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Abstract 

Carbon dioxide/monoxide (CO2/CO) reduction (CO2R/COR) ï when powered by renewable 

electricity ï provides a sustainable means to convert emissions into valuable products for the 

manufacturing, transport, and chemical industries. CO2R can contribute to sustainability through 

closing the carbon loop, increasing the penetration of renewables in the petrochemical industry, 

and achieving long-term storage of renewable electricity. Despite considerable promise, there have 

yet been few demonstrations of CO2R with a rate, energy efficiency, and carbon efficiency that 

would bring techno-economics in line with incumbents. The main objective of the thesis is to 

contribute to the realization of energy- and carbon-efficient CO2R. The first three technical 

chapters of this thesis focus on improving the performance metrics in flow cells and membrane 

electrode assembly electrolyzers (Chapters 3, 4, and 5). The last two technical chapters focus on 

implementing the performance-boosting strategies into carbonate-formation-free systems to 

achieve simultaneously high carbon and energy efficiencies (Chapters 6 and 7). The first work 

reports a new catalyst design that decouples gas, ion, and electron transport and enables, for the 

first time, CO2R at activities greater than 1 A cmī2 in alkaline flow cell electrolyzers (Chapter 3). 

Then, low overpotential and high selectivity in CO2R is achieved via an adparticle 

functionalization catalyst: gold adparticles formed on the silver-gold alloying interface via 

galvanic replacement (Chapter 4). A molecule:ionomer hierarchy is developed to lower the 

activation barrier for CïC coupling and control CO2, water, and proton transport ï which in turn 

enabled record energy efficiency towards ethylene at industrially relevant reaction rates (Chapter 

5). A cascade system ï CO2R to CO in a solid oxide electrolysis cell (SOEC) with zero carbonate 

formation and COR to C2+ products in a MEA electrolyzer ï is developed to achieve record low 

energy intensities in the electrosynthesis of C2+ products (Chapter 6). Finally, a catalyst 

microenvironment exhibiting cation repulsion and anion attraction is developed to combine 
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practical energy- and carbon-efficiency in electrosynthesis of C2+ from CO2/CO feedstocks 

(Chapter 7).   
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ionomer. (b) Spray-casting of the catalyst ink onto the 2D CTPI to establish the 3D CTPI under 

the negative bias formed on the cathode during CO2R. (c) Schematic illustration of the Cu NPs 

surrounded by the tetrahydro-phenanthrolinium:SSC ionomer heterojunction. (d) Cu NPs 

surrounded sequentially by the tetrahydro-phenanthrolinium and SSC ionomer layers. Reproduced 

with permission from American Chemical Society [6], copyright 2020. éééé.ééééé..65 

Figure 5-7. Post-mortem 3D CTPI catalyst comprised of hierarchical Cu NPs/tetrahydro-

phenanthrolinium/SSC ionomer ordering established upon completion of electrolysis in MEA 

electrolyzer. (a) to (c) SEM images at different magnifications. Reproduced with permission from 

American Chemical Society [6], copyright 2020. é.ééééééééééééééééé.66 

Figure 5-8. CO2R performance of the 3D CTPI catalyst in an MEA electrolyzer. (a) Full-cell EEs 

and ethylene productivity as a function of CO2 concentration in a diluted CO2 stream. (b) Ethylene 

concentrations in the cathode outlet and FEs as a function of CO2 flow rate. Operating conditions: 

CO2 flow rate of 80 sccm, 0.1 M KHCO3 anolyte flow rate of 20 mL minī1. (c) Extended CO2R at 

220 mA cmī2 and with a feeding gas of CO2:N2 (40%:60%) at 80 sccm. Operating conditions: 0.1 
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independent measurements (secondary y-axis). (d) Comparison of the performance metrics with 



 

xvii  
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Reproduced with permission from American Chemical Society [6], copyright 2020. é.ééé..67 

Figure 5-9. FE comparison between control 3D CTPI and Cu/PTFE towards ethylene from 

simulated flue gas. Full-cell potentials are presented without iR compensation. Reproduced with 

permission from American Chemical Society [6], copyright 2020. éééé...ééééééé68 

Figure 5-10. CO2R FE distribution of the control Cu/PTFE and 3D CTPI catalyst for either pure 

CO2 or simulated flue-gas feeds. Reproduced with permission from American Chemical Society 

[6], copyright 2020. éééé.......éééééééééééééééééééééééé69 

Figure 5-11. Energy-dispersive X-ray spectroscopy (EDS) of the 3D CTPI catalyst upon 

completion of 100-h continuous CO2R in the MEA electrolyzer. (a) Cu. (b) S. (c) N. (d) F. 
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Figure 6-1. Mechanism of carbonate formation during CO2R. Producing 1 mole of ethylene by 

CO2R generates 12 moles of OHī which reacts with another 6 mole CO2. If the ethylene FE is 

100%, the CO2-to-ethylene single pass conversion is limited to 25%. Todayôs highest ethylene FE 

is below 80%. Thus, the maximum single pass conversion is less than 20%. Reproduced with 

permission from Elsevier [5], copyright 2021. ééééééééééé...éééééééé72 

Figure 6-2. Carbonate-formation-free CO2-to-ethylene production through cascade CO2R. (a) 

Comparison of energy comsumption for ethylene production in various systems. (b) The carbonate 

penalty (i.e., the faction of energy comsumption due to carbonate formation) in various systems. 

(c) A schematic illustration of renewable CO2-synthesized ethylene in a combined system 

consisting of a CO2-to-CO SOEC and a CO-to-ethylene MEA. Reproduced with permission from 

Elsevier [5], copyright 2021. éééééééééééééééééééé.éééééé73 

Figure 6-3. Cascade CO2R enables carbonate-free-production of ethylene. Reproduced with 

permission from Elsevier [5], copyright 2021. ééééééééééé...éééééééé74 

Figure 6-4. CO2-to-CO conversion in an SOEC. (a, b) CO2-to-CO Faradaic efficiency, single pass 

conversion, and energy efficiency in a commercial 2.5-cm NiO-YSZ/YSZ/GDC/LSC at various 

CO2 flow rates and current densities. (c) The CO2-to-CO Faradaic efficiency, single pass 

conversion, and cell voltage profiles during 55-hour test at 815 mA cmī2 and a CO2 flow rate of 

15 sccm. The operating temperature is 800 °C. Reproduced with permission from Elsevier [5], 

copyright 2021. ééééééééééééééé..éé.é.éééééé..éééééé81 
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Figure 6-5. COR-to-ethylene on the bare Cu surface. (a) The three-phase catalytic interface with 

bare Cu and (b) the CO-to-ethylene performance in 3 M KOH anolyte. Reproduced with 

permission from Elsevier [5], copyright 2021. ééééééééé.....éééééééé..é82 

Figure 6-6. Ethylene FE and partial current density of an MEA using the Cu:SSC cathode. 

Reproduced with permission from Elsevier [5], copyright 2021. éééééééééé....é.83 

Figure 6-7. CO-to-ethylene electroreduction in MEA. (a, b) Introducing additives to improve CO 

diffusion and stabilize CO* intermediates enhances ethylene FE and activity. (c) Cross-sectional 

SEM images of the Cu:Py:SSC catalyst. The scale bar is 1 ɛm. (d) Ethylene FE and voltages in 

different anolytes. (e, f) Comparisons of the CO-to-ethylene EE and ethylene concentration using 

Cu:Py:SSC catalyst and controls in MEAs with 3 M KOH. (g) Ethylene FE and voltage of the 

Cu:Py:SSC for 110 hours at 150 mA cmī2. The error bars correspond to the standard deviation of 

three independent measurements. Reproduced with permission from Elsevier [5], copyright 2021. 
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Figure 6-8. In-situ Raman spectra obtained on Cu:Py:SSC, Cu:Py, and bare Cu at ī0.57 V vs. 

RHE. The bare Cu surface is predominated by the bridge-bound CO*. The modification of the Py 

molecule greatly increased the fraction of the atop-bound CO*. After SSC ionomer coating, large 

portion of atop-bound CO* was still seen, although the intensity of the bridge-bound CO* 

increased slightly. Reproduced with permission from Elsevier [5], copyright 2021. 
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Figure 6-9. SEM images of the Cu:Py:SSC cathode after 110-hour COR. The scale bars are 1 ɛm 

and 200 nm in (a) and (b). Reproduced with permission from Elsevier [5], copyright 2021. 
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Figure 6-10. XPS analyses. (a) Cu2p XPS of the as-made Cu:Py:SSC cathode. (b-e) N1s and S2p 

XPS of the as-made Cu:Py:SSC cathode (b, d) and the same electrode after 110-hour COR 

operation (c, e) N1s and S2p peaks in (b, d) indicate the existence of Py molecule and SSC ionomer 

on the Cu surface. After 110-hour of COR, the Py molecule and SSC ionomer were still clear as 

identified by the N1s and S2p peaks in (c, e). Reproduced with permission from Elsevier [5], 

copyright 2021. ééééééééééé.éééé...éééééé..éééé.éééé...86 

Figure 6-11. N K-edge sXAS spectra obtained on Cu:Py:SSC electrodes before and after 110 hours 

of COR. The asymmetric N-C bonding with carbon splits the ˊ* orbitals into two peaks centered 
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at 400 and 402.5 eV. A similar N valence orbital is seen after extended COR. Reproduced with 

permission from Elsevier [5], copyright 2021. éééééééééééé...ééééééé87 

Figure 6-12. Comparison of CO2-to-CO conversion at different current densities and CO2 flow 

rates. The inlet CO2 flow rate was 10 sccm to achieve high ethylene concentration at the MEA 

outlet. The current density was 550 mA cmī2 to achieve current density:CO2 flow rate ratio of 

815:15 (mA cmī2 vs. sccm) for high CO2-to-CO single pass conversion. Reproduced with 

permission from Elsevier [5], copyright 2021. éééééééééé..éé...éé.éé.éé87 

Figure 6-13. Ethylene production performance in the cascade CO2R. (a) The ethylene FE and cell 

voltage of the CO-to-C2H4 MEA, and the C2H4 EE of the cascade CO2R. (b, c) CO2-to-ethylene 

single pass conversion and ethylene production rates of the cascade CO2R at different operating 

current densities for the CO-to-C2H4 MEA. (d) Extended CO2-to-ethylene single pass conversion 

performance of the MEA in the cascade CO2R. (e) Effect of anodic reaction on the COR 

performance of the MEA in the cascade CO2R. Reproduced with permission from Elsevier [5], 

copyright 2021. éééééééééééé.ééééééé..é.é.é.éééééééé89 

Figure 7-1. Technoeconomic assessment. Energy assessment was performed by using a model and 

assumptions similar to those reported in refs. [5], [66]. The dashed lines represent the EEethylene and 

SPCEethylene combinations to achieve projected-profitable energy intensities. The minimum 
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current density of 200 mA cmī2 and an ethylene FE of 100% were considered. 

éééééééééééééééééé.éé..éééééééééé..ééééé...é93 

Figure 7-2. Energy and carbon efficiency limitations in CO2/CO electrolysis. (a) EEC2+ and 
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 Thesis overview 

1.1 Motivation 

The petrochemical sector enables the production of fuels, plastics, fertilizers, detergents, digital 

devices, and clothing employed by modern society [1]. The industry has become a dominant 

energy user [2]. The dependence of the chemical sector on fossil fuels ï for process energy and 

feedstocks ï poses a significant global challenge: the chemical sector makes up 18% of todayôs 

industrial CO2 emissions. With a growing dependence on fossil fuel feedstocks, the global 

petrochemical sector is on course to emit 200 million tonnes of CO2 equivalent by 2050 [3]. Cost-

effective, low-carbon routes to manufacture chemical feedstocks and fuels are needed to mitigate 

environmental impacts [4]. 

Renewable-electricity-powered electrochemical CO2 reduction (CO2R) could be a sustainable 

approach to convert waste emissions into valuable chemicals and achieve seasonal storage of 

renewable electricity in the form of fuels (Figure 1-1) [5], [6]. Renewable-energy-powered CO2R 

targets commodity chemicals and fuels that are currently manufactured using emissions-intensive 

thermochemical processes (Figure 1-1) [7], [8]. For example, CO2-to-ethylene conversion ï 

powered by renewable electricity ï holds a considerable promise of displacing todayôs carbon-

intensive steam-cracking process for ethylene production [9]. The feasibility of CO2R depends on 

stable operation at industrially relevant energy efficiency and productivity. Today, the practicality 

of CO2R is limited by impractical performance metrics of the electrolyzers, including low energy 

efficiencies, low production rates, short operational stability, and low single pass conversion 

efficiencies [10], [11]. 

The objective of this thesis is to contribute to the realization of energy- and carbon-efficient 

CO2R/COR at industrially relevant production rates in various reaction systems. The first part of 

the thesis will be focusing on improving the performance metrics in various electrolyzer 

configurations such as flow cell and MEA electrolyzers. The later part will focus on developing 

performance-boosting strategies for carbonate-formation-free systems, thereby achieving the 

combination of high carbon and energy efficiency.  
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Figure 1-1. Renewable-electricity-powered electrochemical CO2 reduction (CO2R) to fuels 

and chemicals. 

1.2 Thesis contributions 

This section summarizes the candidateôs contribution for advancing the CO2R/COR towards 

industrial viability. The thesis contains six more chapters where the details of each contributing 

work are provided, on the basis of publication. 

Chapter 2: Background and literature review 

This chapter presents a comprehensive literature review and background information on 

CO2R/COR technology with a focus on performance metrics of merit, electrolyzer 

configurations, and emerging systems. A large portion of this work has been published in 

Nature Sustainability as a review article [12]. 

Chapter 3: CO2 electrolysis to multicarbon products at activities greater than 1 A cmī2 

This chapter presents a catalyst architecture that decouples gas, ion and electron transport. 

The catalyst enables, for the first time, CO2R/COR to C2+ products at productivities greater 

than 1 A cmī2 in an alkaline flow cell. The catalyst combines this productivity with a half-

cell energy efficiency of 50%, corresponding to a 6-fold improvement in productivity with 
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similar energy efficiency to the literature benchmark CO2R alkaline flow cell electrolyzers. 

This advance has been achieved by developing an ionomer-catalyst heterojunctions that 

separate the transport of gaseous feedstock, electrons, and ions, maximizing their 

availability over the entire electrochemically active sites. The catalyst can be prepared in 

the planar (2D) and high-surface-area (3D) configurations. 3D catalyst-ionomer bulk 

heterojunctions ï by extending the triple-phase boundary ï enable C2+ productivities 

greater than 1 A cmī2. This work has been published in Science [13]. 

Chapter 4: Gold adparticles on silver combine low overpotential and high selectivity in 

electrochemical CO2 conversion 

This chapter presents an adparticle functionalization catalyst: gold adparticles formed on 

the silver-gold alloying interface via galvanic replacement uniquely combine low 

overpotential and high selectivity in CO2-to-CO conversion. It is found ï using a suite of 

electroanalytic tools, operando spectroscopies, and theoretical calculations ï that gold 

adparticles formed at the silver-gold interfaces modify the lattice and electronic structure 

of silver and lower the free energy change required to form *COOH, a key reaction 

intermediate along the pathway to CO. This strategy applies to both planar and high-

surface-area catalysts, enabling overpotential reductions of 200 mV compared to pure 

silver catalyst up to current densities exceeding 400 mA cmī2 in neutral electrolytes. The 

silver-gold catalyst enables a CO partial current density of 250 mA cmī2 at (|ɖcell| <1 V) 

ï achieving CO productivity required for practical application. When integrated into an 

MEA electrolyzer, the silver-gold catalyst enables CO electrosynthesis for 60 hours, 

delivering an average Faradaic efficiency of 90% and full-cell energy efficiency of 33% at 

200 mA cmī2. This work has been published in ACS Applied Energy Materials [14]. 

Chapter 5: High-rate and efficient ethylene electrosynthesis using a catalyst/promoter/transport 

layer 

This chapter describes an organic molecule:ionomer hierarchy established on copper 

catalysts that enables an ethylene Faradaic efficiency of >60% at reaction rates of >300 

mA cmī2 in a neutral-media MEA electrolyzer. The organic molecular additive is designed 

to increase the ratio between the atop CO and bridge CO, lowering the activation barrier 
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for CïC coupling. The ionomer surrounding the 15-25 nm thick molecular film, however, 

enables effective CO2, H2O and proton transport to the local reaction environment. 

Hierarchical ordering of these functional films enables efficient CO2R at high reaction rates 

by largely suppressing the competing hydrogen evolution reaction (HER). Establishing the 

similar molecule and ionomer hierarchy on Cu NPs enables an ethylene productivity of 

>200 mA cmī2, ethylene full-cell energy efficiency of >21%, an ethylene volumetric 

concentration of >35%, and stable operation of 100 hours. This work has been published 

in ACS Energy Letters [6]. 

Chapter 6: Cascade CO2 electroreduction enables efficient carbonate-free production of ethylene  

This chapter presents a cascade CO2R approach, in which CO2-to-C2+ conversion is 

performed through two cascading processes: CO2-to-CO in a solid oxide electrolysis cell 

(SOEC) with zero carbonate formation and CO-to-C2+ in a MEA electrolyzer. This cascade 

approach requires CO-to-ethylene conversion with energy efficiency well beyond 

demonstrations to date. Focusing on the CO-to-C2+ conversion in an membrane electrode 

assembly (MEA) electrolyzer, it is found that the organic film produced from the reduction 

of N-tolylpyridinium to N-tolyl-tetradihydro-bipyridine improves the stabilization of key 

reaction intermediates, while a short-side-chain (SSC) ionomer enhances CO transport to 

the active sites of Cu, enabling selective and stable production of ethylene. The cascade 

system achieves CO2-to-ethylene conversion with no loss of CO2 to carbonate and a 48% 

less energy input compared to the direct CO2R route. This work has been published in Joule 

[5]. 

Chapter 7: Energy- and carbon-efficient CO2/CO electrolysis to multicarbon products via 

asymmetric ion migration-adsorption 

This chapter explores the origins of low energy efficiency (EE) and single pass carbon 

efficiency (SPCE) in the best current CO2R/COR-to-C2+ membrane electrode assembly 

(MEA) electrolyzers. It is found that cations (K+) cross over from the anode to the cathode, 

accumulate on the catalyst surface, block the active sites, limit reactant CO2/CO transport, 

and lead to hydrogen evolution reaction (HER) ï the primary cause of EE and SPCE loss. 

An additional cause is the OHī migration from cathode to anode, reducing alkalinity on the 
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cathode and thereby diminishing CïC coupling. The chapter then presents a strategy to 

break the bidirectional flow of ions, i.e., repelling the cations while attracting locally 

generated anions, to simultaneously achieve practical EE and SPCE in the 

electroproduction of C2+ products. A catalyst/covalent organic framework (COF) bulk 

heterojunction that provides asymmetric ion migration-adsorption is developed: the ˊ-

conjugated hydrophobic COFs constrain cation (K+) diffusion via cation-ˊ interactions, 

whilst promoting anion (OHī) and gaseous reactant adsorption on the catalyst surface. As 

a result, the system achieves electrosynthesis of C2+ products in a full cell with a record 

SPCE of 95% and EE of 41%, all sustained over 200 hours ï representing a considerable 

performance improvement over all CO2R/COR systems reported. This work is under 

review. 

1.3 Primary contributions 

The publications to which the candidate have made major contributions ï as recognized by the 

first and co-first authorship ï are listed below and discussed in the detail in the chapters of the 

thesis. 

1. Ozden, AÀ., de Arquer, F.P.GÀ., Huang, J.EÀ., Wicks, J., Sisler, J., Miao, R.K., OôBrien, 

C.P., Lee, G., Wang, X., Ip, A.H., Sargent, E.H., Sinton, D. ñHigh single pass carbon 

dioxide conversion electrolysersò. Nature Sustainability, 2022 (Accepted). 

2. de Arquer, F.P.GÀ., Dinh, C-TÀ., Ozden, AÀ., Wicks, JÀ., McCallum, C., Kirmani, A.R., 

Nam, D-H., Gabardo, C., Seifitokaldani, A., Wang, X., Li, Y.C., Li, F., Edwards, J., 

Richter, L.J., Thorpe, S.J., Sinton, D., Sargent, E.H. ñCO2 electrolysis to multicarbon 

products at activities greater than 1 A cmī2ò. Science, 2020, 367, 661-666. 

3. Ozden, AÀ., Liu, YÀ., Dinh, C-TÀ., Li, J., Ou, P., de Arquer, F.P.G., Sargent, E.H., Sinton, 

D. ñGold adparticles on silver combine low overpotential and high selectivity in 

electrochemical CO2 conversionò. ACS Applied Energy Materials, 2021, 4, 7504-7512. 

4. Ozden, AÀ., Li, FÀ., de Arquer, F.P.G., Rosas-Hernandez, A., Thevenon, A., Wang, Y., 

Hung, S-F-., Wang, X., Chen, B., Li, J., Wicks, J., Luo, M., Wang, Z., Agapie, T., Peters, 

J.C., Sargent, E.H., Sinton, D. ñHigh-rate and efficient ethylene electrosynthesis using a 

catalyst/promoter/transport layerò. ACS Energy Letters, 2020, 5, 2811-2818. 
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5. Ozden, AÀ., Wang, YÀ., Li, FÀ., Luo, M., Sisler, J., Thevenon, A., Rosas-Hernandez, A., 

Burdyny, T., Lum, Y., Yadegari, H., Agapie, T., Peters, J.C., Sargent, E.H., Sinton, D. 

ñCascade CO2 electroreduction enables efficient carbonate-free production of ethyleneò. 

Joule, 2020, 5, 706-719. 

6. Ozden, AÀ., Li , JÀ., Kandambeth, SÀ., Li , X-YÀ., Shekhah, O., Ou, P., Finfrock Y.Z., 

Wang, Y-K., Alkayyali, T., de Arquer, F.P.G.., Kale, V.S., Bhatt, P.M., Ip, A.H., 

Eddaoudi, M., Sargent, E.H., Sinton, D. ñEnergy- and carbon-efficient CO2/CO 

electrolysis to multicarbon products via asymmetric ion migration-adsorptionò. 2022 

(Under review). 

1.4 Supplementary contributions 

The following publications are collaborative projects in which the candidate made contributions, 

in addition to those detailed in the technical chapters of the thesis. 

1. Li, FÀ., Thevenon, AÀ., Hernandez-Rosas, AÀ., Wang, ZÀ., Li, YÀ., Gabardo, C.M., Ozden, 

A., Dinh, C-T., Li, J., Wang, Y., Edwards, J.P., Xu, Y., McCallum, C., Tao, L., Liang, Z-

Q., Luo, M., Wang, X., Li, H., OôBrien, C., Tan, C-S., Nam, D-H., Bermudez, R.Q., 

Zhuang, T-T., Li, Y.C., Han, Z., Britt, R.D., Sinton, D., Agapie, T., Peters, J.C., Sargent, 

E.H. ñMolecular tuning of CO2-to-ethylene conversionò. Nature, 2020, 577, 509-513. 

This work presented a molecular strategy to tune the selectivity of the CO2R to ethylene. 

The candidate, together with the lead author, performed the performance and stability 

experiments in a neutral-media MEA, which yields an average ethylene FE of 64% at 125 

mA cmī2 for 190 h.  

2. Li, FÀ., Li, Y.CÀ., Wang, ZÀ., Li, JÀ., Nam, D-H., Lum, Y., Luo, M., Wang, X., Ozden, 

A., Hung, S-F., Chen, B., Wang, Y., Wicks, J., Xu, Y., Li, Y., Gabardo, C.M., Dinh, C-T., 

Wang, Y., Zhuang, T-T., Sinton, D., Sargent, E.H. ñCooperative CO2-to-ethanol 

conversion via enriched intermediates at molecule-metal catalyst interfacesò. Nature 

Catalysis, 2020, 3, 75-82. 

This work presented a molecule-metal catalyst interface that enables selective CO2-to-

ethanol conversion. The candidate, together with the lead author, performed the 
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performance and stability experiments in MEA. Stable operation of 12 h with an average 

ethanol FE of ~40% is achieved in an MEA electrolyzer. 

3. Wang, YÀ.,Wang, ZÀ., Dinh, C-TÀ., Li, JÀ., Ozden, A., Kibria, M.G., Seifitokaldani, A., 

Tan, C-S., Gabardo, C.M., Luo, M., Zhou, H., Li, F., Lum, Y., McCallum, C., Xu, Y., Liu, 

M., Proppe, A., Johnston, A., Todorovic, P., Zhuang, T-T., Sinton, D., Kelley, S.O., 

Sargent, E.H. ñEfficient methane electrosynthesis enabled by tuning local CO2 

availabilityò. Nature Catalysis, 2020, 3, 98-106. 

This work presented a materials processing strategy based on in-situ electrodeposition of 

copper under CO2R conditions that preferentially forms Cu(100) facets, favoring the 

electrosynthesis of C2+ products. The candidate designed and performed the performance 

and stability assessment in an MEA electrolyzer. The candidate translated the high-rate and 

selective ethylene electrosynthesis achieved in a flow-cell electrolyzer to the MEA 

electrolyzer. This approach results in stable operation of ~65 hours with an average 

ethylene FE of ~60% at 300 mA cmī2. 

4. LeowÀ, W.R., Lum, YÀ., Ozden, A., Wang, Y., Nam, D-H., Chen, B., Wicks, J., Zhuang, 

T-T., Li, F., Sinton, D., Sargent, E.H. ñChloride-mediated selective electrosynthesis of 

ethylene and propylene oxides at high current densityò. Science, 2020, 368, 1228-1233. 

This work presented an extended heterogeneous:homogeneous catalyst interface, based on 

a chloride redox mediator at the anode, to achieve selective and high-rate oxidation of 

ethylene to ethylene oxide ï one of the most produced commodity chemicals in the world. 

The candidate synthesized iridium oxide supported titanium (IrOx-Ti) catalysts for 

efficient oxidation of ethylene-to-ethylene oxide at high reaction rates. The candidate also 

assisted in building a system integration composed of a CO2-to-ethylene MEA system and 

ethylene-to-ethylene oxide flow cell electrolyzer that produce ethylene oxide from CO2, 

water, and electricity. 

5. Wang, XÀ., Wang, ZÀ., de Arquer, F.P.G., Dinh, C-T., Ozden, A., Li, Y.C., Nam, D-H., 

Li, J., Liu, Y-S., Wicks, J., Chen, Z., Chi, M., Chen, B., Wang, Y., Tam, J., Howe, J.Y., 

Proppe, A., Todorovic, P., Li, F., Zhuang, T-T., Gabardo, C.M., Kirmani, A.R., McCallum, 

C., Hung, S-F., Lum, Y., Luo, M., Min, Y., Xu, A., OôBrien, C.P., Stephen, B., Sun, B., Ip, 
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A.H., Richter, L.J., Kelley, S.O., Sinton, D., Sargent, E.H. ñEfficient electrically powered 

CO2-to-ethanol via suppression of deoxygenationò. Nature Energy, 2020, 5, 478-486. 

This work presented a material design strategy that promotes CO2-to-ethanol conversion 

via suppression of deoxygenation of the intermediate HOCCH* to ethylene. The candidate, 

together with the leading author of the paper, translated the high-rate and selective ethanol 

electrosynthesis achieved in a flow-cell electrolyzer to MEA electrolyzer successfully. 

Stable operation of 15 h with an average ethanol FE of ~52% is achieved in an MEA 

electrolyzer. 

6. Huang, J.EÀ., Li, FÀ., Ozden, AÀ., Rasouli, A.S., de Arquer, F.P.G, Liu, S., Zhang, S., Luo, 

M., Wang, X., Lum, Y., Xu, Y., Bertens, K., Miao, R.M., Dinh, C-T., Sinton, D., Sargent, 

E.H. ñCO2 electrolysis to multicarbon products in strong acidò. Science, 2021, 372, 6546. 

This work presented a cation-augmenting layer architecture that increases potassium cation 

on electrochemically active sites, enabling CO2R in acidic media by improving CO2 

activation kinetics and achieving a SPCE of 77% ï this exceeds what can be achieved in 

neutral and alkaline media CO2R. The candidate, together with the lead author, designed 

and manufactured the catalyst and electrolyzer and performed electrochemical 

performance and stability measurements. 

7. Li , YÀ., Ozden, AÀ., Leow, W.R., Ou, P., Huang, J.E., Wang, Y., Bertens, K., Xu, Y., Liu, 

Y., Roy, C., Jiang, H., Sinton, D., Li , C., Sargent, E.H. ñRedox-mediated electrosynthesis 

of ethylene oxide from CO2 and waterò. Nature Catalysis, 1-8 (24th February 2022). 

https://doi.org/10.1038/s41929-022-00749-8. 

This work presented a class of period-6-metal-oxide-modified iridium oxide catalysts that 

can tune HOCl cleavage energy and promote ethylene-to-ethylene oxide conversion. The 

candidate fabricated the barium, lanthanum, cerium, and bismuth-oxide-loaded catalysts 

and assisted in electrolyzer design, system integration, and electrochemical measurements. 

8. Li, LÀ., Ozden, AÀ., Guo, S., de Arquer, F.P.G., Wang, C., Zhang, M., Zhang, J., Jiang, 

H., Wang, W., Dong, H., Sinton, D., Sargent, E.H., Zhong, M. ñStable, active CO2 

https://doi.org/10.1038/s41929-022-00749-8
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electroreduction to formate via redox-modulated stabilization of active sitesò. Nature 

Communications, 2021, 12, 5223. 

This work showed that alloying p-block elements with altering electronegativities 

modulates the redox potential of active sites and stabilizes them throughout extended CO2R 

exceeding 2400 hours of continuous operation. The candidate translated the performance 

and stability of the highly performing Sn-Bi/SnO2 catalyst to a neutral media CO2R system 

and showcased production of concentrated formate from the cathodic stream. 

9. Miao, R.KÀ., Xu, YÀ., Ozden, A., Robb, A., OôBrien, C.P., Gabardo, C.M., Lee, G., 

Edwards, J.P., Huang, J.E., Fan, M., Wang, X., Liu, S., Yan, Y., Sargent, E.H., Sinton, D. 

ñElectroosmotic flow steers neutral products and enables concentrated ethanol 

electroproduction from CO2ò. Joule, 2021, 5, 2742-2753. 

This work presented a strategy that leads to continuous production of concentrated ethanol 

up to 13 wt% in an MEA electrolyzer. The strategy relies on reversing the direction of ion 

and electroosmatic transport by using a porous proton exchange layer, limiting the 

unwanted ethanol crossover from the cathode to anode and producing concentrated ethanol 

at the cathodic stream. The system shows stable operation of 80 hours. The candidate 

assisted in paper structuring and editing. 

10. Robb, AÀ., Ozden, AÀ., Miao, R.K., OôBrien, C., Xu, Y., Gabardo, C., Wang, X., Zhao, 

N., de Arquer, F.P.GÀ., Sargent, E.H., Sinton, D. ñConcentrated ethanol electrosynthesis 

from CO2 via porous hydrophobic adlayerò. ACS Applied Materials & Interfaces, 14, 4155-

4162 (2022). 

This work presented a porous and hydrophobic adlayer that facilitates the evaporation of 

ethanol into the cathodic stream and limits water transport, resulting in production of 

concentrated ethanol of ~12.4 wt% from the cathodic stream. The system is stable for at 

least 12 hours of initial operation. The candidate assisted in designing experiments, 

materials characterization, and writing the paper.  

11. Wang, XÀ., Ou, PÀ., Ozden, A., Hung, S-F., Tam, J., Gabardo, C.M., Howe, J.Y., Sisler, 

J., Bertens. K., de Arquer, F.P.G., Miao, R.K., OôBrien, C.P., Wang, Z., Abed, J., Sun, M., 
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Ip, A.H., Sinton, D., Sargent, E.H. ñEfficient electrosynthesis of C3 fuel from carbon 

monoxide using multi-element-doped Cuò. Nature Energy, 7, 170-176 (2022). 

This work presented a material design strategy that promotes electrosynthesis of n-

propanol from CO through facilitated multiple CïC coupling, stabilized C2 intermediates, 

and improved CO adsorption ï all resulting in enhanced n-propanol production. The 

candidate assisted in fabrication of key materials of the electrolyzer that enables high-

performance and stable electroproduction of n-propanol.  
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 Background 

CO2R systems rely on a pair of cathodic and anodic reactions. The cathodic reaction is the 

electrolysis of CO2 to a group of C1 (e.g., carbon monoxide, formate, methane, methanol) [15]ï

[21], C2 (e.g., ethylene, ethanol, acetate) [22]ï[24], or C3 (e.g., n-propanol) [22], [25] products. 

The CO2R needs to be coupled with an oxidation reaction at the anode, which is typically the 

oxygen evolution reaction (OER) or an organic oxidation reaction (OOR) [26]. 

2.1 Cathode 

2.1.1 Cathode: CO2 electroreduction 

The diversity of product is largely determined by the form of CO2 absorbed on the catalyst: 

*HCOO (an intermediate resulting in formate) or *COOH (an intermediate resulting in carbon 

monoxide). A prerequisite for the generation of C2 products is the formation of *CO intermediate 

and its ensuing reduction. The CO2R can be performed in all-pH electrolytes, expression of which 

in basic and acidic electrolytes is provided in Equations (2-1) and (2-2): 

ὥὅὕ ὦὌὕ ὧὩ ᴼὅὌ ὕ ὧὕὌ (2-1)  

ὥὅὕ ὧὌ ὧὩ ᴼὅὌ ὕ ὧ ὦὌὕ (2-2)  

The stoichiometric coefficients, a, b, c, represent the mole of CO2, H2O, and eī, respectively. 

Regardless of the pH, the CO2R, similar to many other electroreduction processes [27], requires 

reactant CO2, ions, and electrons ï all can be obtained in a three-phase (solid, liquid, and gas) 

reaction environment: a metal catalyst (e.g., copper, silver, gold, indium, lead, zinc, or bismuth), 

an electrolyte (e.g., KOH, KHCO3, K2CO3, or K2SO4), and a reactant (CO2 either in dilute or 

concentrated forms). Bismuth, zinc, lead, sulfur, and indium are the elements that produce formate 

selectively [28]ï[30]. Gold and silver are the elements that form *CO, but desorb it without further 

reduction, thus they produce CO selectively [14]. Copper is the only element that can bind *CO 

sufficiently to allow its further reduction to C2+ products [6], [31]. The CO2R requires a negative 

potential at the cathode (where CO2 is reduced) and a positive potential at the anode (where the 

protons and electrons are generated). The CO2R can be performed under various temperatures and 

pressures, but in this thesis, the focus ï unless otherwise stated ï will be on the CO2R performed 
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under room-temperature and standard atmospheric conditions. The minimum potential to perform 

CO2R under the standard calculations can be derived from thermodynamics using Equation (2-3): 

ὉЈ
ῳὋ ȟ

ὥὊ
 (2-3) 

where ȹGReaction,x is the Gibbôs free energy change under the standard conditions, ax is the number 

of electrons required to produce per mole of product, and F is the Faradayôs constant. Although 

the thermodynamic potential shows a slight variance depending on the product type, the 

discrepancy is not sufficient to make any significant difference on the selectivity towards the target 

product. Herein, it is also worth noting that potentials required to drive the CO2R are likely to drive 

the competing hydrogen evolution reaction (HER) as well [32], and thus H2 co-exists with CO2R 

products and unreacted CO2 at the cathodic stream.  

2.1.2 Cathode: carbonate formation 

In CO2R, the increasing reaction rates or the use of alkaline/neutral electrolytes result in carbonate 

formation (2OHī + CO2 Ÿ CO3
2ï + H2O) through the reaction of CO2 with hydroxides present in 

the electrolyte and those locally generated by CO2R (Figure 2-1) [33]. 

 

Figure 2-1. Carbonate formation and cross-over during CO2R in a zero-gap, catholyte-free 

AEM -based MEA electrolyzers using neutral and alkaline media electrolytes. Reproduced 

with permission from Springer Nature [12], copyright 2022. 

Carbonate formation imposes an unacceptably low upper limit on single pass conversion efficiency 

(SPCE) in benchmark, once-through electrolyzers ï the fraction of CO2 reduced to target products 
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[34]. In practical devices, SPCEs are well below fundamental limits, due to the imperfect FEs [35], 

[36]. In alkaline media (pH >14), typically 95% of CO2 input is lost, and thus ï for complete 

reactant CO2 conversion to be obtained ï each CO2 molecule would be separated and recirculated 

an average of 20 times [37]. Even with the use of milder neutral electrolytes, 75% of CO2 is lost 

to carbonate formation and ensuing crossover in conversion to C2+ products. The energy demand 

from separation steps is prohibitive (Figure 2-2). The regeneration of alkaline electrolyte (such as 

via calcium caustic loop) accounts for 60-75% of total energy input.  

 

Figure 2-2. Energy penalty associated with carbonate formation and cathode separation 

versus SPCE to ethylene. CO2 separation in the neutral case (neutral-media MEA) is treated 

similarly to carbonate regeneration in alkaline case (alkaline flow cell (AFC)). The energy 

penalty associated with regeneration of alkaline electrolyte is based on calcium loop. The 

carbonate formation ratios were obtained by performing CO2R at 300 mA cmī2. The energy 

intensity versus carbonate formation ratio and SPCE to ethylene versus carbonate formation 

ratio is measured at a current density of 300 mA cmī2, a cell voltage of 3.7 V, and an ethylene 

FE of 70%. Reproduced with permission from Springer Nature [12], copyright 2022. 

A shift from alkaline to neutral media (pH ~14.6 to ~8.2) ï while maintaining CO2R performance 

ï could reduce energy penalties associated with carbonate regeneration and cathode separation. 

However, even under the milder conditions (pH ~8.2), the CO2R system (with theoretical CO2-to-

ethylene SPCE of 25%) requires an extra energy input of ~42 GJ to produce one ton of ethylene 

at typical conditions (Figure 2-2). This extra energy cost associated with the separation process is 
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prohibitive as it is almost equal to the lower heating value of ethylene (~47 GJ tonī1) [6]. An 

analysis of the SPCE of CO2 as a function of carbonate formation ratio (lost-CO2:reduced-CO2) 

indicates that carbon-efficient systems minimize CO2 loss to carbonate and enable high SPCE 

towards C2+ products (e.g., ethylene) (Figure 2-3). Strategies to remove these SPCE limits are of 

importance to the field. 

 

Figure 2-3. SPCE of CO2 towards ethylene versus carbonate formation ratio. Carbon-

efficient systems mitigate CO2 loss to carbonate and yield a high SPCE. The dashed lines 

represent SPCE limits for ethylene in alkaline and neutral media CO2R electrolyzers. The 

carbonate formation ratio of <3 represents the carbonate-formation-free systems. 

Reproduced with permission from Springer Nature [12], copyright 2022. 

2.2 Anode 

An oxidation reaction (oxygen evolution reaction [38], [39] or organic oxidation reaction [40]) is 

typically coupled with the CO2R. Due to the well-established performance (low overpotentials, 

high reaction rates, and operational stability) and the availability of robust catalysts (such as 

iridium based catalysts), the CO2R systems typically use OER at the anode. In alkaline electrolytes, 

the OER occurs according to Equation (2-4): 

τὕὌᴼςὌὕ τὩ ὕ  (2-4) 
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Reactions alternative to OER, including OORs (glucose oxidation reaction, glycerol oxidation 

reaction) have also been investigated to achieve reductions in the full-cell potentials or produce 

valuable products at the anode as well [41]. 

2.3 Performance metrics  

The performance of the CO2R electrolyzers is assessed based on several key metrics [42]. The 

specifications of the anode and cathode catalysts, anion/cation exchange membrane, and 

electrolyzer configurations play a key role in each of these metrics [43], [44].  

2.3.1 Faradaic efficiency 

Faradaic efficiency (FE) represents the selectivity of the electrochemical conversion of a feedstock 

(e.g., CO2/CO) to a single or a group of reaction products (e.g., carbon monoxide, methane, 

ethylene, acetate, formate, methanol, and n-propanol) [45]. FE towards a target product x, can be 

calculated using Equation (2-5): 

ὊὉ
Ὅ

Ὅ

ᾀὲὊ

Ὅ
 (2-5) 

where Ix is the productivity towards product x, zx is the number of electrons needed for each 

molecule of product x, ἆi is the molar production rate of product x, F is the Faradayôs constant 

(96485 C molī1), and I is the current. The FE is an indicator of how electrons supplied are spent 

towards any possible reaction product. The total FE towards all reaction products should be 100%. 

A high FE towards a target product is required to minimize the energy penalty associated with 

electrolyzer electricity and product separation. Designing catalysts that achieve high FE towards 

target C2+ products is required to bring the CO2R/COR technology a step closer to viability [46]. 

2.3.2 Current density 

The current density represents the reaction rate of the electrochemical reaction. The current density 

can be calculated using Equation (2-6): 

Ὦ
Ὅ

ὃ
 (2-6) 
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where I is the total current and A is the geometric area of the electrode. In a full system, the 

geometric electrode areas for the cathode and anode are typically the same, and thus the current 

density term can be representative of the full cell. The specifications of the catalyst and electrolyzer 

configuration play a role in the current density [43], [47]. Achieving large-scale operation requires 

current densities that are above a level so that the operational and capital costs are sufficiently low 

to achieve profitability. The current densities greater than 100 mA cmī2 are estimated to be the 

values required for large-scale applications [14]. 

2.3.3 Voltage 

The operating voltage represents the driving force to the reaction. The voltage can be described in 

different forms: as an overpotential (which shows the potential with respect to a reference 

electrode) and as a full cell potential. Overpotential is a measure of how far the potential required 

to drive the reaction is from the thermodynamic potential. The overpotential should be minimized 

to reduce the energy cost associated with electrolyzer electricity. Overpotential ɖ can be calculated 

using Equation (2-7): 

– Ὁ ὉЈ (2-7) 

where EApplied is the applied potential and ὉЈ is the thermodynamic potential. The terminology of 

overpotential applies to a half reaction, and the overpotential values are presented with iR-

compensation with respect to a reference electrode. 

When the overpotential applies to a full-cell potential, the thermodynamic potential is calculated 

by considering the anodic and cathodic thermodynamic potentials using Equation (2-8): 

ὉЈ ὉЈ ὉЈ  (2-8) 

ὉЈ  is the cell thermodynamic potential, E°cathode is the cathode thermodynamic potential, and 

E°anode is the anode thermodynamic potential. When the thermodynamic potential of the cell is 

calculated, it is typical to use potentials, which cover all voltage loss sources, including anode 

overpotential, cathode overpotential, membrane losses, interface losses, and Nernstian pH losses. 

Unless otherwise stated, the voltages reported in this thesis are the full -cell potentials (that is, they 

have not been corrected for iR). 
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2.3.4 Energy efficiency 

Energy efficiency (EE) represents the energy utilization (power-to-product) towards a single or a 

group of products. EE depends on three parameters: FE, cell potential, and thermodynamic 

potential required to produce the product(s) of interest [48]. The EE towards product x can be 

calculated by using the FE and cell voltage according to Equation (2-9): 

ὉὉ ὊὉ
ὉЈ

Ὁ
 (2-9) 

where ὊὉ is the FE towards product x, ὉЈ  is the thermodynamic potential towards product x, 

and Ὁ  is the applied potential.  

Although the EE can be calculated using the half cell, iR-compensated cathodic potential, it is 

more practical to calculate the energy efficiencies by using full -cell voltages, which provides more 

realistic insights into the real operational and capital costs. A high EE is required to synthesize the 

product of interest with the minimum energy input. Improving the FE towards a target product 

with a lower overpotential is required to increase the EE of conversion. Designing catalysts with 

a lower CīC coupling energy barrier is therefore critical to achieve a high FE with a lower energy 

input. Successful integration of such catalysts into well-engineered electrolyzers is expected to 

yield further improvements in the conversionôs EE. 

2.3.5 Single pass conversion efficiency 

Single pass conversion efficiency (SPCE) represents the carbon utilization (carbon-to-product) 

towards a target product or a group of products in a single pass through the electrolyzer [49]. SPCE 

is often referred to as the ratio between the mole of reactant (CO2/CO) converted into a product or 

a group of products and mole of CO2 fed into the electrolyzer. In this thesis, the term carbon 

efficiency is used interchangeably with SPCE. SPCE towards gas, liquid, or a group of products 

at 25ǓC and 1 atm can be calculated using Equation (2-10): 

SPCE = (j × 60 sec)/(N × F) ÷ (flow rate (L/min) × 1 (min))/(24.05 (L/mol)) (2-10) 



 

18 

 

where j represents the partial current density towards a single or a group of products, N represents 

the number of electrons transferred to form 1 mole of target product. A high SPCE is required to 

reduce the cost associated with feedstock and cathodic separation.  

2.3.6 Product concentration 

Product concentration represents the volumetric or molar ratio between the target product and all 

other products and feedstock [50], [51]. A high product concentration at the cathodic liquid stream 

is key to prevent product crossover and its ensuing oxidation at the anode and to minimize the 

energy requirement associated with product separation [52], [53]. 

2.3.7 Operational stability 

Operational stability represents the duration during which performance metrics, including FE, cell 

potential, SPCE, and product concentration, remain close to initially achieved ones. Prolonging 

the operational stability >5,000 hours is desired to render the CO2R/COR a reliable option for the 

production of renewable fuels and chemicals. Unfortunately, present-day CO2R/COR electrolyzers 

offer operational stability limited to tens of hours, and there exists very limited stability 

demonstrations exceeding the first milestone of 1,000 hours [54]. Prolonging the operational 

stability of 5,000 hours remains a primary milestone to be made to realize the electrosynthesis of 

renewable fuels from waste CO2/CO emissions.  

2.4 Electrolyzer configurations 

The electrolyzer configuration greatly influences the reaction rate, EE, and operational stability of 

the electrochemical reactions [55]. Today, CO2R/COR is performed in one of three main 

electrolyzer configurations: H-cell [56], [57], flow cell [58], [59], and membrane electrode 

assembly (MEA) [11], [60]. H-cell electrolyzers are limited to prohibitively low reaction rates, 

only several tens of mA cmī2, due to the limited solubility of CO2 in aqueous solutions. Flow cell 

electrolyzers decouple reactant and electrolyte transport via gas diffusion electrodes (Figure 2-4 

a), and thereby overcome the CO2 mass transport limitations to achieve high current densities. 

However, ohmic loss across the cathode electrolyte results in high overpotential and low EE. 

Additionally, the produced liquid products are diluted by the bulk electrolyte, and salt precipitation 

limits operational stability. The MEA electrolyzer is an emerging platform that combines 
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cathode:membrane:anode in a zero-gap configuration and reduces ohmic loss, liquid product 

losses and salt formation (Figure 2-4 b). Integration of robust catalysts into flow cell and MEA 

electrolyzers has enabled considerable improvements in FE [61], productivity [13], [58], and 

stability [60] towards C2+ products.  

 

Figure 2-4. Conventional CO2R electrolyzer configurations. Schematic illustration of (a) an 

liquid -electrolyte alkaline flow cell (AFC) electrolyzer and (b) catholyte-free, zero-gap, 

neutral media MEA electrolyzer. Reproduced with permission from Springer Nature [12], 

copyright 2022. 
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 CO2 electrolysis to multicarbon products at activities 
greater than 1 A cmī2 

This work presents a new catalyst design that decouples gas, ion and electron transport. It enables, 

for the first time, low-temperature CO2R at partial current densities well in excess of the 1 A cmī2 

threshold. It combines this record productivity with a half-cell energy efficiency (EE) of 50%. The 

work achieves this advance by using planar heterojunctions that separate the gas and ion transport, 

maximizing their availability over the entire catalyst surface. The findings open the door to low-

temperature, gas-phase CO2R that combines high productivity and EE, bringing the technology a 

step closer to viability. 

The work presented in this chapter is formed the basis of this publication: de Arquer, F.P.GÀ., 

Dinh, C-TÀ., Ozden, AÀ., Wicks, JÀ., McCallum, C., Kirmani, A.R., Nam, D-H., Gabardo, C., 

Seifitokaldani, A., Wang, X., Li, Y.C., Li, F., Edwards, J., Richter, L.J., Thorpe, S.J., Sinton, D., 

Sargent, E.H. ñCO2 electrolysis to multicarbon products at activities greater than 1 A cmī2ò. 

Science, 2020, 367, 661-666. Some excerpts in this chapter are reproduced from ref. [13] with the 

permission from American Association for the Advancement of Science.  

The candidate was a co-first author of this work and played the primary role in developing the 

approach, designing and preparing the catalysts (catalyst:ionomer planar heterojunctions and 

control catalysts), performing the electrochemical performance testing (cyclic voltammetry 

measurements and CO2R/COR performance testing and product analysis under various applied 

potentials and operating conditions), analyzing the data (1H NMR data collection and analysis), 

preparing the catalysts for ex- and in-situ characterization, and writing the paper. The other co-

first authors, Dr. F. Pelayo Garcia de Arquer, Dr. Cao-Thang Dinh, and Mr. Joshua Wicks, helped 

perform experiments, analyzed the data and assisted in writing the manuscript.  

3.1 Introduction 

Addressing the global energy problem urgently requires the deployment of renewables, their 

storage, and the reduction of global warming greenhouse emissions [62]. Gas-phase electrolysis is 

an attractive avenue to achieve these goals, for it offers a route to upgrade greenhouse gases such 

as CO2 to more valuable fuels and feedstock using renewable electrons [63]. 
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CO2R is today curtailed in its low productivity ï limited diffusion of gas through liquid electrolytes 

to the surface of the catalyst ï and its low EE. This problem is especially acute for the most 

economically attractive CO2-derived products, which rely on multiple carbon coupling steps 

(ethylene, ethanol, acetate, n-propanol) [64], [65]. 

Specifically, whereas water-splitting electrolyzers for H2 production have reached the 1 A cmī2 

range needed for economic viability, CO2R electrolyzers have so far been limited to the ~100 mA 

cmī2 regime. Energy assessments suggest that the deployment of CO2R is severely limited by the 

large electrolyzer capital costs ï underutilized due to the intermittent nature of renewable 

electricity: they will require efficient operation well beyond 100 mA cmī2 to take advantage of 

low-cost curtailed and excess renewable electricity [66].  

This work presents a catalyst design that decouples gas, ion and electron transport. It enables gas-

phase electrolysis at productivities well in excess of the 100 mA cmī2 threshold. It combines this 

production rate with a half-cell EE of 50%. This advance is achieved by developing catalyst-

ionomer planar heterojunctions (CIPHs) that separate the processes of gas and ion transport, 

maximizing their availability over the entire catalyst surface. The design can also be translated to 

three-dimensional catalyst-ionomer bulk heterojunctions (CIBHs) having an engineered 

morphology that dramatically extends the triple-phase-boundary. The findings open the door to 

gas-phase electrolysis that combines high productivity and EE, bringing forward this technology 

in the direction of viability. 

3.2 Experimental 

3.2.1 Reagents 

High grade potassium hydroxide (KOH) potassium chloride (KCl), and potassium iodide (KI) were 

purchased from Sigma Aldrich. Electrolyte solutions were prepared from a stock solution of 10 M 

in deionized (DI) water (Milli -Q grade water (18.2 Mɋ)) which was diluted to the target molarity. 

All reagents were used without further purification. 

3.2.2 Electrode preparation 

Catalyst:ionomer planar heterojunctions (CIPH) were prepared by coating the surface of a metallic 

Cu/PTFE catalyst with a continuous ionomer layer. The ionomer layer was sprayed from a solution 
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consisting of a mixture of 700 mg polymeric binder (Nafion® 117 solution, 5 wt%, Sigma Aldrich®) 

with 50 µl methanol (99.8%, anhydrous, Sigma Aldrich®).  

3.2.3 Electrode characterization 

Scanning electron microscopy (SEM) images were acquired using a Hitachi SU-8230 apparatus at 

5 keV and different magnifications. Cross-sectional elemental mapping was performed using a 

Hitachi CFE-TEM HF3300, and the Cu coated gas diffusion electrode sample was prepared using 

Hitachi Dual-beam FIB-SEM NB5000. Briefly, a slice (~50-100 nm thick) of gas diffusion 

electrode was cut using Ga-beam and attached with a stage with tungsten deposition and lifted out 

for subsequent STEM-EDX analysis. 

Transmission electron microscopy (TEM) imaging and elemental mapping were carried out using 

an FEI Titan 80-300 LB TEM operated at 200 kV. The instrument was equipped with a CEOS 

image corrector and a Gatan Tridiem energy filter. EELS mapping revealed the presence of Cu 

and perfluorinated sulfonic acid (PFSA) ionomer. These samples were prepared by a Zeiss 

NVision 40 FIB in cross-section mode.  

X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo Scientific 

K-Alpha system, with a pass energy of 75 eV, and a binding energy step of 0.05 eV.  

Contact angle measurements were performed using the sessile drop method on a video-based 

contact angle measuring system (OCA 15EC). Briefly, a single water droplet was placed on the 

sample, and approximately 15 seconds were given before the contact angles were measured by the 

computer software.  

Raman spectra were obtained using a Renishaw Raman spectrometer equipped with a 785 nm 

excitation laser and 1200 mmī1 grating. The Raman spectra were obtained in the range of 200-

3000 cmī1 with an exposure time of 10 seconds for each acquisition over 10 acquisitions. The 

spectra were averaged and analyzed via WiRE 4.4 software. A 63x magnification immersion 

objective and a custom-made PTFE flow cell were employed for the spectra collection. The power 

of the laser was constant at 200 µW. The flow cell in which the measurements performed had a 

liquid reservoir to which the immersion objective can be dipped. In the flow cell, a gas diffusion 

electrode was used to separate the cathode electrode from the liquid electrolyte. The gas chamber 



 

23 

 

was used to feed the system with CO2 at a constant flow rate of 50 sccm. For oxygen reduction 

reaction (ORR) measurements, air was fed into the system by using peristaltic pumps. The area of 

the electrode in this configuration was 1 cm2. A platinum wire was used as the counter electrode, 

an Ag/AgCl was used as the reference electrode, and the electrode of interest was used as the 

working electrode. 

3.2.4 Electrochemical performance testing 

The O2, CO2 and CO electroreduction performance of the cathode electrodes was investigated 

using a computer-aided test station (Autolab PGSTAT302N): a custom-made flow cell with a 

constant electrode geometric area of 1 cm2; a digital mass flow controller (Sierra, SmartTrack 100); 

a current booster (Metrohm Autolab, 10 A); and two peristaltic pumps with silicone tubing for the 

supply of anolyte and catholyte.  

The custom-made flow cell comprises of a cathode chamber and electrode; an anion exchange 

membrane (Fumasep FAB-PK-130); and anode chamber and electrode (nickel foam, 1.6 mm 

thickness). The cathode and anode electrodes were subsequently mounted on their respective flow 

chambers, separated by the anode exchange membrane, and assembled together via PTFE spacers 

by applying equal compression torque to the tightening bolts of the cell. The cathode electrode 

was operated as the working electrode. An Ag/AgCl reference electrode (filled with 3 M KCl 

solution) was employed in the catholyte stream via a port drilled into the a separator employed 

between the anode and cathode chambers. The iR-correction losses between the reference and 

working electrodes were determined via electrochemical impedance spectroscopy (EIS) 

measurements. The iR-corrected electrode potentials were scaled to the reversible hydrogen 

electrode (RHE) using Equation (3-1): 

Ὁ Ὁ Ⱦ  πȢρωχ ὠ πȢπυω  ὴὌ (3-1) 

where Ὁ  is the potential of the reversible reference electrode (RHE), Ὁ Ⱦ  is the applied 

potential, and ὴὌ is the alkalinity of the catholyte. pH is calculated via a reaction-diffusion model. 

The performance metrics, including current densities and FEs, were normalized to unit area by 

using the geometric area of the electrode. 
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Anode and cathode electrolytes were supplied to their respective chambers at a constant flow rate 

of 10 mL minī1 through peristaltic pumps with the silicone tubing (Shore A50). The feedstock 

CO2 (Linde, 99.99%) was supplied to the cathode compartment at a constant flow rate of 40 sccm 

through a digital mass flow controller. For the ORR measurements, air was circulated into the 

cathode via peristaltic pumps.  

Cyclic voltammetry (CV) was applied to the electrodes in a wide range of voltages, with a constant 

scanning rate of 50 mV sī1. Each curve is the representative of 15 scans from 3 independent 

measurements.  

3.2.5 Product analysis 

The gas products from the reduction reactions (i.e., ORR, CO2R and COR) were collected in 1 mL 

volumes via gas-tight syringes (Hamilton chromatography syringe) at least three times. The 

samples were then injected into a gas chromatography (PerkinElmer Clarus 680), equipped with a 

thermal conductivity detector (TCD), flame ionization detector (FID), and packed columns 

(Molecular Sieve 5A and Carboxen-1000). The GC uses Argon (Linde, 99.999%) as the carrier 

gas. The FEs were determined as a function of operating current, and product distribution data 

were obtained from at least three different measurements under similar conditions.  

The analysis of the liquid products was made via nuclear magnetic resonance spectroscopy (1H 

NMR) from respective catholyte solutions. The liquid products were collected from the CO2R for 

fresh samples at various applied potentials. The flow cell was assembled with the fresh anode and 

cathode electrodes, and anode and cathode electrolytes with a constant volume of 25 mL were 

circulated through the anode and cathode chambers via peristaltic pumps. The cell was operated 

for 800 seconds. The electrolytes collected upon completion of 800 seconds of operation were 

diluted 20 times and mixed with an internal standard (dimethyl sulfoxide (DMSO)) during the 

preparation of NMR tubes. 1H NMR spectra were collected on an Agilent DD2 500 spectrometer 

in D2O in water suppression mode, and the liquid product distributions were obtained by analyzing 

the spectra using MestReNova software.  
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3.3 Results and discussion 

3.3.1 Characterization of catalyst-ionomer planar heterojunction (CIPH) 

The approach to differentiate gas/ion transport is designed and realized experimentally. Ionic 

perfluorinated ionomers ï which combine asymmetric hydrophobic and hydrophilic functionalities 

along with ion transport ï are considered [67], [68]. It is hypothesized that their controlled 

assembly into distinct hydrophobic and hydrophilic layered domains would provide independent 

pathways for gas and water/ion transport under the right morphology [69], [70] ï one that does not 

inhibit ion transport, enabling long-range gas transport through hydrophobic channels (Figure 3-1 

a). PFSA ionomers such as Nafion exhibit SO3
ī (hydrophilic) and CF2 (hydrophobic) differentiated 

groups. A configuration whereby SO3
ī was preferentially exposed to hydrophilic metal surfaces 

and electrolyte and established a percolating hydrophobic channel through CH2 side chains would 

fulfil these requirements (Figure 3-1 b). 

To promote the exposure of SO3
ī groups, PFSA ionomer solutions were prepared in polar solvents, 

which were then spray-deposited onto hydrophilic metal catalysts at various mass loadings [71]. 

SEM images reveal a homogeneous, conformal ionomer coating over the entire catalyst (Figure 3-

1 c-d). Cryo-microtomed cross-sectional TEM images reveal the presence of a 5-10 nm continuous 

and conformal ionomer layer (Figure 3-1 e-g), consistent with a SO3
ī back-to-back configuration, 

establishing a well-defined CIPH. 

Seeking to characterize the CIPH and the ionomer configuration in its hydrated condition, a suite 

of ex-situ and in-situ surface enhanced Raman spectroscopy (SERS) experiments are designed 

(Figure 3-1 h). As-deposited ionomers on Ag catalysts exhibit strong characteristic signals at 733 

cmī1 (characteristic of ïCF2 and CïC vibrations) and at 1005 cmī1 and 1130 cmī1 (associated with 

ïSO3
ī modes) as well as a complex background set of features arising from other CïC (1386 cmī1), 

CïF (1182 cmī1, 1300 cmī1) and S=O (1446 cmī1) modes [72], [73]. Hydrated samples retain 

characteristic ïCF2, CïC, and ïSO3
ī spectral features but with increased relative contribution of 

sulfonate groups (1009 cmī1 and 1131 cmī1) compared to perfluoronate (730 cmī1).  

To better characterize the CIPH structural configuration, wide angle X-ray scattering (WAXS) 

measurements are further carried out on PTFE/Cu/ionomer samples (Figure 3-1 i). Both control 

and CIPH samples exhibited a similar contribution of the different Cu planes and PTFE backbone 
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support. CIPH samples, in addition, revealed strong differentiated peaks at 1 Aī1, 1.28 Aī1 and 2 

Aī1. The first two peaks are associated with crystalline and amorphous PFSA phases. Resonances 

in the area ca. 2 Aī1 are ascribed to overlapping diffractions from intrachain correlations associated 

with ionomer orientation. 

 

Figure 3-1. The catalyst:ionomer planar heterojunction (CIPH). (a) Schematic of metal 

catalyst deposited onto a polytetrafluoroethylene (PTFE) hydrophobic fiber. (b) 

Perfluorinated ionomers such as Nafion exhibit asymmetric hydrophilic and hydrophobic 

characteristics endowed by ïSO3
ī and ïCF3 functionalities, respectively. Hydrophobic 

domains facilitate gas diffusion while hydrated hydrophilic surfaces provide water and ion 

transport channels. (c-d) Scanning-electron-micrographs of ionomer-coated metal catalysts. 

(e-g) Transmission-electron-micrographs of catalyst/ionomer cross-sections revealing 

conformal overcoating. (h) Raman spectra of control and ionomer-modified catalysts 

revealing ionomer distinctive features of ïCF2 and ïSO3
ī groups. (i) Wide-angle X-Ray 

scattering (WAXS) spectra for control and ionomer-modified catalysts. Reproduced with 

permission from American Association for the Advancement of Science [13], copyright 2020. 
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3.3.2 Performance of catalyst-ionomer planar heterojunction (CIPH) 

The electrochemical performance of the CIPH for different electrocatalysts and reactions is 

investigated (Figure 3-2). The ORR is a key reaction for fuel cells where oxygen is reduced into 

water [74]. The lack of a competing reaction to the ORR at potentials more positive than hydrogen 

evolution can provide a route to identify gas-reactant stagnancy and its impact on the limiting 

current. Thus, CIPH structures consisting of sprayed ionomer coatings over Ag/PTFE membranes 

were built with different mass loadings, and the ORR current was monitored using 5 M KOH water 

electrolyte and air as the reactant. Unmodified Ag catalysts show a current density that is lower 

than 30 mA cmī2. CIPH catalysts exhibit a significantly enlarged current density of 250 mA cmī2 

under the same conditions up to 0.25 V vs. RHE, where no H2 production was observed. This is 

consistent with the in-situ Raman measurements, which show promoted availability of O2 on the 

catalyst surface. 

To assess whether ion-transport or the electroactive area was modified in metal-ionomer catalysts, 

the hydrogen evolution performance of the control Ag and Ag-ionomer planar heterojunction 

catalysts is compared under Ar. Because the only reactant in the hydrogen evolution reaction is 

water, the performance would not be affected by the gas diffusion properties of the PFSA ionomer 

layer ï catalyst performance would be affected only by water availability and ion transport. It is 

found that both samples show similar HER activity (Figure 3-2), confirming that the enhanced 

activity of the CIPH stems from its enhanced gas transport properties and that ion transport is not 

compromised in this architecture. These results agree with the similar hydrophobicity of the 

catalysts before and after ionomer modification. Contact angle measurements in control and CIPH 

samples yield a similar value of ~121-122ę (Figure 3-3). These results further confirm that the 

enhanced gas reduction performance in CIPH originates from the extended gas diffusion through 

the ionomer layer; rather than from a redistribution of the gas/electrolyte in the PTFE membrane 

pores. 

To shed further light on the feature of the ionomer modification, the performance of CIPH for 

different reactions is investigated. Ag-based CIPH is tested for CO2R targeting CO production, 

and observed that HER was suppressed below a FE of 5% up to 700 mA cmī2 (Figure 3-2 b). In 

contrast, Ag control catalyst, limited by CO2 availability, exhibits a CO2R partial current density 

pinned below 200 mA cmī2, with dominating HER.  
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These observations translate as well to Cu-based CIPH targeting hydrocarbon generation (Figures 

3-2 c-d). Cu-based CIPH exhibits a remarkable increase of CO2R current. At 500 mA cmī2, H2 FE 

remains below 10%, whereas ethylene FE reaches 70%. Bare Cu catalysts, however, exhibit CO2R 

current density of 100 mA cmī2 with H2 FE exceeding 60% at similar currents. When the reactant 

is diluted with N2, the Cu-based CIPH catalyst maintains the original productivity levels down to 

the CO2|N2 flow rate ratio of 60|40 (Figures 3-2 e-f).  

 

Figure 3-2. Electrochemical performance of CIPH for different reactions and metallic 

catalysts. (a) ORR shows one order of magnitude increase in current density with  ionomer 

coating over Ag catalysts. RHE refers to reversible hydrogen electrode. (b) In the case of 

CO2R, a CO2R FE of 95% is achieved at 600 mA cmī2 on the Ag-based CIPH. (c) On Cu-

based CIPH, efficient CO2R towards C2+ products is achieved at 700 mA cmī2. (d) The trend 

is maintained for COR, where CIPH shows an H2 FE of only 6% up to 370 mA cmī2. (e-f) 

Partial pressure COR experiments performed with CO|N2 feeds for CIPH and control 

catalysts show that only at partial pressures below 60% is Jlim observed for CIPH, whereas 

a sharp, steady decrease is obtained for control catalyst. Both the CIPH and control catalysts 

have similar resistance and double-layer capacitance. Performance experiments were 

performed in 5 M KOH electrolyte. Reproduced with permission from American Association 

for the Advancement of Science [13], copyright 2020. 
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To demonstrate the benefit of the CIPH for other gas reactants, the performance of COR on Cu ï 

a system with activity limited by the poor diffusion of CO in the electrolyte ï is also monitored 

(Figure 3-2 d). Cu-based CIPH yields suppressed H2 FE to 6% up to 400 mA cmī2. H2 FE on Cu 

samples, however, exceeds 50% at similar working potentials. Post-reaction SEM images reveal 

the unmodified presence of the PFSA ionomer in the CIPH after reaction (Figure 3-4). 

 

Figure 3-3. Contact angle measurement of control and CIPH samples reveal a similar 

hydrophobic/hydrophilic character after PFSA coating. Reproduced with permission from 

American Association for the Advancement of Science [13], copyright 2020. 

 

Figure 3-4. SEM images of Cu CIPH after CO2R at (a) 1 µm, (b) 300 nm, (c) 500 nm, and (d) 

100 nm. The samples were operated in 5 M KOH at ī3 V vs Ag/AgCl for 50 minutes. The 

PFSA layer is evident at all magnifications. Cu surface experiences surface reconstruction, 

forming smaller grains. Reproduced with permission from American Association for the 

Advancement of Science [13], copyright 2020. 



 

30 

 

3.4 Conclusions 

In summary, this work demonstrates metal:ionomer hybrid catalysts that exhibit phase-selective 

gas/electrolyte/electron transport. The new catalysts decouple gas/ion/electron transport 

phenomena which limited the available reaction area and subsequent activity, thus enabling gas-

phase electrochemistry with record current densities and energy efficiencies. The work first starts 

investigating the use of ionomers with asymmetric hydrophilic and hydrophobic functionalities 

and then presents an ionomer coating that enables differentiated gas transport channels (through 

hydrophobic domains) and water uptake and cation transport via hydrophilic domains, which was 

characterized via a suite of spectroscopies and microscopies. The universal character of this 

approach is demonstrated by using CIPHs for different reactions such as ORR, CO2R, and COR. 

The phenomena presented in this work provide a route to catalyst design principles that are not 

constrained by the limitations in simultaneous transport of gas molecules, ions, and electrons. The 

CIPH structures pave the way to the realization of renewable electrochemistry at practical 

production rates. 

3.5 Reflection on this project, not included in the publication 

This work presents a catalyst design strategy that enables high-rate production of C1 and C2+ 

products from CO2 in alkaline flow cell electrolyzers. The catalyst combines high productivity 

with high half-cell energy efficiency by also benefiting from the use of highly alkaline electrolytes. 

However, the use of alkaline electrolytes is the main limitation of this work. This limitation is 

associated with the carbonate formation, and associated drawbacks of salt formation, low 

operational instability, and prohibitively low single pass carbon conversion efficiency. Another 

limitation that has already motivated additional research efforts is that modifying the Cu catalysts 

with nm-thick ionomer films shifts the practical-selectivity regime to high-reaction rates, which 

requires high applied potentials to drive the CO2R. Though the use of alkaline electrolytes 

compensates for this voltage discrepancy by lowering the ohmic loss in flow cell electrolyzers, 

integration of this catalyst into a full-cell system and the use of neutral electrolytes (MEA 

electrolyzers) results in low energy efficiencies. Therefore, the strategy presented here needs to be 

coupled with either low-overpotential catalysts or overpotential-reducing strategies to take 

advantage of high productivity without sacrificing other metrics. 



 

31 

 

 Gold adparticles on silver combine low overpotential 
and high selectivity in electrochemical CO2 conversion 

This work presents an adparticle functionalization catalyst design: gold (Au) adparticles formed 

on the silver-gold (Ag-Au) alloying interface via galvanic replacement uniquely combine the 

benefits of pure Ag and Au catalysts. The Au adparticles formed at the Ag-Au interfaces modify 

the lattice and electronic structure of Ag and lower the free energy change required to form 

*COOH (ȹG*COOH), a key reaction intermediate along the pathway to CO. This strategy applies 

to both planar and high-surface-area catalysts, enabling significant overpotential reductions at 

industrially relevant reaction rates (>100 mA cmī2). The AgAu catalyst enables a CO partial 

current density of 250 mA cmī2 at (|ɖcell| <1 V) ï achieving CO productivities required for 

practicality. 

Work from this chapter formed the basis of this publication: Ozden, AÀ., Liu, YÀ., Dinh, C-TÀ., Li, 

J., Ou, P., de Arquer, F.P.G., Sargent, E.H., Sinton, D. ñGold adparticles on silver combine low 

overpotential and high selectivity in electrochemical CO2 conversionò. ACS Applied Energy 

Materials, 2021, 4, 7504-7512. Some excerpts in this chapter are reproduced from ref. [14] with 

the permission from American Chemical Society.  

The candidate was a co-first author of this work and played the primary role in designing and 

preparing the catalysts (adparticle-functionalized catalysts and controls), performing the 

electrochemical performance testing (cyclic voltammetry measurements and CO2R performance 

testing and product analysis under various applied potentials and operating conditions), analyzing 

the data (electrochemical performance and characterization data), performing ex- and in-situ 

characterization, and writing the paper. The other co-first authors, Mr. Yanjiang Liu and Dr. Cao-

Thang Dinh, helped perform density functional theory calculations and analyzed the data and 

assisted in editing the manuscript.  

4.1 Introduction 

CO2R, powered by renewable electricity, offers a route to net-zero-emission production of 

valuable chemicals and fuels that are produced currently via carbon-intensive processes [75], [76]. 

Carbon monoxide (CO) is a widely used feedstock in Fischer-Tropsch processes and alcohol 
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synthesis reactions. CO can also be further reduced to multi-carbon products such as ethylene, 

acetate, and n-propanol via further reduction [5], [77], [78]. The conversion of CO2-to-CO requires 

fewer electrons and protons (2eī/2H+), and has been achieved with near-unity Faradaic efficiencies 

(FEs) (>90%) at industrially relevant reaction rates (>100 mA cmī2) [79]ï[81]. 

Electrochemical CO2-to-CO conversion starts with the formation of *COOH intermediate. Surface 

adsorbed *COOH is then reduced to *CO via electron-transfer and desorbed, as shown in 

Equations (4-1), (4-2) and (4-3) [82], [83]. An ideal CO2-to-CO catalyst would provide an 

adsorption strength that facilitates both *COOH formation and the *CO desorption steps [84]ï

[86]. 

CO2 + H+ (aq) + eī + * Ÿ *COOH      (4-1) 

COOH* + H+ (aq) + eī Ÿ CO* + H2O          (4-2) 

CO* Ÿ CO +*  (4-3) 

Present-day low-temperature CO2-to-CO conversion is performed on heterogeneous catalysts such 

as Ag [87], [88], Au [89], [90], and palladium (Pd) [91], [92]. Ag and Au exhibit the highest 

selectivities to CO (>80%) [93]. Ag can mediate CO2-to-CO conversion at practical productivities 

>100 mA cmī2. However, this high activity comes at the expense of high overpotentials. A 

practical level of activity (CO partial current density of >150 mA cmī2) at low cathodic 

overpotentials (<ī1 V versus RHE) are required for the practicality of the CO2-to-CO conversion 

process [94], [95]. Au achieves CO2 conversion at lower overpotentials, but suffer low selectivity 

(<90%) at production rates greater than 100 mA cmī2 [96], as the hydrogen evolution reaction 

takes over. These limitations prevent conventional Au and Ag catalysts from achieving high 

energy efficiency (EE) at industrially relevant reaction rates [97]. 

This work reports an activity promoting strategy that combines the selectivity of Ag with the 

activity of Au, reduces the energy barrier for CO2 activation and thereby enables high EE CO2-to-

CO conversion. Using density functional theory (DFT) calculations, it is found that creating an 

active AgAu interface lowers the desorption energy of *CO, and that undercoordinated Au atoms 

at the AgAu interface significantly decrease the formation energy of *COOH (CO2 + H+ + eī Ÿ 

*COOH), reducing the overpotential in CO2-to-CO conversion. 
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The Au-doping strategy is implemented on both planar catalysts (sputtered Ag on porous PTFE 

with Au-doping via galvanic replacement, 2D AgAu) and high-surface-area catalysts (Au-doped 

Ag nanoparticles on 2D AgAu, 3D AgAu). In a gas diffusion electrode-based flow cell 

electrolyzer, 2D AgAu and 3D AgAu catalysts yield CO FEs exceeding 90% at CO partial current 

densities up to 165 mA cmī2 and 350 mA cmī2, respectively. These AgAu catalysts exhibit ~200 

mV lower onset potentials compared to the undoped Ag controls. In a MEA electrolyzer, the 3D 

AgAu catalysts enable CO FEs of >90% and CO full-cell energy efficiencies of >30% over a wide 

range of CO partial current densities from 105 mA cmī2 to 240 mA cmī2. The MEA electrolyzer 

equipped with a 3D AgAu catalyst enables stable CO electrosynthesis for 60 hours at a current 

density of 200 mA cmī2, with an average CO FE of 90% and average full-cell EE of 33%. At an 

average current density of 185 mA cmī2, the system also maintains an average single pass CO2 

conversion of 33% for 60 hours. 

4.2 Experimental 

4.2.1 Reagents 

High grade potassium bicarbonate (KHCO3) and potassium chloride (KCl) were purchased from 

Sigma Aldrich. Electrolyte solutions were prepared from a stock solution of 1 M in deionized (DI) 

water (Milli -Q grade water (18.2 Mɋ)) which was diluted to the target molarity. All reagents were 

used without further purification. 

4.2.2 Electrode preparation 

The planar (2D) AgAu electrodes were prepared through galvanic replacement. Firstly, the 

Ag/PTFE substrates were prepared by evaporating Ag target purchased from Kurt J. Lesker 

Company onto a single side of the polytetrafluoroethylene (PTFE) substrate (450 ɛm average pore 

size) with a constant sputtering rate of 1 Å secī1 under 10ī6 Torr until a Cu thickness of 300 nm 

achieved. Then, an ink of 10 mM of gold(III) chloride (99%, Sigma Aldrich®) in deionized (DI) 

water was prepared. Then, 1 mL of the resulting solution was diluted with 9 mL of acetone. The 

Ag/PTFE electrodes were then immersed into the resulting ink for various duration (from 5 to 30 

minutes). The AgAu electrodes were first rinsed with DI water for 5 minutes and then dried under 

N2 flow. The electrodes were stored under N2 environment overnight prior to the performance 

testing.  
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The high-surface-area AgAu electrodes were prepared by spray-depositing AgAu NPs onto the 2D 

AgAu electrodes with the sputtered Ag catalyst thickness of 300 nm. The AgAu NPs were prepared 

by sonicating Ag NPs (<100 nm particle size) in an ink containing 1 mL 10 mM of gold(III) 

chloride (99%, Sigma Aldrich®) and 9 mL of acetone for 15 minutes. The resulting ink was then 

centrifuged at 6000 rpm for 5 minutes and washed with ethanol for five times. After complete 

drying under N2 flow for 24 hours, the AgAu nanoparticles, together with a polymeric binder, were 

sonicated for 1 hour in methanol and spray-deposited onto the 2D AgAu electrodes until a total 

loading of 2 mg cmī2 achieved. The resulting electrodes were dried under N2 environment 

overnight prior to the performance tests. 

4.2.3 Electrode characterization 

Scanning electron microscopy (SEM) imaging and energy dispersive X-ray (EDX) elemental 

mapping were performed in a high-resolution scanning electron microscope (HR-SEM, Hitachi S-

5200).  

Transmission electron microscopy (TEM) imaging was performed in a field emission transmission 

electron microscope (Hitachi HF3300).  

X-ray photoelectron spectroscopy (XPS) measurements were carried out in PHI 5700 Electron 

Spectroscopy using Al KŬ X-ray radiation (1486.6 eV) for excitation.  

Operando X-ray adsorption spectroscopy (XAS) measurements at the Au L3-edge were carried out 

at the 9BM beamline of Advanced Photon Source (APS, Argonne National Laboratory, Lemont, 

Illinois, USA) using a home-made flow cell [98]. Fluorescence yield was recorded using silicon 

drift detectors at both the 9BM and 20BM beamlines. X-ray absorption near edge structure 

(XANES) data were analyzed using the Athena software included in a standardized IFEFFIT 

package [99]. X-ray absorption fine structure (EXAFS) fittings were performed using the Artemis 

(FEFF) software included in the IFEFFIT package [100]. 

4.2.4 Electrochemical performance testing 

Catholyte-included performance testing in flow cell: The CO2R performance of the 2D and 3D 

AgAu electrodes in liquid-electrolyte flow cells was investigated via an electrochemical test 
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station, equipped with a potentiostat and a current booster (Metrohm Autolab, 10 A). The 

experimental setup was composed of a home-made liquid-electrolyte flow cell electrolyzer 

composed of a gas chamber, a cathode chamber, and an anode chamber. The AgAu electrode of 

interest was placed between the gas and cathodic chambers with the geometric active surface areas 

of 1 cm2. In this electrolyzer configuration, the catalyst layer was facing to the cathodic chamber, 

and the anode and cathode chambers were separated by an anion exchange membrane (AEM, 

Fumasep FAA-3-PK-130). An Ag/AgCl electrode and a nickel foam were used as the reference 

and counter electrodes, respectively. For the electrochemical performance measurements, 1 M 

KHCO3 was used as the catholyte and anolyte, and they were fed into the cathode and anode 

chambers via peristaltic pumps with a constant flow rate of 15 mL minī1. The flow rate of CO2 

(>99.9%, Linde gas) fed into the cathode chamber was kept constant at 40 sccm via a digital mass 

flow controller (Sierra, SmartTrak 100), and the actual flow rate of CO2 was determined by a 

bubble flow meter at the outlet of the cathodic stream. 

Catholyte-free performance testing in membrane electrode assembly (MEA) electrolyzer: The 

CO2R performance of the 3D AgAu and 3D Ag control electrodes was investigated in the 

catholyte-free, neutral media electrolyzers via an electrochemical test station connected to a 

potentiostat and current booster (Metrohm Autolab, 10 A). The experimental setup consists of a 

MEA electrolyzer (Dioxide Materials), a mass flow controller (Sierra Smart Trak 100), a 

humidifier, an anolyte container, and peristaltic pumps with silicon tubing for anolyte delivery. 

The MEA electrolyzer consisted of cathode electrode (3D AgAu or 3D Ag electrodes), anode 

electrode (IrOx-Ti), and AEM (Sustainion® X37-50), and stainless steel cathode and titanium 

anode flow-field plates with the geometric areas of 5 cm2. The IrOx-Ti electrodes were prepared, 

and AEMs were activated by following the recipes akin to those presented in previous reports [5]. 

The anode electrode preparation involves several simple-to-perform steps: (1) etching the Ti mesh 

(Fuel Cell Store) in 6 M hydrochloric acid (HCl) at 70 °C for 40 minutes; (2) washing the etched 

Ti meshes with DI water at 90 °C for 30 minutes; (3) immersing the Ti meshes into an ink of 

iridium(IV) chloride hydrate (Premion®, 99.99%, metals basis, Ir 73% minimum, Alfa Aesar®), n-

propanol, and HCl; and (4) drying and sintering the resulting Ti meshes into the solution. The Ir 

loading was kept constant at 1.5 mg cmī2. The AEM activation involves storing the AEMs in 1 M 

KOH solution for 48 hours. The activated AEMs were then rinsed with DI water for 15 minutes 

before the assembly. The MEA electrolyzer was assembled by placing the anode and cathode 
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electrodes to their respective flow-field plates and separating them physically from each other via 

an AEM. Upon completion of the assembly, 0.1 M KHCO3 with a constant flow rate of 10 mL 

minī1 was supplied to the anode flow field, and humidified CO2 with a constant flow rate of 80 

sccm was supplied to the cathode flow field. The CO2R was initiated by applying a negative full-

cell potential of ī3 V, and upon complete stabilization of the corresponding current, the potential 

was increased with sufficiently small increments in the negative direction up to ī4.2 V.  

4.2.5 Product analysis 

The corresponding current at each voltage applied was continuously recorded, and at each current, 

the gas products were collected at least three times in 1 mL volumes via gas-tight syringes 

(Hamilton chromatography syringe) from the outlet of the cathodic gas stream. The gas products 

collected were injected into a gas chromatography (GC, PerkinElmer Clarus 600), equipped with 

a flame ionization detector (FID), a thermal conductivity detector (TCD), and packed columns. 

The GC spectra corresponding to the injections were utilized to calculate the FE towards CO and 

H2. The voltages obtained from the flow cell measurements were converted to the RHE scale using 

Equation (4-4): 

E (vs. RHE) = E (Ag/AgCl) + 0.210 + 0.059 × pH + iR      (4-4) 

where pH is the representative of the alkalinity near the catalyst surface, i is the current, and R is 

the solution resistance. The R value was determined through electrochemical impedance 

spectroscopy (EIS) measurements performed in the frequency range of 105-10-1 Hz with an 

amplitude of 10 mV. The FEs towards CO and H2 were calculated using Equation (4-5): 

ὊὥὶὥὨὥὭὧ ὉὪὪὭὧὭὩὲὧώ ὊὉ   (4-5) 

where Ὥ is the partial current of product a, É  is the total current, ὲ is the number of electrons 

required to produce 1 mol of product a, ὺ  is the CO2 flow rate at the outlet of the cathodic 

stream, ὧ is the concentration of product a, Ὂ is the Faraday constant, and ὠ  is the unit molar 

volume under room conditions. The EEs towards CO were calculated using Equation (4-6): 
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ὉὲὩὶὫὩὸὭὧ ὉὪὪὭὧὭὩὲὧώ ὉὉ                              
(4-6) 

where %  is the thermodynamic potential, &%  is the FE towards CO, and %  is the 

full -cell potential. The SPCE of CO2 towards CO was calculated using Equation (4-7): 

   ὛὖὅὉ
  

  
Ὢὰέύ ὶὥὸὩ ὼ ρ ά ȾςτȢπυ                            

(4-7) 

where Ê is the partial current density towards CO, . is the electron transfer for every molecule of 

product, & is the Faraday constant. The SPCE towards CO was calculated at 25 °C and 1 atm. 

4.2.6 Density functional theory calculations 

PBE exchange functional [101] with a projector-augmented wave pseudopotential [102] by the 

Vienna Ab initio Simulation Package (VASP) [103] was used to calculate the electronic energies. 

Pure metal and island models were conceived for investigation. Pure Ag and Au (111) surfaces 

were set as four-layered slabs of a (4×4) surface unit cell. The monolayer (3×3) Au islands were 

imposed on a three-layered (6×6) (Au(3×3)-i@Ag(6×6)) and (7×7) Ag(111) (Au(3×3)-

i@Ag(7×7)) slabs (ensured by the converge test for the scale of island and substrate), with 

supercell cell sizes of 14.42×14.42 Å2 and 17.31×17.31 Å2 in the perpendicular direction. To 

illustrate the interactions between slabs and the adsorbates, the zero damping DFT-D3 method was 

applied as the Van der Waals correction [104]. The adsorbates and top two layers for all models 

were relaxed until the remained force below 0.02 eV Åī1, with bottom two layers fixed. The k-

points were set as 3×3×1 Monkhorst-Pack mesh [105] for the pure metal models, with 1×1×1 for 

the island models. The cut-off energy of 450 eV was utilized for all models. Considering CO2R, 

*COOH and *CO were set as the intermediates. For the pure metal models, the electronic energies 

of *COOH and *CO at all typical binding sites (bridge, hollow, and top) were calculated. For the 

island models, the intermediates at the bi-functional, corner, and saddle sites were examined. 

Further free energy corrections were utilized to convert the electronic energy of the most stable 

binding sites from each of the four models into free energies, where zero-point energy, enthalpy, 

and entropy corrections were performed using the harmonic oscillator approximation and the 
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computational hydrogen electrode (CHE) method, assuming the proton-electron pair shares the 

same free energy with hydrogen under standard conditions, as ɛ(H+ + eï) = 0.5 ɛ(H2) [106]. 

4.3 Results and discussion 

4.3.1 Characterization of gold adparticles on silver 

A set of 2D AgAu catalysts with different morphologies were prepared using a galvanic-

replacement reaction. The galvanic replacement was performed by immersing Ag/PTFE catalysts 

in a homogeneous mixture of DI water and acetone containing 1 mM AuCl3 for various durations, 

from 5 to 30 minutes.  

SEM images show the growth of adparticles on the surface of Ag/PTFE fibers as a function of 

galvanic replacement duration (Figure 4-1 a).  

XPS peaks corresponding to Ag 3d and Au 4f confirm the co-existence of Au and Ag on the surface 

of the resulting electrode (Figure 4-1 b). The XPS spectra of 2D AgAu catalysts with those of pure 

Au and Ag foils is compared. It is observed that positive peak shifts of the 2D AgAu catalysts in 

both Au and Ag plots, indicating electron withdraws from Au 4f and Ag 3d orbitals. This charge 

transfer between Au and Ag clearly shows an electronic modification of Ag catalysts with the 

addition of Au adparticles (Figure 4-2).  

XRD studies of the 2D AgAu and 2D Ag control catalysts show that Au-doping results in a 

negative shift in the crystal phase of Ag, indicating a lattice expansion of Ag via Au doping (Figure 

4-1 c). Similar negative shifts and spectra are detected for galvanic replacement durations ranging 

from 5 to 30 minutes, indicating that Au modifies the lattice of Ag prior to forming islands of Au 

adparticles on the surface.  

Carrying out in-situ XAS measurements, the alloyed AgAu structures are confirmed. Through 

EXAFS fitting, a decrease of Au coordination with galvanic replacement durations in the range of 

10 to 15 minutes is found, which signifies the formation of surface Au adparticles at the AgAu 

alloy interface under these conditions (Figures 4-1 d-e). With longer replacement duration, an 

increase in the density of Au adparticles is observed (Figure 4-1 d), consistent with the SEM results 

(Figure 4-1 a).  
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Figure 4-1. Characterization of planar (2D) AgAu catalysts. (a) SEM images of AgAu 

catalyst. The SEM images illustrating the growth of dendrites with extending duration of 

galvanic replacement duration, whereby extending duration of galvanic replacement results 

in structured deposits. Scale bars are 200 nm. (b) XPS spectra of AgAu catalyst. The Ag3d 

and Au4f signals indicate the coexistence of Ag and Au in AgAu catalyst. (c) XRD spectra of 

2D AgAu catalyst. (d) The Au L3-edge EXAFS spectra of various AgAu catalysts in 

comparison with those of Ag and Au foils. (e) The Au L3-edge EXAFS fitting results for the 

AgAu-15min catalyst. Red curves are cumulative fitting spectra. Blue and pink curves 



 

40 

 

represent Au-Au and AgAu scattering paths, respectively. Note: AgAu catalyst stands for 

Au-doped planar Ag/PTFE (with an optimized galvanic replacement duration of 15 min). 

AgAu-5min, AgAu-7min, AgAu-10min, AgAu-15min, AgAu-20min and AgAu-30min stand 

for the catalysts with 5, 7, 10, 15, 20, and 30 minutes of galvanic replacement durations. 

Reproduced with permission from American Chemical Society [14], copyright 2021. 

 

Figure 4-2. XPS spectra of the 2D AgAu catalyst. (a) AuAg-Au 4f spectra versus Au-foil 

spectra. (b) AuAg-Ag 3d spectra versus Au-foil spectra. A shift in the AuAg-Au 4f spectra 

versus Au-foil spectra indicates the successful alloying between AgAu. Reproduced with 

permission from American Chemical Society [14], copyright 2021. 

4.3.2 Mechanistic understanding 

To provide mechanistic insights into the electrochemical activity of Ag and Au towards CO2-to-

CO conversion, density functional theory (DFT) calculations of adsorption geometries and 

energetics are performed. The DFT calculations predict that the free energies to form *COOH 

(ȹG*COOH) ï potential-determining step in CO2R ï on pure Ag and Au are 1.61 eV and 1.38 eV, 

respectively (Figure 4-3 a). Seeking to find the possible materials structure combinations that 

would lower the free energy to form *COOH, it is found that the island models (ñiò) (i.e., islands 

of gold particles on Ag) lower the free energy required to form *COOH, such that both Au(3×3)-

i@Ag(6×6) (0.86 eV) and Au(3×3)-i@Ag(7×7) (0.78 eV) possess smaller ȹG*COOH than Ag(1.61 

eV) and Au(1.38 eV) (Figure 4-3). The presence of undercoordinated Au in the island case led to 

preferentially binding of *C species. Ag also has a higher affinity for *O [107], and thus further 

stabilizes *COOH. The configuration of *COOH here provides a bi-functional [108] binding sites 
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for C-Au and O-Ag ï a feature of the AgAu combination does not present in pure Ag or Au cases 

due to the unstable Ag bound with *C and the fully coordinated nature of Au. For island cases, the 

enhancement in UL(CO2R) outweighs that in UL(HER) (Figure 4-3), due to the undercoordinated 

Au species. These findings suggest the opportunity to achieve, via AgAu catalysts, the 

combination of high CO productivity and low overpotential. The DFT findings suggest that 

decreasing CO2 activation barrier and suppressing HER on Ag (via Au islands), the overpotential 

towards CO2-to-CO conversion can be lowered, thereby a higher EE can be attained. 

 

Figure 4-3. Mechanistic understanding. (a) Free energy diagram for CO2R to CO in all 

models. (b) Calculated limiting potential for HER versus that for CO2R. Right and upper 

regions denote high activity for CO2R and HER, respectively. Reproduced with permission 

from American Chemical Society [14], copyright 2021. 

4.3.3 Electrochemical performance 

The origins of the limitations of conventional Ag and Au catalysts are analyzed at practical reaction 

rates (>100 mA cmī2). This analysis leads to two main findings: high cathodic overpotential on 

Ag and high HER activity on Au. Using planar Ag/PTFE and Au/PTFE catalysts, the CO2R 

performance is investigated in 1 M KHCO3 over a voltage range of ī0.41 and ī1.36 V versus the 

RHE. It is found that CO partial current density increases with increasing applied potential on both 

Ag/PTFE and Au/PTFE catalysts (Figure 4-4). On Au/PTFE catalyst, the CO FE remains above 

90% up to a current density of 60 mA cmī2 and a potential of ī0.57 V versus RHE. A further 

increase in the current density results in HER dominating CO2R, and the partial current density is 
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capped at ~100 mA cmī2 at ī0.71 V versus RHE (58% CO FE at 176 mA cmī2 and at ī0.88 V 

versus RHE) (Figure 4-4). On the Ag/PTFE catalyst, the CO FE remains above 90% up to a current 

density of 120 mA cmī2, albeit with a cathodic overpotential of ī1.32 V versus RHE. The CO 

partial current density reaches its plateau of ~160 mA cmī2 at ī1.36 V versus RHE (86% CO FE 

at 186 mA cmī2). 

 

Figure 4-4. Mechanistic understanding. (a) CO partial current density versus potential. (b) 

CO FE versus potential. Note: AgAu catalyst stands for Au-doped planar Ag/PTFE (with an 

optimized galvanic replacement duration of 15 minutes), 2D Ag catalyst stands for planar 

(2D) Ag/PTFE, and 2D Au catalyst stands for planar (2D) Au/PTFE. Reproduced with 

permission from American Chemical Society [14], copyright 2021. 

The initial CO2R performance of the 2D AgAu catalysts is assessed in a flow cell with 1 M KHCO3 

liquid electrolyte (Figure 4-5). With galvanic replacement durations in the range of 0 to 15 minutes, 

the peak CO partial current density increased from 160 to 183 mA cmī2 and the corresponding 

cathodic overpotential reduced from ī1.34 to ī1.16 V versus RHE (Figure 4-4). Tafel analyses of 

CO productivities from CO2 on 2D AgAu exhibit a slope of 82 mV decī1, lower than that of Ag 

(137 mV decī1) (Figure 4-6), indicating a faster electron transfer for CO formation. Further 

extending the duration (from 15 to 30 minutes) did not improve performance, instead leading to a 

higher HER activity and a lower peak CO partial current density (Figure 4-4) ï outcomes 

attributable to excessive Au surface coverage. Despite the HER activity at low applied potentials 

(~ī0.4 V versus RHE), the 2D AgAu catalyst combines high CO FE and low overpotential at 

reaction rates >120 mA cmī2 (Figure 4-4). 
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Figure 4-5. Performance of planar (2D) AgAu catalysts with various galvanic replacement 

durations between Au and Ag atoms in a flow cell. Operating conditions: 1 M KHCO3 was 

supplied to the cathode and anode with a flow rate of 20 mL minī1; CO2 was supplied to the 

cathode with a flow rate of ~50 sccm; experiments were performed under room temperature 

and pressure. Potentials are presented with iR compensation. The error bars correspond to 

the standard deviation of three independent measurements. Ag catalyst stands for Ag/PTFE 

and AgAu-5min, AgAu-10min, AgAu-15min, and AgAu-30min stand for the catalysts with 

5, 10, 15, 30 minutes of galvanic replacement durations. Reproduced with permission from 

American Chemical Society [14], copyright 2021. 

 

Figure 4-6. Partial CO current densities and Tafel slopes on pure Au, pure Ag, and 2D AgAu 

catalysts. Operating conditions: 1 M KHCO3 was supplied to the anode with a flow rate of 

15 mL minī1; humidified CO 2 was supplied to the cathode with a flow rate of 80 sccm; 
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experiments were performed under room temperature and pressure. Reproduced with 

permission from American Chemical Society [14], copyright 2021. 

To further boost current densities at similar cathodic overpotentials, the reaction interface is 

extended by translating the Au-doping strategy to a 3D catalyst motif, in which Au-doped Ag NPs 

are supported on 2D AgAu catalysts (Figure 4-7).  

 

Figure 4-7. Characterization of 3D AgAu catalysts. (a) and (b) SEM images of the Au-doped 

Ag NPs formed on the 2D Ag/PTFE substrates Scale bars are 2 µm and 500 nm, respectively. 

(c) and (d) TEM images of the Au-doped Ag NPs. 15-minutes of galvanic replacement 

between the Ag and Au atoms leads to growth of small islands on the surface of the Ag NPs. 

Scale bars are 100 nm and 50 nm, respectively. (e) and (f) TEM images of the Au-doped Ag 

NPs. Scale bars are 50 nm and 20 nm, respectively. (g) HAADF -STEM image of the 3D AgAu 

catalysts. (h) EDX elemental mapping of Ag. (i) EDX elemental mapping of Au. (j)  EDX 
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elemental mapping of Au and Ag. Scale bars of HAADF-STEM images and EDX mappings 

are 50 nm. 3D AgAu catalyst stands for Au-doped Ag NPs supported on planar 2D AgAu 

catalyst (with the galvanic replacement duration of 15 minutes). Reproduced with 

permission from American Chemical Society [14], copyright 2021. 

The electrochemical performance of the 3D AgAu catalysts and 3D Ag controls is investigated in 

a flow cell electrolyzer. It is found that the working principle of the 3D AgAu catalysts is akin to 

that of the 2D AgAu catalysts: AgAu catalysts enable greater CO productivities with lower 

cathodic overpotentials over a wide range of current densities (Figure 4-8 a-b). The 3D AgAu 

catalysts enabled a peak CO partial current density of 408±15 mA cmī2 (at ī1.36 V versus RHE), 

compared to 340±12 mA cmī2 for the Ag control case. The extended reaction interface in the 3D 

AgAu catalyst also promoted CO productivity compared to 2D AgAu catalyst (Figure 4-8 c-d).  

 

Figure 4-8. Performance of planar (2D) and high-surface-area (3D) AgAu and Ag control 

catalysts in a flow cell. (a) LSV curves in a potential window of ī0.20 and ī1.40 V versus 

RHE. (b) LSV curves in a potential window of ī0.84 and ī1.40 V versus RHE. (c) CO FE 
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versus potential. (d) CO partial current density versus potential. Operating conditions: 1 M 

KHCO 3 was supplied to the cathode and anode with a flow rate of 20 mL minī1; CO2 was 

supplied to the cathode with a flow rate of ~50 sccm; experiments were performed under 

room temperature and pressure. The LSV curves were obtained by sweeping the voltage 

from ī0.2 V to ī1.4 V versus RHE with a constant scan rate of 25 mV. Each LSV curve is 

the representative of 15 scans from 3 independent measurements. Potentials are presented 

with iR compensation. The error bars correspond to the standard deviation of three 

independent measurements. 2D Ag catalyst stands for planar (2D) Ag/PTFE, 2D AgAu 

catalyst stands for Au-doped planar Ag/PTFE (with an optimized galvanic replacement 

duration of 15 minutes), 3D AgAu catalyst stands for Au-doped Ag NPs supported on planar 

2D AgAu catalyst (each with an optimized galvanic replacement duration of 15 minutes), 

and 3D Ag catalyst stands for Ag NPs supported on planar 2D Ag catalyst. Reproduced with 

permission from American Chemical Society [14], copyright 2021. 

The activity promoting catalyst strategy is then adopted to a MEA ï a catholyte-free electrolyzer 

platform that enables stable and energy-efficient CO2 electrolysis [60]. IrO2-Ti, an AEM and the 

3D AgAu catalysts were used as the anode electrode, electrolyte, and cathode, respectively. 

Exploring CO2R performance at a voltage range of ī3 to ī4.2 V, it is found that CO FE increases 

with increasing cell potential, reaching a plateau of 93±1% at a CO partial current density of 186±3 

mA cmī2. The 3D AgAu catalysts delivered CO FEs above 90% up to ~240 mA cmī2. While the 

increasing applied potential led to an increase in HER activity, the system delivered a peak CO 

partial current density of 302±12 mA cmī2 at a full-cell potential of ī4.1 V (Figure 4-9 a). In 

contrast, the MEA system with the 3D Ag control catalysts provided a lower peak CO partial 

current density of 204±9 mA cmī2 and required a full-cell potential of ī4.2 V (Figure 4-9 a). The 

MEA system with the 3D AgAu catalysts achieved a peak CO full-cell EE of 37±1% at a CO 

partial current density of 43±1 mA cmī2, and the full-cell EE remained above 30% up to a partial 

current density of 247±6 mA cmī2. In contrast, the full-cell EE of the 3D Ag control case dropped 

below 30% at CO partial current densities greater than 163±5 mA cmī2 (Figure 4-9 b). The 3D 

AgAu catalyst delivered a cathodic gas stream with a peak 48% CO (molar ratio) and a peak SPC 

of 34% for CO2-to-CO conversion (Figure 4-9 c-d). At 185 mA cmī2, the 3D AgAu catalyst 

enables a SPC of 33% (Figure 4-9 e). The 3D AgAu catalyst was stable, providing a CO FE of 

~90% and average CO full-cell EE of 32% for 60 hours (Figure 4-9 f). 
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Figure 4-9. Performance of 3D AgAu and Ag control catalysts in a MEA electrolyzer. (a) CO 

FE and CO partial current density versus potential for 3D AgAu and Ag control. (b) CO EE 

versus CO partial current density for 3D AgAu and Ag control. (c) CO concentration (molar 

ratio) at the cathode outlet versus reactant CO2 flow rate for 3D AgAu. (d) SPC of CO2 
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towards CO versus flow rate for 3D AgAu. (e) Extended SPC at ī3.8 V (CO2 with a flow rate 

of ~15 sccm; 0.1 M KHCO3 anolyte with a flow rate of 15 mL minī1; ambient pressure and 

temperature). The black line represents the full-cell potential (primary y-axis). Each green 

circle represents the SPC averaged from three samples (secondary y-axis). (f) Extended 

CO2R performance of 3D AgAu at 200 mA cmī2 (CO2 with a flow rate of ~80 sccm; 0.1 M 

KHCO 3 anolyte with a flow rate of 15 mL minī1; ambient pressure and temperature). The 

black line represents the full-cell potential (primary y-axis). Each red square represents the 

CO FE averaged from three samples (secondary y-axis). Full-cell potentials are presented 

without iR compensation. The error bars correspond to deviation of three measurements. 3D 

AgAu stands for Au-doped Ag NPs supported on planar 2D AgAu and 3D Ag stands for Ag 

NPs supported on planar 2D Ag. Reproduced with permission from American Chemical 

Society [14], copyright 2021. 

It is found, by performing SEM, EDX, and XPS, that the catalyst maintained its morphology and 

composition through the extended CO2R (Figure 4-10 and Figure 4-11). 

 

Figure 4-10. Morphology of the 3D AgAu catalyst (with a galvanic replacement duration of 

15 minutes) after 70 hours of CO2R at 200 mA cmī2. (a) SEM image. (b) EDX elemental 
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mapping of Ag. (c) EDX elemental mapping of Au. (d) Overlap. Scale bars are at 1 µm. 

Reproduced with permission from American Chemical Society [14], copyright 2021. 

 

Figure 4-11. XPS spectra of the 3D AgAu catalyst (with a galvanic replacement duration of 

15 minutes) after 70 hours of continuous CO2R at 200 mA cmī2. The Ag3d and Au4f signals 

indicate the existence of Ag and Au on the surface of the electrode after extended CO2R. 

Reproduced with permission from American Chemical Society [14], copyright 2021. 

4.4 Conclusions 

In summary, this work presents an activity promoting strategy that enables low overpotential and 

selective CO2-to-CO conversion at industrially relevant reaction rates and EEs. This advance is 

achieved by developing AgAu catalysts synthesized through galvanic replacement between Ag 

and Au. Benefiting from the low energy barrier for formation of key reaction intermediate 

(*COOH), onset potential reductions of up to ~200 mV over a wide range of CO partial current 

densities (100ï400 mA cmī2) are achieved. The universality of the strategy is demonstrated in 

flow cell and MEA electrolyzers formats with neutral media electrolytes. In an MEA electrolyzer, 

high-surface-area AgAu catalysts enabled CO FEs of >90% and CO full-cell EEs of >30% up to a 

CO partial current density of 247±6 mA cmī2. The AgAu catalysts were stable, converting CO2 to 

CO conversion for over 60 hours at high reaction rates (Ó185 mA cmī2) under both high and low 

CO2 reactant availability conditions. The AgAu catalyst ï in the context of its high selectivity, 

productivity, EE, and stability ï is among the best low-temperature, neutral-media CO2-to-CO 

catalysts in literature.  
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4.5 Reflection on this project, not included in the publication 

This work presents activity-promoting strategy: forming Au adparticles on the Ag-Au interfaces 

to lower the overpotential in CO2-to-CO conversion. In this work, the catalyst preparation relies 

on modifying the lattice and electronic structure of the silver catalyst via galvanic replacement 

between the gold and silver atoms. The duration of galvanic replacement was the main parameter 

controlling the growth of Au adparticles. The electrochemical performance of the catalyst is quite 

sensitive to the galvanic replacement duration, requiring efforts to achieve ideal morphology and 

composition for optimum CO2R performance. In this work, the AgAu catalysts are integrated into 

both flow-cell and MEA electrolyzers. Both systems use neutral electrolytes, thus leading to 

modest reaction rates and high applied potential to drive the reaction. This limits both the 

production rates and energy efficiencies. Lastly, the use of neutral electrolytes (albeit mitigated 

compared to the case of alkaline electrolytes) result in carbonate-formation, limiting the single 

pass conversion efficiency and operational stability of the system.  
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 High-rate and efficient ethylene electrosynthesis using 
a catalyst:promoter:transport layer 

This work presents an organic molecular adlayer functionalization catalyst design: in this new, 

hierarchical catalyst:molecule:ionomer interface catalyst, the catalytically-active Cu is 

functionalized using a phenanthrolinium-derived organic film and a polymeric perfluorocarbon 

ionomer. Using a suite of electroanalytical tools and operando spectroscopies, it is found that, 

compared to a Cu control catalyst, the phenanthrolinium-derived organic film optimizes CO 

adsorption by stabilizing the atop-bound configuration, increasing the ethylene selectivity and 

therefore full-cell EE; and the ionomer layer increases CO2 transport to the catalyst surface via 

decoupled transport of CO2 and hydrated ions (H2O/OHī), boosting ethylene partial current 

densities. This adlayer-augmentation strategy provides a route to: (1) a record full -cell EE of 21% 

and a record ethylene partial current density of >200 mA cmī2.  

Work from this chapter formed the basis of this publication: Ozden, AÀ., Li, FÀ., de Arquer, F.P.G., 

Rosas-Hernandez, A., Thevenon, A., Wang, Y., Hung, S-F-., Wang, X., Chen, B., Li, J., Wicks, 

J., Luo, M., Wang, Z., Agapie, T., Peters, J.C., Sargent, E.H., Sinton, D. ñHigh-rate and efficient 

ethylene electrosynthesis using a catalyst/promoter/transport layerò. ACS Energy Letters, 2020, 5, 

2811-2818. Some excerpts in this chapter are reproduced from ref. [6] with the permission from 

American Chemical Society.  
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5.1 Introduction 

The electrochemical CO2 reduction reaction (CO2R) offers storage of intermittent electricity from 

solar and wind in the form of fuels and value-added chemicals [109], [110], enabling further 

penetration of renewables in the transportation and chemical industries [7], [111], [112]. 

Implementation of CO2R will require high productivity to reduce capital cost, and high energy 

efficiencies (EE) to reduce operating cost. Techno-economic assessments further emphasize the 

need for high activity in generating high-value CO2R products, such as ethylene, well beyond the 

100 mA cmī2 threshold [113], [114]. Conventional H-cells deliver current densities of only tens 

of mA cmī2 due to CO2 mass transport limitations in aqueous solutions [115]. 

Introducing CO2 in the gas phase enables facile CO2 transport from the bulk to the local electrode 

by decreasing the thickness of the diffusion layer from tens of micrometers to tens of nanometers, 

permitting CO2R current densities above 100 mA cmī2 [59], [116]. In such a flow-cell 

configuration, a gas diffusion electrode (GDE) separates gas-phase CO2 from either alkaline or 

neutral electrolyte [117], [118]. However, ohmic loss across the neutral electrolyte that extends 

between cathode and anode causes a high overpotential when the current density is high, limiting 

EE [11]. Though the use of alkaline electrolyte increases ionic conductivity and enables higher 

current densities and EEs [118], the formation of carbonate salt from the reaction of CO2 with 

alkali electrolyte wastes reactant CO2, reduces system stability, and increases cost [77]. 

Membrane electrode assembly (MEA) electrolyzers form an integrated layered stack by removing 

the catholyte and merging the cathode:ion-exchange membrane:anode (Figure 5-1 a) [11], [119], 

[120]. MEAs developed for fuel cells and water electrolyzers and achieved current densities >1 A 

cmī2 [121], [122]. However, with present day MEAs, CO2R activities towards ethylene are still 

limited to approximately 100 mA cmī2 [60], [123]. 

Here we present hierarchical adlayer ï a catalyst:tetrahydro-phenanthrolinium:ionomer (CTPI) 

structure ï that enables high-rate and efficient electrosynthesis of ethylene in an MEA electrolyzer. 

In this design, the catalytically-active Cu is modified by a phenanthrolinium-derived molecular 

film and a perfluorocarbon based polymeric ionomer. This hierarchical adlayer augments 

simultaneously the availability of reactant CO2 and the binding strength of *CO, a key intermediate 
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along the pathway to ethylene [124], [125]. These two factors contribute to current densities and 

EEs in CO2R.  

The system achieves as a result ethylene partial current densities greater than 200 mA cmī2 ï a 

two-fold enhancement in production rates compared to the best prior reports in MEA electrolyzers 

[60]. The system achieves this with an ethylene FE of 66% and a full-cell EE of 21% ï the highest 

selectivity, and the highest efficiency, reported for MEA-based CO2R electrolyzers.  

5.2 Experimental 

5.2.1 Reagents 

High grade potassium bicarbonate (KHCO3) and potassium chloride (KCl) were purchased from 

Sigma Aldrich. Electrolyte solutions were prepared from a stock solution of 1 M in deionized (DI) 

water (Milli -Q grade water (18.2 Mɋ)) which was diluted to the target molarity. All reagents were 

used without further purification. 

5.2.2 Synthesis of molecular precursor 

N,Nô-ethylene-phenanthrolinium dibromide molecular precursor was synthesized by following the 

procedure presented in a previous report [126]. 

5.2.3 Electrode preparation 

Cu target (Kurt J. Lesker Company) was evaporated onto a single side of the 

polytetrafluoroethylene (PTFE) substrate (450 ɛm average pore size) with the sputtering rate of 

0.50 Å secī1 under 10ī6 Torr. The sputtered Cu thickness was varied between 100 nm and 200 nm, 

with the thickness increments of 25 nm. The phenanthrolinium-derived film was electro-deposited 

from a 0.1 M KHCO3 solution containing 10 mM N,Nô-ethylene-phenanthrolinium dibromide. 

The electrodeposition was performed in a three-electrode setup, in which Cu/PTFE was used as 

the working electrode (5 cm2 geometric active surface area), Ag/AgCl (3M KCl) as the reference 

electrode, and Pt sheet as the counter electrode. Cyclic voltammetry was applied to the Cu/PTFE 

electrode in the range of ī0.6 V and ī2.0 V, with a scanning rate of 50 mV sī1. The tetrahydro-

phenanthrolinium loading on the Cu/PTFE electrode was controlled by varying the number of 

cycles. The ionomer deposition was carried out by spray-coating a solution of 17 µl 
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perfluorosulfonic acid ionomer (PFSA, Aquivion® D79-25BS) and 3 mL methanol onto the 

tetrahydro-phenanthrolinium modified Cu/PTFE electrode with the sample geometric area of 18 

cm2. The 3D CTPI electrode was obtained by spray-coating a solution containing Cu NPs (25 nm 

average particle size, Sigma-Aldrich), N,Nô-ethylene-phenanthrolinium dibromide, and methanol 

(Sigma-Aldrich) onto the Cu/PTFE electrodes. The nominal Cu NPs loading and Cu NPs-to-SSC 

ionomer weight ratio (wt%) were optimized, and the optimum values were determined to be 1.25 

mg cmī2 and 22.0 wt%, respectively. The weight ratio of N,Nô-ethylene-phenanthrolinium 

dibromide with respect to the Cu NPs loading was optimized to be 7.5 wt%. The catalyst inks were 

prepared by following three sequential steps: (i) ultrasonically mixing Cu NPs with N,Nô-ethylene-

phenanthrolinium dibromide in 3 mL methanol for 30 minutes, (ii) incorporating 1 mL methanol 

solution containing the respective amount of ionomer into the resulting catalyst solution, and (iii) 

ultrasonically mixing the final Cu NPs:tetrahydro-phenanthrolinium:SSC ionomer containing 

slurry for 30 minutes.  

5.2.4 Electrode characterization 

Scanning electron microscopy (SEM) imaging and associated energy dispersive X-ray (EDX) 

elemental mapping were performed via a high-resolution scanning electron microscope (Hitachi 

S-5200). Cross-sectional SEM imaging was performed via Dual-beam FIB-SEM NB5000. X-ray 

photoelectron spectroscopy (XPS) measurements were carried out via PHI 5700 Electron 

Spectroscopy for Chemical Analysis system by using Al KŬ X-ray radiation (1486.6 eV) as the 

energy source for excitation. Transmission electron microscopy (TEM) imaging was carried out 

via a field emission transmission electron microscope (Hitachi HF3300). X-ray adsorption 

spectroscopy (XAS) data were processed via the Athena software included in a standard IFEFFIT 

package. In-situ Raman measurements were performed by using a Renishaw inVia Raman 

Microscope equipped with a water immersion objective (63x, Leica Microsystems) and 785 nm 

laser. The in-situ Raman measurements were performed in a modified cell, in which an Ag/AgCl 

(3M KCl) reference electrode and a platinum (Pt) wire were employed as the reference and counter 

electrodes, respectively. The Raman spectra were obtained via the commercial software (Renishaw 

WiRE, version 4.4). 
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5.2.5 Electrochemical performance testing 

The CO2R/COR performance characteristics of the catalysts were investigated using an 

electrochemical test station. The experimental setup consisted of a potentiostat and a current 

booster (Metrohm Autolab, 10A), commercial CO2R MEA electrolyzer (Dioxide Materials), mass 

flow controller (Sierra, SmartTrak 100), humidifier, peristaltic pump with silicon tubing, and 

anolyte container.  

The main constituents of the CO2 electrolyzer are MEA, anode and cathode flow fields (made of 

titanium and stainless steel, respectively), and anode and cathode conductive plates. The geometric 

active areas of both the anode and cathode flow fields were 5 cm2. The MEA was comprised of 

cathode electrode, anode electrode (Ti-IrO2 mesh), and anion exchange membrane (AEM, 

Sustainion® X37-50). The MEA was first placed between the anode and cathode flow fields and 

then assembled together through equally applied compression torque to the associated bolts. The 

flow fields were mainly responsible for effective supply of aqueous anolyte solution (0.1 M 

KHCO3) and humidified CO2 over the respective surfaces of anode and cathode electrodes. The 

anode and cathode gaskets were placed between the flow fields and respective electrodes to ensure 

sealing during reaction. To ensure good electrical contact between the cathode flow field and 

cathode electrode (Cu/PTFE), the cathode electrode was attached to the stainless steel surface of 

the flow field by using a copper tape frame, which was then fully covered with a Kapton tape 

frame to eliminate copper tapeôs potential impact on reaction. The anode electrode (Ti-IrO2) 

manufacturing involved several sequential steps: etching the Ti screens (Fuel Cell Store) in 6 M 

hydrochloric acid (HCl) solution for 40 minutes at 80 °C, washing the etched Ti screens with 

deionized water (DI) to remove any potential impurities, immersing the Ti screens into a solution 

composed of isopropanol, iridium (IV) oxide dehydrate (Premion®, 99.99%, metals basis, Ir 73% 

minutes, Alfa Easer), and HCl, and drying (at 100 °C for 10 minutes) and sintering (at 500 °C for 

10 minutes) to achieve the final form of titanium iridium oxide (Ti-IrO2). These steps were 

repeated until the final Ir loading of 2 mg cmī2. The AEM was activated in a 1 M KOH solution 

for 24 hours and immersed into water for 5 minutes prior to being mounted between the anode and 

cathode electrodes. 
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After the electrolyzer assembly, 0.1 M KHCO3 was circulated through the anode side of the 

electrolyzer with the constant flow rate of 10 mL minī1 via a peristaltic pump, while the fully 

humidified CO2 was supplied to the cathode side with the constant flow rate of 80 sccm via the 

mass flow controller. After three-minutes of initial operation, the full cell potential of ī3.0 V was 

applied to the electrolyzer, and then the potential was gradually increased from ī3.0 V with the 

increments of ī0.10 V. The voltage increments were made upon complete stabilization of the 

corresponding current, typically required 15-20 minutes. The current data for each corresponding 

potential were recorded while simultaneously collecting the CO2R gas products in 1 mL volumes 

using gas tight syringes (Hamilton chromatography syringe). For each applied potential, gas 

products were collected at least 3 times with proper time intervals. The gas samples were then 

injected into the gas chromatography (GC, PerkinElmer Clarus 680). The GC used for the gas 

product analysis comprises of three constituents: a flame ionization detector (FID), a thermal 

conductivity detector (TCD), and packed columns. The spectra obtained from the GC for each gas 

injection was utilized to calculate the FE towards gas products of CO2R/COR.  

For the stability test, the MEA electrolyzer was operated at a constant current density of 220 mA 

cmī2 by co-feeding CO2 and N2 with the constant stoichiometric ratio of 40%:60%. The gas 

products were collected at frequent time intervals, and for each data point, three continuous 

injections were made, and thus each selectivity value in the stability curve was the average of three 

sequentially obtained FEs. 

5.2.6 Product analysis 

FE towards any of CO2R gas products was calculated using Equation (5-1): 

ὊὉ                       
(5-1) 

where Ὥ is the partial current of product Ŭ, Ὥ  is the total current, ὲ is the number of electrons 

required to form 1 mol of product Ŭ, ὺ  is the flow rate of CO2 at the cell outlet, ὧ is the 

concentration of product Ŭ measured via gas chromatography, Ὂ is the Faraday constant, and ὠ  

is the unit molar volume under room conditions.  
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5.3 Results and discussion 

5.3.1 Insights into low production rates in todayôs CO2R MEA electrolyzers 

First, a diagnostic study is performed to understand the origins of low current densities in MEA 

electrolyzers. Using polycrystalline Cu (150 nm thick) sputtered on a porous 

polytetrafluoroethylene (PTFE, average pore size of 450 nm) gas diffusion layer as the cathode 

(Cu/PTFE) (Figure 5-1 a), an AEM as the solid-state electrolyte (Figure 5-1 a), and iridium oxide 

supported on a titanium mesh as the anode, the MEA is assembled, and the CO2R performance is 

explored in a voltage range of ī3 V ï ī4.5 V. Both total current density and ethylene FE increase 

with increasing voltage, and the peak ethylene FE reaches 45% at ī3.8 V. This trend results in a 

peak ethylene partial current density of ~75 mAī2 (Figure 5-1 b). The limiting current density was 

positively correlated with the partial pressure of CO2 supplied, suggesting that mass transport of 

CO2 could be limiting the reaction rate. The full-cell EE was 14% based on Equation (5-2): 

EE = 
EÁ

Eapplied
 Ĭ FEethylene                    (5-2) 

where E° is 1.15 V, the thermodynamic potential for the overall reaction 2CO2 + 2H2O Ÿ C2H4 + 

3O2. It is suggested that the CO2 concentration decreases rapidly at the gas/liquid/solid three-phase 

interface (Figure 5-1 c): since CO2R uses water as the proton source [125] and generates local 

hydrated OHī, a significant portion of the catalyst surface is likely inaccessible to CO2 [127], 

[128], and the competing HER dominates in these areas (Figure 5-1 d). 

5.3.2 Catalyst design for high-rate and efficient CO2R 

It is well established that CO2R kinetics would increase if the transport of CO2 to catalyst surfaces 

was unimpeded by OHī/H2O, i.e. with separate gas and ion/liquid transport channels that improve 

CO2 transport and avoid consumption of CO2 by OHī [129].  

Taking inspiration from the role of ionomers in the enhancement of oxygen reduction reaction 

(ORR) kinetics in fuel cells through concurrent transport of reactants, by-products and charged 

species [130], [131], this work explores the viability of ionomers on CO2R performance of Cu 
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catalysts. It is reasoned that the hydrophobic and hydrophilic segments of the ionomer would allow 

the transport of gas and hydrated ions, respectively [67]. 

 

Figure 5-1. Ionomer-augmented CO2 availability in MEA electrolyzer . (a) Cu/PTFE 

electrode and its interface with AEM. (b) Ethylene partial current densities on bare 

Cu/PTFE, and SSC-modified Cu/PTFE electrodes. Full-cell potentials are presented without 

iR compensation. The CO2R was operated at a CO2 flow rate of 80 sccm, 0.1 M KHCO3 

anolyte with a flow rate of 20 mL minī1. (c) Limited CO2 availability on unmodified Cu 
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surface. The schematic illustrates the local CO2 and H2O transport for a Cu/PTFE fiber. (d) 

Competition between the CO2R and HER on unmodified Cu surface. The limited CO2 

availability surface dominates the competing HER. (e) Enrichment of CO2 species in the 

reaction environment enabled by SSC ionomer surrounding Cu surface. The schematic 

illustrates the local CO2 and H2O transport for a Cu/PTFE fiber coated with SSC ionomer. 

(f) Dominancy of the CO2R over the HER with SSC ionomer. Reproduced with permission 

from American Chemical Society [6], copyright 2020. 

By forming nm-thick polymeric films via the spray-coating of an ionomer solution onto the 

Cu/PTFE substrate, the CO2R performance is investigated. A short-side-chain (SSC) 

perfluorocarbon polymer [67], [132] is used as the ionomer (Figure 5-1 b). This SSC ionomer is 

composed of a hydrophobic PTFE backbone and a hydrophilic side chain terminated by sulfonic 

acid. 

It is found that the SSC extends the ethylene partial current density to 280 mA cmī2 (Figure 5-1 

b). The increased current density is attributed to increased CO2 transport achieved by the separation 

of CO2 and ion/H2O pathways. As in prior reports [13], [67], a much larger portion of the catalyst 

becomes accessible to gas (CO2) via a hydrophobic backbone while the transport of ions/H2O is 

retained within hydrophilic side chains (Figure 5-1 e-f). This effect is akin to the well-coordinated, 

simultaneous transport of O2 and proton/H2O transports in fuel cells [130], [131].  

The length of the side chain in the ionomer does not markedly affect the productivity of ethylene 

from CO2R (Figure 5-2). Although the partial current density for ethylene is increased to >200 mA 

cmī2, the ethylene FE around 52% is only slightly higher than that of the control Cu/PTFE case, 

and the high (ī4.5 V) potential required (Figure 5-1 b) renders a low full-cell EE <15%. We 

realized that, at the optimum voltage for the control Cu/PTFE, ī3.8 V, the FE towards CO for the 

SSC-modified Cu is 25% while that for the Cu/PTFE is 13%. Converting the excess CO to ethylene 

while maintaining a similar applied voltage would improve EE. 
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Figure 5-2. Effect of hydrophilic side chain length on the ethylene partial current densities. 

The catalyst was comprised of Cu NPs mixed with either LSC (Nafion®) or SSC (Aquivion® 

D79-25BS) supported on Cu/PTFE electrode. The sputtered Cu thickness, Cu NPs loading, 

and Cu NPs:ionomer ratios were kept similar for both the catalysts. Full-cell potentials are 

presented without iR compensation. Operating conditions: 0.1 M KHCO3 with a flow rate of 

20 mL minī1; CO2 with a flow rate of around 80 sccm; and ambient conditions. Reproduced 

with permission from American Chemical Society [6], copyright 2020. 

Next, a further adlayer ï an organic film functioning similar to pyridinium-derived films ï is 

introduced between the SSC ionomer and Cu surface [60]. It is postulated that conformal 

hierarchical deposition of such a layer together with SSC ionomer on the Cu surface ï without 

disrupting SSC benefits and blocking the catalytically active sites ï may optimize the binding of 

*CO, and therefore promote CO-to-ethylene conversion (Figure 5-3 a). 

N,Nô-ethylene-phenanthrolinium dibromide is electroreduced onto a Cu/PTFE catalyst to form a 

20±5 nm continuous film, comprising primarily the 4,4' and 2,2' dimeric structures (Figure 5-3 b), 

in accordance with previous findings on polycrystalline copper [126]. While it is possible that 

during extended storage the molecular film composition evolves, for example via partial oxidation, 

its CO2R performance is high even after a period of weeks. A 15±5 nm SSC ionomer layer was 

then spray-deposited onto the electrode, and the resulting electrode possessed a similar 

morphology to the unmodified Cu/PTFE (Figure 5-3 c).  
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It is found that the phenanthrolinium-derived molecular film enables an improved ethylene FE. 

Applying the optimal tetrahydro-phenanthrolinium loading to the Cu/PTFE surface, an ethylene 

FE of 58% is achieved at ī3.7 V (Figure 5-3 d). The increased ethylene FE at the expense of CO 

FE is consistent with the prior report [60]. Due mainly to the improved FE, the full-cell EE 

improved from 14% for the control Cu/PTFE, to 18%. 

 

Figure 5-3. CO2-to-ethylene conversion in an MEA electrolyzer. (a) Hierarchical tetrahydro-

phenanthrolinium:ion omer modified Cu/PTFE surface allows more CO2 and *CO. (b) 

Electrodimerization of the phenanthrolinium into the 4,4' and 2,2'-tetrahydro-

phenanthrolinium dimeric structures. (c) SEM images of tetrahydro-

phenanthrolinium/ionomer on Cu/PTFE. (d) Ethylene FE and productivity for unmodified 

Cu/PTFE (yellow line) and tetrahydro-phenanthrolinium-modified Cu/PTFE (red line). (e) 

Ethylene FE for SSC-modified Cu/PTFE, and ethylene FE and productivity for tetrahydro-

phenanthrolinium/SSC-modified Cu/PTFE (red line), and ethylene productivity for 
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unmodified Cu/PTFE (yellow line). Operating conditions: CO2 flow rate of 80 sccm, 0.1 M 

KHCO 3 anolyte flow rate of 20 mL minī1. (f) Ethylene FE for unmodified Cu/PTFE, SSC-

modified Cu/PTFE, tetrahydro-phenanthrolinium-modified Cu/PTFE, and tetrahydro-

phenanthrolinium/SSC-modified Cu/PTFE for COR. (g) Ethylene productivity for 

unmodified Cu/PTFE, SSC-modified Cu/PTFE, tetrahydro-phenanthrolinium-modified 

Cu/PTFE, and tetrahydro-phenanthrolinium/SSC-modified Cu/PTFE for COR. Operating 

conditions: CO flow rate of 80 sccm and 3 M KOH anolyte flow rate of 20 mL minī1. (h) 

Raman spectra of tetrahydro-phenanthrolinium/SSC ionomer modified Cu/PTFE and 

unmodified Cu/PTFE (blue and yellow areas indicate the bridge and atop adsorptions of CO 

on Cu, respectively). (i) XAS spectra of the tetrahydro-phenanthrolinium/SSC-modified 

Cu/PTFE. TP and SSC stand for tetrahydro-phenanthrolinium and SSC ionomer, 

respectively. Cell potentials are presented without iR compensation. Reproduced with 

permission from American Chemical Society [6], copyright 2020. 

Although the ethylene FE is high for the tetrahydro-phenanthrolinium-modified Cu/PTFE catalyst, 

the partial current density was capped at around 110 mA cmī2, in agreement with the picture of 

limited CO2 transport.  

To recover the already-achieved high current density observed in the SSC-modified Cu/PTFE case, 

the outermost SSC layer is re-introduced to the tetrahydro-phenanthrolinium-modified Cu/PTFE 

catalyst (Figure 5-3 c). 

It is found that the FE and partial current density towards ethylene are increased, especially at the 

applied voltage region where the CO2R is otherwise limited by CO2 mass transport, as in the case 

of tetrahydro-phenanthrolinium-modified Cu/PTFE electrode (Figure 5-3 e).  

By optimizing the tetrahydro-phenanthrolinium loading and the hierarchical ordering in the 

tetrahydro-phenanthrolinium/SSC film, a peak ethylene FE of 69% with a partial current density 

of 304 mA cmī2 is achieved ï the highest performance metrics for CO2R MEA electrolyzers to 

date. The full-cell EE is 18%, a similar value to that achieved by the tetrahydro-phenanthrolinium-

modified Cu, due to the compromise between increased ethylene FEs and simultaneously increased 

applied potentials. 
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This tetrahydro-phenanthrolinium molecule was reported in a recent flow cell electrolyzer study, 

with operating current densities lower than 10 mA cmī2 [126], and has not been applied to GDE-

based CO2R MEA electrolyzers.  

To clarify the CO-adsorption enhancing role of the tetrahydro-phenanthrolinium in this new 

system, CO is used as a probe molecule and COR is performed using 3 M KOH as the anolyte, a 

condition that has been proven to promote COR [133], [134]. It is found that the tetrahydro-

phenanthrolinium-modified Cu/PTFE shows a higher ethylene FE (Figure 5-3 f) and partial current 

density (Figure 5-3 g) in both cases, with and without the SSC layer. In addition, the SSC ionomer 

layer promotes higher current densities, benefiting from the improved availability of CO near the 

active sites, akin to the case of CO2.  

Using in-situ Raman spectroscopy, it is found that the tetrahydro-phenanthrolinium increases the 

ratio of atop- to bridge- bound CO from 0.14 on Cu to 0.51 (Figure 5-3 h), an optimum value found 

previously [60] that resulted in a low activation barrier for CïC coupling, the first step in COR 

[125], [135]. 

It is further confirmed that the modification of the tetrahydro-phenanthrolinium on Cu does not 

promote CO2R through the tuning of Cuôs electronic structure, a finding concluded from the 

unaltered Cu L-edge soft XAS on the tetrahydro-phenanthrolinium deposited Cu/PTFE upon 1-

hour electrolysis at ī3.7 V (Figure 5-3 i). 

A prior report [11] has shown that a lower CO2 partial pressure favors the ethylene selectivity, 

which the authors attributed to a high local pH by mitigating the reaction of OHī with excess CO2. 

However, at the relatively high current densities tested here, lowering CO2 partial pressure 

decreases current density due to less reactant CO2 availability.  

Instead, to improve current densities at similar, if not increased, EEs, this work extended the 

developed CTPI architecture into three dimensions by establishing a tetrahydro-

phenanthrolinium:ionomer hierarchy together with Cu NPs on a Cu/PTFE substrate (Figure 5-4 a-

b): more active sites lead to higher current densities per geometric area and thus meanwhile 

consume more CO2 by CO2R, resulting in less CO2 ñfreeò to react with OH
ī.  
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Figure 5-4. 3D CTPI catalyst enables selective and efficient CO2R in an MEA electrolyzer. 

(a) Cross-sectional SEM image of the tetrahydro-phenanthrolinium/SSC ionomer hierarchy 

established together with Cu NPs on a Cu/PTFE. (b) Schematic illustration of the tetrahydro-

phenanthrolinium/SSC ionomer hierarchy on Cu NPs. (c) XPS spectra of the 3D CTPI 

catalyst. (d) Ethylene FE for 3D CTPI (tetrahydro-phenanthrolinium/SSC-modified Cu NPs 

on Cu/PTFE) and 3D CI (SSC modified-Cu NPs on Cu/PTFE) for CO2R. (e) Ethylene 

productivity for 3D CTPI (tetrahydro-phenanthrolinium/SSC-modified Cu NPs on 

Cu/PTFE) and 2D CTPI (tetrahydro-phenanthrolinium/SSC-modified Cu/PTFE 

(Cu/TP/SSC)). Cell potentials are presented without iR compensation. Operating conditions: 

CO2 flow rate of 80 sccm, 0.1 M KHCO3 anolyte flow rate of 20 mL minī1. Reproduced with 

permission from American Chemical Society [6], copyright 2020. 
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A homogenous dispersion of Cu NPs, tetrahydro-phenanthrolinium, and SSC ionomer is thus 

sprayed onto the Cu/PTFE substrate (Figure 5-5).  

 

Figure 5-5. 3D CTPI catalyst comprised of Cu NPs/tetrahydro-phenanthrolinium/SSC 

ionomer on Cu/PTFE before the CO2R. (a) and (b) SEM images at different magnifications. 

Reproduced with permission from American Chemical Society [6], copyright 2020. 

The tetrahydro-phenanthrolinium precursor was electro-dimerized in-situ when CO2R was 

initiated in the MEA (Figure 5-6), establishing a highly porous catalyst comprised of Cu 

NPs:tetrahydro-phenanthrolinium:SSC ionomer (Figure 5-7). 

 

Figure 5-6. Schematic illustration of 3D CTPI catalyst. (a) Mechanical and ultrasonic mixing 

the ink comprised of Cu NPs, N, Nô-ethylene-phenanthrolinium dibromide  precursor, and 

SSC ionomer. (b) Spray-casting of the catalyst ink onto the 2D CTPI to establish the 3D CTPI 

under the negative bias formed on the cathode during CO2R. (c) Schematic illustration of 

the Cu NPs surrounded by the tetrahydro-phenanthrolinium:SSC ionomer heterojunction. 
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(d) Cu NPs surrounded sequentially by the tetrahydro-phenanthrolinium and SSC ionomer 

layers. Reproduced with permission from American Chemical Society [6], copyright 2020. 

The X-ray photoelectron spectroscopy (XPS) peaks corresponding to S2p, N1s, F1s, and Cu2p 

confirm the presence of each component in the Cu NPs:tetrahydro-phenanthrolinium:SSC catalyst 

upon completion of CO2R (Figure 5-4 c). The N1s spectrum consist of two peaks located at 400.2 

eV and 402.5 eV, indicating that the tetrahydro-phenanthrolinium includes tertiary amine and 

quaternary ammonium, consistent with the prior report [126]. The electrochemical performance of 

the 3D CTPI catalyst is investigated in an MEA electrolyzer in neutral media. The electro-

dimerized molecular film resulted in an increased ethylene FE compared to the control samples 

(Figure 5-4 d). The working principle is similar to the planar CTPI catalyst ï the tetrahydro-

phenanthrolinium promotes ethylene selectivity via favourable COR, and the SSC ionomer enables 

higher productivity by enhanced CO2 transport. 

 

Figure 5-7. Post-mortem 3D CTPI catalyst comprised of hierarchical Cu NPs/tetrahydro-

phenanthrolinium/SSC ionomer ordering established upon completion of electrolysis in 

MEA electrolyzer. (a) to (c) SEM images at different magnifications. Reproduced with 

permission from American Chemical Society [6], copyright 2020. 
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The extended reaction interface provided by the 3D catalyst yielded improved productivity 

compared to its 2D counterpart at lower voltages (Figure 5-4 e), reaching an ethylene partial 

current density of 208 mA cmī2 at only ī3.9 V. In contrast, the 2D catalyst provides 97 mA cmī2 

at the same potential. The full-cell EE is 21% for the 3D CTPI catalyst, slightly higher than the 

best prior value in MEA electrolyzers [60], but along with a 2.8x larger current density. 

The performance of 3D CTPI catalyst is further assessed under challenging conditions: a diluted 

CO2 stream [136]; a direct intake of flue gas [114], [137]; and a variable CO2 feed rate (Figure 5-

8) [118]. The dilution of CO2 streams (down to 10%) is simulated via co-feeding CO2 with N2. 

The 3D CTPI catalyst maintained ethylene partial current densities >120 mA cmī2 ï along with 

EEs over 20% ï at all concentrations including 10% CO2 (Figure 5-8). Markedly, it yields an 

ethylene FE of 69% at ī3.7 V at a 40% CO2 concentration, corresponding to a full-cell EE of 22%.  

 

Figure 5-8. CO2R performance of the 3D CTPI catalyst in an MEA electrolyzer. (a) Full-cell 

EEs and ethylene productivity as a function of CO2 concentration in a diluted CO2 stream. 

(b) Ethylene concentrations in the cathode outlet and FEs as a function of CO2 flow rate. 

Operating conditions: CO2 flow rate of 80 sccm, 0.1 M KHCO3 anolyte flow rate of 20 mL 

minī1. (c) Extended CO2R at 220 mA cmī2 and with a feeding gas of CO2:N2 (40%:60%) at 

80 sccm. Operating conditions: 0.1 M KHCO3 anolyte flow rate of 20 mL minī1. Blue line 

represents the voltage recorded during the extended CO2R (primary y -axis). Each red square 

represents the ethylene FE averaged from three independent measurements (secondary y-
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axis). (d) Comparison of the performance metrics with literature benchmarks (for each 

report, the plotted values are those from the longest duration test). Reproduced with 

permission from American Chemical Society [6], copyright 2020. 

The 3D CTPI catalyst is further tested using a simulated flue gas composed of CO2 (15.1%), O2 

(3.99%), CO (190 ppm), SO2 (698 ppm) and N2 (balance). The 3D CTPI yields an ethylene FE of 

22% at ī3.8 V, whereas Cu/PTFE provides an ethylene FE of <5% across ī3 V ï ī4.0 V (Figure 

5-9). The direct intake of flue gas decreases selectivity towards CO2R at the current densities 

investigated (Figure 5-10). This is ascribed to the parasitic ORR [138], which is 

thermodynamically more favourable than CO2R, as well as the poisoning of catalysts by SO2 [139]. 

 

Figure 5-9. FE comparison between control 3D CTPI and Cu/PTFE towards ethylene from 

simulated flue gas. Full-cell potentials are presented without iR compensation. Reproduced 

with permission from American Chemical Society [6], copyright 2020. 

The CO2 flow rate was varied 25-fold (80 to 3 sccm) while performing CO2R with the 3D CTPI 

catalyst at 300 mA cmī2. The ethylene FE reached a peak of 67% at ~30 sccm (Figure 5-8 b). 

Lower flow rates reduced the selectivity, although ethylene production continued with an FE of 

~28%, for the lowest CO2 flow rate of 3 sccm. At this low CO2 flow rate, the 3D CTPI produced 

an outlet gas stream with 37% ethylene (molar ratio) (Figure 5-8 b). The comparative value at 80 

sccm is 1%. Obtaining concentrated products reduces product separation/purification costs [119]. 



 

69 

 

 

Figure 5-10. CO2R FE distribution of the control Cu/PTFE and 3D CTPI catalyst for either 

pure CO2 or simulated flue-gas feeds. Reproduced with permission from American Chemical 

Society [6], copyright 2020. 

The 3D CTPI catalyst was stable ï presenting an average ethylene FE of 63% at a constant current 

density of 220 mA cmī2 for over 100 hours of operation (Figure 5-8 c). It is found that the catalyst 

maintained its morphology and microstructure during extended CO2R (Figure 5-11). 

 

Figure 5-11. Energy-dispersive X-ray spectroscopy (EDS) of the 3D CTPI catalyst upon 

completion of 100-h continuous CO2R in the MEA electrolyzer. (a) Cu. (b) S. (c) N. (d) F. 

Reproduced with permission from American Chemical Society [6], copyright 2020. 
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By comparing the performance metrics presented herein with literature benchmarks (Figure 5-8 

d), it can be concluded that the 3D CTPI catalyst offers a means to achieve efficient, high-rate 

CO2-to-ethylene conversion in MEA electrolyzers. 

5.4 Conclusions 

In summary, this work devises a hierarchical adlayer structure that enables stable, selective CO2-

to-ethylene conversion at high productivity and EE. Benefiting from the catalyst:tetrahydro-

phenanthrolinium:ionomer augmentation, the structure offers improved CO2 availability and 

optimized adsorption of a key intermediate, CO. In an MEA electrolyzer this strategy achieved an 

ethylene FE of 66% at partial current densities >200 mA cmī2 and full-cell EE of 21%. The 

tetrahydro-phenanthrolinium-augmentation approach extends the boundaries of what can be 

achieved in todayôs CO2R MEA electrolyzers and sets out a path for future development. 

5.5 Reflection on this project, not included in the publication 

This work presents a hierarchical catalyst that simultaneously controls the transport of reactant 

CO2 and the adsorption of reaction intermediates ï the combination of both enables high-rate and 

energy-efficient CO2-to-ethylene conversion. The design can be implemented in both planar and 

high-surface-area electrodes. The hierarchical catalyst design combines the benefits of prior 

ionomer-only and molecule-only catalyst designs, while eliminating their drawbacks. For 

example, unlike ionomer-only Cu catalysts, it does not require high applied potentials to promote 

C2+ products, or unlike molecule-only Cu catalysts, it does not limit the productivities to a regime 

of 100 mA cmī2. However, the main limitation of the hierarchical catalyst design comes from the 

difficulty in preparation and scalability. The formation of the inner molecular film on Cu relies on 

electrodeposition, while the formation of the outer layer on the inner molecular layer relies on 

spray-deposition. Thus, the hierarchical catalyst may require advance manufacturing techniques 

for scaling and mass production. The other limitation of the work comes from the use of neutral 

electrolytes, which ï although an improvement over alkaline electrolytes ï limits both the single 

pass conversion efficiency and operational stability. 
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 Cascade CO2 electroreduction enables efficient 
carbonate-free production of ethylene 

This work provides the first demonstration of CO2R without incurring CO2 loss to carbonate and 

associated energy penalties. The work divides the CO2-to-ethylene process into two cascading 

steps: (1) CO2 reduction to CO in a carbonate-formation-free system and (2) CO reduction to 

ethylene in a MEA electrolyzer. The work assesses the energy requirement of the process and 

presents a strategy that reduces the energy intensity of the most energy intensive step ï which is 

the CO-to-ethylene conversion. The strategy used to improve the energy efficiency (EE) of the 

CO-to-ethylene relies on a hierarchical catalyst composed of a N-tolyl-tetradihydro-bipyridine 

molecular film and a short-side-chain (SSC) ionomer layer. The molecular film enables the 

stabilization of key reaction intermediates, while an SSC ionomer enhances CO transport to the 

Cu surface, allowing for the stable and selective production of ethylene. The full SOEC-MEA 

cascade system enables a ~48% reduction in energy intensity compared to the direct route.  

Work from this chapter formed the basis of this publication: Ozden, AÀ., Wang, YÀ., Li, FÀ., Luo, 

M., Sisler, J., Thevenon, A., Rosas-Hernandez, A., Burdyny, T., Lum, Y., Yadegari, H., Agapie, 

T., Peters, J.C., Sargent, E.H., Sinton, D. ñCascade CO2 electroreduction enables efficient 

carbonate-free production of ethyleneò. Joule, 2020, 5, 706-719. Some excerpts in this chapter are 

reproduced from ref. [5] with the permission from Elsevier.  

The candidate was a co-first author of this work and played the primary role in conceiving the 

approach, designing catalysts (hierarchical catalyst and controls), performing the electrochemical 

performance testing (COR performance testing and product analysis under various applied 

potentials and operating conditions), analyzing the data (electrochemical performance and 

characterization data), performing ex- and in-situ characterization, and writing the paper. The other 

co-first authors, Dr. Yuhang Wang and Dr. Fengwang Li, assisted in materials characterization, 

data analysis and manuscript writing. 

6.1 Introduction 

Global annual ethylene production reached 185 Mt in 2018, exceeding that of any other organic 

chemical [140]. Production of ethylene involves steam cracking of fossil fuel-derived long-chain 
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hydrocarbons ï a process that releases 2-3 tonnes of CO2 per tonne of ethylene produced before 

the in-plant CO2 capture [141]. The net process releases ~200 Mt of CO2 annually, accounting for 

0.6% of total anthropogenic emissions [110]. CO2 electroreduction (CO2R) using renewable 

electricity is promising for low-carbon ethylene production. Today, CO2R achieves ethylene FEs 

of 70-80% [7] and EEs over 30% at current densities >100 mA cmī2 [59]. However, due to the 

formation of carbonate during CO2R (Figure 6-1), concerns regarding the consequent energy 

consumption/production penalty have risen. 

To assess the energy cost associated with CO2 reactant loss to carbonate, energy assessments for 

benchmark neutral and alkaline CO2R systems from literature are performed, with the ideal and 

base case scenarios. Electrolyte regeneration, system operation, and anodic product separation 

associated with carbonate formation significantly increases energy consumption and cost. The 

regeneration of alkaline electrolyte induces a penalty of ~278 GJ per tonne of ethylene produced, 

accounting for 60-70% of the total energy requirement (Figure 6-2). MEA electrolyzers result in 

less carbonate formation. However, six moles CO3
ī for every mole of ethylene is produced, 

causing a 4× increase in membrane resistance [77], [119], [142], pH-gradient induced high 

voltages [11], and 60-90 GJ of extra energy consumption per tonne ethylene ï a process energy 

penalty of ~35% (Figure 6-2). 

 

Figure 6-1. Mechanism of carbonate formation during CO2R. Producing 1 mole of ethylene 

by CO2R generates 12 moles of OHī which reacts with another 6 mole CO2. If the ethylene 

FE is 100%, the CO2-to-ethylene single pass conversion is limited to 25%. Todayôs highest 

ethylene FE is below 80%. Thus, the maximum single pass conversion is less than 20%. 

Reproduced with permission from Elsevier [5], copyright 2021. 
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Encouraged by recent advances in CO electroreduction [77], [119], carbonate-free conversion of 

CO2 to ethylene could be realized through two cascading steps (Figure 6-2 c): ( ) CO2 reduction 

to CO in a CO2-to-CO electrochemical cell (SOEC) which avoids carbonate formation [143] and 

( ) CO reduction to ethylene (COR-to-ethylene) in an MEA electrolyzer (Figure 6-3). Despite the 

cascade approach requiring additional energy input for separation and heating, as well as two 

separate systems, the cascade route could be competitive with the direct route (employing best-

reported metrics in literature as inputs and assuming capital costs fixed to $/kW). The cascade 

approach benefits from high process efficiency in the SOEC step, as well as the use of an alkaline 

electrolyte in the CO-to-ethylene step, without suffering carbonate formation. For both 

electroproduction routes, operating potential, FE and current density are the most important 

parameters influencing the energy intensity of ethylene production. 

 

Figure 6-2. Carbonate-formation-free CO2-to-ethylene production through cascade CO2R. 

(a) Comparison of energy comsumption for  ethylene production in various systems. (b) The 

carbonate penalty (i.e., the fraction of energy comsumption due to carbonate formation) in 
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various systems. (c) A schematic illustration of renewable CO2-synthesized ethylene in a 

combined system consisting of a CO2-to-CO SOEC and a CO-to-ethylene MEA. Reproduced 

with permission from Elsevier [5], copyright 2021. 

 

Figure 6-3. Cascade CO2R enables carbonate-free-production of ethylene. Reproduced with 

permission from Elsevier [5], copyright 2021. 

6.2 Experimental 

6.2.1 Reagents 

High grade potassium bicarbonate (KHCO3), potassium hydroxide (KOH), and potassium chloride 

(KCl) were purchased from Sigma Aldrich. Electrolyte solutions were prepared from a stock 

solution in deionized (DI) water (Milli -Q grade water (18.2 Mɋ)), which was diluted to the target 

molarity. All reagents were used without further purification. 

6.2.2 Synthesis of molecular precursor 

The tolylpyridinium triflate additive was synthesized according to previous report [144], [145]. 

Before usage, the additive was recrystallized two times from a mixture of MeOH:ether (1:5) and 

metal traces impurities were removed using activated Chelex resin [146]. 

6.2.3 Electrode preparation 

The gas diffusion electrode (GDE) developed was composed of two catalyst layers: sputtered Cu 

layer and electrodeposited Cu layer. A 150-nm Cu seed was first magnetically sputtered onto the 

polytetrafluoroethylene (PTFE) substrate with the mean pore size of 450 ɛm with the sputtering 
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rate of 0.50 Å secī1 under 10ī6 Torr. Then, a Cu catalyst was electrodeposited onto the 150 nm-

Cu sputtered PTFE substrate. The solution prepared for the electrodeposition was comprised of 

0.1 M copper bromide (98%, Sigma-Aldrich®), 0.2 M sodium tartrate dibasic dehydrate (purum 

p.a., 98.0% (NT)), and 1.0 M potassium hydroxide (KOH, Sigma-Aldrich®). The 

electrodeposition was carried out at ī400 mA cmī2 for 90 seconds under the flow of CO2. The 

electrodeposition was performed in a flow electrolyzer with the anode and cathode flow 

compartments, separated by an anion exchange membrane (AEM, Sustainion® X37-50 grade 60, 

Dioxide MaterialsTM). Pure CO2 with a flow rate of 80 sccm was supplied to the cathode while 1 

M KOH was circulated through the anode compartment. A 9 cm2 nickel foam and a Ag/AgCl (3 

M KCl) were used as the counter electrode and reference electrode, respectively. 

6.2.4 N-arylpyridinium-derived film deposition 

The surface of the Cu catalyst was modified by electrodepositing a 10-20 nm-thick N-tolyl-

tetradihydro-bipyridine (Py) film from a solution containing 0.1 M KHCO3 and 10 mM N-tolyl-

pyridinium triflate precursor. The electrodeposition was performed in a three-electrode 

configuration, in which Ag/AgCl (3 M KCl) was the reference electrode, the electrodeposited Cu 

was the working electrode, and platinum (Pt) foil was the counter electrode. The electrodeposition 

was performed via a cyclic voltammetry method in a potential range of ī0.6 V and ī2.0 V, with 

the scanning rate of 50 mV sī1. 

6.2.5 SSC ionomer deposition 

The Py molecule coated Cu catalysts were modified by spray deposition of 10-15 nm thick ionomer 

layer from a solution containing 16.88 µl cation exchange perfluorosulfonic acid (PFSA) ionomer 

with short-side-chain (SSC) (Aquivion® D79-25BS) and 3 mL methanol (99.8%, anhydrous, 

Sigma Aldrich®). Before deposition, the solution of SSC ionomer and methanol was sonicated for 

1 h to ensure homogeneous dispersion of polymeric binder in the solvent. The resulting electrode 

was then dried overnight under room conditions before performance testing. 

6.2.6 Materials characterization 

Scanning electron microscopy (SEM) imaging and energy dispersive X-ray (EDX) elemental 

mapping of the electrodes were carried out in a high-resolution scanning electron microscope (HR-
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SEM, Hitachi S-5200). X-ray photoelectron spectroscopy (XPS) measurements were performed 

in ECSA system (PHI 5700), equipped with Al KŬ X-ray energy source (1486.6 eV). Transmission 

electron microscopy (TEM) images were collected by using a field emission transmission 

electrode microscope (Hitachi HF3300). Grazing incidence wide-angle X-ray scattering 

(GIWAXS) measurements were performed at beamline Spring-8 BL-12B2 of the National 

Synchrotron Radiation Center (NSRRC). X-ray adsorption spectroscopy (XAS) measurements 

were performed at the high resolution spherical grating monochromator (SGM) 11ID-1 beamline 

of the Canadian Light Source. Athena and Artemis software incorporated into standard IFEFFIT 

package was employed to process the XAS data. 

6.2.7 In-situ Raman measurements 

In-situ Raman measurements were carried out via inVia Raman Microscope equipped with a water 

immersion objective (63x, Leica Microsystems), a 785 nm laser, and a modified flow electrolyzer 

having a Ag/AgCl (3 M KCl) reference electrode and a platinum (Pt) counter electrode. Raman 

signals were processed with certain considerations. The ratio of atop *CO and bridge *CO was 

calculated by the integration of corresponding Raman intensity within one spectrum. Only 

atop/bridge ratios (equivalent to intensities relative to a reference), instead of absolute intensities, 

were compared for different samples. Further, to ensure quality of Raman spectroscopic signal, in 

the measurements, 10 scans per spectrum were collected, smoothed and baseline corrected using 

the Renishaw WiRE (version 4.4) software. The assignment of Raman shift is based on cross-

referenced literature [147], [148] and on a prior study of a library of Py-based molecules for CO2R 

[60].  

6.2.8 Electrochemical performance testing of CO-to-ethylene conversion 

The electrocatalytic measurements of CO-ethylene conversion were performed in a membrane 

electrode assembly (MEA) electrolyzer (Dioxide Materials®, 5 cm2 geometric active surface area). 

Cu:Py:SSC electrodes were used as the cathodes. 

To fabricate the Ti-IrO2 anode electrodes for OER, commercially available titanium (Ti) meshes 

(Fuel Cell Store) were first etched in a boiling solution of 6 M HCl for 30 minutes. The etched Ti 

screens were then immersed into a solution comprised of iridium (IV) oxide dehydrate (Premion®, 
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99.99% metals basis, Ir 73 minimum, Alfa Aesar®), isopropanol (Sigma-Aldrich®), and HCl (ACS 

reagent, 37%, Sigma-Aldrich®), and were sequentially dried and sintered. The last two steps of the 

procedure were repeated until the total Ir loading of 2 mg cmī2 was achieved. AEM membranes 

(4 x 4 cm2, Sustainion® X37-50 grade 60, Dioxide MaterialsTM) were used in all the performance 

experiments. The AEM membranes were activated in 1 M KOH solution for at least 24 hours 

before testing.  

To fabricate the Pt-C anode electrodes for GOR, commercially available platinum on graphitized 

carbon powder (Sigma Aldrich®, Pt-C, 40 wt.% Pt on Vulcan XC72) was first physically mixed 

with SSC ionomer (Aquivion® D79-25BS) in a glass beaker and then sonicated for 1 hour. The 

resulting catalyst ink was then spray coated on both sides of the hydrophilic carbon cloth until the 

Pt loading of 0.5 mg cmī2 achieved.  

During the performance testing, KOH solutions (for OER) or KOH+glucose solutions (for GOR) 

were supplied to the anode flow field with a flow rate of 10 mL minī1, and humidified CO was 

fed into the cathode flow field with the constant flow rate of 80 sccm. The reaction was initiated 

by applying a negative potential. The voltage increments were made with sufficiently small 

increments upon completion of at least 15 minutes stable operation. The gas products were 

analyzed by injecting the gas samples collected in 1 mL volumes via gas-tight syringes 

(Hamilton®) in a gas chromatography (GC, PerkinElmer Clarus 580) equipped with a flame 

ionization detector (FID) and a thermal conductivity detector (TCD). 

For the extended COR operations, the MEA electrolyzer was operated at constant current densities 

of 150 mA cmī2 (for MEA only) and 120 mA cmī2 (for cascade SOEC-MEA system). For the 

extended COR operation, AEM membranes (4 x 4 cm2, Fumasep FAA-3-50, FuMA-Tech) were 

used due to their high stability under alkaline conditions. The AEM membranes were activated in 

3 M KOH solution at 25 °C for at least 48 hours before testing. The gas products were collected at 

frequent time intervals, and for each data point, three independent injections were made, and thus 

each selectivity point presented was calculated by averaging the FE values obtained from three 

consecutive injections. 
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6.2.9 Electrochemical performance testing of CO2-to-ethylene conversion 

in the cascade system 

An open flanges solid oxide electrolysis cell (SOEC) setup (Fiaxell SOFC Technologies, 

Switzerland), equipped with a 25 mm electrode-supported cell (Fuel cell materials, USA), was 

used to convert CO2 into CO. The cell possessed a geometric active area of 1.2 cm2. The SOEC 

set-up was operated at 800°C and 815 mA cmī2 with a CO2 inlet flow rate of 15 sccm. The outlet 

of the SOEC setup was connected to a CO2 capture solution containing 30%wt aqueous 

ethanolamine solution. The purified CO at 25 °C was then supplied to the MEA electrolyzer the 

ethylene electroproduction from CO. In the MEA electrolyzer, 3 M KOH was used as the anolyte, 

and the CO-to-ethylene conversion was performed at current densities of 20-200 mA cmī2. 

6.2.10 Product analysis  

Faradaic efficiency (FE) towards any gas product was calculated using Equation (6-1): 

ὊὥὶὥὨὥὭὧ ὉὪὪὭὧὭὩὲὧώ
Ὂὲὠ ὧ

Ὥ ὠ
 

(6-1) 

where Ὂstands for the Faraday constant, ὲ stands for the number of electron transfer needed for 

the production of 1 mol of product ‌, ὠ  stands for the flow rate of supplied gas, ὧ stands for 

the detected concentration of product ‌ via gas chromatography (p.p.m), Ὥ  stands for the 

overall current measured, and ὠ  stands for the unit molar volume of supplied gas.  

The full-cell EE of the MEA electrolyzer towards ethylene production was calculated using 

Equation (6-2): 

ὉὲὩὶὫώ ὉὪὪὭὧὭὩὲὧώ ὉὉ
Ὁ ὊὉ

Ὁ
 

 (6-2) 

where Ὁ  represents the thermodynamic cell potential for ethylene (ī1.06 V for CO-to-

ethylene), ὊὉ  represents the FE towards ethylene, and Ὁ  represents the full-cell 

voltage. 
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Liquid products of COR and GOR were analyzed by nuclear magnetic resonance spectrometer 

Agilent DD2 600 MHz) by using dimethylsulfoxide as an internal standard.  

6.2.11 CO diffusion modelling 

The concentration of CO in the electrolyte and present at the catalystôs surface was determined 

using a 1D reaction-diffusion model. The model is adapted from a previous report [59], which 

modelled the diffusion of CO2 across a gas-diffusion layer for various electrolytes, current 

densities, and pressures. Unlike the CO2 model, CO diffusion into the electrolyte at 0 mA cmī2 

does not directly affect the local pH or change the concentration of CO or OHī as a function of 

distance into the electrolyte. The governing correlations, Equations (6-3) and (6-4), for the 

simulation are shown below and extend from the gasïliquid interface of the gas-diffusion layer at 

x = 0 ɛm to an assumed diffusion layer boundary thickness of x = 500 ɛm into the electrolyte. 
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where Ὑ  and Ὑ  account for the consumption of CO in the reduction reaction and the 

production of OHī, respectively. These reactions are assumed to occur homogeneously throughout 

the catalyst layer such that the source and sink of CO and OHī are spatially dependent according 

to Equations (6-5) and (6-6): 
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where F is the Faradayôs constant and taken as 96485 C molī1 and j is the geometric current 

density. As was done previously, a catalyst layer porosity, Ů, of 60% was assumed. Based upon the 

experimental results, product selectivities of 15% hydrogen, 50% ethylene+ethanol, 10% acetate, 

and 25% n-propanol are assumed for all simulations to approximately account for the number of 

electrons transferred per CO molecule consumed. A reaction thickness of 100 nm was assumed 

for the catalyst layer (Lcatalyst = 100 nm). The maximum solubility of CO in the electrolyte was 

modelled using Henryôs constant at 1 atm and 298 K as well as taking salting out effects into 

account via the Sechenov equation. A no-flux boundary condition was imposed at the left-hand 

boundary for OHī while the concentration of CO was initially described by the solubility of CO 

in the imposed KOH concentration and partial pressure conditions. Both CO and KOH were fixed 

to their bulk electrolyte concentrations at the boundary layer thickness of 500 ɛm. The 

concentration profiles of CO and OHī were then found at steady state for a variety of KOH 

concentrations, partial pressures, and current densities. 

6.3 Results and discussion 

6.3.1 CO2-to-CO conversion in an SOEC 

First, the performance of CO2-to-CO in an SOEC is established. The SOEC was operated at 800 

oC. 95% CO FE and 89% CO EE were achieved at 815 mA cmī2 and a CO2 flow rate of 20 sccm 

(Figure 6-4 a). This leads to a CO2-to-CO single pass efficiency of ~36%, and it can be further 

improved by lowering flow rates or increasing current. Here, a maximum CO2-to-CO single pass 

efficiency of ~55% was obtained (Figure 6-4 b) at a CO FE of ~77%, current density of 1.25 A 

cmī2. At lower flow rates, considering both CO selectivity and CO2 single pass conversion, the 

current density vs. CO2 flow rate ratio of 815:15 (mA cmī2:sccm) was the best condition under 

which a constant CO FE of ~91% and CO2-to-CO single pass conversion of ~45% were achieved 

(Figure 6-4 c). The energy input for this SOEC step was 13.49 GJ tonneī1 CO.  
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Figure 6-4. CO2-to-CO conversion in an SOEC. (a, b) CO2-to-CO Faradaic efficiency, single 

pass conversion, and energy efficiency in a commercial 2.5-cm NiO-YSZ/YSZ/GDC/LSC at 

various CO2 flow rates and current densities. (c) The CO2-to-CO Faradaic efficiency, single 

pass conversion, and cell voltage profiles during 55-hour test at 815 mA cmī2 and a CO2 flow 

rate of 15 sccm. The operating temperature is 800 °C. Reproduced with permission from 

Elsevier [5], copyright 2021. 

6.3.2 CO-to-ethylene conversion in an MEA  

For C2H4 production, energy analysis shows that the success of the cascade approach relies on CO-

to-C2H4 in MEA electrolyzer. High C2H4 FE (>60%) is required in concert with high current 

density (>150 mA cmī2) and low operating full-cell potential (<3 V). To date, the highest FE for 

CO-to-C2H4 in MEA electrolyzers remains below 40%, and the corresponding ethylene partial 

current density (jC2H4) is less than 60 mA cmī2 [119]. Therefore, a high performance CO-to-

ethylene MEA electrolyzer is essential for efficient, cascade CO2-to-ethylene conversion. 

First, electrodeposited copper (Cu) catalysts were prepared under CO2-rich conditions as MEA 

cathodes. A CO2-rich environment increases Cu(100) exposure [112], which enhances the 
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selectivity towards ethylene in CO2R [149]. However, a simple Cu surface has large regions that 

do not have ready access to CO on the hydrophilic surface (Figure 6-5) [150]. The MEA was 

assembled, and COR performance was investigated using electrodeposited Cu as the cathode 

electrode, AEM as the membrane, and Ir-TiOx as the anode electrode. This catalyst consequently 

favors H2 production, allowing ethylene production with a maximum FE of 50% at a low partial 

current density (jC2H4) of 60 mA cmī2 (Figure 6-5). 

 

Figure 6-5. COR-to-ethylene on the bare Cu surface. (a) The three-phase catalytic interface 

with bare Cu and (b) the CO-to-ethylene performance in 3 M KOH anolyte. Reproduced 

with permission from Elsevier [5], copyright 2021. 

Modifying the Cu surface with hydrophobic aliphatic molecules or ionomers has been 

demonstrated to increase reactant availability at the catalytic interface [71], [150], [151] and 

improve the selectivity and activity towards ethylene electroproduction [13]. Therefore, a 

(C4HF7O4S .C2F4)x short-side-chain (SSC) ionomer film was coated on the Cu surface. It is found 

that H2 selectivity was suppressed by 10-30% across the screened cell potential window, and that 

the highest jC2H4 increased to ~155 mA cmī2 (Figure 6-6). However, the maximum ethylene FE 

remained ~50%. The strategy pursued to promote ethylene at lower potentials was to alter the 

adsorption of the key CO* intermediate via a molecular tuning strategy [60]. An N-tolyl substituted 

tetrahydro-bipyridine (labeled Py) interlayer was introduced between Cu and SSC by an electro-

dimerization method. This metal:molecular film:ionomer combination (labeled Cu:Py:SSC), in 

which SSC improves the CO diffusion at the outer layer and Py provides more atop-bound CO* 

on Cu surface (Figure 6-7 a), enabled the highest ethylene FE of 65 ± 1% at 2.5 V and provided a 

jC2H4 of 130 mA cmī2 at 2.6 V (Figure 6-7 b). To gain insight into the enhanced CO-to-ethylene 
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selectivity and productivity, the catalysts were characterized using SEM and TEM, respectively. 

A dendritic Cu fully covered by the Py molecule and SSC ionomer was observed (Figure 6-7 c). 

 

Figure 6-6. Ethylene FE and partial current density of an MEA using the Cu:SSC cathode. 

Reproduced with permission from Elsevier [5], copyright 2021. 

 

Figure 6-7. CO-to-ethylene electroreduction in MEA. (a, b) Introducing additives to improve 

CO diffusion and stabilize CO* intermediates enhances ethylene FE and activity. (c) Cross-
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sectional SEM images of the Cu:Py:SSC catalyst. The scale bar is 1 ɛm. (d) Ethylene FE and 

voltages in different anolytes. (e, f) Comparisons of the CO-to-ethylene EE and ethylene 

concentration using Cu:Py:SSC catalyst and controls in MEAs with 3 M KOH. (g) Ethylene 

FE and voltage of the Cu:Py:SSC for 110 hours at 150 mA cmī2. The error bars correspond 

to the standard deviation of three independent measurements. Reproduced with permission 

from Elsevier [5], copyright 2021. 

In-situ Raman spectroscopic studies were then performed on the catalytic interface [144], [148], 

[152]. A stabilized atop-bound CO* [60], known to favor the key CO-CO dimerization step [149], 

[153], is evidenced by the transformation of CO* adsorption configurations (Figure 6-8): the 

fraction of the area of atop-bound CO* at the wave number of ~2080 cmī1 [154] increased to 33% 

when Py molecule was electrodeposited onto the Cu surface. By contrast, bridge-bound CO* at 

1980-2020 cmī1 [154]ï[156] dominated the adsorption configurations on the bare Cu. 

 

Figure 6-8. In -situ Raman spectra obtained on Cu:Py:SSC, Cu:Py, and bare Cu at ī0.57 V 

vs. RHE. The bare Cu surface is predominated by the bridge-bound CO*. The modification 

of the Py molecule greatly increased the fraction of the atop-bound CO*. After SSC ionomer 

coating, large portion of atop-bound CO* was still seen, although the intensity of the bridge-

bound CO* increased slightly. Reproduced with permission from Elsevier [5], copyright 

2021. 

The full-cell EE was then optimized by increasing the alkalinity of the anolyte. With increasing 

KOH concentration, the ethylene FE peak increased to ~65% (Figure 6-7 d), an example of 

alkalinity favoring C2+ production [134], [157], [158]. The ionic conductivity was also improved 
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by high alkalinity, and the jC2H4 at each ethylene FE peak increased from ~47 to ~100 mA cmī2, 

and the cell potential reduced from 2.8 to 2.5 V in the range of 0.1 to 3 M KOH (Figure 6-7 d). 

However, 5 M KOH lowered the jC2H4 to 81 mA cmī2 at all applied potentials, attributable to a low 

CO concentration at the catalyst layer. Considering ethylene FE, jC2H4, and potential, the 3 M KOH 

is the best for CO-to-ethylene conversion in this system. 

Further comparisons in 3 M KOH revealed that the Cu:Py:SSC combination outperformed the 

Cu:SSC and bare Cu in terms of both jC2H4 and ethylene full -cell EE (Figure 6-7 e). Importantly, 

the system achieves ï when compared to bare Cu ï a 5x increase in the peak jC2H4 (from 26±2 to 

129±1 mA cmī2) and a 1.4x increase in the peak full-cell EE (from 21±2 to 29±1%) using the 

Cu:Py:SSC combination.  

Typical COR gas and liquid products were observed in the current density range of 25 to 250 mA 

cmī2, with the peak C2+ FE of ~85% at 160 mA cmī2. A stable 28% ethylene full -cell EE for the 

Cu:Py:SSC system was achieved in the current density range of 80 to 170 mA cmī2, whereas the 

Cu:SSC and bare Cu systems were limited to EEs of <20% in this current density range (Figure 6-

7 e). At an inlet CO flow rate of 4 sccm, an ethylene concentration of ~36% was achieved (Figure 

6-7 f). This translated to a ~26% CO-to-ethylene single pass conversion and is ~3 times higher 

than that of bare Cu.  

The stability of the MEA with the Cu:Py:SSC catalyst is confirmed using 3 M KOH at 150 mA 

cmī2. The system maintained a constant ethylene FE of 61 ± 2% and a full-cell potential of 2.73 ± 

0.02 V for 110 hours with no performance degradation (Figure 6-7 g). The cathode electrode is 

analyzed after 110 hours of electrolysis, using SEM (Figure 6-9), XPS (Figure 6-10), and XAS 

(Figure 6-11). The Cu morphology and Py:SSC coating as well as associated features were 

retained.  

The MEA equipped with the Cu:Py:SSC catalyst ï when taking the carbonate formation penalty 

into account ï outperformed literature benchmarks [11], [60], [119], [159], [160], including both 

CO2R and COR, in ethylene FE, jC2H4, ethylene full -cell EE and operation duration. 
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Figure 6-9. SEM images of the Cu:Py:SSC cathode after 110-hour COR. The scale bars are 

1 ɛm and 200 nm in (a) and (b). Reproduced with permission from Elsevier [5], copyright 

2021. 

 

Figure 6-10. XPS analyses. (a) Cu2p XPS of the as-made Cu:Py:SSC cathode. (b-e) N1s and 

S2p XPS of the as-made Cu:Py:SSC cathode (b, d) and the same electrode after 110-hour 

COR operation (c, e) N1s and S2p peaks in (b, d) indicate the existence of Py molecule and 

SSC ionomer on the Cu surface. After 110-hour of COR, the Py molecule and SSC ionomer 

were still clear as identified by the N1s and S2p peaks in (c, e). Reproduced with permission 

from Elsevier [5], copyright 2021. 
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Figure 6-11. N K-edge sXAS spectra obtained on Cu:Py:SSC electrodes before and after 110 

hours of COR. The asymmetric N-C bonding with carbon splits the ˊ* orbitals into two peaks 

centered at 400 and 402.5 eV. A similar N valence orbital is seen after extended COR. 

Reproduced with permission from Elsevier [5], copyright 2021. 

6.3.3 Cascade CO2-to-ethylene conversion in the integrated system 

Encouraged by the high-performance of both steps, an integrated system for carbonate-free CO2-

to-ethylene electroproduction is built (Figure 6-2 and Figure 6-3). The SOEC was operated at 800 

oC and a current density of 550 mA cmī2, yielding a ~95% CO FE, ~86% CO full-cell EE (for 

electricity only), and ~48% single pass utilization (Figure 6-12). 

 

Figure 6-12. Comparison of CO2-to-CO conversion at different current densities and CO2 

flow rates. The inlet CO2 flow rate was 10 sccm to achieve high ethylene concentration at the 

MEA outlet. The current density was 550 mA cmī2 to achieve current density:CO2 flow rate 
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ratio of 815:15 (mA cmī2 vs. sccm) for high CO2-to-CO single pass conversion. Reproduced 

with permission from Elsevier [5], copyright 2021. 

The inlet CO2 flow rate was set at 10 sccm to ensure the optimal 815:15 (mA cmī2 vs. sccm) ratio 

of current density: CO2 flow rate and an outlet CO production of ~4.5 sccm for a high CO-to-

ethylene single pass conversion utilization. The products of the SOEC were purified using CO2 

capture solution containing 30% ethanolamine before feeding into the CO-to-ethylene MEA. The 

temperature of the purified gas supplied to the MEA electrolyzer was measured to be 25 oC. The 

system had a peak CO2-to-ethylene EE (for electricity only) of 20% (Figure 6-13 a) and a 

maximum single pass conversion of ~11% for CO2-to-ethylene with no loss of CO2 to carbonate 

formation in electrolytes (Figure 6-13 b). The combined system produced ethylene at a peak rate 

of 1.3 mmol hī1 at 120 mA cmī2 (Figure 6-13 c), with a C2+ FE of ~76%. The system maintained 

the peak single pass conversion and productivity in CO2-to-ethylene at 120 mA cmī2 for 40 hours 

(Figure 6-13 d). The cascade system achieved ethylene production with an energy intensity of 138 

GJ (tonne C2H4)
ī1, a major savings relative to the direct route (~267 GJ (tonne C2H4)

ī1).  

Having established the system performance in side-by-side comparison with previous on-step 

CO2R processes, the performance of the MEA in the cascade system was taken a step further. The 

oxygen evolution reaction (OER) was replaced with the glucose electrooxidation reaction (GOR) 

for which the thermodynamic potential is ~1 V less than that of OER [41]. Gluconate, glucuronate, 

glucarate, and formate were detected as the major GOR products in the current density range of 

40 to 200 mA cmī2. It is found that coupling the COR and GOR in alkaline media reduces the 

potential requirement approximately 1 V at industrially relevant current densities (Figure 6-13 e). 

At a current density of 120 mA cmī2 (at an MEA full-cell potential of 1.27 V), an ethylene FE of 

~55% and a C2+ FE of ~90% are obtained (Figure 6-13 e). This voltage reduction enables a total 

energy requirement of ~89 GJ (tonne C2H4)
ī1, which represents a 35% reduction in the energy 

consumption compared to the MEA cell using OER anode at the same current density (~138 GJ 

(tonne C2H4)
ī1). All earlier comparisons involve OER only, both in the cascade system and all 

reference cases. This additional GOR result highlights the potential to reduce the energy intensity 

of ethylene production further. Herein, it also worth noting that although the anodic products ï 

gluconate, glucuronate, glucarate, and formate ï are more valuable than the glucose input, making 

a full economic case for the anode side upgrading would require detailed assessment of multiple 
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separations. Despite the gains demonstrated here, profitable ethylene production with cascade 

CO2R will require further improvements in performance metrics, including selectivity, current 

density, single pass utilization, EE ï in both the first step (CO2-to-CO in SOEC) and second step 

(CO-to-ethylene in MEA). Further reductions in the capital and operational costs would also bring 

the process closer to viability. 

 

Figure 6-13. Ethylene production performance in the cascade CO2R. (a) The ethylene FE 

and cell voltage of the CO-to-C2H4 MEA, and the C2H4 EE of the cascade CO2R. (b, c) CO2-

to-ethylene single pass conversion and ethylene production rates of the cascade CO2R at 

different operating current densities for the CO-to-C2H4 MEA. (d) Extended CO2-to-
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ethylene single pass conversion performance of the MEA in the cascade CO2R. (e) Effect of 

anodic reaction on the COR performance of the MEA in the cascade CO2R. Reproduced 

with permission from Elsevier [5], copyright 2021. 

6.4 Conclusions 

A cascade approach that avoids carbonate formation and associated energy penalties in CO2-to-

ethylene conversion is developed by combining an SOEC with a high performance COR MEA 

system designed herein. A layered catalyst structure composed of a metallic Cu, N-tolyl-

tetrahydro-bipyridine, and SSC ionomer is designed to achieve high-rate and efficient CO-to-

ethylene conversion in a MEA electrolyzer. The combined functions of each layer raised the device 

ethylene FE to 65%, at a full-cell ethylene EE of 28% across a broad range of current densities, 

versus the <50% FEs of the bare and single-layer catalyst structures. To drive an end-to-end CO2 

conversion process without the loss of CO2 to carbonate, the MEA electrolyzer was paired with a 

SOEC for CO2-to-CO conversion. With the CO stream produced from the SOEC, the MEA system 

generated ethylene at a peak rate of 1.3 mmol hī1 and maintained continuous operation for 40 

hours. The full cascade system required ~138 GJ (tonne C2H4)
ī1, achieving significant savings 

over the directly-comparable one-step CO2-to-ethylene route (~267 GJ (tonne C2H4)
ī1). Having 

established the direct comparison with existing systems on the basis of OER anode reactions in all 

cases, an approach is designed to reduce the energy consumption of the MEA further, which is 

switching the OER anode to GOR. With this enhancement, the cascade SOEC-MEA system 

requires a total energy requirement of ~89 GJ (tonne C2H4)
ī1. These results demonstrate the 

potential to electrocatalytically convert CO2 to ethylene without carbonate production and 

associated energy penalties. The result is a record-low energy requirement for the production of 

the worldôs most-produced organic compound. 

6.5 Reflection on this project, not included in the publication 

This work presents a layered catalyst that enables energy- and carbon-efficient CO-to-C2+ 

conversion in a zero-gap, alkaline media COR MEA electrolyzer. By utilizing the downstream of 

a SOEC, the work presents carbonate-formation-free production of C2+ products from CO2. The 

viability of the cascade CO2R approach depends on achieving success in operating two 
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independent electrochemical systems under their ideal conditions, while the performance of the 

first system affects that of the second system to a large extent. Although the SOEC technology is 

more established than low-temperature COR systems, challenges in this first step remain. For 

example, the flow rate and composition of the SOECôs cathodic downstream has a significant 

impact on the performance of the full system. The SOEC and its operating conditions need to be 

carefully optimized to achieve stable CO FE and CO productivity simultaneously. The second 

challenge is to perform extended CO2-to-CO conversion in an SOEC. As the state-of-the-art 

SOECs suffer greatly from ñcokingò, operation under low CO2 availability (to achieve high single 

pass CO2 conversion) increases the concentration of CO in the local reaction environment, 

accelerating the CO poisoning effect. Thus, operating the cascade CO2R system (under high 

carbon-efficiency mode) for long periods would require new strategies to mitigate CO poisoning 

in the SOECs. The third challenge is the complexity of the system. The cascade CO2R uses two 

separate electrochemical systems (SOEC for CO2-to-CO and COR MEA for CO-to-C2+) and a 

CO2-capturing unit, and also requires heating for the SOEC. This renders the cascade CO2R 

relatively more complex than single-step CO2R systems. 
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 Energy- and carbon-efficient CO2/CO electrolysis to 

multicarbon products via asymmetric ion migration-

adsorption 

This work provides insights into the origins of low energy efficiency (EEC2+) and single pass 

conversion efficiency (SPCEC2+) in the best current COR to C2+ electrolyzers. The bidirectional 

nature of cation and anion counterflow in the state-of-the-art membrane electrode assembly (MEA) 

electrolyzers is found to be the primary cause of EE and SPCE loss in COR-to-C2+ conversion. 

The work then presents a catalyst microenvironment with cation repulsion and anion attraction 

features to break the bidirectional flow of ions. The catalyst is the catalyst/covalent organic 

framework (COF) bulk heterojunction (CCBH) that provides asymmetric ion migration-adsorption 

(AIM -A). The ˊ-conjugated hydrophobic COFs constrain cation (K+) diffusion via cation-ˊ 

interactions, whilst promoting anion (OHī) and gas reactant adsorption on the catalyst surface. The 

full -cell system with the asymmetric ion migration-adsorption reaction environments achieves 

electrosynthesis of C2+ products with a record SPCEC2+ of 95% and an EEC2+ of 41%, all sustained 

for 200 hours.  

Work from this chapter formed the basis of this publication: Ozden, AÀ., Li , JÀ., Kandambeth, SÀ., 

Li , X-YÀ., Shekhah, O., Ou, P., Finfrock Y.Z., Wang, Y-K., Alkayyali, T., de Arquer, F.P.G.., 

Kale, V.S., Bhatt, P.M., Ip, A.H., Eddaoudi, M., Sargent, E.H., Sinton, D. ñEnergy- and carbon-

efficient CO2/CO electrolysis to multicarbon products via asymmetric ion migration-adsorptionò. 

2022 (Under review).  

The candidate is the co-first author of this work and played the primary role in designing and 

preparing the catalysts (CCBH catalysts and controls), performing the electrochemical 

performance testing (CO2R/COR performance testing and product analysis under various applied 

potentials and operating conditions), analyzing the data (electrochemical performance and 

characterization data), and performing ex- and in-situ characterization, and writing the paper. The 

other co-first authors, Professor Jun Li, Dr. Sharath Kandambeth, and Dr. Xiao-Yan Li, analyzed 

the data, assisted in materials characterization and manuscript writing, and helped perform density 

functional theory calculations. 
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7.1 Introduction 

The electrochemical reduction of CO2 and CO (CO2R/COR) ï powered by renewable electricity ï 

provides a route to upgrade captured CO2 into multicarbon (C2+) products [7], [77], [161], [162]. 

Present-day CO2R/COR technology realizes production of C2+ products such as ethylene, ethanol 

and n-propanol at significant rates (>100 mA cmī2) [163], [164]. The challenge is to achieve these 

productivities, with viable energy efficiency (EE) and carbon efficiency (equivalent to single pass 

carbon efficiency (SPCE) in the state-of-the-art, once-through electrolyzers) [165]ï[167]. Progress 

here will require innovative material and system design principles that enable practical EE and 

SPCE in the electrosynthesis of C2+ products (Figure 7-1) [13], [119], [168]ï[171]. 

 

Figure 7-1. Technoeconomic assessment. Energy assessment was performed by using a model 

and assumptions similar to those reported in refs. [5], [66]. The dashed lines represent the 

EEethylene and SPCEethylene combinations to achieve projected-profitable energy intensities. 

The minimum required energy intensity of 90 GJ tonī1 (entrance to the projected-

profitability region) is based on a total process efficiency of >50% and 45 GJ tonī1 average 

lower heating value of ethylene. A constant energy intensity of 20 GJ tonī1 for CO2-to-CO 

conversion in a SOEC was considered. A current density of 200 mA cmī2 and an ethylene FE 

of 100% were considered.  

Alkaline electrolytes promote carbonïcarbon (CïC) coupling [59], [134] ï a rate-limiting step 

along the pathway to C2+ products [172]ï[174]. With recent advances in catalyst and electrolyzer 

designs, alkaline-media CO2R achieves an impressive EEC2+ of 40%, moving EEs towards the 
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realm of industrial viability (>50% EEC2+) (Figure 7-2 a) [58], [59]. However, in alkaline 

electrolytes, CO2 reacts with hydroxide to form (bi)carbonate, limiting the SPCEC2+ to < 5% 

(Figure 7-2 a) [13]. The use of neutral electrolytes enables a higher SPCEC2+ of ~30%, but this 

comes at the expense of a lower EEC2+ of <20% (Figure 7-2 a) [11]. Acidic electrolytes regenerate 

CO2 locally, offering a carbon-efficient platform for CO2R. However, promoting CO2R in acidic 

electrolytes is a challenge, with CïC coupling less favoured [162], [175], [176]: indeed the best 

prior acidic CO2R has an EEC2+ of ~10% (Figure 7-2 a) [162]. The present-day trade between 

EEC2+ and SPCEC2+ highlights the need for strategies that enable high EE and SPCE 

simultaneously (Figure 7-1). 

Cascade CO2R ï CO2 reduction to CO in a carbon-efficient system and CO reduction to C2+ in an 

alkaline system ï offers one such avenue: it delivers EEC2+ competitive to single-step CO2R, with 

the benefit of a higher SPCEC2+ (Figure 7-2 a) [5]. Since present-day CO2-to-CO conversion 

systems (such as solid oxide electrolyzers [177]ï[180]) are industrially mature in terms of EE 

(>85%, without heat) and SPCE (45%) [5], it is the COR to C2+ that has the greatest opportunity 

to improve further [77]. Recent advances in electrolyzer configurations [119], the electrode-

electrolyte interface [134], and catalyst microenvironments [5] have led encouraging 32% EEC2+ 

combined, simultaneously, with 43% SPCEC2+ (Figure 7-2 a). Energy analysis, on the basis of 

ethylene production, suggests that further improvements of EE to 50% and beyond, and SPCE to 

unity, are key to achieve practical electrosynthesis of C2+ via cascade CO2R (Figure 7-1) [66]. 

7.2 Experimental 

7.2.1 Materials and chemicals 

All the chemicals used for covalent organic framework (COF) synthesis, catalyst synthesis, 

electrode preparation, electrolyte preparation, and performance testing including 2,3,6,7-

tetraamino-phenazine hydrochloride, hexaketocyclohexane octahydrate, ethylene glycol, acetic 

acid, methanol, 2-propanol, potassium chloride, phosphoric acid (85%), potassium phosphate 

monobasic, potassium sulfate, potassium iodide, potassium hydroxide, perchloric acid, 

hydrochloric acid (HCl), Aquivion (D79-25BS), Cu nanoparticles (25 nm), dimethyl sulfoxide 

(DMSO), and deuterium oxide (D2O), were purchased from Sigma Aldrich. Deionized (DI) water 

(18.2 Mɋ) was used for the preparation of COF-modified Cu NPs. Fumasep (FAA-3-50) and 
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Nafion (XL) membranes, hydrophobic carbon paper (Sigracet 22BB), and titanium fiber felt were 

purchased from Fuel Cell Store. MEA electrolyzer (5 cm2) and Sustainion® X37-50 membrane 

were purchased from Dioxide Materials. The polytetrafluoroethylene (PTFE) gas diffusion layer 

with 450 nm pore size was purchased from Beijing Zhongxingweiye Instrument Co., Ltd. Cu was 

sputtered onto the PTFE substrate under vacuum (~10ī6 Torr) using a Cu target (>99.99%) in an 

Angstrom Nexdep sputtering system. A constant sputtering rate of 0.8 Å secī1 was applied until a 

catalyst thickness of 200 nm achieved. 

7.2.2 Synthesis of covalent organic frameworks 

The synthesis of HexïAzaïCOF was carried out by the solvothermal condensation reaction, as 

reported in ref. [181]. The solvothermal condensation reaction was occurred between 

hexaketocyclohexane octahydrate and 2,3,6,7-tetraamino-phenazine hydrochloride in a solvent 

containing ethylene glycol and 3.0 M acetic acid (with a volumetric ratio of 1:1). Reactants and 

solvents were transferred to a screw-capped Pyrex tube (20 mL) and sonicated for 15 minutes 

under nitrogen. Upon completion of sonication, the Pyrex tubes were placed inside a pre-heated 

oven and incubated for 4 h at 65ǓC. The temperature was then gradually increased to 120-150ǓC, 

and the reaction continued for 4 days. The HexïAzaïCOF powders were isolated by filtration, 

washed with a solvent containing acetone and DI water, and dried under vacuum.  

7.2.3 Preparation of gas diffusion electrodes 

The gas diffusion electrodes for the carbon monoxide reduction reaction (COR) were prepared by 

spray depositing a homogenous catalyst ink onto a carbon paper substrate by following a procedure 

similar to those in refs. [182]ï[184]. The substrates used for the acidic media CO2R experiments 

were based on Cu sputtered onto a polytetrafluoroethylene (PTFE) substrate (Cu/PTFE). The 

average pore size of the PTFE substrate was 450 µm, and the catalyst thickness was 200 nm. The 

sputtering was performed with a sputtering rate of 0.80 Å secī1 under 10ī6 Torr until a catalyst 

thickness of 200 nm achieved. The catalyst ink was prepared by adding a polymeric binder to the 

previously prepared ink containing HexïAzaïCOF and Cu NPs and by sonicating the resulting ink 

for 2 h in an ultrasonic bath. The resulting ink was then spray deposited onto a substrate 

(hydrophobic carbon paper for MEA and Cu/PTFE for acidic media flow cell) layer by layer until 

a final catalyst loading of 0.8 mg cmī2 achieved. The resulting electrode was dried under vacuum 
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for 12 h prior to performance testing. Control electrodes were prepared without adding COF inside 

the ink.  

7.2.4 Materials characterization 

SEM imaging was carried out via a high-resolution scanning electron microscope (Hitachi S-

5200). XPS measurements were performed via PHI 5700 Electron Spectroscopy for Chemical 

Analysis system, which uses Al KŬ X-ray diffraction as the energy source for excitation. TEM 

imaging and associated energy dispersive X-ray (EDX) elemental mapping were carried out via a 

field emission transmission electron microscope (Hitachi HF3300). Structural characteristics of 

the gas diffusion electrodes were analyzed by XRD at room temperature on a MiniFlex600 

instrument with a Cu target (ɚ=1.54056 ¡). 

XAS measurements were performed at 20BM beamline of the Advanced Photon Source (APS) in 

Argonne National Laboratory (Lemont, Illinois). XAS data were analyzed using the Athena and 

Artemis software included in a standard IFEFFIT package. Raman spectra were recorded via a 

Renishaw Raman spectrometer using a 785 nm excitation laser and 1200 mmī1 grating. Spectra 

were obtained in the range of 200-2800 cmī1 over 10 acquisitions with an exposure time of 10 

seconds for each acquisition. The acquisitions were averaged and analyzed using WiRE 4.4 

software. In operando measurements, the laser power was kept constant at 200 µW, and 63x 

magnification immersion objective was used with a custom-made Raman cell. The cell was based 

on a three-electrode configuration. The cell had an electrolyte reservoir (1 cm x 1 cm geometric 

surface area), in which immersion objective was immersed, and the electrolyte chamber was 

separated from the gas chamber via a gas diffusion electrode. A platinum (Pt) wire was used as the 

counter electrode, and an Ag/AgCl was used as the reference electrode. During the spectra 

collection, the flow rate of carbon monoxide was kept constant at ~1 sccm cmī2, and 1 M KOH 

was used as the electrolyte.  

Static contact angle measurements were performed via the sessile drop method on a video-based 

measurement system. The measurements were performed by following several consecutive steps: 

(1) placing a droplet of water onto a circular-shaped specimen extracted from a gas diffusion 

electrode of interest; (2) fitting a tangent line to the intersection of the solid, liquid, and gas phases 

using software; and (3) determining the external angle using software.  
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K+ adsorption measurements were carried out in 1 M KOH using a two-electrode configuration in 

a beaker. The measurements were performed by following a procedure akin to that reported in ref. 

[90]. A Pt electrode was used as the counter electrode, and a gas diffusion electrode based on a 

catalyst of interest (with a geometric area of 1 cm x 1.5 cm) was used as the working electrode. 

The back side of the gas diffusion electrode was fully covered with a Kapton type. A constant full 

cell potential of ī2.2 V was applied right before immersing the gas diffusion electrode into 1 M 

KOH. The gas diffusion electrode was taken out of the solution after 120 seconds and transferred 

to a vial with 10 mL of DI water before releasing the applied potential. After releasing the applied 

potential, any absorbed K+ on the gas diffusion electrode was released into the DI water. The 

amount of K+ in the water was then detected using an inductively coupled plasma optical emission 

spectrometer detector (ICP-OES, Agilent Dual-View 720 with a charge-coupled device (CCD)) 

that enables coverage of full wavelength (167 nm and 785 nm). The concentration of K+ was 

normalized by ECSA. 

ECSA measurements were performed in a custom-made flow cell with a three-electrode 

configuration. A gas diffusion electrode with a geometric area of 1 cm x 1 cm was used as the 

working electrode, a nickel foam as the counter electrode, and an Ag/AgCl as the reference 

electrode. Both anolyte and catholyte were 1 M KOH. The charge associated with the stripping of 

an underpotential-deposited Cu-monolayer was measured by following a procedure akin to those 

in refs. [90], [185]. Cyclic voltammograms (CVs) were performed between ī0.15 V and ī0.25 V 

versus Ag/AgCl at various scan rates of 40, 60, 80, 100, 120 mV sī1. A monolayer of chemisorbed 

oxygen was first performed, and it was then reduced in the reverse scan. The capacitance for each 

catalyst was obtained experimentally. The reference surface factor of 1 for Cu foil was utilized to 

calculate the surface roughness factor of each catalyst [161]. 

TPD measurements were performed by following a procedure akin to that reported in ref. [186]. 

TPD measurements were performed via AutoChem 2920 Automated Catalyst Characterization 

System. COF-modified Cu NPs and control catalyst (Cu NPs) with the constant loading of 500 mg 

were loaded onto a U-shaped quartz sample tubes. The sample tube containing the catalyst was 

then connected to a gas line, which is attached with a temperature controller. The catalysts were 

initially pretreated with hydrogen gas flow (with a constant flow rate of 50 mL minī1) at a constant 

temperature of 220 oC for 2 hours to remove the surface contaminants and reduce the surface 
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oxides present on the catalyst surface. Upon completion of the pretreatment, the catalyst was 

exposed to helium gas flow for 1 hour to remove any gas contaminants in the line and on the 

catalyst surface. For the TPD measurements, the catalyst samples were cooled down to ī120 oC 

by using a liquid nitrogen CryoCooler set up. CO gas (10% CO/He) was then purged for an 

additional 1 hour to the sample tube to remove any physisorbed CO gas, which may be present on 

the catalyst surface. Catalysts with chemisorbed CO gas were then subjected to a temperature 

programmed heating program from ī120 oC to 130 oC. The desorbed chemisorbed CO gas coming 

out from the catalyst during the temperature programmed heating was monitored by a thermal 

conductivity detector (TCD) and an attached mass spectrometer. For the ease of comparison, the 

CO TPD peak areas were normalized with the lowest peak area, which is for Cu NPs. 

Static carbon monoxide (CO) adsorption measurements were performed on 3-Flex Surface 

Characterization Analyzer with enhanced corrosion resistance (ECR) from Micromeritics. The 

cryogenic temperatures during adsorption measurements were controlled using liquid nitrogen 

baths at 77 K. Ambient temperature was controlled using thermostat bath at 298 K. CO adsorption 

measurements were carried out in a ventilated enclosure to avoid any exposure to CO. Appropriate 

sensors from STANDGAS were used as a precautionary measure to detect any possible leakage of 

CO.  

7.2.5 CO2R performance testing in acidic media 

Acidic CO2R experiments were carried out in a slim flow cell by using a two-electrode 

configuration. The setup was composed of three components: catholyte chamber, anolyte chamber, 

and gas flow chamber. The geometric area of the electrode was 1 cm2. The catholyte chamber was 

physically separated from the gas chamber via cathode electrode, with the catalyst side facing the 

catholyte and substrate side facing the gas chamber. Iridium oxide supported on titanium felt 

(IrOx/Ti) was employed as the anode catalyst in the anolyte chamber. The IrOx/Ti electrodes were 

prepared following a procedure involving several steps: (1) etching the Ti fiber felts in 6 M HCl 

at 75 oC for 30 minutes, (2) rinsing the etched Ti felts with DI water for 40 minutes, (3) immersing 

the Ti felts into an ink of 2-propanol, iridium (IV) chloride dehydrate (Premion®, 99.99%, metal 

basis, Ir 73%, Alfa Aesar), and HCl, and (4) drying at 100 oC for 10 minutes and sintering at 500ǓC 

for 10 minutes. These steps were followed until a total Ir loading of 1 mg cmī2 achieved. A cation 

exchange membrane (CEM, Nafion® XL) was used to separate the anolyte and catholyte chambers. 
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Catholyte and anolyte were fed into their respective chambers through silicon tubing at a constant 

flow rate of 15 mL minī1. Peristaltic pumps were responsible for the supply of electrolytes. To 

minimize bubble accumulation inside the chambers, anolyte and catholyte entered the chambers 

from bottom and exited from top, forming a close cycle. A digital mass flow controller 

(SmartTrack 100, Sierra) was employed to supply CO2 with a constant flow rate to the gas 

chamber. The CO2 gas cylinder was purchased from Linde Gas. All the electrochemical 

measurements were performed using an electrochemical workstation (Autolab PGSTAT302N) 

equipped with a current booster (Metrohm Autolab, 10 A). The catholytes and anolytes of pH 

~0.80 were prepared using 1 M phosphoric acid (H3PO4) as the base electrolyte, with the 

incorporation of 1 M potassium chloride (KCl). The CO2R performance was investigated under 

galvanostatic mode. 1 M H3PO4 was used as the anolyte, and 1 M H3PO4 and 1 M KCl were used 

as the catholyte. COF modified Cu NPs deposited Cu/PTFE electrodes were used as the cathode 

electrodes, while Cu NPs deposited Cu/PTFE electrodes were used as the control electrodes.  

The CO2R was initiated by applying a constant current density of ī0.1 A cmī2, and the CO2R 

products were collected from the cathodic gas and liquid streams upon complete stabilization of 

the corresponding potential and collection of reaction products, which typically took 20-25 

minutes. For quantification, the gas products were collected in 1 mL volumes using gas tight 

syringes (Hamilton chromatography syringes) and injected into a gas chromatography (GC, 

PerkinElmer Clarus 680). The GC was equipped with a thermal conductivity detector (TCD) for 

the simultaneous detection of hydrogen, oxygen, carbon monoxide, and nitrogen signals and a 

flame ionization detector (FID) for the detection of methane and ethylene. The GC was equipped 

with packed columns of Molecular Sieve 5A and Carboxen-1000. Argon (Linde, 99.999%) was 

used as the carrier gas.  

7.2.6 CO2R/COR performance testing in neutral and alkaline media 

The CO2R/COR performance analyses were investigated in a MEA electrolyzer using neutral and 

alkaline anolytes. The experiments were carried out using an electrochemical test station. The test 

station was equipped with a potentiostat, a current booster (Metrohm Autolab, 10A), a commercial 

CO2R MEA electrolyzer (Dioxide Materials), a mass flow controller (Sierra, SmartTrak 100), an 

anolyte container, a humidifier, and a peristaltic pump with silicon tubing.  
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The CO2R MEA electrolyzer was composed of titanium anode and stainless-steel cathode flow-

field plates. The geometric areas of the anode and cathode flow-field plates were 5 cm2. The MEA 

was composed of a cathode electrode (COF modified Cu NPs or Cu NPs supported on carbon 

paper), an anode electrode (IrOx supported on nickel foam (IrOx/Ni)), and an anion exchange 

membrane (AEM, Fumasep FAA-3-50 for alkaline- and neutral-media COR and Sustainion® X37-

50 for neutral-media CO2R). The cathode and anode electrodes were placed on their respective 

flow-field plates and then separated by an AEM.  

The MEA was then assembled by applying an equal compression torque to the associated bolts. 

The AEM was continuously rinsed with DI water for 10 minutes prior to electrolyzer assembly. 

The anode flow field was responsible for supplying anolyte into the anode flow field, whereas the 

cathode flow field was responsible for supplying humidified reactant (CO or CO2) into the cathode 

flow field. The IrOx/Ni electrodes were prepared following a procedure involving several steps: 

(1) immersing the Ni felts into an ink of 2-propanol, iridium (IV) chloride dehydrate (Premion®, 

99.99%, metal basis, Ir 73%, Alfa Aesar), and HCl, (2) drying at 100 ǓC for 10 minutes and 

sintering at 500 oC for 10 minutes. These steps were followed until a total Ir mass loading of 1 mg 

cmī2 achieved.  

After electrolyzer assembly, anolyte (KOH for COR and KHCO3 for CO2R) was continuously 

supplied to the anode chamber of the electrolyzer, and fully humidified reactant gas (CO for COR 

and CO2 for CO2R) was supplied to the cathode side with a constant flow rate. Unless otherwise 

stated, the flow rates of the reactants were kept constant either at 50 sccm (~10 sccm cmī2) or 5 

sccm (~1 sccm cmī2). A constant current density of 100 mA cmī2 was applied to initiate the 

reaction, and then the current density was gradually increased with 100 mA cmī2 increments. The 

increments were made upon complete stabilization of the corresponding voltage and collection of 

reaction products, which typically took 25-30 minutes. For each applied current density, gas 

products were collected in 1 mL volumes 3 times with frequent time intervals. The samples were 

then injected into the GC for product quantification. The liquid products were collected from both 

the anode and cathode liquid streams. 
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7.2.7 CO2R/COR product analysis 

The GC spectra for each gas injection ï together with current density, CO2 outlet flow rate, and 

fraction of gas products ï was used to evaluate the CO2R performance using Equation (7-1): 

Faradaic efficiency (%) = N × F × v × r / (i × V m) (7-1) 

where N represents the number of electrons transferred, F represents the Faradaic constant, v 

represents the gas flow rate, r represents the concentration of product of interest in ppm, i 

represents the total current, and Vm represents the unit molar volume of product of interest. The 

flow rate at the outlet of the cathodic gas stream was measured by a bubble flow meter prior to 

collecting samples via gas tight syringes.  

The liquid products were characterized via 1H NMR spectroscopy (600 MHz Agilent DD2 NMR 

Spectrometer) with suppressing water peak. Dimethyl sulfoxide (DMSO) and deuterium oxide 

(D2O) were used as the reference standard and lock solvent, respectively. The 1H NMR spectra for 

each condition ï together with the amount of charge passing and the duration of reaction ï was 

used to quantify the FE towards liquid CO2R products using Equation (7-2): 

Faradaic efficiency (%) = N × F × nproduct/Q (7-2) 

where N represents the number of transferred electrons, F represents the Faradaic constant, nproduct 

represents the total mole of products, and Q = i × t represents the total charge passing during 

measurement. 

7.2.8 Single pass carbon efficiency (SPCE) calculation 

SPCE towards gas, liquid, or a group of gas and liquid products at 25 oC and 1 atm was calculated 

using Equation (7-3): 

SPCE = (j × 60 sec)/(N × F) ÷ (flow rate (L/min) × 1 (min))/(24.05 (L/mol)) (7-3) 

where j represents the partial current density towards a single or a group of products, N represents 

the number of electrons transferred to form 1 mole of target product. 
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7.2.9 Density functional theory (DFT) calculation 

All spin-unrestricted density functional theory (DFT) calculations were carried out by using the 

Vienna ab initio simulation package (VASP) [103], [187]. The plane waves were constructed by 

using projector augmented-wave method (PAW) with a cut-off energy of 400 eV [188], [189]. The 

exchange-correlation energy was determined by the Perdew-Burke-Ernzerhof formulation of the 

generalized-gradient approximation (GGA-PBE) [101].  

Here, a (3 × 3 × 4) Cu(111) model was used to simulate the Cu surface. To fully consider the 

solvation effect, 18 explicit water molecules were optimized, and a local minimum via hydrogen 

bond network was formed. Each slab was separated from its periodic images in z-axis by about 15 

Å of vacuum space. The bottom two atomic layers were fixed to simulate the bulk structure. The 

two top layers were allowed to relax.  

The Brillouin zone integrations were performed on a Monkhorst-Pack 6 × 6 × 1 k-point mesh 

[105]. The self-consistent field (SCF) convergence criterion was set to be 10ī5 eV, and the force 

convergence for geometry optimization was set to be 0.05 eV Åī1. In the model, 0, 1, 2 OH* were 

considered on a Cu(3 × 3) periodic surface.  

Different possible adsorption configurations were tested to find the most stable structures when 

CO adsorbed on the Cu surface with different OH* coverage. Meanwhile, 0, 1, 2, 3 potassium 

atoms were incorporated into water layers to simulate different potassium concentrations. Two 

competing reaction pathways of COR correlations were considered as shown in Equations (7-4) 

and (7-5). 

ὅὕᶻ Ὄ Ὡ ᴼὅὕὌᶻ (7-4) 

ὅὕᶻ ὅὕᶻ Ὄ Ὡ ᴼὅὕὕὌᶻ (7-5) 

Herein, the difference of Gibbs free energies for CO* protonation and CïC coupling were obtained 

by the correction of Gibbs free energy (G) using Equation (7-6):  

Ὃ Ὁ ὤὖὉ ὅὴὨὝὝὛ 
(7-6) 
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where Ὁ represents the DFT-calculated energy, ὅὴ represents the heat capacity, Ὓ represents the 

entropy, and T represents the temperature (which is set to room temperature (298.15 K)). 

7.3 Results and discussion 

7.3.1 Insights into low energy- and carbon-efficiency in todayôs COR MEA 

To probe the interplay between EEC2+ and SPCEC2+, COR performance is investigated in a MEA 

electrolyzer in which EEC2+ is sought to be optimized [119]. The system was equipped with a Cu 

catalyst, on which both cations (K+) (crossing over from the anolyte) and anions (OHī) promote 

CïC coupling [59], [162].  

An increase in the electrolyte alkalinity from pH ~8.4 (0.1 KHCO3) to ~14.7 (5 M KOH) improves 

the peak Faradaic efficiency (FE) and EE of ethylene (FEethylene and EEethylene) ï a dominant C2 

product from COR on regular Cu (Figure 7-2 b) [134]. However, the peak SPCEethylene decreases 

sharply, with the increasing alkalinity from pH ~14 (1 M KOH) to ~14.7 (5 M KOH). The 

electrolyte effect becomes even more acute under the conditions that enable practical SPCE 

(constrained CO availability): both EEethylene and SPCEethylene decrease dramatically with increasing 

KOH concentration (Figure 7-2 c). 

It is posited that the performance decays originate partly from the excess K+ blocking the catalyst 

surface [190], [191], limiting the CO transport. To test this hypothesis, excess K+ is included in 

electrolytes by maintaining similar pH (pH 13.9 for 1 M KOH + 2 M K2CO3 and pH 14.7 for 5 M 

KOH + 2 M K2CO3), and found that both EEethylene and SPCEethylene are diminished: the hydrogen 

evolution reaction (HER) begins to dominate (Figure 7-2 c).  
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Figure 7-2. Energy and carbon efficiency limitations in CO2/CO electrolysis. (a) EEC2+ and 

SPCEC2+ performance assessment of literature benchmark CO2R/COR systems. (b) EEC2+ 

and SPCEC2+ performance of bare Cu catalyst with anolytes of various pHs in a zero-gap, 

catholyte-free MEA electrolyzer at a constant CO feedstock flow rate of ~10 sccm cmī2. (c) 

Effect of K+ and OHī concentration on the EEC2+ and SPCEC2+ performance of bare Cu 

catalysts at various CO feedstock flow rates (5 M KOH (pH 14.7), 1 M KOH (pH 13.9), 5 M 

KOH + 2 M K 2CO3 (pH 14.7), and 1 M KOH + 2 M K2CO3 (pH 13.9)). (d) A map of free 

energy difference (ȹG) for CO* reactions to OCCOH* and CHO* . 

7.3.2 Density functional theory (DFT) calculations 

The effect of cations and anions on CïC coupling is then investigated using density functional 

theory (DFT) calculations. A Cu surface is simulated with an OHī coverage ranging from 0 to 2 

(1/9 sitesī1) and a K+ concentration ranging from 0 to 3 (1/18 H2O
ī1), and generated a free energy 

difference (ȹG) map for CO* reactions to OCCOH* and CHO* ï key intermediates along the 

pathway to C2 and C1 products, respectively. DFT calculations confirm that the increase of OH* 

coverage favors CïC coupling (lower ȹG) (Figure 7-2 d), consistent with the view that high 


