2-Bank. Most research groups concentrate on improving 

anode, cathode, and electrolyte materials or developing SOFC stacks.There 

are currently few reports on the durability of CO2 electrolysis for energy 

storage. For example, Dalian Institute of Chemical Physics, Chinese 

Academy of Sciences, focuses on the modification of LSM/YSZ anodes. In 

2018, it was reported that doping RuO2 nanoparticles can generate new 

oxygen vacancies, thereby boosting the oxygen evolution reaction (OER) 

performance of LSM/YSZ anodes [133]. Subsequently, a new triple phase 
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boundary was found to generate in the LSM-YSZ anode when loaded with 

Au nanoparticles, which improved the oxygen evolution reaction 

performance [134].The research group led by Prof. Li from Huazhong 

University of Science and Technology developed a novel 

La0.6Sr0.4Fe0.8Ni0.2O3-ŭ (LSFN) electrode for pure CO2 electrolysis in a 

symmetrical SOEC, and found that the current density increased from 1.03 

A/cm2 at 800 ÁC to 1.52 A/cm2 at 850 ÁC under an electrolytic voltage of 2.0 

V [135]. Additionally, many other research institutes also have been 

dedicated to exploring the material modification and performance 

improvement of CO2 electrolysis on SOECs. Relevant electrolysis cell 

structures and operating conditions are summarized in Table 2.3 [133-

141]142]. As for durability and stability, the symmetrical double anode 

SOEC (35 cm2 Ĭ 2) developed by Ningbo Institute of Materials Technology 

and Engineering, Chinese Academy of Sciences, achieved stable operation 

of high temperature CO2 electrolysis for nearly 2000 h, with a degradation 

rate of less than 5%/kh. The CO2 conversion rate was more than 47%, with 

an electrolytic efficiency of 91.4%. This is currently the longest lifetime of 

CO2 electrolysis, as far as the author knows [143]. Afterwards, Ningbo 

Institute of Materials Technology and Engineering (Chinese Academy of 

Sciences) focused on tackling the difficulties related to CO2 electrolysis on 

60 cm2 large cells and stacks. There is to date no clear report on SOC stacks 

and systems for commercial energy storage in China. In a word, using SOEC 
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for high-temperature CO2 electrolysis is still an immature technology, and 

there is still a long way to go to achieve industrial production. 

 

Table 2.3. The structure, operating conditions, and performance of SOECs 

in China and abroad 

 Cell structure Fuel gas Current/Voltage Ref 

Dalian Institute of 

Chemical Physics 

Ni-YSZ|YSZ|LSM/YSZ + 
RuO2 

95% CO2-5% N2 
-0.74A/cm2@1.2 
V 

[133] 

Dalian Institute of 

Chemical Physics 
Ni-YSZ|YSZ|LSM/YSZ + Au 95% CO2-5% N2 

-0.94A/cm2@1.4 

V 
[134] 

Huazhong University 

of Science & 

Technology 

LSFN-
GDC/GDC/YSZ/GDC/LSFN-

GDC 

pure CO2 -1.52 A/cm2@2V [135] 

KAIST LSCM|LSGM half cell 
35% CO2-35% H2O-
10% H2-20% N2 

- [136] 

University of St 

Andrews 
LSCM-GDC|YSZ|LSM-ScSZ 90% CO2-10% CO 1V [137] 

University of Alberta LCN-GDC/YSZ/LCN-GDC Pure CO2 
-2.32A/cm2@2.0 

V 
[138] 

Huazhong University 

of Science & 

Technology 

LSFM-

GDC|GDC||YSZ||GDC|LSFM-
GDC 

pure CO2 
-1.744 

A/cm2@2V 
[139] 

Nanjing Tech 

University 

Ni-YSZ|YSZ|Gd-doped 

ceria|BSFTx 
70% CO2-30% CO 

-0.81 A cm -

2@1.5V 
[140] 

Huazhong University 

of Science and 

Technology 

Pt|LCaFN-GDC 

|GDC|YSZ|GDC|LCaFN-
GDC|Pt 

Pure CO2 
-1.41A/cm2@2.0 

V 
[141] 

Institute of 

Engineering 

Electronics, China 

Academy of 

Engineering Physics 

GDC@(LSCrF)-YSZ- 

|YSZ|GDC@(LSCrF)-YSZ 
CO-CO2 

-1.04 

A/cm2@1.5V 
[142] 

 

2.3.6 Other CO2 conversion technologies 

Besides using SOECs for the decomposition and electrocatalytic 
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reduction of CO2, molten carbonate electrolysis cells (MCECs) can also be 

exploited. The operating temperature of MCECs is often slightly lower than 

that of SOECs, and the electrolyte of such cells is a carbonate melt, usually 

Li, Na and K single molten carbonate eutectics [144]. Carbonate possesses 

a better CO2 absorption capacity and higher current efficiency, and using 

lithium carbonate as an electrolyte is conducive to the precipitation of carbon. 

The principle of carbon deposition on MCECs is displayed in Figure 2.8. 

CO2 is first converted into CO3
2- ions, which are further reduced to carbon 

on the cathode. The generated carbon products include amorphous carbon, 

carbon fibers and carbon spheres. Different morphologies of carbon result in 

different commercial values [145]. 

 

Figure 2.8. A schematic of molten salt electrochemical system for CO2 

reduction [145] 

 

Compared with K2CO3, Li2CO3 is easier to handle, with a melting point 

of 723 ÁC. K2CO3 and Na2CO3 are not widely used because of their high 

melting points (900 ÁC and 860 ÁC), as high temperatures can lead to high 
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costs and material corrosion issues. Research on MCECs for CO2 

electrolysis in the industrial field is still unreported, and relevant studies to 

date are mainly conducted on a lab scale. Factors such as the electrolysis 

operation, corrosion of electrodes and equipment under high temperature 

and liquid carbonate, Ni electrode lifespan, and carbon deposition should 

also be considered. There are currently no reports on the durability of MCEC 

electrolysis systems. The theoretical analysis of electrolysis systems, such as 

process design, quality and energy balance, and economic analysis, are not 

yet comprehensively published and no references for industrial applications 

have been found. 

Another option is to use flow batteries, whose products may usually 

contain CO, HCOOH, C2H5OH and C2H4. Comparatively, C2+ products 

should have a higher market value because of their higher energy density. 

But according to some current research, C2+ products have low current 

densities and poor product selectivity compared to C1 products. Most 

catalysts adopted in flow batteries have a testing time of less than 100 h, 

which is far below industrial standards. The longest reported lifespan of the 

key components of a flow battery, the membrane electrode assembly (MEA), 

is about 4000 h, with a modified method of adding catalysts with 

imidazolium-functionalized polymers [146]. 

The CO2 redox flow battery (CRB) is a rechargeable battery. P. Hosseini 

Benhangi et al. [147] proposed the concept of using CRB to directly convert 
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CO2 for electrochemical energy storage in 2021. Electrochemical reactions 

are described in Eq. 2.9. They introduced and demonstrated a novel 

bifunctional catalytic system for CO2 reduction and formats oxidation based 

on bimetallic PdSn or ternary PdSnPb and PdSnIn formulations. The results 

of CRB experiments revealed that a peak discharge power density of 19.2 

mW/cm2 was reached at 20.5 mA/cm2, where the voltaic round-trip 

efficiency and energy efficiency at peak power were 50.5% and 36.7% 

respectively. Thisbattery far surpassed other emerging non-metallic batteries 

that had been proposed. However, as of the completion of this thesis, 

research on this topic had been conducted for less than 2 years, and no results 

on continuity or durability have been reported. 

ὅὕ Ὣ Ὄὕὰ ςὄὶ ὥή

ᴼ
ᴺ
Ὄὅὕὕ ὥή Ὄὕ ὥή ὄὶὰ  (Eq. 2.9) 

 

 

Figure 2.9. A schematic of the CO2 redox flow battery (CRB) [147] 
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Among metal-CO2 batteries, aqueous Zn-CO2 batteries exhibit flexible 

CO2 electrochemistry performance in terms of multi-carbon chemicals, 

which are in favor of the durability of aqueous battery systems.More 

intriguingly, compared with Li/Na-CO2 batteries, Zn-CO2 batteries have a 

wide range of products, since aqueous electrolytes enable multistep proton-

coupled transfer processes [148]. Besides, the products stemming from Zn-

CO2 batteries are mainly gas or liquid, which protects the batteries from the 

issues of masking active sites. Generally, Zn-CO2 batteries are composed of 

a catalyst cathode, a metal Zn anode, and an electrolyte [149]. Zn-CO2 

batteries belong to the rechargeable category of batteries. The chemical 

mechanism of reversible Zn-CO2 batteries is as follows: 

Cathode reaction:  ὅὕ Ὣ ςὌ ςὩ ᴾὌὅὕὕὌὥή         (Eq. 2.10)  

Anode reaction:      ὤὲ τὕὌ ᴾὤὲὕὌ ςὩ                (Eq. 2.11) 

Total reactions: 

 ὅὕ ςὌ ὤὲ τὕὌ ᴾὌὅὕὕὌὥή ὤὲὕὌ (Eq. 2.12) 

Zn-CO2 batteries can generate electricity while converting CO2 into 

value-added products, which is completely different from other energy 

consuming CO2 conversion technologies. However, Zn-CO2 batteries 

typically operate at low discharge current densities (mostly below 15 

mA/cm2), which leads to lower productivity [150, 151].Compared with 

relatively mature Li/Na/K-CO2 batteries, the emerging aqueous Zn-CO2 
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batteries still require further in-depth research.  

In bioelectrochemical systems (BES), microorganisms are used to 

catalyze oxidation or reduction reactions. Normally, microorganisms oxidize 

biodegradable substrates at the anode, known as the biological anode, and 

combine with the oxygen reduction reaction at the cathode to produce a 

current. This technology is called microbial fuel cell (MFC). Low potential 

cathode reactions, such as hydrogen evolution, are coupled with the 

oxidation of organic matter with the application of small external voltage. 

This system is called microbial electrolysis cell (MEC), and thespecific 

principle is illustrated in Figure 2.10. The concept of microbial 

electrocatalytic reduction of CO2 to produce multi carbon organic 

compounds was first proposed in 2010 [152], with the most widely reported 

being acetate/acetic acid, which undergoes the reaction shown in Eq 2.13. 

With the extended development of this technology, the products can be 

further reduced to more economically valuable products such as ethanol, 

butyrate, methane and ethylene. [153-155]. However, BESs still face 

challenges in stability, product selectivity, and yield. A robust and stable 

biological cathode is necessary to justify further research and development. 

ςὅὕ ςὌὕᴼὅὌὅὕὕὌςὕ              (Eq. 2.14) 
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Figure 2.10. Principles of typical BESs [152] 

 

The use of nanostructured Cu catalysts to carry out CO2 reduction 

reactions is also a conventional approach. A new angle is that Cu nano foams 

contribute to producing HCOOH and CO. However, this foam system 

exposes the difficulty of identifying actual catalytic sites used for catalytic 

reaction [156].In this regard, the ordered nano porous Cu structures have 

been developed. Despite the improved selectivity for CO2 conversion, there 

are still limitations in the diffusion control process within the pore structure, 

making it difficult to achieve rapid exchange of reactants and products [157]. 

To avoid mass transfer limitation issues, an improvement strategy is to utilize 

Cu nanoparticles (Cu NPs). Coordination numbers and chemical interaction 

energy of Cu NPs are different on the surface, corner atoms, along the edges 

as well as in crystal planes. Therefore, the catalytic activity of CO2RR can 

be changed by adjusting the size of NPs. For example, low-coordinated (< 8) 
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surface atoms are in favorable for the formation of CO, while atoms with 

CN > 8 can be used for hydrogenation of CO [158].Currently, the maximum 

Faraday efficiencies of HCOOH, CO, CH4, C2H4, and C2H6 obtained from 

Cu-based nanocatalysts are as high as 96%, 94%, 73%, 50%, and 24%, 

respectively [159-163]. C2+ products are far from meeting the practical 

application requirements. In addition, Cu-based nanocatalysts also have 

stability issues, as they may exhibit surface oxidation, particle aggregation, 

and structural deterioration under CO2RR conditions. Consequently, their 

lifespan rarely exceeds 100 hours [164]. 

The concept of photocatalytic CO2 conversion can be traced back to 

1978, but after several decades of development, photocatalytic CO2 

conversion has not reached the level of conventional CO2 hydrogenation in 

both reaction activity and selectivity. This is mainly because the complexity 

of photocatalysis limits the performance of the system [165]. Photocatalytic 

CO2 conversion encompasses light absorption, charge generation, separation 

and transfer, and surface reactions. Although significant progress has been 

achieved in optimizing the first few processes, there has been little research 

on improving catalytic efficiency, as efficiency improvement requires the 

presence of promoters [166]. Figure 2.11 illustrates the potential pathways 

for photocatalytic CO2 conversion to various carbon-containing products, 

where carbon is uneconomical, CO may exist in the form of intermediates, 

and C2+ products such as ethylene, ethanol, acetaldehyde and propanol 
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demonstrate the highest economic value [167]. 

 

Figure 2.11. Possible reaction pathways and products of photocatalytic 

conversion of CO2 [167] 

 

Other types of technologies reported in the literature are dielectric 

barrier discharges, microwave and gliding arc discharges. Despite years of 

development, the energy efficiency of plasma reactions is still relatively low. 

Combining plasma with catalysis can activate catalysts at low temperatures, 

significantly heightening the CO2 conversion rate, selectivity and yield of 

target products. For example, Mei et.al [168] developed a coaxial dielectric 

barrier discharge (DBD) for the plasma-photocatalytic CO2 conversion, and 

investigated the synergistic effect resulting from the combination of plasma 

and photocatalysts, BaTiO3 and TiO2, for CO2 conversion.The results 

proved that this synergistic effectsignificantly increased the CO2 conversion 

rate and improved energy efficiency by 2.5 times. Ashford et al. [169] 

reported the optimum CO2 conversion (24.5%) and energy efficiency (13.6%) 

using ɔ-Al2O3 supported 5Fe5Ce, almost twice the conversion attained using 

10Fe (only 13.3%). However, based on current laboratory research results, 
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the CO2 conversion rate of plasma-photocatalytic CO2 conversion is still less 

than 30%, far lower than that of electrochemical methods. Moreover, 

expensive post-treatment separation steps have been reported [170]. Due to 

its emerging properties, plasma-photocatalytic CO2 conversion undoubtedly 

still needs further research. 

2.3 Degradation of SOECs in CO2 electrolysis 

The high energy efficiency of SOECs benefits from their higher 

operating temperature, but high temperatures also place high demands on 

SOEC materials. The long-term degradation of components caused by high 

temperatures is one of the key factors hindering the large-scale application 

of SOECs. Degradation is the main obstruct in the industrialization of 

SOECs, and research on the degradation mechanism is still in an early phase. 

With large active area and high operating temperature of cells, it is hard to 

in-situ monitor the degradation process. Degradation after cooling and 

disassemblyhas been reported in most of the literature. There is no clear 

evidence that these attenuation parts are caused by one or more factors in 

heating, reduction, testing or disassembly. The degradation of SOEC 

depends on materials, test process and operating conditions. Possible 

influencing factors during operation include operating temperature, type and 

ratio of fuel gas as well as current density. It has been reported that 

electrochemical degradation can exist at the oxygen electrode, electrolyte, 
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fuel electrode and even the interface of each active layer.  

Ni-YSZ cermet is the most used fuel electrode (hydrogen electrode) 

material. The degradation rate can be simply classified as nickel coarsening, 

sulfur poisoning and carbon deposition [100, 171-173]. Ni coarsening exists 

in almost any fuel electrode atmosphere and can be considered as Ni 

agglomeration, Ni migration and Ni grain growth [174]. Ni agglomeration 

occurs at high temperature, which is a sintering process under thermal 

activation. The particle size after agglomeration is affected by sintering 

temperature and fuel electrode atmosphere. In humid environment, such as 

CO2 electrolysis with H2 as protective gas, the water generated by RWGS 

reaction reacts with Ni to produce volatile Ni(OH)2, which accelerates the 

loss of Ni. The growth of Ni particles tends to be more obvious as RWGS 

reaction increases the humidity in fuel electrode [175]. Research on Ni 

migration basically focuses on two mechanisms. One is Ostwald ripening, 

which means Ni migrates and is captured by another Ni particle, and the 

other is to migrate on the carrier and merge with other Ni clusters [176]. The 

driving force for migration may come from the formation of Ni(OH)x or be 

related to the change of local oxygen partial pressure [177, 178]. For the case 

without driving force, it may be induced by Ni surface energy difference. 

There are few descriptions of Ni grain growth in the literature, but there has 

been consistent conclusion that the growth of nickel mainly occurs in the 

early stage, and the growth rate appears an obvious downward trend with the 
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extension of time [175]. 

Oxygen electrode (air electrode) is the place where oxygen evolution 

reaction occurs, usually requiring high electrocatalytic activity, certain 

porosity, high electronic and ionic conduction and suitable thermal 

expansion coefficient [179]. There are great disputes about the degradation 

mechanism of oxygen electrode, and there is still no definite conclusion so 

far. LSCF ((La0.6, Sr0.4)(Co0.2, Fe0.8)O3) and LSM (La1-xSrxMnO3) are 

common materials for oxygen electrode. The most common failure mode of 

such kind of perovskite materials is the delamination of oxygen electrode / 

electrolyte interface caused by high oxygen partial pressure generated by 

anode overpotential [180-183]. Chen et al. [180] reported the irreversible 

delamination behavior of electrode / electrolyte at 500 mA/cm2 electrolytic 

current density, and proposed that the infiltration of oxygen ions leads to the 

formation of manganese cation vacancy, inducing the local tensile strain of 

LSM particles. While Graves et al. [182] believed that the degradation 

between oxygen electrode / electrolyte can be eliminated by reversible 

operation between electrolysis and fuel cell mode, and the principle is similar 

to rechargeable battery. The ionic and electronic conductivities of LSCF are 

much higher than that of LSM. However, both LSM and LSCF are faced 

with instability under long-term operation. Specifically,  with the 

electrostatic interaction between the cations at A-site of perovskite structure 

and oxygen vacancy, the enrichment of Sr secondary phase caused by Sr 
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segregation hinders the oxygen surface exchange process, resulting in the 

decline of the overall electrochemical performance of SOECs [184, 185].  

A GDC barrier layer needs to be added at the boundary between the 

LSM or LSCF air electrode and the YSZ electrolyte to avoid the reaction 

between Zr and Sr at high temperatures. However, under the action of high 

temperature and high electrolytic current, there may generate pores along the 

grain boundaries of YSZ electrolyte close to the LSM/YSZ interface, which 

may be attributed to the nucleation and growth of oxygen clusters in the YSZ 

grain boundaries. Jacobsen et al. [186] calculated the distribution of the 

oxygen electromotive force inside ZrO, and they believed that oxygen 

formation may happen within the grain boundaries of YSZ under SOEC 

mode. The accumulation of oxygen at the grain boundaries blocks the 

transport process and increases the electrolyte resistance. As reported, voids 

develop along the grain boundaries to generate cracks in the electrolyte. The 

reaction formula for the formation of voids is as follows: [187] 

τὕ ὤὶ ᴼτὕ ςὠ ὠ Ͻςὠ ᴽ ὤὶȢ     (Eq. 2.15) 

As for interconnects, it should be noted that significant interdiffusion 

of nickel and chromium component may occur at the interface of current 

collection layer of the fuel electrode and Fe-Cr alloy because of high 

diffusivity in nickel and alloy.The chromium components from interconnect 

may diffuse into the nickel fuel electrode, which may degrade the catalytic 

activity of nickel. The surface in contact with current collection layer of the 
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air electrode presents a normal oxide scale containing (Mn, Cr, Fe) spinels, 

which also leads to an increase in contact resistance and a deterioration in 

stack performance. Additionally, due to the strong activity of the air 

electrode and its continuous exposure to an oxidizing atmosphere during 

testing, a small amount of chromium evaporates from the interconnect, 

leading to chemical stability issues of air electrode materials [188, 189]. 

In the process of assembling cells and stacks, glass seals are usually 

leveraged, which have advantages such as good wettability, low cost, easy 

processing, adjustable composition, and wide temperature range for use. 

However, such materials also expose issues such as brittleness, susceptibility 

to damage during thermal cycling and easiness to react with other 

components. Also, the potential toxicity of volatile elements may damage 

electrode materials. Besides, in high temperature and high humidity 

environments, the silicate glass phase may form a thin film at the Ni-YSZ 

grain boundaries, thereby affecting the durability of cells [190]. Owing to 

technique issues during assembly, glass seals may fail under high 

temperature and mechanical pressure, which can also lead to oxidation and 

fracture of Ni-based electrode and supporting layer [191]. Considering 

different levels of mechanical interaction between the stack and cell 

components, the direct influence of creep deformation on the integrity of 

cells is obvious with glass-ceramic sealants [192]. Due to the low level of 

commercialization, many current studies focus on chemical degradation, and 



51 

 

there is no reliable analysis of mechanical performance degradation in both 

stacks and systems. 

So far, the degradation mechanism under high-temperature CO2 

electrolysis operation is not clear, and the main difficulties faced by large-

scale commercial use include insufficient fuel conversion capacity, high cost 

of electricity consumption, contact loss between cells and interconnects, as 

well as oxidation and corrosion of interconnects. It is crucial to conduct 

research on the high-temperature degradation mechanism relying on low 

strain flat-tube RSOC technology to solve the above issues as well as meet 

the demand for renewable energy consumption and storage. 

2.4 Industrialization degree and application scenarios 

With the continuous growth of energy demand and the increasing 

emphasis on environmental protection in various countries around the world, 

recently, numerous countries have increasingly attached importance to the 

development of hydrogen energy. Some of them have released the latest 

plans in the field of hydrogen energy, and using SOECs for hydrogen 

production has become a popular development direction. In 2012, INL 

reported a study on the kilowatt-scale SOEC stack for thousands of hours of 

steam electrolysis hydrogen production, with a minimum performance 

degradation rate of 3.2%/kh [193]. Two years later, the demonstration results 

of a 4-kW steam electrolysis hydrogen production system were reported, 
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which achieved stable operation for 830 h with a total degradation rate of 

3.1%/kh [194]. The latest research results of EIFER on high-temperature 

electrolysis for hydrogen production suggest that single piece electrolyte-

supported SOEC (Ni-GDC/GDC/6Sc1CeSZ/GDC-LSCF, 45 cm2) 

manufactured by Kerafol (Germany) has been stably operated for 23000 h, 

with a cell voltage degradation of 7.4 mV/kh (0.57%/kh), proving that the 

service life of SOEC can meet commercial standards [195]. 

There are only few reports on the adoption of SOEC stack for CO2 

electrolysis or co-electrolysis. For example, in 2011, Topsoe Fuel Cell A/S 

(TOFC) and Technical University of Denmark designed and assembled 10-

unit stack for CO2/H2O co-electrolysis tests. The electrolysis time exceeded 

1150 h, and the highest electrolysis current reached -0.75 A/cm2 [196]. In 

2014, starvation was tested on a 10-cell stack when running in CO2 

electrolysis at -345 mA/cm2 [197]. In 2015, Reytier et.al [198] reported co-

electrolysis performances of 10-unit stack with a ratio H2O/CO2 Ó 1. For the 

atmosphere of 65 vol.% H2O + 25 vol.% CO2 + 10 vol.% H2, the maximum 

current density applied was -800 mA/cmĮ with a conversion rate of 52%. The 

syngas production rate of the stack was 0.34 Nm3/h at -80 A and 800ÁC. In 

2017, Haldor Topsoe A/S summarized research on CO2 electrolysis in 5-unit 

stacks (named A-E) and also measured the robustness of each stack, 

providing certain reference value for system development and 

commercialization. Stack C (air side modification) and stack D (fuel side 
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improvement) operated for over 2000 h with CO2 electrolysis, indicating that 

appropriate thermal cycling might be beneficial for activating stack 

performance [199]. In 2023, Li et.al [200] investigated the effect of 

interconnect rib width on the co-electrolysis of water and carbon dioxide in 

cells, and demonstrated that the cell with a rib width of 0.6 mmyielded the 

optimal performance. 

Compared to cells with other structures, SOECs are less sensitive to 

fuel impurities. Moreover, since there are no moving parts in the fuel cell 

except for the Balance of Plant (BoP) components, the system is expected to 

improve reliability and reduce maintenance costs. The size of SOECs is very 

flexible, supporting any power range from several watts to megawatt level, 

and SOECs can be installed as a fixed CO2 treatment device in urban or 

suburban areas [201]. Up to now, CO2 electrolysis by SOECs has not yet 

been widely used in daily life, and the specific reasons can be divided into 

the following aspects: (i) Higher operating temperatures accelerate the 

corrosion of metal components, limiting the durability of various 

components in the stack; (ii) Excessive heating and cooling time limits their 

use in situations that require rapid temperature oscillations; (iii) Complex 

assembly structure and high manufacturing cost require to optimize the 

assembly process and search for alternative materials that are cheaper and 

economically valuable. 
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2.5 Summary 

SOECs are experiencing tremendous growth recently since they are 

deemed as a pioneering and evolving technology and can provide solutions 

to alleviate carbon emissions.In terms of usage scenarios, SOECs present 

fuel flexibility and are not sensitive to impurities, which makes them more 

economically advantageous than some low-temperature cells and batteries. 

As for energy conversion efficiency, due to high-temperature operation, 

reactions in SOECs are simple, with almost no by-product generated. From 

the perspective of service time, most of the stability and durability test results 

of cells and stacks are still in the demonstration and verification stage. Under 

high-temperature electrolysis operations, cell microstructures, stack 

components, and sealing materials may fail. Consequently, exploring the 

high-temperature degradation mechanism of SOECs is necessary and 

important.  

There have been plenty of research and developments on CO2 

electrolysis based on SOECs in the past decade, but most of them have 

focused on the button cells and lab stage, and the technological maturity of 

large-sized cells and stacks still needs to be verified. Developing high-

performance SOEC electrolytic stacks for CO2 electrolysis cantake full 

advantage of existing resources such as carbon dioxide, wind energy, and 

solar energy, which is more in line with practical use. 
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Chapter 3. Experimental Methods 

This chapter describes the preparation, assembly and test methods of 

cells and stacks, electrochemical impedance test, scanning electron 

microscope analysis, gas composition analysis, energy conversion efficiency 

analysis and mechanical property test. 

3.1 Preparation and assembly of the cell 

A flat-tube asymmetrical solid oxide electrolysis cellwas adopted, with 

Ni-3YSZ used as the supporting layer. The size of the cell was 155 mm Ĭ 63 

mm Ĭ 4.6 mm (thick cell), and further developed to 155 mm Ĭ 63 mm Ĭ 2.7 

mm (thin cell), with an active area of 60 cm2 (air electrode). LSC-15%Ag 

was used as a current collection layer on the surface of the air electrode 

because of high conductivity. The cell structure was be marked as NiO-

3YSZ|NiO-8YSZ|8YSZ|GDC|LSCF-GDC|LSC-Ag. The specific 

preparation process is as follows:  

Firstly, NiO, 3YSZ, PMMA (pore forming agent), PVA (binder) and 

other ingredients were extruded into a supporting layer containing fuel flow 

channel, and calcined at 1100 ÁC. The fuel electrode and electrolyte were 

successively printed on the surface of the supporting layer by screen printing, 

and then calcined at 1300 ÁC for 4 hours to obtain the half-cell. Then the 

barrier layer (1~2 ɛm) was printed on the electrolyte and calcined at 1250 ÁC, 

and finally the air electrode slurry was screen-printed and calcined at 
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1050 ÁC to obtain the full cell.Notably, the surface of the air electrode also 

needed to be hand-brushed or screen-printed with a layer of LSC slurry, 

which was then dried at 110 ÁC to serve as the current collection layer. The 

appearance, cross-sections and microstructure of the flat-tube SOEC are 

introduced in Figure 3.1. The material composition and thickness of each 

functional layer areillustrated in Table 3.1. Generally, the thickness of 

current collection layer is related to that of the sealing material.  

 

 

Figure 3.1. Schematic diagrams of (a) the flat-tube SOEC; (b) Cross-

section illustration of the flat-tube SOEC; (c) SEM image of the flat-tube 

SOEC 

 

Table 3.1. Parameters of SOEC 

Composition Material Thickness 

Supporting layer NiO-3YSZ (3 mol. % yttria stabilized zirconia) 2.8~4.6 mm 

Fuel electrode 

(cathode) 
NiO-8YSZ (8 mol. % yttria stabilized zirconia) 15~20 Õm 
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Electrolyte 8YSZ (8 mol. % yttria stabilized zirconia) 10~15 Õm 

Barrier layer GDC (Gd0.1Ce0.9O2-ŭ) 1~3 Õm 

Air electrode (anode) LSCF-GDC (La0.6Sr0.4Co0.2Fe0.8O3-ŭ) 15~20 Õm 

Current collection layer  LSC-Ag (La0. 6Sr0. 4CoO3ïŭ) 60 Õm 

 

The assemble process of the thick cell and the high-temperature furnace 

are shown in Figure. 3.2a and Figure. 3.2b. Firstly, the fuel electrode of the 

cell was installed on the clamp with holes, and the inlet and outlet needed to 

be fixed with stainless steel long bolts. To ensure the sealing of the fuel 

electrode, the gap between the cell and the clamp was filled with glass 

powder. Before assembling the anode and cathode cover plates, both nickel 

mesh (with nickel paste) and silver mesh (with silver paste) were added 

between the cover plates and electrodes for enhancing the current collection 

effectiveness. Finally, the inlet and the outlet pipes were installed and 

conductive columns were added toconstruct a complete SOEC test system. 

The assembled cell was put vertically into the resistance furnace and heated 

to the specified temperature of 750 ÁC. 
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Figure 3.2. Assembly diagram of SOEC: (a) Assemble method of thick 

cell; (b) High-temperature furnace of thick cell; (c) Assemble method of 

thin cell; (d) High-temperature furnace and pressurization device of thin 

cell 

 

The assembly process and the high temperature furnace of the thin cell 

are shown in Figure. 3.2c and Figure. 3.2d, slightly different from the 

assembly method of the thick cell. First, the thin cell was fixed from top to 

bottom with stainless steel short bolts to prevent cracking during assembly. 

To enhance the performance of the cell, the air electrode of the thin cell 

needed to be coated with LSC-Ag (15%Ag) slurry as the current collection 

layer. Subsequently, the assembled cell was placed and fixed horizontally in 

the high-temperature furnace, as shown in Figure. 3.2d, and pressurized to 

100 kg (experience value) to enhance sealing and current collection 
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effectiveness. The furnace temperature was raised at the rate of 3~4 ÁC/min 

to 750 ÁC. 

3.2 Preparation and assembly of the stack 

The 3-unit SOEC stack required for the experiment was composed of 

three cells, four interconnects and two conductive plates. The interconnect 

in contact with the cathode of the SOEC stack had no gas flow path, and the 

interconnects in contact with the anode (air electrode) of the three cells had 

air flow paths. The four interconnects are made of ferritic stainless steel with 

manganese-cobalt spinel coating ((Mn,Co)3O4). The structure of the SOEC 

stack is illustrated in Figure 3.3. During the preparation of the stack, silver 

mesh and nickel mesh were firstly added to the air electrode contact surface 

and fuel electrode contact surface of each cell to enhance the current 

collection effectiveness. The air electrode surface of the cell was also 

brushed with LSC-15%Ag as the current collection layer. Afterwards, 

nickel-chromium wires with high mechanical strength were inserted on the 

contact surface between the cell and interconnects to monitor real-time 

impedance and voltage of each unit in the stack. Usually, nickel-chromium

wires under high temperature can exhibit antioxidant properties and remain 

relatively stable below 800 ÁC. The meanings of each unit in the stack are 

summarized in Table 3.2. The stack was sealed with commercial glass 

sealing materials provided by H2-Bank Technology Co., Ltd (Ningbo, China), 
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which are named No. 4 and No. 7. Notably, different melting points of the 

two sealing materials contribute to different processes of temperature rise 

and pressure increase. The glass sealant 4 sealing material has good high-

temperature fluidity and can enhance sealing performance through pressure. 

The glass sealant 7 sealing material has a high melting point and requires 

external pressure to be applied when the temperature exceeds 800 ÁC, since 

it contents large content of MgO and CaO.Before assembly, the most 

suitable assembly processshould be determined. Firstly, a specific amount 

of binder, dispersant, and terpineol was added to glass sealant 4 and 7 grade 

powders to form sealing slurries with different solid contents (usually 70%-

85%) which then needs to be homogenized.Sealing performance tests must 

also be conducted after each assembly stage. More importantly, to ensure 

electron conduction in the stack at high temperatures, the thickness of the 

sealing material and the thickness of the current collection layer (including 

nickel mesh, silver mesh, and current collection layer slurry) after drying

were measured. The thickness difference should not exceed 0.1 mm. After 

sealing, the stack structurewas pressurized and fixed with short bolts and 

pressure plates. 

Finally, both gas pipes and conductive columns were fitted to the 

assembly. The stack was further transferred to a high-temperature furnace 

for hot-pressing treatment, to further improve sealing and current collection. 
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Figure 3.3. Assembly diagram of SOEC stack: (a) External structure, (b) 

Internal structure 

 

Table 3.2. Meanings of the component labels in the single voltage of 

SOEC stack 

Number Unit Meaning 

CV1 C0A1 Cell1 

CV2 C1A2 Cell2 

CV3 C2A3 Cell3 

CV5 A0C1 Cell1, cathode contact and anode contact 

CV6 A1A2 Cell2 and cathode contact  

CV7 C1C2 Cell2 and anode contact 

CV8 A2A3 Cell3 and cathode contact 

 

 

Table 3.3. Process parameters for stack sealing 
 

Ni-YSZ side LSCF-GDC 

side 

Sealing Dry 

temperature 

Dry 

time 

1 0.4 mm NiO 

(mesh+paste) 

Wet 

LSCF+Ag 

(mesh+paste) 

Glass 

sealant 4 

90 °C 30 min 

2 0.4 mm NiO 

(mesh+paste) 

Wet LSC+Ag 

(mesh+paste) 

Glass 

sealant 4 

90 °C 30 min 

3 0.4 mm NiO 

(mesh+paste) 

Wet 

LSCF+Ag 

(mesh+paste) 

Glass 

sealant 7 

90 °C 30 min 
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4 0.4 mm NiO 

(mesh+paste) 

Wet LSC+Ag 

(mesh+paste) 

Glass 

sealant 7 

90 °C 30 min 

5 0.4 mm NiO 

(mesh+paste) 

Dry 

LSCF+Ag 

(mesh+paste) 

Glass 

sealant 4 

90 °C 30 min 

6 0.4 mm NiO 

(mesh+paste) 

Dry LSC+Ag 

(mesh+paste) 

Glass 

sealant 4 

90 °C 30 min 

7 0.4 mm NiO 

(mesh+paste) 

Dry 

LSCF+Ag 

(mesh+paste) 

Glass 

sealant 7 

90 °C 30 min 

8 0.4 mm NiO 

(mesh+paste) 

Dry LSC+Ag 

(mesh+paste) 

Glass 

sealant 7 

90 °C 30 min 

9 0.4 mm NiO 

(mesh+paste) 

Dry 

LSCF+Ag 

(mesh+paste) 

Glass 

sealant 4 

90 °C 10 min 

10 0.4 mm NiO 

(mesh+paste) 

Dry LSC+Ag 

(mesh+paste) 

Glass 

sealant 4 

90 °C 10 min 

11 0.4 mm NiO 

(mesh+paste) 

Dry 

LSCF+Ag 

(mesh+paste) 

Glass 

sealant 7 

90 °C 10 min 

12 0.4 mm NiO 

(mesh+paste) 

Dry LSC+Ag 

(mesh+paste) 

Glass 

sealant 7 

90 °C 10 min 

13 0.3 mm NiO 

(mesh+paste) 

Dry 

LSCF+Ag 

(mesh+paste) 

Glass 

sealant 4 

90 °C 10 min 

14 0.3 mm NiO 

(mesh+paste) 

Dry LSC+Ag 

(mesh+paste) 

Glass 

sealant 4 

90 °C 10 min 

15 0.3 mm NiO 

(mesh+paste) 

Dry 

LSCF+Ag 

(mesh+paste) 

Glass 

sealant 7 

90 °C 10 min 

16 0.3 mm NiO 

(mesh+paste) 

Dry LSC+Ag 

(mesh+paste) 

Glass 

sealant 7 

90 °C 10 min 

17 0.3 mm NiO 

(mesh+paste) 

Dry 

LSCF+Ag 

(mesh+paste) 

Glass 

sealant 4 

90 °C 0 min 

18 0.3 mm NiO 

(mesh+paste) 

Dry LSC+Ag 

(mesh+paste) 

Glass 

sealant 4 

90 °C 0 min 

19 0.3 mm NiO 

(mesh+paste) 

Dry 

LSCF+Ag 

(mesh+paste) 

Glass 

sealant 7 

90 °C 0 min 

20 0.3 mm NiO 

(mesh+paste) 

Dry LSC+Ag 

(mesh+paste) 

Glass 

sealant 7 

90 °C 0 min 

 

Table 3.3 summarizes several common assembly sealing parameters of 

the stack. After dozens of assemblies and gas leakage rate tests, it was found 

that No. 7 sealing slurry drying time of 10 minutes, 0.3 mm foam nickel and 
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nickel oxide slurry applied on the Ni-YSZ electrode, as well as the LSC-Ag 

current collection layer coated on the LSCF-GDC electrode side and covered 

with silver mesh constituted the most appropriate process parameters. To 

ensure electron conduction, the thickness of silver mesh was determined by 

the height difference between the sealing material after drying and the rib 

height on the interconnect. Usually, the thickness of silver mesh ranges from 

0.1 to 0.4 mm. 

The gas chambers of the fuel electrode and the air electrode were 

installed and securely fixed in place. Further, the gas chambers were sealed 

again with the above-mentioned commercial glass sealing materials. The 

insulating plates were added in the gap between the gas chambers and stacks 

cores to prevent short circuiting. The complete stack appearance, fuel side 

and air side photos after assembly, are shown in Figure 3.4. 

 

Figure 3.4. (a) Photo of SOEC stack; (b) Photo of air side; (c) Photo of 

fuel side 



64 

 

3.3 Testing of cells and stacks 

Reduction treatment should be conducted on the cell or stack when 

heated to the operating temperature (usually 750 ÁC) because nickel in the 

fuel electrode was in the oxidized stateduring the preparation of the cell and 

stack, incapable of catalyzing or conducting electricity. Before reduction, 

first the gas tightness was first tested by introducing 0.3 SLM N2 into the 

inlet of the cell and stack. Usually, good gas tightness requires the flow rate 

measured at the outlet to be greater than 0.29 SLM (3% leakage rate). Then 

the fuel electrode channel was purged with N2 for at least 5 minutes to 

remove air in the system. After that, 0.3 SLM of H2 (99.9%) and 1 SLM of 

air were injected into the fuel electrode and the air electrode, respectively. 

When nickel oxide in the fuel electrode was completely reduced to nickel, 

that is, when the open-circuit voltage (OCV) remained stable, the 

performance test was conducted. Instantaneous discharge and charge 

performance tests were initially performed using the charge-discharge test 

system from Bate Measurement and Control Technology Co., Ltd, (Ningbo, 

China). During the instantaneous SOFC and SOEC modes, the gas on the 

fuel electrode was 0.6 SLM H2 and 25 vol.% H2-75 vol.% CO2, respectively. 

During the performance test of the three-unit stack, the total gas volume 

should not be less than three times of the single cell. 
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3.3.1 Instantaneous performance test 

The instantaneous performance test mainly produced polarization 

curves (I-V curves), namely the current-voltage relationship curves, 

including the discharge polarization curve (I>0) and the charge polarization 

curve (I<0), as shown in Figure 3.5. Figure 3.5a depicts the I-V curve under 

the discharge mode. The discharge procedure was set by the test system, 

making the current increase in a stepwise manner. The voltage decreased 

with the increase of current density, while the power increased with the 

increase of current density, and decreased after reaching the maximum value. 

The discharge performance could be compared by observing the discharge 

voltage under the same current density, and the higher the discharge voltage 

is, the better the performance is.  
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Figure 3.5. Polarization curves (a) Sischarge mode (b) Charge mode 

 

Figure 3.5b shows the I-V curve under the charging mode. The test 

procedure and the current clamps were switched to the charging mode. As 

observed, when the current increased in a stepwise manner through the 
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setting procedure, the charge voltage increased with the increase of current 

density. Under the same current density, the lower the charge voltage, the 

better the performance, and the less electricity energy consumed to convert 

certain amount of fuel. When the load current rose to a certain value, the 

slope of the polarization curve suddenly changed, as further explained in 

Chapter 4, indicating that concentration polarization began to dominate the 

electrode reaction process. 

3.3.2 Durability testing 

Durability testing is important to characterize the lifespan of cells. V-t 

or I-t curves are usually used to observe the variation of real-time voltage or 

current. The current and voltage conditions required for long-term durability 

test are usually obtained from charge I-V curve.  
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Figure 3.6. (a) V-t curve of 3-unit SOEC stack under constant current 

charge mode, (b) I-t curve of SOEC under constant voltage charge mode 

 

Figure 3.6a shows the variation of the stack voltage with runtime under 

the constant current electrolysis mode. Figure 3.6b shows the trend of the 
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real-time electrolysis current with runtime under the constant voltage 

electrolysis mode. The degradation rate represents the slope of the V-t or I-t 

curve. 

3.4 Electrochemical impedance 

Electrochemical impedance spectroscopy (EIS) is a powerful in-situ 

tool used for characterizing SOFC and SOEC systems, to collect information 

about electrodes and interfaces [202, 203]. During the test, a disturbance 

signal, usually current or voltage, is applied to the test system to obtain a 

feedback signal. The ratio of the voltage signal to the current signal indicates 

the impedance. Impedance means the blocking effect of the current in the 

circuit, which is a complex value, usually expressed as Z. The real part Zô is 

called resistance, and the imaginary part Zôô is called reactance. Reactance 

exists in AC circuit, which is used to indicate the blocking effect of 

inductance and capacitance on current. Impedance is usually represented by 

the Nyquist diagram, as shown in Figure 3.7a. Table 3.4 shows the 

meanings of each part in EIS curve. The intercept between the high 

frequency region and the real axis refers to the ohmic impedance (Rs), the 

intersection between the low frequency region and the real axis is total 

impedance (Rt), and the difference between Rt and Rs denotes the 

polarization impedance (Rp).  
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Table 3.4. The meanings of each part in EIS curve 

Ohmic impedance (Rs) The intercept between the high frequency region and 

the real axis 

Total impedance (Rt) the intersection between the low frequency region 

and the real axis 

Polarization impedance (Rp) the difference between Rt and Rs 
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Figure 3.7. Electrochemical impedance and analysis method: (a) Nyquist 

diagram; (b) DRT diagram; (c) Effective equivalent circuit 

 

The distribution of realization time (DRT) is usually employed for 

deconvolution analysis of a single impedance spectrum. This method is 

based on the principle that different (electro) chemical processes correspond 

to different relaxation times, which can be applicable for distinguishing 

(electro) chemical processes in the SOEC system [204]. This method can 

effectively separate the overlapping processes in EIS with high resolution. 

The effective equivalent circuit (EEC) can be obtained by analyzing DRT 
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spectral. Therefore, DRT analysis of impedance diagram can be regarded as 

a pre-identification tool to select suitable EEC for system. The combination 

of DRT and EEC can more objectively analyze EIS and reflect the 

polarization process. The typical DRT spectrum and equivalent circuit model 

are shown in Figure 3.7b and Figure 3.7c. 

3.4.1 Testing under open circuit voltage 

The impedance test is usually conducted in an open circuit state, and 

the EIS spectrum is recorded by the electrochemical workstation (VMP3B-

20, Bio-Logic, France). Since the electrolysis equipment can not directly 

measure impedance, an additional electrochemical workstation is required. 

In this research, the electrolysis modeshould be first disconnected in order 

to connect to the electrochemical workstation. The current range of the 

electrochemical workstation was 20 A. Impedance measurement was 

performed under OCV conditions considering its stability. The fuel electrode 

was filled with 25 vol.% H2-75 vol.% CO2 fuel gas, and the air electrode was 

filled with a certain amount of air. The frequency scanning range was set 

from 30 kHz to 20 mHz, and the AC amplitude was usually set to 10 mV. 

The analysis of the DRT spectrum is usually based on the DRT tools 

box in Matlab. The normal regularization factor is 10-2~10-3, with a Gaussian 

second-order function for impedance fitting. The calculation of DRT is as 

follows: 
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Ὑ Ὑ Ὑ Ὑ ᷿ Ὠὰὲ†                  (Eq.3.1) 

Ὢ ρȾ†                                                    (Eq.3.2) 

where Ὑ, Ὑ, and Ὑ represent the total impedance, ohmic impedance, and 

polarization impedance, respectively. † and Ὢ are the relaxation time and 

frequency, respectively. 

 

3.4.2 Test with loading 

In addition to measuring impedance under open circuit conditions, EIS 

can also be tested under loading conditionsin a process similar to that 

described in Section 3.4.1. After setting the frequency scanning range and 

amplitude, the loading voltage should also be set. The appropriate loading 

voltage is usually obtained from the I-V polarization curves, due to range 

limitations of the electrochemical workstation, usually selecting the 

corresponding voltages under 6~18 A. 

3.5 Microscopic characterization 

3.5.1 Scanning electron microscope 

Scanning electron microscopy (SEM) images samples at nanometer 

resolution by an electron beam. The electron beam is scanned in a raster scan 

pattern,and then the corresponding image can be produced by combining 

the position of the beam with the intensity of the detected signal.In this thesis, 
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micro-morphology characterization of the cross-section of the cell sample 

was carried out. Since a nickel-based electrode with good conductivitywas 

selected as the fuel electrode material in the experiment, it was unnecessary 

to carry out pretreatment of the sample. But to fix and strengthen the 

conductivity, the sample on the sample tableshould be fixed with special 

conductive adhesive. The SEM devices used for micro-morphology 

characterization were cold field emission SEM (S4800, Hitachi, Japan) and 

hot field SEM (FEI QUANTA 250 FEG, US; Gemini300, Zeiss, Germany). 

3.5.2 Energy Dispersive Spectrometry 

Energy dispersive spectrometry (EDS) is a powerful technology for 

analyzing the elemental composition of samples. The basic principle is to 

analyze the chemical composition through the characteristic X-ray energy 

spectrum generated by the interaction between the electron beam and the 

sample. EDS can be applied to estimate the relative abundance of elements 

in the sample. However, some elements such as Y and Zr may appear 

overlapping X-ray emission peaks, thus affecting the accuracy of measured 

components. To avoid errors, this paper adopted EDS only to analyze the 

distribution of nickel in the fuel electrode after the CO2 electrolysis 

experiment, Sr segregation of the air electrode and the toxicity of chromium. 

The energy dispersive spectrometer used in this thesis was the Bruker EDS 

QUANTAX (Germany) available with SEMs employed. 
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3.5.3 Raman spectroscopy 

Raman spectroscopy is a light scattering technology. When a laser light 

source with high intensity irradiates the surface of a sample, most of the 

scattered light has the same wavelength as the incident light (Rayleigh 

scattering), and only a small part of the scattered light scatters at different 

wavelengths, according to the chemical structure of the sample (Raman 

scattering). Raman spectroscopy determines the vibration mode of 

molecules. The monochromatic light source from a laser in the visible, near-

infrared or near-ultraviolet range can be used, and even X-rays. Raman 

spectrum analysis is a nondestructive testing technology, without requiring 

additional sample preparation operation. In this thesis, Raman spectroscopy 

(Renishaw inVia Reflex, UK) was used for analyzing carbon deposition in 

the fuel electrode and the chromium poisoning effect in the air electrode after 

CO2 electrolysis testing. 

 

3.6 Gas composition analysis 

Gas chromatography (GC) is a technology to separate the components 

in the mixture using different distribution behaviors between the mobile 

phase and the stationary phase. The mobile phase represents a carrier gas, 

usually nitrogen or helium, while the stationary phase means a high boiling 

point liquid which can be adsorbed on a solid. Because of differences in 
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physical and chemical propertiesof each component, such as boiling point 

and polarity, the retention time in the chromatography column may be 

different. In this paper, qualitative analysis of the separated components was 

carried out according to the sequence and retention time of each component 

flowing out of the column, as shown in Figure 3.8.  
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Figure 3.8. Gas chromatogram of fuel electrode exhausted gas 

 

After the assignment of chromatographic peaks, the normalization 

method should be used for quantitative analysis of sample components. For 

this project, GC-7820 (Shimadzu, China) gas chromatograph and GC-7890B 

(Agilent, USA) gas chromatograph were utilized to characterize the 

composition of the exhaust gas. 

3.7 Energy conversion efficiency 

CO2 electrolysis at high temperatures using SOECs is a way to convert 

electricity or heat energy into chemical energy, which is a power-to-gas 

conversion process. The efficiency is usually more than 75% because of the 
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heat loss of stack components, but the value is still far more than that of other 

electrolysis cells. Efficiency reflects the degree of energy utilization and is 

one of the important indicators that determine future development prospects 

of the device. In view of the current international situation of energy storage, 

it is necessary to deeply explore the efficiency of energy conversion and 

corresponding influencing factors.  

3.7.1 Open circuit voltage 

In the actual situation of SOEC operation, the gas tightness of 

electrolysis cells is extremely important. Therefore, considering the open 

circuit voltage (OCV) of cells under various atmospheres is necessary. The 

theoretical OCV of SOECs is caused by the difference of oxygen partial 

pressure between the gas chambers on both sides of the fuel electrode and 

the air electrode, which can be calculated by Eq.3.3 [205]. 

ὕὅὠ ὰὲ                           (Eq.3.3) 

where Ὑ ψȢσρτ ὐϽάέὰϽὑ  , Ὂ ωφτψυ ὅϽάέὰ  , ὕ   and 

ὕ  are the oxygen partial pressure of air electrode and fuel electrode. 

In this research, when introducing pure CO2 into the fuel electrode, the 

oxygen partial pressure of the fuel electrode could be calculated by the 

following reaction:  

ὅὕ Ὣ ὔὭ ὔὭὕὅὕὫ;                   K1 (Eq.3.4) 

ὅὕ Ὣ ρȾςὕ Ὣ ὅὕὫȠ                   K2 (Eq.3.5) 
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ὕ                                      (Eq.3.6) 

ὕ πȢςρ                                           (Eq.3.7) 

The reaction equilibrium constants ὑ and ὑ were calculated by HSC 

6.0 thermodynamic software, to obtain the theoretical OCV of SOEC with 

pure CO2 at different temperatures. In CO-CO2 fuel electrode atmosphere, 

where Eq. 3.5 was the dominant reaction, the oxygen partial pressure of the 

fuel electrode was calculated by Eq. 3.8. In this way the theoretical OCV 

under different CO/CO2 ratio could be calculated. 

ὕ
ὅὕ

ς
                       (Eq.3.8) 

In H2-CO2 fuel electrode atmosphere, with the existence of reverse 

water gas shift (RWGS) reaction, the equilibrium constant ὑ of Eq. 3.9 was 

calculated by HSC thermodynamic software as well. Subsequently, the 

content of each component was calculated according to Eq. 3.10.  

ὅὕ Ὣ Ὄ Ὣ ὌὕὫ ὅὕὫ;         K3(Eq. 3.9) 

ὑ                          (Eq. 3.10) 

 

3.7.2 Conversion rate 

The conversion rate of reactants is also an important index to evaluate 

the performance of SOECs. The calculation of CO2 conversion rate is as 

follows: 

‌ ȟ ȟ

ȟ ȟ
ρππϷ                         (Eq. 3.11) 
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where, ‌  represents the CO2 conversion rate (%); Ὂ ȟ   indicates the 

measured output value of CO (SLM); Ὂ ȟ  denotes the inlet value of CO 

(SLM); Ὂ ȟ  represents the amount of CO2 introduced to the fuel electrode 

(SLM); Ὂ ȟ  represents the amount of CO2 in the fuel electrode outlet 

(SLM). Notably, the CO2 conversion rate is equal to the CO generation rate

in the case of no by-product produced in the CO2 electrolysis reaction.  

3.7.3 Energy efficiency 

SOECs can be deemed as an energy conversion device. The ability of 

SOEC to convert electric energy and heat energy into chemical energy can 

be evaluated by the concept of energy conversion efficiency (ECE). ECE is 

an important parameter in the process of CO2 electrolysis, which is the ratio 

of the output available energy to the input energy, and can represent the 

degree of energy utilization of the device [206]. 

In this paper, the energy conversion efficiency was found to be related 

to the exhaust gas composition measured in the fuel electrode during 

electrolysis. When CO was used as the protective gas, the energy conversion 

efficiency of CO2 electrolysis could be calculated by Eq. 3.12 - Eq. 3.17̔ 

ὉὅὉὅὕȟὩὼὧὰόὨὩ ὗ ȟ ρππϷ              (Eq. 3.12) 

ὉὅὉὅὕȟὩὼὧὰόὨὩ ὗὥὭὶ ȟ Ϸ

ȟ ȟ
      (Eq. 3.13) 

ὉὅὉὅὕ ȟ Ϸ

ȟ ȟ ȟ
       (Eq. 3.14) 

ὗ ȟ
ȟ                        (Eq. 3.15) 
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ὗ ȟ
ȟ

                   (Eq. 3.16) 

ὗ ȟ
ȟ Ȣ ȟ Ȣ

    (Eq. 3.17) 

 

When H2 was used as protective gas, ECE could be calculated by 

formula Eq. 3.17 - Eq. 3.21: 

ὉὅὉὌȟὩὼὧὰόὨὩ ὗ ȟ

ȟ

ρππϷ       (Eq. 3.18) 

ὉὅὉὌȟὩὼὧὰόὨὩ ὗὥὭὶ ȟ Ϸ

ȟ Ў ȟ ȟ
 

(Eq. 3.19) 

ὉὅὉὌ ȟ Ϸ

ȟ Ў ȟ ȟ ȟ
 

(Eq. 3.20) 

ὗ ȟ
ȟ

                  (Eq. 3.21) 

where ECE is the energy conversion efficiency; Q is the heat energy; Ὁ ȟ  

is the energy of CO generated by the SOEC system; Ὁ refers to the electric 

energy that consumed by CO2 electrolytic reaction; Ὁ  is the compensation 

energy required by the system to maintain the reaction temperature if the 

electrolytic voltage is lower than thermal neutral voltage of the reaction 

(1.464 V); Ὁ ȟ   means the energy of H2 consumed in the RWGS 

reaction; ὠ is the molar volume of gas at room temperature and ambient 

pressure, with the calculated value of 24.5 SLM; ὠ ȟ , ὠ ȟ , 

ὠ ȟ , and ὠ ȟ  are the volume flow of H2, CO, CO2 and air 

consumed respectively (SLM); ὗ ȟ  , ὗ ȟ  , ὗ ȟ  and, 

ὗ ȟ  are the heat consumed by H2, CO, CO2 and air respectively (J/min); 
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ὗ  , ὗ  , ὗ  , ὗ  , ὗ   are the heat capacities of the five kinds of gas, 

with the calculated values of 21456.41, 22511.23, 34672.43, 23178.4, and 

22458.23 J/molrespectively. ЎὌὙὡὋὛ  denotes the heat energy to be 

absorbed in RWGS reaction, with the calculated value of 34.64 kJ/mol. 

When calculating the energy conversion efficiency, the flow rate at the inlet 

/ outlet of the cell should be calibrated to reduce the flow rate error. 

3.7.4 Generation rate of target product  

During the actual operation of the SOEC, the generation rate of the 

target product CO was calculated from the GC results of the fuel electrode 

tail gas and the actual outlet flow rate of the fuel electrode, as shown in Eq. 

3.22: 

Ὂ ȟ ὅὕ Ὂ                        (Eq. 3.22) 

where Ὂ ȟ   is the flow rate of the target product CO (L/min), ὅὕ 

represents the volume concentration of CO in the exhausted gas of the fuel 

electrode (%), and Ὂ  is the total flow rate measured at the outlet of the 

fuel electrode. 

3.8 Mechanical property testing 

After high-temperature experiment, the structure of the cell might be 

damaged, resulting in the decrease in mechanical strength. To quantify the 

damage of the cell structure, the mechanical properties of the cell sample

were measured through the universal material testing machine. This testing 
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machine can carry out tensile, compression, peel and bending tests. The 

mechanical properties of the cell samples in this research were determined 

by a three-point bending test,that is, the rectangular cell sample was 

supported at both ends, and then loaded in the middle with the increased 

force until failure. The schematic diagram is described in Figure 3.9a. The 

mechanical properties of the sample were deduced from the stress-strain 

curve constructed using the deflection of the specimen. The support span 

used in the test was 30 mm, and the test sample was cut into multiple 

rectangle structures with a length of 40 mm, a width of 4 mm, and a height 

of 3 mm, as shown in Figure 3.9b. The relationship curves of strength and 

deformation are illustrated in Figure 3.9c.  

 

 

Figure 3.9. (a) Schematic diagram of mechanical property test; (b) The cell 

sample to be tested; (c) The relationship curves of strength and deformation 
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Chapter 4. Factors affecting CO2 electrolysis in 

SOECs 

4.1 Introduction 

High temperature CO2 electrolysis in SOECs is often faced with 

different environmental conditions, such as operation without a H2 protective 

atmosphere. For example, in recent years, the use of SOEC stacks to generate 

oxygen on Mars (i.e. Moxie) has been discussed enthusiastically. The 

advantage of employing CO as the fuel electrode reduction atmosphere lies 

in that it can directly return to the fuel electrode to form a carbon cycle. 

However, it is inevitable that with nickel catalysis, CO produces carbon 

deposition by the disproportionation reaction, which affects long-term 

performance of cells [207]. One of the objectives of the present research was 

to investigate the performance of the Ni-YSZ electrode during high 

temperature CO2 electrolysis in the SOEC with the flat-tube structure under 

different fuel electrode atmospheres, different reaction temperatures and 

different loading currents. In addition, the thermodynamic analysis of the 

whole electrolysis system was carried out to provide useful reference value 

for its application in different practical scenarios. 

4.2 Effect of sealing material 

To explore the optimal sintering temperature and applied pressure of 
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the stack, the NO.7 sealing material with 70% solid content was applied to 

three SUS441 interconnects and placed in the sintering furnaces. The 

temperature was raised to 850 ÁC, 900 ÁC, and 930 ÁC respectively according 

to a fixed program, and should remain constant for at least 3 hours before 

cooling down. Afterwards, the interconnects coated with sealing materials 

were cut into 1 cm Ĭ 0.5 cm for SEM analysis, and the results are organized 

in Figure 4.1. It was found that the higher the temperature, the greater the 

deformation of the interconnects. When the temperature was above 900 ÁC, 

delamination of the interconnects and sealing materials appeared. The 

sealing materials sintered at three different temperatures all exhibited good 

density, in which the glass sealing material sintered at 930 ÁC was the densest, 

while the one sintered at 850 ÁC had slightly lower density. 

 

Figure 4.1. Morphology of sealing materials after calcination at 850 ÁC, 

900 ÁC and 930 ÁC 

 

After sintering at 850 ÁC, the temperature was lowered to 750 ÁC and 
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hydrogen was introduced for reduction. Then, after cooling down to room 

temperature, the stack was disassembled for analysis. Sealing materials at 

different positions on the conductive plate were taken for microstructure 

analysis. The results are shown in Figure 4.2. Because of structural 

limitations, there were differences in the adhesive dispensing ability of 

sealing materials at different positions during the heating process, resulting 

in different microstructures. To alleviate the above-mentioned sealing 

problems, increasing the sintering time could be feasible to prevent slow 

organic emissions from sealing materials in some positions. Additionally, 

sealing materials with a solid content of over 80% should be used on the 

flow channel side. 

 

Figure 4.2. Morphology of sealing materials after calcination at 850 ÁC for 

3 h, and reduction at 750 ÁC 

 

To investigate the effects of temperature and pressure on the density of 
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sealing materials during the sintering process, microstructure analysis was 

performed on the sample cross-sections sintered under four conditions: 

750 ÁC-0 kg, 750 ÁC-150 kg, 800 ÁC-200 kg, and 800 ÁC-250 kg, as shown 

in Figure 4.3. According to the SEM results, pressurization slightly 

improved the density of sealing materials, and the sealing material under the 

conditions of 800 ÁC-200 kg basically met the sealing requirements. This 

was because increasing the pressure could enhance the interfacial adhesion 

and reinforce the sealing performance. Considering the strength of the cell 

and the melting point of sealing materials, 800 ÁC was chosen as the highest 

temperature for hot- pressing treatment, and 200 kg was selected as the 

highest pressure of the stack. 

 

Figure 4.3. Morphology of sealing materials after calcination at different 

temperatures and pressures 
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4.3 Effect of temperature and gas volume 

To determine the minimum temperature for electrolysis, the cell 

performance was tested at 750 ÁC, 650 ÁC, 600 ÁC, 550 ÁC and 500 ÁC 

respectively. The results are displayed in Figure.4.4. It was found that the 

higher the temperature, the better the performance and lower OCV of the 

cell. This was mainly because the higher the temperature, the higher the 

conductivity of YSZ. For a stack composed of three cells and four 

interconnects, the fuel gas used was at least three times that of a single cell. 

Further, the charging and discharging performance at 650 ÁC-800 ÁC was 

investigated. The results are shown in Figure 4.5, which were similar to the 

conclusion from a single cell. Within the temperature range of 650 ÁC-800 ÁC, 

the higher the temperature, the better the charging and discharging 

performance of the stack, the lower the open circuit voltage. This was mainly 

due to the fact that high temperature promoted ion transportation in the 

electrolyte and accelerated electrode reaction kinetics [208]. 
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Figure 4.4. Performance test of the cell at different temperatures: (a) SOFC 

mode; (b) SOEC mode 
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Figure 4.5. Performance test of the SOEC stack at different temperatures: 

(a) SOFC mode; (b) SOEC mode 
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Figure 4.6. Performance test of the cell unit in the stack at different 

temperatures: (a) SOFC mode; (b) SOEC mode; (c) Impedance 

 

To study the variation of cell impedance with temperature, voltage 

probes were used for internal monitoring single unit of the stack, with each 
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unit containing a cell and an interconnect. The results are shown in Figure 

4.6, indicating that the higher the temperature, the higher the charging and 

discharging performance; The area specific resistance (slope of I-V curves) 

and OCV of the cell decreased with increasing temperature. Figure 4.6c 

shows the impedance changes at different temperatures. As observed, total 

impedance and polarization impedance decreased with increasing 

temperature. 

Based on the charging and discharging performance and EIS results, 

higher operating temperatures might be more advantageous. However, such 

a high temperature also caused several challenges related to sealing, 

electrode morphological stability, chemical stability of cell components, and 

thermal shock resistance of accessories. Considering cell performance, OCV, 

sealing performance, and the lifespan of stack components, 750 ÁC was 

selected for long-term performance and degradation mechanism research. 

To study the appropriate gas volume required for the fuel electrode 

reaction, 25 vol.% H2-75 vol.% CO2 was selected as the fuel ratio, and the 

total gas volume of the fuel electrode was changed to examine the 

electrolytic performance of the cell. Due to a malfunction in the gas control 

valve of the air, no air was introduced during the experiment. The results are 

presented in Figure 4.7. Due to the lack of air in the air electrode, the gas 

pressure was lower and the OCV became lower than the theoretical value. 

When the total gas volume increased from 0.6 SLM to 0.8 SLM, the OCV 



88 

 

remained above 0.74 V. When the fuel gas increased to 1.06 SLM, the flow 

rate difference between the fuel and air electrodes exceeded 1 SLM, which 

might affect the sealing, making the OCV below 0.6 V. When the total gas 

volume increased from 0.6 SLM to 0.8 SLM, the electrolytic voltage of the 

electrolysis cell showed a slight downward trend. When the total gas volume 

of the fuel electrode increased to 1.06 SLM, the performance of the 

electrolysis cell recovered and almost overlapped with the curve of 0.6 SLM 

in the current range of -50 to -250 mA/cm2. Considering fuel utilization and 

cost, 0.6 SLM was chosen as the total fuel gas volume for the single cell for 

subsequent experiments. 
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Figure 4.7. The electrolytic performance of SOEC under different total 

fuel volumes 

4.4 Effect of protective gas type and content 

4.4.1 Electrochemical impedance and DRT analysis 

Figure 4.8a delineates the relationship between the oxygen partial 

pressure of the fuel electrode and the gas composition at 750 ÁC. It is worth 
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noting that the two curves for H2 and CO were almost identical. When CO2 

content in the feed gas of the fuel electrode moved to both ends of the curves, 

a greater change in the oxygen partial pressure of the fuel electrode was 

observed. According to Eq.3.3, the larger the change of oxygen partial 

pressure of the fuel electrode, the more obvious the OCV changes. When 

CO2 content in the inlet gas was between 0.25 and 0.8, the change in the 

oxygen partial pressure of the fuel electrode was much slower. The oxygen 

partial pressure and OCV under two kinds of fuel electrode atmospheres are 

shown in Table 4.1, where the values remained consistent with those 

reported in the literature [209, 210]. 

Figure 4.8b illustrates the instantaneous performance of CO2 

electrolysis in the two fuel electrode atmospheres. The experiment was 

carried out maintaining good air tightness in the system. The electrolytic 

voltage increased linearly with the increase of current density. When the 

current density reached the critical value, defined as the limited current 

density [143], the voltage rose sharply and concentration polarization acted 

dominantly. 25 vol.% H2-75 vol.% CO2 and 23.8 vol.% CO-71.7 vol.% CO2 

displayed the same oxygen partial pressure, and 50 vol.% H2-50 vol.% CO2 

and 46.7 vol.% CO-53.3 vol.% CO2 exhibited the same oxygen partial 

pressure, and so on. The electrochemical performance results under the same 

oxygen partial pressure and different fuel electrode atmospheremanifested 

that when the volume fractions of hydrogen were 25%, 50%, and 75%, the 
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limiting current densities of CO2 electrolysis were -550 mA/cm2, -480 

mA/cm2, and -250 mA/cm2, respectively. While using CO as the protective 

gas with 23.8%, 46.7% and 71.7% volume fractions, the limiting current 

densities decreased to -480 mA/cm2, -415 mA/cm2 and -220 mA/cm2, which 

were lower than the critical current density in H2-CO2 atmosphere. In general, 

the limiting current density in a CO atmosphere tended to be lower than that 

in a H2 atmosphere with the same oxygen partial pressure. Also, the higher 

the ratio of reducing gas, the lower the limiting current density [143, 211-

212]. 

According to the EIS impedance spectrum (Figure 4.8c) in the OCV 

state, ohmic impedance remained almost the same in the two fuel electrode 

atmospheres, but polarization impedance was quite different. In the CO-CO2 

reducing atmosphere, polarization impedance was significantly higher than 

that under the protection of H2. This might be related to the adsorption and 

diffusion processes under two protective atmospheres. Another important 

factor was that in the H2-CO2 atmosphere, the electrolysis reaction moved 

towards the equilibrium of RWGS reaction with fast catalytic kinetics, so as 

to reduce the overpotential of CO2 electrolysis [213]. 

To determine the basic electrode reaction process under two kinds of 

reducing gas compositions, the influence on the cell performance was 

analyzed, and the distribution of relaxation time (DRT) curves (Figure 4.8d 

and e) were plotted. The two figures in Figure 4.8d show DRT analysis of 
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different reducing gas, in which the upper and lower figures correspond to 

the same coordinate axis. The high frequency region P5 near 104 Hz was 

related to charge transfer reaction on the surface and O2- transport through 

the YSZ electrolyte, with the area in this region not responding to the change 

in gas concentration. Comparing the upper and lower figures, it was found 

that when CO was used as protective gas, the area of P5 characteristic peak 

increased and shifted to high frequency. The medium frequency region P4 

near 103 Hz exhibited obvious response to the type of reducing gas (Figure 

4.8e), which was attributed to the reaction at TPB, since the RWGS reaction 

would not occur when using CO as the protective gas. P3 near 102 Hz 

represents the process of oxygen exchange. With the decrease of CO2 in fuel 

gas, the areas of the peaks became smaller. The low frequency region P2 near 

101 Hz represents the gas diffusion process in porous material. Therefore, 

the peak area tended to be similar under the same oxygen partial pressure. 

The characteristic peak of P1 at 100 Hz obviously corresponded to the type 

and concentration of protective gas, illustrating that P1 was related to the gas 

diffusion rate in the fuel electrode, because the diffusion rate varied with the 

gas concentration and molecular weight [214, 215]. In H2-CO2 atmosphere, 

the area of P5 was slightly lower, which was consistent with the analysis 

result that RWGS reaction reduced polarization impedance produced by O2- 

transport. There was no significant difference in P4 when H2 concentration 

changed, but in CO-CO2 atmospherĕthe characteristic peak area P4 was 
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larger, which meant that the kinetics of the reaction might affect the 

adsorption and dissociation of CO2. It is important to note that the P1 process 

was significantly different in the two atmospheres. In CO-CO2, the area of 

P1 process corresponding to gas diffusion was much larger than that in the 

H2-CO2 atmosphere. This was also consistent with the view that the 

molecular weight determines the diffusion rate in the electrode channel.  
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Figure 4.8. The partial pressure of oxygen and instantaneous electrolysis 

performance of H2-CO2 and CO-CO2 fuel electrode atmosphere at 750 ÁC: 
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(a) Oxygen partial pressure varying with CO2 content; (b) I-V curves of 

CO2 electrolysis (including previous research [143]); (c) The Nyquist 

diagram of impedance spectra and (d) DRT diagram in H2-CO2 and CO-

CO2 atmospheres at OCV and 750 ÁC; (e) DRT diagram in two reducing 

atmospheres 

 

To summarize the three reaction processes, the polarization resistance 

in the CO-CO2 atmosphere was larger, leading to the decrease of 

instantaneous performance of CO2 electrolysis. The areas of P1 and P5 being 

much larger than those of P2, P3 and P4, suggested that the P1 and P5 

electrode processes controlled the whole electrolysis reaction. In other words, 

under the CO-CO2 atmosphere, the P1 process attributed to gas diffusion 

dominated the whole electrode reaction. 

 

Table 4.1. Theoretical and practical OCV under two reducing atmospheres 

at 750 ÁC 

Ratio of content Velocity 

ratio  

(SLM ) 

Theoretical 

[O2] fuel 

Theoretical 

OCV 

Actual 

OCV 

Pure H2     100 0.6 / / 1.111 

H2/CO2 25/75 0.15/0.45 1.76 10-19 0.917 0.894 

50/50 0.3/0.3 2.20 10-20 0.963 0.935 

75/25 0.45/0.15 2.75 10-21 1.009 0.975 

CO/CO2 23.8/76.2 0.143/0.457 1.76 10-19 0.917 0.90 

46.7/53.3 0.28/0.32 2.24 10-20 0.963 0.945 

71.7/28.3 0.43/0.17 2.69 10-21 1.009 0.990 
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Based on the results of Figure 4.8, the limiting current density was 

lower in the CO-CO2 fuel electrode atmosphere. When reaching the limiting 

current density, the concentration polarization began to dominate the 

electrode reaction. The diffusion of both reactants and products brought 

about concentration polarization. The diffusion and adsorption rates of CO2 

in the porous electrode were slower than that of CO generation in 

electrochemical reactions, resulting in the lower concentration of CO2 at the 

triple phase boundary. Also, a large number of molecules produced by the 

reaction could not be released fast enough, which occupied the active sites 

of TPB reaction, thus limiting the electrolysis reaction. According to the 

theoretical analysis of the concentration polarization reported in the 

literature, the limiting current density is also related to diffusion coefficient, 

boundary layer and gas diffusion channel of porous electrodes [216-218]. 
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When the cell was in a high temperature state, the oxidizing gas should 

be isolated from the nickel electrode to prevent the oxidation of the nickel 

electrode. Using a reducing gas or inert gas should be a good choice. The 

impedance of the cell might be affected by the type of fuel gas introduced. 

To investigate the variation of impedance, N2 and H2 were selected to explore 

impedance under OCV conditions. Figure 4.9 shows the EIS curves under 

100 vol.% H2, 75 vol.% H2-25 vol.% N2 and 50 vol.% H2-50 vol.% N2 fuel 

electrode atmospheres. The results indicated that as the hydrogen content 

decreased, the total impedance gradually increased. 
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Figure 4.10. The electrochemical impedance and DRT in SOFC mode with 

different currents: (a) EIS curves; (b) DRT curves 

 

Electrochemical impedance spectroscopy (EIS) is a non-destructive 

technique that can quickly provide a large amount of electrochemical 

information while maintaining the integrity of the cell. In this paper, EIS was 

measured under OCV conditions, as well as under loading conditions. 
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Conducting impedance testing with a constant load, current or voltage could 

more accurately reflect the electrochemical processes inside the cell. In 

Figure 4.10, EIS curves under SOFC mode were measured to compare the 

effect of different applied discharge currents.  
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Figure 4.11. The electrochemical impedance and DRT in SOEC mode with 

different currents and fuel electrode atmospheres: (a) EIS curves in H2-CO2 

atmosphere; (b) DRT curves in H2-CO2 atmosphere; (c) EIS curves in CO-

CO2 atmosphere; (d) DRT curves in CO-CO2 atmosphere 

 

DRT results in Figure 4.10b revealed that compared to EIS under OCV 

conditions, the impedance of each part decreased after applying discharge 
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current. The current transformation within 100-200 mA/cm2 imposed little 

effect on the impedance results, which was because the applied current was 

small and had little change in the conversion rate of the fuel. Due to the 

diffusion impedance of water vapor being much smaller than H2, the peak at 

around 10 Hz was significantly reduced compared to the OCV state. The 

larger the loading current, the more H2O generated in the fuel electrode, 

which caused a slight decrease of the gas diffusion impedance in both fuel 

electrode and porous structures. When applying current, the number of 

diffusion characteristic peaks in the low-frequency region decreased, which 

might be due to insufficient decomposition of characteristic frequencies in 

multi-impedance analysis. 

Similarly, the EIS curves and DRT were analyzed in SOEC mode to 

explore the effects of different electrolytic currents and fuel electrode 

atmospheres. Figure. 4.11a, Figure. 4.11c and Table 4.2 show the 

impedance changes under different fuel electrode atmospheres and different 

applied electrolysis current densities. The two fuel electrode atmospheres 

(CO-CO2 and H2-CO2) appeared the same oxygen partial pressure, as shown 

in Table 4.1, and the applied electrolytic current density changed from -100 

to -200 mA/cm2 during the test. The results manifested that as the electrolytic 

current density increased, the ohmic impedance of the cell remained almost 

unchanged, while polarization impedance in the mid-frequency range 

increased significantly, and total impedance also increased remarkably, 
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which is different from SOFC mode, where total impedance decreased with 

increasing current density. Figure 4.11b and Figure 4.11d display the DRT 

analysis under different fuel electrode atmospheres and different current 

densities. The results demonstrated that the diffusion impedance (P1) [219-

221] increased most significantly with the increase of applied current, 

indicating that the fuel gas diffusion process was a control step that restricted 

the performance of the cell. In addition, the charge transfer impedance (P4) 

[222-224] of the fuel electrode triple phase boundaries and the oxygen 

exchange reaction impedance (P3) of the air electrode [225-227] also 

increased with the increase of electrolytic current, indicating an increase in 

polarization loss. Under the fuel electrode atmosphere of 23.8 vol.% CO-

76.2 vol.% CO2, when the load current changed from -100 mA/cm2 to -200 

mA/cm2, the total polarization impedance rose from 0.86 ɋ cm2 to 1.36 ɋ 

cm2. While under the fuel electrode atmosphere of 25 vol.% H2-75 vol.% 

CO2, when the load current changed from -100 mA/cm2 to -200 mA/cm2, the 

total polarization impedance rose from 0.84 ɋ cm2 to 1.35 ɋ cm2.  

Comparing ohmic impedance and polarization impedance in Figure 

4.11a and Figure 4.11c, when the electrolysis current density exceeded -150 

mA/cm2, ohmic impedance remained unchanged, indicating that the 

electrochemical reaction process began to dominate the SOEC performance. 
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Figure 4.12. The electrochemical impedance and DRT in SOEC mode with 

different currents and fuel electrode atmospheres: (a) EIS; (b) DRT 

 

Table 4.2. The impedance variation of each part of the cell with loading 

100-300 mA/cm2 current density under 25 vol.% H2-75 vol.% CO2 and 

23.8 vol.% CO-76.2 vol.% CO2 

Reducing 

gas 
Current 

density 
RP1/ɋ 

cm2 
RP2/ɋ 

cm2 
RP3/ɋ 

cm2 
RP4/ɋ 

cm2 
RP5/ɋ 

cm2 
RpT/ɋ 

cm2 

25%H
2
 

-100 

mA/cm
2 

0.44 0.12 0.04 0.13 0.11 0.84 

-150 

mA/cm
2 

0.56 0.12 0.04 0.18 0.13 1.03 

-200 

mA/cm
2 

0.75 0.14 0.06 0.27 0.13 1.3 

23.8%CO 

-100 

mA/cm
2 

0.49 0.11 0.03 0.10 0.14 0.86 

-150 

mA/cm
2 

0.58 0.11 0.04 0.14 0.15 1.02 

-200 

mA/cm
2 

0.80 0.10 0.07 0.26 0.12 1.36 

 

Figure 4.12a and Figure 4.12b provide a more intuitive comparison of 

EIS and DRT analysis results under six different fuel electrode protective 
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atmospheres. The results revealed that under the same oxygen partial 

pressure and same applied current, the gas diffusion polarization impedance 

P1 in CO-CO2 atmosphere was slightly greater than that in H2-CO2 

atmosphere. The difference in gas diffusion polarization impedance between 

these two protective gases became apparent as the load current increased. In 

Figure 4.12b, the P4 characteristic peaks related to the triple phase boundary 

reaction of the fuel electrode showed significant differences when the current 

was less than -150 mA/cm2. This was mainly because under low current 

operation, the RWGS reaction in 25 vol.% H2-75 vol.% CO2 atmosphere 

tended to dominate the fuel electrode reaction, while in 23.8 vol.% CO-76.2 

vol.% CO2 atmosphere, the fuel electrode reaction was dominated by 

electrochemistry reaction. The above results confirmed that the impedance 

changes in SOFC and SOEC mode were opposite. In SOFC mode, the 

impedance decreased with increasing current, while in SOEC mode, the 

impedance increased with increasing current. In the SOEC mode, when CO 

was used as a protective gas, the gas diffusion process was hindered due to 

the diffusion barrier of CO being greater than that of H2. In the SOEC mode 

with H2 as the protective gas, P4 tended to be larger. This might be due to 

the presence of the RWGS reaction affecting the impedance at low load 

current.  

Table 4.2 shows the values of impedance of each part of the cell, which 

could be calculated in Origin. The DRT curves in Figure 4.12 were 
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integrated to obtain the values of each peak. As observed, under same current 

density, the impedance values were very similar in CO and H2 protection. 

 

4.4.2 Carbon deposition 

Nickel plays a catalytic role in the CO disproportionation reaction (the 

carbon deposition reaction) in the CO-CO2 fuel electrode atmosphere 

(Eq.4.1). When the thermodynamic conditions for coke formation are 

reached, the carbon deposition reaction tend to occur [228]. The coke 

generated by disproportionation was deposited on the catalytically active 

sites, thus reducing the catalytic activity of the Ni-YSZ electrode and the cell 

performance of CO2 electrolysis. Consequently, the conversion rate of CO2 

should be considered in the electrolysis process, indicating that the CO 

proportion in both reactants and products should be lower than the critical 

equilibrium value of carbon deposition. 

ςὅὕO ὅ ὅὕ                                    (Eq.4.1) 

Considering thermodynamics, the critical equilibrium values of CO 

content during carbon deposition formation were calculated according to the 

reaction equilibrium constants at different temperatures. Table 4.3. shows 

the reaction equilibrium constants at 650-800 ÁC at an interval of 50 ÁC. 

 

Table 4.3. Equilibrium constant of Boudouard reaction and critical 
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equilibrium value of CO content at different temperatures 

Temperature °C  650 700 750 800 

K ( ╒╞O ╒ ╒╞  3.138 0.998 0.356 0.140 

Critical equilibrium value of CO (%) 42.73 61.84 78.21 88.91 

 

The equilibrium composition of the reaction was calculated by HSC 6.0 

to obtain Boudouard equilibrium curve (Figure 4.13). The area above the 

Boudouard balance curve represents the carbon deposition area. It could be 

seen from Figure 4.13a that the higher the reaction temperature, the higher 

the critical equilibrium value of CO content. The CO equilibrium fractions 

corresponding to 650 ÁC, 700 ÁC, 750 ÁC and 800 ÁC were 42.73%, 61.84%, 

78.21% and 88.91%, respectively. To put it another way, when supplying CO 

as the protective gas, the content of CO flowing into the fuel electrode should 

decrease with the decrease in temperature. When the electrolysis of CO2 took 

place, with the increase of electrolytic current density, the conversion rate of 

CO2 and the content of CO in the product increased. This led to a new 

problem: if CO in the product could not be transported to the outlet of the 

electrolysis cell in time, CO would be disproportionate on the Ni surface to 

form coke, and occupy active reaction sites, which might reduce the 

electrochemical reaction performance. According to Figure 4.13, the critical 

equilibrium value of CO content was 78.21% at 750 ÁC. This theoretical 

result gave evidence that if CO content at the reaction site of the fuel 

electrode was lower than this value, carbon deposition reaction was unlikely 
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to occur. However, the influence of potentialwas not considered in the above 

calculation process, and under the action of overpotential, the carbon 

deposition reaction might be promoted. When additional CO was added into 

the inlet component of the fuel electrode as the protective gas, the maximum 

critical value of electrolytic current density would be reduced. The reason 

lied in that with the increase of electrolytic current density, theoretically, the 

content of CO produced increased. If the intake component contained CO, 

the content of CO in the whole fuel electrode tended to be easier to reach the 

critical equilibrium value of carbon deposition.  

As shown in Figure 4.13b, at 750 ÁC, there was a linear relationship 

between the CO content in the fuel electrode and the current density, and 

with the increase of CO content in the inlet component of the fuel electrode, 

the relationship curve between CO content and the current density shifted to 

the left. In other words, to reduce the risk of carbon deposition, the higher 

the CO content in the inlet component, the smaller the theoretical electrolysis 

current density. According to Figure 4.13, at 750 ÁC, the critical equilibrium 

value of CO content was 78.21%, where carbon deposition started to occur. 

When the volume content of CO added into the inlet composition raised from 

0% to 23.8%, 46.7% and 71.7%, the maximum allowable current density 

changed to -1027 mA/cm2, -713 mA/cm2, -414 mA/cm2 and -87 mA/cm2, 

respectively. 
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Figure 4.13. (a) Boudouard equilibrium diagram; (b) Equilibrium diagram 

of current density and carbon deposition at 750 ÁC with different CO 

contents 

4.4.3 Methanation reaction 

When H2 was supplied as the protective gas, under suitable 

thermodynamic conditions, methane could be directly formed by the 

methanation reaction of H2 and CO2 over Ni-based catalysts. As shown in 

Eq.4.2, methanation is an exothermic reaction, and it is easy to form methane 

at low temperatures with a catalyst. The results in Figure 4.14a indicated 

that when the ratio of CO2/H2 was 3:1, almost complete methanation 

occurred below 300 ÁC, while above 300 ÁC, the reaction was limited on 

account of the domination of the RWGS reaction, and the total reaction 

moves towards the direction of CO formation (Eq.4.3). When the ratio of 

CO2/H2 is 3:1, there was no methane formation at 600 ÁC and above, and the 

CO selectivity reached almost 100%. Therefore, to achieve a high CO 

selectivity in CO2 electrolysis, 3:1 ratio of CO2/H2 became possible. And the 

operating temperature should be at least 500 ÁC.  
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ὅὕὫ Ὄ Ὣ ᴼὅὌὫ ςὌὕὫ   ЎὌ ρφυὯὐάέὰϳ  

ЎὋ ρρσὯὐάέὰϳ   ͽςωψȢρυὑ        (Eq.4.2) 

ὅὕὫ Ὄ Ὣ ᴼὅὕὫ ὌὕὫ         ЎὌ τρȢρὯὐάέὰϳ  

ЎὋ ςωὯὐάέὰϳ   ͽςωψȢρυὑ       (Eq.4.3) 
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Figure 4.14. Mass balance diagram: (a) Mass balance diagram for CO2/H2 

= 3/1 

 

4.4.4 Short-term stability 

The short-term constant current electrolysis experiments with -100 

mA/cm2, -200 mA/cm2, and -300 mA/cm2 were carried out at different 

[O2]fuel concentrations with H2 as the reducing protective gas at 750 ÁC. 

[O2]fuel was controlled by the inlet composition of the fuel electrode. The 

stability curves are shown in Figure 4.15a. To evaluate the influence of 

different types of protective gas on electrolysis, the CO/CO2 atmosphere 

with a high CO content of 71.7% was used for comparison with the test under 

75 vol.% H2-25 vol.% CO2 atmosphere. The result is shown in Figure 4.15b. 

For H2-CO2 feed, the stability curves of CO2 electrolysis under different 
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compositions are shown in Figure 4.15a. With the increase of applied 

electrolytic current, the voltage of electrolysis cell increased as expected.  
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Figure 4.15. Short-term stability curves under various contents and types 

of protective gas: (a) V-t curves under different H2 content; (b) Comparison 

of V-t curves under different protective gas 

 

Table 4.4. Relationship between electrolytic voltage and current density at 

750 ÁC in different fuel electrode atmospheres 

H2/CO2 25/75 50/50 75/25 

Electrolytic 

voltage (V) 

-100 mA/cm2 0.969 1.008 1.055 

-200 mA/cm2 1.037 1.078 1.147 

-300 mA/cm2 1.108 1.163 Not stable 

Polarization 

voltage (V) 

-100 mA/cm2 0.075 0.073 0.08 

-200 mA/cm2 0.143 0.143 0.172 

-300 mA/cm2 0.214 0.228 -- 

CO/CO2 23.8/76.2 46.7/53.3 46.7/53.3 

Electrolytic 

voltage (V) 

Polarization 

voltage (V) 

-100 mA/cm2 - - 1.093 

-200 mA/cm2 - - Not stable 

-100 mA/cm2 - - 0.103 

-200 mA/cm2 - - - 
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The relationship between the stable value of electrolytic voltage and 

current density under three fuel atmospheres of 25 vol.% H2-75 vol.% CO2, 

50 vol.% H2-50 vol.% CO2 and 75 vol.% H2-25 vol.% CO2 is described in 

Table 4.4. When -100 mA/cm2 electrolytic current density was applied to 

the cell, the electrolytic voltage was 0.969 V, 1.008 V and 1.055 V, 

respectively, and the polarization voltage was 0.075 V, 0.073 V and 0.08 V, 

respectively. When the electrolytic current density reached - 200 mA/cm2, 

the polarization voltages of the three kinds of fuel atmosphere were 0.143 V, 

0.143 V and 0.172 V respectively. 

In low electrolytic current density (less than or equal to -200 mA/cm2), 

the electrolytic voltage remained stable in the three atmospheres. However, 

when the electrolytic current density increased to -300 mA/cm2, the 

electrolytic performance in 25 vol.% H2-75 vol.% CO2 and 50 vol.% H2-50 

vol.% CO2 atmosphere remained generally stable, and the electrolytic 

voltage corresponded to 1.108 V and 1.163 V respectively. In contrast, the 

CO2 electrolysis at -300 mA/cm2 in 75 vol.% H2-25 vol.% CO2 atmosphere 

became unable to maintain stability (Figure 4.15a). 

Based on the above findings, it could be concluded that when an 

electrolytic current was applied externally, the polarization voltage of the 

cell increased with the increase of the electrolytic current density in a 

constant fuel atmosphere. However, certain difference in the polarization 

loss under different fuel atmospheres existed, suggesting that the value of 
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the loss increased with increase of the protective gas in the feeding gas in the 

fuel electrode. This might be because of the concentration polarization 

caused by the insufficient reactants (CO2) in the inlet fuel electrode 

component, which was also one of the reasons why CO2 electrolysis could 

not remain stable in a high reduction atmosphere and with high electrolytic 

current density. 

Figure 4.15b compares the effects of different reducing gases on the 

electrolytic stability under the same oxygen partial pressure. The results 

suggested that the electrolysis voltage in the CO-CO2 atmosphere was 

slightly higher than that in the H2-CO2 atmosphere at the same electrolytic 

current density, and that the electrolytic voltage was more difficult to hold 

steady in the CO-CO2 atmosphere.  

In summary, it could be concluded that more reducing atmosphere 

contributed to reducing the polarization resistance and limiting the current 

density of the CO2 electrolysis reaction, and boosting the instantaneous 

performance of electrolysis reaction. However, on account of the shortage of 

reactants, the electrolysis process failed to run stably. Therefore, how to 

improve, the instantaneous performance, the operation stability and 

electrolysis efficiency of CO2 electrolysis, needs to be investigated further.  
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4.4.5 Product analysis 

Figure 4.16 depicts the GC gas analysis of the product gas 

composition plotted against runtime under constant current electrolysis at -

200 mA/cm2 with 23.8 vol.% CO-76.2 vol.% CO2 and 25 vol.% H2-75 vol.% 

CO2. The analysis result showed that when H2 was used as the protective gas, 

the CO yields obtained from CO2 decomposition reaction and RWGS 

reaction were 17.681% and 23.315%. When CO was used as protective gas, 

the CO content in product gas was 22.343%. Thus, for CO-CO2 feed, the 

conversion of CO2 was slightly higher. 
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Figure 4.16. Gas chromatography (GC) analysis of -200 mA/cm2 constant 

current electrolysis in different fuel electrode atmospheres at 750 ÁC 

 

Table 4.5 delineates the composition of product gas measured under 

different fuel electrode atmospheres. Based on these results and Eq. 3.12 - 

Eq. 3.17, the energy conversion efficiency under the protection of different 
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protective gas was calculated. When calculating the energy conversion 

efficiency, the flow rate at the inlet / outlet of the fuel electrode of the cell 

should be calibrated to reduce the flow rate error, and the results are shown 

in Table 4.6. 

 

 

Table 4.5. Exhausted gas composition of -200 mA/cm2 constant current 

CO2 electrolysis in different fuel electrode atmospheres 

Fuel electrode composition H2 CO  CO2  

23.8 vol.% CO%-76.2 vol.% CO2 0.14 44.30 51.71 

25 vol.% H2-75 vol.% CO2 10.09 34.29 49.35 

25 vol.% H2-75 vol.% CO2 (OCV) 6.64 20.38 67.03 

 

Table 4.6. Calculation of energy conversion efficiency in -200 mA/cm2 

electrolysis under different gas components in fuel electrode 

Gas composition ECE ECE (exclude Q) ECE (exclude Qair) 

23.8 vol.% CO-76.2 vol.% CO2 23.8% 171.0% 81.1% 

25 vol.% H2-75 vol.% CO2 33.3% 130.0% 81.6% 

 

4.5 Summary 

In this chapter, the flat-tube SOECs were used for carrying out CO2 

electrolysis test, and the performance of the Ni-YSZ electrode for CO2 
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electrolysis under the protection of H2 and CO was studied. The results 

showed that under the same oxygen partial pressure, the limited current 

densities of CO2 electrolysis were -550 mA/cm2, -480 mA/cm2, and -250 

mA/cm2 when the volume fractions of H2 in the fuel electrode were 25%, 

50% and 75%, respectively. As for CO as the reducing gas, the limited 

current densities decreased to -480 mA/cm2, -415 mA/cm2 and -220 mA/cm2 

with 23.8%, 46.7% and 71.7% CO volume fractions, which were lower than 

the critical current density under H2 protection. EIS analysis indicated that 

in CO-CO2 gas atmosphere, polarization impedance was significantly 

greater than that in the H2-CO2 fuel electrode atmosphere. To gain insight 

into the voltage degradation, electrolysis tests under different current 

densities with 75 vol.% H2-25 vol.% CO2 and 71.7 vol.% CO-28.3 vol.% 

CO2 were carried out. Irreversible degradation occurred when the current 

density reached -300 mA/cm2 in 75 vol.% H2-25 vol.% CO2, while in 71.7 

vol.% CO-28.3 vol.% CO2. The same irreversible decay phenomenon 

happened at -200 mA/cm2 accompanied with cell cracking and electrolyte 

detachment. The thermodynamic analysis of the reaction system manifested 

that when the CO2/H2 ratio was 3:1, no methane generated in the reaction 

process, with the CO selectivity reached 100%. In the process of -200 

mA/cm2 constant current electrolysis, the highest energy conversion 

efficiency reached 171% (disregarding energy consumption for heating the 

gas) and 81.6% (disregarding energy consumption for heating air). 
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Chapter 5. Long-term performance and degradation 

mechanism under constant current CO2 electrolysis 

5.1 Introduction 

The key to achieving commercial use of SOEC is the stability during 

high temperature operation. Usually, air is introduced at the air electrode to 

balance heat,rather than participating in electrode reactions. However, 

introducing air increases energy consumption and reduces energy conversion 

efficiency by 20% -30%. When air flows out from the outlet of the air 

electrode, a large amount of heat will be carried away, causing uneven 

temperature distribution inside cells.To accurately understand the 

degradation mechanism of the air electrode with and without air purging, 

researchers have designed and performed various experiments. In 2017, 

Mahmoud et al. [229] demonstrated using Mossbauer spectroscopy that iron 

could reduced from the pentahedral Fe (IV) to the octahedral Fe (III) form 

in a 9000-h test. In the same year, Laurencin et al. [230] analyzed the 

diffusion and accumulation of cobalt in the barrier layer region after 2000 h 

of electrolytic testing, further proving the loss of Sr in the LSCF lattice after 

anodic polarization. In 2015, Chen et al. [231] found that SrO-based 

compounds might appear in the air electrode during sintering and reduction. 

The above studies are all based on cells with air purging of the air 

electrode. However, when CO is used as the protective gas for the fuel 
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electrode, there may be extreme working conditions on the air electrode such 

as no air sweep. For example, Moxie (a Mars exploration device studied by 

NASA) was reported to achieve the goal of electrolyzing CO2 to oxygen in 

the no air environment of Mars [232]. Furthermore, if the air electrode can 

maintain stable operation without an oxidation atmosphere, the heat energy 

required can be greatly reduced, thus significantly strengthening the total 

efficiency of the electrolysis process. Therefore, if CO can be adopted as the 

protective gas on the fuel electrode and stable CO2 electrolysis can be carried 

out without any oxidizing atmosphere on the air electrode, it is of great 

significance not only for improving the service life of cells in extreme 

environments like that of Mars, but also for increasing the total efficiency of 

the electrolysis process on the ground. 

During long-term operation, the selection of fuel electrode atmosphere 

is also crucial. As traditional Ni-based catalysts are prone to oxidation, a 

reducing atmosphere, such as CO and H2, is usually required to protect the 

stability of the Ni electrode. However, the introduction of a reducing 

atmosphere inevitably causes some problems. For example, the addition of 

H2 protective gas increases the difficulty of separating fuel electrode 

products. The introduction of CO protective gas promotes the accumulation 

of carbon in the fuel, thereby accelerating cell degradation. To address the 

above issues, this chapter explored the long-term CO2 electrolysis under 

physical pressure mode when nitrogen was used as the equilibrium 
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component of the fuel electrode. The future development trend of SOEC 

maybe to achieve long-term operation without protective gas in the fuel 

electrode, which is expected to provide a new research direction for the 

transition from ñwaste carbonò to ñworking carbonò. 

 

5.2 Long-term performance with air in the air electrode 

5.2.1 Stability test 

The cells used in this chapter were named Cell5.1, Cell5.2, Cell5.3 and 

Cell5.4, respectively. First, the charge and discharge performances of Cell5.1 

under SOFC / SOEC modes were measured. The discharge performance was 

tested with 0.6 SLM H2 in the fuel electrode and 1 SLM air in the air 

electrode. The electrolytic performance was examined with 0.15 SLM H2 

and 0.45 SLM CO2 in the fuel electrode and 1 SLM air in the air electrode, 

and the results are shown in Figure 5.1. Figure 5.1a presents the comparison 

of J-V-P curves under SOFC mode before and after long-term CO2 

electrolysis, and Figure 5.1b displays the comparison of J-V curves under 

SOEC mode before and after long-term electrolysis. The experimental 

results revealed that after 471 h long-term CO2 electrolysis operation in 

Cell5.1, the maximum discharge power decreased from 403.3 mW/cm2 to 

311.1 mW/cm2, with a degradation rate of about 22.86%. The electrolytic 

voltage at -200 mA/cm2 increased from 1.189 V to 1.28 V, an increase of 
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16.2%/kh. 
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Figure 5.1. Comparison of performances of Cell5.1 with air in the long-

term operation: (a) Discharge performance before and after the test; (b) 

Electrolytic performance before and after the test 

 

To explore the effect of air addition on the stability and efficiency of 

CO2 electrolysis, Cell5.1 was used for long-term electrolysis with a mixture 

of 23.8 vol.% CO-76.2 vol.% CO2 supplied to the fuel electrode and 5 SLM 

air supplied to the air electrode. Figure 5.2 shows the real-time electrolytic 

voltage for CO2 electrolysis with air purging. The cell was operated for 471 

h, with a long-term degradation rate of about 24.2%/kh. The total 

degradation of Cell5.1 was much higher than the degradation of 

instantaneous performance shown in Figure 5.1b. This was probably 

because the instantaneous performance was tested in H2-CO2 fuel 

atmosphere, and presence of air in the air electrode might prevent excessive 

accumulation of oxygen partial pressure and alleviate degradation. 
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Figure 5.2. V-t diagram of CO2 electrolysis of Cell5.1 with air in the 

LSCF-GDC air electrode 

5.2.2 Electrochemical impedance and DRT analysis 

In the durability test, the real-time voltage was recorded, and the EIS 

was measured at intervals with the electrochemical workstation with a 

frequency sweep range of 30 kHz-20 mHz. The EIS curve was analyzed and 

fitted with EC-lab software, with an equivalent circuit of 

L1R1(Q2R2)(Q3R3)(Q4R4)(Q5R5), as shown in Figure 5.3a. The fitted 

curves exhibited an increasing trend of ohmic and polarization impedance, 

and polarization impedance change was mainly in mid-frequency.  

For analyzing the trend of polarization impedance in each region, the 

EIS data was run in a DRT program in Matlab, and the results are shown in 

Figure 5.3b. The polarization impedances P3 and P4 related to the fuel 

electrode reaction at TPB and ion transport in the electrode increased 

significantly at 471 h, which explained the surge of electrolytic voltage at 

that time. For quantifying the polarization impedance generated by various 
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electrochemical processes, the peaks in the DRT diagram were fitted and 

integrated in OriginLab to obtain the approximate values of RP1-RP4. The 

area specific resistance (ASR) was calculated by the following formula: 

ὃὛὙ ὠ ὕὅὠȾὍ                                       (Eq.5.1) 

where Ve is the electrolytic voltage before impedance measurement (V); 

OCV is the corresponding open circuit voltage during impedance 

measurement (V); I represents the electrolytic current (A). 
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Figure 5.3. Impedance and DRT of Cell5.1 when introducing 5 SLM air at 

the LSCF-GDC air electrode: (a) The impedance curve versus time; (b) 

DRT diagram; (c) Impedance values of each region with electrolytic time 

 

The variation results of impedance with electrolytic time are 
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summarized in Figure 5.3c and Table 5.1. Since this research aimed to probe 

into the trend of impedance variation, rather than the precise value of 

impedance, it was permissible to integrate the DRT curve to obtain the 

impedance value in the case of small DRT error. The calculated results 

manifested that the increase of ASR might dominate cell degradation. 

Comparing the calculated data in Figure 5.3c and Table 5.1, after 471 h CO2 

electrolysis with 5 SLM air in the air electrode, the increments of ASR, Rt, 

Rp, Rs, RP1, RP2, RP3, and RP4 were 0.735 ɋ cm2, 0.51 ɋ cm2, 0.41 ɋ cm2, 

0.10 ɋ cm2, 0.11 ɋ cm2, 0.04 ɋ cm2, 0.12 ɋ cm2 and 0.14 ɋ cm2, 

respectively. 

 

Table 5.1. Impedance values of each part of Cell5.1 with 5 SLM air during 

471 h test 

Impedance 0 h 97 h 202 h 298 h 400 h 471 h 

Rs / ɋ cm2 0.29 0.31 0.33 0.33 0.35 0.39 

RP1/ɋ cm2 0.49 0.52 0.56 0.59 0.62 0.60 

RP2/ɋ cm2 0.08 0.08 0.09 0.10 0.10 0.12 

RP3/ɋ cm2 0.10 0.13 0.14 0.17 0.19 0.21 

RP4/ɋ cm2 0.11 0.12 0.12 0.13 0.14 0.25 

RP/ɋ cm2 0.78 0.85 0.92 0.10 1.05 1.19 

Rt/ɋ cm2 1.07 1.17 1.25 1.32 1.40 1.59 

ASR/ɋ cm2 1.64 1.60 1.76 1.84 2.06 2.38 
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5.2.3 Conversion rate and energy conversion efficiency 

For the situation that using excessive air during CO2 electrolysis, a lot 

of heat energy might be consumed for heating the air. Therefore, the energy 

conversion efficiency (ECE) could be calculated according to Eq. 3.13 and 

Eq. 3.14 in Section 3.7.3 [233]:  

 

Table 5.2. Results of tail gas composition and energy conversion efficiency 

of Cell5.1 during CO2 electrolysis with 5 SLM air in the air electrode 

CO% in 

the outlet  

CO generated in 

the system 

Electrolytic 

Voltage 
Runtime ECE 

44.07% 20.27% 1.269 V 259 h 25.33%/89.32% 

 

Due to the electrolytic voltage being lower than the thermoneutral 

voltage, the compensation energy required to maintain the reaction 

temperature could not be ignored. Similarly, due to the introduction of excess 

air, the energy consumption required to heat the air seemed to be enormous, 

but this portion of heat energy would be negligible if it could be combined 

with industrial waste heat. Considering two application scenarios, the 

calculated ECE were 25.33% (consider heating air) and 89.32% (ignore the 

heat consumed by air), respectively, as shown in Table 5.2. 
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5.3 Long-term performance without air in the air electrode 

5.3.1 Stability test 

To verify the impact of air electrode gas on the cell stability, long-term 

CO2 electrolysis experiments were carried out without any gas supply, 

utilizing two cells from the same batch, named Cell5.2 and Cell5.3, 

respectively. Cell5.2 used an electrolytic current of -200 mA/cm2 and a fuel 

atmosphere of 23.8 vol.% CO-76.2 vol.% CO2, and was compared with 

Cell5.1 to investigate the cell degradation of CO2 electrolysis under airless 

conditions. Cell5.3 used an electrolytic current of -218.8 mA/cm2 and a 20 

vol.% CO-80 vol.% CO2 fuel electrode atmosphere, under which the amount 

of CO generated in the fuel electrode was equals that of CO protected.The 

purpose was to demonstrate that product recycling could be achieved in 

SOEC systems. 

Figures 5.4 (a) and (c) show the J-V-P discharge curves of Cell5.2 and 

Cell5.3 before and after long-term CO2 electrolysis. It was found that 

constant current electrolysis under no air conditions imposed a significant 

impact on the instantaneous discharge performance. In Cell5.2, after 1070 h 

of CO2 electrolysis without air supply to the air electrode, the OCV of the 

cell decreased from 0.99 V to 0.98 V, the area specific resistance (ASR) 

increased from 0.64 ɋ cm2 to 1.04 ɋ cm2 (slope of polarization curves), and 

the maximum discharge power density declined from 350.2 mW/cm2 to 
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203.2 mW/cm2. In Cell5.3, after 858 h of CO2 electrolysis testing under no 

air condition, the OCV of the cell decreased from 1.1 V to 0.97 V, and the 

maximum discharge power density decreased from 532.3 mW/cm2 to 165.2 

mW/cm2. The degradation of OCV and discharge power might be caused by 

carbon deposition in the cell during long-term testing. 
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Figure 5.4. Comparison of cell performances of Cell5.2 and Cell5.3 

without air supply in the long-term operation: (a) Discharge performance of 

Cell5.2; (b) Electrolytic performance of Cell5.2; (c) Discharge performance 

of Cell5.3; (d) Electrolytic performance of Cell5.3 

 

Figures 5.4 (b) and (d) show the electrolytic polarization curves of 

Cell5.2 and Cell5.3 before and after long-term electrolysis. To achieve a 
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stable state of OCV in the instantaneous curves, a certain amount of air was 

introduced during the instantaneous performance test. For Cell5.2, the 

degradation was mainly reflected in OCV, which decreased from 0.873 V to 

0.846 V, and the change in ASR during electrolysis was not significant; For 

Cell5.3, there was a significant degradation in the instantaneous electrolytic 

performance and ASR, with the instantaneous electrolytic voltage 

corresponding to -200 mA/cm2 increasing from 1.022 V to 1.11 V 

(approximately 10%/kh). 

The durability of cells is an important parameter for measuring the 

quality of cell preparation and testing processes. Cell5.2 and Cell5.3 were 

tested for 1070 hours and 858 hours respectively, with degradation rates of 

8.37%/kh and 10%/kh, respectively, as shown in Figures 5.5. Afterwards, 

the experiment was manually stopped and cooled down for analyzing the 

degradation mechanism of cells. Experiments with LSCF-GDC electrodes 

without air are not common. Hence, the mechanism of cell degradation still 

needs further exploration. For Cell5.2, there were some fluctuations in the 

V-t curve during the early stages of electrolysis (the first 450 hours), which 

might be due to cell activation and electrode reaction equilibrium; CO 

depletion occurred in approximately 460 hours during long-term electrolysis, 

and continued for about 0.5 hours until CO was resupplied. After 470 hours, 

the change in cell degradation rate tended to stabilize, the voltage steadily 

increased, and the degradation rate increased. For Cell5.3, the degradation 
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rate was stable, no cell activation phenomenon was observed in V-t curve, 

and there were no accidents during the long-term operation.  
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Figure 5.5. V-t diagram of Cell5.2 and Cell5.3 without air in the LSCF-

GDC air electrode 

5.3.2 Electrochemical impedance and DRT analysis 

During the long-term durability test, the impedance changes of Cell5.2 

and Cell5.3 were measured at time intervals, and the impedance was 

analyzed and fitted using EC-lab software (Figure 5.6a). The equivalent 

circuit diagram used for fitting was also 

L1+R1+Q2/R2+Q3/R3+Q4/R4+Q5/R5. The change in impedance during 

long-term electrolysis mainly derived from the intermediate frequency, 

followed by the gas diffusion impedance in the high-frequency region. To 

analyze the detailed variation trend of polarization impedance, the DRT 

program was employed with the original impedance data, with a 

regularization factor of 10-3. The results are shown in Figure 4b. 
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For Cell5.2, where the air electrode was not supplied with air during 

electrolysis, the variation of gas diffusion polarization impedance at 0.4 Hz 

was very small according to the impedance results. The characteristic peak 

P2 (10-102 Hz) related to the oxygen exchange reaction of LSCF-GDC 

increased and shifted towards the high-frequency region [234]. The 

characteristic peak P3  representing the triple phase boundary reaction at 102-

103 Hz [235-237] and the polarization impedance P4 (104 Hz) related to O2 

transport [234, 238-239] also exhibited a similar trend to P2, but not as 

pronounced as for P2. The above results suggested that the gas diffusion 

polarization impedance RP1 of the fuel electrode remained almost 

unchanged during the long-term electrolysis process during durability test of 

Cell5.2. The increase in polarization impedance RP2 caused by the oxygen 

exchange reaction on the surface of LSCF-GDC electrode indicated that the 

air electrode reaction was suppressed, and the microstructure of air electrode 

was damaged. In addition, the O2- transport process (RP4) was hindered, 

possibly due to the loss of nickel leading to the loss of electron transport 

pathways. 

To quantify the polarization impedance generated by these 

electrochemical processes, peak splitting was conducted in the DRT curves 

to obtain approximate values of RP1-RP4. ASR was calculated using 

formula 5.1, and the results are shown in Figure 5.6c and Table 5.3. With 

the extension of long-term testing, the total impedance of Cell5.2 increased 
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from 1.7 ɋ cm2 to 2.49 ɋ cm2, mainly due to the contribution of RP2 related 

to oxygen exchange polarization impedance in the air electrode. There were 

no significant changes in ohmic impedance Rs during the long-term 

electrolysis process of 1070 h, indicating that the electrolyte structure was 

intact, and the contact between the electrodes and the cover plates remained 

sufficient. Despite this, many uncontrollable factors still existed in the long-

term operation of large cells, such as uneven pore distribution, uneven gas 

distribution, uneven current distribution, uneven pressure distribution, and 

gradual sealing failure. Also, using different cells inevitably resulted in some 

differences in impedance variation. For Cell5.3, the impedance variation 

trend during the first 773 h was similar to that of Cell5.2, but the DRT results 

at 858 h displayed an increase in gas diffusion impedance RP1, which was 

mainly because carbon deposition at the fuel electrode hindered gas 

transport.  
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Figure 5.6. DRT and impedance values of Cell5.2 and Cell5.3 with 

operation time: (a) DRT of Cell5.2; (b) DRT of Cell5.3; (c) Impedance 

values of Cell5.2; (d) Impedance values of Cell5.3 

 

According to the impedance calculation results in Figure 5.6d and 

Table 5.4, during the 858-h long-term CO2 electrolysis, the total impedance 

of Cell5.3 increased from 0.89 ɋ cm2 to 1.48 ɋ cm2, i.e. by about 0.59 ɋ 

cm2. The polarization impedance increased from 0.70 ɋ cm2 to 1.28 ɋ cm2, 

i.e. by about 0.58 ɋ cm2. Overall, when air was not introduced for long-term 

CO2 electrolysis, ohmic impedance of the cell remained basically unchanged, 

but the air electrode impedance increased.  

 

Table 5.3. Variations of impedance values of Cell5.2 

Impedance 0 h 
159 

h 

287 

h 

386 

h 

540 

h 
683 h 

863 

h 
997 h 

1070 

h 

Rs / ɋ cm
2
 0.38 0.36 0.37 0.38 0.39 0.36 0.41 0.43 0.42 

R
P1
/ ɋ cm

2
 0.75 0.58 0.70 0.75 0.69 0.79 0.79 0.87 1.01 

R
P2
/ ɋ cm

2
 0.20 0.14 0.21 0.12 0.30 0.43 0.53 0.54 0.64 

R
P3
/ ɋ cm

2
 0.22 0.14 0.19 0.28 0.16 0.11 0.14 0.20 0.18 

R
P4
/ ɋ cm

2
 0.14 0.11 0.11 0.11 0.12 0.15 0.14 0.19 0.24 
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Rp / ɋ cm
2
 1.32 1.57 1.21 1.27 1.26 1.49 1.60 1.81 2.07 

R
T
 / ɋ cm

2
 1.70 1.93 1.58 1.64 1.66 1.85 2.01 2.24 2.49 

ASR/ ɋ 

cm
2
 

1.86 1.60 1.68 1.74 1.83 1.92 2.12 2.32 2.50 

 

 

 

 

 

 

Table 5.4. Variations of impedance values of Cell5.3 

Impedance 96 h 
120 

h 

185 

h 

258 

h 

362 

h 

525 

h 

593 

h 

691 

h 

773 

h 

858 

h 

Rs / ɋ cm
2
 0.19 0.18 0.18 0.19 0.17 0.16 0.21 0.22 0.19 0.20 

R
P1
/ ɋ cm

2
 0.44 0.43 0.55 0.46 0.48 0.53 0.57 0.55 0.59 0.60 

R
P2
/ ɋ cm

2
 0.08 0.07 0.093 0.09 0.10 0.14 0.19 0.25 0.23 0.28 

R
P3
/ ɋ cm

2
 0.07 0.07 0.08 0.09 0.10 0.11 0.12 0.11 0.15 0.21 

R
P4
/ ɋ cm

2
 0.11 0.12 0.10 0.11 0.16 0.19 0.13 0.13 0.19 0.18 

Rp / ɋ cm
2
 0.70 0.70 0.83 0.75 0.84 0.97 1.01 1.04 1.17 1.28 

R
T
 / ɋ cm

2
 0.89 0.88 1.01 0.94 1.01 1.13 1.22 1.26 1.36 1.48 

ASR/ ɋ cm
2
 0.80 0.83 0.89 0.93 0.99 1.05 1.09 1.18 1.29 1.47 

 

5.3.3 Conversion rate and energy conversion efficiency 

During the long-term electrolysis test, the exhaust gas composition of 

Cell5.2 was analyzed at set intervals, and the energy conversion efficiency 

was calculated according to Eq.5.2. The results and relevant parameters are 

organized in Table 5.5. With the extension of testing time, the electrolytic 
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voltage gradually increases, and the CO content in the exhaust gas of the fuel 

electrode declined, which directly led to a decrease in the conversion 

efficiency of CO2 electrolysis system. The OCV of the Cell5.2 during the 

long-term electrolysis process remained stable, which meant the decrease of 

ECE was not caused by seal failure. A preliminary suspicion was that 

microstructural obstructed in the fuel or air electrodes hinder the occurrence 

of electrode reactions. 

Table 5.5. Results of energy conversion efficiency of Cell5.2 during long-

term CO2 electrolysis test 

Electrolytic 

time (h)  

Gas flow rate at 

the outlet (sccm) 

Electrolytic 

Voltage (V) 

CO% at 

the outlet 
ECE (%)  

100 651 1.185 44.55 82.08 

190 646 1.216 43.65 78.16 

353 628 1.221 43.43 77.65 

523 653.5 1.239 40.02 64.16 

625 660 1.25 39.56 62.34 

863 667 1.29 38.42 57.83 

960 685 1.311 38.68 58.86 

 

5.4 Long-term performance without protective gas in the fuel 

electrode 

During the operation of SOECs, there exist application scenarios where 

the fuel electrode cannot be protected by reducing gases. To cope with this, 

the overall sealing of cells and the redox stability of the fuel electrode are 

very important. For enhancing the sealing and oxidation resistance of the 
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electrolysis cell, this research made improvements to the cell structure, glass 

sealing materials, and assembly process. Specifically, the cell thickness was 

reduced from 4.6 mm to below 3 mm, and short bolts and pressure columns 

were used to physically pressurize the cell to improve the sealing and contact 

between electrodes and cover plate. During operation, the external pressure 

of the pressurized column was 100 kg (about 1 bar), and a 50 vol.% CO2-50 

vol.% N2 mixture was introduced into the fuel electrode, where N2 served as 

the equilibrium gas to help the fuel gas diffuse to the triple phase boundaries. 

The cell manufactured according to the improved process was named 

Cell5.4, and the initial charging and discharging performance results are 

shown in Figure 5.7. The OCV and maximum power of Cell5.4 were 1.057 

V and 18.6 W under 0.6 SLM H2 fuel electrode atmosphere and 2 SLM air 

electrode atmosphere. Under the electrolytic atmosphere of 25 vol.% H2-75 

vol.% CO2, the maximum current density was reached at approximately -

500 mA/cm2, corresponding to an electrolytic voltage of approximately 1.18 

V. Based on the initial electrolytic performance, an electrolytic voltage of 

1.1 V was selected for the long-term potentiostatic CO2 electrolysis test. 

After 100 hours of operation, the experiment was manually stopped, and 

instantaneous charging and discharging performance tests were conducted 

again to compare with the initial performances. According to I-t curve in 

Figure 5.8, the starting current, ending current, and electrolytic voltage were 

calculated to obtain a current degradation rate of approximately 
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35.7%/kh. Compared with the instantaneous performances before and after 

long-term potentiostatic CO2 electrolysis, it was found that the maximum 

discharge power decreased from 18.6 W to 13.4 W. The corresponding 

electrolytic voltage at an electrolytic current of -500 mA/cm2 increased from 

1.176 V to 1.204 V, with a degradation rate of 23.8%/kh. 
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Figure 5.7. Instantaneous performance of Cell5.4 before and after long-

term test (a) Discharge performance; (b) Charge performance 
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Figure 5.8. Long-term performance of Cell5.4 in 50 vol.% N2-50 vol.% 

CO2 fuel electrode atmosphere 
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5.5 Analysis of degradation mechanisms 

After the long-term CO2 electrolysis test, the temperature was cooled 

from 750 ÁC to room temperature at a rate of 1-2 ÁC/min for further 

disassembly analysis.  

 

Figure 5.9. Macro morphology of Cell5.1 after durability test 

 

Figure 5.10. Macro morphology of Cell5.2 after durability test 



133 

 

 

Figure 5.11. Macro morphology of Cell5.3 after durability test 

 

Figure 5.12. Macro morphology of Cell5.4 after durability test 

 

Figures 5.9 to 5.12 show the macroscopic morphology of four cells 

after high-temperature testing. Among them, Cell5.1, Cell5.2, and Cell5.3 

still kept good contact of the air electrode with cover plate, and no damage 

caused by high-temperature testing was discovered on the overall macro 

structure of the cells. The fragmentation on the side of Cell5.3 was mainly 

caused by violent disassembly. For Cell5.4 tested without reducing gas in 

the fuel electrode, the inlet to the center of the cell body was in an oxidized 

state (green color), while the center part leading to the outlet was not 
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oxidized due to the production of CO by the CO2 electrolysis reaction. 
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Figure 5.11. SEM photos of the tested cells and reference cell: (a) 

Reference cell (reduction only); (b) Inlet of Cell5.1; (c) Outlet of Cell5.1; 

(d) Inlet of Cell5.2; (e) Outlet of Cell5.2; (f) Inlet of Cell5.3; (g) Outlet of 

Cell5.3; (h) Inlet of Cell5.4; (i) Ni Content at different regions of Cell5.1; 

(j) Ni Content at different regions of Cell5.2; (k) Ni Content at different 

regions of Cell5.3 

 

To quantify the change in the amount of percolating Ni, Ni content in 

the fuel electrode was calculated. Starting from the edge of the electrolyte 

and the fuel electrode, slices of 5 ɛm each were designed and analyzed, and 

the proportion of percolating Ni (bright area) in each slice was calculated 

with ImageJ software [240]. Considering 2D images provided by SEM, and 

3D structure of the fuel electrode, the particle size in SEM images did not 
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match the actual situation, only being used as a reference. To reduce 

randomness, multiple sets of microscopic images were selected for 

calculating the average value. Figure 5.11i shows the results for Cell5.1 after 

471 h electrolysis testing with 5 SLM air. The results indicated that the loss 

of percolating Ni occurred in the area that 5 ɛm away from the electrolyte, 

with Ni content being 22.15% at the inlet region and 24.02% at the outlet 

region. However, in the second area, 10 ɛm away from the electrolyte, Ni% 

was higher than that in the reference cell. The results in Figure 5.11j 

revealed the Ni content in the fuel electrode of Cell5.2 was lower than that 

of the untested reference cell, especially in the area close to the electrolyte. 

As reference cell was untested, Ni content of reference cell could be regard 

as theoretical value. Ni content in the area 5 ɛm away from the electrolyte in 

the inlet, the outlet of Cell5.2 and the reference cell were about 22.37%, 22.7% 

and 26.15% respectively, which further confirmed the loss of nickel. Figure 

5.11k reveals Ni content at different region of Cell5.3, as seen from the SEM 

image. The nickel content at the inlet and outlet was significantly lower than 

that of the reference cell. The loss of percolating nickel particles at the inlet 

and outlet of Cell5.3 might be related to the decrease in gas tightness and 

OCV, such that the leakage of fuel electrode gas directly affected the 

structure of Cell5.3. Comparing the trend of nickel migration of Cell5.1 and 

Cell5.2, it was found that the nickel migration trend of Cell5.1 tended to be 

more obvious.  
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Figure 5.12. Nickel particles identified in SEM: (a)-(c): Cell5.1; (d)-(f): 

Cell5.2; (g)-(i): Cell5.3; (j)-(l): Reference cell; (m) Relative frequency of 

content of Ni with different areas 
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The nickel particle sizes in Cell5.1, Cell5.2, Cell5.3 and the reference 

cell were also calculated using the segmentation function in the ImageJ 

analysis software, and further processed by descriptive counts in OriginPro. 

The statistical results are shown in Figure 5.12. Since the cells were operated 

under high temperature for a long time, nickel agglomeration (coarsening) 

occurred at the inlet of Cell5.1, Cell5.2 and Cell5.3, being more obvious in 

Cell5.2. This might be because the test time of Cell5.2 was much longer than 

that of Cell5.1. In Cell5.2, the percentage of percolating Ni particles between 

0.1 ɛm2-0.6 ɛm2 decreased by about 7%, while in Cell5.1 it only decreased 

by 3.7%. As for Cell5.3, the percentage of nickel particles between 0.1 ɛm2-

0.6 ɛm2 only decreased by about 1.14%. The phenomenon of nickel 

agglomeration was not obvious, but from the morphology of Figure 5.12g, 

nickel migration and loss became obvious, which might be associated with 

fuel electrode oxidation in the later stage. Moreover, due to the slightly 

higher operating current of Cell5.3 compared to Cell5.2, the larger current 

and more severe electrode polarization further promoted nickel migration. 

These results manifested that with the occurrence of the fuel electrode 

reaction, nickel coarsening and nickel migration were involved in cell 

degradation, and the degree of it might depend on the operating time and 

electrolytic current [241, 242]. 
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Figure 5.13. Raman spectrum of the outlet of Cells 5.1, 5.2 and 5.3 

 

To further confirm the local carbon deposition during long-term CO2 

electrolysis test, samples of Cell5.1, Cell5.2 and Cell5.3 were prepared along 

the flow direction of the fuel gas for Raman spectrum measurements. Due to 

the higher CO content at the outlet of the cell, carbon deposition was more 

likely to occur there. Therefore, the focus on conducting Raman analysis on 

the outlet of the tested cells became necessary and important. Based on the 

results in Figure 5.13, signal peaks appeared at 1350 cm-1 and 1600 cm-1 at 

both the outlet of Cell5.1 and Cell5.3, indicating carbon deposition on the 

fuel electrodes, while for Cell5.2 tested without air for 1070 h, no carbon 

deposition was found at the outlet. Local carbon deposition at the outlet of 

the fuel electrode might be one of the reasons for the increased degradation 

rate of Cell5.1 and Cell5.3. It should be noted that carbon deposition of 

Cell5.1 and Cell5.3 was not caused by the addition of air to the air electrode. 

It therefore was speculated that local CO concentration at the fuel electrode 

might exceed the thermodynamic critical value for carbon deposition. 
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Figure 5.14. Micro morphology and energy spectrum of the outlet of tested 

cells: (a) and (b) Cell5.1; (c) and (d) Cell5.2; (e) and (f) Cell5.3 

 

Subsequently, the interface characteristics of the cell samples after the 

CO2 electrolytic test were analyzed. To increase the reliability of the analysis 

results, the tested Cell5.1, Cell5.2 and Cell5.3 were filled with epoxy resin 

in vacuum, cut and polished, and then cleaned ultrasonically. The results of 

the micro morphology and energy spectrum analysis are shown in Figure 

5.14. Several Sr enriched phases were found in Cell5.2 and Cell5.3 (Figure 

5.14d and Figure 5.14e). It was speculated that strontium zirconate or 

strontium oxide secondary phases might be formed due to the higher oxygen 
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partial pressure at the outlet of Cell5.2 and Cell5.3, and that the lower 

concentration of oxygen vacancies initiated SrO precipitation. It should be 

noted that the LSCF-GDC air electrode in this research was directly exposed 

to the lab environment, and any small amount of residual CO2 might undergo 

an oxygen exchange reaction on the LSCF surface, which would not be 

inhibited with the increase of oxygen partial pressure [242]. 

There was no obvious elemental segregation in Cell5.1 (Figure 5.14b), 

but several cracks in the LSCF-GDC air electrode were observed. It was 

reasonable to infer that at room temperature excess air entered the high-

temperature furnace through the air inlet pipe and gradually heated to the set 

temperature. Because of the limited heating capacity of the high-temperature 

furnace, there was a temperature difference between the gas at the inlet and 

the outlet of the SOEC, resulting in uneven distribution of thermal stresses. 

The uneven distribution of thermal stresses caused damage to the air 

electrode structure. 

5.6 Summary 

In this chapter, flat-tube solid oxide electrolysis cells were employed to 

investigate the effects of different fuel electrode atmospheres, air electrode 

atmospheres, electrolytic current or voltage on the durability of the cells. The 

degradation mechanism of flat-tube structure SOECs during long-term 

electrolysis was analyzed by virtue of electrochemical impedance, DRT, gas 
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chromatography, SEM, EDS, and Raman spectroscopy. The operating 

conditions and degradation rate during the operation of CO2 electrolysis in 

the test cells are organized in Table 5.6. The degradation reasons of tested 

cells are summarized in Table 5.7.  

Table 5.6. Comparison of operating parameters of four tested cells 

 Runtime Fuel electrode Air 

electrode 

Current / 

Voltage 

Degradation 

rate 

Cell5.1 471 h 23.8 vol.% CO-

76.2 vol.% CO2 

air -200 

mA/cm2 

24.41%/kh 

Cell5.2 1070 h 23.8 vol.% CO-

76.2 vol.% CO2 

- -200 

mA/cm2 

8.37%/kh 

Cell5.3 859 h 20 vol.% CO-80 

vol.% CO2 

- -218 

mA/cm2 

10%/kh 

Cell5.4 100 h 50 vol.% N2-50 

vol.% CO2 

air 1.1 V 35.7%/kh 

 

Table 5.7. Degradation reasons of tested cells 

 Runtime Degradation reason 

Cell5.1 471 h Migration and agglomeration of nickel particles in the fuel 

electrode, carbon deposition in fuel electrode channels 

Cell5.2 1070 h Loss and agglomeration of nickel particles in the fuel 

electrode, Sr segregation in air electrode 

Cell5.3 859 h Loss of nickel particles in the fuel electrode, Sr segregation 

in air electrode, carbon deposition in fuel electrode channels 

Cell5.4 100 h Oxidation of fuel electrode  

 

Through post-mortem analysis, the following results were obtained: 

(1) During the long-term operation of CO2 electrolysis in a flat-tube SOEC, 

a large amount of air entering the air electrode was not conducive to the 
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long-term operation of the cell. This was mainly because the introduction 

of a large amount of cold air (limitations on experimental conditions) 

increased the local temperature difference of the cell, causing structural 

damage. The total electrolytic time of Cell5.1 was 471 h, and DRT 

results reflected the degradation of fuel electrode with increasing 

time. The ECE calculated through GC results was about 25% when 5 

SLM of air was introduced into the air electrode. Through SEM 

characterization, it was found that the main reason for fuel electrode 

degradation was the migration and loss of nickel catalysts. 

(2) Under the CO-CO2 fuel electrode atmosphere, the constant current CO2 

electrolysis experiment was conducted without air in the air electrode. 

Cell5.2 ran stably for 1070 h at -200 mA/cm2, and Cell5.3 ran stably for 

858 h at -218 mA/cm2, with degradation rates below 10%/kh. The 

impedance and DRT results demonstrated that the degradation of the air 

electrode was one of the important reasons for the cell degradation. By 

calculating the ECE through GC results, it was found that the energy 

conversion efficiency increased to over 80% without air supply to the air 

electrode. Microstructure characterization proved that the main cause of 

air electrode degradation was the formation of strontium rich phases 

between LSCF-GDC air electrode and YSZ electrolyte. 

(3) Under the condition of the fuel electrode being unable to obtain a 

reducing atmosphere, by physically pressurizing Cell5.4 to improve 
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sealing performance, stable CO2 electrolysis test was achieved for about 

100 h, but there was still a risk of oxidation of the fuel electrode. 
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Chapter 6. Long-term performance and degradation 

mechanism of CO2 electrolysis in an intermittent 

renewable energy associated scenario 

6.1 Introduction 

The transformation of energy supply and decarbonization are important 

measures to mitigate climate change [5, 243-244]. Wind power and 

photovoltaic solar cells and other new energy sources are some of the most 

important clean energy sources. However, because of the mismatch between 

new energy power sources and the existing of the power grid, insufficient 

power exchange between regions, and the lack of large-scale energy storage 

equipment, the abandonment rate remains high, which limits the market 

share of new energy power generation [245, 246]. Wind energy and 

photovoltaic energy possess strong randomness, as wind and light can 

rapidly change according to season, location, and time, leading to significant 

fluctuations in the output power of the generator set [247]. The existing 

power grid system is more suitable for traditional power plants with fixed 

power generation, such as thermal power plants and nuclear power plants. 

For nonlinear wind and solar power generation, the energy generated is 

intermittent. Therefore, combining or developing new energy storage 

systems is the key to improving the efficiency of intermittent new energy 

generation. 
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The electrochemical response of SOECs can be completed almost 

instantaneously. Therefore it has been proposed by researchers for effective 

management of intermittent renewable energy [248, 249]. Compared to other 

types of electrolysis cells, SOECs can withstand a wider range of currents, 

capable of converting unstable and nonlinear electricity generated by wind 

power into fuel and additional products. (Power-to-X, where X refers to 

various chemical products) [250, 251]. In recent years, many researchers 

have reported on the progress of CO2 electrolysis to prepare CO fuel by 

SOECs [1, 252-254]. Compared to using other types of electrolysis cells for 

CO2 reduction, the reaction occurring in SOECs is much simpler (CO2 Ÿ 

CO+1/2O2), with a conversion rate of over 50% and almost 100% CO 

selectivity. 

Due to the high operating temperature, the performance degradation of 

SOECs is common. However, most studies on the degradation mechanism 

of cell performance are mainly carried out under constant conditions, such 

as constant current or constant potential [233, 255], and only few reports 

exist on the direct combination with renewable energy power with its 

periodic fluctuations. Periodic currents are one of the main modes of 

periodic fluctuations in renewable energy power, which is also known as 

pulsed current. Although SOECs are less effective under pulsed current 

conditions, some researchers have proposed that pulsed current can improve 

stability and Faraday efficiency [256]. Therefore, this chapter attempted to 
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simulate an intermittent renewable energy power involved in industrial 

application scenarios utilizing a flat-tube SOEC to study the cyclic pulsed 

current based on CO2 electrolysis and fuel preparation, and investigate the 

performance changes and degradation mechanisms under this working 

condition. The purpose was to provide support for the adaptability research 

of CO2 electrolysis for renewable energy power conversion and storage 

under fluctuating operating conditions. 

6.2 Long-term performance with intermittent renewable 

energy 

6.2.1 Stability test 

The cell preparation process and assembly methods are described in 

detail in Chapter 3.1. The initial performance test results of Cell6.1 are 

shown in Figure 6.1. In the discharge mode, 0.6 SLM H2 and 2.5 SLM air 

were introduced to the fuel electrode the air electrode respectively. The 

voltage and power values at 0.5 A intervals were recorded and collected, with 

the data plotted as a J-V-P curve. After completing the instantaneous 

discharge test in SOFC mode, the intake components of the fuel electrode 

were switched to a mixture of 23.8 vol.% CO-76.2 vol.% CO2, and 3 SLM 

air was introduced into the air electrode. After the cell reached chemical 

equilibrium, i.e. the open circuit voltage tended to stabilize, and the 

electrolysis mode was started. The J-V relationship curve was obtained. 
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Figure 6.1a shows the instantaneous performance curves of the SOFC mode 

before and after the pulsed current cyclic electrolysis. As observed, after 808 

hours of (101 cycles) testing, the maximum power density decreased from 

271.8 mW/cm2 to 182.8 mW/cm2, and the OCV decreased from 1.03 V to 

0.99 V, indicating a damage to the gas tightness or structure of Cell6.1. 

Figure 6.1b shows the instantaneous performance curves of Cell6.1 in 

SOEC mode before and after pulsed current cyclic electrolysis.  

  

Figure 6.1. Comparison of instantaneous performance before and after 

cyclic testing: (a) Discharge; (b) Electrolysis 

 

After 808 hour of (101 cycles) testing, there was a significant 

fluctuation in the instantaneous performance curve of Cell6.1. The slope 

(area specific resistance) of the J-V curve increased, and the OCV decreased 

from 0.90 V to 0.817 V. According to the previous research, when using 25 

vol.% H2-75 vol.% CO2 as the fuel electrode atmosphere for pulsed current 

CO2 electrolysis under the same oxygen partial pressure and current density 

as this work, the discharge power and OCV of the cell did not show a 

downward trend after 100 cycles of electrolysis. And the corresponding 








































































































































































































































































































