
 

 

 

 

 

ELECTROCHEMICAL CONVERSION OF GREENHOUSE GASES  

AND AIR POLLUTAN TS: CARBON DIOXIDE, CARBON MONOXIDE,  

AND NITROGEN OXIDES  

 

 

 

 

 

by 

 

Byung Hee Ko 

 

 

 

 

 

 

 

 

 

A dissertation submitted to the Faculty of the University of Delaware in partial 

fulfillment of the requirements for the degree of Doctor of Philosophy in Chemical 

Engineering 

 

 

 

Summer 2022 

 

 

 

© 2022 Byung Hee Ko 

All Rights Reserved 

  



 

 

 

 

 

ELECTROCHEMICAL CONVERSION OF GREENHOUSE GASES  

AND AIR POLLUTANTS : CARBON DIOXIDE, CARBON MONOXIDE,  

AND NITROGEN OXIDES  

 

 

by 

 

Byung Hee Ko 

 

 

 

 

 

Approved:  __________________________________________________________  

 Eric M. Furst, Ph.D. 

 Chair of the Department of Chemical and Biomolecular Engineering 

 

 

 

Approved:  __________________________________________________________  

 Levi T. Thompson, Ph.D. 

 Dean of the College of Engineering 

 

 

 

Approved:  __________________________________________________________  

 Louis F. Rossi, Ph.D. 

 Vice Provost for Graduate and Professional Education and 

Dean of the Graduate College 

 

  



 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Feng Jiao, Ph.D. 

 Professor in charge of dissertation 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Raul F. Lobo, Ph.D. 

 Member of dissertation committee 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Yushan Yan, Ph.D. 

 Member of dissertation committee 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Jingguang G. Chen, Ph.D. 

 Member of dissertation committee 

 



 iv 

I would first like to emphasize that this thesis would not have been possible 

without the guidance and the support of my advisor, group members, friends, and 

family. 

I would like to thank my advisor, Prof. Feng Jiao, for providing the mentorship 

and guidance that have shaped me into the researcher I am today. Prof. Feng Jiaoôs 

relentless passion and curiosity to pursue research to make a difference and impact 

society have always pushed me to strive to become the best. I am grateful for the 

relaxed research environment that he has created for the group and the freedom he has 

given me to explore various research projects. I sincerely enjoyed working with him 

and accomplished much more than I could have done without him. I thank my thesis 

committee members: Prof. Yushan Yan, Prof. Raul F. Lobo, and Prof. Jingguang G. 

Chen for reviewing my thesis and giving advice. I understand that reviewing the thesis 

is a considerable time commitment, so I am very grateful. I thank professors who have 

collaborated with me on various projects: Prof. Liangbing Hu, Prof. Jingguang G. 

Chen, and Prof. Bingjun Xu. I also thank Prof. Bingjun Xu, Prof. Yushan Yan, and 

Prof. Raul F. Lobo for allowing me to use their lab equipment and resources. 

I would like to thank my group members for numerous scientific discussions 

and random conversations that made working in Colburn fun. I especially thank Dr. 

Wesley Luc and Dr. Matthew Jouny for being my ñsecond PI,ò training lab skills, and 

being my research role models. Their exceptional quality and productivity in research 

set the bar high and inspired me to keep pushing myself. I also appreciate Dr. Wesley 

ACKNOWLEDGMENTS  



 v 

Luc for yelling at me for doing my homework at the office and telling me to go to the 

lab during my first year. I thank all the group members who have worked with me 

throughout my Ph.D. program: Emily Jeng, Haeun Shin, Sean Overa, Kentaro Hansen, 

Bradie Crandal, Luke Cherniack, Ahryeon Lee, Matthew Naughton, Dr. Bjorn Hasa, 

Dr. Rong (Summer) Xia, Dr. Jingjing Lv, Dr. Gregory Hutchings, Dr. Yaran Zhao, Dr. 

Hongjie Tang, and Dr. Wenlei Zhu. Many of the publications were in collaboration 

with the group members, and I enjoyed working with all of them. I thank 

undergraduate and high school students that have worked with me: Sarah DiBenedetto, 

Wilson Chen, and Ashrith Kandula. I am also thankful for the help kindly provided by 

the researchers in other groups: Dr. Casper Brady, Dr. Arnav Malkani, Dr. Jared Nash, 

Dr. Hongje Cho, Dr. Jacob Anibal, Dr. Chunpeng Yang, Lin Shi, and Nicholas 

Oliveira. I thank the staff members at Colburn that have directly helped me: Weihua 

Deng, Yamaira Gonzalez, Garrett Neilsen, Brian Brant, Alfred (Al) Lance, Rechilda 

(Chil) Alba, and T. Mary Walsh. 

I would like to thank my friends I met at the University of Delaware. I thank 

the ñFamily Packò: Phillip Taylor, Max Cohen, Esther Roh, Zach Stillman, and Sai 

Ganesh for their friendship and countless fun memories. I will never forget playing 

board games and Nintendo, going apple-picking, attending Comic-Con, and 

everything else we have done together. Specifically, I thank Phillip Taylor, who has 

lived with me for the entire five years of my Ph.D. program. Phil and I have gone 

through the tough and the fun times together, and he has become one of the most 

important people in Delaware for me. I thank all the housemates who lived with me at 

79 Ray st and made the house feel like my home: Phillip Taylor, Zhimo Li, Jamael 

Ajah, Dr. Minwoo Kim, Dr. Jacob Anibal, Tso-Hsuan (Eric) Chen, and Dr. Prayash 



 vi 

Pyakurel. I also thank my three Korean friends that started the Ph.D. program with me 

in 2017: Esther Roh, Doyoung Kim, and Younghoon Oh. 

I thank my friends from outside of the University of Delaware. I first thank my 

best friends from Cornell University: Dr. Taewon Suh, Christopher Seung Hoo Loh, 

Heekwang Koo, Bon Ick Ku, Ray Gyeongshik Yoo, and Charles Chansoo Lee. They 

are like my brothers to me, and I am thankful to have them in my life. They have 

always boosted my happiness, confidence, and self-worth. I also thank Matthew Lee, 

Hyungho Lee, and Hyunju Lee for being my second family in the U.S. They have 

treated me as a son, and I am sincerely grateful for their care and support. 

Finally, I thank my dad, Youngsam Ko, my mom, Kayeon Lee, and my brother, 

Byung Ho (Ben) Ko, for their unconditional love and support. Everything I learned in 

life is from my parents, and they are the reasons behind my success. I cannot thank 

them enough for what they have done for me, and I am forever in debt to them. My 

brother, my best friend who I can share anything with, has always believed in me, 

which means a lot to me. I wouldnôt have been able to finish my thesis if it were not 

for my family.  



 vii  

LIST OF TABLES ......................................................................................................... x 
LIST OF FIGURES ..................................................................................................... xiv 
ABSTRACT ............................................................................................................. xxxv 

 

Chapter 

1 INTRODUCTION .............................................................................................. 1 

1.1 Motivation for electrochemical processes ................................................. 1 
1.2 Fundamentals of electrocatalysis ............................................................... 3 
1.3 Background on electrochemical CO2 reduction reaction .......................... 5 

1.4 Background on two-step electrochemical CO2 reduction and 

electrochemical CO reduction reactions .................................................... 8 

1.5 Background on electrochemical NOx reduction reaction ........................ 10 
1.6 Thesis scope and structure ....................................................................... 13 

REFERENCES ............................................................................................................. 15 

2 EXPERIMENTAL METHODS ....................................................................... 19 

2.1 Electrochemical measurement techniques ............................................... 19 
2.2 Electrochemical reactor designs .............................................................. 21 

REFERENCES ............................................................................................................. 24 

3 IMPACT OF NITROGEN OXIDES ON ELECTROCHEMICAL 

CARBON DIOXIDE REDUCTION ................................................................ 25 

3.1 Introduction ............................................................................................. 25 
3.2 Results and discussion ............................................................................. 28 

3.2.1 Impact of NOx impurities on CO2 electroreduction .................... 29 
3.2.2 Identification of NOx reduction products .................................... 34 
3.2.3 Characterization of catalyst structures in the presence of NOx ... 37 

3.3 Conclusions ............................................................................................. 40 
3.4 Experimental methods ............................................................................. 41 

TABLE OF CONTENTS  



 viii  

3.5 Acknowledgements ................................................................................. 47 

REFERENCES ............................................................................................................. 48 

4 ADVANCED BIMETALLIC CATALYST DEVELOPMENT FOR 

ELECTROCHEMICAL CARBON MONOXIDE REDUCTION ................... 51 

4.1 Introduction ............................................................................................. 51 
4.2 Results and discussion ............................................................................. 54 

4.2.1 Development of a non-equilibrium synthesis method ................. 54 
4.2.2 Application of Cu-based bimetallic catalysts in 

electrochemical CO reduction reaction ....................................... 62 

4.3 Conclusions ............................................................................................. 67 
4.4 Experimental methods ............................................................................. 69 
4.5 Acknowledgments ................................................................................... 74 

REFERENCES ............................................................................................................. 76 

5 TWO-STEP CARBON DIOXIDE ELECTROREDUCTION FOR 

SELECTIVE ACETATE AND ETHYLENE PRODUCTION ....................... 80 

5.1 Introduction ............................................................................................. 80 
5.2 Results and Discussion ............................................................................ 83 

5.2.1 Optimization of individual CO2 and CO electroreduction 

reactions ....................................................................................... 83 

5.2.2 Integration of CO2 and CO electroreduction process .................. 86 

5.3 Conclusions ............................................................................................. 89 

5.4 Experimental methods ............................................................................. 91 
5.5 Acknowledgements ................................................................................. 93 

REFERENCES ............................................................................................................. 94 

6 ELECTROCHEMICAL REDUCTION OF GASEOUS NITROGEN 

OXIDES ON TRANSITION METALS AT AMBIENT CONDITIONS ........ 96 

6.1 Introduction ............................................................................................. 96 
6.2 Results and Discussion ............................................................................ 99 

6.2.1 Electroreduction of NO and N2O .............................................. 100 
6.2.2 NO partial pressure effect on N-N coupling in NO 

electroreduction ......................................................................... 104 



 ix 

6.2.3 pH effect on NO electroreduction ............................................. 107 

6.2.4 Mechanistic insight on NO electroreduction ............................. 110 

6.3 Conclusions ........................................................................................... 113 
6.4 Experimental methods ........................................................................... 114 
6.5 Acknowledgements ............................................................................... 119 

REFERENCES ........................................................................................................... 120 

7 CONCLUSIONS AND RECOMMENDATIONS ......................................... 123 

7.1 Conclusions ........................................................................................... 123 
7.2 Recommendations ................................................................................. 124 

7.2.1 Development of impurity-resistant CO2 electroreduction 

electrodes ................................................................................... 125 
7.2.2 Mitigation of bi/carbonate formation in CO2 electroreduction . 126 

7.2.3 Scale-up of CO2 electrolyzer ..................................................... 127 
7.2.4 Towards practical application of electrochemical NOx 

conversion technology ............................................................... 128 

REFERENCES ........................................................................................................... 130 

 

Appendix 

A SUPPLEMENTARY INFORMATION FOR CHAPTER 3: IMPACT OF 

NITROGEN OXIDES ON ELECTROCHEMICAL CARBON DIOXIDE 

REDUCTION ................................................................................................. 132 

B SUPPLEMENTARY INFORMATION FOR CHAPTER 4: ADVANCED 

BIMETALLIC CATALYST DEVELOPMENT FOR 

ELECTROCHEMICAL CARBON MONOXIDE REDUCTION ................. 170 

C SUPPLEMENTARY INFORMATION FOR CHAPTER 5: TWO-STEP 

CARBON DIOXIDE ELECTROREDUCTION FOR SELECTIVE 

ACETATE AND ETHYLENE PRODUCTION ............................................ 206 
D SUPPLEMENTARY INFORMATION FOR CHAPTER 6: 

ELECTROCHEMICAL REDUCTION OF GASEOUS NITROGEN 

OXIDES ON TRANSITION METALS AT AMBIENT CONDITIONS ...... 221 

E PERMISSION LETTERS .............................................................................. 245 
F MANUSCRIPTS WRITTEN AT UNIVERSITY OF DELAWARE ............ 249 

 



 x 

Table 1.1: Standard potentials for electrochemical CO2 reduction reaction 

(eCO2RR), hydrogen evolution reaction (HER), and oxygen evolution 

(OER). ....................................................................................................... 7 

Table 1.2: A summary of various NOx control technologies ....................................... 12 

Table 2.1: Summary of comparison of various electrochemical reactor designs. ........ 23 

Table A.1: Standard potentials for CO2RR, HER, NO2RR, NORR, and N2ORR.1ï3 . 132 

Table A.2: CO2 electroreduction performance with the introduction of 0.83% NO 

impurity at 0.5 h for 0.5 h on Cu catalyst at a constant current density 

of 100 mA cm-2 in 1M KHCO3 for 3 h. <3% FE of formate was 

detected from the anolyte side. .............................................................. 134 

Table A.3: CO2 electroreduction performance with the introduction of 0.83% NO 

impurity at 0.5 h for 0.5 h on Ag catalyst at a constant current density 

of 100 mA cm-2 in 1M KHCO3 for 3 h. <2% FE of formate was 

detected from the anolyte side. .............................................................. 134 

Table A.4: CO2 electroreduction performance with the introduction of 0.83% NO 

impurity at 0.5 h for 0.5 h on Sn catalyst at a constant current density 

of 100 mA cm-2 in 1M KHCO3 for 3 h. 5-10% FE of formate was 

detected from the anolyte side and is included in the formate FE. ....... 135 

Table A.5: Conversion of NO during CO2RR with the introduction of 0.83% NO, 

assuming NO is fully converted to NH3. ὅέὲὺὩὶίὭέὲ Ϸ  
 ὅόὶὶὩὲὸ ὰέίί ὨόὩ ὸέ ὔὕȾ
ὅόὶὶὩὲὸ ὶὩήόὭὶὩὨ ὸέ Ὢόὰὰώ ὧέὲὺὩὶὸ ὔὕ ὸέ ὔὌσ ρππȢ  Full 

conversion of NO to NH3 requires 57.4 mA. ........................................ 135 

Table A.6: Loss in Faradaic efficiency during CO2 electroreduction with the 

introduction of different concentrations of NO on Cu, Ag, and Sn 

catalysts. ................................................................................................ 137 

LIST OF TABLES  



 xi 

Table A.7: CO2 electroreduction performance with the introduction of 0.83% NO2 

impurity at 0.5 h for 0.5 h on Cu catalyst at a constant current density 

of 100 mA cm-2 in 1M KHCO3 for 3 h. <3% FE of formate was 

detected from the anolyte side. .............................................................. 139 

Table A.8: CO2 electroreduction performance with the introduction of 0.83% NO2 

impurity at 0.5 h for 0.5 h on Ag catalyst at a constant current density 

of 100 mA cm-2 in 1M KHCO3 for 3 h. <2% FE of formate was 

detected from the anolyte side. .............................................................. 139 

Table A.9: CO2 electroreduction performance with the introduction of 0.83% NO2 

impurity at 0.5 h for 0.5 h on Sn catalyst at a constant current density 

of 100 mA cm-2 in 1M KHCO3 for 3 h. 5-10% FE of formate was 

detected from the anolyte side and is included in the formate FE. ....... 140 

Table A.10: CO2 electroreduction performance with the introduction of 0.83% N2O 

impurity at 0.5 h for 0.5 h on Cu catalyst at a constant current density 

of 100 mA cm-2 in 1M KHCO3 for 3 h. <3% FE of formate was 

detected from the anolyte side. .............................................................. 141 

Table A.11: CO2 electroreduction performance with the introduction of 0.83% N2O 

impurity at 0.5 h for 0.5 h on Ag catalyst at a constant current density 

of 100 mA cm-2 in 1M KHCO3 for 3 h. <2% FE of formate was 

detected from the anolyte side. .............................................................. 141 

Table A.12: CO2 electroreduction performance with the introduction of 0.83% N2O 

impurity at 0.5 h for 0.5 h on Sn catalyst at a constant current density 

of 100 mA cm-2 in 1M KHCO3 for 3 h. 5-10% FE of formate was 

detected from the anolyte side and is included in the formate FE. ....... 142 

Table A.13: Loss in Faradaic efficiency during CO2 electroreduction with the 

introduction of 0.83% NO, 0.83% NO2, and 0.83% N2O on Cu, Ag, 

and Sn catalysts. .................................................................................... 144 

Table A.14: Faradaic efficiency of NO electroreduction products produced during 

electrolysis with 83.3% CO2, 15.87% Ar, and 0.83% NO on Cu, Ag, 

and Sn catalysts at a constant current density of 100 mA cm-2 in 1 M 

KHCO3 for 3 h. Concentration of N2O in the gas product stream was 

below the detection limit of GC, suggesting that N2O FE is below 2% 

on all three catalysts. ............................................................................. 148 



 xii  

Table A.15: XPS N 1s peak positions and surface nitrogen content (wt %) of Cu, 

Ag, and Sn samples obtained from a 100 mA cm-2 constant current 

CO2RR experiment with the introduction of 0.83% NO. Sample time 

refers to the time at which the electrode was taken out of the 

electrolyzer. N content has been calculated using the following 

equation: N content (%) = ɫὔ ύὸ Ϸ Ⱦɫὔ ύὸ Ϸ
άὩὸὥὰ ύὸ Ϸ ρππ, where ɫ. (wt %) = graphitic N (wt %) + 

pyrollic N (wt %) + pyridinic N (wt%) or PVP (wt%), and metal = Cu, 

Ag, or Sn. ............................................................................................... 157 

Table A.16: XPS N 1s peak positions and surface nitrogen content (wt %) of Cu, 

Ag, and Sn samples obtained from a 100 mA cm-2 constant current 

CO2RR experiment with the introduction of 0.83% NO2. Sample time 

refers to the time at which the electrode was taken out of the 

electrolyzer. N content has been calculated using the following 

equation: N content = ɫὔ ύὸ Ϸ Ⱦɫὔ ύὸ Ϸ άὩὸὥὰ ύὸ Ϸ
ρππ, where ɫ. (wt %) = graphitic N (wt %) + pyrollic N (wt %) + 

pyridinic N (wt%) or PVP (wt%), and metal = Cu, Ag, or Sn. ............. 159 

Table A.17: XPS N 1s peak positions and surface nitrogen content (wt %) of Cu, 

Ag, and Sn samples obtained from a 100 mA cm-2 constant current 

CO2RR experiment with the introduction of 0.83% N2O. Sample time 

refers to the time at which the electrode was taken out of the 

electrolyzer. N content has been calculated using the following 

equation: N content = ɫὔ ύὸ Ϸ Ⱦɫὔ ύὸ Ϸ άὩὸὥὰ ύὸ Ϸ
ρππ, where ɫ. (wt %) = graphitic N (wt %) + pyrollic N (wt %) + 

pyridinic N (wt%) or PVP (wt%), and metal = Cu, Ag, or Sn. ............. 161 

Table B.1: COR performance of Cu in 1 M KOH. .................................................... 200 

Table B.2: COR performance of Cu-X bimetallics in 1 M KOH. .............................. 201 

Table B.3: Comparison of COR performance for the production of acetate in 1 M 

KOH/NaOH. .......................................................................................... 202 

Table B.4: COR performance of Cu-X bimetallics (prepared via thermal annealing) 

in 1 M KOH. .......................................................................................... 203 

Table B.5: COR performance of Cu-Ag bimetallics in 1 M KOH. ............................ 204 

Table C.1: Comparison of two step CO2 electroreduction process from reported 

studies. SOEC and MEA refers to solid oxide electrochemical cell and 

membrane electrode assembly, respectively. ........................................ 216 



 xiii  

Table D.1: Electroreduction of NO on Fe, Co, Ni, Cu, Pd, Ag, Pt, and gas diffusion 

layer (GDL) without any metal catalyst in 0.1 M NaOH + 0.9 M 

NaClO4 in a flow electrolyzer. .............................................................. 227 

Table D.2: Electroreduction of N2O on Fe, Co, Ni, Cu, Pd, Ag, Pt, and gas 

diffusion layer (GDL) without any metal catalyst in 0.1 M NaOH + 

0.9 M NaClO4 in a flow electrolyzer. .................................................... 230 

Table D.3: Standard potentials of electrochemical NO reduction reaction (eNORR), 

electrochemical N2O reduction reaction (eN2ORR), and hydrogen 

evolution reaction (HER).3,4 ................................................................ 231 

Table D.4: Comparison of NH3 production rate vs. potential from reported studies. 

Electrochemical NO reduction reaction (eNORR) and electrochemical 

N2 reduction reaction (eNRR) to NH3 are considered. .......................... 233 

Table D.5: Electroreduction of NO on Pd and Cu using 25% and 50% NO in 0.1 M 

NaOH + 0.9 M NaClO4 in a flow electrolyzer. ..................................... 237 

Table D.6: Electroreduction of NO on Pd and Cu using electrolytes with different 

pH values in a flow electrolyzer. ........................................................... 239 

Table D.7: Resistance measured between reference and working electrodes. ........... 243 

 



 xiv 

Figure 1.1: Schematic of an electrochemical conversion technology to convert 

greenhouse gases and air pollutants into fuels and chemicals using 

renewable electricity. Various gases can be upgraded into value-added 

fuels and chemicals or harmless gases. ..................................................... 3 

Figure 1.2: Schematic of a typical CO2 electrolyzer. Cathode and anode are 

separated by an ion-exchange membrane and connected by an outer 

circuit. ........................................................................................................ 6 

Figure 1.3: Schematic of a two-step electrochemical CO2 reduction reaction process.

 ................................................................................................................... 9 

Figure 2.1: Schematic of a three-electrode set-up in a conventional H-type cell. 

Electrochemical CO2 reduction and water oxidation reactions are used 

as examples. ............................................................................................. 20 

Figure 2.2: Comparison of various electrochemical reactor designs. Photographs of 

(a) conventional H-type cell, (b) three-compartment flow cell, and (c) 

membrane electrode assembly. Schematics of (a) conventional H-type 

cell, (b) three-compartment vapor-fed cell, and (c) membrane 

electrode assembly. Adapted with permission from Overa et al.1 

Copyright 2022 American Chemical Society .......................................... 22 

Figure 3.1: CO2 electrolysis technology using industrial CO2 point sources. (a) 

Schematics of CO2 electrolysis with CO2 stream obtained from point 

sources containing impurities such as nitrogen oxides (NOx), sulfur 

oxides (SOx), O2, and volatile organic compounds (VOC) and 

potential influence of impurities in CO2 electroreduction (CO2RR). (b) 

Standard potential vs. reversible hydrogen electrode (RHE) for 

CO2RR, hydrogen evolution reaction (HER), NO2 reduction (NO2RR), 

NO reduction (NORR), and N2O reduction (N2ORR). Detailed 

reactions are provided in Table A.1. ....................................................... 27 

LIST OF FIGURES 



 xv 

Figure 3.2: CO2 electroreduction performance in the presence of NO. Faradaic 

efficiency and applied potential vs. time on (a) Cu, (b) Ag, and (c) Sn 

catalysts at a constant current density of 100 mA cm-2 in 1 M KHCO3 

for 3 h. Gas feeds were 83.3% CO2 and 16.7% Ar, and 83.3% CO2, 

15.87% Ar, and 0.83% NO (green). 0.83% NO was introduced at 0.5 

h for 0.5 h.  Corresponding Faradaic efficiencies are provided in 

Tables A.2-4. (d) Effect of different concentrations of NO in CO2 

electroreduction on Cu, Ag, and Sn catalysts. 0.083% and 0.0083% 

represent the typical NOx concentrations in flue gases and flue gases 

after NOx removal processes, respectively. Corresponding Faradaic 

efficiencies are provided in Table A.6. Error bars represent the 

standard deviation of three independent measurements. ......................... 30 

Figure 3.3: CO2 electroreduction performance in the presence of NO2 and N2O. 

CO2 electroreduction Faradaic efficiency, excluding hydrogen 

Faradaic efficiency, vs. time with the introduction of (a) 0.83% NO2 

(yellow) and (b) 0.83% N2O (blue) on Cu, Ag, and Sn catalysts at a 

constant current density of 100 mA cm-2 in 1 M KHCO3 for 3 h. Gas 

feeds were 83.3% CO2 and 16.7% Ar, and 83.3% CO2 and 15.87% Ar 

with 0.83% NO2 or 0.83% N2O. NO2 and N2O were introduced at 

t=0.5 h for 0.5 h. Corresponding Faradaic efficiencies are provided in 

Figs. A.6 and 7, and Tables A.7-12. (c) Loss in Faradaic efficiency 

during CO2 electroreduction from the introduction of 0.83% NO, 0.83% 

NO2, and 0.83% N2O on Cu, Ag, and Sn catalysts. Corresponding 

Faradaic efficiencies are provided in Table A.13. Error bars represent 

the standard deviation of three independent measurements. ................... 33 

Figure 3.4: Investigation of the NO electroreduction products. (a) Faradaic 

efficiency of NO electroreduction products produced during 

electrolysis with 83.3% CO2, 15.87% Ar, and 0.83% NO on Cu, Ag, 

and Sn catalysts at a constant current density of 100 mA cm-2 in 1 M 

KHCO3 for 3 h. Corresponding Faradaic efficiencies are provided in 

Table A.14. Error bars represent the standard deviation of three 

independent measurements. (b) Schematic of flow electrochemical 

mass spectrometry (FEMS) setup. (c) Measured current density vs. 

time, and deconvoluted MS signal vs. time for m/z=2, m/z=17, (d) 

m/z=28, m/z=30, and m/z=44 from FEMS on Cu catalyst in 1M 

KHCO3 with 0.83% NO in Ar. -0.90 V vs. RHE was applied for 

approximately 2 minutes starting at t=1.5 min. NORR products have 

been deconvoluted using the mass spectra of individual products 

shown in Fig. A.17. Additional information is provided in the methods 

section and Figs. A.18 and 19. ................................................................ 35 



 xvi 

Figure 3.5: Evaluation of the influence of NO on the catalyst structure. XPS 

measurements of Cu, Ag, and Sn electrodes (a) before (t=0 hour) and 

(b) after exposure to 0.83% NO (t=1 hour) during CO2 electrolysis. 

Corresponding XPS data is provided in Fig. A.27 and Table A.15. Cu 

K-edge (c) XANES and (d) EXAFS spectra of spent Cu catalyst after 

exposure to 0.83% NO during CO2 electrolysis. Cu foil, Cu2O, and 

CuO were used as references. .................................................................. 38 

Figure 4.1: Synthesis of bimetallic nanoparticles via conventional and non-

equilibrium methods. Via conventional bimetallic synthesis methods, 

only readily miscible metals (shown in green) can mix with Cu while 

others (shown in red) form phase-segregated structures (such as core-

shell). In contrast, via the non-equilibrium synthesis, Cu and other 

metals (X) can be kinetically trapped in homogeneously mixed 

nanoparticles, regardless of their thermodynamic miscibility. The 

miscibility of Cu and X indicated in the left panel is drawn according 

to the binary phase diagrams with the composition of Cu0.9X0.1 (15). .... 54 

Figure 4.2: Non-equilibrium synthesis of Cu-based bimetallic nanoparticles. (A) 

Temperature evolution during the rapid thermal shock process. Inset: 

thermal imaging of the substrate at 0.1 s during the high-temperature 

shock. (B, C) SEM and (D) TEM images of Cu0.9Ag0.1 nanoparticles 

on carbon nanofibers. (E) Particle diameter distribution of the 

Cu0.9Ag0.1 nanoparticles from the TEM image. (F) High-resolution 

STEM image of the Cu0.9Ag0.1 nanoparticles dispersed on the carbon 

nanofibers. HAADF-STEM image and corresponding EDS elemental 

mapping of (G) Cu0.9Ag0.1, (H) Cu0.9Ni0.1, (I) Cu0.9Sn0.1, (J) Cu0.9In0.1, 

and (K) Cu0.9Pd0.1. Scale bars in G-K: 5 nm. .......................................... 56 

Figure 4.3: Alloyed Cu-Ag bimetallics with different compositions. High-

resolution STEM image of typical (A) Cu0.8Ag0.2 and (B) Cu0.5Ag0.5 

nanoparticles. (C) Bulk phase diagram of Cu-Ag, in which the Cu1-

xAgx bimetallics in this work fall in the miscibility gap. Phase diagram 

of Cu-Ag reproduced from (15). Copyright 2010, ASM International. 

HAADF-STEM images and EDS elemental mapping of (D) Cu0.8Ag0.2 

and (E) Cu0.5Ag0.5 nanoparticles (scale bars: 5 nm). Structure 

modeling of the Cu0.5Ag0.5 nanoparticle and the statistical analysis of 

the averaged nearest neighbor (NN) composition surrounding the Cu 

and Ag atoms after MD/MC simulation at 25 °C, in which one MC 

trial step was attempted (F) every 1 fs to simulate sufficient diffusion 

for thermodynamic equilibrium and (G) every 10 ps to simulate 

limited diffusion and kinetic trapping. .................................................... 61 



 xvii  

Figure 4.4: Bimetallic catalyst screening for the COR. (A) Faradaic efficiencies of 

pure Cu and different Cu0.9X0.1 bimetallic catalysts at -0.70  0.01 V 

vs. reversible hydrogen electrode (RHE). (B) The acetate Faradaic 

efficiencies and current densities of the Cu-X bimetallic and Cu 

catalysts in this work compared with state-of-the-art catalysts in COR 

in 1 M KOH/NaOH (25-29). (C) Faradaic efficiencies of Cu1-xAgx 

bimetallics with different atom ratios and pure Cu at -0.70  0.01 V 

vs. RHE. (D) The C2+/C1 FE ratio and C2+ Faradaic efficiencies of 

Cu1-xAgx bimetallics with different atom ratios and pure Cu at -0.70  

0.01 V vs. RHE. ....................................................................................... 65 

Figure 5.1: Schematic of a two-step electrochemical CO2 reduction reaction for 

multi-carbon chemical production. .......................................................... 82 

Figure 5.2: Individual CO2 and CO electroreduction performance. (a) Schematic of 

a reinforced gas diffusion electrode, (b) H2 Faradaic efficiency vs. 

time for reinforced GDL with different amount of FEP in CO 

electroreduction, (c) Faradaic efficiency and current density vs. 

potential and (d) molar gas fraction and CO Faradaic efficiency at a 

different CO2 flow rate of Ag in CO2 electroreduction. (e) Faradaic 

efficiency and current density vs. potential of Cu in CO 

electroreduction. 50 mL min-1 CO2 and 100 mM CsHCO3, and 20 mL 

min-1 CO and 2 M KOH were used for eCO2RR and eCORR, 

respectively, unless otherwise stated. ...................................................... 84 

Figure 5.3: Integrated two-step CO2 electroreduction. (a) Potentials of CO2 and CO 

electroreduction and acetate purity vs. time, and (b) FE vs. time for 

integrated two-step CO2 electroreduction. 8 mL min-1 CO2 and NaOH 

trap was used. For eCO2RR, CsHCO3 was recirculated, while for 

eCORR, 2 M KOH was replenished every 24 h. Data was lost at 

around 100 h. ........................................................................................... 87 

Figure 6.1: Strategy for NOx electroreduction at ambient condition. NOx emitted 

from mobile and stationary sources can be converted to N2 or NH3 via 

NOx electrolyzer using batteries or renewable electricity. N2 can be 

emitted to the atmosphere and NH3 can be used as a fertilizer for crops.

 ................................................................................................................. 99 



 xviii  

Figure 6.2: NO and N2O electroreduction performance on various metal catalysts. 

(a) Total current density vs. potential of various catalysts, (b) Faradaic 

efficiency vs. potential of Pd, and (c) Faradaic efficiency of various 

catalysts at 0.100.02 V vs. RHE in NO electroreduction. (d) Total 

current density vs. potential, (e) N2 Faradaic efficiency vs. potential, 

and (f) Faradaic efficiency at 100 mA cm-2
 of various catalysts in N2O 

electroreduction. 0.1M NaOH+0.9M NaClO4 was used as an 

electrolyte. Detailed data is provided in Figs. D.6-9, and Tables D.1 

and 2. ..................................................................................................... 101 

Figure 6.3: NO partial pressure effect on N-N coupling in NO electroreduction. 

Faradaic efficiency vs. current density of (a) Pd and (b) Cu in 25, 50, 

and 100% NO. N2O+N2 (N-N coupled products; red) and 

NH3+NH2OH (single N-products; blue) Faradaic efficiency vs. 

potential of (c) Pd and (d) Cu in 25, 50, and 100% NO. Schematics 

showing the effect of NO coverage on product selectivity in (e) high 

and (f) low NO coverages. Detailed data is provided in Table D.5. ..... 106 

Figure 6.4: pH effect on NO electroreduction. (a) NH3 Faradaic efficiency vs. 

potential of Pd and Cu at different pH. Partial current densities of N2O, 

NH3, and N2 vs. potential at different pH of (b) Pd and (c) Cu. 0.5M 

HClO4+1M NaClO4 (pH=0.5), 0.1M NaOH+0.9M NaClO4 (pH=12.7), 

and 1M NaOH (pH=14) were used as electrolytes. Detailed data is 

provided in Table D.6. ........................................................................... 108 

Figure 6.5: Mechanistic insight on NO electroreduction using flow electrolyzer 

mass spectrometry and comparison of NO, N2O, and NH2OH 

electroreduction. (a) Linear sweep voltammetry (LSV) at 2 mV s-1, (b) 

m/z=30, and (c) m/z=17 on Pd and Cu from FEMS during NO 

electroreduction. m/z=44 and m/z=28 on (d) Pd and (e) Cu from 

FEMS during NO electroreduction. N2 partial current density vs. 

potential using NO and N2O on (f) Pd and (g) Cu. NH3 partial current 

density vs. potential using NO and 0.1M NH2OH on (h) Pd and (i) Cu. 

Schematics of NO electroreduction pathways on (j) Pd and (k) Cu. All 

experiments were conducted in 0.1M NaOH+0.9M NaClO4. ............... 111 

Figure A.1: SEM images of (a) Cu, (b) Ag, and (c) Sn electrodes before electrolysis. 

Metal particles are deposited uniformly on GDL. ................................. 133 

Figure A.2: Schematic of the three-compartment flow-cell. CO2 gas is fed to the 

electrode-electrolyte interface without mass transport limitation, 

enabling CO2RR at high current densities. ............................................ 133 



 xix 

Figure A.3: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under 83.3% CO2 and 16.7% Ar, and 83.3% CO2, 15.87% Ar, 

and 0.83% NO. Scan rate: 50 mV s-1. Onset potentials and cathodic 

currents shifted to more positive potentials when 0.83% NO was 

introduced, suggesting that NORR is more favorable than CO2RR on 

all three catalysts. .................................................................................. 136 

Figure A.4: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under different concentrations of NO in Ar. Scan rate: 50 mV 

s-1. Onset potentials of NORR are more positive than CO2RR, and 

shifts in CV measurements suggest that NORR is mass transport 

limited. ................................................................................................... 136 

Figure A.5: Faradaic efficiency and applied potential vs. time with 83.3% CO2 and 

16.7% Ar on (a) Cu, (b) Ag, and (c) Sn catalysts at a constant current 

density of 100 mA cm-2 in 1 M KHCO3 for 3 h. H2 Faradaic efficiency 

increases over time due to slow flooding of the electrode, suggesting 

that NOx is not responsible for the H2 FE increase. .............................. 137 

Figure A.6: Faradaic efficiency and applied potential vs. time on (a) Cu, (b) Ag, 

and (c) Sn catalysts at a constant current density of 100 mA cm-2 in 1 

M KHCO3 for 3 h. Gas feeds were 83.3% CO2 and 16.7% Ar, and 

83.3% CO2, 15.87% Ar, and 0.83% NO2 (yellow). 0.83% NO2 was 

introduced at 0.5 h for 0.5 h. Corresponding Faradaic efficiencies are 

provided in Tables A.7-9. Error bars represent the standard deviation 

of three independent measurements. Faradaic efficiency decreases 

with the introduction of NO2 on all three catalysts. .............................. 138 

Figure A.7: Faradaic efficiency and applied potential vs. time on (a) Cu, (b) Ag, 

and (c) Sn catalysts at a constant current density of 100 mA cm-2 in 1 

M KHCO3 for 3 h. Gas feeds were 83.3% CO2 and 16.7% Ar, and 

83.3% CO2, 15.87% Ar, and 0.83% N2O (blue). 0.83% N2O was 

introduced at 0.5 h for 0.5 h. Corresponding Faradaic efficiencies are 

provided in Tables A.10-12. Error bars represent the standard 

deviation of three independent measurements. Faradaic efficiency 

decreases with the introduction of N2O on Cu and Ag catalysts, while 

N2O has negligible effect on Sn catalyst. .............................................. 140 

Figure A.8: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under 83.3% CO2 and 16.7% Ar, and 83.3% CO2, 15.87% Ar, 

and 0.83% NO2. Scan rate: 50 mV s-1. Onset potentials and cathodic 

currents shift to more positive potentials when 0.83% NO2 is 

introduced, suggesting that NO2RR is more favorable than CO2RR on 

all three catalysts. .................................................................................. 142 



 xx 

Figure A.9: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under different concentrations of NO2 in Ar. Scan rate: 50 

mV s-1. Onset potentials of NO2RR are more positive than CO2RR, 

and shifts in CV measurements suggest that NO2RR is mass transport 

limited. ................................................................................................... 143 

Figure A.10: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under 83.3% CO2 and 16.7% Ar, and 83.3% CO2, 15.87% Ar, 

and 0.83% N2O. Scan rate: 50 mV s-1. Onset potentials and cathodic 

currents shift to more positive potentials when N2O is introduced on 

Cu and Ag catalysts, suggesting that N2ORR is more favorable than 

CO2RR on Cu and Ag catalysts. N2O has negligible effect on Sn 

catalyst. .................................................................................................. 143 

Figure A.11: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under different concentrations of N2O in Ar. Scan rate: 50 

mV s-1. Onset potentials of N2ORR are more positive than CO2RR 

and shifts in CV measurements suggest that N2ORR is mass transport 

limited on Cu and Ag catalysts. N2O has negligible effect on Sn 

catalyst. .................................................................................................. 144 

Figure A.12: pH measured at the outlet of the electrolyzer from a constant current 

100-mA cm-2 CO2RR experiment with the introduction of various NOx. 

pH of 1M KHCO3 before entering the electrolyzer was 7.80.1. Error 

bars represent the standard deviation of independent measurements 

from Cu, Ag, and Sn catalysts. The presence of NO and N2O has 

negligible effect in pH, while the presence of NO2 slightly decreases 

the pH by 0.03. ...................................................................................... 145 

Figure A.13: Ammonia quantification using indophenol blue method. (a) 

Absorbance vs. time of 27.1 mg L-1 NH4OH. Reaction is complete 

after 10 minutes. (b) Photograph of 6.8, 13.6, and 27.1 mg L-1 NH4OH 

(from left to right) at 20 minutes. (c) Absorption spectra for different 

concentrations of NH4OH measured at 20 minutes. (d) Calibration 

curve for NH4OH. Absorbance was measured at 20 minutes. NH2OH 

has negligible interference. All solutions were prepared in 0.25M 

KHCO3 to match the condition of the liquid products in the electrolyte.

 ............................................................................................................... 146 



 xxi 

Figure A.14: Hydroxylamine quantification. (a) Absorbance vs. time of 25 mg L-1 

NH2OH. Reaction is complete after 10 minutes. (b) Photograph of 0, 

10, and 25 mg L-1 NH2OH (from left to right) at 20 minutes. (c) 

Absorption spectra for different concentrations of NH2OH measured 

at 20 minutes. (d) Calibration curve for NH2OH. Absorbance was 

measured at 20 minutes. Absorbance was subtracted from that of 0 mg 

L-1 NH2OH. NH4OH has negligible interference. All solutions were 

prepared in 0.25M KHCO3 to match the condition of the liquid 

products in the electrolyte. .................................................................... 147 

Figure A.15: Chromatogram of gas products from electrolysis in 83.3% CO2, 15.87% 

Ar, and 0.83% NO on (a) Cu, (b) Ag, and (c) Sn catalysts at 100 mA 

cm-2. TCD and Molecular sieve 5 A (MS) column are used, and 0 to 

2.1 min is shown. ................................................................................... 148 

Figure A.16: Photograph of the FEMS setup. ............................................................ 149 

Figure A.17: Mass spectra of (a) NH4OH, (b) NO, (c) N2O, (d) N2, (e) H2O, and (f) 

CO2. MS signals were deconvoluted using the following mass spectra.150 

Figure A.18: MS signal vs. time obtained from FEMS on Cu in 1M KHCO3 with 

0.83% NO in Ar before deconvolution for (a) m/z=2, (b) m/z=12, (c) 

m/z=17, (d) m/z=18, (e) m/z=28, (f) m/z=30, and (g) m/z=44. -0.90 V 

vs. RHE was applied for approximately 2 minutes starting at t=1.5 

min. ........................................................................................................ 151 

Figure A.19: MS signal vs. time obtained from FEMS on Cu in 1M KHCO3 with 

0.83% NO in Ar for (a) m/z=17 with contribution from water obtained 

from m/z=18, (b) m/z=28 with contribution from CO2 in electrolyte 

obtained from m/z=12, and (c) m/z=44 with contribution from CO2 in 

electrolyte obtained from m/z=12. m/z=12 has been smoothed. -0.90 

V vs. RHE was applied for approximately 2 minutes starting at t=1.5 

min. The differences are attributed to NORR products. ........................ 151 

Figure A.20: MS signal vs. time obtained from FEMS on Ag in 1M KHCO3 with 

0.83% NO in Ar before deconvolution for (a) m/z=2, (b) m/z=12, (c) 

m/z=17, (d) m/z=18, (e) m/z=28, (f) m/z=30, and (g) m/z=44. -1.00 V 

vs. RHE was applied for approximately 2 minutes starting at t=1.5 

min. ........................................................................................................ 152 



 xxii  

Figure A.21: MS signal vs. time obtained from FEMS on Ag in 1M KHCO3 with 

0.83% NO in Ar for (a) m/z=17 with contribution from water obtained 

from m/z=18, (b) m/z=28 with contribution from CO2 in electrolyte 

obtained from m/z=12, and (c) m/z=44 with contribution from CO2 in 

electrolyte obtained from m/z=12. m/z=12 has been smoothed. -1.00 

V vs. RHE was applied for approximately 2 minutes starting at t=1.5 

min. The differences are attributed to NORR products. ........................ 152 

Figure A.22: (a) Measured current density vs. time, and deconvoluted MS signal vs. 

time for m/z=2, m/z=17, (b) m/z=28, m/z=30, and m/z=44 from 

FEMS on Ag catalyst in 1M KHCO3 with 0.83% NO in Ar. -1.00 V vs. 

RHE was applied for approximately 2 minutes starting at t=1.5 min. 

NORR products have been deconvoluted using the mass spectra of 

individual products shown in Fig. A.17. Additional information is 

provided in the methods section and Figs. A.20 and 21. ....................... 153 

Figure A.23: MS signal vs. time obtained from FEMS on Sn in 1M KHCO3 with 

0.83% NO in Ar before deconvolution for (a) m/z=2, (b) m/z=12, (c) 

m/z=17, (d) m/z=18, (e) m/z=28, (f) m/z=30, and (g) m/z=44. -1.05 V 

vs. RHE was applied for approximately 2 minutes starting at t=1.5 

min. ........................................................................................................ 153 

Figure A.24: MS signal vs. time obtained from FEMS on Sn in 1M KHCO3 with 

0.83% NO in Ar for (a) m/z=17 with contribution from water obtained 

from m/z=18, (b) m/z=28 with contribution from CO2 in electrolyte 

obtained from m/z=12, and (c) m/z=44 with contribution from CO2 in 

electrolyte obtained from m/z=12. m/z=12 has been smoothed. -1.05 

V vs. RHE was applied for approximately 2 minutes starting at t=1.5 

min. The differences are attributed to NORR products. ........................ 154 

Figure A.25: (a) Measured current density vs. time, and deconvoluted MS signal vs. 

time for m/z=2, m/z=17, (b) m/z=28, m/z=30, and m/z=44 from 

FEMS on Sn catalyst in 1M KHCO3 with 0.83% NO in Ar. -1.05 V vs. 

RHE was applied for approximately 2 minutes starting at t=1.5 min. 

NORR products have been deconvoluted using the mass spectra of 

individual products shown in Fig. A.17. Additional information is 

provided in the methods section and Figs. A.23 and 24. ....................... 154 

Figure A.26: Chromatogram of gas products from electrolysis in 83.3% CO2+0.83% 

N2O in Ar on (a) Cu, (b) Ag, and (c) Sn catalysts at 100 mA cm-2. 

TCD and Molecular sieve 5 A (MS) column were used, and 0 to 2 min 

is shown. ................................................................................................ 155 



 xxiii  

Figure A.27: XPS measurements of (a) Cu, (b) Ag, and (c) Sn electrodes before 

exposure to 0.83% NO (t=0 h), after exposure to 0.83% NO (t=1 

h), and after 3 h electrolysis (t=3 h) from a 100 mA cm-2 constant 

current CO2RR experiment with the introduction of 0.83% NO. 

Corresponding N 1s XPS measurements of (d) Cu, (e) Ag, and (f) Sn 

electrodes. Incorporation of N into GDL is observed on Cu and Sn 

electrodes. In the case of Ag electrode, the investigation of N 

incorporation is limited due to the presence of PVP surfactant. 

Corresponding details are provided in Table A.15. ............................... 156 

Figure A.28: XPS measurements of (a) Cu, (b) Ag, and (c) Sn electrodes before 

exposure to 0.83% NO2 (t=0 h), after exposure to 0.83% NO2 (t=1 

h), and after 3 h electrolysis (t=3 h) from a 100 mA cm-2 constant 

current CO2RR experiment with the introduction of 0.83% NO2. 

Corresponding N 1s XPS measurements of (d) Cu, (e) Ag, and (f) Sn 

electrodes. Incorporation of N into GDL is observed on Cu and Sn 

electrodes. In the case of Ag electrode, the investigation of N 

incorporation is limited due to the presence of PVP surfactant. 

Corresponding details are provided in Table A.16. ............................... 158 

Figure A.29: XPS measurements of (a) Cu, (b) Ag, and (c) Sn electrodes before 

exposure to 0.83% N2O (t=0 h), after exposure to 0.83% N2O (t=1 

h), and after 3 h electrolysis (t=3 h) from a 100 mA cm-2 constant 

current CO2RR experiment with the introduction of 0.83% N2O. 

Corresponding N 1s XPS measurements of (d) Cu, (e) Ag, and (f) Sn 

electrodes. Incorporation of N into GDL is observed on Cu and Sn 

electrodes. In the case of Ag electrode, the investigation of N 

incorporation is limited due to the presence of PVP surfactant. 

Corresponding details are provided in Table A.17. ............................... 160 

Figure A.30: XPS measurements of electrodes with high catalyst loadings of 2.0 

mg cm-2 Cu, Ag, and Sn, and no catalyst at t=1 h after exposure to (a) 

0.83% NO, (b) 0.83% NO2, and (c) 0.83% N2O for 0.5 h during CO2 

electrolysis. The results confirm that N is incorporated in GDL rather 

than metal catalysts. .............................................................................. 161 

Figure A.31: Photograph of electrochemical batch cell for XAS operando 

experiments. .......................................................................................... 162 



 xxiv 

Figure A.32: Cu K-edge (a) XANES and (f) EXAFS of Cu catalyst obtained after 

exposure to 0.23% NO2 for 0.5 h. 0.23% was used instead of 0.83% 

due to the availability of the gas at the time of the experiment. 

Nonetheless, insight on the effect of the introduction of NO2 during 

CO2RR on the catalyst oxidation state is still obtained. Cu catalyst is 

quickly reduced to metallic Cu once current is applied, suggesting that 

Cu catalyst remains or revert to fully metallic under reaction 

conditions after NO2 is removed from the CO2 stream ......................... 162 

Figure A.33: Cu K-edge (a) XANES and (f) EXAFS of Cu catalyst obtained after 

exposure to 0.83% N2O for 0.5 h. Cu catalyst is quickly reduced to 

metallic Cu once current is applied, suggesting that Cu catalyst 

remains or revert to fully metallic under reaction conditions after N2O 

is removed from the CO2 stream ........................................................... 163 

Figure A.34: SEM images of Cu electrodes obtained at (a) t=1 h and (d) t=3 h after 

exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83% 

NO2, and (c) t=1 h and (f) t=3 h after exposure to 0.83% N2O during 

CO2 electrolysis. Change in Cu catalyst obtained at t=1 and 3 h 

compared to that obtained at t=0 h (Fig. A.1) is negligible................... 164 

Figure A.35: SEM images of Ag electrodes obtained at (a) t=1 h and (d) t=3 h after 

exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83% 

NO2, and (c) t=1 h and (f) t=3 h after exposure to 0.83% N2O during 

CO2 electrolysis. Change in Ag catalyst obtained at t=1 and 3 h 

compared to that obtained at t=0 h (Fig. A.1) is negligible................... 165 

Figure A.36: SEM images of Sn electrodes obtained at (a) t=1 h and (d) t=3 h after 

exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83% 

NO2, and (c) t=1 h and (f) t=3 h after exposure to 0.83% N2O during 

CO2 electrolysis. The particle size for Sn catalyst obtained at t=1 and 

3 h increased noticeably compared to that obtained at t=0 h (Fig. A.1) 166 

Figure A.37: SEM image of Sn electrode obtained at t=1 h after CO2RR without 

NOx impurity. Because the particle size increased after CO2RR 

without NOx impurity, NOx impurities are unlikely the cause of the 

size change. ........................................................................................... 167 

Figure A.38: Chromatogram of (a) 2% H2, 1% CO, 1% CH4, 1% C2H4, 0.50% C2H6, 

0.25% C3H6, 0.25% C3H8 in Ar, (b) 1% N2 in Ar, (c) 1% NO in Ar, 

and (d) 1% N2O in Ar. Top and bottom are measured by FID and TCD, 

respectively. (e) Retention time of different components in TCD 

during GC analysis. Molecular sieve 5 A (MS) and Haysep D (HayD) 

columns are used for separation of gases. ............................................. 168 



 xxv 

Figure B.1: Characterizations for Cu0.9Ag0.1 bimetallic before and after thermal 

shock. (a) SEM image of Cu(NO3)2 and AgNO3 precursors dispersed 

on the carbon nanofibers. (b) Digital photos of the metal nitrates on 

the carbon nanofibers before and during thermal shock. (Photo Credit: 

Chunpeng Yang, University of Maryland at College Park) (c) SEM 

image and (d) corresponding area EDS spectrum of Cu0.9Ag0.1 

bimetallic nanoparticles synthesized on carbon nanofibers using the 

rapid shock technique. Quantification of the spectrum confirms the 

atomic ratio of Cu:Ag is 91:9, which is consistent with the precursor 

ratio. ....................................................................................................... 170 

Figure B.2: Thermogravimetric analysis curve of Cu0.9Ag0.1 nanoparticles on the 

carbon nanofibers performed in air atmosphere. The 21 wt% which 

remains at 800 °C in air are CuO and Ag2O, corresponding to a metal 

content of 17 wt% in the Cu0.9Ag0.1ïCNFs. .......................................... 171 

Figure B.3: SEM images of Cu0.9Ag0.1 nanoparticles synthesized on carbon 

nanofibers using conventional annealing in a furnace. The thermal 

annealed Cu0.9Ag0.1 nanoparticles display a large particle size (100ï

500 nm). ................................................................................................. 171 

Figure B.4: XRD profiles of Cu0.9Ag0.1 nanoparticles synthesized using thermal 

shock (as a non-equilibrium method) and conventional thermal 

annealing (as an equilibrium method). The non-equilibrium 

synthesized Cu0.9Ag0.1 nanoparticles show similar crystalline structure 

to Cu with slight peak shifts and no phase segregation, whereas the 

thermal annealed Cu0.9Ag0.1 nanoparticles display segregated Cu and 

Ag phases. ............................................................................................. 172 

Figure B.5: HAADF-STEM image and corresponding EDS elemental mapping of 

Cu0.9Ag0.1 nanoparticles synthesized via conventional thermal 

annealing. The Ag in the thermal annealed Cu0.9Ag0.1 nanoparticles is 

segregated to the surface. ...................................................................... 173 

Figure B.6: HAADF-STEM images and corresponding EDS elemental mappings of 

Cu0.9Ag0.1 nanoparticles synthesized by the non-equilibrium method. 

In good agreement with Figure 2F, the Cu and Ag atoms distribute 

homogeneously in the alloy nanoparticles. ........................................... 174 

Figure B.7: EDS line-scan profiles of Cu and Ag across different Cu0.9Ag0.1 

nanoparticles (inset) at different locations. In good agreement with the 

EDS mapping (Figure 2G), the line-scans confirm that the Cu and Ag 

distribute homogeneously in the Cu0.9Ag0.1 bimetallic nanoparticles. .. 175 



 xxvi 

Figure B.8: In-situ EDS line-scan profiles of the Cu0.9Ag0.1 bimetallic nanoparticle 

held at different temperatures for 10 min from room temperature (RT) 

to 1000 °C by in-situ TEM heating system. The homogeneous mixing 

of the bimetallic nanoparticles by kinetic trapping can stably exist at 

temperature elevated to 500 °C. ............................................................ 176 

Figure B.9: Nanostructure of the Cu0.9Ni0.1 nanoparticles dispersed on carbon 

nanofibers. (a) SEM and (b-d) TEM images of the Cu0.9Ni0.1 

nanoparticles dispersed on carbon nanofibers. The Cu0.9Ni0.1 

nanoparticles show uniform spherical particle morphology and size. .. 177 

Figure B.10: SEM images of the Cu0.9Sn0.1 nanoparticles on carbon nanofibers, 

showing uniform morphology and size. ................................................ 178 

Figure B.11: SEM and STEM images of the Cu0.9In0.1 nanoparticles on carbon 

nanofibers, showing the uniform morphology and size. ....................... 178 

Figure B.12: SEM and TEM images of the Cu0.9Pd0.1 nanoparticles on carbon 

nanofibers, showing uniform morphology and size. ............................. 179 

Figure B.13: SEM images of the Cu0.9Zn0.1 nanoparticles on carbon nanofibers, 

showing uniform morphology and size, similar to the Cu0.9Ag0.1 

nanoparticles. ......................................................................................... 179 

Figure B.14: XRD profiles of Cu0.9Ag0.1, Cu0.9Ni0.1, Cu0.9Sn0.1, Cu0.9In0.1, Cu0.9Pd0.1, 

and Cu0.9Zn0.1 bimetallic and pure Cu nanoparticles on carbon 

nanofibers. ............................................................................................. 180 

Figure B.15: Nanostructure of the Cu0.8Ag0.2 nanoparticles on carbon nanofibers. (a) 

SEM, (b) TEM, (c) high-resolution TEM, and (d) high-resolution 

STEM images of the Cu0.8Ag0.2 nanoparticles on carbon nanofibers. 

The Cu0.8Ag0.2 nanoparticles show uniform spherical particle 

morphology and crystalline structure, resembling the morphology of 

Cu0.9Ag0.1. .............................................................................................. 181 

Figure B.16: Nanostructure of the Cu0.5Ag0.5 nanoparticles on carbon nanofibers. (a) 

SEM, (b, c) TEM and (d) STEM images of the Cu0.5Ag0.5 

nanoparticles on carbon nanofibers. The Cu0.5Ag0.5 nanoparticles 

show uniform spherical particle morphology and crystalline structure, 

resembling the morphology of Cu0.9Ag0.1. ............................................ 182 



 xxvii  

Figure B.17: Simulation for the formation of kinetically trapped homogeneous Cu-

Ag alloy. (a) MD simulation scheme showing Cu and Ag atoms 

dispersed in a 50×50×50 Å3 simulation box forming a randomly 

mixed nanoparticle. (b) Analysis of averaged nearest neighbor (NN) 

composition around Cu and Ag atoms of in the nanoparticle. (c) 

Atomistic simulation scheme describing the formation of a 

homogeneously mixed Cu-Ag nanoparticle at room temperature. ........ 183 

Figure B.18: Averaged nearest neighbor (NN) composition analysis around Cu and 

Ag atoms (with a cutoff radius of 3.0 ) after MD/MC simulation at 

25 ôC to evaluate the structure of the modeled Cu-Ag nanoparticle 

under different diffusion conditions. In the simulation, one MC trial 

step was attempted every n MD timestep. Smaller n represents that the 

diffusion between Cu and Ag occurs more frequently within the MD 

simulation timescale. The dashed line represents the nominal 

composition of a randomly mixed Cu0.5Ag0.5 nanoparticle. .................. 184 

Figure B.19: Schematic of the three-compartment CO flow electrolyzer, in which 

catalysts are deposited on a gas diffusion layer positioned between the 

gas and catholyte chamber. CO gas can be abundantly supplied to the 

catalytic surface to overcome the mass transport limitation. ................ 185 

Figure B.20: Total current densities of different bimetallics and pure Cu versus 

applied potential during COR. Commercially-relevant current 

densities (>100 mA cm-2) were achieved on all bimetallic and pure Cu 

nanocatalysts. ........................................................................................ 185 

Figure B.21: Faradaic efficiency and current density of pure Cu versus applied 

potential during COR. The major COR products catalyzed by pure Cu 

are acetate and ethylene while the minor products are propanol, 

ethanol, and methane. ............................................................................ 186 

Figure B.22: COR performance of various Cu0.9X0.1 bimetallic nanoparticles. 

Faradaic efficiencies and current densities of (a) Cu0.9Ag0.1, (b) 

Cu0.9Ni0.1, (c) Cu0.9Zn0.1, (d) Cu0.9Pd0.1, (e) Cu0.9In0.1, and (f) Cu0.9Sn0.1 

versus applied potential during COR. ................................................... 187 

Figure B.23: C2+ product Faradaic efficiencies of different bimetallics and pure Cu 

versus applied potential for COR. Compared to pure Cu, Cu0.9Ni0.1 

and Cu0.9Ag0.1 exhibit significantly enhanced C2+ products FE. ........... 188 



 xxviii  

Figure B.24: Hydrogen Faradaic efficiencies of different bimetallics and pure Cu 

versus applied potential as a competing reaction during COR. 

Compared to pure Cu, Cu0.9Ni0.1 and Cu0.9Ag0.1 exhibit significantly 

suppressed H2 FE. .................................................................................. 188 

Figure B. 25: Specific double layer capacitance (CDL) measurement for pure Cu and 

Cu0.9X0.1 bimetallics. (a) Average of cathodic and anodic current 

densities versus scan rate during cyclic voltammetry in non-Faradaic 

potential region with linear fit, and (b) measured CDL and roughness 

factors of different bimetallics and pure Cu. ......................................... 189 

Figure B.26: ECSA-normalized total current densities of different bimetallics and 

pure Cu versus applied potential during COR. ...................................... 190 

Figure B.27: COR performance of phase-segregated bimetallic nanoparticles. 

Faradaic efficiencies and current densities of phase-segregated (a) 

Cu0.9Ni0.1 and (b) Cu0.9Ag0.1 prepared via conventional thermal 

annealing versus applied potential during COR. ................................... 191 

Figure B.28: COR performance of various Cu and Cu0.9Ni0.1 bimetallic 

nanoparticles. (a) Hydrogen and (b) C2+ product FE of pure Cu, 

homogeneously mixed Cu0.9Ni0.1 prepared via thermal shock (non-

equilibrium method), and Cu0.9Ni0.1 prepared via conventional thermal 

annealing (equilibrium method) versus applied potential for COR. 

Cu0.9Ni0.1 prepared via non-equilibrium method exhibits lower 

hydrogen and higher C2+ products FE. .................................................. 191 

Figure B.29: COR performance of various Cu and Cu0.9Ag0.1 bimetallic 

nanoparticles. (a) Hydrogen and (b) C2+ product FE of pure Cu, 

homogeneously mixed Cu0.9Ag0.1 prepared via thermal shock (non-

equilibrium method), and Cu0.9Ag0.1 prepared via conventional 

thermal annealing (equilibrium method) versus applied potential for 

COR. Cu0.9Ag0.1 prepared via non-equilibrium method exhibits lower 

hydrogen and higher C2+ products FE. .................................................. 192 



 xxix 

Figure B.30: CO adsorption comparison on pure Cu, Cu0.9Ag0.1, and Cu0.9Ni0.1. In-

situ ATR-SEIRAS spectra showing CO adsorption on pure Cu, 

Cu0.9Ag0.1, and Cu0.9Ni0.1 at -0.4 V vs. RHE in CO saturated 0.1 M 

KOH during (a) first cathodic set and (b) subsequent sets. CO band on 

Cu0.9Ni0.1 is shifted to a lower wavenumber, suggesting stronger CO 

binding (Bistoni et al. Chem. Sci. 2016, 7, 1174-1184). Note that the 

bands located at ~30 cm-1 higher than the labeled bands can be 

assigned to CO adsorbed on defect sites (Gunathunge et al. J. Phys. 

Chem. C 2017, 121, 12337-12344) and they disappear on subsequent 

potential steps from positive potentials to -0.4 V possibly due to 

reconstruction of the surface. Spectra corresponds to 64 coadded scans 

collected with a 4 cm-1 resolution. ......................................................... 193 

Figure B.31: Total current densities of Cu-Ag bimetallics with different ratios and 

pure Cu versus the applied potential during COR. Commercially-

relevant current densities (> 100 mA cm-2) were achieved on all Cu-

Ag bimetallic and pure Cu nanocatalysts. ............................................. 194 

Figure B.32: COR performance of pure Cu and Cu-Ag bimetallic nanoparticles. 

Faradaic efficiencies and current densities of (a) Cu, (b) Cu0.9Ag0.1, (c) 

Cu0.8Ag0.2, and (d) Cu05.Ag0.5 versus the applied potential during COR.

 ............................................................................................................... 195 

Figure B.33: C2+ product Faradaic efficiencies of Cu-Ag bimetallics with different 

ratios and pure Cu versus the applied potential for COR. Cu0.9Ag0.1 

exhibits the highest C2+ FE. ................................................................... 196 

Figure B.34: Hydrogen Faradaic efficiencies of Cu-Ag bimetallics with different 

ratios and pure Cu versus the applied potential as a competing reaction 

during COR. Cu0.9Ag0.1 exhibits the highest C2+ FE. ............................ 196 

Figure B. 35: Specific double layer capacitance (CDL) measurement for pure Cu and 

different Cu-Ag bimetallics. (a) Average of cathodic and anodic 

current densities versus scan rate during cyclic voltammetry in non-

Faradaic potential region with linear fit, and (b) measured specific 

double layer capacitance (CDL) and roughness factors of Cu-Ag 

bimetallics with different ratios and pure Cu. ....................................... 197 

Figure B.36: ECSA-normalized total current densities of Cu-Ag bimetallics with 

different ratios and pure Cu versus the applied potential during COR. 198 



 xxx 

Figure B.37: Methane Faradaic efficiencies of Cu-Ag bimetallics with different 

ratios and pure Cu versus the applied potential during COR. The CH4 

FE increases with increasing concentration of Ag in the Cu-Ag 

bimetallics. ............................................................................................ 198 

Figure B.38: Stability tests of Cu0.9Ag0.1 and Cu0.9Ni0.1 for COR. Faradaic 

efficiencies and applied potentials of (a) Cu0.9Ag0.1 and (b) Cu0.9Ni0.1 

for COR in 1 M KOH at 100 mA cm-2 for 3 h. Both catalysts show 

stable Faradaic efficiencies and applied potentials for over the span of 

the stability test. The fluctuation in applied potential was due to the 

accumulation of bubbles near the electrode surface and eventual flush 

out during the electrolysis. .................................................................... 199 

Figure B.39: STEM image and EDS elemental mapping of Cu0.9Ag0.1 after COR. 

The Cu0.9Ag0.1 sample showed that some particles became slightly 

phase segregated, with Ag on the surface (due to the lower surface 

energy of Ag), but other nanoparticles remain homogeneously mixed 

alloys. .................................................................................................... 199 

Figure B.40: STEM image and EDS elemental mapping of Cu0.9Ni0.1
 after COR. 

There was no sign of phase segregation in Cu0.9Ni0.1
 after COR. ......... 200 

Figure C.1: (a) Photograph and (b) schematic of a membrane electrode assembly 

(MEA) electrolyzer. ............................................................................... 206 

Figure C.2: Characterization of Ag electrode. SEM images of (a) pre- and (b) post-

reaction electrodes. (c) Ag 3d and (d) Ir 4f XPS measurements of pre- 

and post-reaction electrodes. Post-reaction electrode was obtained 

after 300 h two-step CO2 electroreduction experiment shown in Fig. 

5.3. ......................................................................................................... 207 

Figure C.3: Characterization of IrO2 on Ti electrode. SEM images of (a) pre- and (b) 

post-reaction electrode, and (c) Ti felt. (d) Ir 4f, (e) Ti 2p, and (f) Fe 

3p XPS measurements of pre- and post-reaction electrodes. Post-

reaction electrode was obtained after 300 h two-step CO2 

electroreduction experiment shown in Fig. 5.3. .................................... 208 

Figure C.4: Characterization of Cu electrode. SEM images of (a) pre- and (b) post-

reaction electrode. (c) Cu 2p, (d) Ni 2p, and (e) Fe 3p XPS 

measurements of pre- and post-reaction electrodes. Post-reaction 

electrode was obtained after 300 h two-step CO2 electroreduction 

experiment shown in Fig. 5.3. ............................................................... 209 



 xxxi 

Figure C.5: Characterization of Ni-Fe on Ni foam electrode. SEM images of (a) 

pre- and (b) post-reaction electrode, (c) and Ni foam. (c) Ni 2p and (d) 

Fe 3p XPS measurements of pre- and post-reaction electrodes. (f) 

Table of Ni and Fe ratio obtained from XPS measurements. Post-

reaction electrode was obtained after 300 h two-step CO2 

electroreduction experiment shown in Fig. 5.3. .................................... 210 

Figure C.6: EDS measurements of (a) pre- and (b) post-reaction Ni-Fe on Ni foam 

electrodes. (c) Table of Ni and Fe ratio obtained from EDS 

measurements. Post-reaction electrode was obtained after 300 h two-

step CO2 electroreduction experiment shown in Fig. 5.3. ..................... 211 

Figure C.7: SEM images of (a) GDL, (b) reinforced GDL, and (c) carbon black. .... 211 

Figure C.8: Faradaic efficiency and current density vs. potential for CO2 

electroreduction using Ag  and 5wt. % Sustainion with (a) 0 wt. %, (b) 

2.5 wt. %, (c) 5 wt.%, and (d) 10 wt.% carbon black (CB). (e) 

Comparison of CO2 electroreduction using Ag with different loadings 

of CB. 50 mL min-1 CO2 and 100 mM CsHCO3 was used. .................. 212 

Figure C.9: Gas molar fraction and CO Faradaic efficiency vs. flow rate for CO2 

electroreduction using Ag and 5wt. % Sustainion with (a) 0 wt. %, (b) 

2.5 wt. %, (c) 5 wt.%, and (d) 10 wt.% carbon black (CB). 

Comparison of CO2 electroreduction using Ag with different loadings 

of CB for (e) CO2 molar fraction and CO Faradaic efficiency, and (f) 

CO2 conversion. 100 mM CsHCO3 was used as electrolyte. ................ 213 

Figure C.10: Photograph of a two-step CO2 electroreduction setup. ......................... 214 

Figure C.11: P&ID of a two-step CO2 electroreduction setup. .................................. 215 

Figure C.12: Integrated two-step CO2 electroreduction for 300 h. (a) Potentials of 

CO2 and CO electroreduction and acetate purity vs. time, and (b) FE 

vs. time for integrated two-step CO2 electroreduction. 8 mL min-1 CO2 

and NaOH trap was used. For CO2RR, CsHCO3 was recirculated 

while for CORR, 2 M KOH was replenished every 24 h. Data was lost 

at around 100 h. ..................................................................................... 217 

Figure C.13: Gas product Faradaic efficiency and potential of CO2 and CO 

electrolyzers after 300 h operation in the two-step electrolysis. Highly 

pure CO2 and CO were supplied to CO2 and CO electrolyzers, 

respectively. ........................................................................................... 218 



 xxxii  

Figure C.14: EDS measurement of post-reaction Cu electrode after 300 h operation 

in the two-step electrolysis. ................................................................... 218 

Figure C.15: pH measurement of electrolytes for CO2 and CO electroreduction at 

100 mA cm-2. ......................................................................................... 219 

Figure D.1: Comparison of operating temperatures of different NOx abatement 

technologies, including electrochemical NOx reduction reaction 

(eNOxRR), selective catalytic reduction (SCR), and selective non-

catalytic reduction (SNCR).1,2 ............................................................... 221 

Figure D.2: Schematic of a gas-fed three-compartment flow cell. ............................. 222 

Figure D.3: SEM images of (a) Fe, (b) Co, (c) Ni, (d) Cu, (e) Pd, (f) Ag, and (g) Pt.223 

Figure D.4: EDS mapping of Pt, including (a) SEM image, (b) Pt element, and (c) 

C element. .............................................................................................. 223 

Figure D.5: XPS of (a) Fe, (b) Co, (c) Ni, (d) Cu, (e) Pd, (f) Ag, and (g) Pt. ............ 224 

Figure D.6: Electroreduction of NO on (a) Fe, (b) Co, (c) Ni, (d) Cu, (e) Pd, (f) Ag, 

(g) Pt, and (h) gas diffusion layer (GDL) without any metal catalyst in 

0.1 M NaOH + 0.9 M NaClO4 in a flow electrolyzer. Corresponding 

Faradaic efficiencies are provided in Table D.1. ................................... 225 

Figure D.7: Comparison of NO electroreduction selectivity on various metals and 

gas diffusion layer (GDL) without any metal catalyst in 0.1 M NaOH 

+ 0.9 M NaClO4 in a flow electrolyzer for (a) N2O, (b) N2, (c) NH3, 

and (d) NH2OH. Corresponding Faradaic efficiencies are provided in 

Table D.1. .............................................................................................. 226 

Figure D.8: Electroreduction of N2O on (a) Fe, (b) Co, (c) Ni, (d) Cu, (e) Pd, (f) Ag, 

(g) Pt, and (h) gas diffusion layer (GDL) without any metal catalyst in 

0.1 M NaOH + 0.9 M NaClO4 in a flow electrolyzer. Corresponding 

Faradaic efficiencies are provided in Table D.2. ................................... 228 

Figure D.9: H2 Faradaic efficiency vs. potential on various metals and gas diffusion 

layer (GDL) without any metal catalyst in 0.1 M NaOH + 0.9 M 

NaClO4 in a flow electrolyzer. Corresponding Faradaic efficiencies 

are provided in Table D.2. ..................................................................... 229 

Figure D.10: (a)Photograph and (b) Faradaic efficiency and current density vs. 

potential of Pd foil in 0.1 M NaOH + 0.9 M NaClO4 for NO 

electroreduction using a batch-type cell. ............................................... 231 



 xxxiii  

Figure D.11: Comparison of NH3 production rate vs. potential from reported 

studies. Electrochemical NO reduction reaction (eNORR) and 

electrochemical N2 reduction reaction (eNRR) to NH3 are considered. 

Detailed data is provided in Table D.4. ................................................. 232 

Figure D.12: N2 Faradaic efficiency vs. *N binding energy at 0.10 0.02 V vs. RHE. 

*N binding energies calculated by Nørskov and coworkers were used 

in this analysis.13 .................................................................................... 234 

Figure D.13: Electrochemical active surface area (ECSA) measurement. Specific 

double layer capacitance (Cdl) measured via cyclic voltammetry in 0.1 

M KHCO3 at non-Faradaic potential region for (a) metal foils and (b) 

metal particles deposited on gas diffusion layer (GDL). (c) Cyclic 

voltammetry of Pt on GDL in 0.1 M HClO4 after CO adsorption at 

0.37 V vs. RHE with a scan rate of 20 mV s-1. (d) Summarized table 

of ECSA measurement. ......................................................................... 235 

Figure D.14: ECSA-normalized NO electroreduction current density vs. potential 

of various catalysts in 0.1 M NaOH + 0.9 M NaClO4........................... 236 

Figure D.15: ECSA-normalized N2O electroreduction current density vs. potential 

of various catalysts in 0.1 M NaOH + 0.9 M NaClO4........................... 236 

Figure D.16: (a) pH measured at the outlet of the flow electrolyzer and (b) current 

density vs. potential for eNORR on Cu for 1 M NaOH, 0.1 M NaOH + 

0.9 M NaClO4, 0.1 M HClO4 + 1 M NaClO4, and 0.5 M HClO4 + 1 M 

NaClO4. ................................................................................................. 238 

Figure D.17: Current density vs. potential of NO electroreduction using various 

electrolytes for (a) Pd and (b) Cu in a flow electrolyzer. ...................... 238 

Figure D.18: Tafel plots of (a) N2O formation for Pd and (b) NH3 formation for Cu 

at different electrolyte pH. (a) Data points at kinetically controlled 

region, which exhibited linear behavior at high potentials, were 

selected for Tafel analysis. .................................................................... 240 

Figure D.19: Proposed NO electroreduction reaction mechanisms on (a) Pd and (b) 

Cu. ......................................................................................................... 241 

Figure D.20: Linear sweep voltammetry (LSV) at 2 mV s-1 during N2O 

electroreduction using Pd in 0.1 M NaOH + 0.9 M NaClO4................. 242 

Figure D.21: Electrochemical reduction of 0.1 M NH2OH in 0.1 M NaOH + 0.9 M 

NaClO4 using (a) Pd and (b) Cu in a flow electrolyzer. ........................ 242 



 xxxiv 

Figure D.22: NH3 collected at the gas outlet through a liquid trap using electrolyte 

with various pH during eNORR on Cu in a flow electrolyzer. ............. 243 

 



 xxxv 

 

Motivated by the need to mitigate greenhouse gas and air pollutant emissions 

and the decreasing price of renewable electricity, electrochemical conversion 

technologies have emerged as promising alternatives to existing technologies which 

typically rely on fossil fuels. Various molecules, including carbon dioxide (CO2), 

carbon monoxide (CO), and nitrogen oxides (NOx), can be electrochemically 

converted to value-added fuels and chemicals or harmless molecules. In this thesis, I 

present the remaining challenges, opportunities, and our efforts to advance the 

electrochemical technologies further to convert three sets of gases (i.e., CO2, CO, and 

NOx) via catalyst development, reactor engineering, reaction environment 

modification, and fundamental studies. 

I first examine the effect of NOx (i.e., nitric oxide, nitrogen dioxide, and 

nitrous oxide) in electrochemical CO2 reduction reactions on three model 

electrocatalysts (i.e., copper, silver, and tin). Because industrial CO2 point sources 

often contain gaseous impurities, understanding the effect of these impurities in 

electrochemical CO2 reduction reactions is crucial for practical application.  

Next, I develop a non-equilibrium synthesis method, in collaboration with the 

Liangbing Hu group at the University of Maryland, to synthesize a wide range of 

homogeneously mixed copper-based bimetallic catalysts regardless of the miscibility 

of the two metals and evaluate them in electrochemical CO reduction reaction towards 

multi-carbon (C2+) products formation. The non-equilibrium method gives access to 
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novel catalysts that cannot be synthesized using conventional methods and provides an 

ideal platform to study the effect of secondary metals on the copper catalyst in 

electrochemical CO reduction reaction. 

Then I develop the two-step electrochemical CO2 conversion process toward 

selective acetate and ethylene formation. CO2 is first converted to CO in the first 

electrolyzer, and CO is further converted to acetate and ethylene in the second 

electrolyzer. The flexibility to optimize two electrolyzers individually allows for a 

more effective C2+ products formation compared to direct CO2 electroreduction in one 

step. 

Lastly, I show an electrochemical route to convert NOx at high reaction rates 

(400 mA cm-2) under ambient conditions. Activity and selectivity of various transition 

metal catalysts are examined, and strategies to steer selectivity via reaction 

environment modification (i.e., NO coverages and electrolyte pH) are described. This 

work offers an alternative method to electrochemically abate NOx emissions using 

renewable electricity. 
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INTRODUCTION  

1.1 Motivation for electrochemical processes 

Rapidly increasing concentration of carbon dioxide (CO2) in the atmosphere 

poses a great threat to human health and sustainability.1,2 Caused by human activities 

burning fossil fuels, such as coal and oil, the CO2 level is higher than at any point in 

the past 800,000 years.3,4 CO2 in the atmosphere has consistently increased and 

reached 416 ppm in 2021, compared to an average of about 280 ppm before the 

industrial revolution in the mid-1700s. According to the international panel on climate 

change (IPCC) report, global warming must be limited to 1.5 ᴈ above the pre-

industrial level,5 and to achieve this target, CO2 emissions must be reduced by at least 

49% from the 2017 levels by 2030, and carbon neutrality must be achieved by 2050.6 

In this regard, many countries including the U.S. has pledged to cut down greenhouse 

gas (e.g., CO2, methane, nitrous oxide, fluorinated gases, etc.) emissions by 50% from 

2005 levels by 2030 and achieve net-zero greenhouse gas emissions by 2050.7 

In addition to greenhouse gases, air pollutants, such as nitrogen oxides (NOx), 

carbon monoxide (CO), sulfur oxides (SOx), ozone, particulate matter, and lead, 

induce harmful effects on our health and environment.8 Mostly generated during fossil 

fuel combustion processes at the energy, industrial, and transportation sectors, air 

pollution is responsible for about 4.2 million deaths worldwide every year, according 

to the World Health Organization (WHO).9 Even though the U.S. has been regulating 

air pollutant emissions through the U.S. Environmental Protection Agency (EPA) 

Chapter 1 



 2 

since 1970 by the Clean Air Act, more than 100,000 people still die early due to air 

pollution exposures every year.9 Therefore, more aggressive policies and advances in 

air pollution abatement technologies are needed to cut down the air pollution and 

improve public health. 

Additionally, the price of renewable electricity has been dropping rapidly due 

to the development of renewable energy technologies (e.g., solar and wind). IPCC has 

recommended that renewable sources must produce 70-85% of the worldôs electricity 

by 2050 to impede global warming.6 With combined factors of the improvement in 

technologies, appropriate government policy, and decline in equipment production 

costs, the price of renewable electricity is continuously declining. The price of 

electricity from wind is already as low as 0.02 USD/kWh in some parts of the U.S.,10 

and that from photovoltaics is projected to drop to 0.03 USD/kWh by 2030,11 making 

renewable electricity cost-competitive with the electricity generated from conventional 

technologies. 

With the need to reduce greenhouse gas and air pollutant emissions and the 

decreasing price of renewable electricity, electrochemical conversion technologies 

have emerged as promising alternatives to existing technologies, which typically rely 

on fossil fuels. Various chemicals, including CO2, CO, and NOx, can be effectively 

converted to value-added feedstocks or harmless gases using renewable electricity12ï14 

(Fig. 1.1). Compared to existing technologies, electrochemical technologies can be 

easily coupled with renewable electricity, are environmentally friendly if coupled with 

renewable electricity, are readily scaled up, and operated under ambient conditions. 

Much progress has been made in these electrochemical conversion technologies, and 

some are even being commercially investigated. For instance, several start-ups and 
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established companies, including Twelve, CERT, Dioxide Materials, and Siemens, 

have started investing in electrochemical CO2 reduction reaction (eCO2RR) 

technology. The remaining challenges, opportunities, and our approach to further 

develop the technologies, including catalyst development, reactor engineering, 

reaction environment modification, and fundamental studies, will be discussed in this 

thesis.  

 

Figure 1.1: Schematic of an electrochemical conversion technology to convert 

greenhouse gases and air pollutants into fuels and chemicals using 

renewable electricity. Various gases can be upgraded into value-added 

fuels and chemicals or harmless gases.  

1.2 Fundamentals of electrocatalysis 

Electrocatalysis is a process of promoting electrochemical reactions with the 

addition of a catalyst.15 While not being consumed or changed, electrocatalysts lower 

the activation energy, increase the reaction rate or selectivity, and allow the reaction to 

occur at lower driving forces (e.g., potential, temperature, pressure, etc.). There are 

two main categories of catalysis: homogenous catalysis, in which the catalyst is in the 

same phase as the reactant, and heterogeneous catalysis, in which the catalyst and the 
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reactants are in different phases. While both types of catalysis have advantages and 

disadvantages, this dissertation focuses on heterogeneous electrocatalysis. In 

heterogeneous catalysis, reactants go through a cycle of adsorption, reaction, and 

desorption at the catalyst surface. According to the Sabatier principle, an ideal catalyst 

has an optimal interaction between the catalyst's surface and the 

reactant/product/intermediate: strong enough to allow for the adsorption of the 

reactant/intermediate but not too strong to poison the catalyst surface.16  

Electrochemical reactions involve the transfer of electrons to or from a 

molecule. Referred to as redox (i.e., reduction-oxidation) reactions, these types of 

reactions consist of two paired reactions: reduction reaction at the cathode, which 

gains electrons, and oxidation reaction at the anode, which loses electrons: 

Reduction: A + e- Ą A- 

Oxidation: B Ą B+ + e- 

Overall: A + B Ą A- + B+ 

A voltage is required to drive the reaction, and the Nernst equation can 

describe the thermodynamic potential: 

% %
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where Ὁ  is the equilibrium potential, Ὁ  is the standard equilibrium potential, R is 

the universal gas constant (R=8.314 J K-1 mol-1), T is the temperature in kelvins, z is 

the number of transferred electrons, F is the Faraday constant (F=96485.3 C mol-1), 

and [Red] and [Ox] are surface concentrations of oxidant and reductant, respectively. 

However, all electrochemical reactions require an overpotential (–), additional energy 

to drive the reaction to overcome the activation barriers, and it can be described as the 

following: 
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– Ὁ Ὁ  

where E is the applied potential.  

Electrical current, which is equivalent to reaction rate, depends on the 

overpotential. This electrochemical kinetics relationship can be described by the 

following Butler-Volmer equation: 
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where j is electrode current density (A m-2), Ὦ is exchange current density (A m-2), ‌  

is anodic charge transfer coefficient, and ‌ is cathodic charge transfer coefficient.  

In electrocatalysis, selectivity is described by Faradaic efficiency (FE), also 

known as current efficiency. FE for a certain product is described by: 

FE (%) = ρππ 

where n is the number of moles of product and Q is the total charge passed to the 

overall reaction. A high FE towards one product is typically desired to maximize the 

amount of current used towards the desired product and minimize the separation cost 

in the downstream process. 

Stability is another important parameter to determine the stability of the catalytic 

performance over a long time. Electrocatalysts must resist degradation (e.g., 

restructuring, corrosion, aggregation, etc.) under reaction conditions (e.g., interaction 

with reactant/product/intermediate, acidic/alkaline electrolyte, impurities, etc.) and 

maintain durable performance over thousands of hours. Overall, an ideal catalyst 

exhibits low overpotential, high current density, high FE, and good stability. 

1.3 Background on electrochemical CO2 reduction reaction 

eCO2RR is a technology to convert greenhouse gas CO2 into valuable fuels or 

chemicals using electricity.12,15 If coupled with renewable electricity, eCO2RR can 
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offer an alternative green pathway toward the production of valuable chemicals and 

the reduction of the use of fossil fuels and CO2 emissions. In a typical CO2 

electrolyzer, cathode and anode are separated by an ion-exchange membrane, and 

electrons are transferred through the outer circuit (Fig. 1.2). Commonly coupled with 

oxygen evolution reaction (OER) in the anode, CO2 is reduced at the cathode. 

 

Figure 1.2: Schematic of a typical CO2 electrolyzer. Cathode and anode are separated 

by an ion-exchange membrane and connected by an outer circuit. 

CO2 is a thermodynamically stable molecule, so high energy is needed to 

convert CO2 into different molecules. Additionally, because of similar standard 

potentials of eCO2RR to various products, CO2 is often converted to a wide range of 

products instead of one (Table 1.1). Furthermore, undesired H2 is produced at a 

substantial amount because eCO2RR is generally conducted in an aqueous electrolyte, 

and the standard potential of hydrogen evolution reaction (HER) is close to those of 

eCO2RR. In this regard, electrocatalysts play vital roles in reducing the activation 
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barrier and determining product selectivity. For instance, high single-carbon (C1; i.e., 

CO and formate) product selectivity (>90% FE) can be achieved on catalysts such as 

Ag17,18 and Sn19,20 for CO and formate/formic acid production, respectively. Regarding 

multi-carbon (C2+) products (i.e., ethanol, ethylene, acetate, propanol, etc.), Cu is the 

only single metal catalyst that can produce C2+ products at an appreciable amount.17,21 

At present, obtaining high FE for a single C2+ product remains one of the biggest 

challenges.  

Table 1.1: Standard potentials for electrochemical CO2 reduction reaction (eCO2RR), 

hydrogen evolution reaction (HER), and oxygen evolution (OER). 

Electrode  Reactions 

Standard 

potential 

(V vs. RHE) 

Catalysts 

Cathode 
eCO2RR 

CO2 + 2H2O + 2e-ᴾ HCOOH + 2OH- -0.250 Sn, Pb, Bi, In 

CO2 + 2H2O + 2e-  PCO + 2OH- -0.106 Ag, Au, Pd, Zn 

2CO2 + 8H2O + 12e-  PC2H4 + 12 OH- 0.064 Cu 

2CO2 + 9H2O + 12e-  PC2H5OH + 12 OH- 0.084 Cu 

HER 2H2O + 2e-  PH2 + 2OH- 0  

Anode OER 4OH- ᴾ O2 + 2H2O + 4e- 1.23 Ir, NiFeOx 

 

Several strategies have been employed to overcome the challenges mentioned 

above. First, as electrocatalysts are one of the most essential components in eCO2RR, 

novel catalysts with different elements, dopants, morphologies, facets, particle sizes, 

and grain boundaries have been actively investigated. For instance, 80% FE towards 

ethylene and 40% FE towards ethanol have been reported on Cu-Al 22 and Ce(OH)x-

doped Cu23, respectively. Fine-tuning of intermediate binding energy is an effective 

strategy to modify the catalytic properties. Second, eCO2RR activity and selectivity 

have been improved by steering microenvironments (e.g., local reactant and product 

concentrations, pH, cations, anions, ionomers, surfactants, etc.). For example, 
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eCO2RR current densities and selectivities were both enhanced by using various 

combinations of ionomer coatings (i.e., cation- and anion- conducting), which 

controlled the local pH and CO2 concentration.24,25 Lastly, innovative reactor 

engineering has enabled eCO2RR operation at high current densities, which is critical 

for practical application. In conventional H-type cells, reaction rates have remained 

low (<100 mA cm-2) due to the low solubility of CO2 (33 mM at 25ᴈ) in water.26 

Nonetheless, vapor-fed CO2 electrolyzers using gas diffusion electrode (GDE) and 

membrane electrode assembly (MEA) overcame the solubility limit and achieved 

current densities well above 100 mA cm-2.27 Recently, Sargent and his co-workers 

reported a record-high current density of 1 A cm-2,28 pushing eCO2RR closer to 

commercialization.  

One area that has been neglected for the practical application of eCO2RR is the 

effect of impurities in eCO2RR. Most eCO2RR studies have been conducted using 

highly pure CO2; however, CO2 from flue gases often contains contaminants such as 

SOx, NOx, O2, and volatile organic compounds (VOCs).29ï31 CO2 directly captured 

from the air is another option to obtain CO2 with minimal impurities. However, the 

direct air capture technology is less developed, and the CO2 price is much higher than 

that obtained from flue gases.32 Thus, understanding the effect of gaseous impurities in 

eCO2RR is essential for integrating eCO2RR technology with CO2 captured from flue 

gases. The impact of NOx on eCO2RR is presented in Chapter 3. 

1.4 Background on two-step electrochemical CO2 reduction and 

electrochemical CO reduction reactions  

Despite recent progress in eCO2RR, low FE, energetic efficiency, and carbon 

efficiency (CO2-to-product) towards desired products, especially C2+ products, remain 
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a challenge for a room temperature CO2 electrolyzer.33,34 Production of C2+ products 

can be promoted by using alkaline electrolytes owing to the suppression of competing 

HER35,36; however, eCO2RR in the alkaline electrolyte is unsustainable due to the 

carbonate formation (CO2 + OH- Ą HCO3
-, HCO3

- + OH- Ą CO3
2- + H2O).37ï39 This 

carbonate formation not only consumes CO2 and electrolytes but also causes 

performance degradation and mechanical failure due to the salt formation at the 

electrode and flow channels. 

Two-step eCO2RR, in which CO2 is converted to CO in the first step, followed 

by further conversion of CO to C2+ products in the second step, is a promising strategy 

to produce C2+ products (Fig. 1.3) effectively. CO2-to-CO process (e.g., solid oxide 

electrochemical cell (SOEC)33,40 and room temperature electrochemical cell17,18,41) 

have already shown encouraging results with high CO FE (>90%), so the two-step 

approach is highly feasible. By providing CO, which is the crucial intermediate for the 

C-C bond formation, at high coverages to the catalyst surface and using a highly 

alkaline electrolyte, which does not react with CO, electrochemical CO reduction 

reaction (eCORR) can produce C2+ products at a superior FE compared to a direct 

CO2-to-C2+ products process.42,43 The flexibility to optimize two electrolyzers 

individually offers unique opportunities for the two-step approach.  

 

 

Figure 1.3: Schematic of a two-step electrochemical CO2 reduction reaction process. 
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However, eCORR has received less attention, and studies on eCORR catalysts 

have been relatively scarce. To develop more effective eCORR catalysts, the 

properties of Cu, which is the only single metal catalyst that can produce an 

appreciable amount of C2+ products, have been modified in various ways. Cu-based 

bimetallic catalysts are promising candidates as bimetallic catalysts exhibit unique 

properties that are distinct from their constituent metals. Several bimetallic catalysts, 

including Cu-Ag,44 Cu-Sn,45 and Cu-Pd46ï48 have been explored, but because these 

catalysts from different literatures exhibited different morphology, particle, size, 

mixing patterns, ratio with secondary metals, etc., the effect of secondary metals on 

Cu has remained unclear. With a novel non-equilibrium synthesis method, in which 

rapid thermal shock was applied to the precursors and kinetically trapped both 

miscible and immiscible elements, an extensive library of Cu-based bimetallic 

catalysts with similar properties (e.g., particle size, morphology, mixing pattern, etc.) 

was obtained. The development of a non-equilibrium synthesis method and evaluation 

of various Cu-based bimetallic catalysts in eCORR are presented in Chapter 4. 

Additionally, despite promising prospects of the two-step eCO2RR approach, 

integration and stable operation of CO2 and CO electrolyzers in an MEA, which is the 

most practical electrolyzer configuration, have not been demonstrated. The 

development of an integrated two-step eCO2RR process for the selective production of 

acetate and ethylene with a 200 h stable operation is presented in chapter 5.  

1.5 Background on electrochemical NOx reduction reaction 

Nitrogen oxides (NOx) are air pollutants formed during fossil fuel combustion 

processes, such as chemical plants, power plants, and transportation.49 Various 

compounds are included in the family of NOx: N2O (nitrous oxide), NO (nitric oxide), 
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N2O2 (dinitrogen dioxide), N2O3 (dinitrogen trioxide), NO2 (nitrogen dioxide), N2O4 

(dinitrogen tetroxide), and N2O5 (dinitrogen pentoxide).50 Because NOx induces 

adverse health and environmental effects, such as smog, acid rain, and water quality 

deterioration, NOx emissions have been strictly regulated across the globe. In the U.S., 

NOx emissions have been regulated since the 1990s by the Acid Rain Program and 

Cross-State Air Pollution Rule, and Environmental Protection Agency (EPA). The 

administrator recently announced in 2018 that EPA would pursue the Cleaner Trucks 

Initiative (CTI) to regulate NOx emissions more strictly for heavy-duty trucks.  

Several existing NOx abatement technologies, such as selective catalytic 

reduction (SCR) and selective non-catalytic reduction (SNCR), have been responsible 

for the NOx emissions control. SCR and SNCR have been favored for high NOx 

removal efficiency (>90%) and low capital and operating costs, respectively.51,52 

Nonetheless, the main drawback of these technologies is that they both require high 

operating temperatures and suffer from low NOx conversion activity at low 

temperatures. In particular, NOx slip during cold start accounts for 40% of the total 

NOx emissions in mobile sources.52 Converting NOx at low temperatures (<200 ᴈ) 

remains a challenge.53  

Electrochemical NOx reduction reaction (eNOxRR) is an alternative technology 

to convert NOx into benign N2, which can be emitted to the atmosphere, or ammonia 

(NH3), which can be used as fertilizer using electricity and water.13 Because eNOxRR 

is powered by voltage (electrical energy), in contrast to temperature in conventional 

technologies, eNOxRR can effectively convert NOx at room temperature. Additionally, 

the electrochemical method only uses cheap and abundant water and does not require a 

continuous feed of reactants, such as NH3, H2, CO, and urea, so it can reduce the cost 
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associated with transport and storage. Lastly, the electrochemical approach can be 

easily coupled with renewable electricity, and its merit is increasing with the rapid 

decrease in the price and the broad deployment of renewable electricity. A comparison 

of NOx control technologies is summarized in Table 1.2. 

Table 1.2: A summary of various NOx control technologies 

Technology Description 

NOx 

removal 

efficiency (%) 

Operating 

temperature 

(°C) 

Advantages Disadvantages 

Electrochemical 

NOx 

Reduction 

(eNOxR) 

NOx removal 

using electricity 

with catalyst at 

ambient 

temperature and 

pressure 

20-90 20-80 

Ambient 

operating 

temperature and 

pressure 

No need for 

hazardous 

reducing agent 

Early in the 

development stage 

Selective 

Catalytic 

Reduction 

(SCR) 

Catalyst 

promotes 

reaction 

between NOx 

and reducing 

agent (e.g., 

ammonia) 

80-90 250-450 
High NOx 

removal (>90%) 

High capital cost 

High operating cost 

Low activity at low 

temperature 

Transportation, 

storage, and 

injection system for 

reducing agent 

Selective 

Non-catalytic 

Reduction 

(SNCR) 

Injection of 

reducing agent 

to react with 

NOx 

40-50 850-110 

Low capital cost 

Low operating 

cost 

Low NOx removal 

(<50%) 

Low activity at low 

temperature 

Transportation, 

storage, and 

injection system for 

reducing agent 

Nonetheless, electrochemical eNOxRR is at an early research stage and is far 

from replacing existing technologies. NO and N2O reduction reactions have been 

studied for nitrate/nitrite reduction in the context of wastewater treatment; however, 

these studies have focused on gaining a fundamental understanding of the 

nitrate/nitrite reduction using NO and N2O as key intermediates,54 and the practical 

value of direct gaseous NOx reduction has not been realized. Additionally, due to the 

low solubility of NOx (2mM for NO and 34 mM for N2O), reaction rates have been far 
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too low (<100 mA cm-2) to be considered for practical applications. The development 

of an eNOxRR technology at high reaction rates, using a vapor-fed NOx electrolyzer 

with gas diffusion electrodes (GDE), is presented in Chapter 6. 

1.6 Thesis scope and structure 

This thesis will describe our efforts to understand and develop various 

electrochemical conversion technologies to convert greenhouse gases and air 

pollutants, including CO2, CO, and NOx, into valuable fuels and chemicals or harmless 

gases. 

In chapter 2, general electrochemical measurement techniques and reactor 

designs are presented.  

In chapter 3, the effects of NOx (i.e., NO2, NO, and N2O) in eCO2RR for three 

catalysts (i.e., Cu, Ag, and Sn) are studied. We show that the presence of NOx in the 

CO2 stream leads to a substantial loss in FE due to the preferential reduction of NOx 

over CO2. Main eNOxRR products are identified as NH3, N2, N2O, and hydroxylamine 

(NH2OH). However, eCO2RR performance quickly recovers after NOx is removed 

from the CO2 stream, indicating that there is no long-term effect of NOx on eCO2RR. 

In chapter 4, a large library of Cu-based bimetallic nanoparticle catalysts is 

synthesized via a non-equilibrium rapid shock method, and the effect of the 

incorporation of secondary metals on Cu in eCORR is presented. We first show that 

we can synthesize a wide array of homogeneously mixed bimetallic catalysts 

regardless of the miscibility of the two elements. Then we investigate the eCORR 

performance on various bimetallic catalysts with different elements and ratios. We 

discover that Cu0.9Ag0.1 and Cu0.9Ni0.1 promote the production of C2+ products and 

offer additional insights on the effect of secondary metals on Cu for eCORR. 
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In chapter 5, a two-step eCO2RR towards selective acetate and ethylene 

production is developed. We optimize the individual performance of CO2 and CO 

electrolyzers and demonstrate a stable operation of the integrated process for 200 h. 

In chapter 6, a room temperature electrochemical NOx (i.e., NO and N2O) 

conversion technology operating at high reaction rates is developed. High current 

densities are achieved by utilizing a vapor-fed electrolyzer with GDE, and activities 

and selectivities of various transition metal catalysts are studied. Furthermore, we 

show that the selectivity can be steered by modifying the reaction conditions (i.e., NO 

coverage and pH of the electrolyte) and offer insight into reaction pathways. 

In chapter 7, conclusions with outlooks for all the research topics discussed in 

the thesis are presented.  
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EXPERIMENTAL METHODS  

Experimental methods associated with specific experiments, including 

electrode preparation, electrochemical measurement, product quantification, and 

material characterization, are described in detail in the methods section at the end of 

each chapter. In this chapter, general electrochemical measurement techniques and 

reactor designs are presented. 

2.1 Electrochemical measurement techniques 

Three-electrode configuration is an ideal system for studying the 

electrochemical behavior of a single electrode. In a traditional H-type cell, three 

electrodes (i.e., working, counter, and reference electrodes) are immersed in the same 

electrolyte (Fig. 2.1). Separation of the working and the counter electrodes with a 

membrane is advised to separate the cathode and the anode reactions and prevent the 

re-reduction/oxidation of newly formed products. During the experiment, a current is 

flowed between the working and the counter electrode, while the potential is measured 

between the working and the reference electrode. The working electrode is the 

electrode to be studied, the counter electrode completes the circuit by passing current 

to the working electrode, and the reference electrode acts as a reference to control and 

monitor the working electrode's potential without passing any current. Because the 

current passed to the reference electrode is negligible, the reference electrode provides 

stable control over the working electrode's potential. Silver/silver chloride (Ag/AgCl) 

Chapter 2 
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and mercury/mercury oxide (Hg/HgO) electrodes are commonly used for 

acidic/neutral and alkaline solutions, respectively.  

 

 

Figure 2.1: Schematic of a three-electrode set-up in a conventional H-type cell. 

Electrochemical CO2 reduction and water oxidation reactions are used as 

examples. 

There are various modes of electrochemical measurements. In linear sweep 

voltammetry (LSV), the current is measured while the potential is swept from the start 

to the end potential with a pre-determined scan rate. Cyclic voltammetry (CV) is very 

similar, except the direction of the scan is reversed once it reaches the end potential 

and is swept back to the start potential. Both techniques provide insight into the 

current response regarding applied potential, but the obtained information could be 

limited to reactions involving multiple products. For reactions with more than one 

product, such as electrochemical CO2, CO, and NOx reduction, products need to be 

quantified to assign the current response to each reaction. Galvanostatic and 

potentiostatic modes allow for steady-state operation and are advantageous for 
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quantifying products under certain conditions. In a galvanostatic mode, the potential is 

measured while applying constant current, and in a potentiostatic mode, the current is 

measured while applying constant potential.  

2.2 Electrochemical reactor designs 

Reactor designs play crucial roles in determining mass transport, system 

stability, and energetic efficiency.1 As discussed above, an H-type cell is a traditional 

reactor setup to conduct electrochemical reactions (Figs. 2.2a and d). In addition to a 

simple experimental setup, the presence of the reference electrode makes the H-type 

cell ideal for fundamental studies. However, several limitations exist for this design. 

Taking eCO2RR as an example, eCO2RR in the H-type cell relies on the dissolved 

CO2 in the electrolyte for the reactant. Because the solubility of CO2 is low (33 mM in 

water at 25 ᴈ), eCO2RR is mass transport limited at a relatively low current density, 

and the maximum current density is low (<100 mA cm-2).2 Mass transport limitation is 

more severe for other molecules with lower solubility, such as CO3 and NO4. 

Additionally, because the distance between the working and the counter electrode is 

far, high resistance and voltage lead to low energy efficiency. Lastly, the H-type cell is 

difficult to scale up. 
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Figure 2.2: Comparison of various electrochemical reactor designs. Photographs of (a) 

conventional H-type cell, (b) three-compartment flow cell, and (c) 

membrane electrode assembly. Schematics of (a) conventional H-type 

cell, (b) three-compartment vapor-fed cell, and (c) membrane electrode 

assembly. Adapted with permission from Overa et al.1 Copyright 2022 

American Chemical Society 

Innovative vapor-fed reactor designs have been introduced to address the poor 

mass transport issue and achieve high current densities. CO2 is introduced to the 

catalyst surface as gas for both three-compartment flow cell5,6 (Figs. 2.2b and e) and 

membrane electrode assembly7,8 (MEA; Figs. 2.2c and f), allowing for high current 

densities. Utilization of vapor-fed electrolyzers pushed the maximum current densities 



 23 

close to 1 A cm-2,9 which have been limited to <100 mA cm-2 in the H-type cell. Both 

designs are easy to scale up. 

In the three-compartment flow cell, catalysts are deposited on the gas diffusion 

electrode (GDE), a hydrophobic porous carbon layer. Hydrophobicity of the GDE is 

key to the reactor design in separating the gas reactant from the electrolyte. This 

design is excellent for fundamental studies at high current densities because it is easy 

to insert reference electrodes. Reference electrodes are typically placed at the entrance 

of the electrolyte by a thin tubing. However, electrolyte layers between the working 

and the counter electrodes increase the resistance and voltage, lowering the energy 

efficiency. 

MEA is an alternative reactor design that is likely the best candidate for 

commercial application. In an MEA, the electrolyte layer is removed, and the distance 

between the cathode and the anode is minimized. Reduced distance substantially 

lowers the resistance and voltage, and high energy efficiency can be achieved. 

However, it is challenging to insert reference electrodes in an MEA, so it is less 

preferred for fundamental studies. A comparison of various reactor designs is 

summarized in Table 2.1. 

Table 2.1: Summary of comparison of various electrochemical reactor designs. 

Cell 

configuration 

CO
2 

feed 

CO
2 

transport 

limitation 

Current 

density 

(mA cm
-2
) 

Reference 

electrode 

Energy 

efficiency 

Stack 

(scale-up) 

H-type Dissolved Yes Low (<100) Yes Very low No 

Three- 

Compartment 

flow 

Vapor-fed No High (>300) Yes Low Yes 

MEA Vapor-fed No High (>300) Difficult  High Yes 
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IMPACT OF NITROGEN OXIDES ON ELECTROCHEMICAL CARBON 

DIOXIDE REDUCTION  

This chapter presents the impact of NOx, a common contaminant in CO2 from 

point sources, in eCO2RR. Understanding the potential effects of contaminants on 

CO2RR is crucial for practical applications. This chapter is adapted and reprinted from 

the research article titled ñimpact of nitrogen oxides on electrochemical carbon 

dioxide reduction,ò published in Nature Communications (DOI: 10.1038/s41467-020-

19731-8), with permission granted by Spring Nature. 

3.1 Introduction  

The electrochemical CO2 reduction (CO2RR) provides a promising, sustainable 

avenue to generate value-added fuels and chemicals from greenhouse gas CO2.
1,2 

Depending on the choice of electrocatalyst, CO2 can be converted into a variety of 

single-carbon (C1; e.g., carbon monoxide, formic acid, methanol, and methane) and 

multi-carbon (C2+; e.g., ethylene, ethanol, acetate, and n-propanol) products with 

tremendous market potentials.3ï8 While CO2RR is being actively studied, most studies 

are conducted using highly pure CO2 feed.9,10 For commercial applications, the most 

commonly available CO2 sources are industrial point sources, such as chemical and 

power plants;11 however, CO2 gas emitted from these sources often contain a variety 

of contaminants, such as sulfur oxides (SOx), nitrogen oxides (NOx), O2, and volatile 

organic compounds (VOC) (Fig. 3.1a).12ï14 Therefore, there is an urgent need to 

Chapter 3 



 26 

understand the potential impact of common contaminants in industrial CO2 sources on 

the catalyst properties in CO2RR.  

Gas impurity in CO2 can affect the performance of CO2RR electrocatalysts as 

we demonstrated in the case of SO2,
15 where a trace amount of SO2 in the feed is 

sufficient to alter the product selectivity of Cu catalyst substantially. The potential 

impacts of impurity include lowering Faradaic efficiency (FE; i.e., number of 

electrons transferred to desired products divided by the total number of electrons 

passed in the system) due to competing reactions of impurity over CO2, altering the 

property of the catalyst by incorporating into the catalyst and/or support, and 

adsorbing on the catalyst surface to physically block the active sites (Fig. 3.1a). To 

date, there are only a few studies focusing on understanding how the presence of 

contaminants influences the behavior of electrocatalysts under CO2RR conditions.15ï21 

For example, NOx is one of the major contaminants present in industrial CO2 point 

sources with a typical concentration of 1,000 ppm.12ï14 The NOx contaminants 

typically consist of 90-95% nitric oxide (NO) and 5-10% nitrogen dioxide (NO2).
22 

Additionally, nitrous oxide (N2O) is also a common byproduct formed in the NOx 

removal process,23 which has a relatively low reactivity in comparison to other NOx. 

Previous study has shown that 200 ppm of NO has a negligible influence on Cu 

catalysts in CO2RR in a conventional batch cell.18 Furthermore, less than or equal to 

1667 ppm of NO2 has shown to be either beneficial or neutral, and greater than 1667 

ppm of NO2 has shown to be detrimental in CO2RR, mainly due to a reduction in pH 

of the electrolyte, also on Cu catalysts in a conventional batch cell.19 However, the 

behavior of various NOx impurities in CO2RR at industrially relevant high current 

densities (>100 mA cm-2) has not been explored yet. 
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Figure 3.1: CO2 electrolysis technology using industrial CO2 point sources. (a) 

Schematics of CO2 electrolysis with CO2 stream obtained from point 

sources containing impurities such as nitrogen oxides (NOx), sulfur 

oxides (SOx), O2, and volatile organic compounds (VOC) and potential 

influence of impurities in CO2 electroreduction (CO2RR). (b) Standard 

potential vs. reversible hydrogen electrode (RHE) for CO2RR, hydrogen 

evolution reaction (HER), NO2 reduction (NO2RR), NO reduction 

(NORR), and N2O reduction (N2ORR). Detailed reactions are provided in 

Table A.1. 
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In this work, we investigate the influence of NOx (i.e., NO, NO2, and N2O) in 

CO2RR using a three-compartment flow cell. Three model electrocatalysts, including 

copper (Cu), silver (Ag), and tin (Sn), are selected to represent the most studied 

catalysts for C2+ products, carbon monoxide (CO), and formate, respectively. Most 

NOx contaminants in the CO2 feed significantly reduce the CO2RR FE because the 

electrochemical reduction of NOx occurs at much more positive potentials than 

CO2RR (Fig. 3.1b). NO and NO2 impurities have more severe impacts on CO2RR FE 

than N2O, likely due to the greater number of electrons required in the NOx reactions. 

Despite the loss of CO2RR FE, none of the three catalysts exhibits a significant change 

of product selectivity after removing the NOx impurity from the CO2 feed. Moreover, 

we employ gas chromatography (GC), spectrophotometry, and flow electrochemical 

mass spectrometry (FEMS) to analyze the products of electroreduction of NO, the 

dominant component of NOx in industrial point sources, in which the major products 

are ammonia (NH3), hydroxylamine (NH2OH), N2, and N2O. Investigation of the 

effect of different concentrations of NO in CO2RR shows that NOx at typical 

concentrations in flue gases is compatible with CO2RR. 

3.2 Results and discussion 

Electrodes were prepared by loading commercial Cu, Ag, and Sn particles on a 

gas diffusion layer (GDL), a microporous carbon paper which provides mechanical 

support, electrical conductivity, and hydrophobicity. Scanning electron microscopy 

(SEM) images of the as-prepared electrodes confirm uniform deposition of metal 

nanoparticles on GDL, covering the majority of the GDL surface (Fig. A.1). 

Electrochemical experiment was performed in a three-compartment flow cell, in which 

CO2 gas is directly fed to the electrode-electrolyte interface, enabling CO2RR at high 
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current densities (Fig. A.2). NOx impurities were mixed with CO2 gas feed prior to 

entering the flow cell. As the concentration of NOx in typical exhaust streams may be 

as high as ~3,000 ppm (i.e., 0.3 vol. %),13 conservative streams of 83.3% CO2, 15.87% 

Ar, and 0.83% NOx were used for most studies. To keep the CO2 partial pressure 

constant during the introduction of NOx, which contains Ar, CO2 partial pressure was 

maintained at 0.833 bar throughout the study by using a mixture of 83.3% CO2 and 

16.7% Ar when NOx was not introduced. 

3.2.1 Impact of NOx impurities on CO2 electroreduction 

The influence of NO in CO2RR on Cu, Ag, and Sn catalysts was first evaluated 

at a constant current density of 100 mA cm-2 (Fig. 3.2a-c). The CO2RR experiment 

was performed by switching the gas feed from 83.3% CO2 and 16.7% Ar (0-0.5 hour) 

to 83.3% CO2, 15.87% Ar, and 0.83% NO (green region; 0.5-1 hour) and back to 83.3% 

CO2 and 16.7% Ar (1-3 hour). With 83.3% CO2 and 16.7% Ar, before exposure to NO, 

Cu catalyst produced a wide range of C1 (i.e., methane, CO, and formate) and C2+ (i.e., 

ethylene, ethanol, acetate, and propanol) products. In the cases of Ag and Sn catalysts, 

the major products were CO and formate, respectively. The observed CO2RR 

selectivity of the Cu, Ag, and Sn catalysts was consistent with previous reports.6,7 
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Figure 3.2: CO2 electroreduction performance in the presence of NO. Faradaic 

efficiency and applied potential vs. time on (a) Cu, (b) Ag, and (c) Sn 

catalysts at a constant current density of 100 mA cm-2 in 1 M KHCO3 for 

3 h. Gas feeds were 83.3% CO2 and 16.7% Ar, and 83.3% CO2, 15.87% 

Ar, and 0.83% NO (green). 0.83% NO was introduced at 0.5 h for 0.5 

h.  Corresponding Faradaic efficiencies are provided in Tables A.2-4. (d) 

Effect of different concentrations of NO in CO2 electroreduction on Cu, 

Ag, and Sn catalysts. 0.083% and 0.0083% represent the typical NOx 

concentrations in flue gases and flue gases after NOx removal processes, 

respectively. Corresponding Faradaic efficiencies are provided in Table 

A.6. Error bars represent the standard deviation of three independent 

measurements. 

When 0.83% NO was introduced at t=0.5 hour, the total CO2RR FE decreased 

noticeably on all three catalysts (Fig. 3.2a-c). On average, the losses in CO2RR FE 
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accounted for 33.9, 29.6, and 27.9% on Cu, Ag, and Sn, respectively (Fig. 3.2d), 

which is likely due to the preferential reduction of NO over CO2. Assuming NO is 

fully converted to NH3, conversions of NO during CO2RR are between 48% and 60% 

(Table A.5). As shown in Fig. 3.1b, standard potentials of NORR are much more 

positive than those of CO2RR. For instance, the standard potential of NORR to N2 is 

1.68 V vs. RHE, while the standard potentials of CO2RR are between -0.250 and 0.169 

V vs. RHE. Cyclic voltammetry (CV) measurements under CO2 with 0.83% NO also 

confirmed that NORR is more favorable than CO2RR on Cu, Ag, and Sn catalysts (Fig. 

A.3). On all three catalysts, onset potentials and cathodic currents shifted to more 

positive potentials when 0.83% NO was introduced to the CO2 stream. CV 

measurements under different concentrations of NO in Ar also confirmed more 

positive onset potentials of NORR than CO2RR and showed that NORR at 0.83% NO 

is mass transport limited (Fig. A.4). After restoring 83.3% CO2 and 16.7% Ar, the 

CO2RR performance and the total CO2RR FE on all three catalysts quickly recovered 

and were stable for additional 2 hours of electrolysis. No obvious change in selectivity 

was observed for any of the three catalysts, suggesting that the exposure to NO did not 

alter the catalyst property in any significant way. There is a slight increase in H2 FE 

over time (Fig. 3.2a-c), but it is likely due to the slow flooding of the electrode (Fig. 

A.5).24 

To obtain insight into the influence of NOx in CO2RR at typical concentrations 

of NOx in point sources, we evaluated the effect of 0.083% and 0.0083% NO, 

representing the typical NOx concentrations in flue gases and flue gases after NOx 

removal processes,22 respectively, in CO2RR (Fig. 3.2d). Although the losses in FE at 

0.83% NO were detrimental, the effect of NO was less severe at 0.083%, with less 
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than 5% losses in FE, and negligible at 0.0083% NO. Therefore, NO at typical 

concentrations of NOx in flue gases is compatible with CO2RR, although a complete 

removal of NOx is desired to maximize CO2RR FE. 

NO2 is another major contaminant in industrial CO2 point sources (5-10% of 

NOx), and a substantial amount of N2O may also be formed as a byproduct during the 

NOx removal process.22,23 Thus, we further investigated the influence of NO2 and N2O 

in CO2RR on Cu, Ag, and Sn catalysts following the similar experimental procedure to 

the NO experiment. When 0.83% NO2 was introduced at t = 0.5 hour (yellow region), 

the CO2RR FE decreased on all three catalysts (Fig. 3.3a). The decrease of the total 

FEs were 30.8%, 25.6%, and 22.9% on Cu, Ag, and Sn catalysts, respectively. 

Similarly, when 0.83% N2O was introduced (blue region), the total CO2RR FE 

decreased by 11.4%, 10.2%, and 1.4% on Cu, Ag, and Sn catalysts, respectively (Fig. 

3.3b). Distinct from Cu and Ag catalysts, Sn catalyst did not show a significant loss of 

the CO2RR FE in the presence of N2O, which is likely due to the poor activity of Sn 

for N2ORR.25 Sn catalyst maintained a high CO2RR FE over the course of 3 hours of 

electrolysis, suggesting the resistive feature of Sn catalyst to N2O impurity. As shown 

in Fig. 3.1b, standard potentials of NO2 and N2O are also more positive than those of 

CO2RR, and therefore, we attribute the loss of the CO2RR FE to the preferential 

reduction of NO2 and N2O over CO2, which is further supported by the CV study (Figs. 

A.8-11). When a pure CO2 feed was restored, the total CO2RR FE on all three 

catalysts quickly recovered, suggesting that the exposure of NO2 and N2O does not 

affect the property of the catalysts. 
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Figure 3.3: CO2 electroreduction performance in the presence of NO2 and N2O. CO2 

electroreduction Faradaic efficiency, excluding hydrogen Faradaic 

efficiency, vs. time with the introduction of (a) 0.83% NO2 (yellow) and 

(b) 0.83% N2O (blue) on Cu, Ag, and Sn catalysts at a constant current 

density of 100 mA cm-2 in 1 M KHCO3 for 3 h. Gas feeds were 83.3% 

CO2 and 16.7% Ar, and 83.3% CO2 and 15.87% Ar with 0.83% NO2 or 

0.83% N2O. NO2 and N2O were introduced at t=0.5 h for 0.5 h. 

Corresponding Faradaic efficiencies are provided in Figs. A.6 and 7, and 

Tables A.7-12. (c) Loss in Faradaic efficiency during CO2 

electroreduction from the introduction of 0.83% NO, 0.83% NO2, and 

0.83% N2O on Cu, Ag, and Sn catalysts. Corresponding Faradaic 

efficiencies are provided in Table A.13. Error bars represent the standard 

deviation of three independent measurements. 

A comparison of the losses in FE due to the various NOx impurities is 

presented in Fig. 3.3c. NO and NO2 show greater losses in FE than N2O on all three 

catalysts, likely due to the greater number of electrons required in the reactions. As 

will be discussed in the following section, the main products of NORR are NH3 and 

NH2OH, which require 5 and 3 electrons, respectively, while the main product of 

N2ORR is N2, which only requires 2 electrons. Given that all NOx readily reacts at the 

catalyst surface, the same amount of NO and NO2 consume more electrons than N2O, 

causing greater losses in CO2RR FE. Among all the catalysts, the Cu catalyst suffers 

the largest FE loss on all NOx impurities, followed by Ag and Sn catalysts. Indeed, Cu 

has been demonstrated as one of the more active metals for the electroreduction of 
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NO26 and N2O,25 in which Cu achieved high FE in N2ORR to N2 at relatively low 

overpotentials. The results suggest that Cu is an effective electrocatalyst for NOx 

reduction, which may be further explored in future studies. 

Furthermore, pH was measured at the outlet of the electrolyzer at different time 

points (i.e., before, during, and after NOx introduction) to investigate the effect of NOx 

on the electrolyte pH (Fig. A.12). The measured pH shows that the presence of NO 

and N2O has a negligible effect on the pH, while the presence of NO2 slightly 

decreases the pH by 0.03. Although NO2 hydrolyzes to produce nitric acid and nitrous 

acid,27 the effect in pH is very small, possibly due to the small amount of NO2 in the 

gas feed, rapid reaction of NO2 at the catalyst surface which prevents NO2 from 

penetrating to the bulk electrolyte, and a flowing electrolyte which is constantly 

replenished. 

3.2.2 Identification of NO x reduction products 

The electrochemical reduction products of NO, the major component of NOx in 

industrial point sources, were further investigated. As NH3, NH2OH, N2, and N2O 

have been suggested as the main products in NORR,26,28,29 NH3 and NH2OH were 

detected via spectrophotometry (Figs. A.13 and 14), and N2 was detected via GC (Fig. 

A.15). We note that the concentration of N2O in the gas product stream was below the 

detection limit of GC, suggesting that N2O FE was below 2% FE on all three catalysts. 

As shown in Fig. 4.4a, NORR product selectivity varied among different catalysts. Cu 

primarily produced NH3 and N2, with no NH2OH, Ag produced a mixture of NORR 

products, and Sn primarily produced NH2OH. These observations are consistent with 

previous reports, in which Cu has been demonstrated as an effective catalyst for 
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NORR to NH3,
26 and Sn has been used as a dopant in Pt to shift the selectivity from 

NH3 to NH2OH in nitrate reduction.30  

 

Figure 3.4: Investigation of the NO electroreduction products. (a) Faradaic efficiency 

of NO electroreduction products produced during electrolysis with 83.3% 

CO2, 15.87% Ar, and 0.83% NO on Cu, Ag, and Sn catalysts at a 

constant current density of 100 mA cm-2 in 1 M KHCO3 for 3 h. 

Corresponding Faradaic efficiencies are provided in Table A.14. Error 

bars represent the standard deviation of three independent measurements. 

(b) Schematic of flow electrochemical mass spectrometry (FEMS) setup. 

(c) Measured current density vs. time, and deconvoluted MS signal vs. 

time for m/z=2, m/z=17, (d) m/z=28, m/z=30, and m/z=44 from FEMS 

on Cu catalyst in 1M KHCO3 with 0.83% NO in Ar. -0.90 V vs. RHE 

was applied for approximately 2 minutes starting at t=1.5 min. NORR 

products have been deconvoluted using the mass spectra of individual 

products shown in Fig. A.17. Additional information is provided in the 

methods section and Figs. A.18 and 19. 



 36 

To further probe the formation of NORR products with greater sensitivity and 

determine the formation of N2O, we employed the FEMS (Fig. 3.4b and Fig. A.16), 

which allows us to continuously measure gas and volatile liquid products operando 

with a low detection limit and a short response time by continuously pulling products 

to the mass spectrometry (MS) near the surface of the electrodes (See Methods for 

more details). The MS probe was placed near the working electrode from the gas 

channel side, and the MS signals linked to possible products were tracked over 

time. We conducted the FEMS measurement on the Cu catalyst using 0.83% NO in Ar 

(in the absence of CO2), because the ionization of N2 (m/z=28, 14) and N2O (m/z=44, 

30, 28, 14) produces the same fragments with CO2 and various CO2 reduction 

products,31ï33 complicating the reliable analysis of the NORR products (see Appendix 

A Note for more details). MS signals of the FEMS measurement under a continuous 

feed of 0.83% NO are presented in Fig. 3.4c and d. When a constant potential of -0.90 

V vs. RHE was applied at t=1.5 for approximately 2 minutes, MS signals of NO 

(m/z=30) decreased while those of H2 (m/z=2), NH3 (m/z=17), N2 (m/z=28) and N2O 

(m/z=44) increased (Fig. 3.4c and d), indicating the consumption of NO and the 

formation of H2, NH3, N2, and N2O. The formation of NH3 and N2 detected by FEMS 

is in agreement with the results obtained from spectrophotometry and GC analysis, 

respectively. The production of N2O, which was difficult to measure via GC, was 

clearly observed in FEMS, suggesting that N2O is one of the NORR products. NH2OH 

was not detected in FEMS, because it is nonvolatile.30 Similarly, FEMS results also 

suggest the formation of N2 and N2O on Ag and Sn catalysts (Figs. A.20-25). However, 

the formation of NH3 was observed only on Ag and not on Sn, likely due to the small 

amount of NH3 produced on Sn. Collectively, NH3, NH2OH, N2, and N2O have been 
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determined as the NORR products. The analysis of the NORR products further 

confirms that the loss in CO2RR FE is due to the preferential reduction of NO over 

CO2. 

In the case of N2ORR, a substantial amount of N2 was quantified with a GC 

(Fig. A.26). While the losses of CO2RR FE were 11.4%, 10.2%, and 1.4% on Cu, Ag, 

and Sn catalysts, respectively, the amounts of N2 detected were 8.2%, 7.3%, and 0.5% 

of the total FE, respectively, accounting for the majority of the loss in the CO2RR FE. 

Small amount of N2 detected on Sn catalyst demonstrates the resistive nature of Sn 

catalyst in N2ORR.  

3.2.3 Characterization of catalyst structures in the presence of NOx  

X-ray photoelectron spectroscopy (XPS) measurements were conducted to 

reveal the influence of NOx on the surface electronic structure and the chemical 

environment of the catalysts. The samples were obtained at various points of the 

CO2RR experiment, including before exposure to NOx, after exposure to NOx, and at 

the end of 3-hour electrolysis. As shown in Fig. 3.5a, the Cu and Sn electrodes before 

the exposure to NOx did not show any noticeable peak in N 1s XPS measurements. In 

contrast, Ag showed two distinct peaks at 400.5 eV and 398.5 eV, which can be 

attributed to polyvinylpyrrolidone (PVP),34,35 a surfactant used in the nanoparticle 

synthesis. The XPS measurements obtained after the NO exposure (t=1 hour) 

exhibited new N 1s peaks on Cu and Sn electrodes (Fig. 3.5b). The peaks at 401.4 eV, 

400.2 eV, and 398.2 eV can be assigned to graphitic, pyrrolic, and pyridinic N, 

respectively,36,37 suggesting that incorporated N atoms mainly interact with carbon in 

GDL rather than metal catalysts (metal nitride peaks typically observed near 397 

eV).38,39 The XPS measurements obtained after 3-hour electrolysis show that the N 
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incorporated in the electrode surface was still intact after additional 2 hour of CO2RR 

(Fig. A.27 and Table A.15), with the total amount of N in the Cu and Sn electrodes 

remaining relatively unchanged. In the cases of 0.83% NO2 and 0.83% N2O, the XPS 

measurements show similar N incorporation in GDL (Figs. A.28 and 29, and Tables 

A.16 and 17). Regarding the Ag electrode, the XPS investigation of N incorporation 

associated with NOx was largely limited by the presence of the PVP surfactant. 

 

Figure 3.5: Evaluation of the influence of NO on the catalyst structure. XPS 

measurements of Cu, Ag, and Sn electrodes (a) before (t=0 hour) and (b) 

after exposure to 0.83% NO (t=1 hour) during CO2 electrolysis. 

Corresponding XPS data is provided in Fig. A.27 and Table A.15. Cu K-

edge (c) XANES and (d) EXAFS spectra of spent Cu catalyst after 

exposure to 0.83% NO during CO2 electrolysis. Cu foil, Cu2O, and CuO 

were used as references. 
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To further confirm the incorporation of N into GDL rather than the formation 

of metal nitrides, we increased the catalyst loading to 2.0 mg cm-2, which created a 

thick layer of catalyst on the GDL with a much less exposure of GDL in the XPS 

measurement. After exposure to 0.83% NO during CO2 electrolysis, the N 1s signal 

was not detected on the Cu and Sn electrodes with the increased catalyst loading, 

whereas the XPS measurements for the Ag electrode clearly shows the N 1s signal, 

which is due to the presence of PVP on the surface of Ag catalyst (Fig. A.30). 

Conversely, when the same experiment was repeated with GDL without any catalyst, 

N species was still detected, confirming the incorporation of N into GDL (Fig. A.30). 

Experiments using NO2 and N2O show similar incorporation of N into GDL (Fig. 

A.30).  

To probe the influence of NOx impurity on the oxidation state of the Cu 

catalyst, we conducted X-ray absorption spectroscopy (XAS) measurements using a 

customized XAS batch cell (Fig. A.31). Because of the toxicity of the NOx gases, we 

did not use the NOx gases directly at the synchrotron X-ray beamline but conducted 

XAS experiments with the electrodes taken out of the electrolyzer at 1 h (after 

exposure to NOx for 0.5 h) during CO2+NOx experiments (Fig. 3.2a-c and Figs. A.6 

and 7). The Cu K-edge X-ray absorption near-edge spectroscopy (XANES) spectra of 

the Cu catalyst after the NO exposure show a similar spectrum of the Cu2O standard, 

suggesting an average Cu oxidation state of +1 (Fig. 3.5c). Extended X-ray absorption 

fine structure (EXAFS) result shows that the NO-exposed Cu sample contains a 

mixture of Cu and Cu2O (Fig. 3.5d). Slight oxidation of Cu is likely due to the 

exposure of the sample in air during sample handling. After a constant current density 

of 5 mA cm-2 was applied under CO2RR condition, the Cu catalyst was quickly 
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reduced to metallic Cu, suggesting that a small amount of current is sufficient to fully 

reduce the Cu catalyst under CO2RR conditions. XAS measurements on Cu samples 

exposed to NO2 and N2O also exhibited similar behaviors as the NO-treated Cu 

sample (Figs. A.32 and 33), confirming that the Cu catalyst remains or revert to fully 

metallic under reaction conditions after NOx is removed from the CO2 stream.  

Moreover, ex-situ SEM images were obtained at various points of the 

experiment to evaluate the impact of NOx on the catalyst morphology. SEM images of 

the spent catalysts after the exposure to NOx impurities (t=1 hour and 3 hours) exhibit 

minimal changes in Cu and Ag catalysts (Figs. A.1, 34, and 35). Although an increase 

in particle size was observed in the case of Sn catalysts (Figs. A.1 and 36), the Sn 

sample obtained after 1 hour of CO2 electrolysis in the absence of NOx also showed a 

similar increase in particle size (Fig. A.37). The Sn particles likely aggregated to 

lower the surface energy under CO2RR condition regardless of NOx, and therefore, 

NOx impurities are not the primary cause of the size change of the Sn particles during 

CO2RR. These results suggest that the presence of NOx during CO2RR has a 

negligible impact on the catalyst morphology. 

3.3 Conclusions 

In summary, we investigated the influence of various NOx (i.e., NO, NO2, and 

N2O) in CO2RR on Cu, Ag, and Sn catalysts in a flow cell. The presence of NOx 

impurities reduced the CO2RR FE due to the preferential reduction of NOx over CO2. 

The impact of NO and NO2 is more severe than that of N2O in CO2RR due to the 

greater number electrons involved in NORR and NO2RR compared to N2ORR. The 

major NORR products are NH3, NH2OH, N2, and N2O, in which the selectivity varies 

among different catalysts, whereas N2O is primarily reduced to N2. Despite the loss of 
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CO2RR FE, a small amount of NOx in the CO2 feed does not alter the metallic nature 

of the catalyst under CO2RR conditions as demonstrated by the XPS and XAS 

measurements. Furthermore, although high concentrations of NOx may be detrimental 

to CO2RR, NOx at typical concentrations of flue gases is compatible with CO2RR, 

causing small losses in CO2RR FE. The NOx removal process, which is a relatively 

mature technology, may also be employed to ensure CO2RR operation at maximum 

efficiency. This work not only demonstrates the effect of trace amount of NOx 

impurities that are often present in the industrial CO2 point sources on the most 

commonly studied metal catalysts, but also offers new insights on the electrochemical 

reduction of NOx, which has rarely been explored in the literature. 

3.4 Experimental methods 

Electrode preparation. Commercial Cu (25 nm, Sigma-Aldrich), Ag (<100 

nm, 99.5%, Sigma-Aldrich), and Sn (0.1 ɛm, Alfa Aesar) particles were used as 

cathode catalysts. Commercial IrO2 (99.99%, Alfa Aesar) was used as an anode 

catalyst. The catalyst inks were prepared by dissolving 3 mg of the catalyst and 20 ɛl 

of Nafion (5 weight % in 50/50 water and isopropanol) in 3 mL of isopropanol. The 

catalyst ink was sonicated for at least 30 min, and 0.25 mg cm-2 of catalyst was drop 

casted onto a Sigracet 29 BC GDL (Fuel Cell Store).  

Flow cell electrolysis. The electrochemical measurements were conducted in a 

three-compartment flow cell with channel dimensions of 2 cm by 0.5 cm by 0.15 cm 

(Fig. A.2). The electrode area was 1 cm2 and the distance between the electrode and 

the membrane was 0.15 cm. An FAA-3-hydroxide exchange membrane (Fumatech) 

was used to separate electrolyte in the anode and the cathode chamber. 1 M KHCO3 

was prepared by purging CO2 (Matheson, 99.999%) into potassium carbonate (99%, 
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Alfa Aesar) and purified using a Chelex 100 sodium salt (Sigma Aldrich). After 

filtering Chelex 100 sodium salt, 1 M KHCO3 was used as an electrolyte for both 

catholyte and anolyte and was fed at 0.9 mL min-1 via peristaltic pumps (Cole Parmer). 

The total gas flow rate was maintained at 19.2 mL min-1 with different flow rates of 

CO2, Ar (Keengas, 99.999%), and NOx. For instance, 83.3% CO2 and 16.7% Ar was 

prepared by flowing 16 mL min-1
 CO2 and 3.2 mL min-1 Ar via Brooks GF40 mass 

flow controllers. 83.3% CO2, 15.87% Ar, and 0.83% NOx were prepared by flowing 

16 mL min-1
 CO2 with 3.2 mL min-1 of 5% NO/Ar (Matheson Gas) or 3.2 mL min-1 of 

5% NO2/Ar (Matheson Gas) using a 50 mL gastight syringe (1050 SL, Hamilton) via a 

syringe pump (Cole Parmer). Syringes were quickly switched to another syringe 

before running out of gases. Similarly, 83.3% CO2, 15.87% Ar, and 0.83% N2O was 

prepared by flowing 16 mL min-1 CO2, 3.04 mL min-1 Ar, and 0.16 mL min-1 N2O 

(99.99%, Matheson Gas). N2O was fed by using a 10 mL gastight syringe (1010 SL, 

Hamilton) via a syringe pump (New Era Pump Systems). For the NO2 experiment, the 

gas outlet of the electrolyzer was connected to 2M KOH (85%, Sigma-Aldrich) to 

scrub the remaining NO2, and additional Ar was flowed at 16 mL min-1 to carry the 

CO2RR products to the GC. 

CV and chronopotentiometry experiments were conducted via an Autolab 

PG128N. For CV measurements, the electrodes were pre-reduced at 100 mA cm-2 in 

83.3% CO2 and 16.7% Ar for 10 minutes. The half-cell potentials were measured with 

respect to Ag/AgCl reference electrode (Pine Research) and calculated to the RHE 

scale in which E (vs. RHE) = E (vs. Ag/AgCl) + 0.209 V + 0.0591 V × pH - – . 

The pH was measured at the outlet of the catholyte channel. The resistance was 
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measured with the current-interrupt technique,40 and the measured potential was 

manually post IR-corrected.  

Product quantification. The gas products were analyzed via a multiple gas 

analyzer no. 5 gas chromatography system (SRI Instruments) equipped with a 

Molsieve 5A and a HayeSep D column connected to a thermal conductivity detector 

(TCD) and a flame ionization detector (FID). Ar was used as a carrier gas with a flow 

rate of 19 mL min-1 and 1 mL of sample was automatically loaded to the column. The 

gas sample was loaded to 0.5 m HaySep D pre-column connected to 2 m Molsieve 5A 

column at 0.050 min. At 0.490 min, any molecule remaining in the HaySep D 

precolumn was backflushed out to vent. At 2.150 min, the gas sample was 

automatically loaded to 2 m HaySep D column. The column temperature was 

maintained at 35ᴈ for 2.950 min, increased to 210ᴈ at 40ᴈ/min, and maintained at 

210ᴈ until the end of the analysis. A typical GC analyses of potential CO2RR 

products, N2, NO, and N2O are provided in Fig. A.38. 2% H2, 1% CO, 1% CH4, 1% 

C2H4, 0.50% C2H6, 0.25% C3H6, 0.25% C3H8 in Ar (Matheson) was used to obtain the 

chromatogram of potential CO2RR products. 

The liquid CO2RR products were analyzed via 1H nuclear magnetic resonance 

(NMR) with water suppression using a presaturation method (Bruker AVIII 600 MHz 

NMR spectrometer). The liquid sample was collected at the outlet of the electrolyzer 

and diluted to 25% in deionized water (DI). 500 ɛL of the diluted sample was mixed 

with 100 ɛL of 25 ppm (volume %) dimethyl sulfoxide (99.9%, Alfa Aesar), which 

was used as an internal standard, in D2O. 

NH3 was quantified using indophenol blue method41 with UV-vis spectroscopy 

(Nanodrop 2000, Thermo Scientific). 100 ɛL of the sample was mixed with 500 ɛL of 
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alkaline hypochlorite solution (A1727, Sigma-Aldrich) and 500 ɛL of phenol 

nitroprusside solution (P6994, Sigma-Aldrich). The solution was incubated in the dark 

at room temperature for 20 minutes. 2 ɛL of the solution was pipetted onto the 

pedestal, and the absorbance was measured by UV-vis spectroscopy from 190 nm to 

840 nm. The absorbance of the sample was measured at 630 nm, and the absorbance 

measured at 830 nm was subtracted to remove the background. The calibration curves 

were obtained using different concentrations of ammounium hydroxide (NH4OH; 

28.0-30.0%, Sigma Aldrich) in 0.25 M KHCO3 (Fig. A.13). 

NH2OH was quantified using a procedure modified from a procedure reported 

by Afkhami et al.42 with UV-vis spectroscopy (Nanodrop 2000, Thermo Scientific). 

Neutral red solution was prepared by dissolving 200 mg of neutral red (Sigma-Aldrich) 

in 100 mL DI. Iodate solution was prepared by dissolving 1.00 g of potassium iodate 

(KIO3, 99.995%, Sigma-Aldrich) in 100 mL DI. 500 ɛL of the sample was mixed with 

250 ɛL of 3.0 M sulfuric acid (Fisher Scientific) and 250 ɛL of iodate solution. After 5 

minutes at room temperature, 500 ɛL of the neutral red solution was added to the 

solution. The solution was incubated at room temperature for 20 minutes. 2 ɛL of the 

solution was pipetted onto the pedestal, and the absorbance was measured by UV-vis 

spectroscopy from 190 nm to 840 nm. The absorbance of the sample was measured at 

510 nm, and the absorbance measured at 800 nm was subtracted to remove the 

background. The change in absorbance was determined by subtracting the absorbance 

of the sample solution from the absorbance of the solution with 0 mg L-1 NH2OH. The 

calibration curves were obtained using different concentrations of hydroxylamine (50 

wt % in H2O, Sigma Aldrich) in 0.25 M KHCO3 (Fig. A.14). 



 45 

Flow electrochemical mass spectrometry (FEMS). An identical flow cell 

with an entrance for the MS probe at the top of the gas channel was used for the 

FEMS measurement (Fig. A.16). The probe consisted of a PEEK capillary with inner 

diameter of 0.25 mm with PTFE membrane attached at the tip of the capillary. The 

PTFE membrane with a pore size of 200 ɛm was used to prevent the entry of aqueous 

electrolyte, while allowing gaseous and volatile products to enter the MS chamber. 

The distance between the probe and the cathode was kept constant. The electrodes 

were pre-reduced at 10 mA cm-2 for 5 minutes in Ar before the introduction of 0.83% 

NO. The products were detected by a Hiden Quadrupole mass spectrometer (MS). The 

mass fragments were detected by a secondary electron detection voltage of 1700 V 

with an ionization potential of 70 eV and an emission current of 200 A. m/z of interest 

was tracked over the course of the experiment, in which a constant potential was 

applied for approximately 2 minutes starting at t=1.5 min. For the deconvolution of 

the m/z=17 signal, the m/z=17 signal from the water was first determined using the 

m/z=18 signal. Next, the contribution from water to the m/z=17 signal was subtracted 

from the observed m/z=17 signal to obtain the signal from ammonia. For the 

deconvolution of m/z=28 and 44 signals, m/z=28 and 44 signals from CO2 in the 

electrolyte was first determined using the m/z=12 signal. m/z=12 signal was smoothed 

using the Savitzsky-Golay method with a window of 30 data points to reduce the 

oscillations in the signal prior to deconvolution. Next, the contributions from CO2 to 

m/z=28 and 44 were subtracted from the observed m/z=28 and 44 signals to obtain the 

signals from NORR products. m/z=44 signal corresponded to the signal from N2O, 

and this was used to calculate the contribution of N2O to m/z=28 and 30. Lastly, the 

contributions of N2O to m/z=28 and 30 were subtracted from the m/z=28 and 30 
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signals from NORR products, respectively, to yield N2 and NO signals, respectively. 

All deconvolution was conducted using MATLAB. Mass spectra of NH4OH, NO, N2O, 

N2, H2O, and CO2 used for the deconvolution were obtained using the same MS 

equipment (Fig. A.17). 

Material characterization. For SEM and XPS measurements, the electrodes 

were first taken out of the electrolyzer after electrolysis at desired time points. The 

electrodes were dried in the vacuum oven (MTI Corporation) for up to three days 

before SEM images were acquired with Auriga 60 CrossBeam (1.5 kV). The 

electrodes were quickly transported to the XPS equipment (K-alpha Alpha X-ray 

photoelectron spectrometer system, Thermo Fisher Scientific) after drying in the 

vacuum oven for 5 minutes. The electrodes were exposed to air for less than 20 

minutes. High-resolution XPS measurements were obtained at pass energy of 20 eV 

with a step size of 0.1 eV. Flood gun was turned on. Cu 2p, Ag 3d, and Sn 3d were 

scanned 10 times while N 1s was scanned 30 times. Four different spots were scanned 

and averaged. All peaks were fitted using Thermo Avantage software with 

adventitious carbon referenced to the C1s peak at 284.8 eV. 

XAS measurement was performed at the 8-ID Beamline of the National 

Synchrotron Light Source II at Brookhaven National Laboratory (BNL). The 

electrodes were taken out of the electrolyzer at 1 h (after exposure to NOx for 0.5 h) 

during a 100 mA cm-1 constant current CO2RR experiment with the introduction of 

NOx (Fig. 3.2a-c and Figs. A.6 and 7). In the case of NO2, the samples were exposed 

to 0.23% NO2 instead due to the availability of the gas at the time of the experiment. 

The electrodes were quickly stored in vials filled with Ar and the vials were tightly 

sealed with Parafilm at the home institution. The electrodes were transported to the 
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Brookhaven National Laboratory (New York, USA) and were loaded into an XAS 

batch cell, which was fabricated from Teflon and 304 stainless steel, with a Kapton 

film window for high transmissivity for X-ray measurements (Fig. A.31). The 

electrodes were exposed to air for approximately 20 minutes before the measurement. 

Pt wire and Ag/AgCl were used as a counter and a reference electrode, respectively. 

1M KHCO3 was used as an electrolyte and CO2 was flowed at 10 mL min-1. XAS data 

was analyzed using the IFEFFIT package, which included ATHENA and 

ARTEMIS.43 
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ADVANCED BIMETALLIC CATALYST DEVELOPMENT FOR 

ELECTROCHEMICAL CARBON MONOXIDE REDUCTION  

This chapter presents a nonequilibrium synthesis strategy to address the 

immiscibility challenge in bimetallics and the discovery of effective bimetallic 

catalysts for eCORR. Bimetallic catalysts are promising candidates to tune the 

property of Cu, which is the only single metal to produce C2+ products. This chapter is 

adapted and reprinted from the research article titled ñovercoming immiscibility 

toward bimetallic catalyst libraryò published in Science Advances (DOI: 

10.1126/sciadv.aaz6844), with permission granted by AAAS. This work was a 

collaboration between the Feng Jiao group at the University of Delaware and the 

Liangbing Hu group at the University of Maryland. 

4.1 Introduction  

Bimetallic nanoparticles have gained broad interest in various fields (1, 2), 

particularly heterogeneous catalytic reactions such as CO oxidation (3), reforming of 

hydrocarbons (4), and transformation of CO2 to fuel and chemicals (5). Distinct from 

monometallic materials, bimetallic nanoparticles often exhibit unique catalytic  

properties that cannot be accessed in their constituent metals alone (6). For instance, 

numerous Ni-based bimetallic catalysts modified with metals such as Au and Pt have 

demonstrated greater resistance against carbon deposition compared to pure Ni in the 

dry reforming of methane (4, 7). However, identifying the origin of the performance 

enhancement in bimetallic systems remains a fundamental challenge in catalysis, 

Chapter 4 
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mainly due to the complex nature of the nanostructured bimetallic particles. Many 

factors, such as the chemical nature of the constituent metals, the size of the particles, 

and the nanoscale arrangement of the two constituent metals, could play important 

roles in determining the physicochemical properties (2), making it inherently difficult 

to correlate structures and catalytic behavior (8, 9). Therefore, a general synthetic 

method that can prepare a broad collection of homogeneously alloyed bimetallic 

nanoparticles with identical structures is needed to minimize the heterogeneity in 

bimetallic catalysts.  

However, many bimetallic systems do not exist as homogeneous alloys, 

exhibiting wide miscibility gaps in the phase diagrams due to their positive heat of 

mixing. For instance, via conventional methods, such as co-reduction, concurrent 

thermal decomposition, seed-mediated growth, and galvanic replacement, bimetallic 

structures are generally limited to their thermodynamically favorable structures, and 

syntheses tend to yield core-shell or other heterostructures (1, 2, 10). While some 

unconventional methods, such as ɔ-irradiation (11), spark discharge (12), pulsed laser 

ablation (13), and surface plasmon resonance (14), have been explored to mix 

immiscible elements, these techniques are dependent on extreme conditions and 

complex processes, or only applicable to specific bimetallic systems.  

Herein, we report a non-equilibrium synthetic strategy to overcome the 

immiscibility of bimetallic materials and use Cu-based (Cu-X) bimetallics as a proof-

of-concept to show the successful mixing of bimetallics toward a library of 

homogeneously alloyed bimetallic nanoparticles. According to binary phase diagrams 

(15), Cu is thermodynamically miscible with metals such as Pd, Zn, etc. but 

immiscible with other metals such as Ag, Ni, Sn, In, etc. in the composition of 
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Cu0.9X0.1 at room temperature (indicated in Fig. 4.1). Except for those readily miscible 

systems, Cu does not alloy with most metals via conventional bimetallic synthesis 

methods but forms various phase-segregated structures, as shown in Fig. 4.1 (16). For 

example, as Cu and Ag are immiscible at almost all ratios at room temperature, except 

for a few partially alloyed Cu-Ag bimetallics reported (5, 17, 18), Cu-Ag bimetallics 

are generally phase-segregated as core-shell, crescent, or other heterostructures, rather 

than being homogeneously mixed (19-21).  

Nonetheless, non-equilibrium synthesis allows us to freely mix Cu with almost 

all common metals into homogenous bimetallic nanoparticles without limitation. We 

then utilize a collection of Cu-X bimetallic nanoparticles to screen novel catalysts in 

the electrochemical reduction of carbon monoxide (COR) and study the role of the 

secondary metals. Among various Cu-X bimetallics, Cu-Ag and Cu-Ni, which have 

miscibility gaps in their bulk phase diagrams but are homogenously mixed by this 

non-equilibrium synthesis, show exceptionally high Faradaic efficiencies (FE) of 

multicarbon (C2+) products at high current densities compared to pure Cu. This non-

equilibrium synthesis allows us to generate a library of alloyed bimetallic particles that 

not only provides an ideal platform for studying the role of secondary metals in 

reactions of interest but also gives access to a range of novel bimetallic materials that 

cannot be synthesized through conventional methods.  
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Figure 4.1: Synthesis of bimetallic nanoparticles via conventional and non-equilibrium 

methods. Via conventional bimetallic synthesis methods, only readily 

miscible metals (shown in green) can mix with Cu while others (shown 

in red) form phase-segregated structures (such as core-shell). In contrast, 

via the non-equilibrium synthesis, Cu and other metals (X) can be 

kinetically trapped in homogeneously mixed nanoparticles, regardless of 

their thermodynamic miscibility. The miscibility of Cu and X indicated 

in the left panel is drawn according to the binary phase diagrams with the 

composition of Cu0.9X0.1 (15).  

4.2 Results and discussion  

4.2.1 Development of a non-equilibrium synthesis method 

In a typical non-equilibrium synthesis of Cu-Ag bimetallic nanoparticles, we 

dispersed precursors of two metals (Cu(NO3)2 and AgNO3) on a carbon substrate (e.g., 

carbon nanofibers that featured a significant number of surface defects and functional 

groups), and treated the material with an ultrashort current pulse (see Methods for 

more details) (Fig. B.1). The heating of the carbon substrate created by the current 

pulse causes a rapid thermal shock of >1300 °C that lasts for only 0.2 s, quickly 

quenching to room temperature after ceasing the current (Fig. 3.2A). The metal 

precursors rapidly decompose during the high-temperature shock and form Cu and Ag 
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atoms mixed together, driven by their mixing entropy at the high temperature. Because 

of the short duration of thermal shock (~0.2 s), Cu and Ag atoms cannot diffuse across 

a great distance to form a fully thermodynamically equilibrated phase but instead are 

kinetically trapped by the surface defects and functional groups of the carbon substrate, 

forming uniform bimetallic nanoparticles. We observed the uniformity of the 

morphology and size of the resulting Cu-Ag bimetallic (Cu0.9Ag0.1) nanoparticles 

through scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) analysis (Fig. 4.2B-D). Energy dispersive X-ray spectroscopy (EDS) coupled 

with SEM (Fig. B.1) confirms the Cu and Ag in the nanoparticles, showing a 

consistent composition as designed. The metal content of the Cu-Ag bimetallic on the 

substrate is 17 wt% based on a thermogravimetric analysis (Fig. B.2). The TEM 

measurement shows that the Cu0.9Ag0.1 nanoparticles have an average diameter of 16.7 

nm with a very narrow size distribution (Fig. 4.2E). In contrast, the Cu0.9Ag0.1 

nanoparticles prepared with the same precursors but via the conventional thermal 

annealing in a furnace (1000 °C in argon flow for 1 h) show a much larger particle 

size (Fig. B.3). Another unique feature of the high-temperature shock synthesis is that 

the resulting nanoparticles are free of surfactants or other residues on surface, which is 

critical for fundamental heterogeneous catalysis studies.  
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Figure 4.2: Non-equilibrium synthesis of Cu-based bimetallic nanoparticles. (A) 

Temperature evolution during the rapid thermal shock process. Inset: 

thermal imaging of the substrate at 0.1 s during the high-temperature 

shock. (B, C) SEM and (D) TEM images of Cu0.9Ag0.1 nanoparticles on 

carbon nanofibers. (E) Particle diameter distribution of the Cu0.9Ag0.1 

nanoparticles from the TEM image. (F) High-resolution STEM image of 

the Cu0.9Ag0.1 nanoparticles dispersed on the carbon nanofibers. 

HAADF-STEM image and corresponding EDS elemental mapping of (G) 

Cu0.9Ag0.1, (H) Cu0.9Ni0.1, (I) Cu0.9Sn0.1, (J) Cu0.9In0.1, and (K) Cu0.9Pd0.1. 

Scale bars in G-K: 5 nm.  

We further examined the crystalline structure of the Cu0.9Ag0.1 nanoparticles 

synthesized by the non-equilibrium method. The high-resolution scanning-

transmission electron microscopy (STEM, Fig. 4.2F) show that the non-equilibrated 

Cu0.9Ag0.1 bimetallic alloy features a face-centered cubic (fcc) crystalline structure, 
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which is the same as the monometallic Cu and Ag, with d(111) spacing of 2.20 Å. The 

even Z-contrast in the STEM image (Fig. 4.2F) indicates a homogeneous, random 

mixing of Cu and Ag atoms, without phase segregation into a core-shell or other 

heterostructures. The non-equilibrium synthesized Cu0.9Ag0.1 (by thermal shock) 

showed no segregated phases in the powder X-ray diffraction (XRD) profile (Fig. B.4), 

whereas the equilibrium structure of Cu0.9Ag0.1 (by conventional thermal annealing) 

showed significant phase segregation of Cu and Ag. The phase segregation of the 

equilibrated Cu0.9Ag0.1 is clearly observed in the EDS elemental mapping (Fig. B.5), 

where Ag is segregated to the surface. By the non-equilibrium synthesis, however, the 

Cu and Ag atoms in the Cu0.9Ag0.1 nanoparticles distribute homogeneously throughout 

the nanoparticle, as evidenced by EDS elemental mapping (Fig. 4.2G and additional 

nanoparticle EDS mappings in Fig. B.6). EDS line-scan across different Cu0.9Ag0.1 

nanoparticles (Fig. B.7) further confirms the uniform distribution of Cu and Ag in the 

nanoparticles obtained by the non-equilibrium method. To investigate the thermal 

stability of the Cu0.9Ag0.1 bimetallic nanoparticles, we performed an in-situ TEM and 

EDS line-scan using an in situ heating apparatus. As shown in Fig. B.8, Cu and Ag 

remained a homogeneous distribution at room temperature, 250 °C, and 500 °C. When 

the particle was heated above 750 °C, the Ag atoms diffused to the surface. Therefore, 

the homogeneous mixing of the bimetallic nanoparticles by kinetic trapping is 

thermally stable up to ~500 °C. 

In addition to Cu0.9Ag0.1 nanoparticles, other Cu0.9X0.1 bimetallics, such as 

Cu0.9Ni0.1, Cu0.9Sn0.1, Cu0.9In0.1, Cu0.9Pd0.1, and Cu0.9Zn0.1, are also studied. While Ni, 

Sn, and In are immiscible with Cu at the explored composition (Cu0.9X0.1), according 

to their binary phase diagrams (15), we successfully obtained uniform Cu0.9X0.1 
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bimetallic nanoparticles using the non-equilibrium synthetic approach (see SEM and 

TEM images in Fig. B.9-S13). The homogeneity of the resulting Cu0.9X0.1 

nanoparticles is confirmed by high-angle annular dark-field (HAADF) STEM analysis 

and the corresponding elemental distribution of Ni, Sn, In, and Pd using EDS (Fig. 

4.2H-K). The alloyed structures of the Cu0.9X0.1 bimetallics are further evidenced by 

XRD (Fig. B.14). The Cu0.9X0.1 nanoparticles showed similar diffraction patterns with 

standard Cu, with peak shifts compared with pure Cu, due to the alloying of Cu and X 

and changing of lattice parameters. No segregated phase of the secondary metal was 

observed in the XRD profiles of Cu0.9X0.1, demonstrating that the high-temperature 

shock synthetic approach is a powerful method to overcome the miscibility limitation 

in bimetallic materials.  

We also investigated whether the ratio between two constitute elements can be 

tuned in the high-temperature shock synthesis. Cu-Ag was chosen as a model system 

(because of its wide immiscibility gap) and three different compositions of Cu-Ag 

bimetallic samples (i.e., Cu0.9Ag0.1, Cu0.8Ag0.2, and Cu0.5Ag0.5) were synthesized. The 

SEM and TEM images of Cu0.9Ag0.1, Cu0.8Ag0.2, and Cu0.5Ag0.5 (Fig. 4.2B-D and 

B.15-16) show similar particle size and morphology in all three Cu-Ag bimetallics. 

The high-resolution STEM images (Fig. 4.3A-B) confirm that all three Cu-Ag 

materials share a similar fcc crystalline structure. The d(111) spacings of the Cu1-xAgx (x 

= 0.1, 0.2, and 0.5) alloys are 2.20, 2.25, and 2.29 Å, respectively, between the d(111) 

spacings of Cu and Ag metals. The spacing values are higher than those predicted 

from Vegardôs law but show an increasing trend with increased Ag content in the Cu1-

xAgx alloy nanoparticles. Importantly, although all three Cu-Ag bimetallics are 

thermodynamically immiscible (Fig. 4.3C), homogeneously alloyed Cu-Ag bimetallic 
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nanoparticles are obtained (Fig. 4.2G, 3D, and 3E), suggesting that the atomic ratio in 

bimetallic can be readily tuned in the non-equilibrium synthesis.  

To understand the formation of the homogeneously mixed Cu-Ag bimetallic 

nanoparticles, we conducted atomistic simulations using Cu0.5Ag0.5 as a typical 

immiscible system. We modeled the Cu0.5Ag0.5 bimetallic system with a 5 nm sized 

cuboctahedral nanoparticle containing 4033 atoms Cu2017Ag2016 in an fcc lattice. A 

Monte Carlo (MC) sampling at high temperature (1000 °C) was performed to find a 

low energy state. Starting from an atomically dispersed species decomposed from the 

homogeneously mixed metal nitrate precursors, the atomic configuration of the 

nanoparticle after MC simulation was quenched to room temperature (Fig. B.17), 

without long range chemical ordering such as phase segregation. To evaluate the 

stability of the nanoparticle at room temperature, we further performed coupled 

Molecular Dynamics/Monte Carlo (MD/MC) simulation at 25 °C (see Methods for 

details). We investigated the structure of the modeled Cu-Ag nanoparticle under 

different diffusion conditions (by proposing one MC trial step every n MD timesteps), 

calculating the averaged composition of the first-nearest neighbor lattice sites around 

Cu and Ag (Fig. B.18). At the thermodynamic equilibrium state (simulated with n = 1 

fs, sufficient diffusion), approximately 88% of the nearest neighbor atoms around Cu 

are Cu atoms and similarly, Ag has higher affinity to Ag atoms (Fig. 4.3F), which 

indicates a phase segregation between Cu and Ag. The equilibrium structure of Cu-Ag 

nanoparticle is phase segregated (Cu core and Ag shell structure as shown in Fig. 4.3F, 

inset), in good agreement with most reported Cu-Ag nanostructures synthesized by 

equilibrium methods (19, 20). In contrast, using the non-equilibrium synthesis 

described in this work, the quenched Cu-Ag nanoparticle was kinetically trapped, 
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allowing limited diffusion (n = 10 ps). As a result, the average probability of Cu-Cu, 

Ag-Ag, and Cu-Ag neighbor pairs is approximately equal to 0.5 (Fig. 4.3G), indicating 

homogeneous mixing of the Cu and Ag atoms in the Cu0.5Ag0.5 bimetallic nanoparticle. 

Therefore, our simulation results confirm that the non-equilibrium synthesis can trap 

the bimetallic mixture in homogeneous nanoparticles (Fig. 4.3G, inset) that are stable 

at room temperature due to limited diffusion 
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Figure 4.3: Alloyed Cu-Ag bimetallics with different compositions. High-resolution 

STEM image of typical (A) Cu0.8Ag0.2 and (B) Cu0.5Ag0.5 nanoparticles. 

(C) Bulk phase diagram of Cu-Ag, in which the Cu1-xAgx bimetallics in 

this work fall in the miscibility gap. Phase diagram of Cu-Ag reproduced 

from (15). Copyright 2010, ASM International. HAADF-STEM images 

and EDS elemental mapping of (D) Cu0.8Ag0.2 and (E) Cu0.5Ag0.5 

nanoparticles (scale bars: 5 nm). Structure modeling of the Cu0.5Ag0.5 

nanoparticle and the statistical analysis of the averaged nearest neighbor 

(NN) composition surrounding the Cu and Ag atoms after MD/MC 

simulation at 25 °C, in which one MC trial step was attempted (F) every 

1 fs to simulate sufficient diffusion for thermodynamic equilibrium and 

(G) every 10 ps to simulate limited diffusion and kinetic trapping.  
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4.2.2 Application of Cu-based bimetallic catalysts in electrochemical CO 

reduction reaction 

The as-synthesized non-equilibrium Cu-X bimetallic nanoparticles are further 

investigated as electrocatalysts for carbon monoxide reduction (COR). 

Electrochemical reduction of CO2 (CO2R) or CO2 derived CO is particularly attractive 

for sustainable chemical productions because if powered by renewable electricity, the 

whole process does not emit any greenhouse gas CO2 (sometimes even with a negative 

CO2 emission) (22-25). Although much effort has been devoted to developing Cu-X 

bimetallic catalysts towards C2+ products in CO2R/COR, a comprehensive 

understanding of structure-property correlation is largely lacking because of the highly 

heterogeneous nature of Cu-X bimetallic nanomaterials (such as core-shell and phase 

segregation). Here, the newly synthesized homogeneously alloyed Cu-X samples 

enable us to screen a large set of bimetallics with different compositions but a nearly 

identical nanostructure.  

The COR experiments were conducted in 1 M potassium hydroxide (KOH) 

using a three-compartment flow electrolyzer (Fig. B.19) (25). High current densities 

(> 100 mA cm-2) are achieved for all Cu0.9X0.1 bimetallics and pure Cu catalysts (Fig. 

B.20). As shown in Fig. 4.4A, the major COR products are acetate and ethylene while 

the minor products are propanol, ethanol, and methane (see Figs. B.21 and 22, and 

Tables B.1 and 2 for detail). Compared to pure Cu, Cu0.9Ni0.1 and Cu0.9Ag0.1 exhibit 

significantly enhanced C2+ products and suppressed H2 FE while Cu0.9Sn0.1 has 

negative effect and other metals have minimal effect. The trend is maintained over a 

broad range of applied potentials (FigS. B.23 and 24). In particular, Cu0.9Ni0.1 shows 

~20% improvement in C2+ FE, showing the highest C2+ FE of ~76% and ~40% 

suppression in H2 FE compared to that of Cu. Notably, Cu0.9Ni0.1 exhibits an 
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exceptionally high maximum acetate FE of ~47% with a specific current density of 

~93 mA cm-2, which is among the highest values reported to date for acetate formation 

in COR in the literature (Fig. 4.4B and Table B.3) (25-29). 

To compare the intrinsic reaction rates of different bimetallics to pure Cu, the 

current densities were normalized to the electrochemically active surface area (ECSA) 

(Fig. B.25 and 26). We note that the ECSA-normalized activity for bimetallics in COR 

is a conservative estimate as not all the metal sites are expected to be active. 

Nonetheless, the intrinsic reaction rates of bimetallic catalysts were either comparable 

or slightly enhanced, indicating the promotional role of secondary metals on Cu. In 

addition, phase-segregated Cu0.9Ni0.1 and Cu0.9Ag0.1 prepared via conventional thermal 

annealing have been evaluated in COR to illustrate the effect of mixing patterns (Fig. 

B.27 and Table B.4). Compared to homogeneously mixed alloys, phase-segregated 

alloys exhibit higher H2 and lower C2+ FE (Figs. B.28 and 29). Metals such as Ni and 

Ag as single metals are poor catalysts in COR (30) and synergistic effect on 

bimetallics is realized when the interaction between Cu and secondary metal is 

maximized via homogenous mixing.  

To investigate the origin of the enhanced performance on homogeneous 

Cu0.9Ni0.1 and Cu0.9Ag0.1, we employed in-situ attenuated total reflection surface 

enhanced infrared absorption spectroscopy (ATR-SEIRAS). The strength of the CO 

adsorption is reflected on the position of the CO adsorption peak (31), and the in-situ 

ATR-SEIRAS study at -0.4 V vs. RHE reveals the CO adsorption strength of various 

catalysts under COR operating condition (Fig. B.30). The spectra show a shift in the 

adsorbed CO band center from 2053 cm-1 on Cu to significantly lower 2040 cm-1 on 

Cu0.9Ni0.1. A peak shift to a lower wavenumber indicates an enhanced CO adsorption 
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on Cu0.9Ni0.1. Because Ni has stronger CO binding energy than Cu and the 

modification in the electronic structure of bimetallic catalysts generally trends with the 

property of the secondary metal (32), the incorporation of Ni likely strengthens the 

interaction between the adsorbate and the catalyst surface. In contrast, Cu0.9Ag0.1 

exhibits a similar band center to that of Cu at 2052 cm-1 despite the similarly enhanced 

performance. Although stronger CO binding energy may be responsible for the 

enhanced performance on Cu0.9Ni0.1, further investigation is needed to determine the 

origin of the performance enhancement of Cu0.9Ag0.1 in COR.  

  



 65 

 

Figure 4.4: Bimetallic catalyst screening for the COR. (A) Faradaic efficiencies of 

pure Cu and different Cu0.9X0.1 bimetallic catalysts at -0.70  0.01 V vs. 

reversible hydrogen electrode (RHE). (B) The acetate Faradaic 

efficiencies and current densities of the Cu-X bimetallic and Cu catalysts 

in this work compared with state-of-the-art catalysts in COR in 1 M 

KOH/NaOH (25-29). (C) Faradaic efficiencies of Cu1-xAgx bimetallics 

with different atom ratios and pure Cu at -0.70  0.01 V vs. RHE. (D) 

The C2+/C1 FE ratio and C2+ Faradaic efficiencies of Cu1-xAgx bimetallics 

with different atom ratios and pure Cu at -0.70  0.01 V vs. RHE.  

The non-equilibrium synthesis that enables free mixing of immiscible elements 

at any composition allows us to investigate the composition effect of immiscible 

bimetallics on catalysis, which cannot be achieved via conventional methods. For 

instance, Kenis et al. (5) and Bell et al. (17) reported enhanced selectivity towards C2+ 

products in CO2R using Cu-Ag alloys synthesized via arc meting and galvanic 
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replacement, and electrodeposition, respectively. However, due to the limitation of 

these synthesis methods, those catalysts were either phase-segregated or partially 

alloyed, leaving the understanding of the composition-property relationship 

incomplete. Thus, we investigated the effect of the Cu-Ag bimetallic composition on 

COR to fill this knowledge gap (see Figs. B.31 and 32, and Tables B.1 and 5 for more 

detail). As shown in Fig. 4.4C, COR products and H2 FEs vary significantly with 

different concentrations of Ag. The total COR FE increases with decreasing 

concentration of Ag from Cu0.5Ag0.5 to Cu except for Cu0.9Ag0.1, which exhibits the 

highest C2+ FE, while the opposite trend is observed for H2 FE. The trend is 

maintained over a wide range of applied potentials (Figs. B.33 and 34). We also report 

the ECSA-normalized current densities (Figs. B.35 and 36) and the intrinsic reaction 

rates are slightly improved for Cu-Ag bimetallics.  

Interestingly, while the ratio of C2+ to C1 product decreases with increasing 

concentration of Ag, the highest C2+ FE was achieved on Cu0.9Ag0.1 (Fig. 4.4D). As 

evidenced by the increasing trend of CH4 FE with increasing concentration of Ag (Fig. 

B.37), the presence of Ag atoms interferes with the capability of Cu to dimerize CO 

intermediates and promotes CH4 formation. This is in agreement with a previous study 

suggesting that C-C coupling is favored on neighboring Cu sites (33). In contrast, the 

interaction between Cu and Ag is expected to increase with increasing concentration 

of Ag, yielding greater modification on the property of Cu. Collectively, these results 

suggest that geometric and electronic effects compete with each other in the Cu-Ag 

bimetallic catalysts, and the best performance is realized with Cu0.9Ag0.1 when there is 

an optimal balance. We propose that to design efficient catalysts toward C2+ products, 

it is vital to incorporate an optimal amount of secondary metal while maintaining 
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neighboring Cu sites. The elucidation of the structure-property relationship of Cu-Ag 

bimetallics in COR, which has been lacking due to the miscibility gap in Cu-Ag 

bimetallics, is made possible by this unique non-equilibrium synthesis method.  

To evaluate the stability of non-equilibrium bimetallic catalysts, we conducted 

a constant current COR experiment at 100 mA cm-2 for 3 h using Cu0.9Ag0.1 and 

Cu0.9Ni0.1 as catalysts (Fig. B.38). Faradaic efficiencies and applied potentials were 

stable for both catalysts over the span of 3 h. The structural stability was also 

examined via HAADF-STEM images and corresponding EDS elemental mapping of 

the catalysts after the stability test. A small portion of the Cu0.9Ag0.1 nanoparticles 

become phase segregated with Ag on the surface (due to the lower surface energy of 

Ag), whereas the majority remains homogeneously mixed (Fig. B.39). For Cu0.9Ni0.1, 

there was no sign of phase segregation after COR (Fig. B.40). Although we observe a 

slight indication of phase segregation on Cu0.9Ag0.1, these results suggest that the 

majority of the Cu0.9Ag0.1 and Cu0.9Ni0.9 catalysts remains homogenous under reaction 

conditions. 

4.3 Conclusions 

We demonstrate the ability of the non-equilibrium synthetic strategy to 

overcome the immiscibility of Cu-based bimetallics. As a proof-of-concept, we 

successfully prepared a collection of homogeneous Cu-X alloys, including 

ñimmiscibleò combinations, such as Cu-Ag to create a library of bimetallic materials 

that enable the systematic study of the role of secondary metals and screening of 

various Cu-X bimetallics in COR at commercially-relevant current densities. Among 

various Cu-X alloys, Cu0.9Ni0.1 and Cu0.9Ag0.1 exhibited enhanced FE towards C2+ 

products. In particular, Cu0.9Ni0.1 showed the highest C2+ product FE of ~76%, which 
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is ~20% higher compared to that of Cu. The Cu0.9Ni0.1 also demonstrated an 

exceptionally high maximum acetate FE of ~47% with specific current densities of 

~93 mA cm-2, among the highest values reported to date. Moreover, we elucidated the 

structure-property relationship of Cu-Ag bimetallics and find that incorporating an 

optimal amount of secondary metal while maintaining neighboring Cu sites is essential 

for effective catalyst design for COR. The non-equilibrium synthetic strategy should 

not be limited to Cu-based bimetallics and can be extended to other bimetallic or metal 

oxide systems. Together with artificial intelligence-based machine learning, the new 

synthetic method will make rapid catalyst screening and rational design possible.   
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4.4 Experimental methods 

Synthesis. The process for the non-equilibrium synthesis was realized using a 

high-temperature shock method on carbon nanofiber (CNF) substrates, as first 

demonstrated by Chen et al. in 2016 (34). The CNFs were prepared by electrospinning 

polyacrylonitrile. The polyacrylonitrile solution in dimethylformamide (10 wt%) was 

electrospun from a syringe at a rate of 1 mL h-1 controlled by a peristaltic pump. The 

needle of the syringe was placed 15 cm from a rotating aluminum foil, between which 

a high voltage of 10 kV was applied. The as-spun polyacrylonitrile nanofiber mat was 

peeled off from the aluminum foil after electrospinning and calcined in air at 260 °C 

for 5 h, then carbonized in argon flow at 900 °C for 2 h, and finally treated in CO2 

flow at 750 °C for 2 h to obtain the CNFs.  

To prepare the Cu-X (X = Ag, Ni, Sn, etc.) bimetallic nanoparticles, the CNF 

mat was attached between two Cu electrodes using silver paste. The precursor 

solutions of Cu and X (0.05 M nitrate salt dissolved in ethanol) were mixed and 

dispersed in the CNF substrate. The material was then dried at 80 °C and moved into 

an argon-filled glovebox. An external power source (Keithley 2425) connected to the 

Cu electrodes was used to create a rapid current pulse (0.2 s) through the CNF 

substrate. The Joule-heating induced by the current pulse instantly elevated the 

temperature of the CNFs (accompanied with the emission of light) and then rapidly 

quenched after the current pulse ended. The metal nitrates decomposed during the 

high-temperature shock and were mixed and trapped in bimetallic nanoparticles after 

the rapid quench.  

Characterization. The temperature evolution during the high-temperature 

shock synthesis was measured by recording the color ratio pyrometry using a Vision 

Research Phantom Miro M110 high-speed camera (2000 frames per second). For the 
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temperature calculation, the gray-body model was applied, substituted into Planckôs 

Law, and integrated over the entire spectrum to which the camera was sensitive. 

MATLAB was used to extract raw pixel values and calculate the temperatures. Three 

color ratios (red, green, and blue) were simultaneously used to estimate the 

temperature by minimizing their summed error with a further thresholding used to 

eliminate summed errors.  

The particle morphology of the Cu-X alloys was observed on a Hitachi SU-70 

field emission SEM coupled with an EDS system for elemental analysis. TEM images 

of the Cu-X nanoparticles were measured with a JEOL 2100F TEM. STEM-EDS 

elemental maps of Cu-X alloys were acquired with a Thermo-Fisher Talos F200X. 

High-resolution STEM images were acquired with a Hitachi HD2700C dedicated 

STEM with a probe corrector. In-situ STEM and EDS line scan were performed at 

room temperature, 250, 500, and 1000 °C with a Wildfire in situ heating system. The 

EDS was obtained at each temperature after stabilizing for 10 min. We note that the 

EDS for 1000 °C was taken after holding at 1000 °C for 10 min and cooling to room 

temperature because EDS could not be done at 1000 °C. All TEM were operated at an 

accelerating voltage of 200 kV. Thermogravimetric analysis was performed on 

Discovery SDT 650 thermal analyzer in the air from room temperature to 800 °C with 

a temperature ramp rate of 10 °C/min. XRD of the bimetallic nanoparticles was 

conducted on a D8 Advance Diffractometer (Bruker) at 40 kV and 40 mA using a Cu 

KŬ radiation source (ɚ = 1.54056 Å). 

The ECSA was determined by measuring the double-layer capacitance (CDL) 

of Cu-X alloys and Cu nanoparticles in Ar-purged 0.1 M HClO4 in a H-cell. All 

electrodes were electrochemically reduced at 5 mA cm-2 for 10 min prior to ECSA 
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measurements. Cyclic voltammetry was performed in a non-Faradaic potential region 

at various scan rates from 5 to 50 mV s-1 and the observed currents were plotted as a 

function of scan rate. CDL was determined by obtaining the slope and ECSA was 

calculated by normalizing to the CDL of Cu0.9Ag0.1. 

Electrode preparation. Cu-based bimetallics and Cu nanoparticles were 

ground into fine powders. The cathode catalyst inks were prepared by dissolving 3 mg 

of the catalyst in 3 µL Nafion solution (5 wt% in 50/50 water and isopropanol) and 

1.44 mL isopropanol. IrO2 powder (99.99%) was purchased from Alfa Aesar, and the 

anode catalyst ink was prepared by dissolving 25 mg of IrO2 in 20 µL Nafion solution 

and 3 ml of isopropanol. The catalyst inks were sonicated for at least 30 minutes prior 

to drop casting. Then, 0.17 mg cm-2, 0.34 mg cm-2, and 0.25 mg cm-2 of the catalysts 

prepared via thermal shock, catalysts prepared via conventional thermal annealing, 

and IrO2 catalysts, respectively, were drop-casted onto a Sigracet 29 BC GDL (Fuel 

Cell Store). The loading of the catalysts prepared via conventional thermal annealing 

was double the loading of the catalysts prepared via thermal shock to access similar 

potential range in COR. 

Electrocatalytic performance measurement. The CO electrolysis was 

performed in a three-channel flow cell configuration with channel dimensions of 2 cm 

 0.5 cm  0.15 cm. An FAA-3 hydroxide exchange membrane (Fumatech) was used 

to separate the cathode and anode chambers. CO gas was flowed at 15 sccm via a mass 

flow controller (Brooks GF 40). 1 M KOH (99.99%, Sigma Aldrich) was used as 

catholyte while lower purity 1 M KOH (85%, Sigma Aldrich) was used as anolyte. 

Higher purity KOH was used as the catholyte since metal impurities are known to 

severely affect the COR performance at the cathode. Both catholyte and anolyte were 
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flowed at 0.9 ml min-1 via peristaltic pumps. The pressure of the gas in the gas 

chamber was controlled via a backpressure controller (Cole-Parmer). 

Chronopotentiometry experiments were conducted via an AutoLab PG128N. 

The catalysts were reduced at 100 mA cm-2 for 20 minutes prior to measurements, and 

each current was applied for 20 minutes for product quantification. Every experiment 

was repeated three times. The half-cell potentials were measured at constant current 

densities after the cell had reached steady state using an external Ag/AgCl reference 

electrode (Pine Research). The resistance between the working and the reference 

electrode was measured with the current-interrupt technique, and the measured 

potential was corrected for the resistance. The cathode potentials were reported with 

respect to the IR-corrected reversible hydrogen electrode (RHE) in which E (vs. RHE) 

= E (vs. Ag/AgCl) + 0.209 V + 0.0591 V/pH × pH - – . 

The gas products were quantified using a Multiple Gas Analyzer #5 gas 

chromatography system (SRI Instruments) equipped with Molseive 5A and HayeSep 

D columns connected to a thermal conductivity detector (TCD) and a flame ionization 

detector (FID). The liquid products were quantified via 1H NMR with water 

suppression using a pre-saturation method (Bruker AVIII 600 MHz NMR 

spectrometer). Typically, collected liquid products were diluted, and 500 ɛL of diluted 

sample was mixed with 100 ɛL of D2O containing 25 ppm (v/v) dimethyl sulphoxide 

(99.9%, Alfa Aesar) as the internal standard.  

In -situ ATR -SEIRAS. A two compartment PTFE cell with three electrodes 

was used for ATR-SEIRAS measurements. The schematic of the cell and steps to 

prepare chemically deposited gold film on the silicon ATR crystals can be found in 

our previous study (35). The working electrode was the bimetallic catalyst drop casted 
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on the gold film on the silicon ATR crystals with catalyst loading of 0.4-0.5 mg cm-2. 

The catalyst inks were prepared by dissolving 5 mg catalyst in 1 µL Nafion solution (5 

wt% in 50/50 water and isopropanol) and 250 µL isopropanol. A graphite counter 

electrode was placed in one compartment, and a working electrode and Ag/AgCl 

reference electrode (3.0 M NaCl, BASi) were placed in the other compartment with 

gas inlet and purge lines. Two compartments were separated by a Nafion ion exchange 

membrane (IEM, Nafion 211, Fuel Cell Store). 0.1 M potassium hydroxide solution 

(Sigma-Aldrich, 99.99%) was used as the electrolyte. The electrodes were connected 

to a potentiostat (Solartron 1260/1287) to apply potentials during measurements. The 

cell is integrated into the Agilent Technologies Cary 660 FTIR spectrometer equipped 

with a liquid nitrogen-cooled MCT detector. All spectra were collected with 64 

coadded scans and 4 cm-1 resolutions. 

Simulation. To simulate the thermal shock synthesis of the Cu-Ag 

nanoparticles at high temperature, a Metropolis algorithm based Monte Carlo (MC) 

simulation method was employed to sample the atomic configurations of the Cu-Ag 

alloy nanoparticle in a canonical ensemble (36, 37). Starting from a random atomic 

configuration, 5 million MC trial steps that swap the position of Cu and Ag atoms 

were attempted to simulate the long-range diffusion process in the modeled system. At 

given temperature T, the transition probability p from the old configuration to the new 

configuration was calculated according to the Boltzmann distribution: 

ὴ ÍÉÎ ρȟÅØÐ
ЎὉ

ὯὝ
 

in which ЎὉ is the total energy change for the configuration transition of the 

alloy system and Ὧ  is the Boltzmann constant.  
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The structures of the Cu-Ag alloy nanoparticles at room temperature were 

investigated by a coupled Molecular Dynamics/Monte Carlo (MD/MC) simulation 

scheme. The samples were held for 10 ns in the MD simulation, during which one MC 

trial step was inserted every n timesteps, with n ranging from 1 fs to 10 ps. Smaller n 

represents that the diffusion between the Cu and Ag occurs more frequently within the 

MD simulation timescale. The MD/MC simulations were executed in nvt ensemble 

with a Nosé-Hoover thermostat.(38) The velocity Verlet algorithm was employed to 

integrate the equation of motion with a timestep of 1 fs. All the simulations were run 

in the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 

package (39).   

The interatomic potential of the Cu-Ag alloy system was described within the 

framework of the second nearest neighbor Modified Embedded Atom Method 

(MEAM) (40, 41). The parameters of the MEAM potentials for pure elements Cu, Ag, 

and Cu-Ag binary alloys were taken from reference (42, 43).  
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TWO-STEP CARBON DIOXIDE  ELECTROREDUCTION FOR SELECTIVE 

ACETATE AND ETHYLENE PRODUCTION  

This chapter presents the development of the two-step eCO2RR process, in 

which CO2 is first converted to CO in the first CO2 electrolyzer and CO2 is 

sequentially converted to C2+ products in the second CO electrolyzer. The work 

provided in this chapter has not been published but is in progress. 

5.1 Introduction  

Electrochemical CO2 reduction reaction (eCO2RR) using renewable electricity 

is a promising technology to produce valuable fuels and chemicals while mitigating 

greenhouse gas CO2 emissions.1ï3 Among various CO2RR products (e.g., carbon 

monoxide (CO), formate/formic acid, ethylene, ethanol, propanol, acetate/acetic acid, 

etc.), multi-carbon (C2+) products are generally desired due to their higher market 

potentials.1,4,5 For instance, ethylene and acetic acid were produced globally at 140 

megatonnes and 9.1 million tonnes, respectively, and the demand for both is expected 

to grow.4,6 

Recent studies have reported effective acetate production from electrochemical 

CO reduction reaction (eCORR);7ï10 however, acetate production directly from CO2 

remains a challenge (acetate FE typically below 5%).11ï13 For effective acetate 

production, highly alkaline electrolytes are needed because acetate is formed via OH- 

nucleophilic attack on the ketene intermediate.9,14 Nonetheless, eCO2RR in the 

alkaline electrolyte is unsustainable due to the bi-/carbonate formation (CO2 + OH- Ą 

Chapter 5 
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HCO3
-, HCO3

- + OH- Ą CO3
2- + H2O), which (1) consumes CO2 and electrolyte, 

which imposes cost penalty on CO2 separation and electrolyte regeneration, (2) causes 

mechanical failure in the electrolyzer, in which salts block the pores of the gas 

diffusion layer (GDL) and flow channels, and (3) limits the CO2 conversion to 

products.15ï17 

Two-step eCO2RR is an alternative approach for effective C2+ products 

formation (Fig. 5.1).18ï21 Using CO as an intermediate, CO2 is first converted to CO 

using Ag catalyst and neutral electrolyte in the first electrolyzer, and CO is further 

converted to C2+ products using Cu catalyst and alkaline electrolyte in the second 

electrolyzer. A high concentration of CO, which does not react with alkaline 

electrolytes, and a highly alkaline environment in the second electrolyzer allow for the 

effective production of C2+ products with no bi-/carbonate formation.12 Additionally, 

alkaline electrolyte provides a broader option for non-precious metal anode 

catalysts.22,23 Recently, we have shown that the NiFe anode can effectively convert 

alcohols (i.e., ethanol and propanol) to carboxylates (i.e., acetate and propionate) at 

the anode.24 With the flexibility to optimize CO2 and CO electrolyzers individually, 

highly effective acetate production at a high rate and purity is feasible. 
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Figure 5.1: Schematic of a two-step electrochemical CO2 reduction reaction for multi-

carbon chemical production. 

In this work, two-step eCO2RR for selective acetate and ethylene production is 

developed. Stable and mass-transport effective electrodes, fabricated by applying 

fluorinated ethylene propylene (FEP) layer on a gas diffusion layer (GDL) and 

modifying the catalyst layer with carbon black (CB), enabled long-term operation with 

low hydrogen evolution reaction (HER) and high current densities (>400 mA cm-2). 

For CO2RR, the CO-dominant stream, which lowers the downstream CO2 capture cost, 

with a small amount of CO2 (<10 vol. %) was obtained at high CO2 conversion (47%). 

For CORR, ethylene and acetate were produced as the major products, and a highly 

pure acetate (~99%) liquid stream was obtained using an effective alcohol oxidation 

NiFe anode. The integrated two-step eCO2RR system operated stably for 200 h, and 

future design recommendation is provided based on the degradation mechanism study. 
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5.2 Results and Discussion 

5.2.1 Optimization of individual CO 2 and CO electroreduction reactions 

 Both CO2 and CO electroreduction were conducted in a membrane 

electrode assembly (MEA) configuration (Fig. C.1), which is ideal for practical 

application. High reaction rate and low resistance are achieved owing to highly 

effective mass transport from directly fed reactants as vapor and minimized distance 

between the cathode and the anode, respectively.3,25 For eCO2RR, metallic Ag 

particles (~100 nm; Fig. C.2) deposited on carbon GDL and IrO2 particles (<10 nm; 

Fig. C.3) deposited on Ti felt were used as cathode and anode, respectively. For 

eCORR, Cu particles, which are oxidized on the surface, (<1 ‘m; Fig. C.4) deposited 

on carbon GDL and Ni-Fe deposited on Ni foam (Figs. C.5 and 6) were used as 

cathode and anode, respectively. The ratio of Ni and Fe on the surface, determined by 

XPS, was 48:52 (Fig. C.5), and that of the bulk, determined by EDS, were 87 and 13 

(Fig. C.6). 100 mM CsHCO3 and 2 M KOH were used as electrolytes for eCO2RR and 

eCORR, respectively. 

 We first fabricated a customized reinforced GDL by applying a layer of 

FEP with CB for a more durable eCO2/CORR (Figs. 5.2a and C.7). Consisting of 

macro- and microporous layers, GDL is already treated with polytetrafluoroethylene 

(PTFE) to provide hydrophobicity; however, H2 FE rapidly increased from 12% to 

>30% within 10 h of accelerated durability test (500 mA cm-2) in eCORR using Cu 

due to flooding (Fig. 5.2b). In contrast, a much lower H2 FE was maintained for a 20 

wt.% FEP reinforced GDL, owing to the enhanced hydrophobicity. The additional 

layer of FEP hinders the penetration of the electrolyte through the GDL, reduces salt 

formation, and maintains effective gas transport. The beneficial effect of the FEP layer 
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was no longer observed for 30 wt. % FEP reinforced GDL because excess FEP fully 

covered GDL, hindering the gas transport. 20 wt. % FEP reinforced GDL was used for 

all the eCO2/CORR results presented in this study. 

 

Figure 5.2: Individual CO2 and CO electroreduction performance. (a) Schematic of a 

reinforced gas diffusion electrode, (b) H2 Faradaic efficiency vs. time for 

reinforced GDL with different amount of FEP in CO electroreduction, (c) 

Faradaic efficiency and current density vs. potential and (d) molar gas 

fraction and CO Faradaic efficiency at a different CO2 flow rate of Ag in 

CO2 electroreduction. (e) Faradaic efficiency and current density vs. 

potential of Cu in CO electroreduction. 50 mL min-1 CO2 and 100 mM 

CsHCO3, and 20 mL min-1 CO and 2 M KOH were used for eCO2RR and 

eCORR, respectively, unless otherwise stated. 

The Ag catalyst layer was further modified by adding CB at different loadings, 

ranging from 0 to 10 wt.%, to improve CO2 transport and achieve high eCO2RR 

current density (Figs. C.8 and 9). The addition of carbon support provides pores within 

the Ag catalyst layer and promotes CO2 transport to the Ag surface.26 In contrast to Ag 
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with 0 wt.% CB, which reached mass transport limited CO partial current density at 

~300 mA cm-2, Ag with 2.5 and 5.0 wt.% CB showed ~400 mA cm-2 without mass 

transport limitation (Figs. 5.2c and C.8). For 10 wt.% CB, both potential and CO FE 

were worsened because excess CB decreased Ag active area and hindered CO2 

transport.  

CO-dominant stream with minimal CO2 (<10 vol. %) was also obtained by 

operating eCO2RR at high CO2 conversion (Figs. 5.2d and C.9). Similar to the 

previous results, the Ag electrode with 5 wt.% CB showed the highest CO2 conversion 

of 47% while maintaining ~80% CO FE at 6 mL min-1 CO2 feed. High CO2 

conversion was obtained at the expense of increased H2 FE and decreased CO FE 

because CO2 was no longer abundant at high conversion. Furthermore, CO2-to-

carbonate reaction occurs at a 1:1 ratio to CO2-to-CO, assuming carbonate as the 

dominant charge carrier, and most CO2 is emitted to the anode side.27,28 Thus, the 

outlet gas stream was CO-dominant at 47% CO2-to-product conversion because of 

carbonate formation. CO2 and O2 separation in the anode is inevitable in the present 

configuration using an anion-exchange membrane, but the need to separate the 

unreacted CO2 in the cathode can be minimized by producing a CO-dominant gas 

stream. 

Using a similar approach of the addition of FEP layer and CB in the electrode, 

Cu electrode with 10 wt. % CB and 10 wt. % Nafion exhibited up to 500 mA cm-2 

with <10% H2 FE at ~2.3 V (Fig. 5.2e). Ethylene and acetate were the major eCORR 

products, with small amounts of ethanol, propanol, and propionate. Ethanol and 

propanol that crossed over to the anode were converted by the NiFe anode to acetate 

and propionate, respectively, exhibiting an acetate-selective process.  
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5.2.2 Integration of CO2 and CO electroreduction process 

Once CO2 and CO electrolyzers were optimized individually, two electrolyzers 

were integrated, with a NaOH trap in between to capture the unreacted CO2 (Figs. 5.3, 

and C.10 and 11). The CO2 electrolyzer was operated at a high conversion of close to 

40% to minimize the burden on the CO2 trap. Liquid streams for the CO electrolyzer 

were recirculated to promote alcohol oxidation towards carboxylates and obtain a 

highly pure acetate stream. With ethylene (~20% FE) and acetate (~50% FE) being the 

dominant C2+ products, the two-step system operated successfully for 200 h (Fig. 5.3). 

In the liquid stream, acetate was the dominant product with a purity of ~99%. 

Potentials of CO2 and CO electrolyzers were 3.0 V and 2.1 V, respectively, at 1 h with 

1.2 and 0.7 mV h-1 degradation rate, respectively, over 200 h. H2 was maintained at 

<30% for 200 h. Compared to previous studies on the two-step CO2 electroreduction 

approach, which have operated for <40 h, 200 h operation in this work demonstrates 

the robustness and the feasibility of the presented two-step approach (Table C.1).19ï21 
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Figure 5.3: Integrated two-step CO2 electroreduction. (a) Potentials of CO2 and CO 

electroreduction and acetate purity vs. time, and (b) FE vs. time for 

integrated two-step CO2 electroreduction. 8 mL min-1 CO2 and NaOH 

trap was used. For eCO2RR, CsHCO3 was recirculated, while for eCORR, 

2 M KOH was replenished every 24 h. Data was lost at around 100 h. 

 Slow degradation in performance was observed for the 200 h operation, 

so to better understand the degradation mechanism, two-step CO2 electroreduction was 

operated for an additional 100 h until H2 became the dominant product (Fig. C.12). 

Although the potentials for both electrolyzers did not shift much, H2 FE steadily 

increased, reaching >50% at 300 h. Evaluation of individual electrolyzers showed that 

both electrolyzers had degraded, exhibiting ~40% H2 FE (Fig. C.13). SEM images and 

XPS measurements were conducted on the cathodes and the anodes to explain the 

degradation. 

 For eCO2RR, the Ag cathode showed minimal change in morphology 

and oxidation state (Fig. C.2), suggesting that the Ag catalyst was stable. Ir was not 

detected, so Ir also did not impact the cathode eCO2RR. For the IrO2 anode, most IrO2 
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was intact, and there was no apparent change in the oxidation state (Fig. C.3). 

However, a small amount of Fe, which is likely from the stainless steel anode flow 

plate, was detected by XPS on the backside of the IrO2 anode. Nonetheless, the front 

side, which was coated with IrO2 and in contact with the membrane, did not show any 

Fe, so the deposition of Fe on the Ti electrode likely did not contribute to the 

performance degradation. Titanium oxide (TiO2) plate, which is more corrosion-

resistant, can be used instead of stainless steel to prevent metal leaching. We suggest 

that salt formation, caused by flooding, as the primary contributor to the increase in H2 

FE. Cations (i.e., Cs+) are carried over through the membrane with the electrolyte, and 

metal carbonates formed inside the GDL and flow channel likely hindered the CO2 

transport. Flooding is a commonly observed challenge for a long-term operation. 16,17 

 For eCORR, surface Fe content in the Ni-Fe anode decreased from 51.6% 

to 44.2% (Figs. C.5 and 6). Yet, acetate was maintained as the dominant liquid product, 

and eCORR potential had a minimal shift, suggesting that the anode was still capable 

of alcohol oxidations and minor leaching of Fe did not impact the anode performance. 

For the cathode side, a small amount of ‘m Cu dissociated into nm-size, and Cu was 

reduced to metallic Cu (Fig. C.4), but these are likely not responsible for the H2 FE 

increase. Importantly, a small amount of Fe (~10 at. %) was detected on the surface of 

the Cu electrode via XPS. Considering that XPS is extremely surface-sensitive, and Fe 

was not detected in the EDS measurement (Fig. C.14), the amount of Fe that crossed 

over from the anode is likely low. Nonetheless, Fe is an effective HER catalyst,29 so 

the crossover of Fe must be prevented. Bulk 2 M KOH electrolyte pH dropped to ~13 

with the accumulation of acetate (Fig. C.15), and the surface pH is expected to be 

lower. Since NiFe is the most stable in alkaline electrolytes,30 maintaining the pH can 
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enhance the stability of the NiFe anode. Additionally, Fe may have been present in the 

electrolyte, so the pre-treatment of the electrolyte may be beneficial. Janaky and co-

workers have also observed severe Ni crossover in eCO2RR under neutral 

electrolytes.31 Similar to eCO2RR, flooding and salt formation must also be the major 

contributor to increased H2 FE. Moreover, since a highly alkaline 2 M KOH 

electrolyte was used for the CO electrolyzer, any CO2 that passed through the CO2 trap 

was immediately converted to potassium carbonate salts, expediting the salt formation 

on the GDL. Although 200 h of stable operation was demonstrated in this work, 

further work is needed to push the stability to thousands of hours, which is critical for 

commercial application. 

5.3 Conclusions 

 In conclusion, a two-step CO2 electroreduction process for the selective 

production of acetate and ethylene was developed. CO2 and CO electrolyzers were 

first investigated individually to achieve high current densities and more durable 

operation by using a reinforced GDL. High CO2 conversion was obtained in the first 

CO2 electrolyzer to produce CO-dominant gas stream with minimal CO2, and highly 

pure acetate stream was produced in the second CO electrolyzer by using NiFe anode, 

which promoted alcohol oxidation to carboxylates. Overall, the two-step process 

operated stably for 200 h with acetate and ethylene as the major C2+ products. Lastly, 

the degradation mechanism study revealed that the flooding and the salt formation in 

the GDL is likely the most significant contributor to the performance degradation for 

both CO2 and CO electrolyzers. For the CO electrolyzer, a small amount of Fe crossed 

over to the cathode, which may have also enhanced H2 FE. Overall, the presented 
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approach demonstrates the feasibility of the two-step eCO2RR process for the effective 

production of C2+ products. 
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5.4 Experimental methods 

Electrode preparation. Reinforced GDL was fabricated by air-spraying 

Teflon dispersion FEPD 121 (Fuel Cell Store) and CB (Vulcan XC-72R; Fuel Cell 

Store) onto a Sigracet 39 BC GDL (Fuel Cell Store). FEP ink was first prepared by 

adding 400 mg CB and desired amount of FEPD (e.g., 10, 20, and 30 wt. % relative to 

CB) in 20mL IPA and 20 mL deionized (DI) water. After sonicating and vortexing for 

30 min, FEP ink was air-sprayed onto the GDL at 100 °C until 20 wt.% relative to 

GDL was loaded. After drying, reinforced GDL was heat-treated at 300 °C in the pre-

heated furnace for 10 min. 

Cathodes were fabricated by air-spraying cathode ink onto the reinforced GDL. 

Ag ink was prepared by adding 100 mg Ag (<100 nm, 99.5%, Sigma-Aldrich), the 

desired amount of CB, and Sustainion XA-9 ionomer (Dioxide Materials) to obtain 5 

wt. % ionomer relative to Ag in 10 mL IPA and 10 mL DI water. Cu ink was prepared 

by adding 100 mg Cu (~625 mesh, 0.5-1.5 micron, 99%, Alfa Aesar), the desired 

amount of CB, and Nafion ionomer (Fuel Cell Store) to obtain 10 wt. % ionomer 

relative to Cu in 10 mL IPA and 10 mL DI water. After sonicating and vortexing for 

30 min, catalyst ink was air-sprayed onto the reinforced GDL at 100 °C to obtain a 1.0 

mg cm-2 loading. 

IrO2 (99.99%, Alfa Aesar) anode was fabricated by air-spraying IrO2 ink onto 

Ti felt (Fuel Cell Store). IrO2 ink was prepared by adding 50 mg IrO2 and Teflon 

dispersion FEPD 121 to obtain 5 wt. % FEP relative to IrO2 into 5 mL DI water first, 

followed by 5 mL IPA. After sonicating and vortexing for 30 min, catalyst ink was air-

sprayed onto the Ti felt at 200 °C to obtain a 2.0 mg cm-2 loading. After drying, the 

IrO2 anode was heat-treated at 300 °C in the pre-heated furnace for 1 h. NiFe anode 

was prepared by following the previously reported procedure.31 Essentially, Ni and Fe 
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were electrodeposited onto Ni foam (99.99%, 1.6 mm thickness, MTI Corporation) in 

an electrolyte bath of 3 mM nickel (II)  nitrate hexahydrate (Ni(NO3)2Ț6H2O, Sigma-

Aldrich) and 3mM iron (III)  nitrate nonahydrate (Fe(NO3)3Ț9H2O, Sigma-Aldrich). 

Electrochemical experiment. CO2 and CO electroreduction experiments were 

conducted in an MEA electrolyzer with serpentine flow channels (Fig. C.1). Teflon 

gaskets (0.01ò; McMaster-Carr) were used to seal different components in the 

electrolyzer. For eCO2RR, Ag cathode, IrO2 anode, Sustainion membrane (X37-50 

Grade RT; Dioxide Materials), and 100 mM CsHCO3 (Alfa Aesar) were used. For 

eCORR, Cu cathode, NiFe anode, AMX membrane (Orion Polymer), and 2 M KOH 

(Alfa Aesar) were used. For the stability test, CO2 was supplied at 8 mL min-1, and 

NaOH pellets were used as a CO2 trap (Figs. C.10 and 11). The CO2 trap was switched 

every 48 h. 50 mL of 100 mM CsHCO3 was recirculated, and it was switched at 144 h 

and 264 h. 50 mL of 2 M KOH was switched every 24 h, and liquid samples were 

obtained every 12 h or 24 h. The cathode side of the CO electrolyzer was washed with 

3 mL of DI water at 137 h and every 48 h starting at 168 h. Data was lost at ~100 h 

due to computer failure, but electrolysis was continuously operated. 

Product quantification. Gas products were quantified using a multiple gas 

analyzer no. 5 gas chromatography system (SRI Instruments), which was equipped 

with a MolSieve 5A column, a HaySep D column, and a thermal conductivity detector 

(TCD). Outlet gas flow rates were measured with an ADM flow meter (Agilent). 

Liquid products were quantified by 1H-NMR. After diluting the liquid products in 2 M 

KOH by 1/20, 500 ɛL of the sample was mixed with 100 ɛL of 25 ppm (v/v) dimethyl 

sulfoxide (DMSO; 99.9%, Alfa Aesar) in D2O, which was used as the internal 

standard. 
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Material characterization. SEM and EDS images were obtained with Auriga 

60 CrossBeam (1.5 kV). High-resolution XPS measurements were performed with a 

K-alpha Alpha X-ray photoelectron spectrometer system (Thermo Fisher Scientific, 20 

eV pass energy, 0.1 eV step size). All spectra were calibrated to the adventitious 

carbon at 284.8 eV, and peak fitting was conducted with Thermo Avantage software. 
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ELECTROCHEMICAL REDUCTION OF GASEOUS NITROGEN OXIDES 

ON TRANSITION METALS AT AMBIENT CONDITIONS  

This chapter presents the development of eNOxRR technology that can be 

conducted at high reaction rates under ambient conditions. Compared to existing 

technologies, which suffer from low activities at low temperatures, an electrochemical 

method converts NOx efficiently at room temperature. This chapter is adapted and 

reprinted from the research article titled ñelectrochemical reduction of gaseous 

nitrogen oxides on transition metals at ambient conditionsò published in Journal of the 

American Chemical Society (DOI: 10.1021/jacs.1c10535), with permission granted by 

ACS Publications. 

6.1 Introduction  

Nitrogen oxides (NOx), which are one of the primary air pollutants and 

greenhouse gases that are formed from combustion processes such as power plants, 

chemical plants, and transportation, are largely responsible for environmental and 

health issues.1ï3 Nitric oxide (NO) and nitrogen dioxide (NO2) are the major 

components of NOx in flue gases, and nitrous oxide (N2O) is released at high 

quantities from nitric acid, adipic acid, and caprolactam production plants.3ï6 At 

present, the most established NOx abatement technologies are selective catalytic 

reduction (SCR) and selective non-catalytic reduction (SNCR), which convert NOx 

into benign N2.
1ï3 However, the need for high temperatures (>150ᴈ for SCR and 

>800ᴈ for SNCR) and a continuous supply of reductants (e.g., ammonia (NH3), urea, 

Chapter 6 
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carbon monoxide, hydrogen, etc.) yields major drawbacks for these technologies.7 In 

particular, NOx emissions during cold start account for the majority of NOx emissions 

in mobile sources, because conventional technologies suffer from low NOx reaction 

activity at near ambient temperatures.7 While much effort has been devoted to 

lowering the operating temperatures of existing thermocatalytic approaches, achieving 

high NOx reaction activity at ambient temperature remains challenging. 

Electrochemical NOx reduction reaction (eNOxRR) is an alternative approach 

to convert NOx into benign N2 or useful chemicals (e.g., NH3), powered by renewable 

electricity (Fig. 1). For environmental applications, N2 is the desired product because 

it is non-toxic and can be emitted directly to the atmosphere, whereas NH3 is 

preferable when the local generation of fertilizer is needed for crops. More importantly, 

eNOxRR can be conducted at high reaction rates at ambient temperature because it is 

driven by applied potential (i.e., electrical energy), as opposed to high temperatures 

and pressures in conventional technologies (Fig. D.1). Furthermore, eNOxRR does not 

require a continuous supply of strong reductants (e.g., NH3), which minimizes waste 

stream generation and cost associated with transportation, storage, and injection of 

hazardous reductants.1,3 While eNOxRR has great potentials, most eNOxRR studies 

were conducted in a conventional batch-type electrochemical cell,8ï13 where the 

reaction rates were greatly limited (mostly <10 mA cm-2, with porous Cu foam at ~100 

mA cm-2)11 due to the low solubility of NOx in water (e.g., NO: 2mM and N2O: 34mM 

at ambient conditions). Consequently, the mechanistic investigation of eNOxRR was 

also conducted at reaction rates that are orders of magnitude lower than those for 

practical applications. Additionally, the proposed reaction mechanisms of eNOxRR are 

mainly based on experimental studies related to the electroreduction of nitrate and 
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nitrite where NO and N2O are key intermediate species.14 A dedicated eNOxRR 

mechanistic study is needed to understand the activity and selectivity of metal 

catalysts in eNOxRR at practical reaction rates (>100 mA/cm2). 

In this work, we investigate a series of transition metal catalysts for 

electrocatalytic reduction of gaseous NO and N2O at an ambient condition in a gas-fed 

electrolyzer configuration. Fe, Co, Ni, Cu, Pd, Ag, and Pt are chosen as representative 

metal catalysts because they are common catalysts for electroreduction reactions, such 

as oxygen reduction reaction and hydrogen evolution reaction (HER). Four major 

products, i.e., N2O, N2, NH3, and hydroxylamine (NH2OH), are observed in 

electrochemical NO reduction reaction (eNORR), whereas N2 is the main product in 

electrochemical N2O reduction reaction (eN2ORR). To gain mechanistic insights, NO 

partial pressure and pH effects are investigated on Pd and Cu, representing catalysts 

selective for N2 and NH3 formation, respectively. We reveal that high local NO 

coverage promotes N-N coupling and achieve close to 100% NH3 FE on Cu in acidic 

electrolyte. The formation of NH3 is greatly favored, whereas the N2 production is 

suppressed, in acidic electrolyte. Lastly, combining various electrochemical 

experiments and operando flow electrolyzer mass spectrometry (FEMS), we 

determine the reaction pathways of eNORR on Pd and Cu. 
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Figure 6.1: Strategy for NOx electroreduction at ambient condition. NOx emitted from 

mobile and stationary sources can be converted to N2 or NH3 via NOx 

electrolyzer using batteries or renewable electricity. N2 can be emitted to 

the atmosphere and NH3 can be used as a fertilizer for crops. 

6.2 Results and Discussion 

Electrochemical reduction of NO and N2O were performed in a gas-fed three-

compartment flow cell (Fig. D.2), in which NO and N2O supplied directly to the 

electrode surface as gas allowed for high reaction rates that were limited in a 

conventional batch-type cell due to low solubility of NO and N2O in water. Cathode 

electrodes were prepared by depositing commercial iron (Fe), cobalt (Co), nickel (Ni), 

copper (Cu), palladium (Pd), silver (Ag), and platinum (Pt) particles onto a gas 

diffusion layer (GDL), which is critical for providing hydrophobicity and electrical 

conductivity. Scanning electron microscopy (SEM) images of the electrodes showed 

that all metal particles are evenly deposited on the GDL (Fig. D.3). Cu, Pd, and Ag 

particles are <100 nm while Fe, Co, and Ni particles are <1 ʈm (Fig. D.3). In the case 

of Pt, the particle size was difficult to determine due to the highly dispersed nature of 

Pt on carbon; however, homogeneous dispersion of Pt on carbon was confirmed by 



 100 

energy-dispersive X-ray spectroscopy (EDS; Fig. D.4). X-ray photoelectron 

spectroscopy (XPS) showed that Pd and Ag are fully metallic while Fe, Co, Ni, Cu, 

and Pt are partially oxidized at the surface (Fig. D.5). 

6.2.1 Electroreduction of NO and N2O 

eNORR on various metal catalysts was first conducted in an alkaline 

electrolyte of 0.1M NaOH+0.9M NaClO4 (Figs. 2a-c). High current densities of up to 

400 mA cm-2 was achieved on all metal catalysts without mass transport limitation 

(Fig. 2a). Contrary to literatures suggesting low eNORR activity on metals with weak 

binding energy,15 such as Ag and Au, Ag also achieved high eNORR current density, 

owing to the NO-saturated environment. Compared to eNORR in a conventional 

batch-type cell, which exhibited a maximum eNORR current density of 6.4 mA cm-2 

using Pd foil (Fig. D.10), gas-fed eNORR achieved orders of magnitude higher current 

density. 
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Figure 6.2: NO and N2O electroreduction performance on various metal catalysts. (a) 

Total current density vs. potential of various catalysts, (b) Faradaic 

efficiency vs. potential of Pd, and (c) Faradaic efficiency of various 

catalysts at 0.100.02 V vs. RHE in NO electroreduction. (d) Total 

current density vs. potential, (e) N2 Faradaic efficiency vs. potential, and 

(f) Faradaic efficiency at 100 mA cm-2 of various catalysts in N2O 

electroreduction. 0.1M NaOH+0.9M NaClO4 was used as an electrolyte. 

Detailed data is provided in Figs. D.6-9, and Tables D.1 and 2. 

Faradaic efficiency (FE) over a wide range of potentials of Pd is shown in Fig. 

6.2b. N2O, N2, NH3, and NH2OH were identified as the major eNORR products. N2O, 

which requires only two electrons, was exclusively formed at high potentials (>0.3 V 

vs. RHE), while other further reduced products, such as N2, NH3 and NH2OH, were 

formed at low potentials (<0.3 V vs. RHE). In general, all metals except for Cu 

followed similar eNORR selectivity trends with Pd, suggesting a similar eNORR 

mechanism on those metals except for Cu (Fig. D.6). Notably, undesired HER was 

almost completely suppressed even on efficient HER catalysts, such as Pd and Pt (Figs. 

6.2b and D.6). Indeed, thermodynamic potentials of eNORR are much higher than that 
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of HER (Table D.3), and a greatly enhanced ratio of available *NO relative to *H on 

the surface led to effective eNORR with minimal HER.  

Comparison of eNORR FEs at 0.100.02 V vs. RHE on various metal 

catalysts is presented in Fig. 6.2c. A narrow potential window of 0.02 V was used in 

this study, because the experiments were conducted at constant currents instead of 

constant potentials that caused a small variation in applied potentials. Similar 

selectivity trend was observed over a wide range of potentials (Fig. D.7). N2O was the 

dominant product for all metallic catalysts except Cu, which exhibited high selectivity 

towards NH3 over the entire potential range (0.3V ~ 0.0 V vs. RHE; Figs. D.6 and 7, 

and Table D.1), consistent with experimental and computational studies suggesting 

that Cu is the most active and selective catalyst towards NH3 production.11,15 This 

result strongly demonstrates that Cu is an ideal catalyst for the electrochemical 

production of NH3. Compared to other electrochemical NH3 production studies,11,16ï22 

the highest NH3 production rate of 1806 ‘mol cm-2 h-1 was achieved at the lowest 

potential (0 V vs. RHE) in this work (Fig. D.11 and Table D.4). 

N2O has been suggested as an intermediate for N2 formation, and high N2O FE 

and low N2 FE on most metals suggest that N2O favors desorption over further 

reduction to N2 (Fig. 6.2c). High N2O FE even on metal surfaces with strong *N 

binding energy (e.g., Fe, Co, Ni, etc.) indicates that N2O interacts very weakly with all 

metal surfaces. Despite low N2 FE, a correlation between N2 FE and *N binding 

energy,23 in which N2 formation was favored on metals with strong *N binding energy, 

was observed (Fig. D.12). The highest N2 FE of 23% was achieved on Fe, a metal with 

the strongest *N binding energy. These results direct future research effort towards 

developing catalysts with strong *N binding energy for enhanced N2 FE. 
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To compare the intrinsic eNORR activities, geometric current densities were 

normalized by the electrochemically active surface area (ECSA) (Figs. D.13 and 14). 

Pd and Pt showed one of the highest intrinsic eNORR activities at high potentials; 

however, the intrinsic activities decreased at lower potentials (<0.3 V vs. RHE) and 

became comparable to other metals. Pt group metals (i.e., Pd and Pt) typically exhibit 

hydrogen underpotential deposition at potentials more negative than ~0.3 V vs. 

RHE,24 so eNORR activities may have been hindered by the competitive hydrogen 

adsorption. In addition, Ag exhibited a noticeably low intrinsic activity, which can be 

attributed to its relatively weak binding energy. Overall, all metals showed comparable 

intrinsic eNORR activities, except for Ag with low intrinsic activity. 

Interestingly, GDL without any metal catalyst also exhibited significant 

eNORR activity, suggesting that carbon-based materials are potentially good 

candidates for eNORR (Fig. 6.2a). Consequently, metal sites on previously reported 

C-supported metal complexes may not be the only active sites and further 

investigation is needed.13,25,26 Although it is not possible to deconvolute the 

contribution of GDL from metal catalysts in eNORR, the active sites on the metal 

catalysts are the major contributor to the observed eNORR activities, because the GDL 

is almost completely covered by the metal catalysts (Fig. D.3) and the eNORR 

activities of metal catalyst electrodes exceed that of bare GDL (Figs. 6.2a-c). 

As mentioned above, N2O is likely a key intermediate in eNORR, and 

therefore, we investigated eN2ORR on various metal catalysts (Figs. 6.2d-f). High 

current densities for eN2ORR were observed on various metal catalysts (Fig. 6.2d), 

and N2 was the only main eN2ORR product (Fig. 6.2e), confirming that N2O may be 

an intermediate for the formation of N2 from NO. Because the required potentials for 
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different metals were vastly different from each other, FEs at 100 mA cm-2 are 

presented in Fig. 6.2f for comparison. Overall, Co, Cu, and Ag exhibited high N2 FEs 

over a wide range of potentials with low HER activities, whereas HER was prevalent 

on Fe, Ni, Pd, and Pt (Figs. D.8 and 9). Contrary to eNORR, the capability to suppress 

HER was essential for eN2ORR catalysts due to the relatively weak adsorption of 

*N2O compared to *H.27 Additionally, because other reaction pathways (i.e., 

formation of NH3 and NH2OH) were blocked and N2 was the only available eN2ORR 

product, metals that exhibited low N2 FE in eNORR showed high N2 FE in eN2ORR. 

For instance, although Cu exhibited the lowest N2 FE in eNORR (Fig. 6.2c), it became 

one of the most effective eN2ORR catalyst to produce N2. The ECSA-normalized 

eN2ORR current densities revealed that Co exhibits the highest intrinsic activity, with 

intrinsic activities generally following the order of Co > Cu > Ag > Fe > Ni> Pd > Pt 

(Fig. D.15). Additionally, GDL showed low activity in eN2ORR, suggesting that the 

presence of metal catalysts is essential for effective eN2ORR. 

6.2.2 NO partial pressure effect on N-N coupling in NO electroreduction 

To understand the reaction mechanism of eNORR, we evaluated the effect of 

local NO coverage on eNORR at various NO concentrations (25%, 50%, and 100% 

NO, balanced with Ar) for Pd and Cu, representing selective catalysts for N2 and NH3 

formation, respectively. As shown in Fig. 6.3a, eNORR product selectivity on Pd was 

strongly affected by the NO partial pressure. While N2O and N2 were major products 

at high NO coverages, FE shifted towards NH3 and NH2OH at low NO coverages. At 

25% NO, maximum NH3 and NH2OH FEs of 40% and 37%, respectively, were 

achieved as opposed to 14% of each at 100% NO. Cu also exhibited similar behavior 

of decrease in N2O and N2 and increase in NH3 and NH2OH at low NO coverages (Fig. 
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6.3b); however, because NH3 was already the dominant product, the change was 

relatively insignificant. There is a substantial amount of H2 detected at 400 mA cm-2 in 

25% NO, which is likely due to the mass transport limitation of NO to the catalyst 

surface. 
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Figure 6.3: NO partial pressure effect on N-N coupling in NO electroreduction. 

Faradaic efficiency vs. current density of (a) Pd and (b) Cu in 25, 50, and 

100% NO. N2O+N2 (N-N coupled products; red) and NH3+NH2OH 

(single N-products; blue) Faradaic efficiency vs. potential of (c) Pd and 

(d) Cu in 25, 50, and 100% NO. Schematics showing the effect of NO 

coverage on product selectivity in (e) high and (f) low NO coverages. 

Detailed data is provided in Table D.5. 
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As shown in Figs. 6.3c and d, surface NO coverage has a great impact on the 

rate of N-N coupling. The selectivity of N-N coupled products (N2 and N2O; red) 

clearly decreased, while that of single-N products (NH3 and NH2OH; blue) increased 

using dilute NO streams. Despite drastically different eNORR product selectivity on 

Pd and Cu, they exhibited similar responses to different NO coverages. The 

experimental results suggest that providing N in the vicinity of other N (e.g., available 

NO in solution, adsorbed *NO, or *N) is critical for the N-N coupling, regardless of 

the choice of the catalyst. In summary, the N-N coupled and single-N products are 

favored at high and low NO coverages, respectively (Figs. 6.3e and f). We show that 

controlling the local NO availability is an effective strategy to tune the eNORR 

product selectivity. 

6.2.3 pH effect on NO electroreduction 

pH effect on eNORR was investigated by adjusting the pH value of the 

electrolyte. During eNORR, the local pH may deviate substantially from the bulk pH 

at high reaction rates,28,29 because H+ is consumed in acidic electrolyte and OH- is 

generated in alkaline electrolyte during eNORR. For instance, the pH of 0.1M 

HClO4+1M NaClO4 measured at the outlet of the electrolyzer increased dramatically 

from 0.95 at 100 mA cm-2 to 10.7 at 200 mA cm-2 (Fig. D.16), invalidating the 

evaluation of pH effect under these conditions. Moreover, eNORR in acid electrolytes 

at high current densities (>200 mA cm-2) was similar to that in alkaline electrolytes, 

further supporting that the local pH of acid electrolyte is no longer acidic at high 

current densities (Fig. D.16). Therefore, the pH effect was evaluated at <100 mA cm-2 

with 0.5M HClO4+1M NaClO4 (pH=0.5), 0.1M NaOH+0.9M NaClO4 (pH=12.7), and 

1M NaOH (pH=14), in which the cation (i.e., Na+) concentrations were kept consistent. 
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To elucidate the pH dependence on eNORR, the results are presented using the 

standard hydrogen electrode (SHE) scale. On the SHE scale, the eNORR onset 

potentials showed positive shifts in acid electrolytes on both Pd and Cu, suggesting 

that eNORR is pH-dependent (Fig. D.17). Noticeably, NH3 FE was substantially 

enhanced in the acid electrolyte on both Pd and Cu catalysts (Fig. 6.4a). In the case of 

Pd, 25% NH3 FE was achieved at pH=0.5, but the formation of NH3 was almost 

completely suppressed (<1% NH3 FE) at pH=14. In the case of Cu, nearly 100% NH3 

FE was achieved with close to complete suppression of other eNORR products at 

pH=0.5 compared to <80% NH3 FE at pH=14. 

 

Figure 6.4: pH effect on NO electroreduction. (a) NH3 Faradaic efficiency vs. potential 

of Pd and Cu at different pH. Partial current densities of N2O, NH3, and 

N2 vs. potential at different pH of (b) Pd and (c) Cu. 0.5M HClO4+1M 

NaClO4 (pH=0.5), 0.1M NaOH+0.9M NaClO4 (pH=12.7), and 1M 

NaOH (pH=14) were used as electrolytes. Detailed data is provided in 

Table D.6. 

To further understand the pH effect, partial current densities of individual 

products (N2O, NH3, and N2) were plotted for both Pd and Cu (Figs. 6.4b and c). In 

the case of Pd, the potentials for N2O and NH3 were shifted while that of N2 was not, 

indicating that the rate determining steps (RDSs) for the formations of N2O and NH3 

or the preceding steps are pH-dependent but not for N2 production. Notably, N2 
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formation was greatly suppressed in acidic electrolyte. For the N2O formation, high 

Tafel slopes of 300 to 500 mV dec-1 (Fig. D.18) and pH dependence of N2O formation 

suggest that the RDS may be governed by non-electrochemical steps (e.g., slow 

adsorption, desorption, and N-N coupling), involving proton transfer in the preceding 

step. The previous study has suggested that the formation of N2O follows an Eley-

Rideal mechanism, in which NO in solution couples with an adsorbed *NO,30,31 and 

recent computational study claimed that *N-NO is the most preferred pathway.15 For 

the N2 formation, different pH dependence between N2O and N2 formations indicates 

that they either do not share the same reaction pathways, or a step after the RDS of 

N2O formation is the RDS of N2 formation. Further mechanism investigation, which 

will be discussed in the following section, support that N2 is likely formed via a 

sequential reduction of NO to N2O, followed by a reduction of N2O to N2. In this case, 

because N2O has a relatively weak binding energy,27 and hydrogen adsorbs strongly 

on Pd surface,32 a high hydrogen coverage on Pd may suppress the N2O absorption. 

Lastly, pH-dependence of NH3 reveals that the protonation step is RDS, in good 

agreement with previous studies.15 Proposed eNORR mechanisms of Pd are 

summarized in Fig. D.19. 

In contrast, Cu exhibited pH-independence for N2O and N2, and pH-

dependence for NH3. This indicates that the RDSs of N2O and N2 formations may be 

the N-N coupling step, whereas the RDS of NH3 formation involves the protonation 

step. Based on the Tafel slopes that are close to 59 mV dec-1 (Fig. D.18) and the pH 

dependence of NH3 formation, we propose that the RDS of NH3 formation is a first 

proton transfer step of NO (*NO + H+ ᴾ  *NOH), with an electron transfer as the 

preceding step (NO + e- + *  P*NO). These experimental results are consistent with 
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computational studies, suggesting that the RDSs of Cu are *N-NO formation, *N-*N 

formation, and *NOĄ*NOH for N2O, N2, and NH3, respectively.11 Proposed eNORR 

mechanism of Cu is presented in Fig. D.19. 

6.2.4 Mechanistic insight on NO electroreduction 

To probe the formation of products under reaction conditions, we employed 

the newly developed FEMS technique, which continuously measures gas and volatile 

liquid products with great sensitivity and short response time near the electrode 

surface in work using mass spectrometry (MS).33,34 The MS probe was located close to 

the electrode surface from the gas channel, and MS signals relevant to eNORR 

products were monitored in real time on both Pd and Cu (Figs. 6.5a-e). Pd exhibited a 

plateau between 0.4 and 0 V vs. RHE, similar to what was observed during N2O 

electroreduction (Figs. 6.2d and D.20). Similarly, this is likely due to the poisoning of 

the Pd surface by NO/N2O electroreduction intermediates or adsorbed hydrogen. 

Using the FEMS technique, the consumption of NO (m/z=30) and the production of 

NH3 (m/z=17), N2O (m/z=44) and N2 (m/z=28) are evident in Figs. 6.5b-e. NH2OH 

cannot be detected because it is nonvolatile. The onset potentials of N2O and N2 

formations on Pd are ~1.0 V and ~0.35 V, respectively (Fig. 6.5d), while those on Cu 

were ~0.80 V and ~0.46 V, respectively (Fig. 6.5e). The onset potentials of N2O were 

clearly higher than those of N2 on both catalysts. 
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Figure 6.5: Mechanistic insight on NO electroreduction using flow electrolyzer mass 

spectrometry and comparison of NO, N2O, and NH2OH electroreduction. 

(a) Linear sweep voltammetry (LSV) at 2 mV s-1, (b) m/z=30, and (c) 

m/z=17 on Pd and Cu from FEMS during NO electroreduction. m/z=44 

and m/z=28 on (d) Pd and (e) Cu from FEMS during NO 

electroreduction. N2 partial current density vs. potential using NO and 

N2O on (f) Pd and (g) Cu. NH3 partial current density vs. potential using 

NO and 0.1M NH2OH on (h) Pd and (i) Cu. Schematics of NO 

electroreduction pathways on (j) Pd and (k) Cu. All experiments were 

conducted in 0.1M NaOH+0.9M NaClO4. 

N2 productions from eNORR and eN2ORR were investigated to gain additional 

insights on the N2 formation pathways. In the case of Pd, the N2 formation in eN2ORR 

occurred at higher potentials than that in eNORR and followed similar trends to that 

from NO (Fig. 6.5f). Non-exponential behavior of N2 partial current density of 
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eN2ORR (Fig. D.20) is likely due to surface blocking, which was discussed earlier. 

Similar N2 formation behavior strongly suggests that N2 is produced via a sequential 

NO reduction to N2O, followed by a further reduction of N2O to N2. On the other hand, 

N2 formation from eN2ORR occurred at a lower potential than that from eNORR on 

Cu (Fig. 6.5g). Unfavorable N2 formation from the direct feed of N2O suggests that N2 

formation from NO does not go through N2O and follows an independent parallel 

pathway. N2 is likely formed via the coupling of two adsorbed *N on Cu. 

NH3 production pathway was also investigated by comparing the 

electroreduction of NO, N2O, and NH2OH. NH3 was not observed during eN2ORR, 

and numerous studies on the electroreduction of N2 have reported extremely low NH3 

activities.17ï21 Therefore, NH3 productions through N2O and N2 are eliminated as the 

dominant pathways. Both Pd and Cu were active in the electrochemical NH2OH 

reduction reaction, mainly producing NH3 and H2 (Fig. D.21). However, the potentials 

required for NH2OH electroreduction were much lower than those for eNORR to NH3 

(Figs. 6.5h and i). Thus, NH2OH is likely not an intermediate for NH3 formation, and 

NH3 has an independent reaction pathway, not involving NH2OH, for both Pd and Cu. 

Based on the experimental results above, we propose potential eNORR 

pathways on Pd and Cu (Figs. 6.5j and k and S19). For Pd, N2O is produced at the 

highest FE, and N2, NH2OH, and NH3 are also produced at appreciable FEs of 

approximately 20% each (Figs. 6.2b and c). N2O, NH2OH, and NH3 likely follow 

parallel pathways, whereas N2 is formed via a sequential reduction of NO to N2O, and 

then to N2. In contrast, Cu mainly produces NH3 (Figs. 6.2c and D.6), and all four 

eNORR products (i.e., N2, N2O, NH2OH, and NH3) are possibly formed via 

independent reaction pathways. 
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6.3 Conclusions 

In conclusion, we have demonstrated the electrochemical reduction of NO and 

N2O on various transition metal catalysts at high reaction rates (400 mA cm-2) using a 

gas-fed electrolyzer configuration. Fe, Co, Ni, Pd, Ag, and Pt exhibited similar 

eNORR product selectivity trends, in which N2O, N2, NH3, and NH2OH were the main 

products, whereas Cu exhibited an exceptionally high NH3 selectivity. For eN2ORR, 

Co, Cu, and Ag achieved high N2 FE at high rates, and suppression of HER was 

critical. 

This work further revealed new mechanistic insight on eNORR using Pd and 

Cu, representing catalysts selective for N2 and NH3 formation, respectively. High and 

low NO coverages on the catalyst surface facilitated the formation of N-N coupled 

products (i.e., N2O and N2) and single-N products (i.e., NH3 and NH2OH), 

respectively. Moreover, NH3 and N2 productions were substantially enhanced and 

suppressed, respectively, in acidic electrolytes for both Pd and Cu. Close to 100% NH3 

FE was achieved on Cu in acidic electrolytes. Based on the studies of the pH effect, 

FEMS, and comparison of electroreduction of NO, N2O, and NH2OH, we revealed 

mechanistic insights of N2O, N2, and NH3 formation and showed that Pd and Cu likely 

follow different reaction pathways. This work offers an alternative strategy to 

electrochemically abate NOx emissions at ambient condition.  
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6.4 Experimental methods 

Electrode preparation. Pd foil (99.9%, Sigma-Aldrich) attached to a nickel 

wire with Ag paint (SPI Supplies) was used as a cathode for a batch cell testing. 

Commercial Fe (1-3 ɛm, 98%, Alfa Aesar), Co (1.3 ɛm, 99.9%, US Research 

Nanomaterials), Ni (70 nm, 99.9%, US Research Nanomaterials), Cu (25 nm, Sigma-

Aldrich), Pd (<1 ɛm, 99.9%, Sigma-Aldrich), Ag (<100 nm, 99.5%, Sigma-Aldrich), 

and Pt/C (5 wt%, 99.99%, Alfa Aesar) were used as cathode catalysts. Catalyst inks, 

consisting of 3 mg of catalyst and 20 ɛL of Nafion (5 wt% in 50/50 isopropanol and 

water) in 3 mL of isopropanol, were sonicated for over 30 min, and were drop-casted 

onto a Sigracet 39 BC GDL (Fuel Cell Store) to obtain 0.25 mg cm-2 loading of 

catalyst. IrO2 anode was prepared with commercial IrO2 (99.99%, Alfa Aesar) by 

following the same procedure as the cathode. NiFe anode was prepared by following a 

previously reported procedure.35 In short, Ni and Fe were electrodeposited onto Ni 

foam (99.99%, 1.6 mm thickness, MTI Corporation) using an electrolyte bath 

containing 3mM nickel (II)  nitrate hexahydrate (Ni(NO3)2Ț6H2O, Sigma-Aldrich) and 

3mM iron (III)  nitrate nonahydrate (Fe(NO3)3Ț9H2O, Sigma-Aldrich). 

Electrochemical experiment. Flow cell electrochemical testing was 

conducted in a gas-fed three-compartment flow electrolyzer with an electrode area of 

1 cm2 and channel dimensions of 2 cm by 0.5 cm by 0.15 cm (Fig. D.2). Fumasep 

FAA-3-50 (Fumatech) and Nafion 117 (Fuel Cell Store) were used as separators for 

alkaline and acidic electrolytes, respectively. NiFe and IrO2 anodes were used for 

alkaline and acidic electrolytes, respectively. Sodium hydroxide (NaOH; Fisher 

Chemical), sodium perchlorate (NaClO4; Fisher Chemical), and perchloric acid 

(HClO4; 70%, Sigma-Aldrich) were used to make 1M NaOH, 0.1M NaOH+0.9M 

NaClO4, 0.1M HClO4+1M NaClO4, and 0.5M NClO4+1M NaClO4. NaClO4 was 
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chosen to keep the Na+ concentration consistent because ClO4
- does not adsorb on the 

electrode surface and does not change the electrolyte pH.36 Both catholyte and anolyte 

were flowed at 0.9 mL min-1 using peristaltic pumps (Cole Parmer). NO (99.5%, 

Praxair) and N2O (99.99%, Keen Gas) were flowed at 10 mL min-1 using MKS 

GM50A mass flow controllers. For NH2OH electroreduction, 0.1M NH2OH (50 wt% 

in H2O, Sigma-Aldrich) in 0.1M NaOH+0.9M NaClO4 was used as catholyte, and Ar 

(Keen Gas) was flowed at 10 mL min-1. 

Batch cell electrochemical testing was conducted in a conventional H-cell (Fig. 

D.10). Pd foil, NiFe, and 0.1M NaOH+0.9M NaClO4 were used as cathode, anode, 

and electrolyte, respectively. The cathode chamber was tightly sealed, with an outlet 

connected to gas chromatography (GC). The stir bar was stirred at 900 rpm. The 

electrolyte was purged with NO for 30 min, and NO was flowed at 5 mL min-1 during 

electrolysis. The electrolyte was collected for each data point, and the catholyte 

chamber was cleaned with deionized water and the electrolyte was replenished for 

each test. 

Chronopotentiometry and LSV experiments were conducted with an Autolab 

PG128N. Potentials were measured after the potentials stabilized. LSV was measured 

at a scan rate of 2 mV s-1. For alkaline and acidic electrolytes, potentials were 

measured using Hg/HgO (Pine Research) and Ag/AgCl (Pine Research) reference 

electrodes, respectively. The potentials were converted to RHE or SHE scales using E 

(vs. RHE) = E (vs. Hg/HgO) + 0.098V + 0.0591 V × pH - – , E (vs. SHE) = E 

(vs. Hg/HgO) + 0.098V - – , or E (vs. SHE) = E (vs. Ag/AgCl) + 0.209V - 

– . The pH was measured with a pH meter (Apera Instruments) at the outlet of 

the catholyte. In the case of 1M NaOH, a theoretical pH value of 14 was used due to 
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the pH meter error associated with high concentration of Na+ and high pH. The 

potentials were post iR-corrected 100% manually with the resistance measured using 

the current-interrupt method (Table D.7).37 

ECSA was determined by measuring double layer capacitances (Cdl)
38 for Fe, 

Co, Ni, Cu, Pd, and Ag, and conducting a CO stripping experiment39 for Pt (Fig. D.13). 

Cdl was measured in an Ar-purged 0.1M potassium bicarbonate (KHCO3) at non-

Faradaic potential regions in an H-cell. Typically, cyclic voltammetry (CV) was 

conducted at various scan rates at a 100 mV window near open circuit potential. 

Cathodic and anodic currents measured at the center of the potential window was 

averaged and plotted against scan rates. Slopes corresponded to Cdl. The roughness 

factor was calculated by normalizing the Cdl of metal particles deopsited on GDL by 

those of corresponding metal foils. Fe foil (99.99%, Alfa Aesar), Co foil (99.95%, 

Alfa Aesar), Ni foil (99.994%, Alfa Aesar), Cu foil (99.9999%, Alfa Aesar), Pd foil, 

and Ag foil (99.9%, Sigma-Adlrich) were used as references. Metal foils were 

mechanically polished with sand papers, dipped in 1M hydrochloric acid (HCl; Fisher 

Chemical), and washed with deionized water prior to measurement. 0.1M KHCO3 was 

prepared by purging CO2 (Matheson, 99.999%) into potassium carbonate (K2CO3; 

99%, Alfa Aesar) solution, which was purified using a Chelex 100 sodium salt (Sigma 

Aldrich). 

CO stripping experiment was conducted in 0.1M HClO4 in an H-cell. After 

purging the electrolyte with CO for 10 min, CO was adsorbed on the Pt surface by 

holding the potential at 0.37 V vs. RHE for 30 min while continuously flowing CO. 

Then the H-cell was purged with Ar for 10 min, and CV was conducted from 0.07 V 
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vs. RHE to 1.47 V vs. RHE. The charge of the CO oxidation peak was calculated, and 

the roughness factor was determined by normalizing with 420 ‘C cm-2.  

Product quantification. eNORR gas products (i.e., N2O, N2, and H2) were 

quantified using a multiple gas analyzer no. 5 gas chromatography system (SRI 

Instruments). Gas products were separated using a MolSieve 5A and a HaySep D 

column and detected using a thermal conductivity detector (TCD) and a flame 

ionization detector (FID). Outlet gas flow rates during NO and N2O electroreduction 

were measured via a rotameter (King Instrument) and a flow meter (Agilent), 

respectively. Some gas products may have exited the electrolyzer with the electrolyte, 

accounting for the small amount of missing FE. For flow cell testing, eNORR liquid 

products were collected with the catholyte at the outlet of the catholyte channel and 

0.1M HClO4 acid trap connected at the outlet of the gas channel. Electrolyte pH had a 

great impact on the amount of NH3/NH4
+ collected at the acid trap (Fig. D.22). A 

substantially greater amount of NH3/NH4
+ was collected at the trap, because the 

equilibrium of NH3 and NH4
+ is dependent on the electrolyte pH, and gaseous NH3 is 

favored at high pH.40 For batch cell testing, eNORR liquid products were collected 

with electrolyte in the catholyte chamber. Catholytes and acid traps were neutralized 

with NaOH or HClO4 and diluted accordingly. 

NH3 was quantified by indophenol blue method41 using UV-vis spectroscopy 

(Nanodrop 2000, Thermo Scientific), measuring absorbance from 190 nm to 840 nm. 

500 ɛL of alkaline hypochlorite solution (A1727, Sigma-Aldrich) and 500 ɛL of 

phenol nitroprusside solution (P6994, Sigma-Aldrich) were added to 100 ɛL of 

neutralized and diluted sample. After incubating in the dark at room temperature for 1 

h, the absorbance of 2 ɛL of the sample that was loaded onto the pedestal was 
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recorded. The absorbance at 630 nm was subtracted from the baseline absorbance at 

830 nm. The calibration curves were generated with different concentrations of 

ammonium hydroxide (NH4OH; 28.0-30.0%, Sigma-Aldrich) in 0.025M 

NaOH+0.225M NaClO4+0.025M HClO4. 

NH2OH was quantified by a procedure adjusted from a previously reported 

method42 using UV-vis spectroscopy, measuring absorbance from 190 nm to 840 nm. 

Solution of sodium acetate and acetate (SAA) was prepared by mixing 96 mL of 1M 

sodium acetate (99%, Sigma-Aldrich) and 114 mL of 1M acetic acid (99%, Sigma-

Aldrich). SAA was stored in the refrigerator at 4ᴈ. Solution of NH4Fe(SO4)2Ț6H2O 

(ferric ammonium sulfate; FAS) was prepared by dissolving 964.4 mg FAS in 100 mL 

of 0.1M hydrochloric acid (HCl; Fisher Chemical). Solution of 1, 10-phenanthroline 

(1, 10-Phe; Sigma-Aldrich) was prepared by dissolving 901.1 mg 1,10-Phe in 100 mL 

of 1M acetic acid (99%, Sigma-Aldrich). 100 ɛL of neutralized and the diluted sample 

was mixed with 100 ɛL of SAA, 100 ɛL of FAA, and 100 ɛL of 1,10-Phe. After 

incubating in the dark at room temperature for 1 h, the absorbance of 2 ɛL of the 

sample that was loaded onto the pedestal was recorded. The absorbance at 510 nm was 

subtracted from the baseline absorbance at 800 nm. The calibration curves were 

generated with different concentrations of NH2OH in 0.025M NaOH+0.225M 

NaClO4+0.025M HClO4. 

Flow electrochemical mass spectrometry (FEMS). FEMS was conducted 

using an identical setup and procedure reported in our previous study.34 In short, a 

capillary tube with a PTFE membrane was placed at the surface of the electrode from 

the gas channel to probe gaseous and volatile liquid products with MS during eNORR. 

After assigning the m/z=44 signal to N2O, contributions of N2O to the m/z=30 signal 
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and m/z=28 signal were subtracted to obtain the contributions of NO and N2, 

respectively. After assigning the m/z=18 signal to H2O, contributions of H2O to 

m/z=17 were subtracted to obtain the contributions of NH3. 

Material characterization. SEM and EDS images were taken with Auriga 60 

CrossBeam (1.5 kV). High-resolution XPS measurements were conducted with a K-

alpha Alpha X-ray photoelectron spectrometer system (Thermo Fisher Scientific, 20 

eV pass energy, 0.1 eV step size). XPS C1s peaks were referenced to adventitious 

carbon at 284.8 eV, and peaks were fitted with Thermo Avantage software. 
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CONCLUSIONS AND RECOMMENDATIONS  

7.1 Conclusions 

In this thesis, electrochemical routes to convert greenhouse gases and air 

pollutants, such as CO2, CO, and NOx, have been studied from both fundamental and 

practical points of view. Lessons learned from these studies can guide the future 

improvement of sustainable electrochemical conversion technologies. A complete list 

of manuscripts written at the University of Delaware is summarized in Appendix F. 

In Chapter 3, we investigated the impact of various NOx, including NO, NO2, 

and N2O, on eCO2RR using three model electrocatalysts (i.e., Cu, Ag, and Sn). We 

demonstrated that the presence of NOx (up to 0.83%) in the CO2 feed leads to a 

considerable FE loss in eCO2RR, which is caused by the preferential electroreduction 

of NOx over CO2. The primary products of eNOxRR included N2O, N2, NH3, and 

NH2OH. Despite the loss in FE, the electrocatalysts exhibited similar eCO2RR 

performances after pure CO2 feed is restored, indicating a negligible long-term impact 

of NOx on the catalytic properties of the model catalysts. 

In Chapter 4, we synthesized a wide range of homogeneously alloyed Cu-

based bimetallic nanoparticles regardless of the thermodynamic immiscibility and 

investigated these electrocatalysts for eCORR at commercially relevant current 

densities (>100 mA cm-2). Cu0.9Ni0.1 showed the highest C2+ product FE of ~76% with 

an acetate partial current density of ~93 mA cm-2, which was an improvement over 

pure Cu. The ability to overcome thermodynamic immiscibility in multimetallic 

Chapter 7 
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synthesis offers freedom to design and synthesize new functional nanomaterials with 

desired chemical compositions and catalytic properties. 

In Chapter 5, a two-step CO2RR for selective acetate and ethylene production 

was developed. CO2 and CO electrolyzers were first optimized to obtain high FE, low 

potential, long stability, and high conversion. Next, two electrolyzers were integrated 

with a CO2 trap in between and were operated successfully for 200 h. Flooding and 

salt formation remains the biggest challenge for more extended operation for both CO2 

and CO electrolyzers. Moreover, for the CO electrolyzer, a more effective CO2 trap to 

eliminate any CO2 from reaching the CO electrolyzer and elimination of Fe crossover 

can also improve the stability. 

In Chapter 6, an electrochemical pathway to convert NOx at room temperature 

was developed. Various transition metals were evaluated for the electrochemical 

reduction of NO and N2O to reveal the role of electrocatalyst in determining product 

selectivity. Specifically, Cu was highly selective toward NH3 formation with >80% FE 

in eNORR. Furthermore, the partial pressure study of eNORR revealed that a high NO 

coverage facilitates the NīN coupling reaction. In acidic electrolytes, the formation of 

NH3 is highly favored, whereas the N2 production is suppressed. Additional 

mechanistic studies were conducted using FEMS to gain further insights into reaction 

pathways. This work provides a promising avenue toward abating gaseous NOx 

emissions at ambient conditions by using renewable electricity. 

7.2 Recommendations 

This section presents recommendations for future research based on the studies 

conducted in this thesis. 
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7.2.1 Development of impurity-resistant CO2 electroreduction electrodes  

In Chapter 3, the effect of NOx in eCO2RR was studied. It showed that the 

presence of NOx reduces the FE of eCO2RR due to the preferential reduction of NOx 

over CO2. With growing interest in research towards practical application of eCO2RR 

in recent years, the impact of many other gaseous impurities (e.g., SOx, O2, etc.) in 

eCO2RR is now relatively well understood.1ï4 SOx, NOx, and O2 reduce the efficiency 

of eCO2RR due to the preferential conversion of impurities on most catalysts (e.g., Ag, 

Sn, Cu, and Au), while SOx also steers eCO2RR selectivity towards formate on Cu due 

to the formation of copper sulfides. In general, trace amounts of impurities will likely 

be present even after the separation process, and complete elimination of the impurity 

will be costly. Therefore, an impurity-resistant eCO2RR process is highly desired to 

integrate eCO2RR with CO2 captured from point sources. 

Deactivation and loss in performance due to impurities have been studied in 

existing technologies for many years.5 Thus, insights and strategies to manage 

impurities can be adapted to eCO2RR. One approach is to develop impurity-resistant 

catalysts via the incorporation of secondary metals. Secondary metals may act as 

sacrificial metal to capture the impurity. For instance, SO2 tolerance in selective 

catalytic reduction (SCR) was improved on Ce-modified Mn/TiO2 catalyst because 

CeO2 acted as an SO2 collector.6 Furthermore, an additional ionomer or adsorption 

layer can be applied to the catalyst to manipulate the transport of each gas. For 

example, O2 transport was selectively slowed down relative to CO2 by the addition of 

hydrated hydrophilic ionomer coating and allowed for O2-resistant eCO2RR.3 Lastly, 

many studies on impurities have been conducted in either an H-type cell or three-

compartment vapor-fed electrolyzer; however, MEA is likely the best configuration 
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for practical application due to minimal resistance and potential. Thus, conducting the 

research mentioned above using MEA electrolyzers is recommended. 

7.2.2 Mitigation of bi/carbonate formation in CO 2 electroreduction 

In chapter 5, a two-step eCO2RR process was developed. Although the 

proposed system minimizes the CO2 loss due to bi/carbonate formation for the 

formation of the C2+ product, it does not fully address the problem. Because CO2 

reacts with locally generated OH-, the maximum CO2-to-CO conversion is limited to 

50%, assuming carbonate as the dominant charge carrier, in the CO2 electrolyzer using 

an anion exchange membrane.7 Anode gas stream now contains a mixture of CO2 and 

O2, which adds separation cost to the eCO2RR process. Therefore, strategies to 

achieve higher CO2 conversion are needed. 

With more researchers realizing the importance of achieving higher CO2 

conversion, innovative approaches to mitigate carbonate formations have been 

proposed in recent years. As locally generated OH- consumes CO2, creating a non-

alkaline condition to regenerate CO2 is key to these approaches. For instance, Sargent 

and co-workers conducted eCO2RR in strong acid, in which concentrated potassium 

cations played key roles in enabling eCO2RR over HER.8 Bipolar membranes (BPMs) 

or cation exchange membranes (CEMs) can prevent carbonate crossover and 

regenerate CO2 with protons provided at the membrane interface. Sinton and co-

workers created a permeable CO2 regeneration layer, in which anion exchange 

polymer created a locally alkaline environment, blocked protons from reaching the 

catalyst surface, and allowed for local regeneration of CO2 at the CEM interface.9 

However, these approaches often suffer from high potentials and HER, so future 

research should focus on improving these performance metrics. Additionally, high 
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CO2 conversion and reduced separation cost are obtained at the expense of higher 

potential and HER, so a detailed techno-economic analysis to determine the more 

promising electrolyzer configuration may be beneficial.  

Tandem electrolysis, coupling solid oxide electrochemical cells (SOEC) with 

room temperature CO electrochemical cells, is another promising option. This 

approach allows for the carbonate-free CO2 conversion, avoiding CO2/O2 separation, 

at higher energy efficiency.10 However, the operating temperature of the SOEC is 

relatively high (typically around 800 ᴈ), and CO2-to-CO conversion is still <50%, 

imposing a large burden on the CO2/CO separator. Upon improvement, this approach 

may be a viable option for commercializing the CO2-to-C2+ products process. 

7.2.3 Scale-up of CO2 electrolyzer 

With the rapid development of eCO2RR technology, there has been immense 

interest in the commercial application of the technology. Many companies, including 

Twelve, CERT, Dioxide Materials, and Siemens, have started commercializing 

eCO2RR technology. Until now, most eCO2RR studies have been conducted in a lab-

scale (typically <5 cm2); however, scale-up and investigation of various phenomena 

associated with scale-up are critical to bridging the gap between laboratory and 

industry. For instance, pressure drop and temperature management are often neglected 

in a small scale, but they must be considered for a large-scale system. The high 

pressure drop will increase the energy required to maintain the gas flow, and poor heat 

management will overheat the electrolyzer. Effect of these parameters on eCO2RR at a 

large-scale must be understood, and strategies to maintain a reliable performance at a 

large-scale need to be developed. 
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7.2.4 Towards practical application of electrochemical NOx conversion 

technology 

In chapter 6, an electrochemical route to convert NOx using various transition 

metal catalysts at room temperature was developed. Although the study presented a 

promising alternative method to abate gaseous NOx emissions at ambient conditions 

using renewable electricity, this technology is still at an early stage and must address 

several key technical challenges for practical application. 

First, high selectivity towards N2 is desired for the application in mobile 

sources, since N2 can be emitted directly to the atmosphere. Several recent 

publications, including our work presented in Chapter 6, have shown selective 

conversion to NH3 from NO, but selective conversion to N2 remains a challenge. A 

systematic screening of transition metal catalysts (i.e., Fe, Co, Ni, Cu, Pd, Ag, and Pt), 

also presented in Chapter 6, exhibited an increasing N2 FE trend with increasing *N 

binding energy. Thus, electrocatalysts with stronger *N binding energy may be 

favorable toward N2 formation. Nonetheless, a detailed computational study is also 

needed to guide the rational catalyst design toward selective N2 formation. 

Additionally, the effect of the microenvironment on N2 formation can be investigated. 

For instance, since NH3 formation is strongly pH-dependent, limiting local 

proton/water concentration may inhibit NH3 formation and promote N2 formation. 

Using more hydrophobic ionomer/support,11 large cations (i.e., Cs+) with smaller 

hydration shells,12,13 and electrolytes with high pH may be effective. 

Second, eNOxRR must be conducted at realistic NOx concentrations. NOx in 

exhaust gases is typically <1% (mostly at 1,000 ppm level),14 so effective NOx 

delivery to the catalyst surface is critical to achieving high conversion. For comparison, 

conventional SCR exhibits a high NOx conversion of >90%.15 For an electrochemical 
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reactor design, flow field patterns (i.e., parallel, serpentine, interdigitated, etc.), 

geometric parameters (e.g., depth, number of channels, corner angle, etc.), and 

pressurization will play critical roles in effective gas delivery. Furthermore, high local 

NOx concentration relative to water must be maintained to minimize HER. HER will 

li kely dominate at high NOx conversion since available NOx at the catalyst surface will 

be limited. Previously mentioned strategies (i.e., hydrophobic ionomer/support, large 

cation, high pH, etc.) to enhance NOx to water ratio must be implemented.  

Lastly, the effect of other gases in the exhaust gas stream must be understood. 

Realistic exhaust gas consists of N2 (~75%), O2 (~10%), CO2 (~10%), H2O (<5%), 

CO (<10%), NOx (<1%), and SOx (<0.1%).14 N2 is difficult to activate in 

electrochemical systems, but O2, CO2, H2O, CO, NOx, and SOx can all be easily 

electrochemically activated, depending on operating conditions. In addition to the loss 

in eNOxRR performance due to the preferential reduction of other gases, a large 

amount of H2O, either directly from exhaust gas or from oxygen reduction reaction 

(O2+4H++4e-
Ą2H2O) may flood the electrode, blocking NOx transport, and SOx may 

poison the catalyst. Therefore, future research can be dedicated to developing 

strategies to selectively convert NOx in the presence of other gases while resisting the 

poisoning of the catalyst. 
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Appendix A 

SUPPLEMENTARY INFORMATION FOR CHAPTER 3: IMPACT OF 

NITROGEN OXIDES ON ELECTROCHEMICAL CARBON DIOXIDE 

REDUCTION  

Table A.1: Standard potentials for CO2RR, HER, NO2RR, NORR, and N2ORR.1ï3 

 Reactions 

Standard 

potential 

(V vs. RHE) 

CO2RR 

CO2 + 2H+ + 2e-ᴾ HCOOH -0.250 

CO2 + 2H+ + 2e-  PCO + H2O -0.106 

2CO2 + 12H+ + 12e-  PC2H4 + 4H2O 0.064 

2CO2 + 12H+ + 12e-  PC2H5OH + 3H2O 0.084 

3CO2 + 18H+ + 18e-  PC3H7OH + 5H2O 0.095 

CO2 + 8H+ + 8e-  PCH4 + H2O 0.169 

HER 2H+ + 2e-  PH2 0 

NO2RR 

NO2 + 7H+ + 7e- ᴾ NH3 + 2H2O 0.80 

NO2 + 2H+ + 2e- ᴾ NO + H2O 1.05 

NO2 + H+ + e- ᴾ HNO2 1.10 

2NO2 + 6H+ + 6e- ᴾ N2O + 3H2O 1.23 

2NO2 + 8H+ + 8e- ᴾ N2 + 4H2O 1.36 

 NO + 3H+ + 3e- ᴾ NH2OH 0.38 

NORR 

NO + 5H+ + 5e- ᴾ NH3 + H2O 0.71 

2NO + 2H+ + 2e- ᴾ N2O + H2O 1.59 

2NO + 4H+ + 4e- ᴾN2 + 2H2O 1.68 

N2ORR N2O + 2H+ + 2e-  PN2 + H2O 1.77 
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Figure A.1: SEM images of (a) Cu, (b) Ag, and (c) Sn electrodes before electrolysis. 

Metal particles are deposited uniformly on GDL. 

 

 

 

 

Figure A.2: Schematic of the three-compartment flow-cell. CO2 gas is fed to the 

electrode-electrolyte interface without mass transport limitation, enabling 

CO2RR at high current densities. 
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Table A.2: CO2 electroreduction performance with the introduction of 0.83% NO 

impurity at 0.5 h for 0.5 h on Cu catalyst at a constant current density of 

100 mA cm-2 in 1M KHCO3 for 3 h. <3% FE of formate was detected 

from the anolyte side. 

Time (h) Feed 
Faradaic efficiency (%) 

H2 CH4 CO C2H4 EtOH Acetate PrOH Formate Total 

0.17 83.3% CO2 

and 16.7% Ar 

13.7  2.5  34.5  16.2  9.0  0.7  5.0  9.1  90.5  

0.39 14.4  2.3  34.1  15.2  7.0  0.7  4.1  10.0  87.6  

0.67 83.3% CO2, 15.87% Ar, 

and 0.83% NO in Ar 

14.6  1.0  19.8  7.7  3.0  0.3  1.4  6.7  54.5  

0.89 15.5  1.1  18.9  7.0  2.3  0.2  1.5  7.1  53.7  

1.2 

83.3% CO2 

and 16.7% Ar 

19.9  2.3  30.6  13.7  4.9  0.5  3.9  11.1  86.9  

1.4 20.3  2.1  28.3  13.7  5.8  0.5  4.0  12.2  86.9  

1.8 21.6  2.8  27.8  12.6  5.0  0.7  4.1  13.2  87.7  

2.3 22.5  2.4  27.8  12.9  5.3  0.6  3.4  13.4  88.3  

2.8 24.1  2.5  27.9  12.1  4.4  0.7  3.5  13.0  88.4  

 

 

 

Table A.3: CO2 electroreduction performance with the introduction of 0.83% NO 

impurity at 0.5 h for 0.5 h on Ag catalyst at a constant current density of 

100 mA cm-2 in 1M KHCO3 for 3 h. <2% FE of formate was detected 

from the anolyte side. 

Time (h) Feed 
Faradaic efficiency (%) 

H2 CO Formate Total 

0.17 83.3% CO2 

and 16.7% Ar 
8.0  83.1  3.7  94.8  

0.39 10.0  79.2  3.7  92.9  

0.67 83.3% CO2, 15.87% Ar, 

and 0.83% NO in Ar 
6.3  53.1  2.9  62.3  

0.89 7.5  54.4  3.6  65.5  

1.2 

83.3% CO2 

and 16.7% Ar 

11.1  76.6  5.2  92.9  

1.4 11.6  77.5  6.3  95.4  

1.8 12.0  73.6  7.4  93.0  

2.3 13.4  71.1  7.9  92.4  

2.8 14.5  69.8  8.6  92.9  
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Table A.4: CO2 electroreduction performance with the introduction of 0.83% NO 

impurity at 0.5 h for 0.5 h on Sn catalyst at a constant current density of 

100 mA cm-2 in 1M KHCO3 for 3 h. 5-10% FE of formate was detected 

from the anolyte side and is included in the formate FE. 

Time (h) Feed 
Faradaic efficiency (%) 

H2 CO Formate Total 

0.17 83.3% CO2 

and 16.7% Ar 
4.6  3.8  88.1  96.6  

0.39 4.5  4.3  81.4  90.3  

0.67 83.3% CO2, 15.87% Ar, 

and 0.83% NO in Ar 
4.2  3.9  55.4  63.5  

0.89 4.6  4.0  54.0  62.7  

1.2 

83.3% CO2 

and 16.7% Ar 

5.0  5.1  80.0  90.1  

1.4 5.6  5.2  78.1  88.9  

1.8 7.4  5.2  76.3  88.9  

2.3 8.1  5.1  77.8  91.0  

2.8 9.0  5.5  76.9  91.4  

 

 

 

Table A.5: Conversion of NO during CO2RR with the introduction of 0.83% NO, 

assuming NO is fully converted to NH3. ὅέὲὺὩὶίὭέὲ Ϸ  

 
    

        
ρππȢ Full conversion of NO to 

NH3 requires 57.4 mA. 

Catalyst Cu Ag Sn 

Conversion (%) 59.1 51.6 48.7 
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Figure A.3: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under 83.3% CO2 and 16.7% Ar, and 83.3% CO2, 15.87% Ar, 

and 0.83% NO. Scan rate: 50 mV s-1. Onset potentials and cathodic 

currents shifted to more positive potentials when 0.83% NO was 

introduced, suggesting that NORR is more favorable than CO2RR on all 

three catalysts. 

 

 

 

Figure A.4: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under different concentrations of NO in Ar. Scan rate: 50 mV s-1. 

Onset potentials of NORR are more positive than CO2RR, and shifts in 

CV measurements suggest that NORR is mass transport limited. 

  



 137 

 

Figure A.5: Faradaic efficiency and applied potential vs. time with 83.3% CO2 and 

16.7% Ar on (a) Cu, (b) Ag, and (c) Sn catalysts at a constant current 

density of 100 mA cm-2 in 1 M KHCO3 for 3 h. H2 Faradaic efficiency 

increases over time due to slow flooding of the electrode, suggesting that 

NOx is not responsible for the H2 FE increase. 

 

Table A.6: Loss in Faradaic efficiency during CO2 electroreduction with the 

introduction of different concentrations of NO on Cu, Ag, and Sn 

catalysts. 

Concentrations of NO (%) Cu (%) Ag (%) Sn (%) 

0.0083 0.4 0.6 1.4 

0.083 3.2 3.2 3.8 

0.83 33.9 29.6 27.9 
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Figure A.6: Faradaic efficiency and applied potential vs. time on (a) Cu, (b) Ag, and (c) 

Sn catalysts at a constant current density of 100 mA cm-2 in 1 M KHCO3 

for 3 h. Gas feeds were 83.3% CO2 and 16.7% Ar, and 83.3% CO2, 15.87% 

Ar, and 0.83% NO2 (yellow). 0.83% NO2 was introduced at 0.5 h for 0.5 

h. Corresponding Faradaic efficiencies are provided in Tables A.7-9. 

Error bars represent the standard deviation of three independent 

measurements. Faradaic efficiency decreases with the introduction of 

NO2 on all three catalysts.  
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Table A.7: CO2 electroreduction performance with the introduction of 0.83% NO2 

impurity at 0.5 h for 0.5 h on Cu catalyst at a constant current density of 

100 mA cm-2 in 1M KHCO3 for 3 h. <3% FE of formate was detected 

from the anolyte side. 

Time 

(h) 
Feed 

Faradaic efficiency (%) 

H2 CH4 CO C2H4 EtOH Acetate PrOH Formate Total 

0.17 83.3% CO2 

and 16.7% Ar 

11.4  3.5  30.4  21.4  8.9  1.1  4.4  4.9  86.0  

0.39 13.7  4.1  30.3  18.2  8.9  1.2  4.6  5.6  86.6  

0.67 83.3% CO2, 15.87% 

Ar, 

and 0.83% NO2 in Ar 

14.8  2.3  19.2  7.5  4.5  0.5  3.4  5.0  57.2  

0.89 
17.8  2.5  18.1  7.3  4.2  0.6  3.3  4.7  58.4  

1.2 

83.3% CO2 

and 16.7% Ar 

20.2  3.9  27.6  15.2  6.5  0.7  4.2  7.2  85.4  

1.4 21.6  3.1  27.9  15.9  5.9  0.8  3.9  8.2  87.3  

1.8 24.0  3.3  26.8  14.4  6.0  0.9  4.3  9.1  88.8  

2.3 25.1  3.4  26.1  15.3  5.3  0.7  3.0  9.3  88.1  

2.8 27.4  3.1  26.0  14.1  4.7  0.8  3.6  9.7  89.4  

 

Table A.8: CO2 electroreduction performance with the introduction of 0.83% NO2 

impurity at 0.5 h for 0.5 h on Ag catalyst at a constant current density of 

100 mA cm-2 in 1M KHCO3 for 3 h. <2% FE of formate was detected 

from the anolyte side. 

Time (h) Feed 
Faradaic efficiency (%) 

H2 CO Formate Total 

0.17 83.3% CO2 

and 16.7% Ar 

4.2  82.3  5.4  92.0  

0.39 4.4  81.9  6.0  92.3  

0.67 83.3% CO2, 15.87% Ar, 

and 0.83% NO2 in Ar 

4.2  59.0  4.0  67.3  

0.89 4.8  56.8  4.3  65.8  

1.2 

83.3% CO2 

and 16.7% Ar 

6.9  78.1  5.9  90.9  

1.4 8.3  77.9  6.3  92.5  

1.8 8.9  77.3  7.0  93.2  

2.3 9.4  76.2  6.8  92.4  

2.8 10.2  74.2  7.0  91.4  
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Table A.9: CO2 electroreduction performance with the introduction of 0.83% NO2 

impurity at 0.5 h for 0.5 h on Sn catalyst at a constant current density of 

100 mA cm-2 in 1M KHCO3 for 3 h. 5-10% FE of formate was detected 

from the anolyte side and is included in the formate FE. 

Time (h) Feed 
Faradaic efficiency (%) 

H2 CO Formate Total 

0.17 83.3% CO2 

and 16.7% Ar 

4.0  3.9  82.7  90.6  

0.39 4.0  3.8  81.4  89.2  

0.67 83.3% CO2, 15.87% Ar, 

and 0.83% NO2 in Ar 

3.1  4.2  62.5  69.8  

0.89 2.8  4.4  60.8  67.9  

1.2 

83.3% CO2 

and 16.7% Ar 

4.0  5.5  80.9  90.4  

1.4 5.0  5.5  82.8  93.3  

1.8 5.8  5.7  81.1  92.5  

2.3 6.2  5.8  80.3  92.2  

2.8 7.4  6.2  80.6  94.2  

 

 

 

 

 

 

Figure A.7: Faradaic efficiency and applied potential vs. time on (a) Cu, (b) Ag, and 

(c) Sn catalysts at a constant current density of 100 mA cm-2 in 1 M 

KHCO3 for 3 h. Gas feeds were 83.3% CO2 and 16.7% Ar, and 83.3% 

CO2, 15.87% Ar, and 0.83% N2O (blue). 0.83% N2O was introduced at 

0.5 h for 0.5 h. Corresponding Faradaic efficiencies are provided in 

Tables A.10-12. Error bars represent the standard deviation of three 

independent measurements. Faradaic efficiency decreases with the 

introduction of N2O on Cu and Ag catalysts, while N2O has negligible 

effect on Sn catalyst.   
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Table A.10: CO2 electroreduction performance with the introduction of 0.83% N2O 

impurity at 0.5 h for 0.5 h on Cu catalyst at a constant current density of 

100 mA cm-2 in 1M KHCO3 for 3 h. <3% FE of formate was detected 

from the anolyte side. 

Time (h) Feed 
Faradaic efficiency (%) 

H2 CH4 CO C2H4 EtOH Acetate PrOH Formate Total 

0.17 83.3% CO2 

and 16.7% Ar 
15.0  1.8  35.2  13.9  5.6  0.3  3.7  10.5  85.9  

0.39 16.9  1.7  33.0  12.8  5.2  0.3  3.3  14.2  87.5  

0.67 83.3% CO2, 15.87% Ar, 

and 0.83% N2O in Ar 
19.6  1.4  29.4  9.2  3.3  0.2  2.3  10.4  75.7  

0.89 22.4  1.6  27.6  8.6  3.6  0.2  2.2  10.7  77.0  

1.2 

83.3% CO2 

and 16.7% Ar 

23.2  2.1  28.4  12.4  4.6  0.4  3.1  13.8  88.1  

1.4 23.3  2.5  25.6  12.0  4.5  0.3  3.1  16.2  87.5  

1.8 26.1  2.6  24.1  11.5  4.4  0.5  3.0  15.2  87.5  

2.3 27.4  3.5  23.0  11.2  4.4  0.5  3.0  16.4  89.4  

2.8 28.4  4.1  22.3  11.7  4.3  0.6  3.1  14.3  88.8  

 

 

 

Table A.11: CO2 electroreduction performance with the introduction of 0.83% N2O 

impurity at 0.5 h for 0.5 h on Ag catalyst at a constant current density of 

100 mA cm-2 in 1M KHCO3 for 3 h. <2% FE of formate was detected 

from the anolyte side. 

Time (h) Feed 
Faradaic efficiency (%) 

H2 CO Formate Total 

0.17 83.3% CO2 

and 16.7% Ar 
3.5  84.9  4.4  92.8  

0.39 4.7  83.9  4.6  93.2  

0.67 83.3% CO2, 15.87% Ar, 

and 0.83% N2O in Ar 
5.4  73.4  4.4  83.3  

0.89 6.1  73.3  5.0  84.5  

1.2 

83.3% CO2 

and 16.7% Ar 

7.1  80.7  5.3  93.1  

1.4 7.7  80.8  6.0  94.5  

1.8 8.5  80.2  6.5  95.2  

2.3 10.1  76.9  7.4  94.4  

2.8 11.5  75.1  8.5  95.1  
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Table A.12: CO2 electroreduction performance with the introduction of 0.83% N2O 

impurity at 0.5 h for 0.5 h on Sn catalyst at a constant current density of 

100 mA cm-2 in 1M KHCO3 for 3 h. 5-10% FE of formate was detected 

from the anolyte side and is included in the formate FE. 

Time (h) Feed 
Faradaic efficiency (%) 

H2 CO Formate Total 

0.17 83.3% CO2 

and 16.7% Ar 
4.9  3.9  85.4  94.3  

0.39 4.9  5.4  78.7  89.0  

0.67 83.3% CO2, 15.87% Ar, 

and 0.83% N2O in Ar 
4.9  4.6  77.6  87.1  

0.89 4.8  4.9  76.6  86.2  

1.2 

83.3% CO2 

and 16.7% Ar 

5.1  4.8  76.2  86.1  

1.4 5.9  5.2  77.7  88.7  

1.8 7.3  5.2  76.0  88.5  

2.3 9.0  5.4  73.1  87.5  

2.8 10.9  5.7  71.8  88.4  

 

 

 

 

 

Figure A.8: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under 83.3% CO2 and 16.7% Ar, and 83.3% CO2, 15.87% Ar, 

and 0.83% NO2. Scan rate: 50 mV s-1. Onset potentials and cathodic 

currents shift to more positive potentials when 0.83% NO2 is introduced, 

suggesting that NO2RR is more favorable than CO2RR on all three 

catalysts. 
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Figure A.9: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under different concentrations of NO2 in Ar. Scan rate: 50 mV s-

1. Onset potentials of NO2RR are more positive than CO2RR, and shifts 

in CV measurements suggest that NO2RR is mass transport limited. 

 

 

 

 

 

Figure A.10: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under 83.3% CO2 and 16.7% Ar, and 83.3% CO2, 15.87% Ar, 

and 0.83% N2O. Scan rate: 50 mV s-1. Onset potentials and cathodic 

currents shift to more positive potentials when N2O is introduced on Cu 

and Ag catalysts, suggesting that N2ORR is more favorable than CO2RR 

on Cu and Ag catalysts. N2O has negligible effect on Sn catalyst. 
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Figure A.11: Cyclic voltammograms on (a) Cu, (b) Ag, and (c) Sn catalysts in 1M 

KHCO3 under different concentrations of N2O in Ar. Scan rate: 50 mV 

s-1. Onset potentials of N2ORR are more positive than CO2RR and shifts 

in CV measurements suggest that N2ORR is mass transport limited on 

Cu and Ag catalysts. N2O has negligible effect on Sn catalyst. 

 

Table A.13: Loss in Faradaic efficiency during CO2 electroreduction with the 

introduction of 0.83% NO, 0.83% NO2, and 0.83% N2O on Cu, Ag, and 

Sn catalysts. 

Impurity Cu (%) Ag (%) Sn (%) 

NO 33.9 29.6 27.9 

NO2 30.8 25.6 22.9 

N2O 13.3 10.2 1.4 
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Figure A.12: pH measured at the outlet of the electrolyzer from a constant current 100-

mA cm-2 CO2RR experiment with the introduction of various NOx. pH of 

1M KHCO3 before entering the electrolyzer was 7.80.1. Error bars 

represent the standard deviation of independent measurements from Cu, 

Ag, and Sn catalysts. The presence of NO and N2O has negligible effect 

in pH, while the presence of NO2 slightly decreases the pH by 0.03. 
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Figure A.13: Ammonia quantification using indophenol blue method. (a) Absorbance 

vs. time of 27.1 mg L-1 NH4OH. Reaction is complete after 10 minutes. 

(b) Photograph of 6.8, 13.6, and 27.1 mg L-1 NH4OH (from left to right) 

at 20 minutes. (c) Absorption spectra for different concentrations of 

NH4OH measured at 20 minutes. (d) Calibration curve for NH4OH. 

Absorbance was measured at 20 minutes. NH2OH has negligible 

interference. All solutions were prepared in 0.25M KHCO3 to match the 

condition of the liquid products in the electrolyte. 
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Figure A.14: Hydroxylamine quantification. (a) Absorbance vs. time of 25 mg L-1 

NH2OH. Reaction is complete after 10 minutes. (b) Photograph of 0, 10, 

and 25 mg L-1 NH2OH (from left to right) at 20 minutes. (c) Absorption 

spectra for different concentrations of NH2OH measured at 20 minutes. 

(d) Calibration curve for NH2OH. Absorbance was measured at 20 

minutes. Absorbance was subtracted from that of 0 mg L-1 NH2OH. 

NH4OH has negligible interference. All solutions were prepared in 

0.25M KHCO3 to match the condition of the liquid products in the 

electrolyte. 
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Figure A.15: Chromatogram of gas products from electrolysis in 83.3% CO2, 15.87% 

Ar, and 0.83% NO on (a) Cu, (b) Ag, and (c) Sn catalysts at 100 mA cm-2. 

TCD and Molecular sieve 5 A (MS) column are used, and 0 to 2.1 min is 

shown. 

 

Table A.14: Faradaic efficiency of NO electroreduction products produced during 

electrolysis with 83.3% CO2, 15.87% Ar, and 0.83% NO on Cu, Ag, and 

Sn catalysts at a constant current density of 100 mA cm-2 in 1 M KHCO3 

for 3 h. Concentration of N2O in the gas product stream was below the 

detection limit of GC, suggesting that N2O FE is below 2% on all three 

catalysts. 

Impurity Cu (%) Ag (%) Sn (%) 

NH3 26.5 7.8 1.9 

NH2OH - 11.6 13.7 

N2 4.4 2.7 0.9 
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Figure A.16: Photograph of the FEMS setup. 

Appendix Note: Design of FEMS measurement 

To differentiate N2 (m/z=28, 14) from N2O (m/z=44, 30, 28, 14), the signals 

associated with N2O need to be determined from m/z=44 or 30 signals. However, 

when the gas feed is 83.3% CO2+0.83% NO in Ar, m/z=44 and 30 signals are 

dominated by CO2 and NO, respectively, making the determination of the relatively 

small N2O signals unreliable. In addition, CO2 reduction products such as CO, 

methane, ethylene, and ethanol complicate the analysis of NORR products. As an 

alternative, FEMS experiment was conducted using 0.83% NO in Ar in the absence of 

CO2 to gain insight on the NORR products. 
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Figure A.17: Mass spectra of (a) NH4OH, (b) NO, (c) N2O, (d) N2, (e) H2O, and (f) 

CO2. MS signals were deconvoluted using the following mass spectra. 
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Figure A.18: MS signal vs. time obtained from FEMS on Cu in 1M KHCO3 with 0.83% 

NO in Ar before deconvolution for (a) m/z=2, (b) m/z=12, (c) m/z=17, (d) 

m/z=18, (e) m/z=28, (f) m/z=30, and (g) m/z=44. -0.90 V vs. RHE was 

applied for approximately 2 minutes starting at t=1.5 min. 

 

 

 

 

Figure A.19: MS signal vs. time obtained from FEMS on Cu in 1M KHCO3 with 0.83% 

NO in Ar for (a) m/z=17 with contribution from water obtained from 

m/z=18, (b) m/z=28 with contribution from CO2 in electrolyte obtained 

from m/z=12, and (c) m/z=44 with contribution from CO2 in electrolyte 

obtained from m/z=12. m/z=12 has been smoothed. -0.90 V vs. RHE was 

applied for approximately 2 minutes starting at t=1.5 min. The 

differences are attributed to NORR products. 
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Figure A.20: MS signal vs. time obtained from FEMS on Ag in 1M KHCO3 with 0.83% 

NO in Ar before deconvolution for (a) m/z=2, (b) m/z=12, (c) m/z=17, (d) 

m/z=18, (e) m/z=28, (f) m/z=30, and (g) m/z=44. -1.00 V vs. RHE was 

applied for approximately 2 minutes starting at t=1.5 min. 

 

 

 

 

 

Figure A.21: MS signal vs. time obtained from FEMS on Ag in 1M KHCO3 with 0.83% 

NO in Ar for (a) m/z=17 with contribution from water obtained from 

m/z=18, (b) m/z=28 with contribution from CO2 in electrolyte obtained 

from m/z=12, and (c) m/z=44 with contribution from CO2 in electrolyte 

obtained from m/z=12. m/z=12 has been smoothed. -1.00 V vs. RHE was 

applied for approximately 2 minutes starting at t=1.5 min. The 

differences are attributed to NORR products. 
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Figure A.22: (a) Measured current density vs. time, and deconvoluted MS signal vs. 

time for m/z=2, m/z=17, (b) m/z=28, m/z=30, and m/z=44 from FEMS 

on Ag catalyst in 1M KHCO3 with 0.83% NO in Ar. -1.00 V vs. RHE 

was applied for approximately 2 minutes starting at t=1.5 min. NORR 

products have been deconvoluted using the mass spectra of individual 

products shown in Fig. A.17. Additional information is provided in the 

methods section and Figs. A.20 and 21. 

 

 

 

Figure A.23: MS signal vs. time obtained from FEMS on Sn in 1M KHCO3 with 0.83% 

NO in Ar before deconvolution for (a) m/z=2, (b) m/z=12, (c) m/z=17, (d) 

m/z=18, (e) m/z=28, (f) m/z=30, and (g) m/z=44. -1.05 V vs. RHE was 

applied for approximately 2 minutes starting at t=1.5 min. 
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Figure A.24: MS signal vs. time obtained from FEMS on Sn in 1M KHCO3 with 0.83% 

NO in Ar for (a) m/z=17 with contribution from water obtained from 

m/z=18, (b) m/z=28 with contribution from CO2 in electrolyte obtained 

from m/z=12, and (c) m/z=44 with contribution from CO2 in electrolyte 

obtained from m/z=12. m/z=12 has been smoothed. -1.05 V vs. RHE was 

applied for approximately 2 minutes starting at t=1.5 min. The 

differences are attributed to NORR products. 

 

 

 

 

Figure A.25: (a) Measured current density vs. time, and deconvoluted MS signal vs. 

time for m/z=2, m/z=17, (b) m/z=28, m/z=30, and m/z=44 from FEMS 

on Sn catalyst in 1M KHCO3 with 0.83% NO in Ar. -1.05 V vs. RHE 

was applied for approximately 2 minutes starting at t=1.5 min. NORR 

products have been deconvoluted using the mass spectra of individual 

products shown in Fig. A.17. Additional information is provided in the 

methods section and Figs. A.23 and 24. 
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Figure A.26: Chromatogram of gas products from electrolysis in 83.3% CO2+0.83% 

N2O in Ar on (a) Cu, (b) Ag, and (c) Sn catalysts at 100 mA cm-2. TCD 

and Molecular sieve 5 A (MS) column were used, and 0 to 2 min is 

shown. 
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Figure A.27: XPS measurements of (a) Cu, (b) Ag, and (c) Sn electrodes before 

exposure to 0.83% NO (t=0 h), after exposure to 0.83% NO (t=1 h), and 

after 3 h electrolysis (t=3 h) from a 100 mA cm-2 constant current CO2RR 

experiment with the introduction of 0.83% NO. Corresponding N 1s XPS 

measurements of (d) Cu, (e) Ag, and (f) Sn electrodes. Incorporation of N 

into GDL is observed on Cu and Sn electrodes. In the case of Ag 

electrode, the investigation of N incorporation is limited due to the 

presence of PVP surfactant. Corresponding details are provided in Table 

A.15. 
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Table A.15: XPS N 1s peak positions and surface nitrogen content (wt %) of Cu, Ag, 

and Sn samples obtained from a 100 mA cm-2 constant current CO2RR 

experiment with the introduction of 0.83% NO. Sample time refers to the 

time at which the electrode was taken out of the electrolyzer. N content 

has been calculated using the following equation: N content (%) = 
  Ϸ 

  Ϸ   Ϸ
ρππ, where ɫ. (wt %) = graphitic N (wt %) + 

pyrollic N (wt %) + pyridinic N (wt%) or PVP (wt%), and metal = Cu, 

Ag, or Sn. 

 
Sample 

time (h) 
Graphitic (eV) Pyrrolic (eV) Pyridinic (eV) PVP (eV) 

Total N 

content (wt %) 

Cu 
1 401.5 400.2 398.4 - 1.48 

3 401.4 400.2 398.2 - 1.12 

Ag 

0 - - - 400.5, 398.5 2.72 

1 - - - 400.4, 398.5 2.92 

3 - - - 400.4, 398.3 2.40 

Sn 
1 401.4 400.3 398.2 - 1.03 

3 401.3 400.2 398.1 - 0.64 
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Figure A.28: XPS measurements of (a) Cu, (b) Ag, and (c) Sn electrodes before 

exposure to 0.83% NO2 (t=0 h), after exposure to 0.83% NO2 (t=1 h), and 

after 3 h electrolysis (t=3 h) from a 100 mA cm-2 constant current CO2RR 

experiment with the introduction of 0.83% NO2. Corresponding N 1s 

XPS measurements of (d) Cu, (e) Ag, and (f) Sn electrodes. Incorporation 

of N into GDL is observed on Cu and Sn electrodes. In the case of Ag 

electrode, the investigation of N incorporation is limited due to the 

presence of PVP surfactant. Corresponding details are provided in Table 

A.16. 
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Table A.16: XPS N 1s peak positions and surface nitrogen content (wt %) of Cu, Ag, 

and Sn samples obtained from a 100 mA cm-2 constant current CO2RR 

experiment with the introduction of 0.83% NO2. Sample time refers to 

the time at which the electrode was taken out of the electrolyzer. N 

content has been calculated using the following equation: N content = 
  Ϸ 

  Ϸ   Ϸ
ρππ, where ɫ. (wt %) = graphitic N (wt %) + 

pyrollic N (wt %) + pyridinic N (wt%) or PVP (wt%), and metal = Cu, 

Ag, or Sn. 

 
Sample 

time (h) 
Graphitic (eV) Pyrrolic (eV) Pyridinic (eV) PVP (eV) 

Total N 

content (wt %) 

Cu 
1 401.4 400.2 398.3 - 0.97 

3 401.4 400.3 398.2 - 1.26 

Ag 

0 - - - 400.5, 398.5 2.72 

1 - - - 400.4, 398.4 3.63 

3 - - - 400.4, 398.3 3.22 

Sn 
1 401.4 400.2 398.2 - 2.25 

3 401.2 400.3 398.2 - 1.47 
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Figure A.29: XPS measurements of (a) Cu, (b) Ag, and (c) Sn electrodes before 

exposure to 0.83% N2O (t=0 h), after exposure to 0.83% N2O (t=1 h), and 

after 3 h electrolysis (t=3 h) from a 100 mA cm-2 constant current CO2RR 

experiment with the introduction of 0.83% N2O. Corresponding N 1s 

XPS measurements of (d) Cu, (e) Ag, and (f) Sn electrodes. Incorporation 

of N into GDL is observed on Cu and Sn electrodes. In the case of Ag 

electrode, the investigation of N incorporation is limited due to the 

presence of PVP surfactant. Corresponding details are provided in Table 

A.17. 

 

  



 161 

Table A.17: XPS N 1s peak positions and surface nitrogen content (wt %) of Cu, Ag, 

and Sn samples obtained from a 100 mA cm-2 constant current CO2RR 

experiment with the introduction of 0.83% N2O. Sample time refers to 

the time at which the electrode was taken out of the electrolyzer. N 

content has been calculated using the following equation: N content = 
  Ϸ 

  Ϸ   Ϸ
ρππ, where ɫ. (wt %) = graphitic N (wt %) + 

pyrollic N (wt %) + pyridinic N (wt%) or PVP (wt%), and metal = Cu, 

Ag, or Sn. 

 
Sample 

time (h) 
Graphitic (eV) Pyrrolic (eV) Pyridinic (eV) PVP (eV) 

Total N 

content (wt %) 

Cu 
1 401.4 400.1 398.4 - 1.28 

3 401.3 400.2 398.3 - 0.89 

Ag 

0 - - - 400.5, 398.5 2.72 

1 - - - 400.6, 398.6 2.39 

3 - - - 400.5, 398.5 1.88 

Sn 
1 401.3 400.2 398.5 - 1.02 

3 401.4 400.2 398.4 - 1.46 

 

 

 

 

 

 

 

Figure A.30: XPS measurements of electrodes with high catalyst loadings of 2.0 mg 

cm-2 Cu, Ag, and Sn, and no catalyst at t=1 h after exposure to (a) 0.83% 

NO, (b) 0.83% NO2, and (c) 0.83% N2O for 0.5 h during CO2 electrolysis. 

The results confirm that N is incorporated in GDL rather than metal 

catalysts. 
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Figure A.31: Photograph of electrochemical batch cell for XAS operando experiments. 

 

Figure A.32: Cu K-edge (a) XANES and (f) EXAFS of Cu catalyst obtained after 

exposure to 0.23% NO2 for 0.5 h. 0.23% was used instead of 0.83% due 

to the availability of the gas at the time of the experiment. Nonetheless, 

insight on the effect of the introduction of NO2 during CO2RR on the 

catalyst oxidation state is still obtained. Cu catalyst is quickly reduced to 

metallic Cu once current is applied, suggesting that Cu catalyst remains 

or revert to fully metallic under reaction conditions after NO2 is removed 

from the CO2 stream 
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Figure A.33: Cu K-edge (a) XANES and (f) EXAFS of Cu catalyst obtained after 

exposure to 0.83% N2O for 0.5 h. Cu catalyst is quickly reduced to 

metallic Cu once current is applied, suggesting that Cu catalyst remains 

or revert to fully metallic under reaction conditions after N2O is removed 

from the CO2 stream 
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Figure A.34: SEM images of Cu electrodes obtained at (a) t=1 h and (d) t=3 h after 

exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83% 

NO2, and (c) t=1 h and (f) t=3 h after exposure to 0.83% N2O during CO2 

electrolysis. Change in Cu catalyst obtained at t=1 and 3 h compared to 

that obtained at t=0 h (Fig. A.1) is negligible. 
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Figure A.35: SEM images of Ag electrodes obtained at (a) t=1 h and (d) t=3 h after 

exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83% 

NO2, and (c) t=1 h and (f) t=3 h after exposure to 0.83% N2O during CO2 

electrolysis. Change in Ag catalyst obtained at t=1 and 3 h compared to 

that obtained at t=0 h (Fig. A.1) is negligible. 
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Figure A.36: SEM images of Sn electrodes obtained at (a) t=1 h and (d) t=3 h after 

exposure to 0.83% NO, (b) t=1 h and (e) t=3 h after exposure to 0.83% 

NO2, and (c) t=1 h and (f) t=3 h after exposure to 0.83% N2O during CO2 

electrolysis. The particle size for Sn catalyst obtained at t=1 and 3 h 

increased noticeably compared to that obtained at t=0 h (Fig. A.1) 

 

  








































































































































































