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The development of sustainable energy technologies is critically needed to 

reduce greenhouse gas emissions and mitigate anthropogenic climate change. The 

electrochemical conversion of carbon dioxide (eCO2R) is a promising technology to 

produce valuable, low-carbon fuels and chemicals with renewable electricity, thereby 

facilitating renewable energy penetration into the transportation and industrial sectors. 

However, significant improvements in energetic efficiency and reactor engineering are 

needed for eCO2R to become commercially competitive. In this thesis, I present a series 

of works which utilize a flow electrolyzer to provide fundamental insights into catalyst 

design and eCO2R reaction mechanism for multi-carbon chemical (C2+) production at 

industrially relevant reaction rates. In addition, I show that decoupling eCO2R through 

the CO intermediate enables sustainable operation in alkaline conditions, which enhance 

C2+ formation, as well as the production of heteroatomic products.  

I begin by presenting a general techno-economic analysis of a CO2 electrolyzer 

system which integrates capital and operating costs for electrochemical conversion and 

product separation. I find that while only C1 products such as CO and formic acid are 

commercially viable under current conditions, more desirable C2+ products such as 

ethylene and alcohols could become cost-competitive if electrolyzer performance can 

be dramatically improved. This model is extended to a two-step process, where required 

performance metrics for acetic acid and ethylene production are provided, and a life-

cycle analysis is conducted to demonstrate that two-step eCO2R can offer reduced 
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greenhouse gas emissions relative to commercial, fossil-driven processes if driven by 

renewable electricity.  

Next, I present the synthesis and incorporation of a highly-porous copper 

catalyst into a three-compartment flow electrolyzer for eCO2R to C2+ products. The high 

porosity provides excellent bubble management, enabling stable operation at current 

densities up to 650 mA/cm2. Then, an electrolyte study is conducted showing that 

alkaline conditions greatly enhance C2+ selectivity relative to neutral electrolytes. 

However, the inevitable formation of carbonates with alkaline electrolyte motivates the 

two-step conversion of CO2 through the CO intermediate.  

Motivated by the previous study, I then present the electrochemical conversion 

of CO (eCOR) in a flow electrolyzer in alkaline electrolyte. I show that compared to 

eCO2R under identical conditions, eCOR has a significantly higher C2+ selectivity, and 

that acetate becomes a significant product. The formation of acetate is attributed to a 

higher surface pH during eCOR facilitating hydroxide attack of a surface intermediate. 

This hypothesis is supported through isotopic labeling which shows electrolyte oxygen 

incorporation into eCOR products.  

Based on the preceding hypothesis of electrolyte incorporation into eCOR 

products, I then present the electrolysis of CO in the presence of ammonia, leading to 

the formation of acetamide with up to 40% selectivity at 300 mA/cm2. DFT calculations 

suggest acetamide is formed through nucleophilic amine attack of a ketene intermediate, 

in competition with hydroxide attack leading to acetate. The presence of additional 

amines leads to their respective acetamides, providing valuable insight into the eCOR 

mechanism and demonstrating the concept of electrochemical heteroatomic product 

formation from a CO2 feedstock.  
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INTRODUCTION  

1.1 Motivation for Electrocatalytic Chemical Production 

The mitigation of anthropogenic climate change is among the greatest human 

challenges of the 21st century. Decades of heavy fossil fuel usage have resulted in a 

global mean surface temperature increase of 1°C since the pre-industrial period, with an 

additional increase of 0.5 °C projected to occur by around 2040.1 While warming of 1.5 

°C will inevitably cause detrimental ecological effects around the world, stabilizing the 

surface temperature at this level will avoid significantly more dire climate change 

effects, and could be achieved through reducing CO2 emissions to net-zero by 2055.2,3 

However, global energy demand is expected to nearly double over the same time frame, 

severely complicating the challenge of CO2 emissions reduction.4 Therefore, the 

immediate development of sustainable energy technologies which supplant fossil fuel 

usage and decarbonize our energy infrastructure is critical to achieving a substantial 

reduction in carbon emissions.5  

In recent years, the electricity generation sector has seen some progress towards 

decarbonization. As a result of policy initiatives and declining photovoltaic production 

costs, the price of solar-generated electricity has decreased significantly over the past 

decade and is projected to be below $0.03/kWh by 2030.6 Furthermore, wind-generated 

electricity is already currently available in some United States regions for as low as 

$0.02/kWh.7 Consequently, the U.S. Energy Information Association currently projects 

that by 2050 renewable sources will account for the majority of electricity generation 
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(38%).8 However, due to an overall projected increase in electricity demand, carbon 

emissions from the electricity sector in 2050 will only decrease by ~17% relative to 

current levels. Low energy storage capacity and lack of grid management technologies 

remain a significant impediment for complete electrical generation from intermittent 

solar and wind sources.9 Even more concerning, renewable-sourced energy is currently 

projected to only account for <1% and 10% of energy use in the transportation and 

industrial sectors, respectively.8 As a result, total CO2 emissions coming from these 

sectors will see no overall decline between 2019 and 2050, and will account for the vast 

majority of energy-related emissions. To alter these projections, we must rapidly 

develop groundbreaking technologies which can utilize renewable energy across the 

transportation and chemical industries in order to achieve net-zero CO2 emissions by 

2055.  

Currently, significant research efforts are being dedicated to carbon dioxide 

utilization (CCU) processes which can leverage renewable energy to convert captured 

carbon dioxide to valuable fuels and chemicals. These include photochemical, 

thermochemical, electrochemical, and biological methods, each of which have distinct 

advantages.10-12 The use of CO2 as a chemical feedstock enables processes to be carbon-

neutral (if driven by renewable energy), and provides a means for offsetting the 

additional costs with capturing CO2. It is important to note that CCU alone is likely not 

sufficient to mitigate global CO2 emissions13; however, in tandem with long-term 

geological sequestration and direct air capture, CCU could play a considerable role if 

conventional, fossil-based chemical production processes can be replaced.14 This 

requires that any new CCU-derived products can be cost-competitive, which is a 

significant challenge as decades-old fossil-based processes are highly optimized, as 
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illustrated by enhanced oil recovery being the only commercial CCU technology at this 

time, even though enhanced oil recovery further promotes the usage of fossil 

resources.15  

 

Figure 1.1: Schematic of electrochemical CO2 electrolysis process for carbon capture 

and utilization towards valuable chemical feedstocks 

Among all CCU process, the electrochemical reduction of carbon dioxide 

(eCO2R) to valuable products is highly promising because cheap, renewable electricity 

from solar and wind can be directly utilized for chemical production. Electrochemical 

reactors are modular and operate at ambient conditions, allowing them to compliment 

the distributed nature of renewable electricity generation. Most importantly, some 

preliminary techno-economic assessments have found that at low electricity prices, 

carbon dioxide electrolysis can become economically competitive with fossil-based 

process to produce widely-used chemicals such as carbon monoxide, ethylene, and 
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alcohols.16,17 CO2 electrolysis could then play a significant role in mitigating carbon 

emissions (Figure 1.1) However, significant challenges regarding system efficiency, 

stability, and scalability must to be overcome for eCO2R to become commercially 

viable.  

1.2 Fundamentals of Electrochemical CO2 Conversion 

As carbon dioxide is thermodynamically stable, energy must be input to convert 

CO2 towards a more useful product through a redox reaction, where the CO2 is reduced 

(accepts electrons). In contrast to thermochemical conversion, where the energy input 

is heat and the reducing agent (often hydrogen) directly delivers electrons to the CO2, 

the energy input in electrochemical CO2 conversion is an applied voltage, and the 

electrons flow through an external circuit. The electrochemical reduction and oxidation 

reactions occur at separate electrodes (called the cathode and anode, respectively), 

which are separated by an ion-conducting electrolyte. The electrolyte is typically an 

aqueous solution containing an inorganic salt, where water serves as the proton donor 

through water oxidation at the anode. Many organic electrolytes consisting of solvents 

such as methanol and acetonitrile have also been studied18,19; additionally, ionic liquids 

have been employed as co-catalysts.20,21 However, water-based electrolytes are more 

practical at scale due to their higher conductivity, stability under applied potential, and 

high abundance. A schematic of a CO2 electrolyzer with water oxidation at the anode in 

alkaline conditions is shown in Figure 1.2.  

Many different chemical products can be formed through carbon dioxide 

electroreduction depending on the number of proton/electron transfers that occur. Table 

1.1 lists the cathodic reactions for several typical CO2 reduction products along with the 

hydrogen evolution reaction, which inevitably competes with CO2 reduction in aqueous 
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electrolyte. Also listed are the thermodynamic potentials vs. the reversible hydrogen 

electrode (RHE) for the cathodic half-cell reactions.  

 

Figure 1.2: Schematic of a CO2 electrolyzer  

These values are calculated by first deriving the standard cell voltage for the overall 

reaction of CO2 reduction with water oxidation (E*) from the equation:   

 Ὁᶻ
Ў

 (1.1) 

where ȹGr is the Gibbs free energy of reaction for the overall reaction, z is the number 

of electrons transferred, and F is Faradayôs constant (96485 C mol-1). Then, the 

thermodynamic half-cell potentials (E0) vs. RHE can be obtained by subtracting the full 

cell potential from the thermodynamic half-cell potential of water oxidation: 
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 Ὁ ρȢςσ ὠ ὺίȢὙὌὉ Ὁᶻ (1.2) 

 

The full cell voltages and half-cell potentials listed in Table 1.1 represent the 

theoretical minimum energy needed to drive eCO2R. However, in order to drive the 

reaction at a significant rate, there are several additional energetic barriers that must be 

overcome. This requires that the actual operating full cell voltage of practical systems 

(E) is higher than the thermodynamic minimum, with the difference defined as the 

overpotential (ɖ) by: 

 – Ὁ Ὁᶻ (1.3) 

This full cell overpotential can be broken down into different terms representing the 

various energy barriers in the system:  

 –  –ȟ –ȟ – –  (1.4) 

where ɖa,c and ɖa,a are the activation overpotentials needed to drive electron transfer in 

the cathodic and anodic reactions, respectively, ɖɋ is due to Ohmic losses in the system, 

and ɖmt is due to mass transport limitations. The current density (j) is the flow of 

electrons per electrode area (production rate), which at moderate overpotentials is 

related to the activation overpotential by the Butler-Volmer equation:  

 Ὦ ὮὩ Ⱦ  (1.5) 

where j0 is the exchange current density (which represents the intrinsic reactivity of the 

electrode), Ŭ is the symmetry factor, F is Faraday's constant, R is the ideal gas constant, 

and T is temperature. As shown by this equation, in the absence of mass transport and 

Ohmic losses (such as in a three-electrode set-up with iR correction as discussed in 

Chapter 2), the current density will increase exponentially with increasing overpotential. 



 7 

Table 1.1: Standard potentials for CO2 reduction to various products 

Cathodic half-cell reaction 
Cell voltage 

E* (V) 

Half -cell 

potential 

E0 (V vs. RHE) 

#/ (/ ςÅ ᴼ#/ ς/(  1.33 -0.1 

#/ (/ ςÅ ᴼ(#// /(  1.40 -0.17 

#/ φ(/ ψÅ ᴼ#( ψ/(  1.06 0.17 

ς#/ φ(/ ψÅ ᴼ#(#//(ψ/(  1.13 0.10 

ς#/ ω(/ ρςÅ ᴼ#(#(/( ρς/(  1.15 0.08 

ς#/ ψ(/ ρςÅ ᴼ#( ρς/(  1.15 0.08 

σ#/ ρσ(/ ρψÅ ᴼ#(/( ρψ/(  1.13 0.10 

ς(/ ςÅ ᴼ( ς/(  1.23 0.00 

 

As also detailed in Equation 1.5, the intrinsic nature of the electrode material 

can facilitate the transfer of electrons and reduce the amount of energy (overpotential) 

required to drive the electrochemical reaction. These materials are known as 

electrocatalysts, which reduce the activation energy required to reach the transition state 

by enabling an alternative mechanistic pathway for proton/electron transfers to occur. 

Electrocatalysts can be in the same phase as the reactant (homogeneous) or in a separate 

phase (heterogeneous). eCO2R on homogeneous electrocatalysts has seen significant 

investigation (see Ref. 22); however, for practical electrochemical devices, 

heterogeneous metallic electrocatalysts are most often employed due to their high 

reactivity. The following section contains an overview of eCO2R research on metallic 

electrocatalysts. 

As seen in Table 1.1, the thermodynamic cathodic potentials for all eCO2R 

products are very similar, along with that of HER. Therefore, the production of a single 
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desired product cannot be controlled by applied potential alone, and the nature of the 

electrocatalyst is critical for determining product selectivity. The Faradaic efficiency 

(ŮFaradaic) is how many total electrons go towards one product and is defined: 

 ‐
ϽϽ

 (1.6) 

where z is the number of electrons transferred, F is Faradayôs constant, N is the 

geometric molar production rate, and jtot is the total geometric current density. Then, the 

total energetic efficiency of the eCO2R process is defined as:  

 ‐ В
ᶻ Ͻ ȟ

ᶻ  (1.7) 

where Ei
* is the theoretical voltage for a given product and ɖ is the overpotential. The 

energetic efficiency is the most critical figure of merit for the practicality of an 

electrochemical system, where it is desirable to achieve a high energetic efficiency and 

high current density simultaneously. This requires a selective electrocatalyst with a low 

activation overpotential, and an electrochemical reactor design that minimizes mass 

transport and Ohmic losses.  

Of the many products listed in Table 1.1, which of these products should be 

targeted? What performance metrics must be achieved for chemical production from 

eCO2R to become commercially competitive with existing processes? This critical 

question is unknown due to the still preliminary status of eCO2R technology. Techno-

economic analysis (TEA) have provided some insight into the performance metrics and 

market conditions necessary for eCO2R to be viable (see Chapter 3 for a TEA that seeks 

to answer this question). To summarize, the single-carbon products CO and formic acid 

are most promising from a purely cost-based perspective due to their high value relative 

to the amount of electricity required. However, the global usage of formic acid is 
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currently modest (1 MT), and while CO is widely used for liquid fuel synthesis, this 

process is energetically intensive and requires enormous scale. On the other hand, multi-

carbon (C2+) products such as ethylene, ethanol, n-propanol, and acetic acid are among 

the widest used chemicals and can be more easily converted into other platform species. 

C2+ products require more electricity, and therefore need the low prices (<$0.03/kWh) 

which can be provided by renewable sources. For both C1 and C2+ products, electrolyzer 

performance with >60% energetic efficiency at industrially relevant current densities 

(>300 mA/cm2) should be targeted.16,17 Once this performance is achieved at the lab-

scale, pilot-scale processes can be developed to further gauge commercial viability.  

1.3 Current Status of eCO2R Towards Multi -Carbon Products 

1.3.1 Historical development 

The study of eCO2R dates back many decades, with the most significant 

pioneering work completed during the 1980's by Hori et al.19 This early work provided 

critical fundamental insights regarding how the nature of the electrolyte, electrode 

material, and applied potential influenced eCO2R and laid the groundwork for current 

research efforts. More recently, eCO2R research has attracted remarkable attention, 

encompassing many subtopics including theoretical computational studies, fundamental 

mechanistic studies, electrocatalyst development, and electrolyzer system design. This 

section will summarize research progress relevant to this thesis, and the reader is 

referred to some excellent reviews for a more comprehensive overview.12,23-25  

Early eCO2R experiments were conducted in batch reactors where CO2 was 

bubbled into the electrolyte and simple, planar electrodes were studied. Hori et al. 

observed that the CO2 product distribution of various transition metal electrodes could 
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be classified into four groups: Carbon monoxide producing metals (Au, Ag, Zn), 

formate producing metals (Sn, In, Hg), hydrogen producing metals (Pt, Ir, Ti), and 

copper (Cu), which could generate significant amounts of multi-carbon (C2+) products.19  

It was proposed that carbon dioxide adsorbs and undergoes electron transfer to form a 

CO2
-
 species, which then is protonated to form surface-bound CO.19 On weak binding 

metals, CO will desorb as the major product, while strong-binding metals will have a 

CO-poisoned surface, leading to HER at low rates. Cu has an intermediate CO-binding 

energy that allows for C-C coupling to occur, and these trends provided strong evidence 

that CO is the key intermediate for eCO2R to C2+ products. Formate is believed to have 

an alternative mechanistic pathway where CO2 adsorbs via the oxygens rather than 

carbon.26 

While Hori's work provided valuable early insight into eCO2R on metallic 

electrodes, the catalysts used required substantial overpotentials (>1V) to achieve a low 

current density (5 mA/cm2). Furthermore, the batch cells utilized for electrocatalyst 

testing had mass transport limitations due to the low solubility of CO2 in aqueous 

electrolyte. Since then, advances in material science and nanoparticle synthesis have 

enabled the development of significantly more active and selective electrocatalysts, 

especially for single-carbon products. For example, nanostructured Ag and Au catalysts 

with high surface area have been developed that enable eCO2R to CO at low 

overpotentials (<0.4V) with more than 95% Faradaic efficiency.27-29 Additionally, 

bimetallics,30,31 carbon-based catalysts,32 and single-atom catalysts33,34 have been 

demonstrated with high efficiency. Researchers have implemented flow electrolyzers 

for catalyst testing to overcome mass transport limitations (See Chapter 2 for discussion 

on CO2 electrolyzer design).35 Some of these results are included below in Figure 1.3, 
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which illustrates the Faradaic (a) and energetic (b) efficiencies for the production of 

single-carbon products vs. total current density reported in the literature up to the year 

2016.  

 

Figure 1.3: Summary of literature reports through 2016 of Faradaic and energetic 

efficiencies vs. current density for various (a-b) C1 and (c-d) C2+ eCO2R products (see 

Ref. 16 for details).  

As shown in Figure 1.3a-b, production of CO and formic acid has been 

demonstrated at moderate current densities with high Faradaic efficiency (>90%) and 

dc

a b
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modest energetic efficiencies. The performance metrics achieved thus far by 

electrocatalysts in the literature are close to those proposed by TEA, and some start-up 

companies have begun process development to commercialize eCO2R to C1 

products.36,37 In contrast, the performance of eCO2R to C2+ products is significantly 

worse, with no reports up to 2016 achieving higher single product selectivity than 40% 

at moderate current densities, leading to low energetic efficiencies (<20%). The 

challenge in producing C2+ products is due to the complex mechanistic pathways 

requiring up to 18 electron transfers, which are in competition with each other in 

addition to the simpler 2 electron pathways towards C1 products. This complexity is 

illustrated by Kuhl et al., who showed sixteen different products from a bulk copper 

electrode with varying degrees of selectivity.38 Since copper is the only monometallic 

that can facilitate C-C coupling during eCO2R, much research has been dedicated to 

developing improved copper electrocatalysts.24 In order to advance eCO2R technology 

for C2+ production, additional fundamental insights regarding copper structure-property 

relationship, influence of electrolyte, and mechanistic understanding are needed.  

1.3.2 Mechanism for multi-carbon products 

While the mechanisms for CO and formate production are generally agreed upon 

in the literature, the mechanism leading to various C2+ products following the generation 

of *CO on copper catalysts is highly debated. Initial theoretical work utilizing density 

function theory (DFT) calculations proposed the initial rate-determining step for C2+ 

production on a Cu(100) surface is the dimerization of two *CO to form *OCCO.39  

Additional proposed pathways include the protonation of *CO to *COH or *CHO 

before C-C coupling occurs.40,41. These distinct pathways depend on the electrolyte 

conditions and applied potential, where early dimerization to *OCCO is more favorable 
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at low overpotentials due to a higher *CO coverage and leads to C2+ products.42 At high 

overpotentials, *H becomes the dominant surface species, leading to *CHO formation 

and CH4 as the major product.43 Following the initial C-C coupling steps, several 

distinct pathways have been proposed for the production of ethylene and ethanol 

through DFT calculations39-41,44. While continually improving computation techniques 

will lead to more rigorous modeling of the complex electrochemical interface, 

experimental insights into the C2+ formation mechanism are critical for guiding 

theoretical studies.  

Experimentally, mechanistic insights have been more challenging to achieve. 

Aside from *CO, few intermediates leading to ethylene and alcohol production have 

been confirmed. IR spectroscopy has been employed to view surface intermediates;45 

however, only one surface intermediate towards C2+ products (*OCCOH) has been 

reported to date.46 Bertheussen et al. demonstrated that acetaldehyde is likely an 

intermediate for ethanol production,47 and a similar mechanism has been proposed for 

n-propanol formation through propionaldehyde.48 Isotopic labelling is a powerful tool 

that has been employed to provide experimental mechanistic insights.49,50 In Chapter 5, 

isotopic labelling is used to support a mechanism for acetate formation through 

hydroxide attack on a *CCO intermediate, with computational support presented in 

Chapter 6.    

1.3.3 Development of copper electrocatalysts for C2+ production 

One strategy towards developing improved copper electrocatalysts is the 

exposure of selective facets. Single-crystal studies have shown that the overpotential for 

ethylene production on Cu(100) is lower than that of Cu(111) and Cu(110), and the ratio 

of ethylene to methane is significantly higher on Cu(100) than Cu(111).51 There remains 
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a lack of consensus to these effects, as DFT calculations have attributed the higher 

activity of Cu(100) to surface reconstruction, or a reduced energetic barrier to a *OCCO 

dimer.23 These single-crystal studies are hampered by the propensity of copper to 

undergo severe reconstruction under eCO2R conditions, requiring the use of operando 

characterization techniques to draw accurate conclusions.45,52 In addition to 

fundamental studies, high-surface area copper materials including nanoparticles, 

nanowires, and nanocubes, with distinct surface features have been demonstrated.23 A 

highly-porous copper catalyst for CO2 electrolysis in a flow cell is presented in Chapter 

4.  

"Oxide-derived" copper catalysts (OD-Cu), formed through chemical or 

electrochemical reduction from a cuprous oxide precursor, have also been heavily 

investigated. Li et al. first showed that OD-Cu can selectively produce acetate and 

ethanol from electrochemical carbon monoxide reduction (eCOR) with up to 57% 

Faradaic efficiency at very low overpotentials.53 Several variations of OD-Cu have been 

shown in the literature, and their high activity towards oxygenate production has been 

attributed to grain boundaries, selective facets, high surface-area, or subsurface 

oxygen.54-56  The evaluation of an OD-Cu copper for eCOR at high rates is presented in 

Chapter 5.  

1.3.4 Influence of the electrolyte on C2+ production 

The pH and composition of the electrolyte is also a critical factor in eCO2R. In 

aqueous electrolytes, CO2 equilibrium reactions combined with cation and anion effects 

lead to a highly complex electrochemical interface. Most batch reactor eCO2R research 

studies are conducted in neutral pH, as acidic conditions promote the undesired HER, 

and carbon dioxide spontaneously reacts with hydroxide to form carbonates in alkaline 
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conditions. The use of vapor-fed electrolyzers (see Chapter 2) can enable eCO2R in 

alkaline electrolytes, where enhanced C2+ performance is observed.57 It is hypothesized 

that alkaline conditions, where water is the proton donor, lead to a decrease in the 

activation energy on an RHE scale for the protonation of *OCCO to *OCCOH, which 

is the rate-limiting step for C2+ products42. While eCO2R can be performed at lab-scale 

in alkaline conditions, the formation of carbonates is a severe practical issue, motivating 

a two-step process (see Section 1.4).  

In addition to pH effects, the role of cations and anions have also been studied. 

Hori et al. showed that Cs+ most effectively promotes C2+ formation in bicarbonate 

electrolytes, which was later attributed to an electric field stabilization decreasing the 

activation energy of *OCCO formation.19,58 The effects of cations and pH are 

interrelated, as local pH gradients will induce cation concentration gradients. pH 

gradients will occur during electrolysis due to generation of hydroxide at the catalyst 

surface and must be considered during electrolyte studies. The critical role of 

monovalent cations for C2+ production was recently shown by Xu et al., where chelation 

of Na+ led to a substantial decrease in C2+ production59. Anions with varying buffering 

capacity can affect eCO2R activity by modulating the surface pH during eCO2R (see 

Chapter 4). Additionally, halide ions can specifically adsorb onto copper facets, leading 

to altered activity.23  

1.4 Motivation for Two-Step Process for eCO2R Towards Multi -Carbon 

Products 

As described in the previous section, alkaline electrolytes facilitate eCO2R 

towards C2+ products by dramatically improving the Faradaic efficiency and lowering 

the overpotential (see Chapter 4). As a result, many researchers have begun utilizing 
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alkaline flow electrolyzers for eCO2R studies, with a recent state-of-art performance 

having been achieved in a 10M KOH electrolyte.57 These results are summarized in 

Figure 1.4a below, which shows the energetic efficiency vs. production current density 

for recent eCO2R reports towards multi-carbon products in alkaline and neutral 

electrolytes, as well as CO production in neutral electrolyte (see 60). Recent reports for 

C2+ production in alkaline conditions have moderate energetic efficiencies >40% at high 

product current densities. By comparison, the energetic efficiencies reported in neutral 

conditions are significantly lower, especially at product current densities >50 mA/cm2. 

 

Figure 1.4: (a) Recent state-of-the-art full-cell energy efficiencies and product current 

densities for CO2 electrolysis to C2+ products or CO in various electrolytes (b) 

Schematic illustrating the CO2 consumption by OHï to form CO3
2-. (c) Schematic of a 

two-step electrolysis process for CO2 conversion to C2+ products (From Ref. 60) 
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Despite the improved performance of eCO2R at high pH, the use of alkaline 

electrolyte is fundamentally unsustainable due to the formation of carbonates as 

illustrated in Figure 1.4b. Due to water acting as the proton donor for eCO2R, each 

electron transfer generates a hydroxide ion at the catalyst surface, which will 

spontaneously and rapidly react with CO2. Under high pH conditions, CO2 is fully 

converted to carbonate, consuming 1 mol CO2 for each mol of hydroxide generated. 

Considering the example of ethylene production, where 12 mol hydroxide are generated, 

6 mol CO2 are converted to carbonate for each mol of ethylene produced, representing 

a 75% loss in the CO2 feedstock. The regeneration cost of the carbon dioxide and 

alkaline electrolyte can conservatively be estimated at $300 per ton of ethylene 

produced, which substantially reduces the profitability of the eCO2R process.60  

In contrast to CO2, carbon monoxide is essentially inert in contact with alkaline 

solution. Furthermore, as shown in Figure 1.4a, CO can be electrochemically produced 

from CO2 at neutral conditions with up to 55% energetic efficiency at moderate current 

densities. Therefore, an optimal process design would be to decouple the CO2 

electrolysis process into two steps through the CO intermediate, whereby CO is 

produced from eCO2R at non-alkaline conditions, and then subsequently converted to 

valuable multi-carbon chemicals in an alkaline electrolyzer. A TEA demonstrating the 

potential profitability for this two-step process is detailed in Chapter 3.  

1.5 Thesis Scope and Structure 

The following chapters will detail efforts to study and improve the 

electrochemical conversion of carbon dioxide into valuable chemicals, with the goal of 

gaining insights into reaction mechanisms utilizing a flow cell electrolyzer.  
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In Chapter 2, fundamental electrochemical methods utilized in this thesis, such 

as a three-electrode set-up, iR correction, and electrochemical surface area 

measurement, will be described. Furthermore, the design and operation procedures of a 

three-compartment flow cell electrolyzer will be detailed, along with product 

identification methods.   

In Chapter 3, a general techno-economic model is presented which analyzes the 

feasibility of eCO2R to various products at a commercial scale. Capital and operating 

costs for electrolysis and product separation are estimated from literature sources and 

Aspen modeling. Performance targets for electrocatalysts required for various products 

to become profitable are given. Finally, the TEA is extended to a two-step electrolysis 

process, and a life-cycle analysis is conducted.  

In Chapter 4, a highly-porous copper catalyst is developed and demonstrated in 

a flow cell electrolyzer for eCO2R towards C2+ products. The porosity of the catalyst 

allows for excellent bubble management, enabling high-current densities to be achieved. 

The influence of different anions on C2+ formation is studied, with transport modeling 

conducted to account for variations in surface pH. It is shown that alkaline conditions 

dramatically enhance C2+ formation relative to other electrolytes.  

In Chapter 5, a three-compartment flow cell electrolyzer is used for high-rate 

eCOR towards C2+ products. An OD-Cu catalyst and commercial bulk copper catalyst 

are compared. Furthermore, direct comparison of eCO2R and eCOR in alkaline 

conditions is conducted, with the enhanced acetate formation during eCOR attributed to 

a significantly higher surface pH.  

In Chapter 6, eCOR in the presence of ammonia is demonstrated, leading to the 

formation of acetamide with almost 40% selectivity at high rates. DFT calculations 



 19 

show this C-N bond formation occurs through nucleophilic ammonia attack of a ketene 

intermediate, in competition with OH- attack to form acetate. Other amine precursors 

including dimethylamine and ethanolamine are tested, with their respective acetamides 

formed with high selectivity.  

In Chapter 7, the conclusions of the work detailed in this thesis are presented, in 

addition to recommendations for future work.  
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EXPERIMENTAL METHODS  

In this chapter, the design and operation of the three-compartment flow cell 

electrolyzer utilized in Chapters 4, 5, and 6 is described, along with fundamental 

electrochemical methods and product quantification.  

2.1 Design of Three-Compartment Flow Electrolyzer 

2.1.1 Prior development of flow electrolyzers for eCO2R 

Historically, the majority of eCO2R research has been conducted in batch-cell 

reactors where the electrocatalyst of interest is submerged in the electrolyte and CO2 is 

delivered by bubbling into the bulk solution (Figure 2.1a). The major challenge of using 

batch reactors for evaluating eCO2R and eCOR electrocatalysts is the low solubility of 

CO2 and CO in aqueous solutions (~33 mM and 1 mM, respectively).  As a result, mass 

transport limitations are quickly reached even at low overpotentials, and the maximum 

current density that can be achieved for eCO2R is <100 mA/cm2. This limitation is most 

severe for eCOR, causing most studies to operate only at the low overpotential regime 

(<-0.5V vs. RHE).1 As mass transport effects become significant, hydrogen evolution 

reaction (HER) becomes dominant, limiting true evaluation of electrocatalytic activity. 

For example, it is unclear based on batch cell OD-Cu studies if the high oxygenate 

selectivity would be maintained at high overpotentials (as shown in Chapter 5, ethylene 

becomes the dominant product).  

 

Chapter 2 
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Figure 2.1: Schematics of electrochemical (a) batch and (b) flow reactors for evaluation 

of eCO2R catalysts, illustrating the dramatically reduced diffusion layer thickness when 

using a gas diffusion electrode enabling high current densities 

To overcome mass transport limitations, flow cell electrolyzers utilizing gas 

diffusion electrodes (GDL) must be used (Figure 2.1b).2,3 GDLs have been widely used 

in fuel cells for decades and many variations are commercially available. Typically, the 

GDL consists of two layers: a porous, carbon fiber layer with slight wet-proofing (~5% 

PTFE) and a microporous layer consisting of carbon black with between 10%-30% 
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PTFE.4 The carbon fiber backing allows for easy diffusion of CO2 and gaseous eCO2R 

products, while the microporous layer enables a high surface area contact region 

between the catalyst and the electrolyte/membrane. The PTFE is critical for water 

management, as the hydrophobicity provides for clear gas channels throughout the 

electrode, allowing for triple-phase interface between the gaseous CO2, liquid 

electrolyte, and solid catalyst to be achieved. It should be noted that in vapor-fed flow 

cells, the CO2 still reacts by first dissolving into the liquid electrolyte and diffusing to 

the catalyst surface. In contrast to batch cells, the hydrophobic structure of the GDL 

creates very thin electrolyte diffusion layers in the catalyst layer (Figure 2.1b), allowing 

for fast transport of CO2 to the catalyst surface and high current density operation.5 

These thin diffusion layers also allow for operation in alkaline conditions, where the 

CO2 can reach the catalyst before carbonate reaction occurs.  

The design of CO2 electrolyzers is still an active area of research, as no standard 

reactor design has been developed. In a seminal early work, Newman et al. tested 

various fuel cell configurations utilizing a membrane electrode assembly (MEA) for 

eCO2R to CO, where the GDL is in direct contact with a polymer solid electrolyte 

membrane (Figure 2.2a).6 Initially, they utilized a Nafion membrane, which is typically 

used in fuel cells, and observed mostly HER occurred due to the ñacidityò of Nafion. 

To overcome this, a KHCO3 buffer layer was incorporated between the cathode and 

membrane, although this required the CO2 to be transported across the buffer layer, 

limiting the product current density to <30 mA/cm2, similar to a batch cell. These results 

highlight a crucial challenge of controlling the catalyst/solid electrolyte interface in 

MEA flow electrolyzers, which is subject to numerous factors including ionomer 

distribution, membrane hydration, and flow field pressure distribution. Furthermore, 
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fundamental evaluation of electrocatalytic performance requires an accurate isolation of 

the cathodic half-cell potential, whereas MEA electrolyzers are typically utilized 

without an external reference electrode. Despite these challenges, MEA electrolyzers 

are likely the most practical configuration for eCO2R systems, motivating further 

development (see Chapter 7).  

 

 

Figure 2.2: (a) Schematic of a typical membrane electrode assembly CO2 electrolyzer 

and (b) schematic of a three-compartment CO2 electrolyzer 

Following initial studies in MEA eCO2R flow cells, the Kenis group pioneered 

a three-compartment configuration.7,8 In this design (Figure 2.2b), the cathode and 

anode are separated from the membrane by two flowing liquid electrolyte streams 

(catholyte and anolyte, respectively). In contrast to an MEA design, a reference 

electrode can easily be placed in the catholyte stream, allowing for explicit control of 

the cathodic potential. Furthermore, the liquid products will accumulate in the catholyte 
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stream and can be quantified by analyzing the catholyte exiting the cell. Finally, since 

the GDL is in contact with a liquid electrolyte, the complexities of preparing an efficient 

MEA interface are eliminated, since the ionomer composition and membrane structure 

are of reduced importance for the electrocatalytic process.  

2.1.2 Three-compartment electrolyzer design 

Inspired by the work of Kenis et al., a three-compartment flow electrolyzer 

was designed and fabricated for eCO2R and eCOR. An image of the assembled flow 

cell is shown below in Figure 2.3. The cell flow fields and end caps were fabricated 

out of Acrylic which enables the cell to be transparent.  

 

Figure 2.3: (a) Image of the microfluidic three-compartment flow electrolyzer 

developed for eCO2R and eCOR at high reaction rates, and (b) Image of the catalyst 

coated GDL in contact with the catholyte flow field.  

This is very important as it enables the condition of the vital GDL/electrolyte interface 

to be monitored, as bubble accumulation and flooding can be easily detected. The 

Acrylic parts and gaskets were made via laser cutting, which maximized the 

(a) (b)
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transparency of the flow field following fabrication. The flow fields are 2 cm x 0.5 cm 

x 0.15 cm, providing a geometric electrode area of 1 cm2. The flow fields were made 

0.15 cm thick to minimize the volume of the electrolyte needed, which serves to 

minimize the cell resistance as well as maximize the concentration of liquid products in 

the exiting catholyte stream. Stainless steel tubing was inserted into holes drilled on 

each side of the flow field and secured in place using epoxy.  

A PTFE gasket is placed between each Acrylic component to make each layer 

gas-tight and to secure the electrodes in place. To prevent electrolyte from leaking into 

the gas chamber, the GDL is cut slightly larger than the flow field (Figure 2.3) and is 

nested into a slightly thinner PTFE gasket. Laser cutting the PTFE gaskets provides a 

high precision with almost no gap between the GDL and gasket, providing an excellent 

seal. PTFE was utilized as the gasketing material because of its chemical inertness and 

relative lack of compression compared to silicone/rubber. This prevents the gasket from 

expanding into the GDL when the cell is tightened. Furthermore, the gasketing is made 

slightly thinner than the GDL, allowing the GDL to seal the catholyte chamber. Six 

holes were placed around the edge of the cell for insulating bolt sleeves. These are 

critical for aligning all cell components during assembly. The cell is then tightened using 

bolts nested within the sleeves. The electrodes are connected to a potentiostat using 

copper and titanium shim stock for the cathode and anode, respectively. A step-by-step 

assembly procedure for the three-compartment flow cell can be found in Ref. 9.  
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2.2 Operation of Micro-Fluidic Flow Electrolyzer 

2.2.1 Electrode preparation 

The preparation of the catalyst-coated GDL can dramatically effect eCO2R and 

eCOR performance, especially at high reaction rates. Typically, the catalyst is mixed 

into a catalyst ink along with a small amount of a binder to secure the catalyst to the 

GDL. Common binders include PTFE and Nafion ionomer, and catalyst ink solutions 

are usually a mixture of water, alcohols, THF, glycerol, or other organic solvents.10 The 

nature of the catalyst ink solvent may alter the distribution of the ionomer; for example, 

the catalyst ink can have a profound effect on fuel cell performance.11 For a three-

compartment cell, ion-conduction is provided by the liquid electrolyte layer, limiting 

the impact of the binder on catalyst performance. In this work, a catalyst ink containing 

water and isopropanol, along with a Nafion ionomer (~5 wt.%) is typically used.  

The catalyst ink can be deposited onto the GDL via drop-casting, spray-painting, 

or transfer-printing.10 The influence of deposition method on eCO2R to CO was studied 

by Kenis et al., who showed that sprayed cathodes enabled higher CO Faradaic 

efficiency, which was attributed to the evenly coated layer limiting HER on the carbon 

support.12 MicroCT images showed that for hand-painted electrodes, the catalyst was 

unevenly deposited, leaving bare spots on the GDL. However, this can also provide 

some benefit in regard to bubble management, as the product gasses from eCO2R can 

easily pass to the gas side where the GDL is uncovered. As shown in Chapter 4, 

sufficient bubble management is a critical factor in operating eCO2R at high rates. The 

catalyst loading also plays a role, where increasing loading will increase active catalyst 

surface area up to a certain point, after which the catalyst will begin to thick film. This 

can dramatically hinder bubble management, and it is important to monitor bubble 
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management during the electrolysis and adjust the electrode preparation accordingly. In 

this thesis, catalyst loadings of 0.6 ï 1.0 mg/cm2 were utilized along with a dropcasting 

deposition method with the goal of maximizing bubble management.  

2.2.2 Three-electrode vs. two-electrode set-up 

As stated earlier, one advantage of the three-compartment electrolyzer is easy 

incorporation of an external reference electrode. During electrolysis, current is passed 

through the cathode and anode, and their respective overpotentials cannot be gauged 

from the total cell voltage alone. For evaluating electrocatalytic performance, a three-

electrode set-up is typically added to isolate the potential of electrode of interest (the 

cathode for eCO2R). The additional reference electrode consists of a redox pair of 

known potential which is not polarized (i.e. no current is passed), so that its potential is 

constant. Figure 2.4a depicts a schematic of a three-electrode set-up for the three-

compartment flow cell where the reference electrode is held in an external vessel and 

connected to the flow cell via tubing. Typically employed reference electrodes are the 

Ag/AgCl and Hg/HgO, and the referenced potential is usually converted to the 

reversible hydrogen electrode (RHE) scale. For analyzing the voltage of the full cell, a 

two-electrode set-up is used between the cathode and anode.  

Electrolysis experiments can be conducted at either a constant potential 

(chronoamperometry) or constant current (chronopotentiometry), with typical 

potentiostatic curves for each depicted in Figure 2.4b-c. Historically, electrocatalytic 

studies for eCO2R conducted in batch cells have operated at constant potential; however, 

for flow cell experiments, constant current electrolysis is more optimal. When operating 

a high currents, bubble formation can induce substantial noise in the current-voltage 

response. As discussed in the following section, accurate product quantification via on-
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line GC requires a steady production rate which can only be obtained through constant 

current electrolysis. Finally, due to the exponential relationship between current and 

potential, the fluctuations in potential are significantly lower, especially compared to 

the window of electrocatalytic activity being analyzed.  

 

Figure 2.4: (a) Schematic of three-electrode set-up for three-compartment flow cell, 

(b) Typical chronopotentiometry plot (constant applied current), (c) Typical 

chronoamperometry plot (constant applied potential), and (d) Randles equivalent 

circuit between reference and working electrodes 

2.2.3 iR correction 

Figure 2.4d illustrates the electrical circuit equivalent between the reference and 

working electrodes in an electrochemical system, known as Randles circuit.5  This 
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consists of three components: the solution resistance between the reference and working 

electrode (Rsol), the double-layer capacitance of the working electrode (CDL), and the 

charge-transfer resistance (RCT). When applying a potential on the working electrode, a 

potential-drop proportional to Rsol occurs, which is related to the conductivity of the 

electrolyte. This is unrelated to the electrocatalytic activity, and must be accounted for 

through iR correction to compare catalyst performance across different electrolytes 

where the true potential (Eactual) is:   

 Ὁ Ὁ ὮὙ (2.1) 

Note that in this equation, j (current) is negative for cathodic reactions such as eCO2R.  

The solution resistance Rs is commonly measured through two techniques: 

Electrical impedance spectroscopy (EIS), and the current-interrupt technique. EIS is 

more complex and usually requires dedicated instrumentation, while current-interrupt 

can be done on most potentiostats. In eCO2R systems, both techniques provide similar 

results for the solution resistance.13 For the three-compartment cell used in this work, 

the small tubing used acts as a Luggin capillary, limiting the solution resistance despite 

the reference electrode being far from the cathode. Typical solution resistance in 1M 

KOH electrolyte is 0.8 ï1.0 ɋ. Nonetheless, operation at high currents impacts a very 

high iR drop on the system. For example, at 1 A of current in 1M KOH, the iR drop will 

be 800-1000 mV, which is more than the overpotential applied.  Thus, care must be 

taken when performing iR correction at high currents, as small inaccuracies in the 

measured solution resistance can lead to unrealistic current-potential curves.14 

Furthermore, Rs can only be measured either prior to or following electrolysis, and Rs 

can change dramatically during/after electrolysis due to bubble accumulation, leading 

to fluctuations in the measured potential. Since the value of Rs over the course of 
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electrolysis is unknown, the reported potential for iR correction is generally taken as the 

initial stable potential reached in the chronopotentiometry plot, where Rs is the average 

result of several current-interrupt measurements prior to each applied current.  

2.2.4 Cell operation and product quantification 

In the three-compartment electrolyzer, maintaining gas-liquid interface across 

the cathode GDL is critical for stable and efficient operation at high rates. Commercial 

gas diffusion layers are typically designed for use as MEAs in fuel cells, and prolonged 

operation in contact with liquid electrolyte can lead to flooding if the gas-side pressure 

is not carefully set. Flooding is when the electrolyte creeps into the pores of the GDL 

and covers the catalyst, leading to a loss of active catalytic area and increased hydrogen 

production due to CO2 (or CO) being unable to reach the catalyst. To accomplish this, 

a backpressure controller (Cole-Parmer) is placed downstream from the gas outlet. To 

prevent flooding, the gas stream is kept slightly above atmospheric pressure. The 

pressure cannot be too high, or feed gas will begin bubbling through the GDL into the 

liquid stream. To set the optimal pressure, the backpressure is increased at open circuit 

(prior to electrolysis) until gas bubbles begin to form, then decreased slightly. Flooding 

is monitored throughout testing via the transparent end plate, and a fresh cathode is 

installed for each experiment.  

To quantify the gas products, the gas outlet stream is fed through an online GC 

equipped with FID and TCD detectors (SRI Multigas #5). The Faradaic efficiency of 

gas products can then be calculated from:  

 ὊὉ
ᶻ ᶻᶻ

ρzππϷ (2.2) 
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where yi is the mole fraction of species i, zi is the number of electrons,  F is Faradayôs 

constant, N is the molar flow rate, and jtot is the total current. One important 

consideration is that the calculation of Faradaic efficiency is dependent on the gas flow 

rate through the GC. The gas flow rate exiting the reactor can be significantly low than 

the inlet due to a substantial conversion at high rates, as well as CO2 conversion to 

carbonates in alkaline electrolytes. Therefore, the flow rate exiting the reactor must be 

measure for accurate analysis.15 In this work, the exiting flow rate was measured using 

an Agilent ADM1000 flowmeter.  

Liquid products are quantified by collecting the catholyte exiting the electrolyte 

and performing NMR analysis. The catholyte is added to an NMR tube along with some 

internal standard of known concentration, such as DMSO or phenol, and then analyzed 

using 1H proton NMR with water suppression.16 The Faradaic efficiency for liquid 

products is then calculated as: 

 ὊὉϷ  
 ϽϽϽ

 (2.3) 

where Mi is the molarity of species i, V is the volume of catholyte collected, and Q is 

the charge passed during catholyte collection. The catholyte flow rate must be set high 

enough to prevent liquid product crossover through the membrane, but low enough so 

that electrolyte is not forced through the GDL. Typically, a flow rate of 0.1-1 mL/min 

is sufficient.  

2.2.5 Limitations of three-compartment flow cell for eCO2R 

Finally, there are some limitations for the three-compartment flow cell that 

should be noted. This configuration is not ideal for electrocatalytic evaluation at current 

densities less than 10 mA/cm2, because quantifying the trace amounts of products 
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generated becomes challenging. This leads to a low total Faradaic efficiency at low 

potentials, particularly for eCO2R on Cu electrodes where highly volatile acetaldehyde 

is generated.17 Batch cells are better suited for these evaluations because products can 

be concentrated over a long time period. Furthermore, the stability of three-

compartment systems for eCO2R is relatively poor (<100 hours), as the GDL is prone 

to flooding.18,19 This makes it challenging to differentiate performance loss due to 

catalyst behavior or flooding. Custom PTFE-based GDLs can be used to improve 

system stability.19 
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GENERAL TECHNOECONOMIC ANALYSIS OF CARBON DIOXIDE 

ELECTROLYSIS SYSTEMS 

This chapter is adapted from works published in Industrial and Engineering 

Chemistry Research (DOI: 10.1021/acs.iecr.7b03514) and Nature Catalysis (DOI: 

10.1038/s41929-019-0388-2). Permission has been given for the reproduction of text 

and figures for this dissertation. As first author, I developed the techno-economic model 

and performed the analysis for CO2 electrolysis to different products. Dr. Gregory 

Hutchings performed the TEA for the two-step process and developed the life-cycle 

analysis.  

3.1 Introduction  

Despite the significant amount of research that has been performed on eCO2R 

catalysts and electrolyzers, there have been few technical and economic analyses that 

evaluate the potential and feasibility of implementing the CO2 electrolyzer technology 

on a large scale. Previously, Perez-Fortes et al. analyzed the economic and 

environmental potential of CO2 reduction to formic acid using ChemCAD simulations.1 

Li et al. investigated the greenhouse gas emission reductions and economic viability of 

an electrochemical CO2 to CO system coupled with a Fischer-Tropsch process to 

produce synthetic fuels.2 Furthermore, Verma et al. developed a gross-margin model to 

determine and compare the maximum feasible operating voltage for the production of 

various CO2 electrolysis products.3 

Chapter 3 
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Although these various investigations provide useful insights to the economic 

potential of CO2 reduction, there still lacks a capital investment analysis of a general 

CO2 electrolysis system, from which the return on capital investment and time-valued 

net present value (NPV) for the production of the most commonly reported products can 

be determined. Due to the lack of commercially developed analogues for a CO2 

reduction process, a highly detailed analysis is difficult. However, the use of 

engineering approximations and assumptions based on existing technologies allow for 

an insightful analysis to be made.  

Herein, we developed an economic model for a CO2 electrolyzer system that 

calculated the material and energy balances for the process, estimated the capital 

investment and operating costs, and performed a cash flow analysis to determine the 

end-of-life net present value (NPV).4 This allowed for the comparison of various CO2 

reduction products, as well as the sensitivity to the potentially changing 

operating/market conditions. A schematic of the general CO2 reduction system is shown 

in Figure 3.1.  

 

Figure 3.1: Schematic of a general CO2 electrolyzer process including carbon capture 

and product separation 
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In a general eCO2R process, CO2 is first captured from either a point source or 

the air, and purified for use in the CO2 electrolysis system. The concentrated CO2 stream 

is fed along with water to the CO2 electrolyzer system, where liquid and gas products 

are formed. The liquid products that are formed in the electrolyte stream are fed to a 

separation system (distillation) to extract the liquid products, while the electrolyte is 

recycled back to the electrolyzer. Since the single pass accumulation for liquid products 

is typically very small (~0.03%, see Appendix A for calculation),5 the electrolyte can 

be recycled until the liquid products accumulate to an appreciable amount before steady-

state separation begins, after which the exiting electrolyte is continuously distilled. 

Significant accumulation of product in the electrolyte could have a negative impact on 

electrolyzer performance, but was not considered in this analysis. The gas products, 

along with unconverted CO2 and byproduct hydrogen, are separated in a gas separation 

unit, from which the CO2 is recycled back to the reactor. The gas products are then 

compressed for storage and transportation, or fed to another downstream chemical 

process. 

3.2 Modeling of System Components 

3.2.1 CO2 capture 

To provide an estimate for the capital costs of the CO2 capture & purification 

process, various existing technologies were first examined. The CO2 feedstock for the 

electrochemical process can be obtained either from a point source such as a power plant 

or chemical facility, or directly from the atmosphere. The incorporation of CO2 capture 

systems to coal and natural gas power plants is currently an area of intense research. 

The current state-of-the-art involves chemical adsorption using monoethanolamine 
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(MEA) at a cost of $70 USD per ton of CO2 captured.6 This high cost is the main barrier 

for the incorporation of CO2 capture to power plants. Through solvent and process 

design improvements, the cost of capture could be reduced to as much as $44 USD per 

ton CO2.
7 Furthermore, the use of CO2 in an electrochemical conversion to create value 

added products could also increase the economic viability of capture. One concern of 

CO2 capture from point sources is the presence of other combustion products such as 

SOx and NOx compounds. The impact of these compounds on electrolyzer performance 

is not yet understood, but the CO2 stream likely needs to be of high purity for stable and 

efficient conversions.  

Alternatively, the capture of CO2 through direct air capture (DAC) has yet to be 

commercially developed, although a small demo facility by Climeworks in Switzerland 

recently opened. The cost estimates for such a system range anywhere between US$30 

ï US$1000 per ton of CO2.
8,9 One advantage of DAC is the portability of the process, 

which allows for distributed use, which couples well with renewable energy sources. 

Furthermore, the capture of CO2 from air represents a net-reduction in CO2 as opposed 

to avoided emissions since the CO2 is being taken from the atmosphere. For the purposes 

of this analysis, it was assumed that CO2 was obtained at a base price of US$70 per ton.  

3.2.2 Electrochemical cell 

Currently, CO2 electrolyzers exist only at the bench scale. Furthermore, there is 

no standard design for a CO2 electrolyzer cell with several configurations reported to 

date.5,10,11 To provide an estimate for the capital costs of an electrolyzer system, an 

alkaline water electrolyzer stack as a representative model was used. In CO2 electrolysis, 

non-precious metal catalysts can be used to produce all products. Furthermore, the best 

bench-scale CO2 electrolyzers to date utilize alkaline conditions which allows the use 
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of non-precious metals at the anode, making the comparison to  alkaline water 

electrolysis appropriate.5,11 Furthermore, the auxiliary systems and balance of plant for 

a CO2 electrolyzer are likely to be similar. The main difference would be the electrolyzer 

design requiring a direct feed of CO2 to the catalyst surface, which would have a 

minimal cost difference. The design of the reactor between different products would 

also be consistent, with the exception being formate requiring protonation to formic 

acid. This has been demonstrated at the lab scale.11 Therefore, the capital and operating 

costs for the CO2 electrolyzer were based on the DOE Current Central H2A base case 

for an alkaline electrolyzer.12 In this analysis, the uninstalled capital costs attributed to 

the stack component were $250/kW.  

To make the model sensitive to current density, a cost per surface area was also 

determined. This cost was calculated based on the typical operating conditions of 175 

mA/cm2 and 1.75 V for the Norsk Hydro HPE Atmospheric Type No. 5040 alkaline 

electrolyzer on which the base case was derived from, corresponding to an installed cost 

of $920/m2. An installation factor of 1.2 was used for the capital investment. 

Furthermore, it was assumed that maintenance costs were 2.5% of the capital investment 

per year. These costs included replenishing the catalysts and electrolytes used in the 

system. The balance of plant (BoP) costs were assumed to be 35% of the total cost of 

the electrolyzer system, and these values were derived from the H2A model.12 The 

electricity usage for the electrolyzer subsystem was calculated based on the Faradaic 

mass balances across the electrolyzer.  

3.2.3 Product separation 

For gas product separation, pressure swing adsorption (PSA) is an industrially 

used process with low operating costs, high efficiency, and limited footprint.13 For CO2 
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electrolysis, the reactor exit gas consists of unconverted CO2 and gas products, as well 

as some hydrogen. A similar separation is the upgrading of biogas, which consists of 

roughly equal amounts of methane and CO2. Industrial reports have been developed 

regarding the costs of biogas upgrading with PSA and allowed for an estimation of the 

separation costs for CO2 electrolysis gas product separation based on commercial 

systems.14,15 Based on these studies, a reference cost of $1,990,000 per 1000 m3/hr 

capacity was used, with a capacity scaling factor of 0.7 and operating costs consisting 

of only electricity at 0.25 kWh/m3.16 After separation, the gas products need to be 

compressed and stored, unless they are transported to and used immediately in a 

downstream process. Here, this additional cost was neglected.  

 Distillation was used as the separation process for the CO2 reaction liquid 

products, as alcohols are separated by distillation commercially. Formic acid can also 

be separated by distillation, although it is highly energy intensive due to the close 

boiling points of water and formic acid. Furthermore, water was the distillate product 

leading to a high heat duty needed for the column. Alternatively, BASF utilizes a liquid-

liquid extraction process to purify formic acid solutions up to 95% by weight.17 

However, to allow for consistent comparison, the separation of formic acid was also 

modeled through distillation. The separation processes were modeled using the RadFrac 

block in Aspen Plus, and capital and utility costs were estimated using the Aspen Plus 

Economic Analyzer. An electrolyte flow rate of 1000 L/min was assumed for the base 

case, with a concentration of 10% product in water. The separation was modeled as a 

single column with the product leaving near the azeotropic concentration. In practice, 

more elaborate methods such as extractive or pressure swing distillation would allow 
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for higher product purity. The capital costs were then scaled with a capacity factor of 

0.7, while the utility costs were scaled linearly.  

3.3 Model Assumptions 

3.3.1 Base model assumptions 

To perform a comparison of the various CO2 reduction products, several process 

assumptions were made. We considered two sets of parameters: a base case based on 

current feedstock prices and electrolyzer performance, and an optimistic case that 

considered what these values may be in the future. These assumptions are summarized 

in Table 3.1. 

Table 3.1: Process assumptions for CO2 electrolyzer model 

Parameter Base Case Optimistic Case 

Production Rate (ton/day) 100 100 

Lifetime (years) 20 20 

Operating time (days/year) 350 350 

Electricity Price ($/kWh) 0.05 0.03 

Current Density (mA/cm2) 200 300 

Cell Voltage (V) 2.3 2 

Product Selectivity (%) 90 90 

Conversion (%) 50 50 

CO2 Price ($/ton) 70 40 

Interest Rate (%) 10 10 

Electrolyzer Cost ($/m2) 1840 920 

 

For both cases, a product production rate of 100 tons/day was chosen to allow 

for large scale chemical production, for which the capital costs were more favorable and 

differences between products were more discernable, while keeping the electrolyzer 
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system power requirements within the range of the largest commercial systems (~100 

MW). It was assumed that the system would require 2 weeks of downtime each year for 

maintenance over a 20-year lifetime. The base case electricity price of 0.05 $/kWh was 

consistent with the cheapest industrial electricity rates currently available.  As 

renewable energy sources such as solar and wind continue to become cheaper, the price 

of electricity could be as low as 0.02 $/kWh.18 An optimistic case value of 0.03 $/kWh 

was chosen as this could be reached as soon as 2030.19 The electrolyzer total current 

density of 200 mA/cm2 has been demonstrated in numerous laboratory reactors at 

roughly 2.3 V.5 For the optimistic case, a current density of 300 mA/cm2 was assumed 

at cell voltage of 2 V, which fell within the range of commercial water electrolyzers. As 

shown in Chapter 1, Faradaic efficiencies of 90% have been demonstrated for numerous 

CO2 reduction products such as CO, formic acid, and methanol, and were assumed for 

these cases. A baseline reactor conversion of 50% was chosen for the analysis, with the 

assumption that high selectivity can be reached at this conversion. It must be noted that 

CO2 conversion is not often reported in the literature because most of studies are 

performed in either a batch cell or single-pass flow cell with conversions less than 10%, 

although higher conversions near 35% have been shown.11,20 A better electrolyzer 

design could potentially boost the CO2 conversion to well over 50%. A low conversion 

results in a more challenging product separation due to the unreacted CO2 in the reactor 

effluent that needs to be recycled.   

3.3.2 Financial model assumptions 

To estimate the return on capital investment for the development of a CO2 

electrolysis facility, a cash flow spreadsheet was developed to estimate the yearly 

revenue and present value of the plant over the project lifetime. It was assumed that 
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construction of the facility was completed in the first year, with product production 

beginning in the second year. The working capital was assumed to be 5% of the capital 

investment. A Modified Accelerated Cost Recovery System (MACRS) 10-year 

depreciation schedule was used with a 20% salvage value at the end of plant life. A base 

case nominal interest rate (NIR) of 10%, compounded annually, and a total effective 

income tax rate of 38.9% were assumed. These financial assumptions were consistent 

with those in the DOEôs H2A analysis for water electrolysis.12 The yearly profit was 

calculated as the income from selling product minus the yearly operating costs of the 

plant. The cost of sales, cost of labor, and inflation were not accounted for in the 

financial model. From this model, the net present value of the facility at the end of life 

was calculated. 

3.4 Techno-Economic Assessment of Direct eCO2R to Various Products 

 

The net present value for the main products using the base case and optimistic 

case assumptions are shown in Figure 3.2. Methane and syngas are not shown because 

their current market values are so low that profitability impossible regardless of process 

performance. The Xôs indicate that the production was not even profitable on a yearly 

basis, so the end-of-life NPV would be highly negative. 
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Figure 3.2: End-of-life NPV values for the production of various chemicals through 

eCO2R under base and optimistic conditions. Xôs indicate that the yearly net income 

was negative, so NPV was not calculated. 

At the base case conditions, CO and formic acid were the only profitable 

products for the CO2 electrolysis system, whereas the other products other than n-

propanol were not even profitable on a yearly basis. This is because CO and formic acid 

have the highest product value per electron. Even at a modest electricity cost of 

$0.05/kWh, the amount of electricity needed to produce hydrocarbons and alcohols 

outweighed the values of the chemical products. However, these products became much 

more favorable under the optimistic case assumptions. The production of n-propanol 

was the most favorable product, with methanol being the only product with a negative 

NPV. Based on CO2 reduction studies in the literature, selectively obtaining n-propanol 

as the sole product is likely to be a major challenge, as the selectivity towards n-propanol 
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is still quite low. Still, a mixture of these liquid C2-C3 alcohols would be economical 

since ethanol was also favorable under the optimistic case.  

 

Figure 3.3: (a) Capital and (b) operating costs for various products under optimistic 

case assumptions. 

To give a relative sense of the various costs of the process, the breakdown of 

capital and operating costs for each product under optimistic case assumptions are 

shown in Figure 3.3. Of all products, ethylene had the highest capital and operating costs 

due to the large amount of current (electricity) needed per kg of product. These high 

costs, along with a large CO2 feedstock requirement, contributed to the low profitability 

of ethylene relative to other products. In contrast, formic acid and CO benefited from a 

small power requirement, which reduced the cost of electricity and electrolyzer size. For 

formic acid, much of the cost was associated with the challenging distillation process. 

As stated earlier, there are industrial processes that may be more cost effective than 

distillation, which could further improve the profitability of formic acid. For example, 

a 50% reduction in the operating and capital costs for formic acid separation gave an 

NPV of $88.8 million. It must be noted, that while the distillation and PSA systems had 
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similar capital investment requirements, the PSA systems had a much lower operating 

cost. Although this cheaper separation was an advantage for gaseous products, they will 

likely require additional compression for transportation/storage, which could increase 

costs significantly.  

Table 3.2: Range of values for sensitivity analysis 

Sensitivity Parameters Better Base Worse 

Electric Price ($/kWh) 0.02 0.03 0.04 

Selling Price ($/kg) +15% Base -15% 

Selectivity (%) 80 90 100 

Voltage (V) 1.7 2 2.3 

Electrolyzer Cost ($/m2) 460 920 1840 

CO2 Cost ($/ton) 0 40 70 

Current Density (mA/cm2) 500 300 100 

Conversion (%) 70 50 30 

 

To understand the sensitivity of the process profitability to different parameters, 

a sensitivity analysis was performed. The range of values considered for each parameter 

is listed in Table 3.2, with the results shown in Figure 3.4.  For all products, a deviation 

in selling price of 15% had a significant impact on the end-of-life NPV of the process. 

Over a 20-year period, the product price could fluctuate significantly due to changes in 

market demand and development of new technologies. Therefore, the production of 

products such as CO, n-propanol, and formic acid are advantageous since they remained 

profitable even if the product selling price dropped significantly. For all products other 

than CO and formic acid, electricity was the major operating cost, resulting in a strong 

economic dependence on the price of electricity. Even a change of just $0.01/kWh 

resulted in a NPV difference of nearly $40 million for n-propanol production. Therefore, 
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it is critical for the CO2 electrolyzer to have a steady supply of cheap electricity if 

hydrocarbons and alcohols are produced, which could be obtained through renewable 

sources in the near future.18 

 

Figure 3.4: Sensitivity analysis of end-of-life NPV for CO2 reduction products: (a) n-

propanol, (b) carbon monoxide, (c) ethylene, and (d) formic acid. 

In terms of electrolyzer performance, selectivity and voltage were the most 

important parameters for higher electron products such as alcohols and ethylene. A 

higher selectivity reduced the total current needed because less electricity was wasted 

on hydrogen generation. This led to a lower power requirement and subsequently a 

lower electricity operating cost. Less hydrogen also reduced the separation requirement 
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for recycling the CO2, which was a significant cost even for liquid products. Also, a 

decrease in total current reduced the total electrolyzer area, resulting in a lower 

electrolyzer capital cost.  Reducing the cell voltage (overpotentials) lowered the overall 

power requirement, which significantly impacted products with high electricity 

operating cost fraction. Furthermore, the reactor conversion also impacted the 

economics. A lower reactor conversion resulted in a higher separation cost due to an 

increased amount of unconverted CO2 in the separation/recycle loop, and this 

consequentially increased the size/capital cost of the PSA system. However, in the case 

of low conversion and high selectivity towards liquid products, the gas stream exiting 

the reactor consisted almost entirely of CO2 with some residual hydrogen. Thus, 

multiple passes were made before separation, as a small dilution of the CO2 feedstock 

did not significantly influence reactor performance.  

Interestingly, the current density was the least important parameter of 

electrolyzer performance once above a certain threshold. This was due to the inverse 

square relationship between the electrolyzer capital cost and current density. Thus, for 

products that required large amounts of electricity, increasing the current density to at 

least 250-300 mA/cm2 was critical. In the case of ethanol, a decrease in current density 

to 100 mA/cm2 resulted in a NPV decrease of $25.7 million, while an increase to 500 

mA/cm2 only gave an extra $5.1 million (Figure A.1). After a certain threshold, the 

capital costs of the electrolyzer, which were directly influenced by current density, 

became insignificant to the other costs. Stemming from these calculations, since the cell 

voltage was a significant cost due to the extra power requirement, the CO2 electrolyzer 

should operate at as low of a voltage possible while still maintaining an appreciable 

current density. 
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3.5 Techno-Economic Assessment of Two-Step eCO2R Process 

In Chapter 1, a two-step eCO2R process decoupled through the CO intermediate 

was proposed which allows for C2+ production in alkaline conditions. As will be shown 

in Chapter 5, acetate is a major C2+ product for eCOR at high current densities, along 

with ethylene. To illustrate the market potential of high-volume product production 

from a two-step process beginning with captured CO2, we have adapted the TEA above 

for both acetic acid and ethylene targeted production. A useful metric to assess viability 

is to calculate the required sale price (RSP) at which the end-of-life net present value of 

a full -scale, 100 metric ton/day plant would be exactly $0. The results are given in 

Figure 3.5, which shows the RSPs as a function of electricity price and the total cell 

potential.  

The analysis in Figure 3.5a-b is adapted from the techno-economic analysis 

detailed in Sections 3.2 and 3.3 for direct CO2R, which has been extended to include 

COR and acetic acid (see Appendix A for details). At a reasonable total operating 

voltage of 2 V (cathodic overpotential of 0.651 V for acetic acid and 0.541 V for 

ethylene, assuming an additional 0.4 V for the total impact of both anodic and membrane 

overpotentials), the RSP of acetic acid becomes competitive at electricity prices below 

5.0 ¢/kWh and undercuts the range below 2.7 ¢/kWh. Ethylene production under the 

same conditions enters the market price range at electricity prices below 3.3 ¢/kWh and 

falls below the range at 1.8 ¢/kWh. The US national average electricity price for 2018 

was 6.9 ¢/kWh and as low as 4.6 ¢/kWh, indicating that acetic acid may be immediately 

profitable without substantial further technical improvements to the core 

electrochemical devices, though short-term ethylene production would require plant 

construction in regions with ample lower-cost electricity. An important note is that this 

analysis neglects any future policy-driven incentives for carbon utilization, which would 
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make this two-step process profitable much sooner without waiting for fair market 

electricity prices to drop. The practical cell voltage for mature devices is not yet clear 

but is unlikely to exceed 2.5 V; this minimizes both incidental production of CH4 which 

occurs at large cathodic overpotentials (maintaining ethylene as the sole hydrocarbon 

product) and cooling requirements for handling accumulation of low-grade heat. 

The heavier dependence of ethylene RSP on electricity prices is unsurprising 

given that COR to ethylene is an 8e- process compared to 4e- for acetic acid (starting 

from CO), but this dependence also leads to a much faster decrease in ethylene RSP as 

the electricity price drops below the 3 ¢/kWh target under both operating scenarios. Co-

production of both ethylene and acetic acid together balances the costs and leads to a 

much wider range of profitable scenarios. Producing a mixture such as this is likely to 

occur based on the current state of research on Cu catalysts; discovery of newer, more 

selective catalysts could improve the prospects for high selectivity. Additionally, acetic 

acid production directly in alkaline electrolytes would be in the form of OAc- balanced 

by the alkaline cation and requiring some form of cyclical ion exchange to generate the 

end products. This motivates efforts to operate the COR cell at closer to neutral 

conditions which would minimize this separation cost, making this a high-value 

development target going forward. 
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Figure 3.5: (a) and (b), TEA for a COR device producing a, acetic acid or b, ethylene in 

a complete two-step conversion from CO2 feedstock, showing the dependence of the 

required sale price (RSP) of each product (end-of-life NPV = $0 with 20% rate of return) 

on the electricity price and cell voltage. The solid white contours show the approximate 

range of current market prices.21,22 The dark red area in b denotes RSP greater than 

double the maximum of the market price range. 

A critical result of this analysis is that it points to a wide range of practical 

scenarios for implementing high-rate COR as a commercial two-step process from CO2, 

indicating that this technology should no longer be thought of as simply a way to probe 

the CO2R mechanism and should instead be developed as its own process. As shown in 

Chapter 5, acetate production is most effective at high current densities and high surface 

pH. These practical characteristics parallel those used to justify calls for study of CO2R 

at high rates,23 and along with the promise of commercial practicality we strongly 

suggest that COR development efforts shift towards cell designs which allow for high-

rate, flow-type operation. 
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3.6 Cradle-to-Gate L ife Cycle Assessment of Two-Step eCO2R 

The primary motivation of CO2 utilization is to reduce total life cycle emissions 

of greenhouse gases by switching to new technologies when can harness emissions from 

other sectors. It is critical that these new technologies have lower emissions footprints 

than existing technologies, which requires a comprehensive inventory for fair 

comparison. To model emissions appropriately for COR as a production method for 

both acetic acid and ethylene, we have conducted a complete cradle-to-gate life cycle 

assessment (LCA) for the cradle-to-gate CO2 equivalent emissions (in kgCO2eq) of the 

two-step CO2 conversion through sequential CO2R and COR from CO2. The total 

emissions have been assessed as a function of overall cell potential of both the CO2R 

and COR devices and the percentage of renewable onshore wind power utilized instead 

of the current electric grid mix. The LCA totals include contributions of electricity to 

drive the electrolyzer, distillation or PSA powered by electricity, and upstream 

emissions leading to the CO2 source. The overall results are shown in Figure 3.6a-b. 
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Figure 3.6: Cradle-to-gate CO2 emissions from LCA and the local carbon balance 

(LCB) for two-step CO2 utilization through COR producing (a) acetic acid or (b) 

ethylene. Emissions are calculated using IPCC 100-year global warming potentials for 

all contributing gases. Results are presented as a function of total cell voltage (both 

CO2R and COR) and percentage of onshore wind power electricity instead of the current 

US grid mix. Both models include upstream emissions from energy sources and material 

processing. Total emissions for established production of acetic acid from methanol 

carbonylation and ethylene from steam cracking are indicated by dashed lines. 

In this analysis, each unit operation was modeled as a separate process in the 

openLCA software package using Intergovernmental Panel on Climate Change (IPCC) 

100-year global warming potential impact methods (version 1.9.0, https://openlca.org). 

Mass and energy inventories for CO2R and COR follow the model employed in the TEA 

section. The US National Renewable Energy Laboratory (NREL) life cycle inventory 

database was used as the primary data source for upstream emissions and basis for state-

of-the-art methanol carbonylation to acetic acid and steam cracking to ethylene.24 As 

connectivity within this database often involves processes with multiple product 

outputs, physical allocation has been employed to limit the final product systems to a 

single product output (scaled to 1 kg of acetic acid or ethylene). Supplementary power 

a b
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grid emissions data was added from a separate IPCC life cycle accounting25, reflecting 

more recent worldwide electricity generation trends and including albedo effects.  

While it is common to label CO2 utilization technologies carbon-negative by 

simply treating captured CO2 as a negative emission, the ideal method in evaluating new 

technologies is a complete cradle-to-gate LCA where all upstream emissions are 

considered and CO2 is an internal product stream between the direct emission source 

and the point of capture (labeled Cradle-to-gate LCA in 3.6a-b). This method allows for 

direct comparison with fossil-derived product systems by considering identical system 

boundaries. In this case, we consider a best-case scenario where CO2 is derived from 

natural gas processing, which produces a nearly pure CO2 output stream with effectively 

no energy cost for capture (0.0391 kg CO2 per scm natural gas). Upstream capture 

emissions in this case are allocated as 0.232 kgCO2eq/kg acetic acid and 0.496 

kgCO2eq/kg ethylene in terms of the final contribution to downstream products, which 

are then net positive. The use of nearly pure CO2 is critical because contaminants such 

as SOx can have detrimental effects to catalytic performance, especially on copper.26 

The investigation of other impurities such as NOx and O2 on COR performance is still 

needed.  

If the CO2 feedstock was instead treated as a negative emission in the system 

balance, then the 1.47 kg CO2/kg acetic acid and 3.14 kg CO2/kg ethylene used as 

feedstock could simply be deducted from the combined electrolyzer and separation 

emissions. We refer to this as the local carbon balance and also report results for this 

method in Figure 3.6a-b. This form of carbon accounting neglects following the 

complete life cycle of CO2 from the point of emission from a fossil or non-fossil source, 

but the argument may be made that direct-air carbon capture treats CO2 as a natural 
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resource agnostic of the actual source. Such values may be used to cross-compare with 

other studies which ignore total life cycle emissions for CO2 inputs or count mid-stream 

consumption as a negative emission. 

The direct comparison in Figure 3.6a-b ultimately reveals that renewable energy 

utilization above 90% allows both acetic acid and ethylene two-step production to emit 

less than competing technologies in the complete LCA, and rapidly scales to less than 

1 kgCO2eq/kg product for even the least-efficient ethylene production scenario at near 

100% wind power. In the local carbon balance, negative emissions begin around 80% 

wind power utilization and likewise continue to improve with more renewable power in 

the mix. Consequently, short-term implementation of this two-step electrolysis should 

be co-located with renewable electricity generation, where the low start-up times also 

raise the prospect of using chemical production as a load balancing mechanism. Using 

cheap energy in bursts may be practical when the current density can pass a certain 

threshold (Figure A.2) and focusing improvements on increasing current density has the 

added effect of reducing overall capital costs for the electrolyzer. However, further 

investigation of catalyst stability under highly variable current load is needed. 

3.7 Conclusions 

 

The generalized techno-economic model for eCO2R presented in this work 

provides insight into the feasibility of various common CO2 reduction products for 

large-scale chemical production. We found that current density is the least important 

electrolyzer parameter after a certain threshold (~400 mA) is reached, while selectivity 

and overpotential are critical, especially for high-electron products. Simple products 

such as CO and formic acid were more profitable under current economic conditions 
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and performance based on the current state-of-the-art electrocatalysts, although only 

lab-scale electrolyzer systems have been demonstrated. However, the small market 

potential for formic acid and pure CO motivates the multi-carbon products such as 

ethylene, alcohols, and acetic acid, which could be profitable under more favorable 

economic conditions in the future and have a much higher market potential. For higher-

order alcohols to become profitable, cheaper electricity costs and improved catalytic 

performance are needed. For a two-step eCO2R to ethylene process with electricity at 

$0.03/kWh, cell operating voltages at 300 mA/cm2 and 90% FE must be <2.4V; acetic 

acid production can tolerate higher cell voltages and remain economical. Finally, a 

Cradle-to-gate life cycle analysis found acetic acid and ethylene production from eCO2R 

can reduce emissions relative to conventional process if a highly renewable electricity 

source is available.  
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A HIGHLY POROUS COPPER CATALYST FOR CARBON DIOXIDE 

REDUCTION  

In this Chapter, I present the development of a nanoporous copper catalyst, 

which when implemented into a three-compartment flow cell enables high-rate C2+ 

production from eCO2R. The porosity of the catalyst provides excellent bubble 

management at the gas/electrolyte interface. We test this catalyst in several electrolytes 

and show that alkaline conditions are optimal for C2+ product formation, even when 

accounting for variations in surface pH through transport modeling. This chapter is 

reproduced with permission from a publication in Advanced Materials (DOI: 

10.1002/adma.201803111). As co-first author, I developed the flow cell electrolyzer 

set-up, aided in evaluating electrocatalytic performance, and performed the surface pH 

calculations. My co-first author Jingjing Lv synthesized the copper catalyst and 

performed electrochemical testing. Dr. Wesley Luc and Dr. Wenlei Zhu helped with 

catalyst characterization.  

4.1 Introduction  

Current commodity chemicals are largely based on fossil fuel derived carbon 

sources such as coal and crude oil. Using carbon dioxide (CO2) as an alternative carbon 

feedstock is an attractive approach toward tackling CO2 emissions in the chemical 

industry because it can drastically reduce or even result in negative carbon footprint,1-4 

whereas traditional chemical processes such as steam methane reforming and coal 

gasification are carbon intensive. CO2 reduction can be performed through biological, 

Chapter 4 
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thermochemical, photochemical, and electrochemical means, each of which has been 

widely studied.3,5,6 Among all potential approaches, electrochemical conversion of CO2 

has attracted much attention because this technology has several advantages over other 

competitive technologies, including fine control of production rates, wide scalability of 

modular electrolyzer designs, and the potential to produce a variety of high-value 

products.7-9 More importantly, this technology can be readily powered by carbon-free 

energy sources such as wind, solar, and nuclear, providing a zero-CO2 emission (or even 

negative) pathway for commodity chemical production. A recent scientific study on 

photovoltaic (PV) clearly showed a decrease of PV electricity price over time with a 

projected PV electricity price as low as $0.03 per kWh in the near future.10 A similar 

trend also holds for wind energy with an electricity price already being ~$0.02 per 

kWh.11 Thus, the low electricity price makes electrochemically driven CO2 utilization 

technologies potentially profitable for commercial applications.12 

Recent studies in electrocatalytic CO2 reduction have been primarily focused on 

high-value multi-carbon (C2+) products, such as ethylene, ethanol, and n-propanol.13-16 

Among all the catalysts, copper (Cu) is the most widely studied CO2 reduction catalyst 

with a relatively high C2+ selectivity.17-21 Therefore, many efforts have been devoted to 

exploring nanostructured Cu catalysts such as nanoparticles,14,22,23 nanofoam,24,25 

nanowires,26,27 and nanopores28 to further elucidate the structure-property correlation 

for CO2 reduction over Cu catalysts. However, most of these investigations are typically 

performed in batch cell configurations which have some technical limitations. For 

example, the low solubility of CO2 in electrolyte (usually an aqueous solution) greatly 

limits the maximum CO2 reduction current density to ~40 mA/cm2, making it difficult 

to examine catalytic behavior at more practical current densities (>200 mA/cm2).29,30 In 
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addition, because batch-cell type studies often utilize CO2 saturated electrolytes, it is 

not possible to use alkaline electrolytes because hydroxide ions strongly react with 

dissolved CO2 to form carbonates. In order to overcome these challenges associated 

with batch-cell type configurations, a flow cell configuration can be utilized,31 which 

has been recently demonstrated for silver catalyzed CO2 reduction to CO.32,33 Despite 

these efforts, there is currently no systematic flow cell study on how nanostructuring 

and electrolyte can affect CO2 reduction properties of Cu catalysts, especially in alkaline 

electrolytes.  

In this work, we synthesized a nanoporous Cu catalyst with a pore size of 100-

200 nm and examined its catalytic properties for CO2 reduction in a microfluidic 

electrolysis cell. At an applied potential of -0.67 V vs. reversible hydrogen electrode 

(RHE), the catalyst exhibited a total Faradaic efficiency (FE) of 79% for CO2 reduction 

products at a current density of 653 mA/cm2. A FE of 62% for C2+ products was 

achieved together with a C2+ partial current density exceeding 400 mA/cm2, which is 

among the highest C2+ partial current densities that have ever been obtained in CO2 

electrolysis. Moreover, a variety of electrolytes (KOH, KHCO3, KCl, and K2SO4) were 

also investigated, and the results demonstrated that CO2 reduction in alkaline electrolyte 

(i.e., KOH) exhibited the highest C2+ FE. In the case of non-buffering electrolytes, the 

significant change in bulk pH due to the generation of hydroxide ions during high-rate 

electrolysis illustrates the uncertainty of the actual pH at the electrode-electrolyte 

interface during operating conditions and demonstrates the challenges associated with 

using the reversible hydrogen electrode (RHE) scale. We also emphasize the need for 

further modeling of the complex triple-phase boundary at the electrode-electrolyte 

interface for a CO2 flow cell electrolyzer. 
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4.2 Methods  

4.2.1 Synthesis of nanoporous copper 

All chemicals were of analytical grade and used as received without further 

purification unless otherwise noted. The nanoporous copper was fabricated through the 

annealing of Cu(OH)2 nanorods and the electrochemical reduction of nanoporous CuO. 

Firstly, Cu(OH)2 nanorods were prepared by following a literature method.34 Typically, 

1g of Cu(NO3)2 was first dissolved in 100 ml distilled water. Then, 30 mL NH3ȚH2O 

(0.15 M) solution was added to the Cu(NO3)2 solution under constant stirring at room 

temperature. A blue precipitate of Cu(OH)2 was produced when dropwise added 10 mL 

of NaOH (1 M) solution (ca. 2 mL/min) to the above solution to adjust the pH value to 

9-10. After 30 min, the blue Cu(OH)2 precipitate was filtered, and washed several times 

to obtain a solid product which was dried in a vacuum oven overnight. Secondly, the 

nanoporous CuO was prepared by annealing the Cu(OH)2 nanorods in the static air 

atmosphere at 500 oC for 2 h with a heating rate of 32 oC minï1. At last, the nanoporous 

copper was obtained by electrochemical reduction of nanoporous CuO on GDL at a 

constant current density of 10 mA cm-2 in the flow cell prior to electrochemical CO2 

reduction. 

4.2.2 Materials characterization 

The morphology and microstructure were characterized by field emission 

scanning electron microscopy (SEM, Auriga, 1.5 kV), transmission electron microscopy 

(TEM), and high resolution TEM (HRTEM) using a JEM-3010 TEM operating at 200 

kV. The SEM images were taken directly by coating the sample on gas diffusion layer 

(GDL, Fuel Cell Store). The TEM sample was acquired by scrapeing off from the 

nanoporous copper coated GDL. Powder X-ray diffraction (XRD) measurements were 
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conducted on a D8 ADVANCE X-ray diffractometer (Bruker Corporation, America). 

To analyze the composition near the surface of the nanoporous Cu catalyst, the 

commercial CuO powder (98%, Sigma-Aldrich) and Cu foil (99.999%, Alfa-Aesar) 

were measured as control materials. A Thermo Scientific K-Alpha X-ray Photoelectron 

Spectrometer (XPS) System was used and XPS fitting was conducted by CasaXPS 

software with the adventitious carbon peak being calibrated to 284.8 eV. All peaks were 

fitted using a Gaussian/Lorentzian product line shape and a Shirley background. 

4.2.3 Flow cell electrolysis  

Electrochemical measurements were conducted with an Autolab potentiostat 

(PG128N) in a three electrode configuration. In this study, the carbon paper with a 

microporous layer (Sigracet 29 BC, Fuel Cell Store) was used as the gas diffusion layer 

for supporting catalyst, collecting current and acting as a pathway for gas from flow 

channels to the catalyst surface. The IrO2 coated GDL (loading: 0.5 mg cm-2) was used 

as the counter electrode and Ag/AgCl (saturated KCl) as the reference electrode. The 

nanoporous Cu coated GDL was applied as the working electrode, which was prepared 

by hand-painting the ink of nanoporous Cu as in previously reported work.35,36 We 

weighed the GDL before and after deposition to record its actual  catalyst loading. To 

prepare the catalyst ink, 25 mg of catalyst was ultrasonically dispersed in the mixture 

of 3 mL of n-propanol, 500 ɛL of CNT solution (5 mg multi-walled CNT (ι 98%, 

Sigma-aldrich) dispersed in 5 mL THF) and 20 ɛL of  Nafion (10 wt% aqueous solution, 

Fuel Cell Store). The MWCNTs were used to facilitate oxide reduction and did not 

contribute to the electrocatalysis (Figure B.1). Then, the mixture was sonicated for 30 

min.  
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CO2 electrolysis were performed in a three-channel flow cell as described in 

Chapter 2. The electrode area was 1 cm2 and the electrode to membrane distance was 

1.5 mm.  An external Ag/AgCl reference electrode (Pine Research) located ~5 cm from 

the cathode was used to measure the cathodic half-cell potential. All potential 

measurements were converted to the RHE based on the following formula ERHE = 

EAg/AgCl + EɗAg/AgCl + 0.059 × pH (in volts). The pH values of bulk electrolyte after 

electrolysis were used for RHE conversions unless stated otherwise. The gas flow rate 

into the flow cell was set as 10 sccm via a mass flow controller (Brooks GF40). The 

catholyte flow rates were controlled via a peristaltic pump (Cole Parmer), with the 

catholyte flow rate ranging from 0.1-1 mL/min depending on the current density (lower 

flow rates were used at lower current densities to allow for sufficient accumulation of 

liquid products). The anolyte flow rate was 2 mL/min. An anion exchange membrane 

(FAA-3, Fumatech) was used in KOH and KHCO3 electrolyte, and a proton exchange 

membrane (Nafion, Fumatech) was used in KCl and K2SO4 electrolyte. The 

backpressure of the gas in the flow cell was tuned to atmospheric pressure by adding 

vacuum as controlled by a backpressure controller (Cole-Parmer). Each reported data 

point reflects the mean of at least 3 measurements, where the error bars are the standard 

deviation.  

Gas products were quantified on a Multigas #5 GC (SRI Instruments) equipped 

with a Hayesep D and Molsieve 5A columns connected to a thermal conductivity 

detector (TCD) and a Hayesep D column connected to a flame ionization detector (FID). 

Hydrogen was quantified using TCD, while ethylene, carbon monoxide (for CO2 

electrolysis), and methane were detected on both FID and TCD. The low concentration 
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of ethylene and CO was detected by FID after using a methanizer. The Faradaic 

efficiency for products was calculated using the following equation: 

 ὊὉ Ϸ ρzππ (4.1) 

where n is # of electrons transferred, F is Faradayôs constant, x is mole fraction of 

product, V is the total molar flow rate of gas, and jTot is the total current.   

Liquid products were quantified using a Bruker AVIII 600 MHz NMR 

spectrometer. Typically, 500 µL of collected diluted catholyte was mixed with 100 µL 

of internal standard solution (20 ppm (m/m) dimethyl sulphoxide (Ó99.9%, Alfa Aesar) 

in D2O). The one-dimensional 1H spectrum was measured with water suppression using 

a pre-saturation method. 

4.3 Results  

4.3.1 Synthesis of nanoporous Cu catalyst 

Nanoporous Cu catalyst was synthesized by precipitating a Cu salt in an 

ammonia solution, followed by thermal annealing and in-situ electrochemical reduction. 

In the first precipitation step, interconnected Cu(OH)2 nanorods were synthesized 

(Figure B.2a) to form a fiber-like network (Figure B.2b). The high phase purity of 

Cu(OH)2 was confirmed by powder X-ray diffraction (PXRD) analysis (Figure B.2c). 

The following thermal annealing step transformed the Cu(OH)2 nanorods into porous 

CuO with three-dimensional interconnected pores of 100-200 nm in diameter (Figure 

B.3a-e). The PXRD pattern confirmed the phase purity of monoclinic CuO (Figure 

B.3f). N2 adsorption-desorption measurement showed a Brunauer-Emmett-Teller 

surface area of 7.02 m2/g (Figure B.4). After deposition of the CuO sample onto a gas-

diffusion layer (GDL) and an in-situ reduction treatment, a highly porous network was 
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formed (Figure 4.1a), an essential property that is needed during high-rate CO2 

electrolysis due to the substantial generation of gaseous products at the gas diffusion 

electrode interface.  

The atomic structure of the Cu catalyst was further examined using high 

resolution transmission electron microscopy (HRTEM) and PXRD techniques. The 

typical HRTEM images are shown in Figure 4.1b and Figure B.5 where a polycrystalline 

nature of this catalyst was observed. The image clearly shows both metallic Cu and CuO 

domains, in which the particles were mostly metallic Cu whereas the surface was 

dominated by CuO. Additionally, the lattice fringes corresponding to Cu(111) were 

widely spread out through the sample, indicating the high population of the Cu(111) 

facet.37,38 These observations were in good agreement with the PXRD analysis, where 

diffraction peaks for both metallic Cu and CuO phases were identified (Figure 4.1c). 

For the peaks corresponding to the Cu phase, the Cu(111) peak was much higher than 

the Cu(200) peak, suggesting the predominant Cu(111) facet in the sample.39,40 The 

oxidation state of Cu on the catalyst surface was also analyzed using X-ray 

photoelectron spectroscopy (XPS) technique. 
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Figure 4.1: Characterization of nanoporous Cu catalyst. (a) A typical scanning electron 

microscopy image, (b) a typical HRTEM image (red dash line indicates the rough 

particle surface), (c) PXRD patterns (standards were also shown for comparison), and 

(d) XPS spectra (CuO and Cu standards were added for comparison 

The XPS results (Figure 4.1d) showed a surface consisting of mostly metallic Cu with 

the presence of Cu2+. It is important to note that because nano-sized Cu can be readily 

oxidized by O2, it is possible that the observed CuO phase was formed during sample 

handling in air following in-situ reduction. Future studies using surface sensitive 
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operando techniques are required to determine the true surface nature of catalyst under 

reaction conditions. 

4.3.2 Evaluation of electrocatalytic properties  

The as-synthesized nanoporous Cu catalyst was investigated in a microfluidic 

flow cell electrolyzer, which composed of two compartments for liquid electrolytes 

(catholyte and anolyte) and one gas compartment for CO2 delivery and gas product 

collection (Figure 4.2a). This configuration allowed for CO2 to be abundantly fed to the 

catalyst surface at the complex triple-phase boundary of the electrode-electrolyte 

interface which allowed for the investigation of CO2 electrolysis at high current 

densities. However, one major challenge is managing the transport of gaseous products 

through the gas diffusion electrode during high-rates of electrolysis to prevent bubble 

accumulation that would otherwise block catalytic sites. Therefore, maintaining a 

degree of porosity in the gas diffusion electrode is critical for allowing gaseous products 

to rapidly exit the reactor while achieving high current densities.41 The porosity of the 

electrode is demonstrated by the cross-sectional SEM image shown in Figure 4.2b. As 

such, we investigated the loading effect of nanoporous copper by conducting CO2 

electrolysis under a constant current density (200 mA/cm2) with different catalyst 

loadings and the results are summarized in Figure 4.2c. An optimum C2+ Faradaic 

efficiency was observed with a catalyst loading of 0.6 mg/cm2.  Furthermore, for a 

catalyst loading of 1.0 mg/cm2, the current profile was unstable due to insufficient 

porosity causing gaseous product bubbles to accumulate and block catalytic sites 

(Figure B.6). Therefore, we chose the 0.6 mg/cm2 catalyst loading for the rest of 

investigations.  
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Figure 4.2: (a) A diagram of the microfluidic electrolyzer with a zoomed-in schematic 

of the electrode-electrolyte interface illustrating how a highly porous structure 

facilitates bubble management, (b) a cross-sectional SEM image of the nanoporous 

copper catalyst on GDL, and (c) the influence of catalyst loading on the applied potential 

and Faradaic efficiency at a constant current density of 200 mA/cm2. 

At a catalyst loading of 0.6 mg/cm2, stable current profiles are evident at a wide 

range of potentials (Figure 4.3a). The highest current density (656 mA/cm2) was 

achieved at an applied potential of -0.66 V vs. RHE (all the voltages are on the RHE 

scale unless stated otherwise). Figure 4.3b shows the correlation between C2+ Faradaic 

efficiency, C2+ partial current density, and applied potential, in which C2+ production 

through C-C coupling reaction is clearly favored at high overpotentials. At -0.67 V, we 

have successfully obtained a C2+ FE of 62% with a C2+ current density of 411 mA/cm2. 
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More importantly, a high CO2 reduction FE of 81.9% was also achieved simultaneously 

with the high current density at -0.65 V. Product analysis showed that the majority of 

CO2 reduction products were ethylene (39.3%), ethanol (16.3%), CO (16.5%), and n-

propanol (5.2%) (Figure 4.3c). A small amount of acetate and formate were also 

produced. At less negative potential (vs. RHE), the ethylene selectivity dropped 

significantly, whereas both CO and H2 selectivities increased considerably. The trend 

suggests that C-C coupling is promoted at high overpotentials through the further 

conversion of surface bound CO, while suppressing hydrogen evolution during CO2 

electrolysis.  

A comparison of the values in this work against literature values is shown in 

Figure B.7 and Table B.1.13,14,24,27,42-48 The nanoporous Cu catalyst performance is 

among the best that has ever been achieved for CO2 electroreduction to C2+ products. 

Attempts to operate the cell at higher overpotentials failed because the current profile 

became highly unstable, which was predominantly caused by electrolyte flooding and 

high-rate gas evolution at cathode. Additionally, the stability of CO2 electrolysis using 

nanoporous Cu catalyst was investigated by conducting a continuous CO2 electrolysis 

under constant-current mode at 200 mA/cm2. The results (Figure B.3d) showed a very 

stable potential profile over 2 hours without any significant voltage change. The product 

distributions were almost identical over the course of 2-hour electrolysis except the first 

20 minutes, which could be due to initial activation (Figure B.8). Both the morphology 

and the composition of the nanoporous Cu electrode were maintained as indicated from 

post-reaction SEM and XPS analysis (Figure B.9). 
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Figure 4.3: (a) Chronoamperometric curves at various potentials for CO2 reduction on 

nanoporous Cu in 1 M KOH electrolyte, (b) C2+ partial current density for electrolysis 

of nanoporous Cu in 1 M KOH electrolyte and (c) corresponding Faradaic efficiencies, 

and (d) the voltage profile and C2+ Faradaic efficiencies at a constant current density 

of 200 mA/cm2. 

4.3.3 Electrolyte and pH effects 

The influence of electrolyte and pH has been previously modeled and studied on 

Cu electrodes in batch-type electrochemical configurations.49-52 However, these studies 

were conducted at relatively low current densities and are unable to utilize alkaline 

electrolytes that have been shown to enhance CO2 reduction on Ag and Au catalysts.32,53 

Herein, we investigated the catalytic properties of nanoporous Cu in four different 
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electrolytes, i.e., KOH, KHCO3, KCl, and K2SO4. To isolate the anion effect, we held 

the K+ concentration constant at 1 M for all the electrolytes. The bulk pH values were 

measured before and after electrolysis at each applied potential and are presented in 

Table B.2. For the KOH and KHCO3 electrolytes, no significant pH changes were 

observed after electrolysis; whereas both KCl and K2SO4 electrolytes showed a 

substantial increase in pH, a change up to 4 pH units at high current densities. This is 

likely due to large quantity of hydroxide (OH-) anions produced at cathode during high-

rate CO2 electrolysis which caused a significant increase in bulk pH for non-buffering 

electrolytes (i.e., KCl and K2SO4). In contrast, a smaller increase in bulk pH was 

observed in 1 M KHCO3 due to its buffering capabilities. In the case of KOH electrolyte, 

the amount of OH- anions generated at cathode was negligible in comparison to the total 

quantity of OH- in the bulk electrolyte.  

The CO2 electrolysis results are presented in Figure 4a-b, where we calculated 

the applied potential at each current density using the pH value of the bulk electrolyte 

after electrolysis (Table B.2). Among all four electrolytes, the performance of KOH 

electrolyte was substantially better than those of other electrolytes in terms of C2+ 

current densities, overpotentials, and C2+ FE (Figure 4.4). A detailed product analysis 

for each electrolyte was are provided in Table B.3. We attempted to operate the 

electrolyzer in KCl and K2SO4 electrolytes at higher overpotentials (i.e., higher current 

densities); however, the electrolyzer experienced high resistance, which quickly 

overloaded the system. The high resistance is likely due to the poor ionic conductivity 

of membrane in KCl and K2SO4 electrolytes. We also studied both anion exchange 

membrane and cation exchange membrane, with neither of them being conductive 

enough for high current densities. Future studies using a suitable membrane or a 
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membrane-less cell is necessary to explore the CO2 electrolysis performances using 

near-neutral pH electrolytes.    

 

Figure 4.4: (a) Total current density and (b) C2+ Faradaic Efficiency for CO2R of 

nanoporous Cu in different electrolyte. Note that the potentials (vs. RHE) were 

estimated using the pH value of electrolyte exiting the flow cell. (c) Calculated surface 

pH vs. current density for different electrolytes and (d) total reduction current density 

vs. potential based on the calculated surface pH 

As evidenced by the significant increase in measured bulk pH, the OH- 
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electrolyte under CO2R conditions.30,49,54,55 Therefore, a better method is needed to 

estimate the applied potentials on the RHE scale that accurately reflects the true pH at 

the electrode-electrolyte interface. At the alkaline triple-phase boundary in the flow cell, 

OH- hydrates CO2 to form carbonates, leading to a complicated transport problem 

involving the diffusion of these reactive species between the CO2/electrolyte interface 

near the catalyst surface and the bulk electrolyte. We estimated the surface pH for each 

electrolyte tested using a transport model similar to that recently demonstrated by Dinh 

et al. (see Appendix B for calculation details).48 The relationship between the applied 

current density and calculated surface pH for each electrolyte tested is shown in Figure 

4.4c. For 1 M KOH, the surface pH is slightly reduced relative to the bulk pH due 

significant carbonate formation near the catalyst surface. In contrast, the surface pH for 

the non-buffering electrolytes (1 M KCl and 0.5 M K2SO4) is significantly higher than 

the bulk pH for all current densities. Furthermore, there is a strong correlation between 

the calculated surface pH and the production of C2+
 products (Figure 4.4b), which is 

consistent with theoretical suggestions that near-surface OH- facilitates C-C coupling 

for CO2R.48,52 

When the applied potential for CO2R is referenced to RHE using the calculated 

surface pH (Figure 4.4d), the overpotential for KCl and K2SO4 became less than that of 

KHCO3. The same set of results were also plotted using the potentials vs. Ag/AgCl for 

comparison (Figure B.11). Interestingly, the trend in activity matches to some degree 

with the trend in electrolyte conductivity with KOH>KCl>K2SO4> KHCO3 (Figure 

B.12). The conductivity may likely have a significant effect on the total current density 

by increasing the active triple-phase boundary area due to a lower resistance between 

thin electrolyte coating within the catalyst layer and the bulk electrolyte.30 
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4.4 Discussion 

As we mentioned previously, operating a microfluidic CO2 electrolyzer at 

current densities higher than 650 mA/cm2 is challenging, which is due to the fact that 

CO2 electrolysis at high rates (i.e., high current densities) produces tremendous amount 

of gaseous products that disturb and interrupt gas and ion diffusion pathways to/away 

from the catalytic sites. As a result, large quantity of liquid electrolyte is forced to the 

gas compartment causing significant flooding and internal resistance fluctuation. 

Although we have successfully achieved a stable operation at 200 mA/cm2 for more 

than 2 hours, it is considerably difficult to maintain an efficient electrode-electrolyte 

interface at higher rates to ensure that both gaseous CO2 and liquid electrolyte are in 

good contact with the solid catalyst. 

Another technical challenge associated with the microfluidic CO2 electrolysis 

cell is salt accumulation at the electrode-electrolyte interface, especially when a strong 

base (e.g., KOH) is used as catholyte. The performance degradation due to salt 

accumulation at the electrode-electrolyte interface has been previously reported in the 

case of Au catalyst.53  In this work, a highly porous Cu catalyst was employed to 

improve the accessibility of catalyst surface (Figure 4.2a). However, the formation of 

carbonate salt still slowly blocked the pores of the catalyst and the GDL, causing 

substantial voltage losses and reactant/product transport issues at the interface. 

Addressing these issues requires innovations in reactor engineering and catalyst 

design. For example, tuning the hydrophobicity of the GDL support and/or catalyst 

surface could potentially enhance the gas transport across the gas diffusion electrode. 

Previous study has shown that the hydrophobicity of GDL strongly affected the cell 

performance in the case of CO2 reduction to CO.56 Using the same strategy, the 

efficiency of electrolyzer cell dedicated to C2+ products could be further improved. 
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Moreover, understanding the pH and electrolyte effects at the electrode-electrolyte 

interface is also crucial to the design of new generation flow cell electrolyzers with a 

more robust interface. Strategies to minimize carbonate formation at interface by 

controlling the interfacial pH will benefit long-term operation of the microfluidic cell. 

Additionally, a more selective catalyst than Cu could suppress salt product formation 

(e.g., formate and acetate) if they are not desired products. 

4.5 Conclusions 

In this work, we have synthesized a nanoporous Cu catalyst, which exhibited 

high performance in a microfluidic CO2 electrolyzer. At an applied potential of -0.67 V, 

we have achieved a current density of 653 mA/cm2 with a C2+ selectivity of 62%, which 

is among the best performances that have ever been achieved for CO2 electroreduction 

to C2+ products. The systematic study of electrolyte effect showed that KOH exhibited 

much better performance than bicarbonate and other non-buffer near-neutral 

electrolytes, suggesting that C-C coupling reaction on Cu are favored at high pH values. 

Further efforts are required to improve the interface robustness of the CO2 electrolyzer 

in order to achieve long-term operation at industrially relevant rates.  
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HIGH -RATE ELECTROREDUCTION OF CARBON MONOXIDE TO 

MULTI -CARBON PRODUCTS 

In Chapter 4, I showed that alkaline conditions enhance eCO2R activity towards 

multi-carbon products. In Chapter 1, I motivated a two-step electroreduction process 

decoupled through the CO intermediate to sustainably produce C2+ products in alkaline 

conditions. In this chapter, I present an oxide-derived copper catalyst incorporated into 

a three-compartment flow electrolyzer for high-rate CO reduction to multi-carbon 

products. I show that under identical conditions in alkaline electrolyte, CO reduction 

leads to enhanced acetate production relative to CO2 reduction, which is due to a higher 

surface pH under CO reduction conditions. This is supported by transport modeling and 

isotopic labelling studies, which shows produced acetate contains electrolyte oxygen, 

indicating formation through hydroxide attack of a surface intermediate. This work is 

reproduced with permission from a publication in Nature Catalysis (DOI: 

10.1038/s41929-018-0133-2). As first author, I developed the flow cell electrolyzer and 

performed electrocatalytic evaluations. Dr. Wesley Luc performed surface pH 

calculations and material characterizations.  

5.1 Introduction  

The rapid development of novel energy technologies has decreased renewable 

electricity prices significantly over the past decade. For example, the photovoltaic 

industry has consistently made strides on improving solar cell efficiencies and reducing 

manufacturing costs with a projected electricity price as low as $0.03/kWh by 2030.1 

Chapter 5 
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This foreseen cheap electricity has motivated significant research interest in the 

development of electrified pathways for chemical and fuel production. Compared to 

traditional chemical processes driven by fossil energy, electrochemical processes are 

often more environmentally friendly, can operate under relatively mild conditions, and 

can also be coupled with renewable electricity sources at remote locations.2-4 The 

electrolysis of carbon dioxide (CO2) has attracted significant attention as a process to 

produce high-value chemicals such as ethylene and ethanol, but current state-of-the-art 

CO2 electrolyzers generally suffer from low selectivity and high overpotentials at 

practical reaction rates (>300 mA/cm2).5-7 

As an alternative to direct CO2 electrolysis, a two-step cascade process where 

CO2 is initially reduced to carbon monoxide (CO) and then sequentially reduced to 

multi-carbon (C2+) products holds several advantages. As CO is widely accepted as a 

key reaction intermediate for C-C coupling in carbon dioxide reduction (CO2R),8 

directly feeding CO as the reactant into a CO electrolyzer to increase the near-surface 

CO concentration (and consequently *CO surface coverage) may significantly enhance 

the performance toward producing C2+ products.9,10 Furthermore, CO reduction (COR) 

can be done in alkaline electrolytes that suppress the competitive hydrogen evolution 

reaction, improve charge transfer kinetics, and boost selectivity towards C2+ products,11-

13 without the significant carbonate formation that plagues CO2 reduction.14 Finally, 

while a cascade process would require an additional gas separation step to purify the 

CO feed, this is likely to be minor relative to the total system economics.15  

Copper is currently being extensively studied as it is the only monometallic 

CO2/CO reduction catalyst that can produce C2+ hydrocarbons and oxygenates with 

appreciable selectivities. The majority of research efforts have primarily focused on 
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particle size effects,16-18 nanostructuring,19-22 facet dependency,10,23,24 bimetallic 

alloys,25-29 and surface modification.30-34 In particular, ñoxide-derivedò copper (OD-Cu) 

has shown significant COR selectivities towards ethanol and acetate at low 

overpotentials.35-37 To date, most COR investigations were performed in a batch-type 

electrochemical cell configuration, where mass transport limitations arise due to the 

extremely low solubility of CO in aqueous electrolytes such as KOH solution.38 

Consequently, high oxygenate Faradaic efficiency up to 70% has been demonstrated, 

but only at very low reaction rates (~1 mA/cm2). In order to circumvent mass transport 

limitations, a flow cell reactor can be engineered where the gaseous reactant is directly 

fed to the electrode-electrolyte interface to form a triple-phase boundary such that high 

rates of COR can be achieved. However, to the best of our knowledge, a flow system 

that can achieve high rates for COR has yet to be demonstrated in the literature. 

Herein, we constructed a three-compartment CO flow electrolyzer in which a 

hydrophobic porous carbon support was loaded with a copper catalyst and positioned 

between a gas and liquid chamber where CO is directly fed on one side while electrolyte 

was fed on the other (Figure 5.1a). The well-engineered electrode-electrolyte interface 

(Figure 5.1b) allowed us to convert CO at high reaction rates with a remarkable C2+ 

selectivity. At the optimal conditions, the flow cell utilizing an OD-Cu catalyst exhibited 

a 91% C2+ selectivity at a partial current density of 635 mA/cm2, representing the highest 

performance that has ever been achieved for COR.  
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Figure 5.1: (a) A schematic of the three-compartment microfluidic CO flow 

electrolyzer and (b) a schematic of the well-controlled electrode-electrolyte interface 

for CO reduction at high current densities. 
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Further studies revealed that maintaining an efficient electrode-electrolyte interface 

where gaseous reactant/products can easily transport in/out of the porous electrode 

without disrupting ionic and electrical conductivity is crucial for a stable performance 

at high reaction rates. Additionally, we compared CO2R and COR performances in an 

identical setup and demonstrated that CO reduction has multiple advantages over CO2 

reduction in a flow cell configuration, such as a higher C2+ selectivity and a more robust 

interface. Finally, surface pH calculations under COR and CO2R conditions and isotopic 

labelling studies suggest that the higher surface pH for COR facilitates the improved 

activity as well as acetate production. 

5.2 Methods 

5.2.1 Preparation of electrodes 

Commercial copper powder (0.5-1.5 µm, 99%) was purchased from Alfa Aesar 

and stored under Ar atmosphere. 1 g of copper powder was placed in a ceramic crucible 

and immediately heated to 500 oC for 2 hours. Following thermal annealing, the copper 

powder sintered into a black sheet, which was hand ground to form a fine powder. 100 

mg of powder was mixed with 0.5 mL tetrahydrofuran containing 0.5 mg/mL 

multiwalled carbon nanotubes (>98% carbon basis, O.D. × L 6-13 nm × 2.5-20 ɛm, 

Sigma Aldrich), 2 mL of isopropanol, and 20 µL of Nafion ionomer solution (10 wt% 

in H2O). The oxide-derived copper (OD-Cu) electrode was prepared via in-situ 

electrochemical reduction at a constant current density of 15 mA/cm2. An identical ink 

was prepared using the as-purchased commercial micron copper. The catalyst inks were 

sonicated for 30 minutes and then dropcast onto a Sigracet 29 BC gas diffusion layer 

(GDL, Fuel Cell Store) to a loading of 1 mg/cm2. IrO2 anodes were prepared by mixing 
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50 mg IrO2 nanoparticles (99%, Alfa Aesar) with 0.5 mL of DI H2O, 2 mL of 

isopropanol, and 20 µL of Nafion ionomer solution (10 wt% in H2O), which was 

sonicated and dropcast onto Sigracet 29BC GDL at 1 mg/cm2 loading. A fresh cathode 

was used for each flow cell experiment, while anodes were reused 3 times.  

5.2.2 Materials characterization 

Scanning electron microscopy (SEM) images were obtained on an Auriga 60 

Crossbeam. X-ray diffraction (XRD) was performed on a Bruker D8 Discovery 

diffractometer using a Cu KŬ radiation source. A Thermo Scientific K-Alpha X-ray 

Photoelectron Spectrometer (XPS) System was used to analyse the surface composition 

near the surface. XPS fitting was conducted with CasaXPS software with the 

adventitious carbon peak being calibrated to 284.5 eV. All peaks were fitted using a 

Gaussian/Lorentzian product line shape and a Shirley background.  

The electrochemical surface area (ECSA) was determined by measuring the 

double-layer capacitances of the commercial micron Cu and OD-Cu and comparing to 

a polycrystalline copper foil (99.999%, Alfa Aesar). The double layer capacitance (CDL) 

was found by performing cyclic voltammetry of the electrodes in 0.1M HClO4 in a H-

cell. The electrodes were scanned at scan rates of 10-100 mV/s in the potential region 

of no Faradaic current, and the observed current was plotted vs. scan rate to obtain the 

double layer capacitance. The ECSA was then calculated using the CDL for the copper 

foil.   

In-situ X-ray adsorption spectroscopy (XAS) was performed at Beamline 5 BM-

D at the Advanced Photon Source (APS) at Argonne National Laboratory through the 

general user program. The XAS data was processed using the IFEFFIT package, 

including Athena and Artemis.39 A modiýed two-compartment H-type electrochemical 
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cell made from acrylic was used for in-situ XAS experiments and is shown in (Figure 

C.3). The electrolysis was performed in 0.1M potassium hydroxide under a flowing 

atmosphere of 5 sccm carbon monoxide. The OD-Cu electrodes were reduced at 10 

mA/cm2, and then held at potentials ranging from -0.2V to -0.5V vs. RHE.  

5.2.3 Flow cell electrolysis 

CO and CO2 electrolysis were performed in the three-compartment flow cell 

described in Chapter 2. The flow cell design was modified based on engineering 

drawings kindly provided by Dr. Paul Kenis at University of Illinois at Urbana-

Champaign (USA). The electrolytes were aqueous solutions of potassium hydroxide 

(99.99%, Sigma Aldrich). The gas flow rate into the flow cell was controlled at 10 sccm 

via a Brooks GF40 mass flow controller. The catholyte and anolyte flow rates were 

controlled via a peristaltic pump, with the catholyte flow rate ranging from 0.1-1 

mL/min depending on the current density (lower flow rates were used at lower current 

densities to allow for sufficient accumulation of liquid products). The anolyte flow rate 

was 5 mL/min. The cathode and anode were separated via a hydroxide exchange 

membrane (FAA-3, Fumatech). The backpressure of the gas in the flow cell was 

controlled to atmospheric pressure using a backpressure controller (Cole-Parmer).  

Chronopotentiometry experiments were performed using an Autolab PG128N. 

For the 3-electrode set-up experiments, the cathode potential was measured using an 

external Ag/AgCl reference electrode (Pine Research). The resistance between the 

cathode and reference electrode was measured using the current-interrupt technique 

prior to each applied current density, and the measured applied potential was IR 

corrected following electrolysis. For each data point, the cell was allowed to reach 

steady state, and products were quantified over a 300s period. At least three replicates 
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were performed at each current density. For the CO/CO2 gas switching experiments 

where the cell voltage is recorded over time, the voltage data were smoothed using the 

Savitzsky-Golay method to reduce oscillations due to bubble formation at the anode.  

Gas products were quantified using a Multigas #5 GC (SRI Instruments) 

equipped with a Hayesep D and Molsieve 5A columns connected to a thermal 

conductivity detector (TCD) and a Hayesep D column connected to a flame ionization 

detector (FID). Hydrogen was quantified using TCD, while ethylene, carbon monoxide 

(for CO2 electrolysis), and methane were detected on both FID and TCD. The Faradaic 

efficiency for products was calculated using the following formula: 

 ὊὉ Ϸ ρzππ  (1) 

where n is the # of electrons transferred, F is Faradayôs constant, x is the mole fraction 

of product, V is the total molar flow rate of gas, and jTot is the total current.  

Liquid products were quantified using a Bruker AVIII 600 MHz NMR 

spectrometer. Typically, 500 ɛL of collected catholyte exiting the reactor was mixed 

with 100 ɛL D2O containing 20 ppm (m/m) dimethyl sulphoxide (Ó99.9%, Alfa Aesar) 

as the internal standard. The one-dimensional 1H spectrum was measured with water 

suppression using a pre-saturation method. 

5.2.4 Labelled C18O experiment 

A low pressure C18O lecture bottle (Sigma Aldrich, 95 at% 18O) was used for all 

labelled experiments. A 30 mL syringe was used to extract the C18O gas and a syringe 

pump was used to feed the gas into the flow cell at 5 mL/min. Electrolysis was 

conducted at constant current of 300 mA/cm2 for 5 minutes and the catholyte was 

collected for analysis. The liquid products were acidified in an ice bath with 
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hydrochloric acid to a pH value of ~2. Acidification did not affect the mass spectrum 

analysis, other than allowing for the detection of acetate through acetic acid. 

Identification of the liquid products was performed using an integrated gas 

chromatography-mass spectrometry (GC-MS, Agilent 59771A) system. The GC 

(Agilent 7890B) was equipped with a DB-FFAP column and interfaced directly to the 

MS (Agilent 59771A). Identification of the GC-MS spectral features were accomplished 

by comparing the mass fragmentation patterns with those of the NIST library and 

focused on the shifts of the parent ion of the molecules.  

5.3 Results 

5.3.1 Catalyst characterization and COR performance 

OD-Cu catalyst was prepared following a literature procedure where Cu 

particles were annealed in air, followed by an in-situ electrochemical reduction 

treatment.35 In a typical preparation, commercial Cu particles (ñmicron Cuò) with an 

average particle size of 0.5-1.5 ɛm (Figure 5.2a) were first annealed at 500 oC for 2 

hours. After annealing, a clear morphology change from spherical particles to irregular 

particles (0.1 to 1 ɛm) was observed and a typical scanning electron microscopy (SEM) 

image is shown in Figure C.2. Structural characterizations using powder X-ray 

diffraction (XRD) technique revealed a phase transition from cubic metallic Cu into 

monoclinic CuO (Figure 5.2c), which is consistent with X-ray photoelectron 

spectroscopy (XPS) results (Figure 5.2d). The resulting CuO particles were dispersed 

in a catalyst ink with a small amount of multi-walled carbon nanotubes and dropcast 

onto a gas-diffusion layer (GDL) with a final catalyst loading of ~1 mg/cm2. The 

electrode was then pre-conditioned through an in-situ electrochemical reduction at a 
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constant current density of 15 mA/cm2. After the pre-conditioning, the OD-Cu sample 

became highly porous with a pore size of 10-20 nm (Figures 5.2b and Figure C.3).  

 

Figure 5.2: (a) SEM image of commercial copper powder (Micron Cu), (b) SEM 

image of oxide-derived copper (OD-Cu) particles on GDL, (c) XRD of copper 

samples with copper standards, and (d) XPS of copper samples. 
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In-situ X-ray absorption spectroscopy (XAS) under COR conditions (5 mA/cm2 in 0.1M 

KOH) in a custom-built H-cell (Figure C.1) indicates that the catalyst is metallic Cu0 

after pre-reduction and under reaction conditions (Figure C.4). The micron Cu 

electrodes were prepared using the same commercial Cu powder and the spherical 

morphology of the particles was maintained throughout the preparation procedure 

(Figure C.5).  

The COR activities of both OD-Cu and micron Cu electrodes were evaluated 

using a three-compartment flow electrolyzer (Figure 5.1a). The COR results are 

summarized in Figure 5.3 and the products detected in significant quantities were 

ethanol, acetate, ethylene, and n-propanol, with the remaining charge attributed to the 

competing hydrogen evolution reaction. For both OD-Cu and micron Cu electrodes, 

there was a near exponential increase in the CO reduction current density with respect 

to applied potential (Figure 5.3a), indicating excellent transport of CO to the catalytic 

surface at the triple-phase boundary. Furthermore, a remarkable partial current density 

for C2+ products (830 mA/cm2) was obtained using OD-Cu at a moderate applied 

potential (-0.72 V vs. RHE). To compare the reaction rates of both Cu electrodes, the 

performance was normalized to the electrochemical surface area (ECSA, see Figure C.6 

for measurement). The OD-Cu copper electrode exhibited higher geometric and ECSA-

corrected C2+ current densities than micron Cu at lower overpotentials (Figures 5.3a-b). 
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Figure 5.3: Partial current density for C2+ products vs. applied potential for CO 

reduction in 1M KOH on OD-Cu and micron Cu normalized to (a) geometric surface 

area and (b) electrochemical surface area, with corresponding Faradaic efficiency 

profiles for (c) OD-Cu and (d) micron Cu. Error bars represent the standard deviation 

from at least three independent measurements. 

The enhanced activity of OD-Cu for COR in batch systems at low overpotentials 

has been attributed to the presence of grain boundaries,35,37,38,40,41 or other unique Cu 

facets.37,42  However, copper can undergo significant surface restructuring under a CO-

rich environment,43-45 and future work involving advanced operando techniques 

mirroring flow cell conditions is needed to elucidate true structure-property 
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relationships. The non-linearity of Figure 5.3b at high overpotentials is likely caused by 

mass transport limitations of the product gas bubbles which begin to block the catalyst 

at high current densities (>500 mA/cm2). The two electrodes exhibited similar 

normalized total current densities (Figure C.7). After a 1-hour constant current density 

electrolysis at 500 mA/cm2, the morphology of the OD-Cu particles was maintained 

(Figure C.8).  

At low overpotentials, OD-Cu showed significantly higher C2+ Faradaic 

efficiencies (69%, Figure 5.3c) at -0.32V vs. RHE than what were observed with micron 

Cu (Figure 5.3d). At -0.42V vs. RHE, the OD-Cu exhibited a 26% Faradaic efficiency 

towards n-propanol, which is the highest value reported for CO2/CO electrolysis in the 

literature. As the overpotential increased, the OD-Cu began to produce significant 

amounts of ethylene with the total oxygenates Faradaic efficiency remaining constant 

at ~40%, whereas the Faradaic efficiency towards n-propanol declined to ~6%. We 

attribute this to the rate of the C-C coupling reaction (which may be a thermochemical 

reaction step) for n-propanol formation becoming relatively slow compared to the C2 

intermediate protonation reaction at high overpotentials.46 Interestingly, the micron Cu 

electrode showed a similar C2+ selectivity profile at high overpotentials, with a total C2+ 

Faradaic efficiency of ~80%. This demonstrates that polycrystalline copper exhibits 

similar selectivity as OD-Cu for COR to C2+ products at high overpotentials. 

5.3.2 Comparison between COR and CO2R 

To further illustrate the advantages of CO electrolysis over CO2 electrolysis for 

C2+ production, we operated the flow electrolyzer using 1 M KOH electrolyte, while 

switching the gas feed between CO and CO2 during a constant current electrolysis at 

300 mA/cm2 on OD-Cu and micron Cu. Products were sampled after 20 minutes to 
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ensure that steady-state was reached. Figures 5.4a-b show the total cell voltage and 

Faradaic efficiencies over time. Remarkably, the overall C2+ Faradaic efficiency for 

COR (~80%) is much higher than that of CO2R (~55%), as CO2 reduction produced 

significant amounts of CO (~15%) and HCOO- (~7%) that were not counted for the total 

C2+ Faradaic efficiency. Furthermore, for the same C2+ products, COR requires 1/3 less 

electrons than CO2R. As a result, the molar production rate of C2+ products were more 

than doubled for COR (Figure C.9 and C.10). 

Additionally, the overall cell voltage increased by ~100 mV when the gas feed 

was changed from CO to CO2. The increase in cathodic overpotential could either be a 

result of the additional energy required to activate CO2 relative to CO or a pH decrease 

at the electrode-electrolyte interface. The latter would likely be caused by carbonate 

formation through a fast chemical reaction between CO2 and KOH, which served as a 

buffer layer and inevitably lowers the pH near the catalytic surface.14 Since carbonate 

has a lower ionic conductivity than KOH, this would lead to an increase in the cathodic 

overpotential.  

In order to better understand the difference in interfacial pH between CO2R and 

COR, we modelled the transport of CO2/CO between the electrode-electrolyte interface 

and bulk electrolyte (see Appendix C for details).13,47 The pH gradients for CO2/CO 

reduction under various current densities are shown in Figure 5.4c. In the case of CO2 

reduction at 0 mA/cm2, there is already a significant reduction in surface pH (x = 0 ɛm) 

due to the fast equilibrium reaction between CO2 and KOH. 
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Figure 5.4: (a) CO/CO2 reduction on OD-Cu at 300 mA/cm2 in 1M KOH over two hours 

showing the difference in C2+ product selectivities, (b) CO/CO2 reduction on micron Cu 

at 300 mA/cm2 in 1M KOH over two hours showing the difference in C2+ product 

selectivities, (c) calculated pH profiles for CO/CO2 reduction in 1M KOH under various 

current densities, and (d) mass spectrum of partially labelled acetic acid produced by 

C18O reduction at 300 mA/cm2 in 1M KOH. 

However, the surface pH increases with increasing current density in both CO2 

and CO reduction cases due to the generation of OH- ions. At 300 mA/cm2, the estimated 

OH- concentration under CO reduction conditions is more than 1 order of magnitude 

higher than under CO2 reduction conditions. It should also be noted that previous studies 

of CO2 electrolysis using KOH as the electrolyte in a flow electrolyzer often assumed a 
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pH value based on the bulk KOH concentration, leading to an underestimation of the 

electrode overpotential for CO2 reduction in alkaline electrolyte.48,49  

Another observation from Figures 5.4a-b is that the selectivity for ethylene, 

ethanol, and n-propanol did not change significantly before and after the CO/CO2 

switch, while the acetate Faradaic efficiency was much higher for COR and thus the 

major contributor to the C2+ selectivity difference between CO and CO2 reduction. 

Mechanistically, the formation of acetate from CO2/CO reduction is poorly understood. 

Li and Kanan suggested that acetate formation is due to hydroxide attack of a surface 

intermediate due to observed increase in acetate FE at higher KOH concentrations.35 

Moreover, Koper et al. recently reported a favourable acetate formation at high pH in 

CO2 reduction due to the hydroxide ions promoted Cannizzaro-type reactions at the 

catalytic surface.50 However, the molar ratios of the produced ethanol and acetate are 

not equivalent (Figures C.9 and C.10), indicating there may be an additional pathway to 

acetate. Garza et al. also proposed a direct reduction of CO to acetate without oxygen 

donation from the electrolyte through the isomerization of *OCH2COH to a three-

membered ring attach to the surface.51  

5.3.3 C18O isotopic labelling studies 

To further gain mechanistic insights into the formation of acetate, isotopic 

labelled C18O (Sigma Aldrich, 95 at% 18O) was fed to the electrolyzer at a constant 

current of 300 mA/cm2 and a gas chromatography-mass spectrometry (GC-MS) system 

was used to analyze the liquid products. We note that this investigation can only be done 

with labelled C18O rather than C18O2 due to the rapid equilibrium exchange of oxygen 

atoms when CO2 reacts with KOH. Furthermore, the use of the flow cell allows for easy 

quantification of labelled products due to the rapid production of concentrated products 
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that would otherwise not be possible with a batch-type reactor. The liquid products were 

acidified with hydrochloric acid to a pH value of ~2 after electrolysis before injecting 

into the GC-MS to enable acetate detection as acetic acid. If the acetate is formed 

through an oxygen donation from the electrolyte, it should only be partially labelled (62 

amu), while a direct reduction pathway would yield fully labelled acetate (64 amu).  

The mass fragmentation patterns of acetic acid produced from unlabelled CO 

and labelled C18O are shown in Figure 5.4d. The parent ion of acetic acid (60 amu) 

produced from unlabelled CO matches well to that of the NIST database. A clear mass 

shift by 2 amu (62 amu) was observed when labelled C18O was used, which indicates 

that only one oxygen of acetic acid is labelled. A small signal at 60 amu is likely due to 

C16O impurity in the feed. Since the signal at 64 amu, as well as at 63 amu, is even 

smaller than the observed signal at 60 amu, we attribute this signal to the natural isotope 

abundance of 13C, and not acetic acid with both oxygen atoms labelled. Additionally, 

the signal ratio between 62 and 60 amu is close that of the ratio of 18O and 16O in the 

gas feed; and therefore, we conclude that the observed acetic acid with a signal at 62 

amu consisted of one oxygen originating from labelled C18O and one oxygen originating 

from the electrolyte, most likely from a OH- ion reacting with an intermediate species. 

Combining these observations with the estimated pH gradients shown in Figure 5.4c, 

we attribute the high acetate selectivity in COR to a higher local pH at the electrode-

electrolyte interface, where the abundance of OH- ions near the catalytic surface can 

easily react with an intermediate to form acetate. A proposed pathway to acetate is 

shown in Figure C.11. However, we note that other effects such as the presence of 

carbonates under CO2R conditions may also influence the selectivity.  
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In addition to acetic acid, we also detected ethanol and n-propanol via GC-MS 

along with a small amount of acetaldehyde. Surprisingly, acetaldehyde was entirely 

unlabelled, and ethanol/n-propanol were only partially labelled (Figure C.12). The 

unlabelled acetaldehyde can be explained by the rapid oxygen exchange between 

acetaldehyde and water which has been extensively studied by Greenzaid et al.52 This 

was verified by adding 0.2% of acetaldehyde, ethanol, and acetic acid to 98% H2
18O. 

Indeed, a clear mass shift by 2 amu (46 amu) was observed with acetaldehyde; however, 

no oxygen exchange was observed with ethanol or acetic acid (Figure C.13). Therefore, 

the observation of only partially labelled ethanol and n-propanol is likely due to 

acetaldehyde oxygen exchange prior to further reduction, since acetaldehyde has been 

shown to be a reaction intermediate to these alcohols.36 Overall, this demonstrates the 

challenges of gaining mechanistic insights through isotopic labelled oxygen studies for 

CO reduction, and future work such as direct sampling at the reaction interface through 

differential electrochemical mass spectrometry (DEMS) is required.53 

5.3.4 Influence of KOH concentration on COR performance 

The pH effect on CO reduction was further studied by varying the KOH 

electrolyte concentration from 0.1M to 2.0 M. The cathode polarization curves for C2+ 

products in 0.1M, 0.5 M, 1.0M, and 2.0 M KOH aqueous electrolytes are shown in 

Figure 5.5a. Both C2+ partial current density and Faradaic efficiency increased (Figures 

5.5a-b) as the KOH concentration increased. While the HER partial current density also 

increased with increasing concentration, the HER Faradaic efficiency was dramatically 

reduced (Figure C.14). We attribute this enhancement to two effects: 1) the reduction 

of charge transfer resistance across the electrolyte that improved the active area of the 

triple-phase boundary due to the increase in electrolyte conductivity at higher 
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concentrations,11,54 and 2) higher pH at the electrocatalytic interface that favours C-C 

coupling. Although previous studies on CO reduction were primarily carried out in a 

0.1 M KOH electrolyte, recent computational work have suggested that a high pH 

environment could enhance C-C coupling through the dimerization of adsorbed CO.12  

As reflected, Figures 5.5a-b clearly shows that high KOH concentrations are 

favourable for CO reduction to C2+ products (see Table C.4 for specific product Faradaic 

Efficiencies). The molar production ratio of acetate to other products generally 

increased with increasing KOH concentration (Figure C.15), further supporting that OH- 

ions shift selectivity to acetate.  In 1.0 M KOH electrolyte, we achieved a C2+ partial 

current density of 829 mA/cm2 with a total C2+ Faradaic efficiency of 79% at a moderate 

potential of -0.72V vs. RHE. At a slightly lower potential (-0.67V vs. RHE) in 2.0M 

KOH, a C2+ partial current density of 635 mA/cm2 with a total C2+ Faradaic efficiency 

of 91% was obtained. In terms of C2+ current density and Faradaic efficiency, our results 

are significantly better than performances reported in the current state-of-the-art CO2R 

(Figure 5.5c, see Table C.5 for details).13,22,24,30-33,49,55-60  
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Figure 5.5: (a) partial current density for C2+ products for CO reduction in varying 

concentrations of KOH and (b) associated Faradaic efficiencies, (c) comparison of the 

partial current densities and Faradaic efficiencies for C2+ products reported in this work 

compared to current state-of-the-art, (d) cell voltage and Faradaic efficiencies for CO 

reduction on OD-Cu in 2M KOH at 500 mA/cm2 over 1 hour. Error bars represent the 

standard deviation from at least three independent measurements. 

The stability of the CO electrolyzer was also examined at a constant current of 

500 mA/cm2 with 2.0 M KOH electrolyte in a two-electrode flow cell configuration. 

The applied cell voltage increased from 3.05 V to 3.25 V over the course of 1-hour 

electrolysis with gradual increases and sudden decreases (Figure 5.5d), which was 

caused by the gradual build-up of gas bubbles in the liquid catholyte chamber until it 

was flushed out at once. Despite this, a 1-hour stable performance was achieved at a cell 
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potential of ~3.2V and a current density of 500 mA/cm2. The slight decrease of total C2+ 

Faradaic efficiency after 30 minutes is predominantly due to flooding issues through the 

GDL into the CO gas chamber, which was caused by the condensation of water vapour. 

At such a high current density, water quickly accumulated in the gas chamber and 

caused cell voltage increase and fluctuations (Figure 5.5d). In the case of CO2 reduction, 

the same water accumulation issue also existed, but much worse stability was observed 

(Figure C.16). This severe degradation was likely due to carbonate formation at the 

electrode-electrolyte interface that blocks the pores of the GDL.14 Attempts to obtain 

higher C2+ partial current from CO reduction at higher cell voltages were made and a 

total current density beyond 1 A/cm2 was achieved; however, the cell performance was 

only maintained for less than 30 minutes because of severe flooding issues into the gas 

chamber. Clearly, maintaining an efficient three-phase boundary at the electrode-

electrolyte interface is crucial to obtaining a high-performing CO electrolyzer that can 

be operated at extremely high current densities while preserving a high C2+ selectivity.  

5.4 Discussion 

While we have successfully demonstrated a CO electrolyzer that can operate at 

high rates with a remarkable C2+ selectivity, some critical challenges must be addressed 

before this technology can be commercialized. The CO flow electrolyzer was operated 

at ~3.2 V which is ~2.1 V above the thermodynamic potential, resulting in an energetic 

efficiency of <40%. Consequently, the low energetic efficiency will significantly 

increase the cost associated with electricity consumption and reduce the profitability of 

the whole process. For the CO electrolyzer cell presented in this work, the resistance 

between the cathode and anode was ~1.5 Ohm, corresponding to a resistive loss of about 

0.75 V (at 500 mA/cm2). The voltage loss associated with internal resistance could be 
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reduced by depositing the anode catalyst directly on the membrane and using a more 

conductive anion exchange membrane. Maintaining a stable cell operation over a long 

period of time is also important. Flooding and salt accumulation issues at the electrode-

electrolyte interface must be addressed through interface engineering. For example, 

Dinh et al. recently demonstrated excellent stability for CO2 reduction using custom-

designed gas diffusion electrodes.13 Additionally, the flow cell suffered from a low 

single-pass conversion of CO gas feed, which would lead to a high cost to separate gas 

products from the unreacted CO reactant.  

In summary, despite the remaining process engineering challenges, we have 

demonstrated a CO flow electrolyzer that can achieve over 630 mA/cm2 with a C2+ 

selectivity above 90%, exceeding the performance for the current state-of-the-art COR 

and CO2R systems. The flow electrolyzer design successfully overcame mass transport 

limitations associated with the low solubility of CO in aqueous electrolytes and allowed 

us to achieve superior performances at high rates. This work also illustrated the critical 

need to design a robust electrode-electrolyte interface, which allowed us to investigate 

COR and CO2R at practical reaction rates. The comparison between COR and CO2R 

clearly demonstrated the potential advantages of CO electrolysis over CO2 electrolysis 

to produce valuable C2+ chemicals. With a CO2-derived CO source or other CO-rich 

sources, CO electrolysis technology may be considered as an alternative approach to 

produce high-value C2+ chemicals in practical applications. 
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FORMATION OF CARBON -NITROGEN BOND DURING CARBON 

MONOXIDE ELECTROREDUCTION  

In Chapter 5, I showed that compared to CO2 electrolysis, CO electrolysis in 

alkaline condition produces significantly more acetate. This was attributed to a higher 

surface pH, which facilitates hydroxide attack of a surface intermediate. In this chapter, 

we hypothesized that other nucleophilic species, such as ammonia, could also 

participate during CO electroreduction, leading to new products. This concept is 

validated by performing CO electroreduction in the presence of ammonia, leading to 

acetamide production. DFT calculations suggest acetamide formation occurs through 

nucleophilic ammonia attack of a ketene intermediate, in direct competition with 

hydroxide to form acetate. We successfully introduced additional amine precursors, 

leading to their respective acetamides, and providing a platform for new chemical 

synthesis routes through CO reduction. This chapter is reproduced with permission from 

a publication in Nature Chemistry. As co-first author, I designed the flow cell 

electrolysis set-up and assisted co-first author Jingjing Lv in collecting the experimental 

data. This work was done in collaboration with Dr. Tao Cheng and Dr. William Goddard 

III from the California Institute of Technology, who performed the DFT calculations.  

6.1 Introduction  

The decarbonization of the chemical industry presents a significant challenge in 

breaking reliance on fossil resources and reducing carbon dioxide (CO2) emissions.1-4 

Driven by the increasingly rapid deployment of renewable power generation,5 the cost 

Chapter 6 
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of renewable electricity has decreased significantly making electrochemical CO2 

reduction (CO2R) an attractive approach to produce sustainable fuels and chemicals.6-8 

Multi -carbon (C2+) chemicals are highly desirable products because they are more 

valuable than typical single-carbon products, such as carbon monoxide (CO).6,9,10 

Highly alkaline electrolytes are often used to enhance C2+ selectivity; however, the 

inevitable reaction of hydroxide ions with CO2 to form undesired carbonates at the 

electrode-electrolyte interface disrupts the electrolysis process.11,12 This fundamental 

challenge can be addressed through a two-step process, in which CO2 is first reduced to 

CO electrochemically at non-alkaline conditions, followed by a CO reduction (COR) 

step to produce C2+ chemicals in alkaline environments. Regardless of CO2R or COR, 

only four major C2+ products, i.e., ethylene, acetate, ethanol, and n-propanol, have been 

reported in aqueous electrolytes.13-19 While these products are of significance in current 

chemical industries, the ability to produce chemicals beyond simple carbon species are 

critically important because highly valuable specialty chemicals often contain 

heteroatoms.20,21 However, the formation of carbon-heteroatom bonds in 

electrochemical CO2R and COR has not been reported in the literature. 

In a recent study, we observed an enhanced acetate selectivity in COR in 

comparison to CO2R under identical conditions.22 Surface pH calculations and isotopic 

labeling studies suggested that acetate was favorably formed through a nucleophilic 

attack of hydroxide to a ketene-like intermediate under high alkaline conditions, which 

is in good agreement with a previous study by Kanan and his co-worker.12 Because 

ketene is known to be highly reactive with nucleophilic agents, it is reasonable to 

assume that the ketene-like intermediate present on the Cu catalyst surface in COR 

could readily react with other nucleophilic agents besides hydroxide ions. We postulated 
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that if a nitrogen-containing nucleophilic agent such as ammonia was introduced to the 

Cu-catalyzed CO electrolysis system, a carbon-nitrogen (C-N) bond could be formed.  

 

Figure 6.1: Schematic for C-N bond formation during CO electroreduction in the 

presence of ammonia 

Here, we report the first demonstration of C-N bond formation resulting from 

CO electroreduction in the presence of ammonia. An electrochemical production of 

acetamide with nearly 40% Faradaic efficiency was achieved at a current density of 300 

mA/cm2. Our full solvent quantum mechanical calculations showed earlier23,24 that 

under the neutral or basic conditions the reaction mechanism involves CO dimerization 

and sequential transfer of H from two surface water to form the (HO)C*-C*OH 

intermediate that subsequently leads through two separate pathways to form C2H4 (65%) 

and ethanol/n-propanol (35%). We show now that (HO)C*-C*OH is also hydrolyzed to 

*C=C=O, which in turn reacts with NH3 to form intermediates leading to acetamide 
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while suppressing the formation of other C2+ products. We also successfully extended 

the range of C-N containing products to N-methylacetamide, N-ethylacetamide, N, N-

dimethylacetamide, acetic monoethanolamide, and aceturic acid. Our results provide 

critical mechanistic insights into Cu-catalyzed CO2/CO electroreduction and 

demonstrate the construction of carbon-heteroatom bonds in CO2/CO electrolysis. The 

overall strategy for C-N bond formation is outlined in Figure 6.1. 

6.2 Methods 

6.2.1 Materials characterization 

All chemicals were of analytical grade and used as received without further 

purification unless otherwise noted. Commercial copper nanoparticles with 25 nm 

diameter (Cu NPs) and bulk copper particles with 1 µm diameter (micron Cu) were used 

as catalysts in this work, which were purchased from Sigma-Aldrich. The 

microstructure of the catalysts was characterized by field emission scanning electron 

microscopy (SEM, Auriga, 1.5 kV). Powder X-ray diffraction (XRD) measurements 

were conducted on a D8 ADVANCE X-ray diffractometer (Bruker Corporation, 

America). A Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer (XPS) 

System was used and XPS fitting was conducted by CasaXPS software with the 

adventitious carbon peak being calibrated to 284.8 eV. All peaks were fitted using a 

Gaussian/Lorentzian product line shape and a Shirley background. 

6.2.2 Flow cell electrolysis 

Electrochemical measurements were conducted with an Autolab potentiostat 

(PG128N) in a three electrode system. IrO2 (Alfa Aesar) coated gas diffusion layer 

(GDL, Sigracet 29 BC, Fuel Cell Store) with a loading of 0.5 mg cm-2 was used as the 
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counter electrode unless otherwise noted. Ag/AgCl (saturated KCl, Pine Research) or 

Hg/HgO (filled with 1 M KOH, Pine Research) were used as the reference electrodes. 

The Cu NPs or micron Cu coated GDL was applied as the working electrode, which 

was prepared by hand-painting a catalyst ink. We weighed the GDL before and after 

deposition to record its actual catalyst loading and kept all the electrodes with a loading 

of 0.6 mg cm-2. To prepare the catalyst ink, 25 mg of catalyst was ultrasonically 

dispersed in the mixture of 3 mL of isopropanol, 500 ɛL of multi-walled carbon 

nanotube solution (5 mg MWCNT (ι 98%, Sigma-Aldrich) dispersed in 5 mL THF) 

and 20 ɛL of Nafion (10 wt% aqueous solution, Fuel Cell Store). Then, the mixture was 

sonicated for 30 min prior to dropcasting.  

The electrolysis experiments were performed in the three-compartment flow cell 

detailed in Chapter 2. The electrode area was 1 cm2 and the electrode to membrane 

distance was 1.5 mm. An external Ag/AgCl or Hg/HgO reference electrode located ~5 

cm from the cathode was used to measure the cathodic half-cell potential. Electrolysis 

measurements were performed through chronopotentiometry using an Autolab 

PGSTAT128N potentiostat/galvanostat. All potential measurements were converted to 

the RHE based on the following formula: ERHE = EAg/AgCl + 0.222 + 0.059 × pH (in volts) 

or ERHE = EHg/HgO + 0.097 + 0.059 × pH (in volts), where the standard values for the 

reference electrodes were found by calibration through cyclic voltammetry in a H2 

saturated 1M KOH electrolyte with Pt cathode and anode. The measured pH values of 

bulk electrolyte exiting the flow cell, obtained using a pH meter (Apera Instruments), 

were used for RHE conversions unless stated otherwise. The measured potential was 

IR-corrected 100% by measuring the solution resistance between the reference electrode 

and cathode using the current-interrupt technique prior to each applied current.25 The 
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device is fabricated from Acrylic and includes the gas channel for feeding CO and NH3, 

anode and cathode channels for flowing electrolyte, an anion exchange membrane 

(FAA-3, Fumatech) for separating the anode and cathode, and solid Acrylic end pieces. 

PTFE gaskets were placed between each component for sealing and the device was 

tightened using six bolts. The CO flow rate was set via a mass flow controller (Brooks 

GF40) and the NH3 flow rate was controlled by a rotameter (Cole Parmer, PMR1-

010286). The electrolyte flow rates were controlled via a peristaltic pump (Cole 

Parmer), with the catholyte and anolyte flow rates set to 0.5 mL/min and 1 mL/min, 

respectively. Amines were scrubbed from the effluent gas from the flow cell using an 

acid trap (3 M H2SO4 solution) prior to entering the gas chromatography (GC).  

For CO electrolysis in the presence of ammonia, the gas channel was co-fed with 

CO and NH3, with 1M KOH used as the catholyte and anolyte (Ag/AgCl reference 

electrode). For CO electrolysis in the presence of liquid phase amines, a pure CO gas 

feed was used, with the catholyte consisting of the reactants (NH3 H2O, CH3NH2, 

CH3CH2NH2, CH3NHCH3, HOCH2CH2NH2, and NH2CH2COOH) and a supporting 

electrolyte (KOH or KCl), and a 1 M KOH anolyte (Hg/HgO reference electrode). A 

NiFe/Ni foam anode, prepared following a previously reported method,26 was used as 

the anode electrode for the acetamide production stability test. 

6.2.3 Product quantification  

Gas products were quantified on a Multigas #5 GC (SRI Instruments) equipped 

with Hayesep D and Molsieve 5A columns leading to a thermal conductivity detector 

(TCD) and a Hayesep D column leading to a flame ionization detector (FID). Hydrogen 

was quantified using TCD, while ethylene and methane were detected using both FID 
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and TCD. The Faradaic efficiency for products was calculated using the following 

equation: 

 ὊὉ Ϸ ρzππ (1) 

where n is # of electrons transferred, F is Faradayôs constant, x is the mole fraction of 

product, V is the total molar flow rate of gas, and jTot is the total current.   

Liquid products were quantified using 1H NMR (Bruker AVIII 600 MHz). The 

1H NMR spectra were obtained using a pre-saturation method for water suppression. 

Typically, 500 µL of collected diluted catholyte was mixed with 100 µL of internal 

standard solution (25 ppm (m/m) dimethyl sulphoxide (ů99.9%, Alfa Aesar) or 250 

ppm (m/m) phenol (ů99%, Sigma-Aldrich) in D2O). Amide production was further 

verified by GC-MS (Agilent 59771A). The GC-MS spectral features were determined 

by comparing the mass fragmentation patterns with those of the National Institute of 

Standards and Technology library. 

6.2.4 C18O electrolysis 

The labeled isotope experiment was performed by using labeled C18O gas (95 

at% 18O, Sigma-Aldrich) for electrolysis. Typically, the C18O was extracted by a 30 ml 

syringe and was injected to the flow cell at 5 mL minī1 by a syringe pump, along with 

NH3 at a flow rate of 10 mL minī1. Electrolysis was conducted at a constant current of 

200 mA cmī2 for 5 min and the catholyte was collected for analysis by GC-MS.  

6.2.5 Models and methods 

Electronic structure calculations were performed within the Density Functional 

Theory (DFT) framework, as implemented in the Vienna ab initio simulation program 

(VASP), a plane-wave pseudopotential package. The exchange and correlation energies 
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were calculated using the Perdew, Burke, and Ernzerhof (PBE) functional within the 

generalized gradient approximation (GGA). Spin polarization did not have an 

appreciable effect on the overall energies. The PBE-D3 method was employed to correct 

van der Waals interaction of water-water and water-Cu. We simulated the 

water/Cu(100) interface using 48 explicit water molecules (5 layers, 1.21 nm thick) on 

a 4×4 Cu (100) surface slab (3 layers) with an area of 1.02 nm2. For the cases involving 

NH3, we also included the explicit NH3 in our calculation along with 47 H2O. The 

simulation protocol of free energy calculations is the same as our previous work.27 To 

confirm the robustness of the calculation, the onset potential for hydrogen evolution 

reaction on Cu (100) was predicted to be -0.4V vs. RHE, which is close to the 

experimental value.28 More simulation details are included in the Supplementary 

Information of the online publication. 

6.3 Results 

6.3.1 eCOR in the presence of ammonia 

This concept of nucleophilic ammonia addition during CO electrolysis was 

verified through a series of electrolysis experiments using a three-compartment 

continuous flow cell with a well-defined triple phase interface. Cu cathodes were 

prepared by coating Cu nanoparticles (NPs) onto a gas diffusion layer (GDL). The size 

distribution and monoclinic phase of the Cu NPs were characterized using scanning 

electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron 

spectroscopy (XPS) (Figure D.1). The Cu NPs are mainly highly crystalline metallic Cu 

with an average particle size of 50 ± 20 nm, but they also contain a small fraction of 

copper oxides. CO electroreduction activity was measured through steady-state 
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galvanostatic electrolysis in a 1M KOH electrolyte. Under a pure CO gas feed, a near-

exponential polarization response was observed (Figure 6.2b) with up to ~80% C2+ 

products for a total current density of 500 mA/cm2. The major CO electroreduction 

products observed were ethylene, ethanol, acetate, and n-propanol (Figure 6.1c).  

 

Figure 6.2: (a) Electrode polarization curves for electrolysis in 1M KOH under pure CO 

gas and 2:1 ratio of NH3/CO. (b-c) Respective Faradaic efficiencies vs. applied 

potential. (d) Mass spectrum comparing acetamide produced from C16O and C18O. Error 

bars represent the standard deviation for at least three independent measurements. 
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After establishing the baseline of CO electrolysis activity, ammonia gas was fed 

together with CO in an NH3: CO = 2:1 (mol/mol) ratio. In the presence of ammonia gas, 

the required potential to achieve the same current density increased by ~30 mV (Figure 

6.2b), possibly due to the reduced CO partial pressure in the flow cell.29,30 Remarkably, 

the presence of ammonia led to the significant production of acetamide, with a Faradaic 

efficiency up to 38% and a partial current density of 114 mA/cm2 at -0.68 V vs. 

reversible hydrogen electrode (RHE). In addition, the observed amounts of ethylene and 

alcohols were greatly decreased at moderate to high overpotentials, while acetate 

selectivity was maintained (Figure 6.2d). Increasing the fraction of CO in the gas feed 

shifted selectivity towards pure CO reduction products while increasing the ratio of 

ammonia beyond 2:1 did not significantly influence the acetamide selectivity (Figure  

D.2). Similar results were obtained using a mixture of ammonium hydroxide and KOH 

or KCl as the catholyte together with a pure CO gas feed (Figure D.3). This suggests 

that acetamide can form in both gas and liquid phase ammonia with appreciable 

Faradaic efficiency. To evaluate the stability of Cu-catalyzed CO electrolysis process in 

the presence of ammonia, an 8-hour continuous experiment was performed at a total 

current density of 100 mA/cm2 leading to stable production of acetamide in Figure D.4. 

The spent Cu catalyst was characterized by SEM, XRD, and XPS and no visible change 

was observed in morphology and structure after electrolysis (Figure D.5). XPS showed 

some copper oxides following electrolysis, which is likely due to exposure to air, as 

recent studies25,31 have shown copper catalysts are fully metallic under reducing 

potentials. This is further supported by in-situ XAS performed on a 5 nm thick Cu 

catalyst32 in 5M ammonium hydroxide showing entirely Cu0 features (Figure D.6). 

Furthermore, significant amounts of acetamide were also produced on other Cu-based 
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catalysts (Figure D.7), suggesting that the formation of acetamide is universal in Cu-

catalyzed CO electrolysis in the presence of ammonia. The use of CO2 as the feed gas 

resulted in spontaneous carbonate formation and the observation of no amides, 

indicating this chemistry may be difficult through direct CO2 reduction (Figure D.8).  

These experimental results strongly suggest that a surface ketene intermediate is 

likely formed on the Cu catalyst surface during CO electroreduction and 

nucleophilically attacked by either hydroxide or ammonia to form acetate or acetamide, 

respectively, under highly alkaline environments. This is further supported by a shift in 

selectivity from amide to acetate for CO electrolysis with ammonia in electrolytes with 

increasing KOH concentration (Figure D.9). Additionally, because the ketene 

intermediate contains one oxygen originated from CO, the resulting acetate should 

contain two oxygen atoms with one from CO and the other from water, which is in good 

agreement with our recent studies.22,33 In the case of a nucleophilic attack by ammonia, 

the oxygen in acetamide should originate from CO. We verified the origin of oxygen in 

acetamide by conducting a C18O isotopic labeling study, where 18O labeled acetamide 

was the dominant product (Figure 6.2e), consistent with the proposed ketene mediated 

reaction mechanism. 

6.3.2 Theoretical insights into C-N bond formation 

To further elucidate the reaction mechanism, we used Quantum Mechanics 

(QM, PBE-D3 DFT) to investigate the electrocatalytic formation of acetamide in the 

presence of ammonia. We used the full solvent methods previously applied to CO2 

reduction23 and CO reduction on Cu(100), which is the dominant Cu surface under our 

conditions and the most active for C-C coupling.27,33,34 The explicit solvation 

calculations have been demonstrated to be robust considering that simulations from the 
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independent work of Bagger et al.35 reached very similar conclusions as our previous 

work.  

 

Figure 6.3: Mechanism for CO reduction on copper showing how it splits at 

[HOC=COH] into two pathways. One pathway features *C=COH (and produces 

ethylene, ethanol, and n-propanol) and the other features *C=C=O (and produces 

acetamide and acetate). The inset shows the structure of *CH-C(O)NH2, the second 

reactive intermediate with a C-N bond. 
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Our earlier QM full solvent calculations showed27,34 that under neutral or basic 

conditions the reaction mechanism involves CO dimerization and sequential transfer of 

H from two surface water to form *(HO)C-COH with an overall free energy barrier at 

298K of ȹGⱠ=0.69 eV. This then leads to *C=COH with ȹGⱠ=0.61 eV that subsequently 

goes through two separate pathways to form C2H4 (65%) and ethanol/n-propanol (35%).  

Now we consider a new step starting with * (HO)C-COH. We find ȹGⱠ=0.57 eV 

to form *C=C=O through a water-mediated pathway. The possibility of the *C=C=O 

intermediate was first proposed by Koper36, which was postulated as an intermediate in 

the ethylene pathway. However, later full solvent QM showed that the formation of 

C2H4 derives from *C=COH as in Figure 6.3. Our new QM calculations find that 

*C=C=O derives from dehydration of *(HO)C-COH. Thus, in the competition with 

*C=COH from proton-coupled electron transfer (PCET), *C=C=O prefers high pH and 

less negative potential. This is consistent with the experimental observation of exclusive 

acetate formation on Cu nanoparticle at pH 14 and -0.25 V vs. RHE.37 

 We find that C-N bond formation arises from NH3 reacting with *C=C=O to 

form *C=C(OH)NH2 with ȹG
Ⱡ= 0.53 eV via a water-mediated reaction pathway. Then, 

we find that *C=C(OH)NH2 isomerizes into *CH-C(=O)NH2 via keto-enol tautomerism 

which is exergonic by -0.11 eV. These latter two reactions are not electrochemical, so 

that *CH-C(=O)NH2 remains a 2e intermediate just as for *C=C=O. The subsequent 

steps consist of two PCET to acetamide product as shown in Figure 6.3. In competition 

with NH3 addition to *C=C=O, we find acetate formation through direct OH- reaction 

with *C=C=O to form *C=C(OH)O-
 with ȹG

Ⱡ = 0.72 eV, which then undergoes a similar 

keto-enol tautomerism and subsequent PCET. The presence of K+ will stabilize 

*C=C(OH)O- on the catalyst surface.  
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With these new insights, we can extend the reaction networks of CO reduction 

to ethylene27 and ethanol27,33 by including the branches of acetamide and acetate from 

NH3 and OH- addition, respectively (Figure 6.3). The observed suppression of ethylene 

and alcohols in the presence of high concentrations of ammonia (Figure 6.2c-d) is likely 

due to decreased water availability, which hinders protonation of * (HO)C-COH to 

*C=COH. This results in an overall increase in *C=C=O formation. Although 

acetamide formation is more energetically favorable than acetate formation from 

*C=C=O, acetate production is maintained at high current densities since hydroxide is 

generated directly at the catalyst surface. 

6.3.3 Extension to additional amine precursors 

As the key intermediate towards acetate and acetamide in Cu-catalyzed CO 

electroreduction, ketene is also known to be highly reactive with other amine-type 

nucleophilic agents. Therefore, we investigated Cu-catalyzed CO electrolysis in the 

presence of additional amines with the hope to produce the corresponding amides. We 

performed electroreduction of a pure CO gas feed using 5M solutions of methylamine, 

ethylamine, and dimethylamine containing 1M KCl as supporting electrolyte. 1M KCl 

was used to enhance the ionic conductivity of the electrolytes. As shown in Figure 6.4a-

c, analogous results were obtained to the CO/NH3 system where significant amounts of 

N-methylacetamide, N-ethylacetamide, and N, N-dimethylacetamide were produced at 

high total current densities up to 200 mA/cm2 with peak Faradaic efficiencies of 42%, 

34%, and 36%, respectively. The formation of these amides was confirmed using mass 

and 1HNMR spectrometry (Figures D.10 and D.11). 

The molar fraction of each C2+ product (excluding hydrogen) at 200 mA/cm2 in 

each amine system is shown in Figure 6.4d. Data for pure CO electrolysis were also 



 126 

shown for comparison. Similar to ammonia, the molar fractions for ethylene and ethanol 

are decreased by about two-fold and four-fold, respectively, for all amines  

 

Figure 6.4: Total current density and Faradaic efficiencies for CO electrolysis in 1M 

KCl solution containing (a) 5M methylamine, (b) 5M ethylamine, and (c) 5M 

dimethylamine. (d) Molar production fraction for different C2+ products excluding 

hydrogen at 200 mA/cm2 for CO reduction with various amines. Note that the ammonia 

fractions are calculated from Figure 6.2c. 
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tested. Remarkably, the trend of amide molar fraction across various amines is opposite 

to that of acetate and correlates well with the reactivity, or nucleophilicity, of the 

precursor amino group. The reactive N-H bond is weakest for dimethylamine and 

strongest for ammonia, with methylamine and ethylamine in between.38 Since the amine 

competes with hydroxide for reaction with the ketene intermediate, it is reasonable that 

dimethylamine produces the highest ratio of the amide to acetate, while ammonia 

produces the lowest. Therefore, these observations further support the mechanism 

proposed earlier and provide important mechanistic insight into the Cu-catalyzed CO 

electroreduction reaction. 

Additionally, we were able to further extend the range of products to acetamides 

containing hydroxyl and carboxylate functional groups. Acetic monoethanolamide and 

aceturic acid were produced by performing CO electrolysis in solutions of ethanolamine 

and glycine, respectively (Figure D.12). As these products contain reactive functional 

groups, they can be used as potential precursors to build larger molecules with higher 

values. This opens up a wide library of chemical transformations in which CO 

electrolysis can play an important role. While the goal of this work is to demonstrate 

the concept of electrochemical C-N bond formation, future studies can identify and 

optimize the production of additional species. 

6.4 Conclusions 

In summary, we demonstrate a new route to produce a variety of acetamides 

through CO electrolysis at ambient conditions. These products are commonly used 

within the polymer and pharmaceutical industries.20,39 Particularly, N, N-

dimethylacetamide has significant usage as a polymerization solvent, and currently 

requires harsh synthesis conditions.40 Although the amines used in this work are 
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currently produced through methane-derived ammonia and methanol, renewable 

ammonia synthesis is currently an area of great interest and many promising production 

routes have been demonstrated recently.41-43 More importantly, the concept of 

nucleophilic attack of ketene intermediate in Cu-catalyzed CO electroreduction enables 

the formation of a much wider range of chemicals containing carbon-heteroatom bonds, 

which cannot be built in conventional CO electrolysis processes. The ability to produce 

heteroatom containing carbon species would greatly increase the potential of CO2/CO 

electrolysis technologies for commercial applications. 
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CONCLUSIONS AND RECOMMENDATIONS  

7.1 Conclusions 

In this thesis, a three-compartment flow electrolyzer was designed and employed 

for the evaluation of electrochemical CO2 and CO reduction systems, allowing for 

critical insight into the fundamental reaction mechanism for multi-carbon product 

formation, as well as the achievement of state-of-the art performance. The work 

presented illustrates the key role of carbon monoxide electrolysis for carbon utilization 

and motivates further development of a two-step CO2 electrolysis process.  

In Chapter 3, a general techno-economic analysis model is developed to gain 

insight into the relative profitability of common eCO2R products. While single-carbon 

products formic acid and pure carbon monoxide are profitable under current conditions, 

dramatic performance improvements and cheap electricity are critically needed for 

multi-carbon products, which are more desirable due to a high market potential. 

Performance targets for a two-step eCO2R process to ethylene and acetic acid are given, 

and cradle-to-gate LCA was conducted, which shows reduced emissions if driven by 

>80% renewable energy.  

In Chapter 4, a highly porous copper catalyst is synthesized and incorporated 

into a three-compartment flow cell electrolyzer for eCO2R. The high porosity enabled 

stable operation at high current densities (>650 mA/cm2) with 62% C2+ Faradaic 

efficiency. eCO2R performance is tested in different electrolytes, with alkaline 

conditions showing dramatically improved C2+ production relative to neutral conditions. 

Chapter 7 
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Surface pH calculations attribute this enhancement to a significantly higher pH in the 

catalyst layer for alkaline electrolyte under high current density operation.  

In Chapter 5, a three-compartment flow cell electrolyzer was employed for 

electrochemical carbon monoxide reduction (eCOR) in alkaline conditions. An oxide-

derived copper (OD-Cu) catalyst and commercial micron catalyst were tested. While 

OD-Cu copper showed high alcohol selectivity at low overpotentials, both catalysts 

showed mostly ethylene production at high current densities. Comparison of eCO2R and 

eCOR at 300 mA/cm2 in 1M KOH showed significantly higher C2+ Faradaic efficiency 

for eCOR, which was attributed to five times increase in acetate production. Surface pH 

calculations estimated that the local hydroxide concentration is over an order of 

magnitude higher for eCOR than eCO2R, and isotopic labelling studies showed 

electrolyte oxygen incorporation into acetate, suggesting that acetate is formed through 

hydroxide attack of a surface intermediate. Finally, operation in 2M KOH enabled up 

to 90% C2+ Faradaic efficiency and up to 1 A/cm2 total current density, demonstrating 

the potential of eCOR for efficient C2+ production.    

In Chapter 6, eCOR is performed in a flow cell in the presence of ammonia, 

enabling the production of acetamide with up to 40% Faradaic efficiency at 300 

mA/cm2, demonstrating the formation of a C-N bond during eCOR. Variation in 

electrolyte hydroxide concentration and ammonia feed-ratio indicated acetamide 

production occurs in competition with acetate formation. This was supported by DFT 

calculations that found acetamide forms through nucleophilic ammonia attack of a 

surface-bound ketene intermediate, which can also react with hydroxide to form acetate. 

Additional amine precursors such as dimethylamine and ethanolamine were tested, with 

their respective acetamides formed with up to 40% Faradaic efficiency. This work 
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provides critical insights into the reaction mechanism for C2+ product formation during 

eCOR, and also demonstrates the ability to electrochemically produce heteroatomic 

products, which widens the scope of possible chemical production from eCOR.  

 

7.2 Recommendations 

7.2.1 Towards membrane-based reactors for practical eCOR 

While the three-compartment flow cell electrolyzer utilized in this thesis (Figure 

7.1a) has enabled lab-scale eCO2R and eCOR electrocatalytic evaluations at high 

current densities, there are significant practical limitations associated with this device 

configuration. Firstly, the use of flowing electrolyte streams to separate the cathode and 

anode imparts a substantial Ohmic resistance on the cell. For example, in 1M KOH 

electrolyte, even only a 3 mm thick electrolyte layer adds an 800 mV voltage drop at 

500 mA/cm2. As shown by the TEA in Chapter 3, a low cell voltage is critical for C2+ 

production, especially for ethylene. Reducing this Ohmic drop by decreasing the 

electrolyte thickness further would facilitate liquid product crossover to the anode. The 

issue of crossover also makes the production of concentrated liquid product streams in 

the three-compartment design challenging even with electrolyte recycle, as it leads to 

both the catholyte and anolyte requiring separation. Finally, as discussed in Chapters 4-

5, flooding easily occurs for commercial GDLs in contact with a liquid electrolyte, 

limiting stability to <100 hours.1 

The practical limitations described above have motivated the development of 

membrane electrode assembly (MEA) based electrolyzers for eCO2R and eCOR. As 

detailed in Chapter 2, MEA-based designs have low Ohmic resistance and can have 

significantly longer stability; however, they require delicate engineering of the 



 135 

catalyst/solid electrolyte interface. Recently, Kanan et al. incorporated a Nafion 

membrane into an eCOR system for ethylene and sodium acetate production (Figure 

7.1b).2 Sodium hydroxide was fed to the anode, and concentrated sodium acetate was 

 

Figure 7.1: Schematics of different CO electrolyzer designs including (a) three-

compartment, (b) cation-exchange MEA, (c) double membrane MEA, and (d) 

hydroxide-exchange MEA (reproduced from Ref. 3) 

produced at the cathode. While this was the first demonstration of concentrated liquid 

product formation from eCOR, the sodium acetate needs to be acidified to the more 
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useful acetic acid. An alternative reactor design is a double-membrane system that has 

been demonstrated for eCO2R, where a middle ion-exchange chamber can lead to 

concentrated acetic acid (Figure 7.1c).4,5 An ideal design would simply be a hydroxide-

exchange membrane (HEM) MEA configuration. Here, acetate will diffuse to the anode, 

where a selective water oxidation catalyst could prevent oxidation. Then, alcohols could 

be concentrated from the cathode in a cold trap, as recently shown by Sargent et al.6, 

and ethylene then separated from unreacted CO. This could alleviate the selectivity 

challenge of copper electrocatalysts by separating all products. However, this 

configuration requires the development of dedicated HEMs for eCOR. The influence of 

a solid electrolyte on eCOR performance is unexplored. It is feasible that a membrane 

could be optimized for C-C coupling, similar to how Dioxide Materialsô Sustanion 

membrane facilitates CO2 adsorption, which could reduce the cathodic overpotential.7,8     

7.2.2 Integration of two-step eCO2R electrolyzers 

One downside commonly cited for a two-step eCO2R process is the need for 

additional capital equipment and separation of unreacted CO2 from the first stage. While 

a recent TEA found additional capital costs are negligible compared to direct eCO2R to 

C2+ products if electrolysis efficiency is improved,9 an ideal system would have 

complete CO2 conversion in the first stage, removing the need for a separator. Recently, 

several works on eCO2R to CO in an MEA using bicarbonate electrolyte have showed 

that CO2 is converted to carbonate at the cathode due to local hydroxide generation and 

transported to the anode chamber, where it is released as gaseous CO2.
10,11 Preventing 

the shuttling of CO2 to the anode in an MEA would require the use of a different 

membrane type; for example, bipolar membranes have been used to prevent product 

crossover in eCO2R devices.12  
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Figure 7.2: Schematic for integration of CO2 and CO electrolyzers without CO2/CO 

separator 

However, for HEM systems, if CO2 transfer to the anode is inevitable and 

CO2/O2 separation is needed, then it is possible to produce a highly pure (>99%) CO 

outlet stream by operating under high CO2 conversion conditions. High single-pass 

conversions >70% have already been shown in eCO2R and eCOR devices.2,6 This could 

be fed directly to the second stage CO electrolyzer for conversion to C2+ products 

(Figure 7.2), thereby eliminating the need for a CO2/CO separator. In this configuration, 

the electrolyzers could design into a single electrolyzer stack through clever 

engineering, where the first cells operate in bicarbonate and produce CO, and the 

subsequent cells operate in alkaline conditions to produce C2+ products.  

KHCO3

O2, CO2

CO2

CO3
2-

#/ (/ ςÅ ᴼ#/ ς/(

#/ ς/( ᴼ#/ (/

Cathode:

Anode:

ς/( ᴼ(/ πȢυ/ ςÅ

#/ (/ O #/ ς/(

OH-

AcO-

CO, H2

C2H4

Alcohols

KOH/H2O

KAcO/

HAcO

#/ Ø(/ ÙÅ ᴼ#(/ Ù/(

Cathode:

Anode:

ς/( ᴼ(/ πȢυ/ ςÅ

Ir/Ti mesh Ag on GDL Cu on GDL Ni/Fe foam

HEM HEM

CO2 Electrolyzer CO Electrolyzer



 138 

7.2.3 Beyond monometallic copper catalysts for eCOR 

As discussed in Chapter 1, the development of copper catalysts has seen 

significant attention due to copperôs unique ability to form C2+ products during eCOR. 

While Chapter 4 demonstrated a novel highly porous copper catalyst that enables 

excellent bubble management in a flow cell, commercial copper particles were utilized 

in Chapters 5 and 6 with eCOR activity compared to the state-of-the art. Despite many 

works reporting copper electrocatalysts with novel nanostructures, many of these 

catalysts all show similar polarization curves when normalized to overall 

electrochemical surface area.13 Furthermore, for high-rate eCOR, many copper catalyst 

exhibit similar selectivities at high current densities.3 These results indicate that 

differences in activity between reported copper catalysts can mostly be attributed due to 

surface area variation. While monometallic copper shows decent activity towards C2+ 

products, significant reductions in overpotential are needed, motivating the 

development of catalysts that can facilitate C-C coupling at an intrinsically faster rate.   

Bimetallic copper catalysts have been heavily investigated since theoretically, 

the doping of copper lattice with a small amount of another metal can induce geometric 

and electronic effects that break linear scaling relations for eCOR intermediates.14 For 

example, Cu-Al and Cu-Ag alloys have shown enhanced selectivity compared to pure 

copper.15,16 Another approach is to decorate the copper  surface with adsorbates. 

Markovic et al. showed that Ni(OH)2 clusters on Pt could increase HER activity by 

supplementing Ptôs ideal hydrogen binding energy with enhanced water dissociation.17 

A similar approach could be applied to copper, where the RDS coupling of *CO and 

protonation to *OCCOH is facilitated by aiding copperôs near-ideal C-C coupling ability 

with a water dissociating surface adsorbate. This approach was very recently 
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exemplified by Wang et al., who decorated copper with fluorine atoms leading reduced 

overpotential for C2+ formation during eCO2R.18  

While the studies mentioned here show some promise for developing catalysts 

intrinsically more active for C-C coupling than copper, a deeper understanding of the 

structure-property relationships are needed. Many studies use CO2 as the reactant, which 

complicates the study of C-C coupling formation because the adsorption and activation 

of CO2 could be rate limiting. Furthermore, the interaction of CO2 with hydroxide 

generated at the electrocatalytic interface to form carbonates leads to a complex local 

environment that must be accounted for. As such, in addition to the practical aspects of 

decoupling eCO2R to C2+ products through the CO intermediate, researchers should 

focus on eCOR for developing active C-C coupling electrocatalysts. Reactivity studies 

in electrochemical flow cells without mass transport limitations need to be 

supplemented with detailed operando studies to provide an accurate understanding of 

changes to the electrocatalyst under reaction conditions.19  
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SUPPLEMENTARY INFORMATION FOR CHAPTER 3: GENERAL 

TECHNO-ECONOMIC ANALYSIS OF CARBON DIOXIDE ELECTROLYSIS 

SYSTEMS 

Ma et al. reported electrochemical CO2 reduction to ethanol with a partial current 

of ~50 mA (1 cm2 electrode area). The flow rate in the electrolyzer was 0.5 mL/min. 

Then, the volume percent of ethanol in the exiting electrolyte is: 
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Appendix A 

A.1 Calculation of Single Pass Accumulation of Liquid Products: 
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Figure A.1: NPV and capital cost versus current density for ethanol case 
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The core COR electrolyzer is assumed to operate at base case conditions: 90% 

product selectivity and 50% single-pass conversion, 100 ton/day production rate, 20-

year operating lifetime, 350 days/year operating time, 300 mA/cm2 current density, and 

2 V cell voltage (wherever the CO2R voltage is fixed in the analysis). The CO price 

from the initial CO2 conversion was iteratively determined as a function of electricity 

price by calculating the required sale price to operate the previous CO2 to CO model at 

break-even conditions under optimistic assumptions for initial carbon capture and 

electrolyzer operation. For the two-step process, the tax-rate and interest rates were 21% 

and 20%, respectively.  

For acetic acid, we assume a 10% steady-state volume in the electrolyte, which 

is maintained with a recycle loop, and calculate the electrolyte flow rate accordingly. 

For separation of acetic acid from the electrolyte stream, the Aspen Plus software 

package with the Economic Analyzer plugin was used to model distillation with a 

single-column unit. Operating costs are determined by linearly scaling the resulting 

utility cost to the actual flow rate ($34,000/day for 1000 L/min at $0.03/kWh). As acetic 

acid is the higher-boiling component and at low concentration, heat duties are extremely 

high in this configuration. More complex distillation schemes would require higher 

capital costs but should reduce the total operating costs significantly; this analysis is 

beyond the scope of the present perspective. This is somewhat mitigated by the 

anticipated costs of acidification if acetic acid must be produced in concentrated alkaline 

solution, and several strategies exist to exploit solubility differences to make that 

process less costly. To avoid unrealistically high costs from this simplified model, 

A.2 Modification of CO 2R model for two-step process analysis 
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acidification has been neglected in the present study and the product purity was fixed to 

90%.  

 

 

Figure A.2: Percentage change in RSP as a function of COR current density, referenced 

to RSPs at 100 mA/cm2. Two operating conditions are shown for both acetic acid and 

ethylene: full-year (350 days/year) operation at 2030 grid electricity pricing 

($0.03/kWh) and intermittent operation (120 days/year) with low-cost burst energy 

(approximated as $0.01/kWh). Production scale: 100 metric tons of product per day. All 

other parameters match the TEA model as outlined in the main text. 

 



 146 

SUPPLEMENTARY INFORMATION FOR CHAPTER 4: A HIGHLY 

POROUS COPPER ELECTROCATALYST FOR CARBON DIOXIDE 

REDUCTION  

 

Figure B.1: (a) SEM image of MWCNTs on GDL (0.1 mg/cm2 loading), (b) total 

current density, and (c) Faradaic efficiencies for CO2R of MWCNTs on GDL. 

 

Appendix B 
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Figure B.2: (a) SEM image, (b) TEM image, and (c) PXRD spectrum for Cu(OH)2 

nanorods. 
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Figure B.3: (a-d) SEM images showing nanoporous network at various 

magnifications, (e) TEM image, and (f) PXRD spectrum for nanoporous CuO. 
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Figure B.4: Nitrogen adsorption-desorption isotherm of porous CuO. 
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Figure B.5: HRTEM image of nanoporous Cu catalyst showing dominantly Cu(111) 

facets. 
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Figure B.6: Current density profiles for CO2 electrolyzer cell with nanoporous Cu 

catalyst loadings of 0.3, 0.6, and 1.0 mg/cm2. The current density profile for 1.0 mg/cm2 

loading was not as stable as those of 0.3 and 0.6 mg/cm2 catalyst loadings, suggesting 

that the catalyst loading has a significant impact on cell performance. 
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Figure B.7: Comparison of nanoporous Cu catalyst performance to the CO2R literature 

values. 
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Table B.1: Summary of CO2R literature results on copper electrodes. 

Catalysts 

Potential 

(V vs. 

RHE) 

C2+ current 

density  

(mA cm-2) 

C2+ Faradaic 

Efficiency 

(%) 

Electrolyte Ref. 

Nanoporous Cu -0.67 411 62 1 M KOH 
This 

work 

Abrupt Cu interface -0.67 608 81 
3.5 M KOH 

with 5 M KI 
1 

Cu-3 -0.63 232 52.8 1 M KOH 2 

CuDAT wire -0.69 124 68.9 1 M KOH 3 

CuAg wire -0.68 265 85.1 1 M KOH 4 

ERD-Cu -1.0 87 54 0.1 M KHCO3 5 

Cu(100) -0.97 2 60 0.1 M KHCO3 6 

Prism Cu -1.1 10 35 0.1 M KHCO3 7 

Cu NCs/Cu foils -0.96 24 60 0.25 M KHCO3 8 

Mesoporous Cu foam -0.8 7 57 0.5 M NaHCO3 9 

CuO nanowire arrays -1.1 2 44 0.1 M KHCO3 10 

OD-Cu4Zn -1.05 15 51 0.1 M KHCO3 11 
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Figure B.8: Faradaic efficiency over time for long-term stability test at a constant-

current density of 200 mA/cm2. 
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Figure B.9: (a) SEM image and (b) XPS spectrum for nanoporous Cu after the stability 

test at a constant-current density of 200 mA/cm2. 
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Table B.2: pH values of electrolytes (catholyte) before and after electrolysis (i.e., 

entering the flow cell and exiting the flow cell). 

Electrolyte 
pH (before 

electrolysis) 

Potential (V vs. 

Ag/AgCl) 

pH (after 

electrolysis) 

Potential (V vs. 

RHE) 

1 M KOH 13.5 

-1.51 13.3 -0.50 
 

-1.57 13.4 -0.56 

-1.60 13.4 -0.59 

-1.63 13.4 -0.62 

-1.66 13.4 -0.65 

-1.68 13.4 -0.67 

1 M KHCO3 8.6 

-1.25 8.7 -0.52 

-1.39 8.8 -0.62 

-1.45 8.9 -0.74 

-1.50 9.0 -0.77 

-1.53 9.1 -0.80 

1 M KCl 6.2 

-1.16 
 

7.3 -0.52 

-1.32 9.0 -0.57 

-1.42 10.0 -0.61 

-1.45 10.2 -0.65 

-1.50 10.5 -0.67 

0.5 M K2SO4 6.2 

-1.11 6.9 -0.50 

-1.29 9.4 -0.52 

-1.42 10.0 -0.62 

-1.51 10.3 -0.69 

-1.55 10.5 -0.71 
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Table B.3: CO2R flow electrolyzer data obtained from different electrolytes 

Electrolyte: 1 M KOH 

Potential 

(V vs. RHE) 

Current density 

(mA cm-2) 

Faradaic Efficiency (%) 

H2 CO C2H4 EtOH AcO- PrOH HCOO- 

-0.50 79.5 23.7 38.3 10.4 3.1 1.0 3.9 9.3 

-0.56 166 16.0 29.5 24 7.6 0.81 5.9 7.3 

-0.59 282 13.1 22.9 32.7 11.3 1.2 5.3 4.8 

-0.62 399.5 11.4 19.9 37.1 12.1 1.3 4.7 3.2 

-0.65 516 10.7 16.5 39.3 16.3 1.9 5.2 2.7 

-0.67 653 7.6 14.7 38.6 16.6 2.2 4.5 1.9 

Electrolyte: 1 M KHCO3 

Potential 

(V vs. RHE) 

Current density 

(mA cm-2) 

Faradaic Efficiency (%) 

H2 CO C2H4 EtOH AcO- PrOH HCOO- 

-0.52 13 67.1 0.97 0 0 0 0 11.5 

-0.62 54 46.2 11.2 0 0 0 0 29.2 

-0.74 106 20.0 27.5 5.6 2.2 0.3 1.7 23.6 

-0.77 176 13.6 30.8 15.1 6.5 0.6 4.9 12.9 

-0.80 238 13.0 27.4 21.2 9.4 1.5 6.0 9.9 

Electrolyte: 1 M KCl 

Potential 

(V vs. RHE) 

Current density 

(mA cm-2) 

Faradaic Efficiency (%) 

H2 CO C2H4 EtOH AcO- PrOH HCOO- 

-0.52 2.4 37.0 2 0 0 0 0 8.6 

-0.57 19 30.9 4.2 0.4 0 0 0 21.9 

-0.61 62 16.2 31.7 5.6 2.4 0.3 2.0 18.7 

-0.65 100 12.6 29.9 12.5 4.9 0.4 4.3 13.5 

-0.67 150 11.9 26.4 19.4 8.2 0.5 5.4 10.7 

Electrolyte: 0.5 M K2SO4 

Potential 

(V vs. RHE) 

Current density 

(mA cm-2) 

Faradaic Efficiency (%) 

H2 CO C2H4 EtOH AcO- PrOH HCOO- 

-0.50 3.3 44.5 0.1 0 0 0 0 4.8 

-0.52 19 61.1 4.3 0 0 0 0 12.9 

-0.62 56 29.9 20.5 5.4 0 0 0 26.6 

-0.69 85 17.2 30.0 7.8 3.1 0.4 2.9 19.2 

-0.71 120 16.3 26.5 10.4 5.8 1.0 4.1 25.2 
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The surface pH at the catalytic gas-liquid interface was calculated by adapting 

models previously developed by Gupta et al.12 and Dinh et al.1 In aqueous electrolytes, 

CO2 can undergo a number of reactions to form carbonates and bicarbonates. Under 

alkaline conditions, the two major reactions are: 

 #/ ÁÑ /( ᵶ(#/  (1)  

 (#/ /( ᵶ#/ (/ (2) 

The forward and reverse rate constants for these reactions have been reported in the 

literature and are summarized in Table B.4:13 

Table B.4: Reaction Rate Constants. 

k1f 2.23 × 103 M-1 sec-1 

k1r 5.02 × 10-5 sec-1 

k2f 6 × 109 M-1 sec-1 

k2r 1.29 × 106 sec-1 

 

A schematic of the gas/liquid interface is shown in Figure B.10. At x=0, CO2 is 

introduced through the back of the catalyst layer and into the electrolyte. Film theory is 

applied where transport through the hydrodynamic boundary layer occurs via diffusion, 

and equations for the steady-state conservation of mass involving the four reactive 

species (CO2, OH-, HCO3
-, and CO3

2-) can be written as follows:  

 

0 = $  ï Ë #/ /(  + Ë (#/ ï 2ØÎ             

 

B.1 Calculation of Surface pH 
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0 = $  ï Ë #/ /(  + Ë (#/ ï Ë (#//( + Ë #/ + 

2ØÎ                                                                     

0 = $  + Ë #/ /(  ï Ë (#/ ï Ë (#//( + Ë #/       

0 = $  + Ë (#//(  ï Ë #/                 

The diffusion coefficients for each species are taken from Gupta et al.12 and are listed 

in Table B.5. 

Table B.5: Diffusion coefficients for reactive species 

$  1.91 × 10-9 m2 sec-1 

$  5.27 × 10-9 m2 sec-1 

$  9.23 × 10-10 m2 sec-1 

$  1.19 × 10-9 m2 sec-1 

 

The rate of consumption of CO2 2ØÎ  and rate of generation of OH- (2ØÎ ) are 

assumed to occur homogenously within the catalyst layer, and are directly related to 

the current density (j) and the Faradaic efficiency (FE) as follows, where the reactions 

are spatially dependent: 

0 Ò x Ò 2.5 mm, 2ØÎ = 
 e

  ȟ ȟ
 
ȟ

 
ȟ ȟ

 
ȟ

    

2.5 mm Ò x Ò 100 mm, 2ØÎ= 0                           

0 Ò x Ò 2.5 mm, 2ØÎ  = 
 e

  
 (1- )                           

2.5 mm Ò x Ò 100 mm, 2ØÎ = 0 
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Figure B.10: Schematic of gas-liquid interface at the catalyst layer and bulk electrolyte 

The thickness of the catalyst layer was determined to be 2.5 ɛm via cross-sectional SEM 

(Figure 4.2b), and the porosity (Ů) was assumed to be 50%. The thickness of the 

diffusion layer was assumed to be 100 ɛm, where the electrolyte is well-mixed for x > 

100 ɛm. Assuming CO2 behaves as an ideal gas, the dissolved CO2 concentration can 

be found by Henryôs law as follows: 

ὅὕ ὑὖ  

where KH = 34.1 mM atm-1 for T = 298 K.  
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For KOH and KHCO3 electrolytes, the CO2 concentration is reduced due to 

ñsalting outò effects which are accounted for via the Sechenov equation:  

 log(
ȟ 

) = Ks [Cs]  

where Ks is the Sechenov constant and [Cs] is the molar concentration of the electrolyte. 

Using parameters obtained from Weisenberger et al.14, the Sechenov constant was 

estimated based on the effects of cations and anions on CO2 solubility in KOH 

electrolyte. 

 Ks = Ɇ(hion + hg)      

 Hg = hg,o + hT(T-298.15)  

where hion is the ion-specific parameter, hg,o is the gas-specific parameter, and hT is gas-

specific parameter for the temperature effect. Using these relationships, the maximum 

CO2 solubilities was calculated and are listed in Table B.6.  

Table B.6: Calculated Maximum CO2 Solubility 

1 M KOH 24.5 mM 

1 M KHCO3 23.9 mM 

1 M KCl 27.7 mM 

0.5 M K2SO4 25.7 mM 

 

At x = 0, the CO2 concentration was set to the calculated maximum CO2 solubility in 

the electrolyte. No-flux boundary conditions were applied to OH-, HCO3
-, and CO3

2- at 

x = 0. At the right-hand boundary, a no-flux condition was applied to CO2, and the 

concentrations of OH-, HCO3
-, and CO3

2- were set to equilibrium values based on the 

experimentally measured pH for the KOH and KHCO3 systems. For KCl and K2SO4, 

the OH- bulk concentration was set to the measured experimental pH, and 
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concentrations for HCO3
- and CO3

2- were set to zero. For each calculation, the total 

current density, Faradaic efficiencies, and bulk concentrations were described. The 

concentration profiles of the various species were then calculated using Matlab and the 

surface pH was obtained.  

 

 

Figure B.11: CO2 reduction current density vs. potential on an Ag/AgCl scale. 
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Figure B.12: Electrolyte conductivity vs. concentration for electrolytes used.15 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 5: HIGH -RATE 

ELECTROREDUCTION OF CARBON MONOXIDE TO MULTI -CARBON 

PRODUCTS 

 

Figure C.1: Image of custom-built H-cell for XANES measurement. 

 

Appendix C 



 166 

 

Figure C.2: Commercial micron copper after annealing at 500 oC for 2 hours. 
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Figure C.3: Oxide-derived copper (OD-Cu) on GDL after pre-reduction at 15 mA/cm2. 
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Figure C.4: In-situ XAS of the OD-Cu electrode in 0.1M KOH electrolyte. 
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Figure C.5: SEM image of commercial micron copper particles on GDL. 
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Figure C.6: (a) Measured double layer charging current vs. scan rate for OD-Cu, 

commercial Micron Cu, and Cu foil, and (b) measured specific double layer 

capacitance for copper samples and corresponding roughness factors. 
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Figure C.7: Total current densities vs. potential for COR over OD-Cu and Micron Cu in 

1M KOH. Error bars represent the standard deviation from at least three independent 

measurements. 
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Figure C.8: SEM image of OD-Cu after 1-hour electrolysis in 2M KOH at 500 

mA/cm2. The OD-Cu particles retain their nanostructure during electrolysis. 
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Figure C.9: CO/CO2 electrolysis on OD-Cu at a constant current density of 300 

mA/cm2 in 1M KOH, showing the change in production rate (mol/s) over time for 

COR and CO2R. The color change of cell voltage profile (between blue and gold) 

indicates the switch between CO and CO2 gas feeds. 
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Figure C.10: CO/CO2 electrolysis on Micron Cu at a constant current density of 300 

mA/cm2 in 1M KOH, showing the change in production rate (mol/s) over time for 

COR and CO2R. The color change of cell voltage profile (between blue and gold) 

indicates the switch between CO and CO2 gas feeds. 
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Figure C.11: A simplified proposed pathway for the formation of ethylene, acetate, 

ethanol, and n-propanol. 
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Figure C.12: Mass spectrums of a) acetaldehyde, b) ethanol, and c) n-propanol 

products from unlabeled CO and labeled C18O reduction. 
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Figure C.13: Mass spectrums of a) acetic acid, b) acetaldehyde , and c) ethanol in 

mixture of unlabeled H2O and labeled H2
18O. 
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Figure C.14: HER (a) current densities and (b) Faradaic efficiencies vs. potential for 

COR over OD-Cu in various KOH concentrations. Error bars represent the standard 

deviation from at least three independent measurements. 

 

Figure C.15: Ratio of acetate molar production to total molar production for COR over 

OD-Cu in various KOH concentrations. The fraction of acetate produced increases 

with increasing KOH concentration.   

-0.8-0.7-0.6-0.5-0.4-0.3
0

20

40

60

80

100

120

140

160

180

H
2
 C

u
rr

e
n
t 

D
e
n

s
it
y
 (

m
A

/c
m

2
)

Potential (V vs. RHE)

 2M KOH

 1M KOH

 0.5M KOH

 0.1M KOH

-0.8-0.7-0.6-0.5-0.4-0.3
0

10

20

30

40

50

60

H
2
 F

a
ra

d
a
ic

 E
ff
ie

n
c
y
 (

%
)

Potential (V vs. RHE)

 0.1M KOH

 0.5M KOH

 1M KOH

 2M KOH

(a) (b)

-0.8-0.7-0.6-0.5-0.4-0.3
0.0

0.2

0.4

0.6

0.8

1.0

F
ra

c
ti
o
n
 o

f 
to

ta
l 
m

o
la

r 
p
ro

d
u
c
ti
o
n
 t
o
w

a
rd

s
 a

c
e
ta

te

Potential (V vs. RHE)

 0.1M KOH

 0.5M KOH

 1M KOH

 2M KOH



 179 

 

Figure C.16: CO2R in 2M KOH at 500 mA/cm2 on OD-Cu electrode. The electrode 

flooded after about 40 minutes, leading to a sharp increase in cell voltage beyond 

4.5V.  
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The following model was adapted from Burdyny et al.1 and Dinh et al.2 to 

estimate the surface pH near the electrode-electrolyte interface for CO2R and COR in 

alkaline electrolyte during flow cell operation. 

 

The solubility of CO2 in pure water was calculated by using Henryôs law with 

the assumption of CO2 being an ideal gas: 

 [CO2]aq,H = KH [CO2]g (1)  

where KH is the Henryôs constant. The Henryôs constant is dependent on the 

temperature which was calculated: 

 KH = 93.4517( ) ï 60.2409 + 23.3585ln( ) (2) 

The solubility of CO2 was then adjusted to the effect of electrolyte as described by 

Sechenov equation: 

 log(
ȟ 

) = Ks [Cs]   (3)  

where Ks is the Sechenov constant and [Cs] is the molar concentration of the electrolyte. 

Using parameters obtained from Weisenberger et al.3, the Sechenov constant was 

estimated based on the effects of cations and anions on CO2 solubility in KOH 

electrolyte. 

 Ks = Ɇ(hion + hg) (4) 

 Hg = hg,o + hT(T-298.15) (5) 

where hion is the ion-specific parameter, hg,o is the gas-specific parameter, and hT is 

gas-specific parameter for the temperature effect.  

C.1 Calculation of surface pH for CO2 and CO reduction 

C.1.1 Calculation of the Maximum Solubility of CO2 in KOH electrolyte 
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Figure C.17: Calculated maximum of CO2 solubility in various KOH concentrations 
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 HCO3
- + OH- ăĄ CO3

2 + H2O (7) 
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 K1 =  = 
ᶻ

 (8) 

 K2 =  = 
ᶻ

 (9) 

1 2 3 4 5 6 7 8 9 10
0.000

0.005

0.010

0.015

0.020

0.025

M
a

x
 C

O
2
 S

o
lu

b
ili

ty
 (

M
)

KOH Concentration (M)

C.1.2 Calculation of Equilibrium Constants 



 182 

where Kw is the water dissociation constant, assuming a value of 1×10-14, and K1
*
 and 

K2
* are the equilibrium constants as follow: 

 K1
* =  (10) 

 K2
* =   (11) 

 

K1
*
 and K2

*
 are functions of temperature and salinity and were calculated as follows:4 

 pK1
* = pK01

* + 13.419S0.5 + 0.0331S ï 5.33×10-5S2 - Ȣ Ȣ Ȣ
 ï 

 2.070S0.5ln(T)    (12) 

 pK01
* = -126.340 + 

Ȣ
 + 19.5682ln(T)             (13) 

pK2* = pK02* + 21.089S0.5 + 0.125S ï 3.687×10-4S2 ï 
Ȣ Ȣ Ȣ

 ï 

3.334S0.5ln(T)   (14) 

 pK02
* = -90.183 + 

Ȣ
 + 14.6132ln(T) (15) 

The salinity is a function of electrolyte ionic strength: 

 S = 1000
Ȣ Ȣ

 (16) 

 I = 0.5В ὧᾀ (17) 

 

The reaction rates for the equilibrium reactions in 1.0 M KOH at 298.15 K are tabulated 

below and were used in the following diffusion model.5 

Table C.1: Reaction Rate Constants 

k1f 2.23 × 103 M-1sec-1 Ref. [5] 

k1b 1.33 × 10-5 sec-1 Calculated 

k2f 6 × 109 M-1sec-1 Ref. [5] 

k2b 3.84 × 104 sec-1 Calculated 
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A schematic of the electrode-electrolyte interface model is illustrated below.  

CO2 or CO enters the interface at x = 0. A catalyst layer thickness of 1 mm with a 

porosity (e) of 50% was assumed since 1 mm Cu particles were deposited. Properties of 

the bulk electrolyte was assumed to be at 500 mm. 

 

Figure C.18: Illustration of electrode-electrolyte interface used in modeling 

In the case of CO2R, the electrode-electrolyte interface model simulated the chemical 

reactions between CO2, OH-, HCO3
- and CO3

2- and the consumption and production 

rates of CO2 and OH-, respectively. The steady-state governing equations for CO2R are 

as follows: 

 0 = $  ï Ë #/ /(  + Ë (#/ ï 2ØÎ (18)  
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C.1.3 Steady-state modeling of electrode-electrolyte interface 
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 0 = $  ï Ë #/ /(  + Ë (#/ ï Ë (#//( + 

Ë #/  + 2ØÎ    (19) 

 0 = $  + Ë #/ /(  ï Ë (#/ ï 

Ë (#//( + Ë #/       (20) 

 0 = $  + Ë (#//(  - Ë #/   (21) 

Table C.2: Diffusion coefficients of species obtained from CRC Handbook6 

$  1.91 × 10-9 m2 sec-1 

$  2.30 × 10-9 m2 sec-1 

$  5.27 × 10-9 m2 sec-1 

$  9.23 × 10-10 m2 sec-1 

$  1.19 × 10-9 m2 sec-1 

 

The consumption of CO2 (2ØÎ) and production of OH- (2ØÎ ) are directly related 

to the current density (j) as well as the product selectivity (FE). It was assumed that 

2ØÎ and 2ØÎ  occurred homogeneously in the catalyst layer. The product FEs 

were 15% H2, 30% CO, 30% C2H4, 15% EtOH, 5% AcO-, 5% PrOH, and 10% HCOO-

, and these values were taken from experimental investigation. 0 Ò x Ò 1 mm, 2ØÎ = 
 e

 m  ȟ ȟ
 
ȟ

 
ȟ ȟ

 
ȟ

       (22) 

1 mm Ò x Ò 500 mm, 2ØÎ= 0       (23) 

0 Ò x Ò 1 mm, 2ØÎ  = 
 e

 m  
(1- )    (24) 

1 mm Ò x Ò 500 mm, 2ØÎ = 0       (25) 

 

With these spatial dependencies of 2ØÎ and 2ØÎ , this presented a two-regional 

boundary value problem in which continuous constraints were applied at the regional 

interface at x = 1 mm. At x = 0, CO2 was set to the calculated maximum CO2 solubility 
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in 1.0 M KOH and no-flux boundary conditions were applied to OH-, HCO3
-, and CO3

2-

. At x = 500 mm, CO2, OH-, HCO3
-, and CO3

2-
 were set to their equilibrium 

concentrations in 1.0 M KOH, experimentally measured pH of 13.5. These equilibrium 

concentrations were calculated from equilibrium constants (K1 and K2) by applying a 

cation-anion charge balance. From this, these sets of coupled equations were solved 

numerically, and the pH and CO2 concentration profiles were determined. 

In the case of COR, the equations are simplified because there is no chemical 

reaction between CO and OH-. The steady-state governing equations are as follows: 

  0 = $  -  2ØÎ  (26) 

 0 = $  + 2ØÎ  (27) 

 

Similarly, the consumption of CO (2ØÎ) and production of OH- (2ØÎ ) are directly 

related to the current density (j) as well as the product selectivity (FE). Again, it was 

assumed that 2ØÎ and 2ØÎ  occurred homogeneously in the catalyst layer. The 

product FEs were 20% H2, 35% C2H4, 15% EtOH, 25% AcO-, and 5% PrOH, and again, 

these values were taken from experimental investigation. 

0 Ò x Ò 1 mm, 2ØÎ = 
 e

 m  ȟ
 
ȟ

 
ȟ ȟ

  (28)  

1 mm Ò x Ò 500 mm, 2ØÎ= 0  (29) 

0 Ò x Ò 1 mm, 2ØÎ  = 
 e

m  
  (30) 

1 mm Ò x Ò 500 mm, 2ØÎ = 0  (31) 
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At x = 0, CO was set to 1 mM and a no-flux boundary condition was applied to OH-. At 

x = 500 mm, no-flux boundary condition was applied to CO while OH- was set to the 

corresponding concentration at the experimentally measured pH of 13.5. 
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Table C.3: COR flow electrolyzer data obtained for OD-Cu and micron copper in 1M 

KOH electrolyte.  

Sample: OD-Cu 1M KOH      

Potential (V vs. 

RHE) 

Current 

Density 

(mA/cm2) 

Faradaic Efficiency (%) 

EtOH AcO PrOH C2H4 H2 Total 

-0.32 3 35.0 29.6 0.0 3.8 6.9 75.4 

-0.42 10 15.6 7.0 25.6 19.2 18.8 86.2 

-0.49 30 11.9 5.2 18.9 24.5 24.8 85.3 

-0.54 80 13.8 6.3 12.8 32.7 21.9 87.5 

-0.60 255 22.3 10.1 10.2 37.5 16.0 96.0 

-0.65 650 20.5 8.5 6.4 41.5 16.2 93.3 

-0.72 1050 19.9 10.1 4.9 44.1 15.7 94.7         

Sample: Micron-sized Cu, 1M 

KOH 

     

Potential (V vs. 

RHE) 

Current 

Density 

(mA/cm2) 

Faradaic Efficiency (%) 

EtOH AcO PrOH C2H4 H2 Total 

-0.36 1 0.0 17.8 0.0 5.9 21.0 44.6 

-0.43 2.5 7.1 10.8 0.0 11.2 38.7 67.9 

-0.52 10 3.7 6.4 16.3 17.9 40.2 84.5 

-0.60 50 9.7 20.5 11.5 18.0 33.9 93.5 

-0.65 200 12.6 27.0 6.5 32.7 17.9 96.7 

-0.70 500 17.1 24.9 4.5 38.1 10.8 95.5 

 

  



 188 

Table C.4: COR flow electrolyzer data obtained for OD-Cu in 0.1M, 0.5M, and 2M 

KOH electrolyte 

Sample: OD-Cu, 0.1M KOH 
     

Potential (V vs. 

RHE) 

Current 

Density 

(mA/cm2) 

Faradaic Efficiency (%) 

EtOH AcO PrOH C2H4 H2 Total 

-0.33 2 11.8 4.2 0.0 2.9 25.3 44.1 

-0.43 5 9.9 5.0 15.6 9.8 38.8 79.1 

-0.51 15 6.9 1.6 13.2 16.7 49.5 87.8 

-0.57 35 7.2 1.7 10.8 21.1 49.7 90.5 

-0.66 90 9.0 2.3 9.8 23.2 38.0 82.3 

-0.73 135 16.8 4.5 11.1 22.6 33.6 88.6         

Sample: OD-Cu, 0.5M KOH 
     

Potential (V vs. 

RHE) 

Current 

Density 

(mA/cm2) 

Faradaic Efficiency (%) 

EtOH AcO PrOH C2H4 H2 Total 

-0.34 2 23.7 18.9 0.0 3.9 18.8 65.3 

-0.40 5 13.6 6.6 20.7 13.2 25.0 79.0 

-0.49 20 10.4 3.5 17.5 20.4 35.5 87.2 

-0.55 50 10.5 5.0 13.6 28.2 38.0 95.2 

-0.63 200 15.9 9.7 8.7 32.5 24.1 90.9 

-0.72 450 20.3 10.0 6.6 38.5 16.1 91.4         

Sample: OD-Cu, 2M KOH 
     

Potential (V vs. 

RHE) 

Current 

Density 

(mA/cm2) 

Faradaic Efficiency (%) 

EtOH AcO PrOH C2H4 H2 Total 

-0.31 4 17.3 31.8 0.0 2.8 3.4 55.3 

-0.39 10 18.4 13.0 24.4 16.6 11.6 84.1 

-0.47 35 14.5 8.3 18.8 21.9 18.1 81.6 

-0.56 150 19.2 10.9 13.5 35.4 14.7 93.7 

-0.62 410 23.7 13.8 10.1 39.4 12.0 99.1 

-0.67 700 26.7 13.9 8.3 41.8 11.8 102.5 

-0.69 1020 20.4 9.6 4.5 41.7 13.8 89.9 
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Table C.5: Summary of aqueous CO2R literature performance on copper electrodes 

Catalyst Electrolyte 
Potential (V 

vs. RHE) 

C2+ product 

current 

density 

(mA/cm2) 

C2+ product 

Faradaic 

Efficiency 

(%) 

This work 
2M KOH -0.67 635 90.7 

1M KOH -0.72 829 79.0 

Nanoporous Cu 

wires on GDL7 
1M KOH -0.69 138 68.9 

CuAg alloy film 

(6% Ag)8 
1M KOH -0.68 264 85.1 

25 nm Cu film on 

GDL2 

3.5M KOH 

+5M KI 
-0.66 607 82 

Cu nps (10-50 nm) 

on GDL9 

1M KOH -0.63 231 52.7 

1M KOH -0.79 215 70 

O2 plasma-treated 

Cu nanocubes10 
0.1M KHCO3 -1 24.8 73 

O2 plasma treated 

Cu foil11 
0.1M KHCO3 -0.92 12 60 

Cu np on N-doped 

graphene12 
0.1M KHCO3 -1.2 2.4 63 

Cu nanowhiskers 

on GDL13 
NA -0.8 160 35.5 

Cu nanowhiskers13 0.1M KHCO3 -1.2 31 52 

Cu2O-derived 

Cu14 
0.1M KHCO3 -1.03 18.7 59.9 

Li -ion cycled Cu 

foil15 

0.25M KHCO3 -0.96 42 60.5 

0.25M KHCO3 -1.01 57 52 

Cu (100) single 

crystal16 
0.1M KHCO3 -1 2.9 57.8 

3.6 um Cu2O 

film 17 
0.1M KHCO3 -0.99 17.8 50.8 

Oxide-derived Cu 

foam18 
0.5M NaHCO3 -0.8 11 55 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 6: FORMATION OF 

CARBON-NITROGEN BOND DURING CARBON MONOXIDE 

ELECTROREDUCTION  

 

Figure D.1: (a-b) Scanning electron microscopy images of Cu nanoparticles on the gas 

diffusion layer. (c) Powder X-ray diffraction spectrum. (d) X-ray photoelectron 

spectroscopy spectra 
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Figure D.2: Electrolysis performance for different CO/NH3 feed ratios in 1M KOH. 

(a) 2:1 (mol/mol) CO:NH3, (b) 1:1 (mol/mol) CO:NH3, (c) 1:4 (mol/mol) CO:NH3 

  

-0.45 -0.50 -0.55 -0.60 -0.65 -0.70 -0.75
0

20

40

60

80

100
1:1 = CO:NH3

F
a
ra

d
a
ic

 E
ff
ic

ie
n
c
y
 (

%
)

Potential (V vs. RHE)

0

100

200

300

400

500

C
u
rr

e
n
t 
D

e
n
s
it
y
 (

m
A

/c
m

2
)

a b

c

-0.45 -0.50 -0.55 -0.60 -0.65 -0.70 -0.75
0

20

40

60

80

100
1:4 = CO:NH3

F
a
ra

d
a
ic

 E
ff
ic

ie
n
c
y
 (

%
)

Potential (V vs. RHE)

0

100

200

300

400

500

C
u
rr

e
n
t 
D

e
n
s
it
y
 (

m
A

/c
m

2
)

-0.45 -0.50 -0.55 -0.60 -0.65 -0.70 -0.75
0

20

40

60

80

100

F
a
ra

d
a
ic

 E
ff
ic

ie
n
c
y
(%

)

Potential (V vs. RHE)

2:1 = CO:NH3

0

100

200

300

400

500

C
u
rr

e
n
t 
D

e
n
s
it
y
 (

m
A

/c
m

2
)

-0.55 -0.60 -0.65 -0.70 -0.75
0

20

40

60

80

100 7.5M NH4OH + 1M KCl

F
a
ra

d
a
ic

 E
ff

ic
ie

n
c
y
 (

%
)

Potential (V vs. RHE)

 Acetamide    n-Propanol    Acetate    Ethanol    Ethylene    Hydrogen

0

50

100

150

200

250

300

C
u

rr
e

n
t 

D
e

n
s
it
y
 (

m
A

/c
m

2
)



 193 

 

Figure D.3: CO Reduction in ammonium hydroxide electrolytes. (a) 1M NH4OH with 

1M KOH, (b) 5M NH4OH with 1M KOH, (c) 10M NH4OH with 1M KOH, (d) 14.8M 

NH4OH with 1M KCl. 
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Figure D.4: Demonstration of 8-hour stability for CO electrolysis with 2:1 (mol/mol) 

NH3:CO in 1M KOH at 100 mA/cm2. 
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Figure D.5: Post-reaction characterization of Cu nanoparticles. (a-b) Scanning electron 

microscopy images of Cu nanoparticles on the gas diffusion layer, (c) X-ray 

diffraction spectrum, (d) X-ray photoelectron spectroscopy spectra. 

  

970 960 950 940 930 920

Standard CuO 

Standard Cu 

Cu NPs

 Cu (II)

 Cu (0)

In
te

n
s
it
y
 (

a
. 

u
.)

Binding energy (eV)

Cu 2p

30 40 50 60 70 80

(220)

(200)

In
te

n
s
it
y
 (

a
. 

u
.)

2q (degrees)

Cu standard

(111)

c

500 nm 100 nm

d

ba

*

*: carbon



 196 

 

Figure D.6: In-situ X-ray adsorption spectroscopy of a 5 nm thick copper nanosheet 

catalyst in 5M NH4OH with 1M KOH. 
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Figure D.7: Characterization and performance for CO electroreduction with 2:1 

(mol/mol) NH3/CO feed in 1M KOH on micron Cu. (a) Scanning electron microscopy 

image of particles on GDL, (b) X-ray photoelectron spectroscopy spectra, (c) X-ray 

diffraction spectrum, (d) Current density and Faradaic efficiencies vs. applied 

potential. 
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Figure D.8: (a) Image of flow cell following co-feeding of CO2 (7 sccm) and NH3 (15 

sccm) with 1M KOH electrolyte showing immediate carbonate formation without 

applied current and (b) resulting precipitate. 
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Figure D.9: CO electroreduction with 2:1 (mol/mol) ammonia to CO ratio in different 

KOH concentrations. (a-c) Current densities and Faradaic efficiencies for 0.1M, 0.5M 

and 2M KOH, (d) Molar production fraction of C2+ products at 100 mA/cm2 

(excluding hydrogen) 
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Figure D.10: Obtained mass spectra for amide products 
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Figure D.11: Obtained 1H NMR spectra for amide products. (a) Acetamide. (b) N-

methylacetamide. (c) N-ethylacetamide. (d) N, N-dimethylacetamide. 
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