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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 “carbon peak”
and “carbon neutrality”. 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 CO» 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:

(1) The utilization of solid oxide electrolysis cells for CO: 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 CO: 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



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.

(i1) Feed gas compositions of 25 vol.% H»-75 vol.% CO; and 23.8 vol.%
CO-76.2 vol.% CO> 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.

(i11) Focusing on the demand for “energy storage”, the durability and
degradation mechanism of SOEC under fluctuating currents of -100-300
mA/cm? were studied in this paper, after the cells successfully ran for 808
hours. Subsequently, the feasibility of the “power-gas-power” conversion
technology was verified using the RSOC (reversible solid oxide cells)
system concept in a 50 vol.% CO-50 vol.% CO, 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 CO»
electrolysis operation for over 1200 hours under the high current density of
-500 mA/cm?. 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 CO; 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 CO:
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 CO; electrolysis.



Achievements

Publications

[1] Wu, A.; Li, C.; Han, B.; Liu, W.; Zhang, Y.; Hanson, S.; Guan, W.;
Singhal, S. C. Pulsed electrolysis of carbon dioxide by large-scale solid
oxide electrolytic cells for intermittent renewable energy storage. Carbon

Energy 2023, 5 (4), €262. https://doi.org/10.1002/cey2.262 (IF: 20.5)

[2] Wu, A.; Xiong, M.; Zhang, Y.; Hanson, S.; Wang, J.; Guan, W.; Singhal,
S. C. CO> utilization by reversible solid oxide cells towards carbon

neutralization for long-term energy storage. Chemical Engineering Journal

2023, 466, 143275. https://doi.org/10.1016/j.ce].2023.143275 (IF: 15.4)

[3] Wu, A.; Han, B.; Yao, Y.; Zhang, Y.; Tang, Y.; Hanson, S.; Wang, J.; Guan,
W.; Singhal, S. C. Degradation of flat-tube solid oxide electrolytic stack for
co-electrolysis of H>O and CO; under pulsed current. Journal of Power

Sources 2023, 580, 233372. https://doi.org/10.1016/1.jpowsour.2023.233372

(IF: 9.2)

[4] Wu, A.; Li, C.; Han, B.; Hanson, S.; Guan, W.; Singhal, S. C. Effect of
air addition to the air electrode on the stability and efficiency of carbon
dioxide electrolysis by solid oxide cells. International Journal of Hydrogen
Energy 2022, 47 (58), 24268.

https://doi.org/10.1016/].ijhydene.2022.05.207 (IF: 7.2)

[5] Wu, A.; Han, B.; Zhu, L.; Guan, W.; Singhal, S. C. Performance of CO>

electrolysis using solid oxide electrolysis cell with Ni-YSZ as fuel electrode

v


https://doi.org/10.1002/cey2.262
https://doi.org/10.1016/j.cej.2023.143275
https://doi.org/10.1016/j.jpowsour.2023.233372
https://doi.org/10.1016/j.ijhydene.2022.05.207

under different fuel atmospheres. International Journal of Green Energy

2022, 79 (11), 1209. https://doi.org/10.1080/15435075.2021.1986405 (IF:

3.3)
[6] Pan, H.; Wu, A.*; Au, S. F.; Yang, Y.; Song, Z.; Liu, Z.; Gong, X.*; Guan,
W. Effect of the steam/hydrogen ratio on the performance of flat-tube solid

oxide electrolysis cells for seawater. Sustainable Energy & Fuels 2023, 7

(14), 3333. https://doi.org/10.1039/D3SE00351E (IF: 5.6)

[7] Xiong, M.; Han, B.; Yao, Y.; Wu, A.*; Gao, Y.*; Guan, W. Effect of
seawater on the performance of flat-tube solid oxide cell for CO2/H20 co-
electrolysis. Fuel 2024, 357, 130039.

https://doi.org/10.1016/.fuel.2023.130039 (IF: 7.4)

[8] Li, C.; Wu, A.; Xi, C.; Guan, W.; Chen, L.; Singhal, S. C. High reversible
cycling performance of carbon dioxide electrolysis by flat-tube solid oxide
cell. Applied Energy 2022, 314, 118969.

https://doi.org/10.1016/].apenergy.2022.118969 (IF: 11.2)

[9] Luo, X.; Wu, A.; Sang, J.; Huang, N.; Han, B.; Wang, C.; Gao, Y.; Guan,
W.; Singhal, S. C. The properties of the fuel electrode of solid oxide cells
under simulated seawater electrolysis. International Journal of Hydrogen

Energy 2023, 48 (28), 10359.

https://doi.org/10.1016/j.ijhydene.2022.11.350 (IF: 7.2)
[10] Tang, Y.; Wu, A.; Liu, W.; Pei, W.; Guan, W.; Singhal, S. C. Anti-
poisoning performance of flat-tube solid oxide fuel cell in high concentration

vi


https://doi.org/10.1080/15435075.2021.1986405
https://doi.org/10.1039/D3SE00351E
https://doi.org/10.1016/j.fuel.2023.130039
https://doi.org/10.1016/j.apenergy.2022.118969
https://doi.org/10.1016/j.ijhydene.2022.11.350

HoS environment. Energy Reports 2023, 9, 5915.

https://doi.org/10.1016/j.egyr.2023.05.026 (IF: 5.2)

[11] Tang, Y.; Wu, A.; Han, B.; Liu, H.; Bao, S.; Lin, W.; Chen, M.; Guan,
W.; Singhal, S. C. Stability of a Solid Oxide Cell Stack under Direct Internal-
Reforming of Hydrogen-Blended Methane. Journal of Electrochemistry,
2024, 30 (1),

2314001. https://electrochem.xmu.edu.cn/CN/Y2024/V30/11/2314001

[12] Yang, H.; Wu, A.; Liu, Z.; Su, Y.; Hu, X.; Swierczek, K.; Luo, J.; Meng,
A.; Lu, Y.; Lu, Z.et al. A power-to-hydrogen nearby consumption system
based on a flat-tube rSOC coupled with local photovoltaics and Yellow River

water. [International Journal of Hydrogen Energy 2024, 57, 1111.

https://doi.org/10.1016/j.ijhydene.2024.01.113 (IF: 7.2)

[13] Yang, J.; Wu, A.; Au, S. F.; Yang, Y.; Huang, X.; Lei, J.; Liu, Z.; Zhang,
Y.; Meng, B.; Lu, Z.et al. One-step method to produce feedstock for green
ammonia of Hx:N>>3:1 by solid oxide cell. International Journal of
Hydrogen Energy 2024, 56, 1132.

https://doi.org/10.1016/j.ijhydene.2023.12.264 (IF: 7.2)

[14] X1, C.; Sang, J.; Wu, A.; Yang, J.; Qi, X.; Guan, W.; Wang, J.; Singhal,
S. C. Electrochemical performance and durability of flat-tube solid oxide
electrolysis cells for HoO/CO; co-electrolysis. International Journal of
Hydrogen Energy 2022, 47 (18), 10166.

https://doi.org/10.1016/j.ijhydene.2022.01.105 (IF: 7.2)

vii


https://doi.org/10.1016/j.egyr.2023.05.026
https://electrochem.xmu.edu.cn/CN/Y2024/V30/I1/2314001
https://doi.org/10.1016/j.ijhydene.2024.01.113
https://doi.org/10.1016/j.ijhydene.2023.12.264
https://doi.org/10.1016/j.ijhydene.2022.01.105

[15] Yang, G.; Li, Y.; Sang, J.; Wu, A.; Yang, J.; Liang, T.; Xu, J.; Guan, W;
Chai, M.; Singhal, S. C. In-situ analysis of anode atmosphere in a flat-tube
solid oxide fuel cell operated with dry reforming of methane. Journal of
Power Sources 2022, 533, 231246.

https://doi.org/10.1016/].jpowsour.2022.231246 (IF: 9.2)

[16] Song, Z.; Pan, H.; Wan, G.; Wu, A.; Chen, Q.; Guan, W.; Singhal, S. C.
Enhancing durability of solid oxide cells for hydrogen production from
seawater by designing nano-structured SmosSrosCos.s infiltrated air
electrodes. International Journal of Hydrogen Energy 2023, 48 (70), 27095.

https://doi.org/10.1016/].ijhydene.2023.03.366 (IF: 7.2)

[17] Duan, Y.; Cao, B.; Li, S.; Wu, A.; Huang, Z.; Wang, J.; Wang, Q.; Yang,
J.; Guan, W.; Qi, X. Properties of CuMnisNips0s spinel as high-
performance cathode for solid oxide fuel cells. Journal of the European
Ceramic Society 2023, 43 (12), 5298.

https://doi.org/10.1016/].jeurceramsoc.2023.05.003 (IF: 5.7)

[18] Wang, J.; Zhao, Y.; Yang, J.; Sang, J.; Wu, A.; Wang, J.; Guan, W.; Jiang,
L.; Singhal, S. C. Understanding thermal and redox cycling behaviors of flat-

tube solid oxide fuel cells. International Journal of Hydrogen Energy 2023,

48 (57), 21886. https://doi.org/10.1016/j.ijhydene.2023.03.062 (IF: 7.2)

[19] Hu, X.; Yang, Y.; Han, B.; Huang, X.; Lei, J.; Sang, J.; Wu, A.; Liu, Z.;
Lu, Z.; Guan, W. Efficiency and stability of seawater electrolysis through
flat-tube solid oxide cell stack without air. International Journal of

viii


https://doi.org/10.1016/j.jpowsour.2022.231246
https://doi.org/10.1016/j.ijhydene.2023.03.366
https://doi.org/10.1016/j.jeurceramsoc.2023.05.003
https://doi.org/10.1016/j.ijhydene.2023.03.062

Hydrogen Energy 2024, 55, 909.

https://doi.org/10.1016/j.ijhydene.2023.11.138 (IF: 7.2)

Patents

[20] Anqi Wu, Beibei Han, Yan Yao, Meng Xiong, Wanbing Guan, A
method for electrolyzing carbon dioxide in a solid oxide electrolytic cell.
Application number: 2023106925255. (Chinese)

[21] Meng Xiong, Anqi Wu, Beibei Han, Yan Yao, Wanbing Guan, A
method for co-electrolysis of seawater and carbon dioxide to synthesize fuel.
Application number: 2023105598985. (Chinese)

[22] Meng Xiong, Wanbing Guan, Yan Yao, Anqi Wu, Yang Zhang, Beibei
Han, An electric energy storage device and system. Application number:

2023107895401. (Chinese)


https://doi.org/10.1016/j.ijhydene.2023.11.138




Acknowledgement

As the years flew by, the intense and fulfilling PhD life is coming to an
end. In the past three years and four months, with the support of my
supervisors, research teams, friends, and family, I have harvested a lot, both
in daily life and scientific research. Before completing my PhD thesis, I
would like to express my sincerest gratitude to the supervisors, colleagues,
friends, and family who have provided me with help, encouragement, and
guidance in scientific research, study, and life over the years.

My heartfelt appreciation goes to my three supervisors: Dr. Svenja
Hanson, Prof. Wanbing Guan and Dr. Jing Wang, and my internal assessor,
Dr. Mengxia Xu. Dr. Svenja Hanson not only patiently guided me in
research directions, paper writing, and English speaking, but also provided
me with care and assistance psychologically and in daily life. She always
cares about my safety and the progress of completing thesis or projects. Prof.
Wanbing Guan provides me with careful guidance and assistance in the
selection of PhD topics, experimental design, and paper writing. During my
three-year research life at Ningbo Institute of Materials Technology &
Engineering, CAS (Nimte), Prof. Guan provided me with a research platform
and gave me a lot of opportunities to visit and make academic presentations,
which greatly improved my research ability, stress resistance, and
interpersonal communication skills. In these years, Dr. Jing Wang and Dr.

Mengxia Xu always points out key issues and propose improvement

Xi



suggestions in my reports and speeches.

Needless to say, an experimental PhD cannot be finished in time
without the help of everyone in my research team. [ would like to thank Prof-
Jun Yang, Prof. Liangzhu Zhu, Prof. Jianxing Wang, Dr. Wu Liu, Dr.
Beibei Han, Dr. Yang Zhang, Dr. Junkang Sang, Chengtian Wang, Jiawei
Yang, Meng Xiong, Yafei Tang, Jiping Wang, Hu Pan, Zihan Song, Xiaogang
Hu, Haoliang Tao, Shiqing Li, Zhao Liu, Mingze Gao, Xing Luo, Chaolei Li,
Gang Yang, Chengqgiao Xi, Shuaifan Li, Yang Wu et al. in Fuel cell
technology team at Cnitech. Additionally, I would like to thank Liang Xu,
Zihan Wang, Xiaohui Chang at H>-Bank Co., Ltd. I would like to sincerely
thank the faculty at UNNC and graduate office at Nimte.

Last but not the least, I would like to take this opportunity to thank my
friends and family who give support and encouragement when I'm feeling
down. They always patiently listen to my words and give me advice and
comfort.

There are still many people whose names 1 did not list. Please don't
worry, I won't forget the help you have given me. Thanks for all the
encounters and assistance. I sincerely wish my supervisors, colleagues,
friends, and family to have good health, and a successful career. Wish UNNC

and Cnitech become better.

Xii



Table of Contents

ADSITACT ... 1
ACRIEVEIMENLS ...ttt v
ACKNOWIEAZEMENT .....eviiiiiiiiiic e X1
List Of FIGUIES...c.vviiiiiiiicii e XVvii
List Of TabIes ...veeveiiiieieeieeee s XXVil
List Of ADDIEVIAtIONS ...c.vveuviiiiiiieiiiiere e XXiX
List of Symbols.......cccccoiviiiiiiiiiiiii XXX1
Road map of this thesiS.........ccceviiiiiiiiiice e XXXil
Chapter 1. Research background...........c.cccoooiiiiiiiiiiinic e 1
1.1  Research background............cccooiriieiiiiiiiiiinecsecn 1
1.2 AIms and ObJECHIVES .....eeeivieiieieiie e 5
1.3 The thesis SIUCTUIE ......ccveiviiriiieriieee e 7
Chapter 2. LIterature TeVIEW ........ccvvveiiiieeiiireiieessieessineessinessssnessseee s 9
2.1 Introduction to energy demand and SeCUrity ..........ccccocveernnene 9
2.2 Introduction to Solid Oxide Electrolysis Cells (SOECs)........ 16
2.3 Degradation of SOECs in COz electrolysis .........ccccovvririennnnne 46
2.4 Industrialization degree and application scenarios.................. 51
2.5 SUMMATY ....veiiiiiiiec e 54
Chapter 3. Experimental Methods ...........ccccooviviiiiiiniiiie, 55
3.1 Preparation and assembly of the cell .............cccooiiiininnn, 55
3.2 Preparation and assembly of the stack............cccceviiiiininnnn, 59
3.3 Testing of cells and stacks ...........cccocviiiiiiiicn, 64
3.4 Electrochemical impedance............ccovvvnieiiiiiiiicninicien, 67
3.5 Microscopic characterization...........ccveeverveeieenineeseeseeeeeen 70
3.6 Gas composition analysis .......c.cccvvverviriiiniieiiniiciee e 72
3.7 Energy conversion effiCiency .........ccccoovvriiniicniiiiicnenne 73
3.8 Mechanical property testing .........cccccvvvvrrieiinieeiieriseseenens 78
Chapter 4. Factors affecting CO» electrolysis in SOECs................... 81

xiii



O BN 5'q Yo LD Tw1 5 (o) o T 81

4.2 Effect of sealing material ...........ccccovveviiieiiiiiniciiccieee 81
4.3 Effect of temperature and gas volume .........ccccovevveviveeiiineennnn 85
4.4 Effect of protective gas type and content.............ccecvrveiennnne 88
4.5 SUMMATY .evvviiiiiiiiie e 110

Chapter 5. Long-term performance and degradation mechanism under

constant current CO2 electrolysiS......covvvvriiiiiiiiiniiiiiiiiie e 113
5.1 INtrOdUCEION ....eeiiiiiii et 113
5.2 Long-term performance with air in the air electrode............. 115
5.3 Long-term performance without air in the air electrode....... 121

5.4 Long-term performance without protective gas in the fuel

ClECIIOMR ... 129
5.5 Analysis of degradation mechanisms.............cccooviieenneninnnns 132
5.6 SUMMATY ..o 141

Chapter 6. Long-term performance and degradation mechanism of CO>
electrolysis in an intermittent renewable energy associated scenario 145
6.1 INtrodUCLION.....oviiiiiiiiie e 145

6.2 Long-term performance with intermittent renewable energy

..................................................................................................... 147
6.3 Analysis of degradation mechanisms.............ccceevvveeniernnnen. 155
6.4 SUMMATY ....ooiiiiiiii 160

Chapter 7. CO; electrolysis in reversible solid oxide cells for energy

STOTAZE ..vviiiiie ittt 163
7.1 INtrOAUCHION ... 163
7.2 Design of reversible solid oxide cells system...........c.c.ccc.e... 164
7.3 Long-term performance in reversible solid oxide cells ........ 167
7.4 Analysis of degradation mechaniSms............cccoooveeieeinennnnnns 175

7.5 Comparison under constant, pulsed and reversible current ..179
7.6 SUIMIMATY ...covviiiii i 185

Chapter 8. Stability and degradation of interface contact in SOEC stacks

X1v



under constant current CO2 electrolysis .......covvvivieriiieeiiieeiiiieiiiieens 187

8.1 INtrOdUCHION. ...t 187
8.2 Long-term performance of flat-tube SOEC stacks............... 188
8.3 Analysis of degradation mechanisms of SOEC stacks ......... 197
8.4 SUIMIMATY ...cviiiiee it ettt e e ennes 215

Chapter 9. Stability and degradation of interface contact in SOEC stacks

under intermittent renewable ENETZY .......ccvvvvveeiiiieiiiee e 219
0.1 INtrOAUCHION. ....eeiiieiie ettt 219
9.2 Long-term performance of flat-tube SOEC stacks............... 222
9.3 Analysis of degradation mechanisms of SOEC stacks ......... 236
9.3 SUMmMArY......ccoiiiiiiii 244
Chapter 10. Conclusions and Outlook ...........cccceveeriiniiiiiinnienieenne 247
10.1 CONCIUSIONS ..ottt 247
10.2 OULLOOK ..ottt 253
RETRIENCE ... 255

XV



XVi



List of Figures

Figure 2.1. The total primary energy demand for different sources in
China [38] et 10
Figure 2.2. The total primary energy demand from different sources in
the WOTrld [40] ..eeeeii s 11

Figure 2.3. Carbon emissions of different countries from 2000 to 2022

Figure 2.4. Thermodynamic analysis of carbon dioxide electrolysis
TEACTION 1.ttt sttt ettt ettt ettt et et e e sbe et e e sbe e et e e naneenes 19
Figure 2.5. Schematic diagram of CO; electrolysis reaction in solid
oxide electrolysis cell, where IC= ionic conductor, EC=electronic
CONAUCTOT ...ttt n e anne s 23
Figure 2.6. Three types of SOC structures: (a) tubular, (b) planar and (c)
FlAt-tUDE ..o 25
Figure 2.7. Different types of cell support architectures for SOC...... 27
Figure 2.8. A schematic of molten salt electrochemical system for CO:
1edUCtioN [145] i 38
Figure 2.9. A schematic of the CO; redox flow battery (CRB) [147] .40
Figure 2.10. Principles of typical BESs [152] ...c.coooiiiiiiiiiii 43
Figure 2.11. Possible reaction pathways and products of photocatalytic
conversion 0f CO2 [167]..coiuiiiiiiiiiieiee e 45
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.......ccoiiiiiiie e 56
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 ..o, 58

Figure 3.3. Assembly diagram of SOEC stack: (a) External structure, (b)

Xvii



Internal STrUCTUTE .......ccovviiiieiie e 61
Figure 3.4. (a) Photo of SOEC stack; (b) Photo of air side; (c) Photo of
TUCL SIAC ..o 63
Figure 3.5. Polarization curves (a) Sischarge mode (b) Charge mode 65
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

Figure 3.7. Electrochemical impedance and analysis method: (a)

Nyquist diagram; (b) DRT diagram; (c) Effective equivalent circuit

Figure 3.8. Gas chromatogram of fuel electrode exhausted gas........... 73
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 .........c.ceeiiiiiiiee e 79
Figure 4.1. Morphology of sealing materials after calcination at 850 °C,
900 °C and 930 C ....oiviiiieiecre e 82
Figure 4.2. Morphology of sealing materials after calcination at 850 °C
for 3 h, and reduction at 750 °C.......ccccoveveiiiiiiiiii e, 83
Figure 4.3. Morphology of sealing materials after calcination at different
temperatures and PreSSUIES .........verreerrerrireereerreeneesreeseesneenees 84
Figure 4.4. Performance test of the cell at different temperatures: (a)
SOFC mode; (b) SOEC mode.........cccvvvieireiiicncceenee e 85
Figure 4.5. Performance test of the SOEC stack at different temperatures:
(a) SOFC mode; (b) SOEC MOode .......coovvvviriiiiiiiiciie e 86
Figure 4.6. Performance test of the cell unit in the stack at different
temperatures: (a) SOFC mode; (b) SOEC mode; (c) Impedance.86
Figure 4.7. The electrolytic performance of SOEC under different total
fuel VOIUMES ..o 88
Figure 4.8. The partial pressure of oxygen and instantaneous electrolysis

performance of H-CO» and CO-CO fuel electrode atmosphere at

Xviil



750 °C: (a) Oxygen partial pressure varying with CO; content; (b)
I-V curves of CO» electrolysis (including previous research [143]);
(c) The Nyquist diagram of impedance spectra and (d) DRT
diagram in H>-CO» and CO-CO; atmospheres at OCV and 750 °C;
(e) DRT diagram in two reducing atmospheres...........ccevvveennnen. 92
Figure 4.9. The electrochemical impedance in OCV state under different
fuel electrode atmMOSPRETES .....ccvvviiiiiiiiiiiiiie e 94
Figure 4.10. The electrochemical impedance and DRT in SOFC mode
with different currents: (a) EIS curves; (b) DRT curves.............. 95
Figure 4.11. The electrochemical impedance and DRT in SOEC mode
with different currents and fuel electrode atmospheres: (a) EIS
curves in H>-CO: atmosphere; (b) DRT curves in H>-CO»
atmosphere; (c) EIS curves in CO-CO; atmosphere; (d) DRT
curves in CO-CO2 atmOSPhETE........cuevveriieririeiieieereseese e 96
Figure 4.12. The electrochemical impedance and DRT in SOEC mode

with different currents and fuel electrode atmospheres: (a) EIS; (b)

Figure 4.13. (a) Boudouard equilibrium diagram; (b) Equilibrium
diagram of current density and carbon deposition at 750 °C with
different CO CONLENLS.......cocveeiiiiieiiiieiiie e 104

Figure 4.14. Mass balance diagram: (a) Mass balance diagram for
CO2/H2 = 3/1 ettt 105

Figure 4.15. Short-term stability curves under various contents and
types of protective gas: (a) V-t curves under different H, content;
(b) Comparison of V-t curves under different protective gas .... 106

Figure 4.16. Gas chromatography (GC) analysis of -200 mA/cm?
constant current electrolysis in different fuel electrode atmospheres
AL 750 OC o 109

Figure 5.1. Comparison of performances of Cell5.1 with air in the long-

term operation: (a) Discharge performance before and after the test;
Xix



(b) Electrolytic performance before and after the test ............... 116
Figure 5.2. V-t diagram of CO> electrolysis of Cell5.1 with air in the
LSCF-GDC air electrode .........cocoveieeiiieniiniienee e 117
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
EleCtrOIYLIC TIME Lovvvvieiiiie it 118
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; (¢)
Discharge performance of Cell5.3; (d) Electrolytic performance of
O] 1 1 700 TSR 122
Figure 5.5. V-t diagram of Cell5.2 and Cell5.3 without air in the LSCF-
GDC air lectrode ........cooviiiiiiiiiee e 124
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; (¢)
Impedance values of Cell5.2; (d) Impedance values of Cell5.3 127
Figure 5.7. Instantaneous performance of Cell5.4 before and after long-
term test (a) Discharge performance; (b) Charge performance .131
Figure 5.8. Long-term performance of Cell5.4 in 50 vol.% N2-50 vol.%
CO: fuel electrode atmoSPhere ..........ccccovvviiieiiiiiiiieiieeeee, 131
Figure 5.9. Macro morphology of Cell5.1 after durability test.......... 132
Figure 5.10. Macro morphology of Cell5.2 after durability test........ 132
Figure 5.11. Macro morphology of Cell5.3 after durability test........ 133
Figure 5.12. Macro morphology of Cell5.4 after durability test........ 133
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

XX



Cell5.2; (k) Ni Content at different regions of Cell5.3.............. 135
Figure 5.12. Nickel particles identified in SEM: (a)-(c): Cell5.1; (d)-(f):
Cell5.2; (g)-(1): Cell5.3; (j)-(1): Reference cell; (m) Relative
frequency of content of Ni with different areas..............c.......... 137
Figure 5.13. Raman spectrum of the outlet of Cells 5.1, 5.2 and 5.3 139
Figure 5.14. Micro morphology and energy spectrum of the outlet of
tested cells: (a) and (b) Cell5.1; (¢) and (d) Cell5.2; (e) and (f)
(O] 700 TSRS 140
Figure 6.1. Comparison of instantaneous performance before and after
cyclic testing: (a) Discharge; (b) Electrolysis........ccccvvvivennene 148

Figure 6.2. V-t diagram of CO> electrolysis under long-term pulsed

Figure 6.3. Electrolytic voltages at different current under long-term
pulsed current OPEration ............ceeeeereereeirerieerieieseeseese e 151
Figure 6.4. Variation of EIS curves (a) and DRT curves (b) of Cell6.1
during cyclic pulsed current COz electrolysis ...........cccevvrrnene. 153
Figure 6.5. Macro structure of Cell6.1 after disassembly: (a) Air
electrode, (b) Outlet of fuel electrode...........ccccvvriiiiiiieiniinnnne. 156
Figure 6.6. SEM images: (a) and (b) Cell6.1 after cyclic pulsed current
CO2 electrolysis; (c) reference cell .......ccoooveeviiiiiiiiiiiiiiee, 157
Figure 6.7. Proportion of nickel particles of different sizes: (a) Inlet of
Cell6.1; (b) Inlet of reference cell..........cocovvviiiiiiiiiicnee, 158
Figure 6.8. (a) and (b) Raman photos of powder in the pipelines; (c)
Raman spectra of cell samples and powders in the gas pipeline159
Figure 7.1. Schematic diagram of RSOC in energy storage system.. 165
Figure 7.2. Schematic diagram of the test system .............cocceeveninnne 166
Figure 7.3. Charge and discharge I-V curves before and after long-term
reversible operation: (a) Discharge I-V curves of Cell7.1; (b)
Charge I-V curves of Cell7.1; (¢) Discharge I-V curves of Cell7.2;
(d) Charge I-V curves of Cell7.2 ...coovvviiiiiiiiiiieiee e, 168

XX1



Figure 7.4. V-t curves of cells during long-term reversible operation: (a)
Cell7.1;5 (D) Cell7.2 oo 171
Figure 7.5. EIS and DRT curves of cells during reversible cycles: (a)
EIS of Cell7.1; (b) EIS of Cell7.2; (c) DRT of Cell7.2.............. 172
Figure 7.6. SEM photos of inlet of the tested Cell7.2 and the reference

Figure 7.7. Nickel agglomeration level: (a) Inlet of Cell7.2; (b) Inlet of
the reference cell ... 176
Figure 7.8. Ni content of Cell7.2 and reference cell at different distance
from eleCtrOlyte ......ocvviviiiiiiicic e 177

Figure 7.9. Raman spectrum of the inlet of Cell7.2 after reversible cycles

Figure 7.10. Comparison of Ni content in the inlet of: (a) Reference cell;
(b) Cell5.3; (c) Cell6.1; (d) Cell7.2..uuiiiiiiiiieieeee e 180
Figure 7.11. Comparison of nickel migration in different regions of the
fuel electrodes of three tested cells ..........ccocovvvvriiiiiiiiien, 181
Figure 7.12. Comparison of Raman spectra after long-term testing under
different operating conditions ..........c.cceeveriiiiieniiiiic e 182
Figure 8.1. V-t diagrams of (a) Stack8.1-Stack8.5; (b) Stack8.5-Stack8.8;
(c) Single electrolytic voltage of Stack8.6........ccccvvvviiiiiiennne 190
Figure 8.2. Schematic diagram of inserting voltage probes in Stack8.6
(a) and Stack8.7 (D) ....eoverrerieiieiieiese e 191
Figure 8.3. Instantaneous performances of stacks in SOFC and SOEC
mode before and after test..........cccoovviiiiiiii 193
Figure 8.4. EIS curves and DRT curves of Stack8.6 during 1008 h CO>
ElECTIOLYSIS tST..uviiirierie i 194
Figure 8.5. Oxidation of the air side of Stack8.1-Stack8.8 after cooling
t0 TOOM tEMPETATULE ...cvvviie i 197
Figure 8.6. Cell morphology analysis of Stack8.5 after long-term CO-
electrolysis testing (a) Overall morphology; (b) and (c) Fuel

Xxil



ClECIIOAE .. 199
Figure 8.7. Analysis of cell morphology in Stack8.6 after long-term CO>
€leCtrolySiS tESTING ..vvvvivvieiiiie it 200
Figure 8.8. Analysis of cell morphology on Stack8.8 after long-term
CO2 electrolysis teStINEG.....ccvieiirieiiiee e 202
Figure 8.9. Analysis of carbon deposition in fuel electrode channels in
Stack8.6 after long-term CO> electrolysis testing.............c.ue..... 203
Figure 8.10. Analysis of carbon deposition in fuel electrode channels in
Stack8.8 after long-term CO; electrolysis testing............c.cue..e. 203
Figure 8.11. EDS analysis of cell cross-sections after long-term CO»
electrolysis operation: (a) Stack8.5; (b) Stack8.6; (c) Stack8.8 205
Figure 8.12. Raman spectrum of the air electrode of the cells after long-
term operation of CO; electrolysis: (a) Stack8.5; (b)(c) Stack8.6;
(d)(e) Stack8.7; (f) Stack8.8 ....cccviiiiiiiiiiee e 208
Figure 8.13. Raman photos and spectra of LSC current collection layer
sample of Stack8.8.......cooiiiiiii 210
Figure 8.14. Raman spectroscopy characterization of the cross-sections
of the cells (including the current collection layer) in Stack8.8,
from the surface to the interior of current collection layer........ 211
Figure 8.15. SEM images of interconnect of Stack8.7: (a) Fuel electrode
side of interconnectl; (b) Air electrode side of interconnect2; (c)
Air electrode side of interconnect3; (d) air electrode side of
INEETCONMNECTA ...ttt 212
Figure 8.16. Photos of cell samples used for mechanical strength
analysis: (a) Before fracture; (b) After fracture ...........cccoeeeneee. 215
Figure 9.1. Current variation per Cycle.........cccoviiiiiniiniiciiniiiennns 222
Figure 9.2. (a) Schematic diagram of SOEC stack test system......... 224

Figure 9.3. Initial performance of SOEC stack: (a) Discharge; (b)

Figure 9.5. Variation of OCV during long-term operation ................ 227

xxiii



Figure 9.6. Long-term stability curves of CO: electrolysis of each
repeating unit in the SOEC stack under pulsed current: (a) Unit
related to Celll; (b) Unit related to Cell2 ........cccevvvvviiiiiiinnnnns 229

Figure 9.7. The difference between the real-time voltage and the initial
value under different current densities during long-term testing: (a)
-50 mA/cm?; (b) -100 mA/cm?; (c) -150 mA/cm?; (d) -200 mA/cm?;
(€) “250 MA/CIN? ..o 230

Figure 9.8. Polarization voltages of the interconnects....................... 231

Figure 9.9. Discharge performance changes of the stack during pulse
current CO> electrolysis testing: (a) Stack; (b) Celll; (c) Cell2; (d)
Cell I+interconnectl; (e) Cell1+interconnect2; ®
Cell2HINtErCONNEC2 ... 233

Figure 9.10. EIS impedance analysis during the long-term pulsed
current CO; electrolysis: (a) Celll; (b) Celll+interconnectl; (c)
Celll+interconnect2; (d) Cell2; (e) Cell2+interconnect? .......... 234

Figure 9.11. DRT of each repeating unit during the long-term testing: (a)
Celll; (b) Celll+interconnectl; (c) Celll+interconnect2; (d) Cell2;
() Cell2HINtErcONNECt2 .....oeveeiiieiiie et 235

Figure 9.12. Macroscopic view of the disassembly of the SOEC stack
after long-term testing of pulse CO- electrolysis testing ........... 237

Figure 9.13. SEM after long-term test of pulsed current electrolysis: (a)
Celll; (b) Cell2; (c) Reference cell, nickel particle content of
different sizes in Celll (d); Cell2 (e) and reference cell () ....... 238

Figure 9.14. Raman spectrum after the long-term test of SOEC stack: (a)
Powder sample of the current collection layer; (b) Surface of the
air electrode of Celll and Cell2 (contains some current collection
layer); (c) Air electrode/current collection layer surface and current
collection layer/interconnect surface; (d) Detailed interface

analysis between the current collection layer and the interconnect



Figure 9.15. EDS of the coating of the interconnect: (a) Interconnect2,
non-“rib”, (b) Interconnect3, non-“rib” ..........ccccevviriirnirnnnnne 242
Figure 9.16. EDS of the air electrode functional layer of the cells in the

stack after the long-term CO> electrolysis testing: (a) Celll, (b)

XXV



XXVi



List of Tables

Table 2.1. The proportion (%) of primary energy demand for different
sources in China from 1990 to 2020 [38]......cccceervrriierieriieeninns 10
Table 2.2. The amount of primary energy demand for different sources
in the world in 2022 [40] ....ooieiiiieiieieeee e 11
Table 2.3. The structure, operating conditions, and performance of
SOECs in China and abroad ............cccceriieiiniiienienee e 37
Table 3.1. Parameters of SOEC ... 56

Table 3.2. Meanings of the component labels in the single voltage of

SOEC StaCK ...ttt 61
Table 3.3. Process parameters for stack sealing ...........ccccovivriiennnn, 61
Table 3.4. The meanings of each part in EIS curve .........cccoceeiiienne 68

Table 4.1. Theoretical and practical OCV under two reducing
atmospheres at 750 %C .....ooiiiiiiiiiiiii i 93
Table 4.2. The impedance variation of each part of the cell with loading
100-300 mA/cm? current density under 25 vol.% H»-75 vol.% CO»
and 23.8 vol.% CO-76.2 vOl.% CO2....oeuvvveeiiiiiicececeeee 99
Table 4.3. Equilibrium constant of Boudouard reaction and critical
equilibrium value of CO content at different temperatures....... 101
Table 4.4. Relationship between electrolytic voltage and current density
at 750 °C in different fuel electrode atmospheres ..................... 106
Table 4.5. Exhausted gas composition of -200 mA/cm? constant current
CO; electrolysis in different fuel electrode atmospheres .......... 110
Table 4.6. Calculation of energy conversion efficiency in -200 mA/cm?
electrolysis under different gas components in fuel electrode... 110
Table 5.1. Impedance values of each part of Cell5.1 with 5 SLM air
during 471 REest ...oooveiieieie e 119
Table 5.2. Results of tail gas composition and energy conversion

efficiency of Cell5.1 during CO; electrolysis with 5 SLM air in the

XX Vil



Q1L €leCtrOde. ... v 120
Table 5.3. Variations of impedance values of Cell5.2........c.coceenene. 127
Table 5.4. Variations of impedance values of Cell5.3...........cccveeneen. 128
Table 5.5. Results of energy conversion efficiency of Cell5.2 during

long-term CO7 electrolysis teSt ......cvvriviiiiiiiiiiiiiiiie e 129

Table 5.6. Comparison of operating parameters of four tested cells..142

Table 5.7. Degradation reasons of tested cellS........cccocvvviiiriiiirinnnnn. 142
Table 6.1. Current variations with time in each cycle.............cc.e..... 149
Table 6.2. Impedance at different cycles (Q cm?).......cccccevervvvrerennne. 153

Table 6.3. CO2 conversion rate and energy conversion efficiency of
Cell6.1 at different Currents ...........ccooceeeieerieniiesie e 154
Table 7.1. Calculation of efficiency of Cell7.2 .......ccoovrveiiiiinnenne. 174
Table 7.2. Comparison of advantages and disadvantages of energy
storage technologies [270, 275-283]....ccocviiriiieniieiee e 183
Table 8.1. Experimental parameters and test results of each stack....192
Table 8.2. Analysis of fuel electrode exhaust gas composition, energy
conversion efficiency, and CO production rate of each stack during
CO; electrolysis teStING . ....vvvireeriiiieiieie e 196
Table 8.3. Analysis of element content on the fuel electrode interconnect
and air electrode interconnects after test of Stack8.7 ................ 213
Table 8.4. Mechanical properties analysis of Stack8.5 and Stack8.7 after

long-term CO» electrolysis testing, sample size approximately 45

MM X 4 MM X 3 M oo 214
Table 9.1. Parameters of SOEC ........cccocoviiiiiiii e, 223
Table 9.2. Meaning of single voltage of SOEC stack............ccc...... 225

Table 9.3. Degradation rate (%/cycle) of stack components and the
combined units under -50~250 mA/cm? (-3A~15A) .......c......... 231
Table 9.4. EDS analysis of the air electrode functional layer after long-

term test under pulse current CO2 electrolysis..........ccovvvvirinnne. 243

XXViil



List of Abbreviations

AEM anion exchange membrane

ALK alkaline

ASR Area specific resistance

BES Bioelectrochemical systems (BES)
CO2RR CO:z reduction reaction

CRB CO> redox flow battery

D band Disordered carbon band

DBD Dielectric barrier discharges

DRT Distribution of relaxation time

DTU Technical University of Denmark

ECE Energy conversion efficiency

EIFER European Institute for Energy Research
EIS Electrochemical impedance spectroscopy
GA Gliding arc

G band Graphite band

GC Gas chromatograph

GDC Gadolinium-doped ceria

IEA International Energy Agency

INL Idaho National Laboratory

IRENA International Renewable Energy Agency
JAERI Japan Atomic Energy Research Inst
LSC La1xSrxC0o0s3-5

LSCF Lao.6Sro0.4C0o.2Fe0.803-5

XXIX



LSM

MCEC

MEA

MEC

MFC

MW

oCcv

OER

PEM

PMMA

PVA

RSOC

RWGS

ScSZ

SEM

SLM

SOC

SOEC

SOFC

SWPC

TCD

TEC

TPB

YSZ

La1-xSrxMnOs

Molten carbonate electrolysis cells
Membrane electrode assembly
Microbial electrolysis cell
Microbial fuel cell

Microwave

Open circuit voltage

Oxygen evolution reaction
proton exchange membrane
Polymethyl Methacrylate
Polyvinyl alcohol

Reversible solid oxide cell
Reverse water gas shift

Sc203 stabilized zirconia
Scanning electron microscope
Standard litre per minute
Solid oxide cell

Solid oxide electrolysis cell
Solid oxide fuel cell

Siemens Westinghouse Power Corporation
Thermal conductivity detector
Thermal expansion coefficient
Triple phase boundary

yttria-stabilized zirconia

XXX



ppm

nm
pum

mm

KJ

mol
L/min
GW

cm St

K

A

ml/min
Nml/cm?h
C/mol

J/mol

List of Symbols

Degree Celsius
Fahrenheit degree
Part per million
Nanometer
Micrometer
Millimeter

Hour

Watt

Kilojoule

Mole

Liter per minute
Gigawatt
Centimeter per Siemens
Kelvin

Ampere

Milliliters per minute

Milliliters per square centimeter per hour

Coulomb per mole

Joule per mole

XXX1



Road map of this thesis

Exploring the optimal
conditions for CO,

Chapterd ( - )

electrolysis reaction

Long-term performance and

cnanlerﬁ degradation mechanism under

constant current CO, electrolysis

Long-term performance and

degradation mechanism of CO,

electrolysis in an intermittent

renewable energy

CO, electrolysis in

o cnante" reversible solid oxide

cells for energy storage

Stability and degradation of
interface contact in SOEC

Chapter8 ( -

stacks under constant

current CO, electrolysis

Stability and degradation of

interface contact in SOEC

stacks under intermittent

renewable energy

XxXil



Chapter 1. Research background

1.1 Research background

Since the industrial revolution, with the widespread burning of fossil
fuels, CO> 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 COz 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 °C 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 CO> emissions, carbon emissions returned
to the previous level once 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 “intermittent” operation, with their output power
fluctuating in response to changes in external energy [7, 8]. If “intermittent”
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 “intermittent” 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 “intermittent” energy. Power-to-Gas (P2G) technology seems to be
a promising approach to absorb renewable energy, which involves using
electrolysis to split CO; 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



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
SOC:s 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 Hz, CO, O3 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



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
conversion by using CO-CO; 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



of carbon neutrality if 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 CO; conversion and
efficient power-gas-power conversion under long-term high-temperature
operation. In the context of “carbon neutrality” and ‘“energy storage”, the
research objectives of this thesis are as follows:

(1) Explore the optimal experimental conditions for CO> 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 CO; 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 CO; 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



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 CO; electrolysis in a three-
unit solid oxide electrolytic stack based 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 energy using intermittent pulsed
current, and analyze the degradation mechanism of the electrolytic stack
during the long-term operation of CO; 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.



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
CO, 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 CO; 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 eclaborates 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
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nickel-based fuel electrode.

To investigate the cell performance under unstable electrolytic current,
the long-term performance and degradation mechanism of CO; 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 COz 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 CO; electrolysis with renewable energy. Chapter 10 is the

discussion and conclusion section.



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 world’s 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
China’s energy security issues [37]. To ensure China’s 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 China’s
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 China’s 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



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 Hydro  Wind, Biofuels Qil Nuclear
gas solar, and
etc. waste
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.
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4. Primary energy: Primary energy is the energy available as resources — such as the fuels burnt in power plants — before it has been fransformed.
This relates to the coal befors it has been burmed, the uranium, of the barrals of oil. Primary energy includes snergy that the end user nesds, in the
form of electricily, transport and healing, plus inefficiencies and energy thal is lost when raw resources are transformed into a usable form. You can
read more on the differant ways of measuring anergy in our article.

2. Substitution method: The ‘substitulion method' is used by researchers lo correst primary energy consumplion for efficiency losses experlenced
by fossil fuels. It tries to adjust non-fossil energy sources to the inputs that would be needed if it was generated from fossil fuels. It assumes that
wind and salar electricity is as inefficient a5 coal or gas. To do this, energy generation from non-fossil sources are divided by a standard 'thermal
efficiency factor” — typically around 0.4 Nuclear power is also adjusted despite it also experiencing thermal losses in a power plant. Since its
repartad in terms of slecirioty autput, we need to da this adjustment o caloulata its aguivalent input valua, You can read mara about this adjustment
in our aricle.

3. Watt-hour: A wali-hour is the energy delivered by one watt of power for one hour. Since one walt is equivalent to one joule per second, a
watt-hour is equivalent to 3600 joules of energy. Metric prefixes are used for multioles of the unit, usually: - kilowatt-hours (iiWh), or a thousand
watt-hours. - Megawatt-hours (MWh), or a million wati-hours. - Gigawatt-hours (GWh), or a billian watt-haurs. - Terawatt-hours (TWh), or a trillion
walt-hours.

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 world’s 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, “carbon
neutrality” 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 “dual carbon” 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 “intermittent”, 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 China’s 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 China’s energy policy. To facilitate energy substitution and

13



transformation, the “14™ Five Year Plan” 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 China’s
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 “Paris Agreement” in 2016, China,
as the world’s 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 China’s
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 “working carbon” [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 CO; storage leakage as well as high energy consumption
and cost of carbon capture, transportation, and storage processes [57]. Using
renewable electricity to convert CO; into useful materials instead is an
attractive solution that can promote the achievement of the “dual carbon”
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 CO: conversion in SOECs

The main technological routes for CO. 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 CO» to be selectively converted into low-carbon fuels or high
economic value chemicals, and directly used to satisfy market demand [60].
Electrochemical CO> conversion methods can be further divided into
high-temperature and low-temperature technologies. Low-temperature
technology utilizing flow cell (<100 °C) and molten electrolysis cells
(>400 °C) [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-power as a “carbon cycling”
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-O? as an example, during the electrolysis of CO,, 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: CO, + 2e~ = €O + 0%~ (Eq.2.1)

Air electrode reaction: 02~ — 1/20, + 2e~ (Eq.2.2)

Total reaction: CO, —» CO + 1/20, (Eq. 2.3)

During the operation of the electrolysis cells, if Hz 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):

Hy(g) + CO,(g) = CO(g) + H,0(9g) (Eq. 2.4)

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

1s more inclined towards CO2/H>O 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 CO>

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

the operation of CO> 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 CO>
electrolysis process remains basically unchanged, with an increase in
thermal energy demand and a decrease in electricity demand. This is mainly
because the CO, decomposition reaction belongs to an endothermic reaction.
At room temperature (25 °C), the electrical energy required for CO>
decomposition reaction accounts for more than 90% of the total energy
demand, while at 750 °C, 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 CO» electrolysis can be reduced [65].

If the energy demand is expressed as voltage, the following equation
19



can be obtained:

AGr = —nFE° (Eq. 2.5)
where E° represents the reversible potential, the minimum cell potential
required to maintain CO; splitting, n is the number of electrons involved in
the reaction (for reducing CO> 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 °C, AGy is 256.94 klJ/mol, and
corresponding E° is 1.33 V; while at 750 °C AGy is only 193.36 kJ/mol, and

E®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:

_AGy RT, _Pco,
nF  nF  pco,Po,

E° (Eq. 2.6)

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

the partial pressure of CO; on the cathode, p-o denotes the partial pressure

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

anode. When the gas partial pressure changes, there will also be a slight
change in E°. When the current passes through the electrolysis cell to
undergo CO> 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]:

Ey = — (Eq. 2.7)
where AH is the total energy required for the high-temperature CO>
electrolysis reaction (kJ/mol); Ey;, 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 CO: 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 Ohm’s 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
increasing the concentration of reactants or optimizing the cell structure [70].

According to the above definitions, the working voltage of SOEC can
be expressed as:

V'=E +Nconcec + Neonc.a + Mact,c + Mact.a + Monmic  (Eq. 2.8)
where E is the equilibrium potential (V); Neonce and Neoncq are the
concentration overpotentials of fuel electrode and air electrode, respectively;
Nact,c and Nqce o are the activation overpotentials of the fuel electrode and air

electrode, respectively; n,nmic refers to the ohmic overpotential.

2.2.2 The Principles of SOECs

An electrolysis cell is a device that converts electrical energy into
22



chemical energy, normally consisting 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
COgz 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 °C. 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
(O%) 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 to act as poor conductors of electrons to prevent

short circuits [75].

TPB Air

fuel electrode
oxyar electrolyte
electrode

Figure 2.5. Schematic diagram of CO; 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].

(@
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Electrolyte
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Active fuel electrode
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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 °C 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.
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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-O%) [95] and proton
conduction types (SOC-H") [96]. Compared with SOC-O?, 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 500°C, but the development still lags behind SOC-O?", 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-O?* yields better performance than SOC-H".

2.2.4 Materials used for the SOECs’ components

The active fuel electrode is the place where fuel (steam, CO2, CHy)
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/ZrO> 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-Ha (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 CO; 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. La;xSrxCo0O3.5 (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)MnO3z (LSM) based air
electrode performs well above 850 °C, but the catalytic activity is
insufficient between 500-700 °C [110]. Therefore, Lao.sSro.4Co02Fe0303-5
(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
(8.0x10 % and 280 S cm™ at 800 °C [112]) and high oxygen diffusion
properties, with its oxygen self-diffusion coefficient (D*) and oxygen
surface exchange coefficient (k) being 5107 cm? S [113] and 6x10°% cm
S1 [114] at 800 °C, 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 14-15.2x10¢ K™! [115], which is
higher than that of YSZ (10.7x10% K'") [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 Y>03
content is about 8 mol.%, both ion conductivity and chemical stability are
the highest [120]. Limited by temperature, YSZ needs to function above
700 °C to exhibit good ionic conductivity and electrochemical performance.
As for ScSZ (Sc20s stabilized zirconia), the strength of doped zirconia
decreases with increasing Sc>Os concentration due to crystal structure
differences. As a result, ScSZ is usually utilized as an alternative electrolyte
material at 650 °C [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 °C)
operating requirements of the metal skeleton, CGO can be used as the
electrolyte with a thin layer of electronic blocking layer. For instance, Ceres
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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/H>O 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 °C, achieving Faraday efficiency nearly 100%
[125]. In 1978, NASA reported that the electrolysis cell could perform CO»
electrolysis or steam electrolysis operations under conditions not exceeding
538 mA/cm? [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/cm?h at
950 °C. Afterwards, JAERI manufactured a metal-supported planar
electrolysis cell, capable of continuously producing hydrogen at a rate of
33.6 Nml/cm?h at 950 °C [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 H» production rate was about 1.2 Nm%/hr, with a peak
measured value of over 5.7 Nm?/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 cm?), 500 W stacks (640 cm?) and 15 kW systems (three
modules, 720 units) [129]. The results suggested that the co-electrolysis of
H>0O/CO; to prepare hydrocarbon fuels was feasible, and the area specific
resistance (ASR) of co-electrolysis was closer to steam electrolysis than CO»

33



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 Risg National
Laboratory at the Technical University of Denmark (DTU). Among them,
EIFER utilized 45 cm? 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
Rise DTU consisted of 16 cm? planar electrolysis cells and stacks, with a
typical operating temperature of 750-850 °C. In 2009, DTU reported a study
on the durability of CO; 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! under 70 vol.% C0O,-30 vol.% CO and 98 vol.% CO»-2 vol.%
CO (industrial grade) at 850 °C and current densities were between -250 and
-500 mA cm™. 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/cm? 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 H>-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 CO; 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 RuO> nanoparticles can generate new
oxygen vacancies, thereby boosting the oxygen evolution reaction (OER)
performance of LSM/YSZ anodes [133]. Subsequently, a new triple phase

35



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
Lao.6Sro4FeosNio 2035 (LSFN) electrode for pure CO; electrolysis in a
symmetrical SOEC, and found that the current density increased from 1.03
A/ecm? at 800 °C to 1.52 A/ecm? at 850 °C 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 CO; 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 cm? x 2) developed by Ningbo Institute of Materials Technology
and Engineering, Chinese Academy of Sciences, achieved stable operation
of high temperature CO> electrolysis for nearly 2000 h, with a degradation
rate of less than 5%/kh. The CO> conversion rate was more than 47%, with
an electrolytic efficiency of 91.4%. This is currently the longest lifetime of
CO; 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 CO> electrolysis on
60 cm? 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 CO; 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 Ni-YSZ|YSZ|LSM/YSZ + 0 0 -0.74A/cm’*@1.2
Chemical Physics RuO, CCRr N A 5]
Dalian Institute of . 0 o -0.94A/cm’*@]1.4
Chemical Physics Ni-YSZ|YSZ|LSM/YSZ + Au 95% CO,-5% N, v [134]
Huazhong University LSFN-
of Science & GDC/GDC/YSZ/GDC/LSFN- pure CO, -1.52 Alem®@2V  [135]
Technology GDC
35% CO,-35% H,0-
KAIST LSCM|LSGM half cell 10% H,-20% N, [136]
szrvsv‘:y of St | SCM-GDCIYSZILSM-ScSZ ~ 90% CO,-10% CO 1V [137]
_ 2
University of Alberta  LCN-GDC/YSZ/LCN-GDC Pure CO, \3 S2A/m'@2.0 [138]
Huazhong University LSFM- 1744
of Science & GDC|GDC|[YSZ|GDC|LSFM-  pure CO, A/cmz @2v [139]
Technology GDC
Nanjing Tech Ni-YSZ|YSZ|Gd-doped o o -0.81 A cm
University ceria|BSFTx 70% C0>-30% CO @1.5V [140]
Huazhong University Pt|LCaFN-GDC )
of Science and |GDC|YSZ|GDC|LCaFN- Pure CO, '\}‘“A/ SR
Technology GDC|Pt
Institute of
Engineering
. . GDC@(LSCrF)-YSZ- -1.04
Klecu (::;cs’ Ch":f; IYSZIGDC@(LSCrF)-YSZ CO-CO, Alemy@1.5V [142]
Engineering Physics

2.3.6 Other CO: conversion technologies

Besides using SOECs for the decomposition and electrocatalytic
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reduction of CO,, molten carbonate electrolysis cells (MCECs) can also be
exploited. The operating temperature of MCEC:s 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 CO> 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.
CO:s is first converted into CO3> 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].

P sl Capture: CO, + 0%~ - C0%
‘ ‘ Cathode: C0%™ +4e™ > C +30%
/| Anode: 20% - 0, + 4e”
’ ‘ Overall: €0, - C + 0,
oo ' o General temperature range: 400 — 900 °C
ol

Electrolysis technique: constant voltage or constant current

¢ @
c
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Figure 2.8. A schematic of molten salt electrochemical system for CO:

reduction [145]

Compared with K,CO3, Li2CO; is easier to handle, with a melting point
of 723 °C. K2COs3 and Na2COs; are not widely used because of their high
melting points (900 °C and 860 °C), as high temperatures can lead to high
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costs and material corrosion issues. Research on MCECs for CO:
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, C,HsOH and C;Hs. Comparatively, Co+ products
should have a higher market value because of their higher energy density.
But according to some current research, Cx+ products have low current
densities and poor product selectivity compared to C; 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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CO; for electrochemical energy storage in 2021. Electrochemical reactions
are described in Eq. 2.9. They introduced and demonstrated a novel
bifunctional catalytic system for CO; 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/cm? was reached at 20.5 mA/cm?, where the voltaic round-trip
efficiency and energy efficiency at peak power were 50.5% and 36.7%
respectively. This battery 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.

charge—
discharge«

€0,(g) + H,0() + 2Br~(aq) ——= HC0OO0~(aq) + HO (aq) + Br,(1) (Eq.2.9)

WiWmIEun
[mimyman

Figure 2.9. A schematic of the CO» redox flow battery (CRB) [147]
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Among metal-CO> batteries, aqueous Zn-COz batteries exhibit flexible
CO; 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-CO; batteries, Zn-CO; batteries have a
wide range of products, since aqueous electrolytes enable multistep proton-
coupled transfer processes [148]. Besides, the products stemming from Zn-
CO: batteries are mainly gas or liquid, which protects the batteries from the
issues of masking active sites. Generally, Zn-CO> batteries are composed of
a catalyst cathode, a metal Zn anode, and an electrolyte [149]. Zn-CO
batteries belong to the rechargeable category of batteries. The chemical
mechanism of reversible Zn-CO> batteries is as follows:
Cathode reaction: C0,(g) + 2H* + 2e~ & HCOOH (aq) (Eq. 2.10)
Anode reaction: Zn +40H™ < Zn(OH)4,2_ + 2e” (Eq. 2.11)
Total reactions:
CO, +2H* + Zn+ 40H™ < HCOOH(aq) + Zn(OH),*"(Eq. 2.12)
Zn-CO; batteries can generate electricity while converting CO» into
value-added products, which is completely different from other energy
consuming CO:2 conversion technologies. However, Zn-CO: batteries
typically operate at low discharge current densities (mostly below 15
mA/cm?), which leads to lower productivity [150, 151]. Compared with
relatively mature Li/Na/K-CO; batteries, the emerging aqueous Zn-CO»
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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 the specific
principle is illustrated in Figure 2.10. The concept of microbial
electrocatalytic reduction of CO: 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.

2C0, + 2H,0 — CH;COOH + 20, (Eq. 2.14)

42



e
t r }_“ Anode bacteria

ol
Butyrate Gas bubbles

Cathode bacteria

Figure 2.10. Principles of typical BESs [152]

The use of nanostructured Cu catalysts to carry out CO; 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, CoHs, and C2Hg obtained from
Cu-based nanocatalysts are as high as 96%, 94%, 73%, 50%, and 24%,
respectively [159-163]. C»+ 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 CO> conversion can be traced back to
1978, but after several decades of development, photocatalytic CO>
conversion has not reached the level of conventional CO; hydrogenation in
both reaction activity and selectivity. This is mainly because the complexity
of photocatalysis limits the performance of the system [165]. Photocatalytic
CO; 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 CO> conversion to various carbon-containing products,
where carbon is uneconomical, CO may exist in the form of intermediates,
and Cy+ products such as ethylene, ethanol, acetaldehyde and propanol
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demonstrate the highest economic value [167].
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Figure 2.11. Possible reaction pathways and products of photocatalytic

conversion of CO; [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 CO> 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 CO, conversion, and
investigated the synergistic effect resulting from the combination of plasma
and photocatalysts, BaTiO3 and TiO., for CO2 conversion. The results
proved that this synergistic effect significantly increased the CO> conversion
rate and improved energy efficiency by 2.5 times. Ashford et al. [169]
reported the optimum CO- conversion (24.5%) and energy efficiency (13.6%)
using y-Al>O3 supported SFe5Ce, almost twice the conversion attained using

10Fe (only 13.3%). However, based on current laboratory research results,
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the CO> conversion rate of plasma-photocatalytic CO> 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 CO> conversion undoubtedly

still needs further research.

2.3 Degradation of SOECs in CO; 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
disassembly has 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
CO3 electrolysis with H» as protective gas, the water generated by RWGS
reaction reacts with Ni to produce volatile Ni(OH),, 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 ((Laos, Sro.4)(Coo2, Feos)O3) and LSM (LaixSrxMnOs3) 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/cm? 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 LSCEF 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]

40, + Zrz — 40, + 2V, + (Vg - 2V,)* L +Zr L (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
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there is no reliable analysis of mechanical performance degradation in both
stacks and systems.

So far, the degradation mechanism under high-temperature CO>
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 cm?)
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 CO»
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/H>0O co-electrolysis tests. The electrolysis time exceeded
1150 h, and the highest electrolysis current reached -0.75 A/cm? [196]. In
2014, starvation was tested on a 10-cell stack when running in CO:
electrolysis at -345 mA/cm? [197]. In 2015, Reytier et.al [198] reported co-
electrolysis performances of 10-unit stack with a ratio H2O/CO> > 1. For the
atmosphere of 65 vol.% H>O + 25 vol.% CO: + 10 vol.% Ha, the maximum
current density applied was -800 mA/cm? with a conversion rate of 52%. The
syngas production rate of the stack was 0.34 Nm?>/h at -80 A and 800°C. In
2017, Haldor Topsoe A/S summarized research on CO: 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 CO; 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 mm yielded 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 CO; treatment device in urban or
suburban areas [201]. Up to now, COx 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 CO»
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 CO> electrolysis can take 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 cell was adopted, with
Ni-3YSZ used as the supporting layer. The size of the cell was 155 mm X 63
mm x 4.6 mm (thick cell), and further developed to 155 mm % 63 mm X 2.7
mm (thin cell), with an active area of 60 cm? (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-GDCILSC-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 °C. The fuel electrode and electrolyte were
successively printed on the surface of the supporting layer by screen printing,
and then calcined at 1300 °C for 4 hours to obtain the half-cell. Then the
barrier layer (1~2 um) was printed on the electrolyte and calcined at 1250 °C,

and finally the air electrode slurry was screen-printed and calcined at
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1050 °C 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 °C 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 are illustrated in Table 3.1. Generally, the thickness of

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

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

Barrier layer GDC (Gdo.1Ce0.902-5) 1~3 um
Air electrode (anode) LSCF-GDC (Lag.6Sro.4Coo.2Fe)303.5) 15~20 pm
Current collection layer LSC-Ag (Lao. 6Sto.4C003-5) > 60 um

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 to construct a complete SOEC test system.
The assembled cell was put vertically into the resistance furnace and heated

to the specified temperature of 750 °C.
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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. 3.2¢ 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 °C/min

to 750 °C.

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,Co0)304). 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 °C. 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 H>-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 °C, since
it contents large content of MgO and CaO. Before assembly, the most
suitable assembly process should 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 structure was 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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—  Cathode lead

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 COA1 Celll
Ccv2 Cl1A2 Cell2
CVv3 C2A3 Cell3
CVs AO0Cl1 Celll, cathode contact and anode contact
CVe Al1A2 Cell2 and cathode contact
Cv7 cic2 Cell2 and anode contact
CVvs8 A2A3 Cell3 and cathode contact

Table 3.3. Process parameters for stack sealing

Ni-YSZ side LSCF-GDC Sealing Dry Dry
side temperature time
1 0.4 mm NiO Wet Glass 90 T 30 min
(mesh+paste) LSCF+Ag sealant 4
(mesh+paste)
2 0.4 mm NiO WetLSC+Ag Glass 90 € 30 min
(mesh+paste) (mesh+paste) sealant 4
3 0.4 mm NiO Wet Glass 90 € 30 min
(mesh+paste) LSCF+Ag sealant 7

(mesh+paste)
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4 0.4 mm NiO WetLSC+Ag Glass 90 € 30 min
(mesh+paste) (mesh+paste) sealant 7
5 0.4 mm NiO Dry Glass 90 € 30 min
(mesh+paste) LSCF+Ag sealant 4
(mesh+paste)
6 04 mm NiO Dry LSC+Ag Glass 90 T 30 min
(mesh+paste) (mesh+paste) sealant 4
7 0.4 mm NiO Dry Glass 90 T 30 min
(mesh+paste) LSCF+Ag sealant 7
(mesh+paste)
8 0.4 mm NiO Dry LSC+Ag Glass 90 € 30 min
(mesh+paste) (mesh+paste) sealant 7
9 0.4 mm NiO Dry Glass 90 € 10 min
(mesh+paste) LSCF+Ag sealant 4
(mesh+paste)
10 0.4 mm NiO Dry LSC+Ag Glass 90 T 10 min
(mesh+paste) (mesh+paste) sealant 4
11 0.4 mm NiO Dry Glass 90 € 10 min
(mesh+paste) LSCF+Ag sealant 7
(mesh+paste)
12 0.4 mm NiO Dry LSC+Ag Glass 90 € 10 min
(mesh+paste) (mesh+paste) sealant 7
13 0.3 mm NiO Dry Glass 90 € 10 min
(mesh+paste) LSCF+Ag sealant 4
(mesh+paste)
14 0.3 mm NiO Dry LSC+Ag Glass 90 T 10 min
(mesh+paste) (mesh+paste) sealant 4
15 0.3 mm NiO Dry Glass 90 T 10 min
(mesh+paste) LSCF+Ag sealant 7
(mesh+paste)
16 0.3 mm NiO Dry LSC+Ag Glass 90 € 10 min
(mesh+paste) (mesh+paste) sealant 7
17 0.3 mm NiO Dry Glass 90 € 0 min
(mesh+paste) LSCF+Ag sealant 4
(mesh+paste)
18 0.3 mm NiO Dry LSC+Ag Glass 90 T 0 min
(mesh+paste) (mesh+paste) sealant 4
19 0.3 mm NiO Dry Glass 90 € 0 min
(mesh+paste) LSCF+Ag sealant 7
(mesh+paste)
20 0.3 mm NiO Dry LSC+Ag Glass 90 T 0 min
(mesh+paste) (mesh+paste) sealant 7

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
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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 °C) because nickel in the
fuel electrode was in the oxidized state during 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 N> 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 N> for at least 5 minutes to
remove air in the system. After that, 0.3 SLM of H» (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 H> and 25 vol.% H»-75 vol.% COz, 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 [-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 Z’ is
called resistance, and the imaginary part Z” 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 mode should 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.% CO- 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 102~107, with a Gaussian
second-order function for impedance fitting. The calculation of DRT is as

follows:
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R, =Ry + R, =Ry + [ X (Eq.3.1)

—0 1+i2mfT
f=1/t (Eq.3.2)
where R, Ry, and R), represent the total impedance, ohmic impedance, and

polarization impedance, respectively. T and f 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 conditions in 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 conductivity was
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 table should 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 CO: 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

CO; 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 properties of 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

COs 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].

OCVineroreticat = 3y In g2 (Eq.3.3)
where R =8.314]-mol™1-K™1, F =96485C -mol™! , [0,]4 and
[02]Fuer are the oxygen partial pressure of air electrode and fuel electrode.
In this research, when introducing pure CO: into the fuel electrode, the
oxygen partial pressure of the fuel electrode could be calculated by the
following reaction:

C0,(g) + Ni = Ni0 + CO(g); Ki (Eq.3.4)

C0;(g9) = 1/20,(g) + CO(9); K> (Eq.3.5)
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[02]uer = 52 (Eq3.6)

[02]air = 0.21 (Eq.3.7)

The reaction equilibrium constants K; and K, were calculated by HSC

6.0 thermodynamic software, to obtain the theoretical OCV of SOEC with
pure CO» at different temperatures. In CO-CO> 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/CO; ratio could be calculated.

[02]Fuer = (KZ[[CC;]Z])Z (Eq.3.8)

In H>-CO; fuel electrode atmosphere, with the existence of reverse
water gas shift (RWGS) reaction, the equilibrium constant K3 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.

C0,(g) + Hy(g) = H,0(g) + CO(g); K3(Eq. 3.9)

_ [Co]equi X[Hp O]equi
37 [CO2)equiX[Halequi

(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 CO> conversion rate is as

follows:

(co, = —2usco~linco_w 100qp (Eq. 3.11)

Fin,co,—Fout,co,
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where, acgo,represents the CO2 conversion rate (%); Foyt,co indicates the
measured output value of CO (SLM); F;, co denotes the inlet value of CO
(SLM); Fin co, represents the amount of CO; introduced to the fuel electrode
(SLM); Fout,co, represents the amount of CO; in the fuel electrode outlet
(SLM). Notably, the CO> 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 CO; 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 CO; electrolysis could be calculated by Eq. 3.12 - Eq. 3.17:

ECE(CO, exclude Q) = % x 100% (Eq. 3.12)
. _ Eco_out)(loo%
ECE(CO, exclude Qair) = T S——_ —— (Eq. 3.13)
ECE(CO) = £C0.0urx100% (Eq. 3.14)
Eet+Eth+Qextra,cotQextra,co,tQextra,air
Qco*XVco,consume
Qextraco = 0 (Eq. 3.15)

Vm
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Qco,%XVco,,consume
Qextra,COz - Vin (Eq- 3-16)

QOZ XVair,consumeXO-Zl QNZXVair,consumeX0-78
Qextra,air - + (Eq- 3-17)
Vi Vi

When H> was used as protective gas, ECE could be calculated by

formula Eq. 3.17 - Eq. 3.21:

ECE(H,, exclude Q) = ——€224t __ » 100%  (Eq. 3.18)

Ee+EH2_consume

Eco,0ut*x100%
Ee+Eth +EH2,consume+AH(RWGS) +Qextra,H2 +Qextra,c02

ECE(H,, exclude Qair) =

(Eq. 3.19)
ECE(H,) = Eco,0utX100%
i Ee+EentEHz consume +AH(RWGS)+QextTa:H2 +Qextra,cop tQextra,air
(Eq. 3.20)
XV
Qextra,Hz — QHz Hy,consume (Eq 321)

Vim

where ECE is the energy conversion efficiency; Q is the heat energy; Eco out
is the energy of CO generated by the SOEC system; E, refers to the electric
energy that consumed by CO: electrolytic reaction; E;, 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); Ey, consume means the energy of Hx consumed in the RWGS
reaction; V,, is the molar volume of gas at room temperature and ambient
pressure, with the calculated value of 24.5 SLM; V. consume Vco,consumes
Vco, consume> a0d Vgir consume are the volume flow of Hz, CO, CO> and air
consumed respectively (SLM); Qextram, » Qextraco » Uextraco, and,
Qextra,air are the heat consumed by Hz, CO, CO; and air respectively (J/min);
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Qu,> Qco» Qco,» Qo,, Qn, 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/mol respectively. AH(RWGS) 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:

Fout.co = [CO] X Fotar (Eq. 3.22)
where Fy .t co 1s the flow rate of the target product CO (L/min), [CO]
represents the volume concentration of CO in the exhausted gas of the fuel
electrode (%), and F;,¢q; 1S 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.
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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 CO: electrolysis in
SOECs

4.1 Introduction

High temperature CO: electrolysis in SOECs is often faced with
different environmental conditions, such as operation without a H, 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 CO; 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 °C, 900 °C, and 930 °C 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 x 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 °C,
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 °C was the densest,

while the one sintered at 850 °C had slightly lower density.

Figure 4.1. Morphology of sealing materials after calcination at 850 °C,

900 °C and 930 °C

After sintering at 850 °C, the temperature was lowered to 750 °C 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 °C for

3 h, and reduction at 750 °C

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 °C-0 kg, 750 °C-150 kg, 800 °C-200 kg, and 800 °C-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 °C-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 °C was chosen as the highest
temperature for hot- pressing treatment, and 200 kg was selected as the

highest pressure of the stack.

750°C-Okg ) B 750°C-150kg

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 °C, 650 °C, 600 °C, 550 °C and 500 °C
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 °C-800 °C 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 °C-800 °C,
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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mode; (b) SOEC mode

85



35
FEY
(8) 3SLMH,9SLM Air 42} (D) 0455 MH,-1355LM CO,
30 L
60 3.9
S g S
3 25 0s =
=3 h 5 o
s = S33r
° 5 ©
> 20} N | —e—650°C
: 20 i —A—700°C
—=—750°C
27F —v— 800°C
15 ks 0
i i i i A 24 [ L A A A A 'S 'S A
0 200 400 600 800 =700 ~600 500 —400 —300 -200 —100 O
Current density (mA/cm?) Current density (mA/cm?)

Figure 4.5. Performance test of the SOEC stack at different temperatures:

(a) SOFC mode; (b) SOEC mode

11 45 14
sl (®)
1.0 20 12k
2 2 %1.1
S os g g
£ 2 310
S {58 3
09 —e— 650°C
08 ——1700°C
—=—1750°C
{o 08 —— 800°C
07k . . . . o
0 200 400 600 800 ~700 600 -500 —400 —-300 —200 —100 O
Current density (mA/cm?) Current density (mA/cm?)
as}(€)
.« 650°C
' 4 700°C
g 04F * | = 750°C
] . . ~ 800°C
N “ ‘
EO2R", 4 ‘.
= A . . .
! KR vv. v_" M l:’é Wv,,. P
N LA I YL 4 LY
s s = e ve K
ook . R
00 0.2 0.4 0.6

Re (Z) (22 em?)

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 4.6¢
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 °C 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.% CO, 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
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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/cm?. 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 °C. It is worth
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noting that the two curves for H> and CO were almost identical. When CO>
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
CO; 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 CO:
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.% H»-75 vol.% COz and 23.8 vol.% CO-71.7 vol.% CO:
displayed the same oxygen partial pressure, and 50 vol.% H»-50 vol.% CO>
and 46.7 vol.% CO-53.3 vol.% CO; exhibited the same oxygen partial
pressure, and so on. The electrochemical performance results under the same
oxygen partial pressure and different fuel electrode atmosphere manifested
that when the volume fractions of hydrogen were 25%, 50%, and 75%, the
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limiting current densities of CO: electrolysis were -550 mA/cm?, -480
mA/cm?, and -250 mA/cm?, 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/cm?, -415 mA/cm? and -220 mA/cm?, which
were lower than the critical current density in H>-CO» atmosphere. In general,
the limiting current density in a CO atmosphere tended to be lower than that
in a Hy 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-CO>
reducing atmosphere, polarization impedance was significantly higher than
that under the protection of H». This might be related to the adsorption and
diffusion processes under two protective atmospheres. Another important
factor was that in the H»-CO» atmosphere, the electrolysis reaction moved
towards the equilibrium of RWGS reaction with fast catalytic kinetics, so as
to reduce the overpotential of CO; 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 10* Hz was
related to charge transfer reaction on the surface and O 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 10° Hz exhibited obvious response to the type of reducing gas (Figure
4.8¢), which was attributed to the reaction at TPB, since the RWGS reaction
would not occur when using CO as the protective gas. P3 near 10°> Hz
represents the process of oxygen exchange. With the decrease of CO; in fuel
gas, the areas of the peaks became smaller. The low frequency region P2 near
10! 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 10° 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 H»-CO> atmosphere,
the area of PS5 was slightly lower, which was consistent with the analysis
result that RWGS reaction reduced polarization impedance produced by O*
transport. There was no significant difference in P4 when H> concentration
changed, but in CO-CO, atmosphere, the 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 COx. It is important to note that the P1 process
was significantly different in the two atmospheres. In CO-CO,, the area of
P1 process corresponding to gas diffusion was much larger than that in the
H>-CO»> 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 H>-CO; and CO-CO; fuel electrode atmosphere at 750 °C:
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(a) Oxygen partial pressure varying with CO» content; (b) I-V curves of
COs electrolysis (including previous research [143]); (c) The Nyquist

diagram of impedance spectra and (d) DRT diagram in H>-CO> and CO-
CO> atmospheres at OCV and 750 °C; (e) DRT diagram in two reducing

atmospheres

To summarize the three reaction processes, the polarization resistance
in the CO-CO; atmosphere was larger, leading to the decrease of
instantaneous performance of CO; electrolysis. The areas of P1 and P5 being
much larger than those of P2, P3 and P4, suggested that the P1 and PS5
electrode processes controlled the whole electrolysis reaction. In other words,
under the CO-CO> 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 °C
Ratio of content Velocity Theoretical ~ Theoretical Actual
ratio [Oz]tuel ocv ocv
(SLM)

Pure H2 100 0.6 / / 1.111
H2/CO:2 25/75 0.15/0.45 1.76x101° 0.917 0.894
50/50 0.3/0.3 2.20x10% 0.963 0.935

75/25 0.45/0.15 2.75x102% 1.009 0.975

CO/CO.  23.8/76.2 0.143/0.457 1.76x101° 0.917 0.90
46.7/53.3 0.28/0.32 2.24x10% 0.963 0.945

71.7/28.3 0.43/0.17 2.69x102% 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-CO; 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 CO>
in the porous electrode were slower than that of CO generation in
electrochemical reactions, resulting in the lower concentration of CO; 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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Figure 4.9. The electrochemical impedance in OCV state under different

fuel electrode atmospheres
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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, N> and H, were selected to explore
impedance under OCV conditions. Figure 4.9 shows the EIS curves under
100 vol.% Ha, 75 vol.% H»-25 vol.% Nz and 50 vol.% H2-50 vol.% N 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 H>-CO
atmosphere; (b) DRT curves in H>-CO» atmosphere; (c) EIS curves in CO-

CO; atmosphere; (d) DRT curves in CO-CO; 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/cm? 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 H», the peak at
around 10 Hz was significantly reduced compared to the OCV state. The
larger the loading current, the more H>O 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-CO; and H>-CO») appeared the same oxygen partial pressure, as shown
in Table 4.1, and the applied electrolytic current density changed from -100
to -200 mA/cm? 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.% COa, when the load current changed from -100 mA/cm? to -200
mA/cm?, the total polarization impedance rose from 0.86 Q cm? to 1.36 Q
cm?. While under the fuel electrode atmosphere of 25 vol.% H»-75 vol.%
CO», when the load current changed from -100 mA/cm? to -200 mA/cm?, the
total polarization impedance rose from 0.84 Q cm? to 1.35 Q cm?.
Comparing ohmic impedance and polarization impedance in Figure
4.11a and Figure 4.11¢, when the electrolysis current density exceeded -150
mA/cm?, 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/cm? current density under 25 vol.% H-75 vol.% CO; and

23.8 vol.% CO-76.2 vol.% CO»

Reducing Current Rp1/Q sz/Q Rp3/Q Rp4/Q Rp5/Q RpT/Q

gas density  cm? cm? cm? cm? cm? cm?
-100
, 044 0.12 0.04 0.13 0.11 0.84
mA/cm
-150
25%H, , 056 0.12 0.04 0.18 0.13 1.03
mA/cm
-200
, 075 0.14 0.06 0.27 0.13 1.3
mA/cm
-100
, 0.49 0.11 0.03 0.10 0.14 0.86
mA/cm
-150
23.8%CO , 058 0.11 0.04 0.14 0.15 1.02
mA/cm
-200
, 0.80 0.10 0.07 0.26 0.12 1.36
mA/cm

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-CO> atmosphere was slightly greater than that in H>-CO>
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/cm?. This was mainly because under low current
operation, the RWGS reaction in 25 vol.% H»-75 vol.% CO> atmosphere
tended to dominate the fuel electrode reaction, while in 23.8 vol.% CO-76.2
vol.% CO, 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 H>. In the SOEC mode
with H 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 H> protection.

4.4.2 Carbon deposition

Nickel plays a catalytic role in the CO disproportionation reaction (the
carbon deposition reaction) in the CO-CO: 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 CO; electrolysis. Consequently, the conversion rate of CO>
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.

200 - C+CO, (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 °C at an interval of 50 °C.

Table 4.3. Equilibrium constant of Boudouard reaction and critical
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equilibrium value of CO content at different temperatures

Temperature T 650 700 750 800
K(2€0 - C + C0,) 3.138 0.998 0.356 0.140

Critical equilibrium value of CO (%) 42.73 61.84 7821 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 °C, 700 °C, 750 °C and 800 °C 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
CO; 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 °C. 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 potential was 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 °C, 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 °C, 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/cm?, -713 mA/cm?, -414 mA/cm? and -87 mA/cm?,

respectively.
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Figure 4.13. (a) Boudouard equilibrium diagram; (b) Equilibrium diagram
of current density and carbon deposition at 750 °C with different CO

contents

4.4.3 Methanation reaction

When H; was supplied as the protective gas, under suitable
thermodynamic conditions, methane could be directly formed by the
methanation reaction of H2 and CO» 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/H> was 3:1, almost complete methanation
occurred below 300 °C, while above 300 °C, 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
COz/Hz 1s 3:1, there was no methane formation at 600 °C and above, and the
CO selectivity reached almost 100%. Therefore, to achieve a high CO
selectivity in CO electrolysis, 3:1 ratio of CO2/H2 became possible. And the

operating temperature should be at least 500 °C.
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C0,(g) + H,(g) » CH,(g) + 2H,0(g) AH = —165k]/mol
AG = —113kJ/mol @298.15K  (Eq.4.2)

C0,(g) + H,(g) » CO(g) + H,0(g) AH = 41.1kJ/mol

AG = 29 k] /mol @298.15K (Eq.4.3)
80
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Figure 4.14. Mass balance diagram: (a) Mass balance diagram for CO>/H»

=3/1

4.4.4 Short-term stability

The short-term constant current electrolysis experiments with -100
mA/cm?, -200 mA/cm?, and -300 mA/cm? were carried out at different
[O2]fer concentrations with H> as the reducing protective gas at 750 °C.
[O2]1el 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/CO> atmosphere
with a high CO content of 71.7% was used for comparison with the test under
75 vol.% H2-25 vol.% COz atmosphere. The result is shown in Figure 4.15b.

For H>-COz feed, the stability curves of CO; 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.

2.0 20
(@ (b)
18k 18h = 71.7% C0O-28.3% CO,
—=—25% H,-75% CO, o 75% H,-25% CO,
—e— 50% H,-50% CO, F,
$
SL6F —+— 75% H,-25% CO, 16 . s
< < . s
@ @ $
& 2 -
S14} S14 .
° = .
> > f 300 mA/cm?
2 R 2 ® -
12k -200 mA/cm 300 mA/cm 12 s 200 mA/cm?
-100 mA/cm? ¥ -100 mA/cm®
St —
——————————
0 20 40 60 80 0 20 40 60 80

Runtime (min) Runtime (min)

Figure 4.15. Short-term stability curves under various contents and types
of protective gas: (a) V-t curves under different H, content; (b) Comparison

of V-t curves under different protective gas

Table 4.4. Relationship between electrolytic voltage and current density at

750 °C in different fuel electrode atmospheres

H2/CO: 25/75 50/50 75/25
Electrolytic -100 mA/cm? 0.969 1.008 1.055
voltage (V) 200 mA/cm? 1.037 1.078 1.147

-300 mA/cm? 1.108 1.163 Not stable
Polarization -100 mA/cm? 0.075 0.073 0.08
voltage (V) -200 mA/cm? 0.143 0.143 0.172

-300 mA/cm? 0.214 0.228 --

COICO: 23.8/76.2 46.7/53.3 46.7/53.3
Electrolytic -100 mA/cm? - - 1.093
voltage (V) -200 mA/cm? - - Not stable
Polarization -100 mA/cm? - - 0.103
voltage (V) -200 mA/cm? - - -
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The relationship between the stable value of electrolytic voltage and
current density under three fuel atmospheres of 25 vol.% H»-75 vol.% COx,
50 vol.% H2-50 vol.% COz and 75 vol.% H»-25 vol.% COx is described in
Table 4.4. When -100 mA/cm? 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/cm?,
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/cm?),
the electrolytic voltage remained stable in the three atmospheres. However,
when the electrolytic current density increased to -300 mA/cm? the
electrolytic performance in 25 vol.% H»-75 vol.% CO- and 50 vol.% H»>-50
vol.% CO, atmosphere remained generally stable, and the electrolytic
voltage corresponded to 1.108 V and 1.163 V respectively. In contrast, the
CO: electrolysis at -300 mA/cm? in 75 vol.% Hz-25 vol.% CO, 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 (CO:) in the inlet fuel electrode
component, which was also one of the reasons why CO; 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-CO; atmosphere was
slightly higher than that in the H>-CO> atmosphere at the same electrolytic
current density, and that the electrolytic voltage was more difficult to hold
steady in the CO-CO; atmosphere.

In summary, it could be concluded that more reducing atmosphere
contributed to reducing the polarization resistance and limiting the current
density of the CO. 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 CO 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/cm? with 23.8 vol.% CO-76.2 vol.% CO; and 25 vol.% H»-75 vol.%
CO:z. The analysis result showed that when H> was used as the protective gas,
the CO yields obtained from CO: 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-CO; feed, the

conversion of CO; was slightly higher.
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Figure 4.16. Gas chromatography (GC) analysis of -200 mA/cm? constant

current electrolysis in different fuel electrode atmospheres at 750 °C

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/cm? constant current

CO; electrolysis in different fuel electrode atmospheres

Fuel electrode composition H: Cco COz

23.8 vol.% C0O%-76.2 vol.% CO: 0.14 44.30 51.71
25 vol.% H2-75 vol.% CO: 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/cm?

electrolysis under different gas components in fuel electrode

Gas composition ECE ECE (exclude Q) ECE (exclude Quair)
23.8v0l.% CO-76.2vol.% CO2 23.8%  171.0% 81.1%
25 vol.% H>-75 vol.% CO: 33.3%  130.0% 81.6%

4.5 Summary

In this chapter, the flat-tube SOECs were used for carrying out CO»

electrolysis test, and the performance of the Ni-YSZ electrode for CO>
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electrolysis under the protection of H, and CO was studied. The results
showed that under the same oxygen partial pressure, the limited current
densities of CO; electrolysis were -550 mA/cm?, -480 mA/cm?, and -250
mA/cm? when the volume fractions of H» 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/cm?, -415 mA/cm? and -220 mA/cm?
with 23.8%, 46.7% and 71.7% CO volume fractions, which were lower than
the critical current density under H» protection. EIS analysis indicated that
in CO-CO; gas atmosphere, polarization impedance was significantly
greater than that in the H2-CO» fuel electrode atmosphere. To gain insight
into the voltage degradation, electrolysis tests under different current
densities with 75 vol.% H2-25 vol.% COz and 71.7 vol.% CO-28.3 vol.%
CO, were carried out. Irreversible degradation occurred when the current
density reached -300 mA/cm? in 75 vol.% Hz-25 vol.% CO», while in 71.7
vol.% CO-28.3 vol.% CO;. The same irreversible decay phenomenon
happened at -200 mA/cm? accompanied with cell cracking and electrolyte
detachment. The thermodynamic analysis of the reaction system manifested
that when the CO»/H> ratio was 3:1, no methane generated in the reaction
process, with the CO selectivity reached 100%. In the process of -200
mA/cm? 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 CO: 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 CO> 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 CO; 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 H>, 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
H, 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 CO» 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 “waste carbon” to “working carbon”.

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 H: in the fuel electrode and 1 SLM air in the air
electrode. The electrolytic performance was examined with 0.15 SLM H
and 0.45 SLM CO: 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 CO:
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 CO: electrolysis operation in
Cell5.1, the maximum discharge power decreased from 403.3 mW/cm? to
311.1 mW/cm?, with a degradation rate of about 22.86%. The electrolytic

voltage at -200 mA/cm? increased from 1.189 V to 1.28 V, an increase of
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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
COs electrolysis, Cell5.1 was used for long-term electrolysis with a mixture
of 23.8 vol.% CO-76.2 vol.% CO: supplied to the fuel electrode and 5 SLM
air supplied to the air electrode. Figure 5.2 shows the real-time electrolytic
voltage for CO; 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 S5.1b. This was probably
because the instantaneous performance was tested in H>-CO> 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 CO; 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)(Q5RS), 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 Rpi-Rps. The
area specific resistance (ASR) was calculated by the following formula:
ASR = (V,—0CV)/I (Eq.5.1)
where V. 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 wvariation 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 CO;
electrolysis with 5 SLM air in the air electrode, the increments of ASR, Ry,
Ry, Rs, Rpi, Rp2, Rps, and Rps were 0.735 Q cm?, 0.51 Q cm?, 0.41 Q cm?,
0.10 Q cm?, 0.11 Q cm?, 0.04 Q cm?, 0.12 Q cm? and 0.14 Q cm?,

respectively.

Table 5.1. Impedance values of each part of Cell5.1 with 5 SLM air during

471 h test
Impedance 0Oh 97 h 202 h 298 h 400 h 471 h
Rs/ Q cm? 0.29 0.31 0.33 0.33 0.35 0.39
Rp1/Q cm? 0.49 0.52 0.56 0.59 0.62 0.60
Re2/Q cm?  0.08 0.08 0.09 0.10 0.10 0.12
Rp3/Q cm? 0.10 0.13 0.14 0.17 0.19 0.21
Rra/Q cm? 0.11 0.12 0.12 0.13 0.14 0.25
Rp/Q cm? 0.78 0.85 0.92 0.10 1.05 1.19
RyQ cm? 1.07 1.17 1.25 1.32 1.40 1.59

ASR/Q cm?  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 CO» 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 COz electrolysis with 5 SLM air in the air electrode

CO% in CO generated in  Electrolytic )
Runtime ECE
the outlet the system Voltage

44.07% 20.27% 1.269V 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
CO; 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/cm? and a fuel
atmosphere of 23.8 vol.% CO-76.2 vol.% CO,, and was compared with
Cell5.1 to investigate the cell degradation of CO; electrolysis under airless
conditions. Cell5.3 used an electrolytic current of -218.8 mA/cm? and a 20
vol.% CO-80 vol.% CO; 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 CO: 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 CO; 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 Q cm? to 1.04 Q cm? (slope of polarization curves), and

the maximum discharge power density declined from 350.2 mW/cm? to
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203.2 mW/cm?. In Cell5.3, after 858 h of CO: 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/cm? to 165.2
mW/cm?. 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/cm? 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 1073, 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 (10-10% 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 10°-
10° Hz [235-237] and the polarization impedance P4 (10* Hz) related to O
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 O? 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 RPI1-RP4. ASR was calculated using
formula 5.1, and the results are shown in Figure 5.6¢ 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 Q cm? to 2.49 Q cm?, 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 CO; electrolysis, the total impedance
of Cell5.3 increased from 0.89 Q cm? to 1.48 Q cm?, i.e. by about 0.59 Q
cm?. The polarization impedance increased from 0.70 Q cm? to 1.28 Q cm?,
i.e. by about 0.58 Q cm?. Overall, when air was not introduced for long-term
CO: 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

159 287 386 540 863 1070
Impedance Oh 683 h 997 h
h h h h h h

R./Qem’ 038 036 037 038 039 (35 041 (g3 042

Rp/Qem” 075 058 070 075 069 079 079 087 101
Rp/ @em” 020 014 021 012 030 043 053 054 064
Rp/Qem” 022 014 019 028 016 011 014 020 0.8

RF,4/Qcm2 0.14 0.11 0.11 0.11 0.12 0.15 0.14 0.19 0.24
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Rp/Q cm’ 1.32 157 121 127 1.26 1.49 1.60 1.81 2.07
R:/Q em’ 1.70 193 158 1.64 1.66 1.85 2.01 2.24 2.49
ASR/ Q
, 1.86 160 168 1.74 1.83 1.92 212 2.32 2.50
cm
Table 5.4. Variations of impedance values of Cell5.3

120 185 258 362 525 593 691 773 858

Impedance 96 h

h h h h h h h h h

R/Qem° 019 018 018 019 017 016 021 022 0.19 0.20
Rp,/ Q em’ 044 043 055 046 048 053 057 055 059 0.60
Rp,/ Q em’ 008 007 0093 009 010 014 019 025 023 0.28
Ref/ @cm’ 007 007 008 009 010 011 012 011 015 021
Re/@cm’ 011 012 010 011 016 019 013 013 019 0.8
Rp/Q em’ 070 070 083 075 084 097 101 104 1.17 1.28
R, /Q em’ 089 088 101 094 101 113 122 126 1.36 1.48
ASR/Qcm® 080 083 089 093 099 1.05 109 1.18 1.29 147

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 CO> 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 COz electrolysis test

Electrolytic ~ Gas flow rate at Electrolytic CO% at

time (h) the outlet (sccm) Voltage (V) 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.% CO»-50
vol.% N» mixture was introduced into the fuel electrode, where N> 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 H: fuel electrode atmosphere and 2 SLM air
electrode atmosphere. Under the electrolytic atmosphere of 25 vol.% H»-75
vol.% CO», the maximum current density was reached at approximately -
500 mA/cm?, 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 CO; 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 CO; 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/cm? 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

15k 03SLMCO,+03SLMN,
Degradation rate: 3.57%

16 k- e

Voltage (V)

14 i i i i i i

0 20 40 60 80 100
Runtime (h)

Figure 5.8. Long-term performance of Cell5.4 in 50 vol.% N2-50 vol.%

CO, fuel electrode atmosphere
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5.5 Analysis of degradation mechanisms

After the long-term CO; electrolysis test, the temperature was cooled

from 750 °C to room temperature at a rate of 1-2 °C/min for further

disassembly analysis.

Figure 5.10. Macro morphology of Cell5.2 after durability test
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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 CO> 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; (¢) 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; (1) Ni Content at different regions of Cell5.1;

() 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 um 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 pm 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 um 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 pm 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
OCYV, 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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The nickel particle sizes in Cell5.1, Cell5.2, Cell5.3 and the reference
cell were also calculated using the segmentation function in the Imagel
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 um?-0.6 pm? 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 pm?-
0.6 um? 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 CO-
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™ and 1600 cm™ 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; (¢) and (d) Cell5.2; (e) and (f) Cell5.3

Subsequently, the interface characteristics of the cell samples after the
COz 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 S5.14e). 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 CO; 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 Current / Degradation
electrode Voltage rate

Cell5.1 471h 23.8 vol.% CO- air -200 24.41%/kh
76.2 vol.% CO; mA/cm?

Cell5.2 1070h 23.8 vol.% CO- - -200 8.37%/kh
76.2 vol.% CO» mA/cm?

Cell5.3 859h 20 vol.% CO-80 - -218 10%/kh
vol.% CO; mA/cm?

Cell5.4 100 h 50 vol.% N2-50 air 11V 35.7%/kh
vol.% CO;

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

Cells.2 1070 h Loss and agglomeration of nickel particles in the fuel
electrode, Sr segregation in air electrode

Cell5.3 859h 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 CO 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-CO:z 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/cm?, and Cell5.3 ran stably for
858 h at -218 mA/cm?, 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 CO> 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 CO: 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 CO: 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 —
CO+1/20,), 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 CO; 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 CO> 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 H» 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.% CO», 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/cm? to 182.8 mW/cm?, 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.

12 T T T T T 350
L4k (b —=— after test
(a) —=— Voltage before test (
11 —=— Voltage after test 1300 - —=— before test
—o— Power density before test om0 NE 13F
—o— Power density after test ~_ooo°" 1250 G
LOfF e, T e =
S S ~12}
P e {20 E =
o ook el e > S
[ e [ o 2 211
S " 2Rl {0z £
o oo, o, s O
08 e g [
> a’aaﬁﬁj T e, 1002 > 10
~ S :
o7 e o & 09
06 0 0.8
N N N N M M M " "
0 100 200 300 400 500 -400 -300 -200 -100 0
Current density (mA/cm?) Current density (mA/cm?)

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.% H»-75 vol.% CO:x as the fuel electrode atmosphere for pulsed current
CO 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
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electrolytic voltage of -300 mA/cm? in the electrolysis I-V curve only
increased by 4% [254]. That is to say, when CO was used as protective gas
in the fuel electrode, even if the electrolytic current was below the critical
value of carbon deposition, the degradation of the electrolysis cell was higher
than that of the electrolysis cell operating under H» protection. During long-
term operation, using 8 h as a cycle, each cycle consisted of 2 h at -100
mA/cm?, -200 mA/cm?, -300 mA/cm? and OCV, respectively. The operation

time and corresponding conditions are organized in Table 6.1.

Table 6.1. Current variations with time in each cycle.

Runtime (h) 0-2h 2-4h 4-6 h 6-8 h

Current -100 mA/cm?  -200 mA/cm?>  -300 mA/cm? OCV

Figure 6.2 shows the real-time voltage recorded in the 808 h pulsed
current testing, corresponding to 101 cycles. From the V-t diagram, it could
be seen that for the first 63 cycles the cell was in a stable electrolytic state.
After the 63" cycle, due to equipment failure, the air volume decreased over
time, resulting in the lack of air in the subsequent cycles, resulting in a
significant decrease in the OCV. At the beginning of the 68™ cycle, the air
supply stopped. As a result, the OCV in the 68-71% cycles dropped to 0V,
and electrolytic voltage fluctuated. After restoring the air supply at 71% cycle,
CO was depleted in the 71% cycle and then the CO gas cylinder was replaced.

During the 71-76™ cycles, the electrolytic voltage remained fluctuating,
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indicating that the electrolysis cell was affected by the replacement of the
CO cylinder and carbon deposition was generated inside the cell. In the 76-
80™ cycles, Cell6.1 ran smoothly, and in the 81% cycle, the degradation of
cell voltage began to accelerate. In summary, the degradation of Cell6.1 was
mainly concentrated in the 71-100™ cycles. It was thus speculated that as the
electrolytic time increased, due to diffusion limitations, the concentration of
CO at the triple phase boundaries increased, resulting in carbon deposition,
which further contributed to the increased degradation rate and the reduced
open circuit voltage. In the instantaneous electrolytic performance test
before cooling down, the curve fluctuated a lot, which might also be caused

by carbon deposition.
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Figure 6.3. Electrolytic voltages at different current under long-term

pulsed current operation

Figure 6.3 reveals the relationship between electrolytic voltage and
time under different currents. As observed, the electrolytic voltage at -100, -
200 and -300 mA/cm? showed a decreasing trend in the first 8 cycles, mainly
due to cell activation. Starting from the 9" cycle, the cell ran smoothly until
the air solenoid valve failure occurred. During the long-term pulsed
electrolysis period, the OCV of the SOEC decreased from 0.890 V to 0.809
V. The decrease of OCV of the electrolysis cell was mainly concentrated in
the 71% to 100" cycles, which was related to the carbon deposition on the

fuel electrode channel and the microstructure damage of the cell.

6.2.2 Electrochemical impedance and DRT analysis

During the long-term pulsed current CO; electrolysis in the electrolysis
cell, the electrochemical impedance spectra under open circuit voltage were
regularly tested, and a regularization factor of 10 was selected for DRT
analysis. The results are shown in Figure 6.4. The impedance of Cell6.1
gradually increased with testing time, and polarization impedance and ohmic
impedance in the high-frequency region were affected by the wire
inductance, making it difficult to obtain accurate values. Therefore, the

values of ohmic impedance and mid-frequency polarization impedance were
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obtained through fitting. In addition, some fluctuations appeared in the
electrochemical impedance of the intermediate frequency arc in Figure 6.4a,
which might be associated with the cell structure and the gas in the fuel
electrode. In order to analyze specific impedance changes in each part, the
peaks in DRT curves in Figure 6.4b were fitted and integrated to obtain the
impedance values in Table 6.2. The results showed that from the 2™ cycle
to the 93" cycle, there was no significant decrease in ohmic impedance of
the cell, indicating a good electrolyte structure and excellent cell contact.
The gas diffusion polarization impedance Rp; increased from 0.153 Q cm?
to 0.177 Q cm?, with a small increase, indicating that the supporting layer
and gas flow channels were not blocked. The polarization impedance Ry
related to the air electrode reaction remained almost unchanged, suggesting
that the air electrode structure and electrode reaction activity were not
significantly decreased. The polarization impedance Rp; related to the fuel
electrode reaction increased from 0.031 Q cm? to 0.066 Q cm?,
approximately doubled, indicating the presence of some microstructural
changes in the fuel electrode during long-term pulsed CO; electrolysis

testing.
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Figure 6.4. Variation of EIS curves (a) and DRT curves (b) of Cell6.1

during cyclic pulsed current CO; electrolysis

Table 6.2. Impedance at different cycles (Q cm?)

Cycle number  Ohmicimpedance RP1 RP2 RP3

2 0.445 0.153 0.033 0.031
15 0.334 0.168 0.028 0.026
29 0.332 0.036 0.036 0.064
80 0.352 0.168 0.036 0.063
93 0.442 0.177 0.039 0.066

6.2.3 Conversion rate and energy conversion efficiency

The tail gas components were analyzed by gas chromatography with a
thermal conductivity cell detector (TCD). Given the long gas outlet pipeline,
the tail gas obtained from the SOEC reaction needed to be cooled to room
temperature before entering to the gas chromatograph. According to the
results of gas chromatography, the tail gas was composed of CO and CO»,
without detecting methane or other by-products. Considering that the molar

ratio of CO/COz in CO; electrolysis reaction was 1, the number of CO moles
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generated was equal to that of CO2 moles consumed, without regard to any
side reactions. Therefore, the total conversion rate of CO- could be defined
as the ratio of generated CO and input CO», as shown in Eq. 3.11.
However, it should be noted that when using H» as the fuel electrode
protection gas, due to the occurrence of RWGS reaction, more CO was
generated through the fuel electrode reaction and the conversion rate of CO>
also became higher. However, owing to the heat absorption of the RWGS
reaction, even if the system generated more CO, the energy conversion
efficiency might not be higher. Therefore, during the 96™ cycle, the
exhausted gas was analyzed and the energy conversion efficiency was
calculated. When the gas supplied to the air electrode was not considered,
only the heat energy required to maintain the furnace temperature and
heating fuel electrode gas was taken into account. The ECE at each
electrolytic current could be calculated by Eq. 3.13, and the calculated

results are displayed in Table 6.3:

Table 6.3. CO; conversion rate and energy conversion efficiency of Cell6.1

at different currents

-200 mA/cm? -300 mA/cm?
CO; conversion rate 17.9% 25.8%
ECE (no air) 91.99% 88.1%

Based on the results, in the 96" cycle, when Cell6.1 was electrolyzed at
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-200 mA/cm?, the electrolytic voltage was near 1.109 V and the calculated
ECE was 91.99%. While electrolyzed at -300 mA/cm?, the electrolytic
voltage was approximately 1.237 V and the ECE was about 88.1%. It was
also found that when using cells with the same structure, electrode
atmosphere, and electrolytic voltage (-200 mA/cm?), ECE remained similar,
presenting a high level. For example, the ECE of Cell5.1 was 89.32%, while
that of Cell6.1 was 91.99%. This further indicated that the flat-tube type

SOEC yielded high energy conversion efficiency.

6.3 Analysis of degradation mechanisms

After the durability testing, the cell was cooled to room temperature at
1 °C/min and disassembled for further analysis. During disassembly, the
inlet and outlet were marked and used for microstructure characterization.
Figure 6.5a displays the air electrode of Cell6.1 after disassembly. The silver
mesh was firmly adhered to the cover plate, and the air electrode buffer layer
was adhered to the silver mesh, indicating good contact between the air
electrode and the cover plate. Figure 6.5b introduces the fuel electrode of
Cell6.1 after disassembly, with the outlet slightly green, indicating slight
oxidation at the outlet, which was also one of the reasons for the decrease of

OCV.
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Figure 6.5. Macro structure of Cell6.1 after disassembly: (a) Air electrode,

(b) Outlet of fuel electrode

Figure 6.6a shows the SEM image of Cell6.1 after testing. After pulsed
current CO; electrolysis testing, the cell structure was not damaged, and
there were no signs of electrolyte cracking. Additionally, there was slight
loss of nickel particles at the interface between the fuel electrode and
electrolyte, which further led to an extension of YSZ and an increase in fuel
electrode polarization impedance. In addition, in Figure 6.6b with a higher
magnification, black impurities were found on the nickel particles, which
suggested carbon deposition. Due to the limitations of the SEM analysis

method, the black substance was not further analyzed.
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Figure 6.6. SEM images: (a) and (b) Cell6.1 after cyclic pulsed current

COs electrolysis; (c) reference cell

In addition, percolation nickel particles were clearly observed in SEM
images taken under SE2 and low voltage. In order to calculate the migration
and agglomeration of nickel particles in the fuel electrode, Figure 6.6a and
Figure 6.6b were processed with ImagelJ software to analyze the areas of Ni
particles, and then Origin was used for frequency statistics. The results are
shown in Figure 6.7. The SEM results reflected that the proportion of the
percolation Ni particles between 0.1-0.6 um? in the fuel electrode of Cell6.1
after testing was about 36.19%, while in the fuel electrode of the reference
cell, the proportion of nickel particles was around 49.7%, indicating that
after long-term pulsed cyclic CO» electrolysis testing with CO protection,
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serious nickel agglomeration appeared in the fuel electrode, resulting in
approximately 13.51% of small nickel particles (0.1-0.6 um?) being

transformed into large particles (>0.6 um?).
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Figure 6.7. Proportion of nickel particles of different sizes: (a) Inlet of

Cell6.1; (b) Inlet of reference cell

When disassembling the cell, it was found that there existed some black
powder in the outlet pipeline of the fuel electrode. The powder was collected
and characterized by Raman spectroscopy with a wavelength of 532 nm. The
morphology of the powder under a 50x objective is shown in Figure 6.8. In
general, carbon deposition is more easily to be observed near the bright area.
Accordingly, the bright area was focused for Raman testing. Moreover,
Raman characterization was conducted on the gas flow channels of the cell
samples at the inlet and outlet, and the Raman spectra were obtained, as

shown in Figure 6.8c. Two characteristic peaks appeared in the Raman
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spectra, with Raman shifts of 1350 cm™ (D peak) and 1580 cm™ (G peak),
respectively. The intensity and position of D and G peaks reflected the
structure and properties of carbon materials [257]. According to the spectral
results in Figure 6.8¢c, no carbon deposition occurred in the gas flow
channels of the inlet and outlet of the Cell6.1, but obvious carbon powder

was found in the outlet pipe.
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Figure 6.8. (a) and (b) Raman photos of powder in the pipelines; (c¢)

Raman spectra of cell samples and powders in the gas pipeline

According to the calculation results in Section 4.4.2, the critical
equilibrium value of CO content was about 61.84% at 700 °C, but declined

to 42.73% at 650 °C. If the temperature was below 650 °C, the allowable
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concentration of CO tended to be lower than 42.73%. Because the length of
the gas pipe outside the high-temperature furnace was approximately one
meter, the fuel gas in the outlet pipeline was natural cooled, and the
temperature of the gas flowing out from the pipeline would be below 300 °C,

making it possible for the occurrence of carbon deposition in the pipeline.

6.4 Summary

Taking 23.8 vol.% CO as the fuel electrode protection gas, this chapter
simulated intermittent renewable energy power supply to carry out CO:
electrolysis test based on SOECs. Using-100 to -300 mA/cm? as the pulsed
current for long-term operation, the cell was conducted for 101 cycles (808
hours). It was found that the electrolysis cell operated stably in the first 70
cycles, with electrolytic voltage degradation mainly concentrated in the 71-
100" cycles. For gaining insight into the degradation mechanism, EIS, SEM,
and Raman were wused for in-situ detection and microstructure
characterization. It is believed that the agglomeration of nickel particles at
the fuel electrode is one of the important reasons for electrolytic voltage
degradation. The agglomeration of nickel particles results in fewer contact
points at the triple phase boundaries of the fuel electrode, thus reducing
electrode reaction activity. Carbon deposition may be another main cause of
cell degradation. Although evidence suggests that carbon deposition occurs

at the gas outlet pipeline of the fuel electrode, carbon deposition in the
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pipeline can cause limited gas diffusion, which may increase the degradation
rate and reduce the open circuit voltage. In the instantaneous electrolytic I-
V curve after long-term testing, the voltage fluctuated a lot, indicating that
the fuel supply in the fuel electrode was unstable, which might also be caused
by carbon accumulation and blockage in the gas pipe. Besides, the GC
results manifested that the energy conversion efficiency of Cell6.1 reached
over 88% without considering air heat. This further demonstrated the
feasibility of operating a flat-tube SOEC with non-stationary renewable
energy power supply.

Compared to using 25 vol.% H2-75 vol.% CO fuel electrode
atmosphere for pulsed current CO; electrolysis, it was found that under 23.8
vol.% CO-76.2 vol.% CO:x fuel electrode atmosphere, even if the electrolytic
current was below the theoretical threshold of carbon deposition reaction,
the degradation of the SOEC was higher than that operated under 25 vol.%
H»-75 vol.% CO; fuel atmosphere. This might be attributed to the occurrence

of RWGS reaction when H, was mixed with COs.
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Chapter 7. CO: electrolysis in reversible solid oxide

cells for energy storage

7.1 Introduction

Reversible operation is particularly important in sustainable energy
with a high proportion of intermittent renewable energy supply, as it can not
only provide fuel production, but also power load balance [258]. The high
energy efficiency of reversible solid oxide cells (RSOCs) is attributed to
higher operating temperatures. Additionally, RSOC systems can promote the
continuous operation of power-to-gas and gas-to-power reversibly using
“carbon cycling” technology, thereby reducing environmental pressure and
energy supply costs [259, 260]. RSOC system is considered as one of the
most cost-effective options for long-term power storage [261, 262]. However,
to prevent degradation of components under high temperature and oxidation
atmosphere, high requirements are also placed on RSOC
materials. Currently, the degradation mechanism under reversible operation
is not clear, and the main difficulties faced by large-scale commercial
operations include insufficient fuel conversion capacity, high cost, contact
loss between cells and interconnects, oxidation and corrosion of
interconnects [182,263-266]. To respond to the above issues and satisfy the
requirements for renewable energy storage, this chapter adopted flat-tube

RSOC technology to conduct research on the reaction of electrochemical
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reversible conversion. CO2 and CO were used as energy storage media for
power-to-gas and gas-to-power conversion, providing reference for the

development of new energy storage modules.

7.2 Design of reversible solid oxide cells system

Figure 7.1 is a schematic diagram of an electric energy storage system
based on RSOC technology. The system included the energy conversion
device based on the RSOC and the CO2/CO gas storage tanks, with CO; used
as the medium for energy storage. In the power storage process (SOEC
mode), CO; entered the RSOC system after pre-heating, and CO, was
decomposed into CO and O: by renewable electricity. With part of CO
produced used for industrial purposes, the remaining CO entered the
compression tank as fuel for power generation. In the power generation
process (SOFC mode), CO in the storage tank was fed into the RSOC system,
and then oxidized to generate electrical power and CO,. Generally, the
electricity generated can either be connected to the grid for distributed power
generation or used for industrial or transportation purposes. The newly
generated CO,, after being separated, entered the compression tank. The
amount of COz consumed in the SOEC mode and the amount of CO>
generated in the SOFC mode could be balanced by adjusting the CO»/CO

ratio and the operating current, so as to achieve “zero carbon emissions”.
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Figure 7.1. Schematic diagram of RSOC in energy storage system

Figure 7.2 shows the assembly method for a single cell. The
experiment in this chapter used thin flat-tube cells (<3 mm), and the
assembly method were mentioned in Chapter 3.1. The cells and fixture were
fixed with external pressure devices, with a pressure of 100 kg, to improve
air tightness and enhance contact between the cells and the cover
plates. Additionally, due to the reduced gap between the fuel electrode of the
cell and the fixture, the assembly time should be decreased, and the assembly

process should be simplified.
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Figure 7.2. Schematic diagram of the test system

The instantaneous discharge and charge performance and long-term
durability of the cells were tested. To analyze the conversion efficiency of
the operated cells, the exhausted gas composition of the fuel electrode was
measured. After the durability test, the instantaneous charge and discharge
performance was tested again, and compared with the initial results to
analyze the degradation of the RSOC. The post-mortem analysis of the cell
was performed through SEM, EDS, and Raman spectroscopy. Because CO
was used as the reversible operating medium, the degradation of fuel

electrode was emphasized during experiments.
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7.3 Long-term performance in reversible solid oxide cells

7.3.1 Stability test

The cells used in this chapter were named Cell7.1 and Cell7.2. The
difference in the initial performance of the two cells could be attributed to
the degree of interface contact. The initial performance test results of Cell7.1
and Cell7.2 are shown in Figure 7.3. Firstly, the initial performance of the
cell was tested in SOFC mode. During the test, 0.6 SLM H» was supplied to
the fuel electrode and 2 SLM air was introduced to the air electrode.
Subsequently, the intake component of the fuel electrode was switched to a
CO-CO2 mixed atmosphere, and the air volume of the air electrode was
changed to 3 SLM. After the open circuit voltage stabilized, an initial
performance test was conducted in SOEC mode. During the instantaneous
performance test, the electrolytic current increased by 0.5 A/5 seconds. After
the long-term reversible test, the instantaneous charging and discharging
performance was measured again under the same conditions as the initial
performance, and the degradation rate was calculated after comparison.
Figure 7.3a shows the discharge I-V curves of Cell7.1. After 10 reversible
cycles, the maximum discharge power decreased from 380.7 mW/cm? to
257.7 mW/cm?, with a degradation rate of 3.23%/cycle. Figure 7.3b shows
the electrolytic I-V curves of Cell7.1. After 10 reversible cycles, there was

no significant change in OCV, but the corresponding instantaneous voltage
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at-300 mA/cm? increased from 1.255 V to 1.403 V, with a voltage increasing
rate of 1.18%/cycle. Figure 7.3¢ shows the discharge I-V curves of Cell7.2
before and after long-term test. After 101 reversible cycles, the maximum
discharge power decayed from 637.1 mW/cm? to 571.4 mW/cm?, with a
degradation rate of 0.1%/cycle. Figure 7.3d reveals the electrolytic I-V
curves of Cell7.2 before and after long-term operation. After 101 reversible
cycles, there was no significant change in OCYV, but the corresponding
instantaneous voltage at -300 mA/cm? increased from 1.068 V to 1.118 V,

with a voltage degradation rate of 0.05%/cycle.
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Figure 7.3. Charge and discharge I-V curves before and after long-term
reversible operation: (a) Discharge I-V curves of Cell7.1; (b) Charge I-V
curves of Cell7.1; (c) Discharge I-V curves of Cell7.2; (d) Charge I-V
curves of Cell7.2
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Due to defects in the structure of Cell7.1, the experiment was manually
terminated after only 10 cycles of long-term operation. To maintain the same
electrode atmosphere in both SOFC and SOEC mode, 0.3 SLM CO-0.3 SLM
CO2 (50 vol.% CO-50 vol.% CO2) was chosen as the fuel electrode working
condition for long-term operation, with the air electrode continuously
supplying 3 SLM of air. The total duration of the first cycle was 12 h,
including 8 h discharge in 150 mA/cm? (0.854 V), 3 h electrolysis in -300
mA/cm? (1.177 V) and 1 h OCV in the same fuel electrode atmosphere. After
the first cycle, due to the significant degradation of the area specific
resistance in the I-V curve, the experimental plan was also adjusted
accordingly. Starting from the second cycle, the time in each cycle was
changed to 24 hours, using 150 mA/cm? for 9 h for SOFC and -150 mA/cm?
for SOEC mode and OCYV for 2 h. The V-t curve demonstrated that during
long-term operation, there was significant degradation in both charging and
discharging processes, and carbon deposition (black powder) gradually
appeared in the fuel electrode outlet pipe. The abnormal degradation of
Cell7.1 might be caused by overburning during the manufacturing process,
where the pores in the supporting layer were too small, resulting in slow CO
diffusion and excessive local concentration, further leading to severe carbon
deposition. In addition to thermodynamics, Cell7.1 exhibited a high voltage
during operation, and electrode overpotential also promoted carbon
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deposition [267].

Afterwards, Cell7.2 was used for long-term “carbon cycling”
experiments, with a total of 101 reversible cycles. In each cycle, the cell was
operated in SOEC mode for 40 minutes, with a current density of -200
mA/cm?, and in SOFC mode for 77-84 minutes, with a current density of
100 mA/cm?. The specific discharge time was adjusted appropriately based
on the GC results of the exhausted gas. Through adjusting the discharge time,
the CO> consumed by electrolysis was equal to the CO> generated by
discharge, thus achieving “carbon cycling utilization”. For the long-term
reversible cycling experiment, 0.3 SLM CO-0.3 SLM CO; (50 vol.% CO-50
vol.% CO») was also selected as the fuel electrode working condition, with
3 SLM of air continuously supplied in the air electrode. During the
experiment, the single round-trip efficiency of each cycle was about 86%.
When running to the 99" cycle, the fuel electrode pipe was blocked by
carbon, leading to an increase in fuel gas pressure. After 101 cycles, the test
was manually stopped. According to Figure 7.4b, the voltage degradation

rate was 0.03%/cycle in SOEC mode and 0.043%/cycle in SOFC mode.
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Figure 7.4. V-t curves of cells during long-term reversible operation: (a)

Cell7.1; (b) Cell7.2

7.3.2 Electrochemical impedance and DRT analysis

During the long-term operation of Cell7.1 and Cell7.2, the
electrochemical impedance under OCV state was measured every certain
number of cycles, as shown in Figure 7.5. Figure 7.5a shows the EIS curve
of Cell7.1 at the end of each cycle during reversible operation. It could be
clearly seen that ohmic impedance of the first four cycles presented an
increasing trend, and the polarization impedance in the mid frequency range
increased at 4-10™ cycles, indirectly reflecting the degradation of the
electrode reaction process. Figures 7.5b and ¢ show the Nyquist diagrams
and DRT changes of Cell7.2 during the reversible cycle operation. During

Cycle 0 to Cycle 85, ohmic impedance of Cell7.2 increased significantly,
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while polarization impedance remained almost unchanged. The increase in
ohmic impedance mainly derived from the destruction of the electrolyte and
the contact resistance between the electrode and the current collection layer.
This indicated an increase in contact resistance, making it more difficult for
ions/electrons to transfer in the electrolyte and electrodes. During Cycle 85%
to Cycle 101%, the change in total impedance mainly originated from
polarization impedance. According to Figure 7.5¢, both P4 and P5 peaks
exhibited a trend of high-frequency shift (positive shift), which might be due

to temperature changes during the electrolysis process [268].
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7.3.3 Conversion rate and energy conversion efficiency

To evaluate the efficiency of energy conversion during operation, the
composition of the exhaust gas in the fuel electrode was analyzed by gas
chromatography. The energy conversion efficiency of the power-to-gas
process was calculated, as shown in Table 7.1. Considering the recycling of
the heat energy generated by the reaction gas, the heat energy consumed by
the fuel gas was ignored [269].

Nec = Nourco*qep [ Vm > UV +0,) (Eq.7.1)

Mrc = DXVXVin/ (N piumeq co*4co ) (Eq.7.2)

where, ngc, and ngc represent the energy conversion efficiency of SOEC

and SOFC mode (%); N, co refers to the volume flow rate of CO in the fuel

electrode tail gas (SLM); g ., is the energy density of CO (J/mol), equals to

282963.93 J/mol; V,,, denotes molar volume of gas at room temperature,

equal to 24.5 L/mol; / indicates electrolytic current (A); ¥ means electrolytic

voltage (V); O, is the compensating energy absorbed from the environment

in the case of the input electric energy being less than the total energy
required for electrolysis system (J/s).

The energy conversion efficiency was calculated from Eq. 7.1 and 7.2.
When the electrolytic voltage was lower than the thermal neutral voltage of
CO; electrolysis reaction (1.46 V), the compensation energy could not be
ignored, owing to heat absorbed from the environment by the CO>

electrolysis reaction. According to the calculated results, under the
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electrolytic current of -200 mA/cm?, the electrolytic energy conversion
efficiency of Cell7.2 reached up to 103%. The energy conversion efficiency
mainly depended on the generation or consumption of CO. Even under

discharge current of 100 mA/cm?, the energy efficiency still reached 62%.

Table 7.1. Calculation of efficiency of Cell7.2

Electrolytic CO  generated or
cycles ECE
voltage consumed in the cell

103% @ -200 mA/cm?
Cell7.2 1.095V 100 93.7 sccm, 47.15 sccm
62% @ 100 mA/cm?

Round-trip energy conversion efficiency is the key factor in evaluating
the capacity of the RSOC system. When ignoring the loss of thermal
transmission, the round-trip efficiency of the cell, n, can be expressed by
Eq.7.3 [182]:

N = Vee X Qrc/Vec X Qkc (Eq.7.3)
where V represents the cell voltage; and Q represents charge, the electrolytic
current multiplied by the electrolytic time. Energy can be expressed as the
product of the cell voltage " and charge Q. Assuming the Faraday efficiency
is 100%, when Qg equals Qgc, the efficiency can be expressed simply as
the ratio of the discharge voltage (0.932 V) to the electrolytic voltage (1.089
V), as shown in Eq.7.3. When selecting the test conditions, to maximize 7,

Vpc and Vi should be as close as possible [270]. In the reversible operation
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of Cell7.2, the single round-trip efficiency reached 86% according to Eq.7.4.

N = Vec/Vec (Eq.7.4)

7.4 Analysis of degradation mechanisms

To investigate the degradation of the fuel electrodes of the tested cell,
micro-morphology analysis was conducted after cooling and compared with
a reference cell (without any testing). The results are shown in Figure 7.6.
Figure 7.6a shows the inlet of Cell7.2 after 100 reversible cycles, which was
compared to the reference cell in Figure 7.6b. The loss of percolating nickel
particles near the surface of fuel electrode and electrolyte could be clearly

observed.
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Figure 7.6. SEM photos of inlet of the tested Cell7.2 and the reference cell

After long-term testing, the same method as in Chapter 5 and Chapter
6 was adopted to analyze the agglomeration of percolating Ni particles of
Cell7.2 and compare it with the reference cell. The calculation results are

shown in Figure 7.7. The percolating Ni particles between 0.1-0.4 um? in
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Cell 7.2 was 42.69%, which decreased by about 2.58% compared with the
reference cell. Ni particles between 0.4-0.6 pm? in Cell7.2 was 13.44%,
which decreased by about 0.88% compared with the reference cell,
indicating no significant change in nickel particle size. The occurrence of
inevitable nickel agglomeration at high temperatures suggested that the
degree of agglomeration depended on the operating time. Cell7.2 had the
shortest operating time, less than 400 h, which implied the degree of

agglomeration was relatively small.
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Figure 7.7. Nickel agglomeration level: (a) Inlet of Cell7.2; (b) Inlet of the

reference cell

Figure 7.8 shows the nickel migration analysis results of Cell7.2 after
101 reversible cycles in 50 vol.% CO-50 vol.% CO; atmosphere. As the
thickness of the active fuel electrode was about 15 um, and the degree of
nickel migration varied between the near electrolyte region and the far
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electrolyte region. Therefore, the fuel electrode was divided into three
regions for calculating nickel content. The region closest to the electrolyte
was region 1, and so on. For the reference cell, the same method was used
for calculation. The difference in nickel content of each area between the
tested cell and the reference cell was calculated as the basis for nickel
migration. The advantage of this analysis method lied in that the errors in
reference cell and tested cell remained similar, making it possible to
determine whether nickel migrated by comparing relative values. The results
implied that the loss of Ni also occurred in the fuel electrode, with Ni content
decreased by 6.76% in the first region, while in the second and third areas,

Ni% decreased by 5.44% and 3.02%, respectively.
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Figure 7.8. Ni content of Cell7.2 and reference cell at different distance

from electrolyte

Figure 7.9 shows the Raman spectrum of the inlet gas channel of
Cell7.2 after 101 reversible cycles. Both D and G peaks of carbon were
clearly identified, which was consistent with the analysis results of Cell7.1.
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According to the actual testing conditions, the concentration of CO at the
outlet was about 65 vol.%, including 50 vol.% introduced CO and CO
generated by CO:2 electrolysis reaction, which was lower than the
thermodynamic conditions for carbon deposition (CO%>78.2 vol.%).
Nevertheless, due to diffusion limitations and the loss of nickel catalyst
during the testing process, the thermodynamic equilibrium at the triple phase
boundaries was disturbed, promoting the occurrence of local carbon
deposition. In addition, as the exhaust gas cooled down in the outlet pipeline,
the temperature in the pipeline gradually dropped below 750 °C, resulting in
a decrease in the critical CO concentration of carbon deposition. And carbon
deposition occurred under the catalysis of metal in the pipeline. Therefore,
the critical value of CO concentration calculated through thermodynamics
only served as a reference for the selection of long-term operating conditions.
To completely extend the service life of RSOC:s, the occurrence of the carbon
deposition reaction should be suppressed by changing the electrode structure

and materials.
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Figure 7.9. Raman spectrum of the inlet of Cell7.2 after reversible cycles
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7.5 Comparison under constant, pulsed and reversible

current

In Chapters 5, 6, and 7, long-term durability tests were conducted on
flat-tube SOECs under different operating conditions. Due to different
operating conditions and durations, the degree of nickel agglomeration was
slightly different. Figure 7.10 presents the statistical results of nickel particle
size at the fuel electrode of the three tested cells and the reference cell, in
which the three tested cells were operated under steady-state energy storage
mode for 858 h (Cell5.3), intermittent non-stationary energy storage mode
for 808 h (Cell6.1), and reversible cycle mode for more than 400 h (Cell7.2).
By comparison, it was found that the nickel particles between 0.1-0.4 um? in
Cell5.3 decreased by approximately 11.53%; the nickel particles between
0.1-0.4 um? in Cell6.1 decreased by about 18.95%; the proportion of nickel
particles in Cell7.2 decreased by about 2.58%. Current evidence suggests
that reversible round-trip cycles may tend to suppress fuel electrode
degradation, but nickel agglomeration at fuel electrode is a complex process,
which is closely related to high-temperature testing time, electrolytic
atmosphere, electrolytic current, and operating conditions. Therefore, further

mechanism research is still needed.
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Figure 7.10. Comparison of Ni content in the inlet of: (a) Reference cell;

(b) Cell5.3; (c) Cell6.1; (d) Cell7.2

According to existing literature reports, the migration of Ni is driven by
the electrical potential gradient and oxygen partial pressure gradient. Cheng
et al. [271] proposed a possible mechanism for nickel migration related to
nickel oxidation at the Ni-YSZ interface under polarization. In the absence
of current flow or SOEC/SOFC operation, NiO was not generated. In the
fuel cell mode, NiO existed as a thin film at the Ni-YSZ interface. But in the
electrolysis cell mode, NiO also grew at the interface. In RSOC mode, the
NiO phase was porous, granular, and polycrystalline, and accumulated
extensively near TPB. When the cell was cooled from high temperature to
room temperature in a reducing atmosphere containing hydrogen, NiO was
reduced to Ni, and the reduced Ni repositioned and exhibited migration
behavior. As it should be, the proposed mechanism may not be responsible

for all reported Ni migrations, or it may not be the only mechanism. In this
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research, the fuel electrode atmospheres used in the three cells were all dry
gases, and no steam was generated during the reaction process. Therefore,
steam content was not the main factor affecting nickel migration, and oxygen
atoms in NiO were likely to come from CO». According to the calculation
results in Figure 7.11, at a distance that 15 um away from the electrolyte, all
three cells appeared a clear trend of nickel migration, with Cell5.3 showing
the highest degree of nickel migration and Cell7.2 showing the lowest degree
of nickel migration. Comparison of the test conditions of the three tested
cells suggested that the loss or oxidation of nickel was likely dependent on

the duration of high-temperature electrolysis and the extent of applied

current.
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Figure 7.11. Comparison of nickel migration in different regions of the

fuel electrodes of three tested cells

The Raman spectra of three tested cells operated under three different
operating conditions were compared in Figure 7.12. Two intense bands
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related to the deposited carbon appeared, including the D (defect) band
associated with disorder structure of carbon and the G (graphite) band
featuring the graphitic layers and the tangential vibration of carbon atoms.
The degree of graphitization of a carbon material was related to the ratio of
the intensity of D-peak (1360 cm™) and G-peak (1580 cm™), and the lower
the ratio of intensity between the D and G peaks, the higher the degree of
graphitization of carbon and the more difficult the removal of carbon matter
[272, 273]. According to calculations, the Ip/Ig ratio of the three cells was
1.399, 1.187, and 1.277, respectively. The carbon deposited in the three
tested cells demonstrated a high degree of graphitization, making it difficult
to completely remove the carbon deposit in the fuel electrode by simply
adding steam [274]. Therefore, how to prevent carbon deposition through
material and structural modification is an important research direction in the

future.
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Figure 7.12. Comparison of Raman spectra after long-term testing under

different operating conditions
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In order to further evaluate the application of RSOCs in the field of
large-scale long-term energy storage, the efficiency, lifespan, as well as
advantages and disadvantages of common electrochemical energy storage
technologies were summarized, including lithium-ion batteries, lead-acid
batteries, flow batteries, and solid oxide cells, as shown in Table 7.2 [270,
275-283]. The research scope of RSOC energy storage systems can cover
various gases such as CO», H,O, CHas, as well as various application
scenarios combined with wind, solar, or other renewable energy sources
[284-286]. Currently, the theoretical durability of the RSOC system can
exceed 10 years, and the efficiency of the reversible cycle system is about
60-90%. The efficiency mainly depends on parameters such as gas pressure,

operating temperature, and current density [287-289].

Table 7.2. Comparison of advantages and disadvantages of energy storage

technologies [270, 275-283]

Technique Round trip Lifespan Advantage Disvatange

efficiency

lithium-ion  85%-97% 5-15 High powerand  Flammable,

batteries years energy density low safety
Lead-acid 63-90% 5-15 Easy installation High
battery years with low self- maintenance
discharge costs
Liquid flow  65%-85%  15years Easy installation, Low
battery low self- efficiency,
discharge, fast low energy
response, and density
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replaceable

electrolyte
Solid oxide  60%-90%  10years High safety, high  Technology
cell efficiency, and maturity is
continuous still being
operation validated

The round-trip efficiency of each cycle under the operating conditions
of Cell7.2 was about 86%, which was close to the efficiency of traditional
electrochemical energy storage technologies, such as lithium-ion batteries,
Na-S batteries, liquid flow batteries, and lead-acid batteries, etc. Compared
to these batteries, the attraction of RSOCs mainly lies in the power-to-gas-
to-power storage mode and long-term energy storage characteristics.
Moreover, a RSOC energy storage system can operate under a variety of
scenarios utilizing CO2, H>O, CH4 and other fuel gases, combined with wind,
solar or other renewable energies. Therefore, with the explosive growth of
intermittent renewable energy power and global concerns about carbon
neutralization, RSOCs with carbon dioxide as an energy medium is a
promising technology for long-term power storage. Although the maturity of
solid oxide cells in the commercialization process still needs to be verified,
and several factors that lead to performance degradation, such as nickel
agglomeration, carbon deposition and electrode layering, have not been
solved, it is believed that they will have a place in the energy storage market
once the problem of durability can be overcome.
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7.6 Summary

This chapter considered the utility of SOC in energy storage and carbon
neutrality. Using CO as the energy storage medium, power-to-gas and gas-
to-power processes were simulated under CO-CO; fuel -electrode
atmosphere and reversible current. A comparison was made with the constant
current energy storage and intermittent renewable energy storage in the
previous two chapters. The results indicated that the flat-tube SOEC
achieved stable operation for hundreds of hours under all three operating
conditions. The fuel electrode degradation was mainly due to nickel
agglomeration and migration, and the degradation degree mainly depended
on the distance from the electrolyte and the duration of high-temperature
testing. Carbon deposition in the flow channel was also proved to be an
important reason for the accelerated degradation rate of the electrolysis cell,
but it caused no significant impact in the short-term operation. Strontium
segregation in the air electrode was mainly dominated by oxygen partial
pressure, which demonstrated that it might only occur under test conditions
where the air electrode was not supplied with air, regardless of the operating
conditions of the fuel electrode. Assuming that the thermal energy of the
SOEC system can be recovered, the energy conversion efficiency during
operation can reach over 100%. If the future energy storage system can be
applied to other fields, such as peak shaving and distributed applications, the

value of energy storage may also increase.
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Although RSOC technology is a very promising and potential
technology, it still requires longer lifespan and lower prices to reach a
comprehensive commercial stage. In recent years, some representative
enterprises or projects have reported large-scale research on reversible
operating systems. For example, Sunfire GmbH presented the largest RSOC
prototype currently available, with peak power reaching 25 kW in SOFC
mode and 200 kW in SOEC mode [290]. Sylfen proposed the concept of
using RSOC for building storage [291], but it has not yet reached
commercial level. Therefore, further experiments are needed to deeply
explore and balance its availability through lifetime prediction, operational

cost analysis, and other methods.
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Chapter 8. Stability and degradation of interface
contact in SOEC stacks under constant current CO>

electrolysis

8.1 Introduction

In Chapter 5, the durability and degradation mechanism of constant
current CO> electrolysis on flat-tube electrolysis cells for producing fuel
were studied. However, for cells assembled into stacks in series, component
materials also include stainless steel interconnects, current collection
materials, and sealing materials. In addition to the electrolytic performance
and stability of CO: electrolysis on single cells verified in Chapter S, the
destruction of key components such as interconnects and sealing materials,
the design of stack structure and heat consumption also constitute critical
factors that determine the durability and efficiency of SOEC stacks.

Based on the exploration of single cells in Chapters 4-7, this chapter
performed constant current CO: electrolysis testing through connecting
single cells in series to form a stack. By gaining insight into the interaction
effects of various components, the reasons for the performance degradation
of the stack during long-term CO; electrolysis process were
analyzed. During the assembly process of the electrolytic stack, the real-time
voltage and electrochemical impedance of each unit were monitored by

taking nickel chromium wires as voltage probes. At the same time, the
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reliability of CO» electrolysis in the SOEC stack was further analyzed
through fuel electrode product analysis and energy conversion efficiency

calculation.

8.2 Long-term performance of flat-tube SOEC stacks

8.2.1 Stability test under different current

To achieve industrial applications of solid oxide cells, relying on single
cells is not enough. It is also necessary to research on large-scale stacks to
achieve larger scale energy storage and fuel production. Considering the
complexity of the assembly process and numerous influencing factors inside
the stack, research on CO; electrolysis in this chapter was mainly focused on
three-unit stacks. The main degradation detected in the operation of SOEC
stacks was reflected in the layer of functional layers, Cr poisoning of the air
electrode, microstructure degradation, and gas leakage. The current
collection effectiveness of the cell influenced the initial performance of the
stacks, while airtightness, Cr poisoning, and microstructure degradation
affected the durability of SOEC stacks. After research and development, a
total of 8 stacks were successfully selected for long-term CO; electrolysis
testing, named Stacks8.1-8.8. Stacks8.1-8.5 were complete sealed, without
the addition of voltage probes. Only the overall voltage, power, degradation
rate, and electrolytic efficiency of the stacks could be monitored and

calculated, which were used for exploratory experiments. Figure 8.1a shows
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the real-time voltage of Stacks8.1-8.5 during the constant current CO>
electrolysis test, and the performance parameters are summarized in Table
8.1. The gas leakage rate of the fuel gas at room temperature was lower than
3.3%, indicating good air tightness at room temperature. However, after
heating to 750 °C, larger gas leakage occurred due to the expansion and
contraction of the glass sealing materials. In Stacks8.1-8.5, the initial
maximum discharge power reached 73.9 W with 3 SLM H» and 9 SLM air,
while the minimum power was 31 W.The maximum and minimum
electrolytic voltage degradation rates were 188%/kh and 12%/kh
respectively. The discharge power and electrolytic voltage degradation rate
of SOEC stacks were mainly influenced by the cell manufacturing process
and interface contact. For the stacks with the long electrolytic operation time,
the energy efficiency was also calculated, as shown in Table 8.2. The above
results proved the feasibility of using SOEC stacks as an energy conversion
device despite a certain gap with the ideal value of SOECs.

When exploring the sealing and assembly methods of the stacks, the
process gradually became mature, and Stack8.6, Stack8.7, and Stack8.8 were
successfully assembled. The internal structure of Stack8.6 is shown in
Figure 8.2, which was divided into three units. Unit 1 contained a cell and a
flat fuel electrode interconnect, while Unit 2 and Unit 3 consisted of a cell
and an air electrode interconnect (with ribs used for the air electrode). A total
of 8 wires were connected inside Stack8.7, to in-situ monitor the changes in
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the cells, cathode contact, and anode contact. The meanings of each
individual voltage are shown in Table 3.2. Stack8.8 was assembled using
thinner cells with the same overall structure as Stack8.1-Stack8.5. Since the
air electrode was not open or connected to voltage probes, the single voltage
of each unit of Stack8.8 could not be detected. The degradation in SOEC

stacks was analyzed through microscopic characterization after testing.
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Figure 8.1. V-t diagrams of (a) Stack8.1-Stack8.5; (b) Stack8.5-Stack8.8;

(c) Single electrolytic voltage of Stack8.6
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Figure 8.1b displays the real-time voltage curves of Stack8.5-Stack8.8
during long-term operation. The long-term electrolytic currents of the four
stacks were -300 mA/cm?, -250 mA/cm?, -400 mA/cm?, and -500 mA/cm?,
respectively. The V-t curves of Stack8.5, Stack8.6, and Stack8.8 suggested
that if the supplied fuel electrode atmosphere remained the same, the larger
the current, the faster the voltage degradation rate. Figure 8.1c reveals the
real-time voltage of three units during the long-term testing of Stack8.6. The
degradation rates of electrolytic voltage of each unit were 0.16%/kh,
6.35%/kh, and 0.68%/kh, respectively. This indicated that the second unit
composed of the second cell and the air electrode interconnect of Celll
exhibited the fastest decay. The stack was manually stopped and cooled after
long-term CO; electrolysis testing, and then disassembled for micro-

morphology characterization.
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Figure 8.2. Schematic diagram of inserting voltage probes in Stack8.6 (a)

and Stack8.7 (b)
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Table 8.1. Experimental parameters and test results of each stack

Max
Electrolytic ~ Degradation Electrolytic Gas
ower
time (h) rate / kh current P leakage
(W)
Stack8.1 30 188% -200 mA/cm2 38.8 3.3%
Stack8.2 143 12% -200 mA/cm2 31 1.3%
Stack8.3 190 73% -300 mA/cm? 73.9 1.36%
Stack8.4 118 20% -300 mA/cm2 68.1 0.41%
Stack8.5 525 14.2% -300 mA/cm? 72.9 0.93%
Stack8.6 1008 2.3% 250 mA/cm’ 85 -
Stack8.7 110 165% 400 mA/cm’ 74.9
Stack8.8 1265 18% 500 mA/cm’ 75.2

Figure 8.3 shows the instantaneous charging and discharging
performance curves of the stack before and after long-term operation. It was
found that the OCV of Stacks8.1, 8.4, 8.7, and 8.8 did not show significant
changes after long-term operation, indicating good sealing performance
during the long-term high-temperature CO; electrolysis testing. Additionally,
comparing the voltage degradation under SOFC mode and SOEC mode, it
was found that the degradation of charging performance was larger than that
of the discharge performance. The instantaneous voltage decay rates of
Stack8.5, Stack8.7, and Stack8.8 under long-term operating current were
calculated, reaching to 15.1%/kh @-300 mA/cm?, 194.3%/kh @-400
mA/cm?, and 14.1%/kh @-500 mA/cm?, respectively, while the long-term
degradation rates were 14.2%%/kh @-300 mA/cm?, 165%/kh @-400
mA/cm?, and 18%/kh @-500 mA/cm?, respectively. Comparing the voltage
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degradation rate of instantaneous performance and stability performance, the
two degradation rates were close, indicating that the stack performance

decayed at a steady rate.
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Figure 8.3. Instantaneous performances of stacks in SOFC and SOEC

mode before and after test

8.2.2 Electrochemical impedance and DRT analysis

During the testing process of Stack8.6 and Stack8.7, the impedance

changes of each unit in the stack were tested using nickel chromium wire
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leads, and the results are shown in Figure 8.4. Figure 8.4a-c show the AC
impedance change of Stack8.6 during the long-term CO; electrolysis, and
Figure 8.4e-f represents the corresponding DRT. The results implied that the
overall ohmic impedance of Unit 1 corresponding to Celll and interconnectl
increased at the first 208 h, then decreased until 727 h, and further increased

again until manually stopped at 1008 h.
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Figure 8.4. EIS curves and DRT curves of Stack8.6 during 1008 h CO>

electrolysis test

As observed, polarization impedance increased with the electrolytic
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time, and the decay rate accelerated after 727 h, especially the gas diffusion
polarization impedance. Ohmic impedance of Unit 2 corresponding to Cell2
and interconnect? reached its maximum value at 727 h, and then recovered
slightly. The overall polarization impedance showed a slow decay trend
during the test. Ohmic impedance of Unit 3 corresponding to Cell3 and
interconnect3 decreased after 405 h, and the increase in polarization
impedance was mainly dominated by the ionic transport in the electrolyte
(>10* Hz) [292].

However, it should be noted that due to the complex structure of the
stacks, the degradation of each unit in the stacks depended on temperature,
pressure, gas distribution, and the structure of the cells. Additionally, the
impedance measured through the leads might be affected by factors such as
position of lead wires, making it difficult to accurately determine the
universal law of the stack performance degradation. In the future, more
research is necessitated on 2 units, 3 units and 5 units short stacks to explore

the main factors contributing to the attenuation of each part of the stacks.

8.2.3 Conversion rate and energy conversion efficiency

During the long-term operation of the stacks, the exhaust gas
composition at the outlet of the fuel electrode was analyzed at time intervals.
The energy conversion efficiency and CO production rate in the stacks were

calculated based on Eq. 3.19 and Eq. 3.22, as shown in Table 8.2. The
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results revealed that the 3 units stack could stably generate 500-700 sccm of
CO, with an energy efficiency of 58.6%-73.9% (not consider heating the air),
which was lower than that in a single cell. This was attributed to three
reasons. Firstly, some components in the stacks presented high internal
resistance, easily consuming electrons. Secondly, the unstable contact
between the cells and the interconnect interface inside the stacks hindered
the electron conduction. Thirdly, a large amount of gas in the stacks
prevented RWGS reaction, resulting in lower CO generation rate than the

theoretical value.

Table 8.2. Analysis of fuel electrode exhaust gas composition, energy
conversion efficiency, and CO production rate of each stack during CO»

electrolysis testing

CoO
Flow produc
I*;lectroly Elec.tr Stack rate ECE1 ECE2 tion
tic olytic CO% o o
. voltage  (ml/m (%) (%) rate
current time . .
in) (ml/mi
n)
Stack =300 ysop 3733V 1650 37.03% 891 69.0 6l
8.3 mA/cm
Stack -300 o
3.4 mA/em? 93h 3.666V 1624 39.66%  95.8 73.9 644
35h 3581V 1494 38.76%  81.7 63.7 579
68 h 3584V 1484 39.22% 849 65.8 582
Stack -300 o
35 om? 130h  3.619V 1489 39.03%  81.3 63.6 581
334h  3.694V 1484 38.18% 822 63.7 567
447h  3.711V 1506 40.14%  89.6 69.2 605
147h 379V 1486 3531% 824 62.8 525
0,
Stack 250 373h  3.794V 1593 38.43% 1022 76.7 612
8.6 mA/cm?

517h  3.635V 1660 32.8% 84.9 64.8 544

817h 3.7V 1527 32.61%  76.6 58.6 498
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Stack  -500

38 mA/em? 319h 39V 1488 48.77% 782 64.4 726

8.3 Analysis of degradation mechanisms of SOEC stacks

8.3.1 Seal analysis

Figure 8.5 shows the oxidation status on the air electrodes of 8 stacks
after long-term testing. Stack8.6 and Stack8.7 did not require sealing at the
air electrode outlet because of inserting voltage monitoring probes. Stack8.1-
8.5 and Stack8.8 required adding a layer of white sealing slurry on the air

electrode outlet.

Stack 8.1 Stack 8.2 Stack 8.3

Figure 8.5. Oxidation of the air side of Stack8.1-Stack8.8 after cooling to
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room temperature

According to the results on Figure 8.5, the side edges of Stack8.1,
Stack8.4, Stack8.7, and Stack8.8 were gray, indicating that the air tightness
of the four stacks remained good after long-term testing, without the
occurrence of cell oxidation, which was consistent with the OCV in Figure
8.3. Although there existed partial oxidation on the air side in Stack8.6, the
parts near the fuel electrode were still gray, indicating that the oxidation on
the air side was caused by direct contact with air, instead of gas leakage.

Therefore, the sealing of the fuel electrode of Stack8.6 was still acceptable.

8.3.2 Morphology analysis of cells

To analyze the degradation of the fuel electrodes of the cells in the
stacks during long-term CO: electrolysis operation, the microstructure
analysis of the fuel electrodes was conducted on three stacks with
electrolytic time exceeding 500 h. The results are shown in Figure 8.6,
Figure 8.7, and Figure 8.8. Figure 8.6 shows SEM photos of Stack8.5 after
electrolysis of CO> at a current density of -300 mA/cm? for 525 h. Figure
8.6a shows the cross-section of Celll, illustrating that the microstructure of
the cell was not affected by long-term high-temperature operation. The fuel
electrode was magnified to 7k and 12k for observation, and nickel particles

in the fuel electrode seemed to display a migration trend, which was mainly
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presented as the gradual decrease of small nickel particles at the interface of
electrolyte and fuel electrode. The small nickel particles moved towards the
areas far from the electrolyte and adhered to larger nickel particles. The
migration of nickel was mainly attributed to the formation and
decomposition of nickel hydroxide. Since the evaporating temperature of
nickel hydroxide was lower than the working temperature of the stacks, it
might evaporate and move to the surface of the active fuel electrode, and be
condensed into nickel again by H». Additionally, as the operation time
increased, the migration of nickel from the interface became significant, and

this effect has been confirmed by many studies [293-298].

Figure 8.6. Cell morphology analysis of Stack8.5 after long-term CO

electrolysis testing (a) Overall morphology; (b) and (c) Fuel electrode

Figure 8.7 shows the microstructure of each cell in Stack8.6 after
thousands of hours of CO: electrolysis. Horizontal cracks inside the
electrolyte were observed near the barrier layer of several cells in Stack8.6
(see Figure 8.7b and c), which seemed to preferentially follow the grain
boundary. Besides, the electrolyte in Cell3 exhibited fracture along grain

boundaries and honeycomb-like small particles (Figure 8.7c-f). This might
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be caused by the mutual diffusion of substances with different diffusion rates,
called Kirkendall voids. The generation of Kirkendall voids affected ohmic
impedance. The formation of Kirkendall voids was attributed to the diffusion
of YSZ and GDC, usually reported in long-term operation of SOECs, but not
common in SOFCs. When operating in SOFCs, the difference of oxygen
potential between the anode and cathode was not particularly significant, and
the driving force was lower, which was not conducive to the appearance of
voids. In SOEC mode, higher temperatures and greater driving force jointly
promoted the formation of voids. It should be noted that the decrease in
ohmic impedance of the third unit in Figure 8.4¢ was not observed in the
SEM image. Hence, it was speculated that the decrease of ohmic impedance
was because of the increased contact between Cell3 and the air electrode

interconnect [299-301].

Stack 8.6
P Cell3-out

Figure 8.7. Analysis of cell morphology in Stack8.6 after long-term CO»

electrolysis testing
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Similarly, the microstructure characterization of Stack8.8 was
performed after 1265 h CO; electrolysis at a current density of -500 mA/cm?,
as shown in Figure 8.8. Like the results of Stack8.6, electrolyte fracture was
observed in the SEM photos of the cross-sections of the tested cells.
According to research by Knibbe et al. [302], such fracture is mainly due to
the increase in potential in the YSZ electrolyte under high current density in
the SOEC mode, which causes oxygen to accumulate at the YSZ grain
boundaries near the air electrode. Laguna-Bercero et al. [183] also reported
the analysis results of oxygen atom content in various parts of the YSZ
electrolyte, and underlined that the oxygen content along the YSZ electrolyte
showed almost linear changes, reaching its maximum value near the air
electrode. This also confirms the theory of oxygen accumulation at the
boundary of electrolyte and air electrode. Figure 8.8 also shows the
microstructure of the cell cross-section and the thickness of each functional
layer in Stack8.8. The thickness of the electrolyte ranged from 2-4 pm, and
the thickness of the fuel electrode and air electrode was between 6-7 um.
The thickness of the entire functional layer was not more than 18 pum.
Compared to the flat-tube cells used in Stack8.6, the cells in Stack8.8 were
reduced by about two-thirds. From the perspective of long-term operational
stability, thinner cells demonstrate certain research and application value
since they not inferior to thick cells in terms of both electrolytic capacity and
stability[302, 303].
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cracking

Figure 8.8. Analysis of cell morphology on Stack8.8 after long-term CO>

electrolysis testing

8.3.3 Analysis of carbon accumulation in fuel electrode

Raman spectroscopy analysis was conducted on the gas flow channels
of the cells in Stack8.6 and Stack8.8, which had been running for over a
thousand hours. The results showed that after thousand hours testing, there
was slight carbon deposition in Cell3 in Stack8.6 (Figure 8.9),
corresponding to an increase in fuel electrode polarization impedance in
Figure 8.4¢c. Analysis along the gas flow direction of Cell3 revealed carbon
deposition near both inlet and outlet (Figure 8.9b). The D and G bands of
carbon in the inlet and outlet areas of the electrolysis cell displayed different
degrees of offset, and the R value (In/Ig) at the outlet was higher, indicating
a higher density of carbon defects at the outlet. However, no carbon
deposition was found in Stack8.8 (Figure 8.10). There was no sufficient

evidence to suggest that CO; electrolysis by the stacks in an H>-CO:
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atmosphere could easily trigger CO disproportionation reaction. Carbon
deposition in Stack8.6 was speculated to be caused during cooling

temperature process and shutdown.
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Figure 8.9. Analysis of carbon deposition in fuel electrode channels in

Stack8.6 after long-term CO; electrolysis testing
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Figure 8.10. Analysis of carbon deposition in fuel electrode channels in

Stack8.8 after long-term CO: electrolysis testing

8.3.4 Morphology and EDS analysis of air electrode

According to the results of Chapter 5, when air was not used in the air

electrode during long-term CO: electrolysis testing, due to the lack of gas
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blowing, the generated oxygen was prone to accumulate and form high
oxygen pressure between the electrolyte and the air electrode, thereby
driving strontium segregation. When a certain amount of strontium was
enriched at the interface between YSZ and LSCF-GDC air electrode,
insulating phases such as SrO might be generated, hindering the oxygen
exchange reaction in the LSCF-GDC electrode. However, strontium
segregation is influenced by various factors, such as polarization current,
oxygen partial pressure, fuel type. Therefore, energy spectrum analysis was
conducted on three stacks with operating time exceeding 500 h, and the
results are shown in Figure 8.11. No significant element segregation was
observed at the interface between LSCF-GDC air electrode and YSZ
electrolyte in Stack8.5, Stack8.6, and Stack8.8. This revealed that in the
external pressurized structure of the stack, even if the air electrode was not
supplied with air, strontium enrichment phase did not occur at the
electrolyte/air electrode interface, which was different from the previous
conclusions of single cells. Based on comprehensive analysis, the following
reasons were summed up: (i) The dense GDC barrier layer alleviated the
formation of SrZrOs in the boundary of air electrode and electrolyte; (i1)
LSCF exhibited high oxygen ion conductivity. Under anodic polarization,
the concentration of positively charged oxygen vacancies on the electrode
surface decreased, which overcame elastic interactions and led to a decrease
in the driving force of Sr segregation, thereby suppressing Sr segregation. (iii)
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The interconnect in the stack structure was not coated with a protective
coating. When LSC and LSCF electrodes were exposed to the CrO;
environment, Cr preferentially deposited on the outermost electrode surface,

resulting in the formation of a dense SrCrOg4 layer [304, 305].

Figure 8.11. EDS analysis of cell cross-sections after long-term CO»

electrolysis operation: (a) Stack8.5; (b) Stack8.6; (c) Stack8.8

8.3.5 Analysis of the air electrode current collection layer

Compared to single cells, interconnects and other components were
also required in the stacks. The interconnects material used in this research
was SUS441, which is a Cr-contained stainless steel with excellent high-
temperature corrosion resistance. When Cr containing stainless steel was in
direct contact with the LSC current collection layer, the Cr containing steam
evaporated from the interconnects and reacted quickly with the Sr species

segregated to the electrode surface to generate SrCrOs species. SrCrOs
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demonstrated a lower conductivity and higher coefficient of thermal
expansion, thus limiting oxygen surface exchange reactions and promoting
air electrode layering. To verify morphology evolution on the surface of the
LSCF-GDC air electrode and LSC current collection layer during long-term
COs electrolysis testing on the stacks, the surface compounds of the air
electrode and current collection layer were identified through Raman
spectroscopy, as shown in Figure 8.12-14.

Figure 8.12a shows the Raman spectrum of the air electrode of
Stack8.5 after 525 h of CO; electrolysis testing. Since the LSC current
collection layer was brushed on the air electrode, even though most of the
current collection layer had peeled off during the disassembly process of the
stack, there were still some residues on the samples. Weak characteristic
peaks of Cr203 and SrCrO4 were detected in the air electrode samples of
three cells, proving that the LSC current collection layer was poisoned by Cr.
Usually, the formation of SrCrOs is generated by the reaction of SrO on the
electrode surface with Cr vapor, as shown in Eq.8.1. The segregation of SrO
is related to water content, current density, working temperature, and surface
compressive stress, and is the result of a comprehensive effect of various
factors [306, 307].

Sr0o(s) + Cr03(g) — SrCr0,(s) (Eq.8.1)

Figure 8.12b introduces the Raman spectrum of the air electrode of
Stack8.6 after running for 1008 h. The current collection layer of Celll in
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Stack8.6 displayed a high peak between 691-702 cm™!, which was assigned
to C0304 or LaCoOs (Figure 8.12b). When the laser power was increased, a
signal of Cr203 appeared, which further indicated that the LSC current
collection layer had been poisoned by Cr during long-term operation. The
air electrode of Celll exhibited obvious characteristic peaks of Cr,O3 and
SrCrO4 (Figure 8.12¢), with strong signal strength and symbolic SrCrO4
doublet peak, indicating the impact of Cr precipitation on cell performance
and air electrode structure. This was also confirmed by the increase in air
electrode polarization impedance in the DRT diagram in Figure 8.4d.

The analysis results of Stack8.7 manifested that when the stainless-steel
interconnect was not coated due to technical reasons, even only running for
a hundred hours, there was still a toxic effect of Cr element on the LSC
current collection layer. After long-term testing, the Raman signals of C0304
and LaCoOj3 appeared, indicating that Co existed in various valence states in
the perovskite structure after long-term testing, which might also be involved
in the structural changes of LSC. This analysis seemed to confirm the
inevitability of Cr poisoning at high temperatures, high oxygen partial
pressures, and anodic polarization. Since strontium oxide and other
substances were easily dissociated from LSCF under non-polarized
conditions, which led to Cr deposition on the surface of the electrode
material, the use of coatings seemed to be a good solution to isolate the
structural damage of Cr to the LSCF or LSC air electrode [306, 308-311].
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Figure 8.12. Raman spectrum of the air electrode of the cells after long-

term operation of CO; electrolysis: (a) Stack8.5; (b)(c) Stack8.6; (d)(e)

Stack8.7; (f) Stack8.8

Through literature review, it is found that the poisoning effect of Cr

element is mainly carried out through gas deposition and surface diffusion.

To verify the poisoning mechanism of Cr, Stack8.8 with the longest testing

time, was analyzed. The solid phase contact point and the gas phase contact

point in Figure 8.12f were characterized. The results showed that there was
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SrCrOg4 signal at the solid phase contact points on the contact surface
between the current collection layer and the interconnect. This further
validated that the oxygen partial pressure dominated by reaction current
preferentially occurred on the electrode surface [312-314].

When disassembling the tested stack, the LSC air electrode current
collection layer might fall off, and the microstructure analysis of the current
collection layer, as the part directly contacting with the interconnect, became
crucial. During the disassembly of Stack8.8, the sheet-like current collection
layer samples were collected and Raman spectroscopy analysis was
performed on the surface in direct contact with the interconnect. Under the
Raman objective, five randomly selected points were recorded, and the
corresponding Raman spectra were measured, named 1-5. It was found that
the structure of 1-5 points of was different from that of the reference air
electrode, as shown in Figure 8.13. According to the Raman spectrum,
obvious SrCrO4 phases were measured at positions 1, 2, 3, and 5, while weak
Ag>CrOy signals (about 810 cm™) were also observed at position 4. These
findings indicated that Cr containing species infiltrated the surface of the
current collection layer, and then reacted chemically with the Ag-LSC
current collection layer and the Sr containing species on the surface [315,

316].
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Figure 8.13. Raman photos and spectra of LSC current collection layer

sample of Stack8.8

To verify the region where Cr poisoning occurred, Raman analysis was
performed on the cross-sections of Stack8.8 after 1265 h CO; electrolysis
testing at -500 mA/cm?. Firstly, the edge of current collection layer of the
sample was located under the objective lens, and moved towards the middle
of the sample. Subsequently, the Raman spectrum was tested at an interval
of 5 um. The results implied that the thickness of the SrCrO4 layer generated
on the surface of LSC current collection layer was about 10 pm, and the area
that 20-150 pm away from the surface contained Ag>CrO4 components. This
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indicated that after long-term electrolysis with high current, most areas in
the current collection layer were poisoned by Cr which was then
preferentially deposited on the surface of the electrode, contributing to the
formation of a dense SrCrO4 layer. Therefore, the chromium containing
species on the surface were SrCrO4 and the internal ones were AgoCrO4

[305].
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Figure 8.14. Raman spectroscopy characterization of the cross-sections of
the cells (including the current collection layer) in Stack8.8, from the

surface to the interior of current collection layer
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8.3.6 Analysis of the contact surface of the air electrode interconnect

Figure 8.15 and Table 8.3 show the SEM and EDS analysis of the fuel
electrode interconnect (without ribs) and three air electrode interconnects
(with ribs) in Stack8.7 after 110 h of constant current CO» electrolysis testing
at -400 mA/cm?. Cr was not detected on the contact surface between the fuel
electrode interconnect and Celll, while Cr was found on the ribs where air
electrode interconnects contacted with the air electrodes of the cells, with the

proportion of Cr accounting for 9.58%, 9.17%, and 5.33%, respectively.

Figure 8.15. SEM images of interconnect of Stack8.7: (a) Fuel electrode
side of interconnectl; (b) Air electrode side of interconnect2; (c) Air

electrode side of interconnect3; (d) air electrode side of interconnect4
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Clear crystalline substances were found in SEM images, indicating that
under high current conditions, polarization accelerated the precipitation of
Cr in the interconnect, resulting in the formation of SrCrO4 and Cr3O4 on the
surface of the interconnects or the current collection layer of the cells.
However, due to the short electrolytic time (only 110 h), no Cr poisoning
phenomenon was observed on the air electrode or current collection layer of

Cell2 in Stack8.7 (blue spectrum in Figure 8.12d) [313].

Table 8.3. Analysis of element content on the fuel electrode interconnect

and air electrode interconnects after test of Stack8.7

Element Fuel Air electrode Air  electrode Air electrode
electrode interconnect? interconnect3 interconnect4
interconnectl

@) 60.22 30.53 28.97 25.20

Al 0.24 0.28 0.66 0.25

P 0.00 0.00 0.00 0.00

Ti 3.09 0.00 0.00 0.00

Cr - 9.58 9.17 5.33

Mn 31.89 1.10 0.00 20.09

Fe - 0.00 0.00 2.09

Co 0.00 58.53 61.20 47.04

Ni 4.56 0.00 0.00 0.00

Total 100 100 100 100

8.3.7 Mechanical strength analysis after cell testing

Table 8.4 and Figure 8.16 show the mechanical strength of each cell in

Stack&.5 and Stack8.7 after 525 h and 110 h of constant current CO»
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electrolysis testing. It was found that the strength of the cells after
electrolytic operation significantly decreased compared to the untested
reference cell, with a decrease of about 30 N, indicating that the electrolytic
operation caused a damage to the mechanical structure of the cell. The table
below also summarizes the mechanical strength of the cell before reduction.
Compared to the reference cell, the reduction operation and one thermal
cycle operation caused a decrease of about 37 N in cell strength, and the

damage intensity was higher than that of the electrolytic operation.

Table 8.4. Mechanical properties analysis of Stack8.5 and Stack8.7 after
long-term CO; electrolysis testing, sample size approximately 45 mm X 4

mm X 3 mm

Number Electrolytic deformation Load Strength

time

% N MPa

Stack8.7  Celll 110h 0.287109 60.97034  136.9991
Stack8.7  Cell2 110h 0.258397 50.13958  115.707
Stack8.7 Cell3 110h 0.276324 51.89607 119.35
Stack8.5 Celll 525h 0.246509 56.76104 120.6379
Stack8.5 Cell2 525h 0.271004 49.88603 107.13
Stack8.5 Cell3 525h 0.287957 57.98215 122.0009
After 0 0.283773 86.93829 137.5417
reduction
Before 0 0.22375 124.353 225.2807
reduction
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Figure 8.16. Photos of cell samples used for mechanical strength analysis:

(a) Before fracture; (b) After fracture

8.4 Summary

This chapter mainly investigated the long-term stability of SOEC stacks
in a 25 vol.% Hz-75 vol.% CO- fuel environment, and analyzed the durability,
degradation mechanism, and electrolytic energy conversion efficiency of
COgz electrolysis in stacks when the air electrode was not suppled with any
gas. The purpose was to provide technical support for the optimization of
stack component materials, structures, and sealing processes in the future.
The main conclusions are as follows:

(1) A breakthrough was achieved in the long-term stability of stacks in
a 25 vol.% H»-75 vol.% COz fuel environment. Stack8.5 operated stably for
525 h with a voltage degradation rate of 14%/kh at -300 mA/cm?, Stack8.6
operated stably for 1008 h with a voltage degradation rate of 2.3%/kh at -
250 mA/cm?, and Stack8.8 operated stably for 1265 h with a decay rate of
18%/kh at -500 mA/cm®. If external factors were not considered, the

durability of flat-tube SOEC stacks might exceed 5000 h.

215



(2) A three-unit stack generated 500-700 sccm of CO from electrolysis,
with an energy conversion efficiency of 58.6% -73.9%. Three possible
reasons were analyzed for low energy efficiency. Firstly, some components
in the stack demonstrated high internal resistance after high-temperature
oxidation, easily consuming electrons. Secondly, the interface between the
cells and the interconnects in the stack maintained poor contact and higher
interface resistance, affecting electron conduction. Thirdly, a large amount
of gas in the stack led to the suppression of RWGS reaction, resulting in the
CO generation rate being lower than the theoretical equilibrium value.

(3) According to the analysis of the degradation mechanism of each
stack after long-term CO; electrolysis testing, it was found that the fuel
electrode of the cells in the stack showed a trend of nickel migration. Nickel
at the electrolyte/fuel electrode interface gradually decreased, then moved
towards the area far away from the electrolyte, and attached to large nickel
particles. With the increase of Ni depletion, the electrochemical reaction
expanded away from the interface of electrode and electrolyte. Currently, the
mechanism of Ni migration is controversial, and more research and
investigation on Ni migration inhibition are necessitated in the future to
improve the overall durability of SOECs. Some parts of the electrolytes
generated Kirkendall voids, which in turn increased the polarization
impedance of the oxygen ion transport process.

(4) The chemical reaction between Cr element and the LSC current
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collection layer of the air electrode generated SrCrO4 phase, resulting in poor
contact between the interconnects and the cells. SrCrO4 was mainly formed
by the reaction of Cr containing vapor with Sr species segregated to the
surface, with a thickness of approximately 10 um. However, the poisoning
area of Cr element on the LSC current collection layer was far more than 10
um. Raman results revealed that the area containing AgoCrO4 components
was about 150 um, from surface to the interior of the current collection layer.
The poor interface contact hindered electronic transmission and resulted in
the performance degradation of the stack.

(5) According to the mechanical strength analysis of Stack8.5 and
Stack8.7 after CO; electrolysis testing, it was found that the strength of the
cell after long-term CO> electrolysis operation decreased by about 30 N
compared to the reference cell, indicating that CO electrolysis operation
impacted the mechanical structure of the cell. The reduction operation and
thermal cycle operation gave rise to a decrease in the cell strength of about
37 N, and the damage intensity to the cell was higher than that of high-

temperature CO> electrolysis operation.
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Chapter 9. Stability and degradation of interface
contact in SOEC stacks under intermittent renewable

energy
9.1 Introduction

Energy storage is crucial to the penetration and integration of
intermittent renewable energy. Pumped energy storage and compressed air
energy storage are currently the most large-scale physical energy storage
methods, but they are largely limited by geographical location [317]. With
the “double carbon” goal and the “energy storage” policy proposed,
electrochemical energy storage has attracted extensive attention. However,
H> with high energy density is usually used as the energy storage medium,
and mainly produced by water electrolysis [318-320]. Recently, CO; has also
been proved to be an energy carrier [321]. For example, in 2017, Qiao et al.
[322] proposed a rechargeable Li-CO; battery based on ruthenium-based
cathode for carbon fixation, which successfully fixed CO; into Li,CO3/Li,0O
and carbon, providing strong theoretical support for the design of renewable
energy storage equipment; In 2021, Duranti et al. [323] developed a new
type of perovskite composed of LajSrosFeosMno4O4 (LSFMn) and Ni-
Ceo.85Smo.1502.5 (NiSDC). The composite material (LSFMn+NiSDC)
composed of fluorite was used as the multifunctional fuel electrode of RSOC,

achieving the maximum power of 527 mW/cm? in 90 vol.% CO-10 vol.%
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CO; fuel electrode atmosphere. Chemical energy carriers and storage
mechanisms play a decisive role in the development of future energy systems.
Common energy storage technologies include compressed gas energy
storage [324], liquefied gas energy storage [325] and electrolytic energy
storage [326], which are widely reported methods for CO» storage. Among
different storage concepts and technologies, high-temperature solid oxide
electrolysis cells are extremely attractive and considered as the most cost-
effective long-term power storage option [327].

Due to high temperature operation, both components and materials in
the electrolytic stack may be damaged and corroded, resulting in the decrease
of electrolytic efficiency. Consequently, the life extension and performance
optimization of cells and stack components are important [328]. Because of
the complexity of the structure of SOEC stacks, Ni migration of the fuel
electrode and delamination of the air electrode may become the main
microstructure degradation action caused by large-current electrolysis.
Furthermore, Cr poisoning from the interconnects and Si poisoning from the
sealing materials also seriously affect the activity of the oxygen exchange
reaction in the air electrode [329-331]. Fortunately, after long-term operation,
most Cr species is trapped in the non-active surface near the end of air
electrode region, and only a few can enter the functional layer, which has
been confirmed in the study of Schuler et al. [332]. The Cr-containing
substances evaporated from the chrome oxide scale are closely related to the
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oxygen partial pressure and water vapor partial pressure in the air flow. Due
to the occurrence of gas leakage, Cr poisoning has been widely reported in
the fuel cell mode and water electrolysis conditions [333-335]. In large-scale
or long-term energy storage operation, considering the stability and service
life of the stacks, it is necessary to add a coating on the surface of the
interconnects or a barrier layer (collecting layer) at the interface between the
cells and the interconnects to eliminate the toxic effect of chromium on the
functional layer [336, 337].

In Chapter 6, the intermittent renewable energy was used to explore
durability on flat-tube SOECs, and verify the stability of SOECs under non-
steady power. However, research on the combination of flat-tube structured
stack and renewable energy is deficient. To fill this gap, this research carried
out the test of CO» electrolysis on flat-tube SOEC stacks with intermittent
renewable energy. The cycle period and electrolytic current were determined
according to the actual working conditions of solar energy in winter. To
prolong the life of SOEC stacks, the manganese-cobalt coating was
performed on the interconnects, and a current collection layer was added at
the interface between the functional layer and the interconnect to prevent the
side reaction. Considering the uncertainty caused by intermittent energy
supply, in-situ monitoring under dynamic load was necessitated. Each
contact component of SOEC stacks was connected to a probe to monitor
degradation in real time.
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9.2 Long-term performance of flat-tube SOEC stacks

9.2.1 Experimental setup

To reproduce the power supply under solar energy in winter, the
Gaussian model was adopted to design an unsteady cyclic pulse current for
CO electrolysis. The total duration time of each cycle was set at 9 hours,
and each current at 1 hour. The current density increased from -50 mA/cm?
to -250 mA/cm? and then gradually increased from -250 mA/cm? to -50

mA/cm? according to the I-t curve in Figure 9.1.
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Figure 9.1. Current variation per cycle

The SOEC stack required for the pulsed current CO: electrolysis
experiment consisted of two cells, three interconnects and two conductive
plates. The cell structure and parameters are organized in Table 9.1. The
interconnectl in contact with the fuel electrode of the electrolytic stack had

no gas flow channel, and interconnectsl and 2 in contact with the air
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electrode of the two cells had an air flow channel. The three interconnects
are made of SUS441 with manganese cobalt-based spinel coatings. The stack
assembly structure and SOEC test system are shown in Figure 9.2.

During the assembly of SOEC stacks, silver mesh and nickel mesh were
added to the contact surfaces of the air electrode and the fuel electrode of
each cell to enhance the current collection effectiveness. The air electrode
contact surface of the cell was brushed with LSC-Ag to improve the
electrode performance. A voltage probe was inserted on the contact surface
between the cell and the interconnect to monitor real-time impedance and
voltage degradation of each cell in the stack. The inner main part of the stack
was sealed with NO.7 glass sealing materials, and then placed in a high-
temperature furnace for heat-pressing treatment to reinforce the sealing and
current collection effect. The installed processes remained similar to that in

Chapter 3.

Table 9.1. Parameters of SOEC

Composition Material Thickness
Supporting layer NiO-3YSZ 2.8 mm
Cathode (Fuel electrode) NiO-8YSZ 15 pm
Electrolyte 8YSZ 10 um
Barrier layer GDC 2 um
Anode (Air electrode) LSCF-GDC 15 pm
Current collection layer LSC-Ag >60 pm
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Figure 9.2. (a) Schematic diagram of SOEC stack test system

After raising up to the reaction temperature (750 °C), the voltage
clamps, current clamps and five monomer voltage clamps were connected
on the conductive columns and Ni-Cr wire probes. Afterwards, 1 SLM N,
was introduced to test the air tightness and the fuel electrode was purged to
exhaust the air in the system. The meanings of monomer voltage are
summarized in Table 9.2. During the reduction operation, 0.4 SLM H» and
1.2 SLM air were introduced into the fuel electrode and the air electrode,
respectively. During the test, H> was supplied by the hydrogen generator and
then fed into the stack after passing through the drying tubes. The stack
needed to be reduced for 3-4 h. After OCV became stable, the initial
performance tests of the stack were conducted.

The initial performance test of the stack mainly included the
instantaneous performance under the discharge modes, and the AC

impedance under the OCV state. After the completion of the initial
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performance test, the durability test of electrolytic stack shall be conducted
according to the current shown in Figure 9.4.

During the test, the four-electrode method was used for the
electrochemical impedance test, and further analysis was performed by DRT.
The frequency sweep range and regularization factor were same as that in
Chapter 3. During the durability test, the charge and discharge
performances and AC impedance curves of the repeated units in the SOEC
stack were measured at time intervals to analyze the performance changes of
the SOEC stack. After the long-term test, the instantaneous charging and
discharging performances and impedance were tested to compared with the

initial results to analyze the degradation of the stack.

Table 9.2. Meaning of single voltage of SOEC stack

Unit number Access unit Meaning
Cv1l COALl Cell1+LSC-Ag
Cv2 Cl1A2 Cell2+ LSC-Ag
CVv3 AO0A1 Celll+ LSC-Ag +interconnectl
Cv4 C0Cl1 Celll+ LSC-Ag + interconnect2
CVs AlA2 Cell2+ LSC-Ag + interconnect2

After the durability test, the SOEC stack was cooled down to room
temperature with a cooling rate of about 1 °C/min. For microscopic
characterization, the electrolytic stack was disassembled layer by layer. For

the two cells in the SOEC stack, the current collection layers were first
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scraped with a clean knife for Raman spectrum analysis, with a wavelength
of 532 nm. Subsequently, fresh, flat and pollution-free cross-section cell
samples were prepared for SEM analysis (1 kV), EDS analysis (15 kV) and

Raman spectrum analysis (532 nm).

9.2.2 Stability test

Figure 9.3 shows the I-V polarization curves of the stack on SOEC and
SOFC modes under the initial state. In the discharge state, the OCV of the
stack reached to 2.213 V, with an average of 1.1065 V of each cell, indicating
good sealing performance of the stack. The initial peak power of the stack
was about 58.4 W, corresponding to the power density of 490 mW/cm?.
Figure 9.3b shows that in the electrolytic state, the OCV of the stack was
about 1.81 V, which was close to the theoretical value of 1.834 V. The voltage
of the stack was 2.299 V under the electrolytic current of -250 mA/cm?. At
the thermal neutral voltage of CO; electrolysis (2.928 V of 2-unit stack), it
could be predicted that the current density of this stack reached more than -
600 mA/cm?*. However, as the stack might suffer from excessive polarization
under large voltage, the current densities not exceeding -250 mA/cm? were

selected for pulse electrolysis research in this paper.
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Figure 9.5. Variation of OCV during long-term operation

Figure 9.4 shows the long-term V-t curve of the SOEC stack under the
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condition of pulse current cyclic electrolysis. During the CO> electrolysis
test, 0.3 SLM H; and 0.9 SLM CO; were introduced into the fuel electrode,
and 2 SLM air was introduced into the air electrode. The results manifested
that the SOEC stack operated stably for 64 cycles, with an operation time of
more than 900 h. Under the pulse current densities of -50 mA/cm?, -100
mA/cm?, -150 mA/cm?, -200 mA/cm? and -250 mA/cm?, the voltage
degradation rates were -0.004%/cycle, 0.007%/cycle, 0.019%/cycle,
0.029%/cycle and 0.039%/cycle, respectively. The average degradation rate
was about 0.018%/cycle, and if maintaining this degradation trend, the
lifespan of the SOEC stack was expected to more than 1100 cycles. Figure
9.5 reflects the OCV changes during 64 cycles. At cycles 1%, 52", 53" and
64" the OCV values were 1.824 V, 1.813 V, 1.801 V, and 1.796 V,
respectively, with degradation mainly concentrated on cycles 53-64". The
accelerated degradation of the stack during cycles 53" to 64" might be
related to thermal cycling after cycle 52", To minimize the impact on the
analysis of degradation mechanism, the long-term experiment was manually
terminated at cycle 65™. Thermal cycling further accelerated the degradation
of the contact layer, which was because of the TECs mismatch between cell

components and internal shear stress produced during thermal cycling.
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Figure 9.6. Long-term stability curves of CO; electrolysis of each

repeating unit in the SOEC stack under pulsed current: (a) Unit related to

Celll; (b) Unit related to Cell2

Figure 9.6a and Figure 9.6b exhibit the voltage variation of Celll and
Cell2 in the SOEC stack during the pulsed current electrolysis. The results
demonstrated the largest degradation of Cell2 was about 0%~0.0715%/cycle,

and the repeating unit of Celll+interconnect2 indicated the smallest

degradation was about -0.0098%~0.0084%/cycle.
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Figure 9.7. The difference between the real-time voltage and the initial
value under different current densities during long-term testing: (a) -50
mA/cm?; (b) -100 mA/cm?; (c) -150 mA/cm?; (d) -200 mA/cm?; (e) -250

mA/cm?

Moreover, the difference between the real-time voltage and the initial
value under different current densities during long-term testing were
calculated, as shown in Figure 9.7. The voltage difference (AV) gradually

increased after 52" cycles. Comparing the AV-t curves at five currents, it
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was found that AV increased with the current, indicating that the larger the

electrolytic current, the faster the degradation.
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Figure 9.8. Polarization voltages of the interconnects

Table 9.3. Degradation rate (%/cycle) of stack components and the

combined units under -50~250 mA/cm? (-3A~15A)

Cell1+ Cell1+ Cell2+
Current Celll Cell2

interconnectl interconnect? interconnect2

-3A -0.0066 0 -0.0082 -0.0098 0

-6 A 0.0016  0.0208 0 -0.0015 0.016
9A 0.0106  0.0403 0.006 0.0045 0.0356
-12 A 0.0174  0.0571 0.0102 0.0116 0.0511
-15A 0.0238  0.0715 0.0268 0.0084 0.0657

To explore the oxidation, corrosion and contact of the interconnect, the

voltage consumed by each interconnect was calculated, as shown in Figure
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9.8. The results revealed that the voltage loss of each interconnect was close
to 0V, indicating that the interconnects had no effect on the stack degradation.
Therefore, the degradation was mainly concentrated on the cell or the contact

interface.

9.2.3 I-V polarization curves

Figure 9.9 shows the discharge [-V-P curves of the stack and the
repeating units in H> environment. Figure 9.9a presents the overall I-V-P
curve of the stack during the durability test. As observed, the overall
discharge performance of the stack reached the peak value in the electrolytic
activation stage at the 24™ pulsed cycle, and then displayed a decreasing
trend. During the total operation (64 cycles) of the stack, the instantaneous
power at 1.6 V decreased by about 0.52%/cycle.

Figure 9.9b-f shows the discharge I-V-P curves of each cell and the
repeating unit (cell + interconnect) in the stack. The calculation results
suggested that Cell2 yielded the optimal discharge performance, up to 32 W.
In the process of 64 cycles, the corresponding degradation rates of the
instantaneous powers of Celll and Cell2 at 0.8 V were 0.32%/cycle and

0.74%/cycle, respectively.
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Figure 9.9. Discharge performance changes of the stack during pulse
current CO» electrolysis testing: (a) Stack; (b) Celll; (c) Cell2; (d) Cell

1+interconnectl; (e) Celll+interconnect2; (f) Cell2+interconnect2

9.2.4 Electrochemical impedance and DRT analysis

Figure 9.10 exhibits the AC impedance spectra of two cells and the
corresponding stack units during COz electrolysis testing. Figure 9.10a and
Figure 9.10d display the total impedance of Celll and Cell2. It was observed

that the change of cell impedance mainly derived from ohmic impedance.
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After long-term CO; electrolysis, ohmic impedance of the two cells in the
stack increased by about 0.1 Q cm? and 0.25 Q cm?, respectively, which
revealed the possibility of the damage of electrolyte or the worse surface

contact between stack components.
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Figure 9.10. EIS impedance analysis during the long-term pulsed current
CO electrolysis: (a) Celll; (b) Celll+interconnectl; (c)

Celll+interconnect2; (d) Cell2; (e) Cell2+interconnect2

Compared with the three repeating unit (Figure 9.10b, 9.10¢ and 9.10e),
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the ohmic impedance variation trends were almost the same as that of the
cell unit (Figure 9.10a and 9.10d), which proved that the damage was
included in all the repeating units, especially in the cell unit. The cell unit
contained the functional layers (electrodes and electrolyte) and non-
functional layers (supporting layer and current collection layer). The

degradation part was analyzed subsequently.
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Figure 9.11. DRT of each repeating unit during the long-term testing: (a)
Celll; (b) Celll+interconnectl; (c) Celll+interconnect2; (d) Cell2; (e)

Cell2+interconnect?

The DRT diagrams of the cells and the repeating units of the stack are
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presented in Figure 9.11. The results revealed three electrode reaction
processes of the cell unit. According to the previous research results, the
peaks from low frequency to high frequency represented the gas diffusion
polarization impedance (10'-10° Hz), the LSCF-GDC surface oxygen
exchange process (10'-10?> Hz), and the fuel electrode charge transfer
process (10%-10° Hz) [338, 339]. Polarization impedance of each part of the
cell unit in Figure 9.11 was not significantly attenuated, which implied the
intact electron transport channel and preferable catalytic activity in the fuel
electrode and the air electrode. Therefore, it could be speculated that the
degradation of the cell might be mainly caused by the LSC current collection
layer (inactive region) according to previous published research articles

[340-342].

9.3 Analysis of degradation mechanisms of SOEC stacks

After long-term testing, the stack was cooled to 350 °C at 1 °C/min, and
then naturally cooled to room temperature. After disassembly, the macro
morphologies of the cells and interconnects are shown in Figure 9.12. The
fragmentation of the cells was caused by violent disassembly, and no
microcracks caused by high-temperature electrolysis were found, indicating
that the cells were in good condition during the test. The main body of the
cells not being green (nickel oxide) indicated that the main body was well

sealed.

236



Figure 9.12. Macroscopic view of the disassembly of the SOEC stack after

long-term testing of pulse CO» electrolysis testing

The SEM photos of the cells in Figure 9.13 revealed slight particle
growth in the air electrode of the cells, which might be related to high-
temperature operation. Under 900 h of high-temperature testing, nickel
coarsening occurred. To determine the degree of nickel coarsening, the size
of nickel particles in the active fuel electrode area (yellow area) of three cells
was analyzed through ImageJ software. The percentage contents of nickel
particles in different sizes are shown in Figure 9.13(d)-(f). In Celll, Cell2,
and reference cells, the proportions of nickel particles smaller than 0.5 pm?
were 68.31%, 68.64%, and 65.96%, respectively; the proportions of nickel
particles between 0.5-1 um? were 11.27%, 14.79%, and 13.48% respectively.
The proportions of small nickel particles within 1 pm? in three cells were
very close, indicating that the degree of agglomeration was not significant.
Therefore, the change of ohmic impedance might be because of the contact
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interface of the voltage probes.
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Figure 9.14. Raman spectrum after the long-term test of SOEC stack: (a)
Powder sample of the current collection layer; (b) Surface of the air
electrode of Celll and Cell2 (contains some current collection layer); (c)
Air electrode/current collection layer surface and current collection
layer/interconnect surface; (d) Detailed interface analysis between the

current collection layer and the interconnect

The tested cell samples containing the current collection layer were
characterized by Raman spectroscopy, and the results are shown in Figure
9.14. The sharp double peaks with Raman shift of 865 cm™ and 895 cm™ and
the characteristic peaks with Raman shift of 690 cm™ were observed in the

current collection layer powder (Figure 9.14a), which belonged to SrCrO4
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and Co304 respectively [333]. However, SrCrO4 phase also appeared on the
air electrode surface of the cell sample (Figure 9.14b), which might be
caused by a small amount of current collection layer remaining on the active
surface of the electrode, and the possibility of Cr poisoning in the active air
electrode could not be ruled out. In Figures 9.14a and 9.14b, the SrCrO4
signal in the current collection layer powder was the strongest, with the peak
intensity exceeding 9000 counts, while the SrCrO4 peak counts on the
surface of the air electrode of the cells were lower than 200, indicating the
highest SrCrOs content in the LSC-Ag current collection layer. This
phenomenon was attributed to the chemical reaction between the
volatilization of Cr element in the metal interconnect and the material of the
current collection layer.

Cr element exerts its poisoning effect mainly through gaseous
deposition and surface diffusion, in which the gaseous deposition is
primarily affected by oxygen partial pressure and water pressure, while
surface diffusion requires direct contact surface [305]. To verify the
poisoning mechanism of Cr species, the contact surface of the interconnect /
current collection layer and the contact surface of the cell / current collection
layer were characterized based on the sheet-like current collection layer
sample. For the contact surface between the current collection layer and the
interconnect, the solid phase contact point (in the “rib”) and the gas phase
contact point (not in the “rib”’) were characterized respectively, and the
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results are shown in Figure 9.14c and 9.14d. The results in Figure 9.14¢
revealed that there existed Ag>CrO4 species with Raman shift of about 800
cm’! at the contact surface between the current collection layer and the
interconnect, but no AgxCrOs signal was found between the current
collection layer and the functional layer of the air electrode [343]. According
to Figure 9.14d, there was almost no Ag>CrOs4 signal on the “rib” (solid
phase contact point) where the current collection layer and interconnect
remained direct contact, while there was Ag>CrO4 signal at the non-“rib”
(gas phase contact point). Therefore, it could be judged that: (i) Cr poisoning
was dominated by gas diffusion; (ii) after 900 h of operation, Cr element in
the metal interconnect did not completely pass through the current collection
layer to the active layer of the air electrode.

To sum up, the effect of Cr species on the current collection layer
material became the main reason for the increase of ohmic impedance. In
other words, the current collection layer caused the effect of delaying the
penetration of Cr [305]. The degradation of the current collection layer was
mainly due to the formation of SrCrO4 species. For the direct contact
between the Fe-Cr interconnect and the cell, the Cr element evaporated from
the interconnect and preferentially nucleated with SrO that segregated from
the grain surface of the cell electrode, leading to the formation of SrCrOs.
The SrCrO4 phase deposited at the non-“rib” of the contact surface between
the current collection layer and the air electrode interconnect (Eq.9.1 and
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Eq.9.2) [344- 346]. Generally, SrCrO4 has strong insulation, capable of
blocking the active sites of oxygen reduction reaction on the triple phase
boundaries, reducing the surface exchange coefficient and increasing the
degradation of the cell, which is also the reason for the increase of ohmic
impedance [347, 348].

2Cr,05(s) + 4H,0(g) + 30, - 4Cr0,(0H),(g)  (Eq.9.1)

Sro(s) + Cr0,(0OH),(g) » SrCr0,(s) + H,0(g) (Eq.9.2)

Figure 9.15. EDS of the coating of the interconnect: (a) Interconnect?2,

non-“rib”, (b) Interconnect3, non-“rib”

Figure 9.15 shows the EDS analysis results of the interconnects in the
stack after long-term testing with pulsed electrolysis. The EDS results at the
non-“ribs” of the interconnects indicated that the (Mn,Co)304 coating began
to fracture and peeled off after testing. The cracking of the coating might be
caused by high-temperature electrolysis operations, or by the immature
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coating technology. Additionally, the non-dense coating was one of the

reasons for the release of Cr element from the interconnects.

f 10pm

Figure 9.16. EDS of the air electrode functional layer of the cells in the

stack after the long-term COx electrolysis testing: (a) Celll, (b) Cell2

Table 9.4. EDS analysis of the air electrode functional layer after long-

term test under pulse current CO> electrolysis

Element Percentage
Cell1 Cell2
Cr 0.00 0.00
Co 2.03 2.28
Sr 5.94 6.69
La 18.25 19.33

Figure 9.16 and Table 9.4. show the EDS analysis of the air electrode
functional layer of the cells in the stack after the long-term test of pulse
current CO> electrolysis. The results manifested that no obvious Cr element

was found in the air electrode functional layer, indicating that Cr element did
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not penetrate the LSCF-GDC perovskite structure, which was consistent
with the results of polarization impedance analysis and Raman
characterization. This proved that the substances such as SrCrO4 only existed

in the LSC-Ag current collection layer.

9.3 Summary

This study reproduced the intermittent scenario of solar power
generation, and carried out research on cyclic CO: electrolysis in the flat-
tube SOEC stack using -50 mA/cm?~250 mA/cm? pulse current. The results
demonstrated that the average degradation rate of the SOEC stack was about
0.018%/cycle during the 64 cycles (900 h), and the lifespan reached 1100
cycles (10000 h) under such working condition. The degradation rate of
Celll in the stack was about -0.0066%~0.0238%/cycle, and that of Cell2 was
between 0%~0.0715%/cycle during 64 pulse electrolysis cycles. The
increase of ohmic impedance between the cell cathode and the metal
interconnect was the main reason for the voltage degradation.

Moreover, the Cr-containing species volatilized from the metal
interconnects reacted with the SrO isolated from the LSC in the current
collection layer to generate SrCrO4, which increased the resistance of the
electron transfer inside the stack, thus accelerating the performance
degradation of the stack. In addition, Raman analysis revealed that the Cr

element in the metal interconnect did not penetrate the functional layer of

244



the air electrode of the cell, but only existed in the material of the current
collection layer.

To sum up, the flat-tube SOEC stack exhibited good stability and
tolerance in the CO: electrolysis environment coupled with renewable
energy power, providing a reference for the absorption of intermittent

renewable energy and the application of large-scale CO- electrolysis systems.
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Chapter 10. Conclusions and Outlook

10.1 Conclusions

CO; conversion to fuels from SOECs is promising. The objective of
this thesis was to study the CO: electrolysis performance, electrolysis
efficiency and degradation mechanisms of Ni-based flat-tube solid oxide
cells and stacks. The thesis involves six research projects, and the main
results are as follows:

(1) In Chapter 4, through instantaneous performance tests under
different conditions and the properties of sealing materials, it was found that
750°C was a suitable working temperature for cells and stacks. By
comparing the impedance and DRT analysis measured in H>-CO; and CO-
CO: fuel electrode atmospheres, it was found that under the same oxygen
partial pressure conditions, the polarization resistance in the CO-CO:
atmosphere tended to be higher, limiting the CO; electrolysis performance.
According to the instantaneous performance test results, under the same
oxygen partial pressure, when the volume fractions of H> in the fuel
electrode were 25%, 50%, and 75%, the limiting current densities of CO>
electrolysis were -550 mA/cm? -480 mA/cm?, and -250 mA/cm?,
respectively. When using CO as a reducing gas, the limiting current densities
were reduced to -480 mA/cm?, -415 mA/cm?, and -220 mA/cm?, respectively.

The corresponding volume contents of CO were 23.8%, 46.7%, and 71.7%.
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Through short-term performance testing, it was found that in the 71.7
vol.% CO-28.3 vol.% CO; fuel electrode atmosphere, the SOEC underwent
irreversible degradation after only one hour of operation at a current density
of -200 mA/cm?, accompanied by cell fragmentation and electrolyte
detachment. Under 75% H: protection, irreversible degradation only
occurred when the current density reached -300 mA/cm? The
thermodynamic analysis of the reaction system implied that when the CO»-
H, ratio was 3:1, methane was not formed above 600 °C, and the CO
selectivity of the product reached 100%. Through fuel electrode product
analysis and energy efficiency calculation, in the constant current
electrolysis of -200 mA/cm?, if the heat energy consumed by air was not
considered (i.e. assuming air electrode heat exchange), the energy efficiency
could reach 81.6%.

(11) In Chapter 5, flat-tube solid oxide electrolysis cells were employed
to investigate the effects of different fuel electrode atmospheres, air electrode
atmospheres, electrolysis current or voltage on the durability of the cells.
The degradation mechanism of flat-tube structure SOECs during long-term
electrolysis was analyzed using electrochemical impedance, DRT, gas
chromatography, SEM, EDS, and Raman spectroscopy. The total electrolytic
time of Cell5.1 was 471 h. The results suggested that a large amount of air
entering the air electrode was not conducive to the long-term operation of
the cell, because the supply of a large amount of cold air increased the local
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temperature difference and resulted in a structural damage to the cell. The
DRT results reflected the degradation of the fuel electrode with increasing
time. The energy conversion efficiency calculated was around 25% when 5
SLM of air was used in the air electrode. The microstructure characterization
confirmed that the fuel electrode degradation was caused by the migration
and loss of nickel catalysts. Cell5.2 ran stably without supplying air for 1070
h at 200 mA/cm?, and Cell5.3 ran stably in a no-air atmosphere for 859 h at
218 mA/cm?, with degradation rates below 10%/kh. The DRT results
revealed that the degradation of the air electrode was an important reason of
cell degradation. This means that CO» electrolysis without air in the air
electrode still needs to be further verified. Another discovery was that the
energy conversion efficiency could be increased to over 80% without air
supply to the air electrode, given the neglect of the heat energy of the air.
Through microstructure characterization, it was found that the formation of
strontium rich phases between LSCF and YSZ was the main reason of cell
degradation. For the situation of the fuel electrode not being protected by a
reducing gas, a stable CO; electrolysis test was achieved for about 100 h in
Cell5.4, but the risk of oxidation of the fuel electrode still existed.

(i11)) Chapter 6 describes simulated intermittent renewable energy
power to carry out CO; electrolysis based on SOEC. -100-300 mA/cm? was
selected as the pulsed current for long-term operation, and the test was
conducted for 101 cycles (808 h), with voltage degradation mainly
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concentrated in the 71-100 cycles. The agglomeration of nickel particles at
the fuel electrode was found to be one of the important reasons for voltage
degradation. Carbon deposition might be another main cause of cell
degradation, but it mainly occurred at the gas outlet pipeline of the fuel
electrode. Without considering air heat, the energy conversion efficiency of
Cell6.1 could reach over 88%. Compared to the previous experiment using
25 vol.% H»-75 vol.% CO: fuel electrode atmosphere for pulsed current CO»
electrolysis, the degradation of the SOEC operated in the CO-CO;
atmosphere was higher.

(iv) In Chapter 7, power-to-gas and gas-to-power processes were
simulated using CO as an energy storage medium under a CO-CO: fuel
electrode atmosphere and reversible current. When Cell7.2 served for more
than 100 cycles (> 400 h), the maximum discharge power decayed from
637.1 mW/cm? to 571.4 mW/cm?, with a degradation rate of 0.1%/cycle. The
results indicated that the flat-tube SOEC achieved stable operation for
hundreds of hours under constant current, pulsed current and reversible
operating conditions.

(v) In Chapter 8, the stack structure, surface contact, airtightness and
assembly method for multiple cells were researched. Subsequently, the long-
term durability of a three-unit SOEC stack was tested with different constant
currents. At -250 mA/cm? and -500 mA/cm?, the stack carried out stable CO;
electrolysis operation for more than 1000 h. If external factors were not
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considered, the durability of the flat-tube SOEC stack might exceed 5000 h.
The stack generated 500-700 sccm CO from COz electrolysis, with an energy
conversion efficiency of 58.6% -73.9%, which was lower than that in single
cells. This might be because some components in the stack exhibited higher
internal resistance after high-temperature oxidation. Also, the interface
between the cells and the interconnects in the stack may demonstrated poor
contact and high interface resistance, affecting electron conduction. The
reason for degradation of fuel electrodes in the stack after long-term CO>
electrolysis was quite similar to that in single cells. Specifically, nickel at the
interface of electrolyte and fuel electrode gradually decreased, moved
towards the area far away from the electrolyte, and attached itself to large
particles of nickel in the form of smaller nanoscale particles. Some parts of
the electrolytes changed into Kirkendall voids, hindering the oxygen ion
transport process. Notably, unmodified 441 stainless steel was adopted in the
stack, in which Cr is prone to evaporate and diffuse. The chemical reaction
between elemental Cr and the LSC current collection layer of the air
electrode generated SrCrO4 and AgoCrOs components, resulting in poor
contact between the interconnects and the cells.

The mechanical strength analysis of stacks after CO> electrolysis testing
manifested that the strength of the cell decreased by about 30 N due to the
electrolysis operation, while the reduction operation and thermal cycle
operation led to a decrease in the cell strength of about 37 N, which was
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higher than that of high-temperature CO; electrolysis operation.

(vi) Based on the conclusion in Chapter 6 that the cell decayed the
fastest under pulsed current, for improving the stack stability, a layer of (Mn,
Co0)304 coating was sprayed onto the interconnect by plasma in Chapter 9.
A -50 mA/cm?~250 mA/cm? pulsed current CO» electrolysis test was carried
out in the flat-tube SOEC stack. The results implied that the average
degradation rate of the SOEC stack was about 0.018%/cycle during the 64
cycles (900 h), and the lifespan reached 1100 cycles (10000 h) under such
working condition. The degradation rate of Celll in the stack was about -
0.0066%~0.0238%/cycle, and that of Cell2 was Dbetween
0%~0.0715%/cycle during 64 pulse electrolysis cycles. The increase of
ohmic impedance between the cell cathode and the metal interconnect was
found to be the main reason for the voltage degradation. Further microscopic
characterization of the interconnect and LSC current collection layer showed
that the coating cracked during the test and SrCrO4 generated at the surface
of LSC current collection layer, enhancing the resistance of the electron
transfer between the current collection layer and the air electrode of the cell.
Raman analysis also revealed that the element Cr in the metal interconnect
did not penetrate the functional layer of the air electrode of the cell, but only

existed in the material of the current collection layer.
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10.2 Outlook

1. For intensifying the energy conversion efficiency of CO; electrolysis
reaction in solid oxide electrolysis cells and stacks, great efforts in the gas
leakage rate of stacks are necessitated, and more detailed research is needed
on the stack structure, sealing material ratio, and solid content.

2. For boosting the electrolytic performance of solid oxide cells and
stacks, it is necessary to improve interface contact to reduce the loss of
interface contact. The LSC-Ag current collection layer may be optimized or
replaced by other materials.

3. To prolong the lifespan of solid oxide electrolysis cells and stacks, it
is crucial to improve the fuel electrode nickel-based materials to strengthen
their resistance to carbon deposition, such as using impregnation method.

4. To maintain the activity of oxygen exchange reaction in the air
electrode, suppressing the Cr toxicity and strontium segregation of the air
electrode becomes important. The main approach to suppress the Cr toxic
effect of air electrode is to improve the coating of the interconnects. Methods
to prevent strontium segregation include improving the high-temperature
stability of air electrode materials or developing new materials that do not
contain strontium. However, Ni-YSZ and LSCF-GDC materials, as the two
most mature solid oxide electrode materials, require more profound research

and extensive practice in replacement and modification.
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