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ABSTRACT 

NANOMATERIALS DESIGN FOR THE EFFICIENT 

ELECTROCHEMICAL REDUCTION OF CARBON DIOXIDE 

Dylan J. Siltamaki 

University of Guelph, 2019 

 

Advisors: 

Professor A. Chen 

Professor J. Lipkowski 

With increasing concern over climate change and environmentally friendly technologies, 

carbon dioxide (CO2) conversion technologies have developed significant interest for using CO2 

as a green, inexpensive carbon source for the production of value-added chemicals and fuels. 

Electrochemical reduction of CO2 has advantages such as being able to control the reaction by 

adjusting the reaction conditions and renewable energy can be used to drive the reaction. However, 

challenges of slow kinetics and low efficiency need to be overcome before the technology becomes 

viable for industrial use. This thesis demonstrates facile approaches to the design of novel 

nanomaterials for the electrochemical reduction of CO2.  CuAu nanodendrites fabricated via 

electrodeposition on Ti have shown to be a good catalyst for the production of syngas with tunable 

ratios of H2 to CO depending on the reduction potential. A reduction potential of −0.86 V (vs. 

RHE) allows for a ratio of H2 to CO of 1.915, which is close to the ideal ratio of 2 for syngas in 

methanol production. Nanoporous Ag wire electrodes were fabricated by an electrochemical Zn 

alloying/dealloying method. The produced nanoporous Ag electrodes demonstrated high surface 

areas for the reduction of CO2. It was determined that CO2 reduction was limited by mass transfer 

for the nanoporous Ag and that flow cells designed to improve mass transfer limitations would 

result in significantly higher catalytic activities. 
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Chapter 1: Introduction 

1.1 An overview of CO2 

CO2 is among the most stable carbon species. It is a small linear nonpolar molecule which is 

fully oxidized and thermodynamically stable. It is composed of a carbon atom double bonded to 

two oxygen atoms with C−O bonds only 1.16 Å long. Though CO2 is overall nonpolar, it does 

contain polar bonds between C and O due to differences in electronegativity. The electronic 

structure of CO2 can be represented as O−δ−C+2δ−O−δ, demonstrating that it is prone to electrophilic 

attack at the O and nucleophilic attack at the C. CO2 has an ionization potential of 13.78 eV 

(compared to 12.6 eV for water), indicating that it is nonbasic and only weakly interacts with 

Bronsted and Lewis acids.1,2 The solubility of CO2 in water is relatively high compared to other 

common gases (H2, N2, and O2); in fact, the concentration of CO2 in solution is 0.033 M at 25 °C 

under 1 atm CO2 owing to a Henry constant of 29.76 L·atm·mol−1. When dissolved in water, CO2 

is hydrated and an equilibrium is established with carbonic acid (H2CO3), CO2 + H2O ↔ H2CO3. 

The equilibrium constant for hydration (Kh) at 25 °C, [H2CO3]/[CO2], is low at 1.70 x 10−3, 

indicating that the majority of CO2 in solution exists as dissolved CO2 and is not hydrated to 

H2CO3. Equilibrium is reached slowly in the absence of a catalyst as the rate constant for the 

forward reaction (CO2 + H2O → H2CO3) is 0.039 s−1 and the rate constant for the reverse reaction 

(H2CO3 → CO2 + H2O) is 23 s−1. As H2CO3 is a diprotic carboxylic acid, initially it is dissociated 

to the bicarbonate ion (HCO3
−) and subsequently deprotonated to the carbonate ion (CO3

2−). The 

initial dissociation (CO2 + H2O ⇌ H+ + HCO3
−) has a pKa1 of 6.37 and the second dissociation 

reaction (HCO3
− ⇌ H+ + CO3

2−) has a pKa2 of 10.25.1,3     
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1.2 Environmental impact of CO2 

In recent history, energy production has relied heavily on the burning of fossil fuels, which in 

turn produces CO2. With growing energy needs, increasing amounts of CO2 are produced by the 

burning of fossil fuels and, as a consequence, the atmospheric concentration of CO2 has been 

steadily rising. Atmospheric CO2 contributes to climate change by absorbing long wavelengths of 

light and partially radiating them back to earth as infrared radiation, resulting in an increase in 

average global surface temperatures. Furthermore, increased atmospheric CO2 concentrations can 

affect the pH of oceans, leading to direct consequences on ocean ecosystems. Oceans act as large 

carbon sinks absorbing atmospheric CO2. When dissolved in water, CO2 undergoes an equilibrium 

with water that produces carbonic acid. The carbonic acid then dissociates to bicarbonate and a 

hydrogen ion, which lowers the pH of the water. Even a small decrease in pH can have detrimental 

effects on marine ecosystems as lower pH results in the dissolution of calcium carbonate, a vital 

building block of shells and corals. A potential approach to contribute to the reduction of CO2 

emissions could be to utilize CO2 as an environmentally friendly chemical feedstock to produce 

fuels and value-added chemicals. In a perfect situation, CO2 could be captured and recycled onsite 

to be used as a renewable source of fuel or as fuel storage.  

1.3 CO2 conversion technologies 

A large amount of work is being done to reduce the amount of CO2 being released into the 

atmosphere. Some of the main strategies being explored to limit the amount of CO2 released 

include: (i) reducing the amount of CO2 being produced by implementing improvements in 

efficiency for coal utilization and adopting renewable energy technologies, (ii) CO2 capture and 

storage (CCS), where CO2 is captured from waste streams and transported to storage sites or used 
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in CO2-enhanced oil recovery, and (iii) CO2 capture and utilization (CCU) where CO2 is captured 

and subsequently used as a feedstock for chemical and fuel production.4–7 CCU is attractive as it 

not only contributes to the global climate change effort, but also presents opportunities to utilize 

CO2 as a low cost, green reagent for the production of value-added chemicals and fuels. 

Additionally, if on-site recycling of CO2 becomes feasible it would avoid the costs of 

transportation required with CCS. Some of the CO2 conversion technologies include chemical 

conversions, photochemical reductions, biological conversions, inorganic processes, and 

electrochemical reduction.  

CO2 is composed of two O atoms double bonded to a C atom. The C−O bond is polar and, due 

to the higher electronegativity found on the O atoms, the C is susceptible to nucleophilic attack. 

Furthermore, as CO2 is nucleophilic, it can be considered as an anhydrous carbonic acid, which 

may react rapidly with basic reagents. Industrial chemical conversion of CO2 is limited to only a 

few reactions and, when including industrial food applications, only makes use of 0.5% of the total 

anthropogenic CO2 emissions.8 The main products of the industrial chemical conversion of CO2 

are carboxylic acids, organic carbonates, urea, and methanol. Carboxylic acids are synthesized via 

the Kolbe-Schmitt process whereby sodium salts are subjected to heating under pressure in an 

autoclave with CO2. One of the most important carboxylic acids produced by this method is 

salicylic acid, which demonstrates an increase in yield from 50% to 90% when CO2 is introduced 

under pressure of 5 to 7 bars.8,9 Organic carbonates are produced by reacting epoxides with CO2 

in the presence of quaternary ammonium halides. Cyclic organic carbonates have applications as 

solvents and can also be further reacted with ammonia or amines to produce carbamates, which 

can then be converted to polyurethane.8,9 Urea accounts for more than 50% of the annual industrial 

usage of CO2 with about 100 million tonnes being produced a year. The urea production process 
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is carried out at pressures between 150 to 250 bar and temperatures from 150 to 200 °C. Initially 

CO2 is reacted with ammonia to produce ammonium carbamate followed by dehydration of the 

carbamate to urea.8 Methanol is produced from synthesis gas which is composed mainly of CO 

and H2 with a small amount of CO2. 

Photochemical reduction of CO2 aims to reduce CO2 to chemicals and fuels using solar energy 

through a process known as artificial photosynthesis.10 Initially, a photon with energy greater than 

or equal to the bandgap energy of the catalyst is absorbed. This excites an electron from the valence 

band (VB) to the conduction band (CB) to give the excited state. The excited state is then able to 

undergo a chemical reaction by electron transfer. Common photocatalysts for CO2 reduction 

include transition-metal based catalysts and semiconductors. Transition-metal catalysts are 

popular because they are able to absorb a large portion of the solar energy spectrum, have long-

lasting excited states, and are typically stable over long terms.11 Semiconductor photocatalysts 

differ from metal catalysts in that semiconductors posses a band gap which allows for the 

absorption of photons and the resulting excitation of electrons from the VB to the CB. One of the 

most popular semiconductor photocatalysts is currently TiO2 as it has high catalytic activity and 

stability while also being low cost.12–14 The main products for the photochemical reduction of CO2 

include CO, HCOOH, HCHO, CH4, and CH3OH. However, photocatalytic systems suffer from 

low efficiencies and production rates therefore, additional work is required before practical 

applications become a reality. 

 Biological conversion takes advantage of the photosynthetic and nonphotosynthetic CO2 

fixation strategies employed by living organisms.15,16 A bioreactor system that utilizes natural 

photosynthesis is able to convert heat, light, and CO2 into useful products such as carbohydrates 

and O2 as described by the equation below:16 
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6CO2 (aq) + 6H2O (l) + light + heat → C6H12O6 (aq) + 6O2 (g) 

In general, there are two types of micro-organisms that are used in bioreactors (bacteria and algae) 

and the type of micro-organism used ultimately determines the required conditions and products 

produced.16–20 One example of nonphotosynthetic CO2 fixation is through the use of methanogens 

which are able to convert CO or CO2 with H2 into methane.21 Currently, the use of bioreactors for 

the conversion of CO2 to value-added products is not a cost effective approach, but it does present 

a promising opportunity for the utilization of CO2.
15,16,21–25  

Inorganic processes make use of inorganic base absorbents to capture CO2 in an exothermic 

process that forms carbonate salts. For instance, limestone is used industrially to produce Ca(OH)2 

which is further reacted with CO2 to produce CaCO3, a common additive used in the paper 

industry.26,27 SrCO3 is produced via carbonation of SrSO4 and is used in a variety of applications 

including monitor screens and batteries.8 Other carbonates can be formed by reacting CO2 with the 

corresponding oxide, M2O3.
26 In terms of CCS, CaCO3 and Na2CO3 are inefficient as a large 

amount of energy is required to recover the base from the carbonate; however, using KOH as an 

absorbent to produce K2CO3 has had promising results and could efficiently produce CO2 and H2 

during electrolysis in water.28   

Electrochemical reduction of CO2 makes use of electrical energy and electrocatalysts to 

produce value-added chemicals and fuels from CO2. The initial single electron reduction of CO2 

to CO2
•− requires a highly negative potential of −1.90 V (vs. SHE) under standard conditions in 

aqueous media.29 However, coupling electron reduction steps with proton transfers is generally 

more favourable as more thermodynamically stable molecules are produced.30 Depending on the 

reaction conditions, electrochemical reduction is able to produce numerous products from CO2 

including CO, HCOO−, CH4, C2H4, and more.31–37 Metal electrocatalysts play multiple roles in 
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CO2 reduction as they both deliver electrons for reduction and stabilize reaction intermediates 

through active sites on the surface. In fact, the identity of the metal catalyst plays a large role in 

the product selectivity depending on their ability to stabilize specific reaction intermediates. Bulk 

metals Pb, Hg, Tl, In, Sn, Cd, and Bi produce HCOO− as their main reduction product; Au, Ag, 

Zn, Pd, and Ga are able to break the C−O bond and produce CO as the main product; Ni, Fe, Pt, 

and Ti do not have high efficiencies for CO2 reduction and the main product during reduction in 

aqueous media is H2; Cu is unique in that it is able to convert CO2 to higher order reduction 

products such as CH4, C2H4, EtOH, and PrnOH.38 The electrochemical conversion of CO2 

possesses several attractive advantages: the reaction conditions such as reduction potential, 

electrolyte, and temperature can be modified to control the reaction; renewable energy can be 

employed to drive the reaction and thus, additional CO2 is not generated; the electrolyte solution 

can be recycled so the process is limited to consuming water or wastewater; electrochemical 

systems are typically modular, compact, and are capable of being scaled up for industrial 

application.39 Currently, work is being done on designing electrochemical systems to overcome 

the challenges of CO2 reduction and make the process more efficient. 

 1.4 Challenges with the electrochemical reduction of CO2 

While the electrochemical reduction of CO2 is an attractive approach to CO2 conversion for 

reasons stated above, the process does not come without its own challenges. Electrochemical CO2 

reduction suffers from slow kinetics, low energy efficiency, and high energy consumption.40 

Therefore, highly efficient catalysts demonstrating high catalytic activity and stability are required. 

CO2 is a small, fully oxidized, thermodynamically stable molecule, making efficient 

electrochemical conversion difficult. In aqueous media under standard conditions, a reduction 

potential of −1.90 V (vs. SHE) is required for the initial one electron reduction of CO2 to CO2
•−. 
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This step is responsible for the large overpotentials required for the electrochemical reduction of 

CO2.
41,42 However, the potential can be improved by stabilizing the radical anion intermediate on 

the surface of a catalyst. Additionally, if multi-electron reduction steps are coupled with proton 

transfers, more thermodynamically stable molecules can be produced.30 Essentially, the challenges 

associated with the electrochemical conversion of CO2 can be summarized as: (i) low catalytic 

activity, (ii) poor product selectivity, (iii) unsatisfactory catalyst stability, (iv) inadequate 

fundamental understanding, and (v) the lack of an optimized system for practical applications.40 

(i) Low catalytic activity: CO2 reduction electrocatalysts suffer from high overpotentials 

and low reaction rates making them inefficient for practical application. There exists a 

trade-off between efficiency and production rate. While the current density can be 

increased by increasing the reduction potential, H2 evolution starts to become more 

prominent at higher reduction potentials thus decreasing the efficiency for CO2 

reduction. 

(ii) Poor product selectivity: For catalysts, such as Cu, that generate multiple products from 

CO2, product selectivity becomes an issue and additional energy input is required to 

separate the products formed.43–45 While catalysts produce products with high 

selectivity, they tend to suffer from either low production rate and/or poor stability.46 

(iii) Unsatisfactory catalyst stability: The deactivation of a catalyst can happen for a variety 

of reasons including the formation of intermediates that poison the catalyst surface, 

heavy metal impurities, organic contaminants, and degradation of the catalyst.47–53 In 

each case, the loss of catalytic activity can be contributed to the loss of active sites.  

(iv) Inadequate fundamental understanding: Additional efforts are required to understand 

the fundamentals of CO2 reduction at metal electrode catalysts in order to intelligently 
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design catalysts with high activity, selectivity, and stability for use in industrial 

applications. 

(v) Lack of an optimized system for practical applications: In order to be successful, the 

electrochemical reduction of CO2 must be able to operate efficiently on a large scale. 

There have been attempts to scale-up CO2 electrochemical reduction, but optimization 

of the large scale electrode/reactor systems is required before they become 

economically feasible.39,54  

 1.5 Thesis objectives and outline 

Research has shown that the efficiency and activity of the CO2 reduction reaction (CO2RR) is 

directly affected by catalyst nanostructure and morphology. Hence, the aim of this project is to 

develop novel nanomaterials that demonstrate enhanced electrocatalytic performance for the 

CO2RR towards the production of value-added chemicals and fuels. The primary research goals of 

this study are to: 

(i) Develop novel Cu/Au nanocomposites and nanoporous Ag electrocatalysts for CO2 

reduction. 

(ii) Characterize the fabricated electrocatalysts by scanning electron microscopy (SEM), 

energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy 

(XPS), and X-ray diffraction (XRD). 

(iii) Electrochemically study the prepared catalysts activity for the CO2RR by linear sweep 

voltammetry (LSV), chronoamperometry, and electrochemical impedance 

spectroscopy (EIS). 

(iv) Study the mechanism of CO2 reduction via in situ electrochemical attenuated total 

reflection Fourier transform infrared spectroscopy (ATR-FTIR). 
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(v) Analyze the products through gas chromatography (GC), nuclear magnetic resonance 

spectroscopy (NMR), and chemical oxygen demand (COD). 
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 Chapter 2: Literature Review 

 2.1 Introduction 

The electrochemical reduction of CO2 on bulk metals has been studied extensively over the 

past few decades. Generally, CO2 is first converted to either carbon monoxide (CO) or formate 

(HCOO-) during the first step of the reaction; in fact, in many cases the reaction does not progress 

past this point and CO or HCOO- is the major product. However, in some situations the reduction 

reaction can proceed past CO and HCOO- to produce hydrocarbon products like ethylene (C2H4) 

and methane (CH4). Table 2.1 gives the major products for CO2 reduction on bulk metals.1,2  

Table 2.1: Faradaic efficiencies for products of CO2 reduction on bulk metals in 0.1 M KHCO3. 

Reprinted from ref. 2, Copyright (1994) with permission from Elsevier. 

 

Electrode 

 

Potential 

(V vs. 

SHE) 

Current 

density 

(mA cm-2) 

Faradaic efficiency (%) 

CH4 C2H4 C2H6Oa C3H8Ob CO HCOO- H2 Total 

Pb -1.63 5.0 0.0 0.0 0.0 0.0 0.0 97.4 5.0 102.4 

Hg -1.51 0.5 0.0 0.0 0.0 0.0 0.0 99.5 0.0 99.5 

Tl -1.60 5.0 0.0 0.0 0.0 0.0 0.0 95.1 6.2 101.3 

In -1.55 5.0 0.0 0.0 0.0 0.0 2.1 94.9 3.3 100.3 

Sn -1.48 5.0 0.0 0.0 0.0 0.0 7.1 88.4 4.6 100.1 

Cd -1.63 5.0 1.3 0.0 0.0 0.0 13.9 78.4 9.4 103.0 

Bi -1.56 1.2 - - - - - 77 - - 

Au -1.14 5.0 0.0 0.0 0.0 0.0 87.1 0.7 10.2 98.0 

Ag -1.37 5.0 0.0 0.0 0.0 0.0 81.5 0.8 12.4 94.6 

Zn -1.54 5.0 0.0 0.0 0.0 0.0 79.4 6.1 9.9 95.4 

Pd -1.20 5.0 2.9 0.0 0.0 0.0 28.3 2.8 26.2 60.2 

Ga -1.24 5.0 0.0 0.0 0.0 0.0 23.2 0.0 79.0 102.0 

Cu -1.44 5.0 33.3 25.5 5.7 3.0 1.3 9.4 20.5 103.5 

Ni -1.48 5.0 1.8 0.1 0.0 0.0 0.0 1.4 88.9 92.4 

Fe -0.91 5.0 0.0 0.0 0.0 0.0 0.0 0.0 94.8 94.8 

Pt -1.07 5.0 0.0 0.0 0.0 0.0 0.0 0.1 95.7 95.8 

Ti -1.60 5.0 0.0 0.0 0.0 0.0 tr. 0.0 99.7 99.7 
aEthanol. bn-Propanol 
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The metals Pb, Hg, In, Sn, Cd, Tl, and Bi were shown to produce HCOO- as the major product. 

Au, Ag, Zn, Pd, and Ga produce CO as the major product. Ni, Fe, and Pt are not active in the 

CO2RR, but hydrogen evolution does occur. Cu has the unique ability to produce CH4, C2H4, and 

alcohols as major products; however, Cu suffers from issues with product selectivity. Additional 

efforts have been made to improve catalyst selectivity and efficiency through the design of 

nanostructured catalysts and bimetallic alloy catalysts that incorporate synergistic effects of 

different materials. In this chapter, progress made in the development of CO2RR catalysts using 

Cu, Au, Ag, and alloys is discussed.  

2.2 Copper (Cu) catalysts 

Cu is an attractive candidate for the CO2RR due to its unique ability to produce higher order 

reduction products from CO2 such as C2H4, CH4, and alcohols. However, product selectivity 

remains an issue. For this reason, significant work is being done to improve our understanding of 

the mechanism for the CO2RR on the Cu surface and the steps that control product selectivity. 

Numerous types of Cu electrocatalysts have been developed and investigated including bulk Cu 

electrodes, nanostructured Cu such as dendrites, nanosheets, nanowires, nanoparticles, and oxide-

derived Cu catalysts.1,3–15 An early study on the CO2RR on bulk Cu catalysts revealed that CO, 

CH4, C2H4, EtOH, and PrnOH were the major products at ambient temperatures.16 The product 

distribution is dictated by a number of factors including electrode potential, local pH, electrolyte, 

and electrolyte concentration.16 Hori et al. demonstrated the change in product distribution on a 

bulk Cu catalyst based on the concentration of the KHCO3 electrolyte when the cathodic current 

density was 5 mA·cm-2.16 It was shown that higher concentrations of the KHCO3 electrolyte 

resulted in higher yields for H2 evolution and lower Faradaic yields for C2H4 and EtOH. Also, as 

the concentration of KHCO3 is increased, the Faradaic yield for PrnOH increases to a maximum 
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and then drops at higher concentrations of KHCO3. The Faradaic yields of HCOO- and CO were 

not significantly affected by the electrolyte concentration.16 In terms of electrolyte species, 

hydrocarbons were the main products in KHCO3, KCl, KClO4, and K2SO4 while H2 was the main 

product in K2HPO4. Furthermore, Hori’s group studied the effect of reduction potential on product 

distribution while keeping the electrolyte, KHCO3, at a constant 0.1 mol·dm-3. It was demonstrated 

that as the cathodic potential (vs. NHE) was increased the Faradaic efficiency (FE) of H2 decreased 

from a potential of −0.9 V to −1.45 V. The FEs of HCOO− and CO rise to a maximum at about 

−1.20 to −1.25 V and then drop as the cathodic potential is increased. CH4 production begins at 

−1.2 V and rises steeply as cathodic potential is increased. Lastly, C2H4 production begins at −1.1 

V and FE rises as the cathodic potential is increased.16  

The reaction conditions, such as the electrolyte and local pH, play a large role in the product 

distribution and efficiency of the CO2RR on Cu electrodes.17–19 Perez-Gallent et al. investigated 

the structure-sensitive cation effects of CO reduction on single crystal Cu electrodes.20 CO 

reduction was investigated on Cu(100), Cu(111), and polycrystalline Cu electrodes in 0.1 M 

electrolytes (LiOH, NaOH, KOH, RbOH, CsOH) between 0 and −1.5 V (vs. RHE). It was 

discovered that larger cations enhance CO reduction to C2H4, especially on Cu(100) surfaces, at 

low overpotentials; smaller cations show higher selectivity for CH4 on Cu(111) and 

Cu(polycrystalline). The formation of other minor C2 and C3 products (e.g., acetic acid, glycolic 

acid, ethanol, and propanol) was also improved when larger cations were present in the electrolyte. 

DFT was used to examine how C2H4 was favoured over CH4 in the presence of cations on the 

Cu(100) surface (Figure 2.3).  
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Figure 2.1: Energetics of the first electrochemical steps of CO reduction for the C1 and C2 

pathways on Cu(100) at 0 V (vs. RHE). (a) In a vacuum and (b) with cations, averaging the 

energies for Li, Na, and Cs. While in a vacuum both pathways are highly endothermic, the C2 

pathway is remarkably promoted by alkaline cations. Reprinted from ref. 20, Copyright (2017) 

with permission from American Chemical Society. 

The DFT calculations show the adsorption energies of species containing C−C bonds in the 

presence of cations are much more stabilized compared to C1 species; thus, explaining the 

selectivity towards C2H4 with Cu(100). Cations act to stabilize certain intermediates during CO 

reduction and larger cations are more effective than smaller cations at promoting these pathways.20 

Singh et al. identified that the effect of cation size on the CO2RR can be attributed to cation 
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hydrolysis occurring at the cathode.19 It was demonstrated that both the current density and 

Faradaic efficiency for C2 products increased with larger cations (Figure 2.4).  

 

Figure 2.2: Current density versus applied potential on Cu cathode, and FEs for CO2 reduction 

products produced over Cu at −1 V (vs. RHE) in CO2-saturated 0.1 M MHCO3 (M = Li, Na, K, 

Rb, Cs) electrolyte. Reprinted from ref. 19, Copyright (2016) with permission from American 

Chemical Society. 

When a cathodic potential is applied, the cations move toward the cathode and undergo increasing 

electrostatic interaction which results in a decrease in the pKa for hydrolysis. The local pH is 

buffered if the pKa of the hydrated cations is lower than the local pH, as the dissociation of one of 

the waters of hydration will release protons. The pKa for cation hydrolysis decreases with 

increasing cation size and therefore the buffering ability of the cations follows the order Cs+ > Rb+ 

> K+ > Na+ > Li+.19 Buffering lowers the pH near the cathode which results in an increased local 

concentration of dissolved CO2. This causes an increase in cathode activity, decrease in Faradaic 

efficiency for H2 and an increase in Faradaic efficiencies for CO, C2H4, and EtOH.19 

Significant efforts have been made to improve the efficiency of Cu catalysts for the CO2RR 

through the fabrication of nanostructures, modifying the surface morphology, increasing surface 
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area, and examining the effects of different crystal facets. Tang et al. examined the importance of 

surface morphology in controlling product selectivity on polycrystalline Cu catalysts for the 

CO2RR.21 Three different Cu surfaces were examined: an electropolished surface, a Cu 

nanoparticle covered surface, and an Ar sputtered Cu surface (Figure 2.5).  

 

Figure 2.3: SEM for three surfaces: (a) Sample A (electropolished surface), (b) Sample B (Cu 

nanoparticle covered surface, and (c) Sample C (Ar sputtered surface). Reprinted from ref. 21, 

Copyright (2012) with permission from Royal Society of Chemistry. 

The electrochemical activity of the three catalysts was studied by CV in CO2 saturated 0.1 M 

KClO4. Of the three catalysts, the Cu nanoparticle catalyst resulted in the highest activity for the 

CO2RR achieving a current density 10 times higher than the electropolished surface at -0.75 V (vs. 

RHE).21 Part of this increase in current density can be attributed to the increased surface area of 

the nanoparticle surface compared to the electropolished surface. To confirm the improved 

catalytic ability of the nanoparticle surface compared to the electropolished and Ar sputtered 

surfaces, the FEs were determined at -1.1 V (vs. RHE) and are compared in Figure 2.6. The Cu 

nanoparticle catalyst was shown to have improved FE for CO2 reduction products compared to the 

other two surfaces indicating the significance of surface morphology in CO2 reduction activity.  
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Figure 2.4: Faradaic efficiency for the products of electroreduction of CO2 on three surfaces in 

CO2-saturated 0.1 M KClO4 upon -1.1 V vs. RHE, including Sample A (electropolished surface), 

Sample B (Cu nanoparticle-covered surface) and Sample C (sputtered surface). Reprinted from 

ref. 21, Copyright (2012) with permission from Royal Society of Chemistry. 

Velesco-Velez et al. have made use of X-ray absorption spectroscopy (XAS) and online gas 

chromatography (GC) to study the effect of copper oxidation state on the electrochemical reduction 

of CO2 to hydrocarbons.22 Electrodes were prepared by initial electrodeposition of 5 mM CuSO4 

to give Cu0 followed by anodic polarization to produce Cu0-, Cu+-, or Cu2+-like oxides. The 

accuracy of the Cu oxidation state was verified by comparing the XAS of the electrochemically 

prepared Cu electrodes with reference samples (Figure 2.7). It was observed that Cu0 and Cu+ were 

more active than Cu2+ and had higher Faradaic efficiencies for CO and C2H4 (Figure 2.7).  
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Figure 2.5: Cu L2,3-edges spectra of electrochemically prepared Cu oxides (solid line) and their 

comparison with reference samples (circles) and potential-dependent Faradaic efficiency of the 

main products of the CO2RR over in situ electrodeposited Cu films obtained on samples with the 

following starting chemical states: (A) Cu0, (B) Cu+, and (C) Cu2+. Reprinted from ref. 22, 

Copyright (2019) with permission from American Chemical Society. 

Cu2+ is less active due to the formation of a passivating copper carbonate layer which prevents 

effective charge transport; therefore, the copper electrode must be at least partially reduced to 

allow for the dissociative adsorption of CO2 (Figure 2.8).22,23 The partially reduced Cu+ catalyst 

will also be further reduced to Cu0 at more negative potentials (Figure 2.8), but Cu2+ requires more 

negative potentials to be reduced due to the passivating copper carbonate layer. It was also 

demonstrated through DFT calculations that the presence of subsurface oxygen lowers the barrier 

for CO2 decomposition; however, these copper oxides are not stable under most cathodic potentials 

used in the CO2RR on Cu catalysts.22,24 
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Figure 2.6: Cu L2,3-edges spectra depending on the cathodic polarization in a 100 mM KHCO3 

solution saturated with CO2(gas) and different initial oxidation states: Cu0, Cu+, and Cu2+ catalysts 

(left). Schematic of the catalyst activation−deactivation due to the formation of carbonates in Cu2+-

like electrode (right). Reprinted from ref. 22, Copyright (2019) with permission from American 

Chemical Society. 

Grain boundaries have also been hypothesized to create active sites for CO2 reduction. 

Verdaguer-Casadevall et al. have studied the microstructure of oxide-derived Cu (OD-Cu) and the 

adsorbate binding thermodynamics in the electrocatalytic reduction of CO.25 In this study, OD-Cu 

was prepared by air oxidation at 500 °C followed by H2 reduction at 130 °C (OD-Cu−500). Using 

TEM nanodiffraction they showed their catalyst was composed of irregularly shaped grains of 

100-300 nm in size joined by grain boundaries. Surface-specific characterization using 

temperature-programmed desorption of CO (CO-TPD) has shown that strong CO-binding sites are 

associated with the random grain boundaries, which are believed to be the active sites for C−C 

coupling.25 Figure 2.9A shows a mapping of coherent and random grain boundaries of the OD-Cu-
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500 catalyst. The FEs of prepared oxide-derived and annealed catalysts was compared and it was 

determined that the OD-Cu-500 catalyst had the highest total FE for the reduction of CO (Figure 

2.9B). Furthermore, of the prepared catalysts the OD-Cu-500 catalyst had the largest density of 

grain boundaries and subsequently the highest percentage of strong binding sites for CO 

determined through microkinetic modeling (Figure 2.9C-D).  Feng et al. investigated CO reduction 

on GB-rich Cu nanoparticles deposited on carbon nanotubes (CNTs).26 The average density of 

grain boundaries on the Cu NP/CNT electrodes was determined by TEM. They demonstrated that 

CO reduction activity was directly associated with the density of grain boundaries in Cu NPs. At 

potentials ranging from −0.3 V to −0.5 V (vs. RHE), they found the specific activity for CO 

reduction to ethanol and acetate to be directly proportional to the density of grain boundaries on 

the Cu NPs. 

It has been observed that the ratio of C1 to C2/C3 products is strongly influenced by the Cu 

surface structure.27–29 Specifically, compared to the close-packed Cu(111) facet which shows 

preference towards C1 products such as CH4, the less densely packed Cu surfaces such as the 

Cu(100) surface shows higher selectivity for products containing C-C bonds such as C2H4.
28 Figure 

2.10 gives the free energy diagrams for CO dimerization on Cu(100) and Cu(111) surfaces, 

demonstrating that CO dimerization is more thermodynamically favourable on the Cu(100) surface 

(Figure 2.10A) than on the close-packed Cu(111) surface (Figure 2.10B). Ethylene is the main 

product obtained on Cu(100), while on Cu(110) oxygenated hydrocarbons such as acetaldehyde, 

ethanol, and acetic acid are the primary products formed.30 Hori et al. also found that ethylene 

formation is promoted by the introduction of (111) or (110) steps into the (100) basal plane.27  
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Figure 2.7: (a) TEM orientation mapping data of OD-Cu-500 sample depicting coherent (red) and 

random (yellow) grain boundaries. (b) Faradaic efficiency for CO reduction at −0.4 V vs. RHE in 

CO-saturated 0.1 M KOH. The remainder of the charge passed is H2 evolution. (c) Plot of total 

grain boundary density (■) and randomly-oriented grain boundary density (●) vs. specific CO 

reduction activity. (d) Surface-area corrected jCORedn at −0.4 V (vs. RHE) vs. the percentage of 

strong binding sites estimated from microkinetic modeling. Horizontal error bars depict the 

uncertainty in the simulations. Reprinted from ref. 25, Copyright (2015) with permission from 

American Chemical Society. 

Dutta et al. demonstrated a difference in product selectivity in that a Cu wafer with a Cu(111) 

surface produced CH4 whereas a Cu foam (derived from the wafer) with a less densely packed 

crystal surface, Cu(200), produced no CH4 and mainly C2 products.12  

b 

c d 
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Figure 2.8: Free energy diagrams for CO dimerization on (A) Cu(100) and (B) Cu(111) surfaces 

at various potentials (vs. RHE at pH 7) calculated using the CEP model. Reaction free energies are 

in eV. Reprinted from ref. 28, Copyright (2018) with permission from American Chemical Society. 

When comparing the reactivity of Cu(100), Cu(111), and Cu(110) single-crystal surfaces, Huang 

et al. found that Cu(100) required the lowest overpotential for the reduction of CO2 to C2H4.
29 It 

was observed that the onset potentials for C2H4 and CO production were closely related as C2H4 

formation always occurred at potentials 300–400 mV more negative than the onset of CO 

production (Table 2.2).29 The onset potential for C2H4 also corresponded to the potential at which 

jCO plateaued in their experiments.29 From DFT calculations they proposed that the correlation 

between onset potentials of CO and C2H4 formation is presumably related to *CO coverage and 

surface structure.  
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Table 2.2: Onset potentials for CO and C2H4 reduction products on Cu single-crystal electrodes.29 

 Onset Potential (vs. RHE) 

Catalyst CO C2H4 

Cu(100) -0.30 V -0.70 V 

Cu(111) -0.60 V -0.90 V 

Cu(110) -0.50 V -0.80 V 

 

It was discovered that the energy barrier to *CO dimerization on surfaces with high *CO coverage 

is significantly lower than surfaces with low *CO coverage. Of the three single-crystal electrodes, 

Cu(100) demonstrated the highest *CO surface coverage with the lowest overpotential 

dimerization pathway to the C2H4 product while Cu(110) was second and Cu(111) had the lowest 

coverage and highest energy barrier to the C2H4 product.29 The results agree with previous studies 

relating surface structure to product selectivity and demonstrate that C-C coupling is directly 

correlated to surface density of *CO.27–29  

Garza et al. recently (2018) proposed a reaction mechanism based on density functional theory 

(DFT) simulations for the reduction of CO2 to C2 products on Cu(100) electrodes (Figure 2.11).28 

The mechanism uses CO as the starting point rather than CO2 as it has been determined that CO2 

is converted first to CO before undergoing further reduction and the product distribution for the 

electroreduction of CO is identical to that of CO2. CO dimerization has previously been proposed 

as the first step towards C2 products followed by hydrogenation.31,32 However, Goodpaster et al. 

found that at high potentials which are more typical of experimental conditions (i.e., U ≈ − 1 V) 

CO is first reduced to *CHO followed by a reaction with *CO to form *COCHO.33  
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Figure 2.9: Proposed mechanism for the reduction of CO to C2 products at high potentials on 

Cu(100). Calculated free energies (eV) are the numbers parallel to reaction arrows, where ΔG 

values at U =  0 V using the CHE appear in standard font (steps involving H+ + e- can be corrected 

to U = −1 V by subtracting 1 eV). ΔG values at U = −1 V using the CEP (at pH = 7) appear in bold 

font. The seven C2 products of CO2 reduction on copper are highlighted in green. Calculated free 

energy barriers (eV) are provided for the critical reductive step from intermediate 3 to either 4a or 

4b that determines selectivity between the pathway to ethylene (purple) and ethanol (blue). 

Reprinted from ref. 28, Copyright (2018) with permission from American Chemical Society. 

From here the reaction proceeds either down the ethylene or ethanol pathway. Depending on the 

reaction conditions, the experimental distribution of ethylene to ethanol is about five to one, 
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corresponding to a difference in activation free energies of under 0.1 eV.28,34 Good agreement is 

seen between the experimental results and the computational results of Garza et al. when using the 

CEP at U = -1 V where the energy difference between ethylene and ethanol pathways is calculated 

to be 0.09 eV (Figure 2.11). 

2.3 Gold (Au) Catalysts 

Au has been shown to be an effective catalyst at reducing CO2 to CO with high Faradaic 

efficiency. Hori et al. demonstrated electropolished Au was able to produce CO with a FE of 87.1% 

at a potential of -1.14 V (vs. NHE) in 0.1 M KHCO3.
2 Subsequent studies have been done to study 

the reaction mechanism of CO2 on Au and to improve the catalytic activity of Au by preparing 

nanostructured catalysts with large surface areas. Results have shown that surface morphology has 

a significant effect on Faradaic efficiency, onset potential, and CO production rate for the CO2RR.  

In a study analyzing the size effect of monodisperse Au nanoparticles on the CO2RR, Zhu et 

al. found that among monodisperse Au nanoparticles of 4, 6, 8, and 10 nm the 8 nm Au 

nanoparticles resulted in the highest FE for CO production.35 The 8 nm Au nanoparticles produced 

CO with a FE of 90% at −0.67 V (vs. RHE) in 0.5 M KHCO3. Through DFT calculations, it was 

shown that edge sites favored the formation of CO while corner sites favored H2 evolution. By 

modeling Au nanoparticles as perfect octahedra, it was suggested that the 8 nm Au nanoparticles 

were the most efficient size for the production of CO due to an optimal ratio of edge to corner 

sites.35 Chen et al. developed a Au nanoparticle catalyst through the reduction of thick Au oxide 

films that demonstrated high efficiency for the reduction of CO2 to CO.36 Amorphous Au oxide 

layers were prepared on Au electrodes by applying a periodic square-wave potential at 1 kHz in 

0.5 M H2SO4. The Au oxide layer was then reduced to Au0 during the initial period of electrolysis 

in CO2 saturated 0.5 M NaHCO3. The oxide-derived Au NPs were characterized by electron 
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microscopy and diffraction data (Figure 2.12). SEM images showed the particle size to be ~20–40 

nm and the film to be 1–2 µm thick (Figure 2.12a,b). TEM images further confirmed the size of 

the NPs and indicated that the NPs were single Au crystallites (Figure 2.12c-e). Furthermore, 

PXRD results displayed the expected peaks consistent with metallic Au (Figure 2.12f).  

 

Figure 2.10: Characterization of oxide-derived Au NPs. (a) Top-down and (b) cross-sectional 

SEM images, (c) low-magnification TEM image and nanobeam electron diffraction pattern (inset), 

(d,e) high-magnification TEM images, and (f) PXRD pattern. Reprinted from ref. 36, Copyright 

(2012) with permission from American Chemical Society. 
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FEs at various potentials between −0.2 and −0.5 V (vs. RHE) for the reduction of CO2 were 

compared for the prepared oxide-derived Au NP catalyst and polycrystalline Au (Figure 2.13).  

 

Figure 2.11: FEs for CO and HCO2
– production on oxide-derived Au and polycrystalline Au 

electrodes at various potentials between −0.2 and −0.5 V in 0.5 M NaHCO3, pH 7.2. Dashed line 

indicates the CO equilibrium potential. Reprinted from ref. 36, Copyright (2012) with permission 

from American Chemical Society. 

The oxide-derived Au consistently had higher FEs for the production of CO at each measured 

potential with a peak FE of 98% for CO production at −0.4 V. By constructing Tafel plots and 

analyzing the slopes for the oxide-derived Au and the polycrystalline Au, it was proposed that the 

rate determining step for CO2 reduction on oxide-derived Au was the H+ transfer step; whereas, 

for polycrystalline Au the rate-determining step was the initial e− transfer to CO2 to form the 

adsorbed CO2
•− (Figure 2.14).  

While Au nanoparticles have been demonstrated to produce CO with high Faradaic 

efficiencies, additional work has been done in the development of nanostructured Au to enhance 
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the activity and efficiency of the CO2RR. For example, Au dendrites were prepared via 

electrocrystallization and demonstrated a modest FE of 50% at −0.35 V (vs. RHE).37  

 

Figure 2.12: Proposed mechanisms for CO2 reduction to CO on polycrystalline Au and oxide-

derived Au. Reprinted from ref. 36, Copyright (2012) with permission from American Chemical 

Society. 

A nanoporous Au leaf catalyst was prepared by de-alloying of a Au-Ag alloy and produced CO 

with a current density (mass activity) of 20.51 A·g−1 and FE of 90% at −1.2 V (vs. Ag/AgCl).38 

Ultrathin (2 nm) Au nanowires dominated by reactive edge sites were produced by the reduction 

of Au salts. These Au nanowires achieved a CO FE of 94% at −0.35 V (vs. RHE) with a mass 

activity of 1.84 A·g−1.39 Highly porous Au films with extremely high surface roughness were 

formed by galvanic replacement between Ag substrates and aqueous HAuCl4 and studied for CO2 

reduction.40 FE for CO production was tunable by altering the film thickness and a maximum CO 

FE of 90.5% at −0.5 V (vs. RHE) was achieved. By tuning the film thickness Chen et al. were able 

to control the mass transfer resistance and increase the local pH generated within the porous Au, 
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thereby improving CO2 reduction efficiency and inhibiting the HER.40 Liu et al. studied the effect 

of field-induced reagent concentration on the CO2RR on nanostructured Au catalysts.41 Through 

computational studies it was demonstrated that there was a 20-fold increase in surface-adsorbed 

K+ ion concentration at the tip of a Au needle with a tip radius of 5 nm. As alkali metal cations are 

known to improve the CO2RR through non-covalent interactions with adsorbed reagent species, 

the field-induced reagent concentration could effectively enhance the CO2RR. 18,36,41 Au needles, 

rods, and nanoparticles were fabricated and compared as catalysts in the CO2RR to study the effect 

of enhancement due to the sharp needle tip. The Au needles demonstrated the highest activity for 

the CO2RR and achieved a CO FE of >95% at −0.35 V (vs. RHE) with a current density of 15 

mA·cm−2. The sharp-tip enhancement effect demonstrated here may have also contributed to 

previous studies which have identified corner and edge sites as being particularly active for the 

CO2RR.35,39 

Todoroki et al. performed online electrochemical mass spectrometric (OLEMS) studies on the 

CO2RR for single crystal Au surfaces to analyze the dependence of atomic surface arrangement 

on the reduction of CO2.
42 Au crystal surfaces (111), (110), and (100) were evaluated based on 

their FE and partial current densities for the production of CO. Electrochemical experiments were 

performed in CO2 saturated 0.1 M KHCO3 and gas products were analyzed by a quadrupole mass 

spectrometer. The polarization curves and corresponding OLEMS spectra for the electrochemical 

reduction of CO2 for each Au(hkl) electrode is presented in Figure 2.15. At potentials more 

negative than −0.4 V (vs. RHE), the Au(110) catalyst was found to produce the largest current 

density, followed by the Au(111) and then the Au(100) catalyst (Figure 2.15a). Additionally, the 

normalized Q-mass ion currents detected by OLEMS indicated that the Au(110) catalyst initially 

had a similar ion current to Au(111) for H2, but as the cathodic potential was increased the Au(110) 
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catalyst demonstrated smaller normalized ion current for H2 compared to the Au(111) and Au(100) 

catalysts.  

 

Figure 2.13: (a) Polarization curves of Au(hkl) recorded in a CO2-saturated 0.1 M KHCO3 

solution at 1 mV/s. (b) Normalized Q-mass ion currents for hydrogen, carbon monoxide, and 

methane detected by OLEMS with dependence of the applied cathodic potential. Insets are 

magnifications of the onset potential regions. Reprinted from ref. 42, Copyright (2019) with 

permission from American Chemical Society. 
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The Au(110) catalyst also showed the largest normalized ion current and the least negative onset 

potential for the production of CO (Figure 2.15b). Relative Faradaic selectivities (RFS) for the 

production of CO were calculated and presented in Figure 2.16.  

 

Figure 2.14: Relative Faradaic selectivity for CO (RFSCO) on the Au(hkl) surfaces. Reprinted 

from ref. 42, Copyright (2019) with permission from American Chemical Society. 

Au(110) was shown to have the highest RFS for CO production of 79% at −0.74 V (vs. RHE) 

while the Au(111) and Au(100) catalysts had much lower RFS for CO. Partial current densities for 

H2 and CO calculated from the polarization curves and RFS values are summarized in Figure 

2.17a. The partial current densities for H2 were similar regardless of surface atomic arrangement; 
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however, the partial current density for CO was notably higher for the Au(110) catalyst compared 

to the Au(111) and Au(100) catalysts.  

 

Figure 2.15: (a) Partial current densities for H2 and CO on the Au(hkl) surfaces vs. applied 

potentials. (b) The partial current densities at −0.76 V (vs. RHE) for Au(hkl). (c) Tafel plots for 

CO partial current densities. Reprinted from ref. 42, Copyright (2019) with permission from 

American Chemical Society. 

Tafel plots of the partial current densities for CO revealed the slope in the onset potential region 

for the Au(110) catalyst of 117 mV/dec was significantly smaller than the slope for Au(111) of 

208 mV/dec and Au(100) of 181 mV/dec (Figure 2.17c). Tafel slopes have been reported to have 

a dependence on the structure of nanostructured catalysts; the smaller slope value of the Au(110) 



39 
 

catalyst is likely a result of a faster initial reaction step compared to the Au(111) and Au(100) 

catalysts. 36,41-43 DFT calculations have also demonstrated the ability of the Au(110) surface to 

stabilize reaction intermediates in the reduction of CO2 to CO compared to (111), (100), and (211) 

surfaces (Figure 2.18).41 The DFT calculations further illustrated the importance of cations in the 

reaction, as K+ was shown to further stabilize reaction intermediates.   

 

Figure 2.16: Gibbs free energy ΔG diagrams of the electrochemical reduction of CO2 to CO on 

Au(111) (a), Au(100) (b), Au(110) (c) and Au(211) (d) facets in the presence of adsorbed K+ and 

in the absence of adsorbed K+. Reprinted from ref. 41, Copyright (2016) with permission from 

Springer Nature. 
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2.4 Silver (Ag) Catalysts 

Both Cu and Au have been extensively investigated for the CO2RR. Cu has the ability to 

produce reduction products such as hydrocarbons and alcohols but can result in poor product 

selectivity. Au is able to selectively and efficiently produce CO however Au itself has a high cost 

which limits its industrial applicability. Comparatively, Ag shows great potential as an 

electrocatalyst for the CO2RR due to its relatively low cost and high selectivity for CO; however, 

Ag still faces challenges of stability and activity. On a bulk Ag metal electrode, Ag was shown to 

produce CO with a FE of 81.5% at −1.37 V (vs. NHE).2 Recently, efforts have been made to 

design highly efficient Ag electrocatalysts for CO2 reduction by controlling the catalyst 

morphology.  

Clark et al. studied the effect of atomic surface structure on the activity for the electrochemical 

reduction of CO2 to CO on Ag.44 Ag electrodes with (111), (100), and (110) orientations were 

prepared by sputter deposition of Ag onto polished single-crystal Si wafers. CO2 reduction activity 

was analyzed by performing a chronoamperometry staircase procedure from −0.5 to −1.5 V (vs. 

RHE) in CO2 saturated 0.1 M KHCO3 (Figure 2.19). Measured partial current densities were 

normalized by the corresponding roughness factors to account for differences in surface area 

between the thin films. Ag(110) was demonstrated to have increased activity for the conversion of 

CO2 to CO compared to Ag(111) and Ag(100) which showed similar activities. DFT calculations 

suggested that CO2 to CO conversion was highly dependent on the facet and that steps were more 

active than highly coordinated terraces. Therefore, the higher activity observed on the Ag(110) 

thin film was attributed to a higher density of undercoordinated sites compared to the Ag(111) and 

Ag(100) thin films.44 
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Kim et al. employed a facile one-pot method for the production of Ag nanoparticles of 3, 5, 

and 10 nm supported on carbon.45  Comparing the nanoparticle catalysts to Ag foil, the order of 

decreasing FE for CO production was found to be 5 nm > 10 nm > 3 nm > Ag foil. The 5 nm Ag 

nanoparticle catalyst produced CO with a FE of 79.2% at −0.75 V (vs. RHE).  

 

Figure 2.17: CO2 reduction activity observed over the Ag(111), Ag(100), and Ag(110) thin films 

vs. applied potential. Partial current densities for H2 and CO on (A) linear scale and (B) log scale. 

(C) H2 and CO Faradaic efficiencies. Reprinted from ref. 44, Copyright (2019) with permission 

from American Chemical Society. 

It was assumed based on previous studies that showed edge sites to be more efficient at reducing 

CO2 to CO, that 5 nm was the optimal size of Ag nanoparticle to maximize efficiency for the 

conversion of CO2 to CO.35,39,45 In comparison, Jiang et al. produced a catalyst of Ag nanoparticles 

containing subsurface bonded O species via air-annealing.46 Compared to catalysts prepared by 

annealing in H2, which had a maximum CO FE of 31.4% at −1.02 V (vs. RHE), the Ag NP catalyst 

prepared by annealing in air had a significant increase in CO FE and achieved a FE of 91.7% under 

a current density of 21.2 mA·cm−2 at −0.97 V (vs. RHE).46 It was suggested that positively charged 
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surface Ag sites could result from bonded oxygen’s strong electron affinity, which in turn could 

strengthen the adsorption of the active *CO2
− intermediate.46  

To study nanostructured Ag catalysts, Hsieh et al. developed Ag nanocoral electrodes for CO2 

reduction.47 The Ag nanocoral catalyst was fabricated by reducing AgCl in CO2 saturated 0.1 M 

KHCO3 at −1.2 V (vs. Ag/AgCl, 3 M KCl) for 30 minutes. The Ag nanocorals exhibited very high 

FEs for CO production achieving efficiencies of 95% at potentials below −0.6 V (vs. RHE). It was 

suggested that residual surface bound chloride ions, or the associated silver ions, were responsible 

for the improved performance of the AgCl-derived Ag nanocorals. In a follow-up study, Hsieh et 

al. investigated the effect halide anions (X = Cl, Br, I) immobilized on the surface of 

nanostructured Ag electrocatalyst had on the efficiency and mechanism for the reduction of CO2 

to CO.48 Halide containing Ag nanostructures were prepared by running an oxidation-reduction 

cycle on Ag foil in the presence of halide anions. CO2 reduction was performed in CO2 saturated 

0.1 M KHCO3. The Cl−Ag catalyst demonstrated the highest activity for the CO2RR followed by 

Br−Ag and I−Ag; the current densities measured for Ag foil and Ag nanoparticles were much 

lower compared to the halide-modified catalysts. As the oxidation-reduction process used to 

fabricate the halide-modified electrodes dramatically increases the surface area, it was necessary 

to determine the electrochemically active surface area (EASA) and compare the specific activities 

for CO2 to CO conversion. After normalizing current density by the EASA, the Cl−Ag 

demonstrated the highest specific activity for the conversion of CO2 to CO at −0.6 V (vs. RHE) 

followed by the Br−Ag and I−Ag electrodes. Both the Cl−Ag and Br−Ag catalysts produced CO 

with FEs of 95% at −0.6 V (vs. RHE) with an onset potential of around −0.48 V (vs. RHE). In 

comparison, I−Ag had a more negative onset potential of around −0.5 V (vs. RHE) and reached a 
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FE of 90% at around −0.75 V (vs. RHE). These results suggest that the selectivity of the CO2RR 

is significantly influenced by the nature of the halide anion.48 

2.5 Alloys 

Another approach to improving activity and selectivity for the electrochemical reduction of 

CO2 is by designing alloy catalysts. It is believed that through alloying it may be possible to 

enhance catalytic activity by tuning the binding strength of reaction intermediates on the catalyst 

surface.49 Different Cu and Au alloys have been explored for the efficient electrochemical 

reduction of CO2 including Cu-Au, Cu-Ag, Cu-Pd, Cu-In, Au-Ag, Au-Fe, and Au-Pd alloys.50–62 

Kim et al. studied synergistic effects of Au-Cu nanoparticles for the CO2RR.50 Nanoparticles of 

varying stoichiometric ratios of Au to Cu (Au, Au3Cu, AuCu, AuCu3, and Cu) were prepared and 

their electrochemical activities for the reduction of CO2 were compared. In terms of activity, Cu 

nanoparticles resulted in the lowest overall activity and the activity tended to increase with 

increasing Au content up to Au3Cu which exhibited the highest activity of the nanoparticles. A 

trend in product distribution was also observed. While only H2 and CO were detected as products 

on Au nanoparticles, the total number of different products increased as the Cu content increased 

in the nanoparticles up to pure Cu nanoparticles, which produced the largest number of different 

products (Figure 2.20).50 It was suggested that by tuning the composition of the Au-Cu 

nanoparticles, they were tuning the ability of the nanoparticles to stabilize intermediates that would 

allow different reaction pathways to occur. Furthermore, Back et al. have demonstrated through 

DFT calculations that Au-Cu alloys are better able to stabilize the *COOH reaction intermediate 

and a Au-Cu bifunctional interface has better stabilizing effects than a conventional Au-Cu alloy.53 

Kottakkat et al. fabricated electrodeposited Cu-Ag foam catalysts which exhibited improved 

selectivity for CO at lower overpotentials compared to a Cu foam catalyst, thus demonstrating the 
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synergistic effects between the bimetallic components.61 A Cu-In bimetallic catalyst was prepared 

through the electrochemical reduction of OD-Cu in a solution that contained 0.05 M InSO4.
52  

 

Figure 2.18: Catalytic activities of Au–Cu bimetallic nanoparticles. (a) Total current density plot 

of Au–Cu bimetallic nanoparticles. Current density is from the geometric area of the electrodes. 

All measurements were under the same environment of 0.1 M KHCO3 (pH 6.8) at 1 atm CO2 and 

room temperature. The grey line indicates the activity of the bare substrate from linear sweep 

voltammetry (50mVs−1) stabilized after multiple cycles. For the nanoparticles, the current density 

is averaged for the first 5 min of each run to rule out any effects that mask their fundamental 

activity such as extensive bubble formation. On the plot is the average current density of multiple 

runs at each potential. (b) FE for each product of Au. (c)Au3Cu. (d) AuCu. (e) AuCu3. (f) Cu. 

Other minor products were identified, such as methanol, acetaldehyde and glycoaldehyde with 

nanoparticles of higher Cu content, although not quantified. Reprinted from ref. 50, Copyright 

(2014) with permission from Springer Nature. 
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The Cu-In catalyst was reported to selectively reduce CO2 to CO with a FE of 90% at −0.5 V (vs. 

RHE).52 Au-Fe core-shell nanoparticles have been developed which selectively produced CO, 

demonstrated long-term stability, had a 0.2 V lower overpotential, and exhibited a near 100-fold 

increase in mass activity for CO2 reduction compared to Au NPs.56 Thin films containing different 

ratios of Au to Pd (Au, Au75Pd25, Au50Pd50, Au25Pd75, and Pd) were prepared by magnetron 

cosputtering on Ti foils.62 It was proposed that by alloying Au with Pd there was a significant 

increase in surface coverage of adsorbed CO that increased with increasing Pd content at low 

overpotentials. This increase in CO coverage suppressed H2 evolution due to the lack of available 

active sites. Additionally, CO production at low overpotentials was increased due to the increase 

in binding energy with CO2 reduction intermediates.62 

2.6 Summary  

The electrochemical reduction of CO2 is a promising method to utilize CO2 as a renewable 

green carbon source for the synthesis of value-added chemicals and fuels. Efforts have been made 

to better understand the method of CO2 electrochemical reduction and numerous electrocatalysts 

have been studied. In this chapter, focus has been placed on Cu, Au, Ag, and alloy electrocatalysts. 

Electrocatalytic activity for the CO2RR has been determined to depend on a variety of factors 

including morphology, nanostructure, crystal facets, electrolyte, and alloy synergistic effects. 

While progress has been made in designing efficient electrocatalysts, so far industrial application 

of CO2 electrochemical conversion remains unviable due to poor catalyst stability, poor product 

selectivity, and low production rates for products. Additional work is required to address these 

challenges before commercial application can be made a reality. Therefore, it is necessary to 

advance research in nanostructured materials and reaction conditions that will allow for increased 

product selectivity, efficiency, production rate, and catalyst stability. 
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Chapter 3: Cu/Au Nanodendrites for the Electrochemical Reduction 

of CO2 

3.1 Introduction 

With the recent surge in climate change awareness, there has been a growing demand for 

environmentally friendly technologies. One of the major greenhouse gases contributing to climate 

change is carbon dioxide (CO2). For this reason, there is currently a large amount of research being 

done on CO2 conversion technologies. In regard to electrochemistry, CO2 can be used as a green 

reagent for the production of value-added chemicals and fuels.1,2 

The electrochemical reduction of CO2 has advantages such as tuning the electrode potentials 

and temperature to control the reaction rate and product selectivity; renewable energy can be used 

to drive the reaction thereby not generating additional CO2 and keeping the process 

environmentally friendly; the process is limited to consuming water; electrochemical systems are 

modular, compact, and can easily be scaled-up.3 However, the electrochemical reduction of CO2 

has significant challenges. Low catalytic activity and instability of the electrocatalysts can make 

the process inefficient. At large reduction potentials there is a loss in efficiency due to the 

competing decomposition reaction of the solvent. The production of multiple products requires 

further energy input for product separation, decreasing the efficiency of the process further.4 

Therefore, it is essential to design an electrocatalyst that is stable and allows for simple product 

separation. 

The electrochemical reduction of CO2 on bulk metals has been previously studied by Hori and 

colleagues.5 Of particular interest are the metals gold (Au) and copper (Cu). From the 

electrochemical reduction of CO2, Au has been shown to selectively produce carbon monoxide 
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(CO) at low overpotentials with high Faradaic efficiencies.6–14 Numerous studies have shown Au 

to be an effective catalyst for CO2 reduction including a report on oxide derived nanoporous Au 

in which a nearly quantitative Faradaic efficiency was achieved for the production of CO.8 In 

contrast to Au, Cu has demonstrated the unique ability to reduce CO2 to further reduced products 

such as hydrocarbons like ethylene and methane.15–26 Unfortunately, where Au has shown to be 

highly efficient and selective, Cu typically has lower Faradaic efficiencies and produces multiple 

products requiring further separation. The unique ability of Cu to produce higher order reduction 

products is the result of an intermediate binding energy between the Cu surface and the reaction 

intermediates. This binding energy allows for products to be further reduced without irreversibly 

binding to the Cu surface and poisoning the catalyst. 

In the present study we focus on optimizing a Cu/Au nanocomposite for the electrochemical 

reduction of CO2. The aim is to produce a catalyst that utilizes synergistic effects between Cu and 

Au for the efficient electrochemical reduction of CO2. 

3.2 Experimental 

3.2.1 Chemicals and materials 

CuSO4·5H2O (≥99%), HAuCl4·3H2O (≥99.9%), Na2SO4 (≥99.5%), NaHCO3 (≥99.0%), and 

D2O (99.9 at.%) solutions were obtained from Sigma Aldrich. Ti substrates (99.2%, 1.25 cm × 

0.80 cm × 0.5 mm) were purchased from Sigma Aldrich. CO2 (99.999%) and Ar (99.995%) gases 

were purchased from Praxair. All CO2 reduction analyses were conducted in a CO2-saturated 0.1 

M NaHCO3 electrolyte solution. Deionized H2O was produced by a Nanopure Diamond TM UV 

ultrapure water purification system (18.2 MΩ cm) and used in the preparation of all electrolyte 

solutions. 
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3.2.2 Catalyst fabrication 

Ti plates (1.0 cm2), acting as the substrate, were spot welded to Ti rods and etched in 5 M 

HCl at 85 °C for 20 min. A 10.0 mL electrolyte solution was prepared containing 0.1 M Na2SO4 

and a combination of CuSO4 and HAuCl4, which varied from 10.0:0.0, 7.5:2.5, 5.0:5.0, 2.5:7.5, 

and 0.0:10.0 mM depending on the catalyst. The CuAu alloy catalyst prepared with electrolyte 

concentration of 7.5:2.5 mM CuSO4:HAuCl4 is identified as CuAu(i), 5.0:5.0 mM is CuAu(ii), and 

2.5:7.5 mM is CuAu(iii). A three-electrode cell was constructed with a Ti plate working electrode, 

where one side of the Ti plate was covered with insulating tape, a Pt wire counter electrode, and a 

SCE reference electrode. Electrodeposition was performed via chronoamperometry at for 10 min. 

Following electrodeposition, the electrocatalyst was rinsed carefully with deionized H2O. 

3.2.3 Electrode characterization 

Scanning electron microscope (SEM) images were obtained with a FEI Quanta FEG 250 

SEM and energy dispersive X-ray spectroscopy (EDX) analysis was performed using an Oxford 

X-Max20 SSD to examine the structures and composition of the prepared electrodes. X-ray 

photoelectron spectroscopy (XPS) was performed with a take-off angle of 90° (relative to the 

surface) using a monochromatic Al Kα X-ray source. All data processing was done using CasaXPS 

software. X-ray diffraction (XRD) patterns were collected using a PANalytical Empyrean with an 

Empyrean Cu LFF HR radiation source. XRD data was analyzed with X’Pert High Score Plus 

software. 

3.2.4 Electrochemical characterization 

Electrochemical characterization was carried out on a PGZ301 VoltaLab via linear sweep 

voltammetry (LSV), chronoamperometry (CA), and electrochemical impedance spectroscopy 
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(EIS) in a single compartment three-electrode cell. The counter electrode was a Pt wire which was 

cleaned by flame annealing and quenching with deionized H2O prior to each experiment. The 

reference electrode was a SCE reference which was subsequently converted to a reversible 

hydrogen electrode (RHE) via the Nernst equation: 

E (vs. RHE) = E (vs. SCE) + 0.059 V x pH + 0.241 V 

For all electrochemical CO2 reduction experiments, a CO2 saturated 0.1 M NaHCO3 solution at 

pH of 6.8 was used as the electrolyte. 

3.2.5 Bulk CO2 electroreduction and product analysis 

A two-chamber cell was used to characterize and quantify the products of CO2 reduction. A 

cation-exchanged membrane was employed to separate the cathode compartment from anode 

compartment. Gaseous CO2 reduction products and H2 were detected by gas chromatograph (GC-

2014, Shimadzu) equipped with a flame ionization detector (FID) and thermal conductivity 

detector (TCD). The aqueous products were determined by NMR spectroscopy using a 600 MHz 

Bruker Avance III NMR with Cryprobe. The Faradaic efficiency for the formation of aqueous 

products was calculated according to the following equation:  

𝐹𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 =
𝑛𝑒 × 𝐹

Q
 

Where ne is total moles of electrons that are used to produce aqueous products by the 

electrochemical reduction of CO2; F is Faraday’s constant with the value of 96 485 C·mol−1; and 

Q is the overall charge passed through during the CO2RR. Chemical oxygen demand (COD) 

analysis was carried out to determine the total amount of electrons that are involved in the aqueous 
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product formation. The moles of the electrons involved in products formation can be calculated 

by:  

𝑛𝑒 =
4 × V ×𝑚𝐶𝑂𝐷

32000
 

Where m is the COD value; and V is the total volume of electrolyte used in the cathode 

compartment.27 

3.3 Results and Discussion 

To produce the nanostructured electrocatalysts, Cu and Au were electrodeposited on an etched 

Ti substrate. In the process of optimizing the Cu/Au nanocomposite catalyst for the CO2RR, the 

potential for electrodeposition was varied while keeping the electrolyte constant. Initially, the 

electrolyte contained 5.0 mM CuSO4 and 5.0 mM HAuCl4 and electrodeposition was conducted 

at potentials of −0.4, −0.6, −0.8, −1.0, and −1.2 V vs. SCE. Figure 3.1 shows, via scanning electron 

microscopy (SEM), the different nanostructures produced at each electrodeposition potential. It 

was found that when using a −0.8 V vs. SCE (Figure 3.1C) deposition potential a branched 

structure was formed and when using −1.0 V vs. SCE (Figure 3.1D) a dendrite structure was 

produced. 

 To continue the optimization process, the electrodeposition potential was kept constant at 

−1.0 V vs. SCE and the electrolytes were composed of varying ratios of Cu to Au. The fabricated 

nanostructures were then analyzed by SEM (Figure 3.2). All CuAu composite catalysts (Figure 

3.2B–D) resulted in branching structures; however, the catalyst produced with an electrodeposition 

potential of −1.0 V vs. SCE and an electrolyte containing 7.5 mM CuSO4 and 2.5 mM HAuCl4 

(CuAu(i)) produced a uniform nanodendrite structure (Figure 3.2B). 
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Figure 3.1: 50 000x magnification SEM images of CuAu nanocomposite catalysts produced using 

electrolyte concentrations of 5.0 mM CuSO4 and 5.0 mM HAuCl4 and electrodeposition potentials 

of (A) −0.6, (B) −0.8, (C) −1.0, and (D) −1.2 vs. SCE. 
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Figure 3.2: 50 000x magnification SEM images of nanostructured catalysts produced using an 

electrodeposition potential of -1.0 V vs. SCE and electrolytes containing (A) 10.0 mM CuSO4, (B) 

7.5 mM CuSO4 and 2.5 mM HAuCl4 (CuAu(i)), (C) 5.0 mM CuSO4 and 5.0 mM HAuCl4 (CuAu(ii)), 

(D) 2.5 mM CuSO4 and 7.5 mM HAuCl4 (CuAu(iii)), and (E) 10.0 mM HAuCl4 with their respective 

EDX spectra (F). 
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The composition of the electrocatalysts produced by varying the electrolyte composition was 

analyzed via energy-dispersive X-ray spectroscopy (EDX) where Ti substrate peaks were found at 

about 4.5 and 4.9 keV, Cu peaks were found at about 0.9, 8.0, and 8.9 keV, and Au peaks were 

found at about 2.1, 9.7, and 11.5 keV (Figure 3.2F). The EDX results shown in Table 3.1 suggest 

that Au more readily deposits compared to Cu. This is apparent as in each case where the catalyst 

is composed of a mixture of Cu and Au, the atomic percentage of Au is always higher in the 

manufactured catalyst compared to percentage of Au in the electrolyte. For example, the catalyst 

produced using 5.0 mM CuSO4 and 5.0 mM HAuCl4 (CuAu(ii)) has an actual composition of 

34.75% Cu and 65.43% Au when analyzed by EDX. Furthermore, elemental mapping of the 

nanodendrite catalyst CuAu(i) shows a uniform distribution of Cu and Au on the catalyst (Figure 

3.3) indicating the nanodentrites are composed of a CuAu alloy.  

Table 3.1: EDX data for atomic composition of Cu/Au electrocatalysts. 

 Atomic Percentage / % 

Catalyst Cu Au 

Cu 100 0 

CuAu(i) 55.34 44.66 

CuAu(ii) 34.57 65.43 

CuAu(iii) 16.82 83.18 

Au 0 100 
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Figure 3.3: Elemental mapping of the nanodendrite catalyst CuAu(i) where green is Cu and blue 

is Au. 

The composition of the CuAu composite catalysts were inspected further via X-ray photoelectron 

spectroscopy (Figure 3.4) and the data is given in Table 3.2. By comparing the bulk composition 

determined by EDX to the surface composition revealed by XPS, it was found that the 

compositions determined by EDX and XPS agreed closely with each other indicating the 

composition of the catalyst is uniform throughout the material. XRD anaylsis was performed on 

the CuAu(i) catalyst to examine its crystalline phase (Figure 3.5). XRD peaks were identified for 

Au and auricurpide (Cu3Au2), but no peaks were identified for elemental Cu indicating all the Cu 

is likely incorporated into the Cu3Au2 alloy. The peaks identified for Cu3Au2 are for high index 

faces (1 11 1) and (1 10 2). High index faces are typically associated with high energy and may 

present active sites for CO2 reduction. 
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Figure 3.4: XPS analysis of the CuAu composite catalysts analyzing the (A-C) Au 4f peaks and 

(D-F) Cu 2p peaks of the (A,D) CuAu(i), (B,E) CuAu(ii), and (C,F) CuAu(iii) catalysts. 

Table 3.2: XPS integration and calculated Cu and Au atomic percentages for Cu/Au 

nanocomposite electrocatalysts. 

Catalyst 

Cu 2p1/2 

Peak 

Area 

Cu 2p3/2 

Peak 

Area 

Au 4f5/2 

Peak 

Area 

Au 4f7/2 

Peak 

Area Cu at% Au at% 

CuAu(i) 437.8 786.9 395.5 491.7 48.21 51.79 

CuAu(ii) 492.8 866.7 822.5 1028.8 33.12 66.88 

CuAu(iii) 273.7 143.0 720.1 900.4 14.78 85.22 

R.S.F. 8.66 16.73 7.54 9.58   
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Figure 3.5: XRD analysis for the CuAu(i) nanodendrite catalyst depicting identified crystal faces 

for Au (red) and Cu3Au2 (blue). 

Electrochemical activity in the CO2RR for each of the manufactured nanostructured 

catalysts was analyzed by running linear sweep voltammetry (LSV) in CO2 saturated 0.1 M 

NaHCO3. The effect of electrodeposition on the catalyst activity for the electrochemical reduction 

of CO2 was analyzed by plotting the linear sweep voltammograms and comparing the geometric 

reductive current densities (Figure 3.6A). Of the catalysts prepared with electrolytes containing 

5.0 mM CuSO4 and 5.0 mM HAuCl4, the catalyst produced using an electrodeposition potential of 

−1.0 V vs. SCE demonstrated the highest activity for the CO2RR with a current density of −9.7 

mA·cm−2 at a potential of −0.76 V vs. SCE (Figure 3.6A). The effect of electrolyte composition 

used during electrodeposition for catalyst production was then examined by comparing the 

geometric reductive current densities of catalysts prepared by electrodeposition at −1.0 V vs. SCE 

and electrolytes containing different ratios of Cu to Au (Figure 3.6B). 
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Figure 3.6: LSV analysis comparing the electrocatalytic activity for the CO2RR of (A) CuAu(ii) 

catalysts prepared with varying electrodeposition potentials and (B) catalysts prepared with 

varying Cu:Au electrolyte concentrations and an electrodeposition potential of −1.0 V (vs. SCE). 

The catalyst resulting in the largest reductive current density for the CO2RR was the nanodendrite 

catalyst prepared by electrodeposition at −1.0 V vs. SCE with an electrolyte containing 7.5 mM 

CuSO4 and 2.5 mM HAuCl4. From the LSV experiment, this nanodendrite CuAu(i) catalyst resulted 

in a current density of −11.5 mA·cm−2 at a potential of −0.76 V vs. SCE (Figure 3.6B). A second 

analysis comparing the reductive current densities of catalysts prepared with different Cu/Au ratios 

was done using chronoamperometry (CA). Chronoamperometry was run at −0.56 V vs. RHE for 

10 min. and the reductive current densities for the CO2RR were compared in Figure 3.7A.  
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Figure 3.7: Chronoamperometry studies run at −0.56 V (vs. RHE) for catalysts prepared with 

varying Cu:Au electrolyte concentrations and an electrodeposition potential of −1.0 V (vs. SCE) 

(A) and chronoamperometry analysis of the CuAu(i) catalyst at potential of −0.36, −0.56, and −0.76 

V (vs. RHE). 

Consistent with the LSV analysis, the CuAu(i) catalyst resulted in the largest current density of 

approximately −3.7 mA·cm−2 when the potential was held at −0.56 V vs. RHE (Figure 3.7A). 

Additionally, the current density for the CO2RR on the CuAu(i) catalyst was analyzed via 

chronoamperometry at potentials of −0.36, −0.56, and −0.76 V vs. RHE (Figure 3.7B). The 

disturbances in the current density when running chronoamperometry at −0.56 and −0.76 V vs. 

RHE are due to the formation of gas bubbles on the catalyst surface. These gas bubbles will cover 

a portion of the catalyst surface and prevent CO2 reduction from occurring at this point on the 

surface; thus, lowering the measured reductive current.  
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67 
 

 

0 100 200 300 400 500 600 700

0

50

100

150

200

250

300

 Cu

 Au

 CuAu
(i)

- 
Z

im
 /
 

 c
m

-2

Z
re
 /  cm

-2

 

Figure 3.8: EIS study, under CO2 reduction conditions at −0.36 V (vs. RHE), comparing the 

CuAu(i) catalyst (blue) to Cu (black) and Au (red) catalysts prepared by the same electrodeposition 

procedure with the circuit diagram (top left). 

Table 3.3: EIS data for the CuAu(i), Cu, and Au electrocatalysts where error percentage for each 

element is given in parentheses. 

Element Cu (%) Au (%) CuAu(i) (%) 

R1 (Ω cm
-2

) 10.88 (0.36) 11.51 (0.43) 13.08 (0.71) 

CPE1-T (mF cm
-2

) 1.46 (0.64) 0.88 (0.91) 2.31 (3.02) 

CPE1-P 0.81 (0.24) 0.84 (0.28) 0.76 (1.04) 

R2 (Ω cm
-2

) 773.6 (0.83) 488.2 (0.67) 108.6 (2.36) 
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When the gas bubbles grow large enough they will dissociate from the catalyst surface and the 

reductive current density will increase (Figure 3.7). EIS was performed under CO2 reduction 

conditions at −0.36 V (vs. RHE) in order to compare the CuAu(i) catalyst to Cu and Au catalysts 

prepared via the same electrodeposition method (Figure 3.8). It was found that the CuAu(i) catalyst 

had considerably less resistance to charge transfer, 108.6 Ω·cm−2, compared to Cu and Au 

catalysts, 773.6 Ω·cm−2 and 488.2 Ω·cm−2 respectively (Table 3.3).  
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Figure 3.9: LSV anaylisis of the CuAu(i) catalyst under CO2 saturated conditions (black) and Ar 

saturated conditions (red). The inset is the approximate efficiency of the CO2RR calculated  from 

the difference between the CO2 and Ar saturated conditions. 
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The approximate efficiency of the CuAu(i) catalyst was studied by comparing the current density 

of LSVs run in Ar saturated 0.1 M Na2SO4 and CO2 saturated 0.1 M NaHCO3 (Figure 3.9). The 

current resulting from reduction in the Ar saturated conditions can be attributed to the HER while 

the current from the CO2 saturated conditions is a combination of the HER and the CO2RR. 

Therefore, the difference between the current of the Ar and the CO2 saturated conditions is the 

approximate current associated with the CO2RR. The approximate current efficiency for the 

CO2RR was calculated by: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  (
𝑗𝐶𝑂2 − 𝑗𝐴𝑟

𝑗𝐶𝑂2
) × 100 

Where 𝑗𝐶𝑂2 is the CO2 saturated reductive current and 𝑗𝐴𝑟 is the Ar saturated reductive current. 

Peak current efficiency was determined to be approximately 95% at −0.3 V (vs. RHE) (Figure 

3.9). NMR was used to analyze aqueous products and it was revealed that HCOO− was the major 

product in the aqueous phase (Figure 3.10).  
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Figure 3.10: NMR spectra highlighting the detection of HCOO− as the major aqueous product. 
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Following NMR analysis, it was determined by COD that the Faradaic efficiency for aqueous 

products in the potential range from −0.56 to −0.96 V (vs. RHE) was under 5% and thus, are a 

minor, or trace, product. Gas products for CO2 reduction were analyzed by GC. CO and H2 were 

found to be the major products and the ratio of H2 to CO produced at varying reduction potentials 

is found in Table 3.4.  

Table 3.4: Molar product ratio of H2 to CO for CuAu(i) determined by GC after performing CO2 

reduction at potentials of −0.66, −0.76, −0.86, and −0.96 V (vs. RHE). 

 Potential vs. RHE / V 

 −0.66 −0.76 −0.86 −0.96 

Ratio H2:CO 0.37 1.19 1.92 2.29 

 

The mixture of H2 and CO is also known as syngas and can be used in the production of a variety 

of chemicals and fuels depending on the ratio of H2 to CO. For example, a H2:CO ratio of about 2, 

achieved here when using a reduction potential of −0.86 V (vs. RHE), is ideal for methanol 

production.28  

3.4 Conclusion 

A novel CuAu nanodendrite electrocatalyst has been fabricated by a simple electrodeposition 

process for use in the CO2RR. CO2 reduction is enhanced at high energy surface sites such as edges 

or high index planes; therefore, the exceptional activity of the CuAu(i) nanodendrite catalyst can 

be attributed to its nanodendrite structure and high index planes resulting from the Cu3Au2 alloy. 

GC anaylsis indicated syngas was the major product and when a reduction potential of −0.86 V 

(vs. RHE) was used a H2 to CO molar product ratio of 1.92 was achieved, which is close to the 

optimal ratio for methanol production of 2. NMR revealed HCOO− was produced as the only 
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aqueous product; however, quantification of aqueous products via COD gave Faradaic efficiencies 

of less than 5%. Furthermore, EIS showed the CuAu(i) catalyst to have low charge transfer 

resistance relative to Cu and Au electrodeposited catalysts. The CuAu nanodendrite catalyst is an 

intriguing material with the potential application for syngas production from CO2. 
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Chapter 4: Nanoporous Silver for the Electrochemical Reduction of 

CO2 

4.1 Introduction 

The rising atmospheric concentration of CO2 is one of the important issues faced by society 

today and the development of sustainable technologies and environmentally friendly alternatives 

is necessary to combat climate change.1,2 One of the proposed methods is the capture and 

conversion of CO2 by electrochemical reduction for sustainable energy and energy storage.3–7 CO2 

presents an inexpensive, green carbon source for the production of value-added chemicals and 

fuels. However, a major difficulty with the electrochemical reduction of CO2 is the high reduction 

potential of −1.90 V (vs. SHE) required for the initial one electron reduction of CO2 to CO2
•−. 

Other challenges include side reactions such as H2 evolution which lower the efficiency of CO2 

reduction products and the degradation or poisoning of catalysts over time. Therefore, there is a 

need to design catalysts with high activity at low overpotentials, high product selectivity and 

efficiency, and good stability. 

In terms of polycrystalline metal electrocatalysts, the metals Pb, Hg, Tl, In, Sn, Cd, and Bi 

primarily produce HCOO−; Au, Ag, Zn, Pd, and Ga generate CO as the major product; Ni, Fe, Pt, 

and Ti do not actively reduce CO2 and instead produce H2 in aqueous media; Cu produces 

hydrocarbons and alcohols, including CH4, C2H4, EtOH, and PrnOH, as well as CO and HCOO−.8 

The metals Cu, Au, and Ag are among the most studied metal electrocatalysts for CO2 reduction.9–

29 Cu is unique in that it is able to convert CO2 to hydrocarbons and alcohols; however, Cu tends 

to suffer from poor product selectivity which could result in additional cost for product separation. 

Au has demonstrated high efficiency for the production of CO at low overpotentials, but its high 
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cost limits its viability in commercial applications.20,23 Ag also produces CO with relatively high 

selectivity, but with much higher overpotentials when compared to Au. In order to further improve 

the efficiency and activity of Ag catalysts, the production of nanostructured Ag catalysts with high 

surface area is being explored. Nanostructured materials have been shown to reduce overpotential 

and improve activity most likely as a result of stabilizing reaction intermediates.20,28,30 In the 

present study, nanoporous Ag wire electrocatalysts with high surface area are prepared  via a Zn 

alloying/dealloying method. The nanoporous Ag catalysts are then studied for their activity in the 

CO2RR.  

4.2 Experimental 

4.2.1 Chemicals and materials 

ZnCl2 (≥98.0%), H2SO4 (99.99%), Na2SO4 (≥99.5%), and NaHCO3 (≥99.0%) reagents were 

purchased from Sigma Aldrich. Ag wire (99.9%) and Zn foil (99.98%, 0.25 mm thick) were 

obtained from Alfa Aesar. Ethylene glycol (analytical grade) was purchased from ACP Chemical 

Inc. CO2 (99.999%) and Ar (99.995%) gases were obtained from Praxair. All CO2 reduction 

analyses were conducted in a CO2-saturated 0.1 M NaHCO3 electrolyte solution. Deionized H2O 

was produced by a Nanopure Diamond TM UV ultrapure water purification system (18.2 MΩ cm) 

and used in the preparation of all electrolyte solutions. 

4.2.2 Fabrication of nanoporous Ag electrodes 

To prepare the Ag wire electrodes, a 10 cm long Cu wire was fed through a 7 cm long glass 

tube and attached to a piece of Ag wire. The connection between the Cu and Ag wires was coated 

in conductive Au paste to ensure a good connection was made. The ends of the glass tube were 

sealed with an epoxy resin, ensuring only Ag wire was exposed at one end and the other end had 
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enough exposed Cu wire to be connected for electrochemical experiments. Each electrode had 1.1 

cm of exposed Ag wire.  

The nanoporous Ag was fabricated by an electrochemical alloying/dealloying method in a 

three-electrode system where the Ag electrode was the working electrode and Zn foil acted as the 

counter and reference electrodes. The alloying/dealloying of the Ag electrode was performed in a 

mixture of ethylene glycol and 1.5 M ZnCl2 via cyclic voltammetry in the potential range between 

−0.80 and +1.80 V (vs. Zn) at a scan rate of 10 mV·s−1 for 10, 20, or 30 cycles at 110 ºC. Following 

cyclic voltammetry, the nanoporous Ag electrode was carefully cleaned with EtOH and ultrapure 

water. To remove residual Zn from the alloying/dealloying process, the nanoporous Ag electrode 

was soaked in concentrated H2SO4 for 1 h. After rinsing with water alloying time to dry, the 

nanoporous Ag was calcinated at 150 ºC in a furnace for 1 h. 

4.2.3 Structural characterization 

Surface morphology was investigated by a field emission scanning electron microscope (FEI 

Quanta FEG 250 SEM) and EDX analysis was performed on an Oxford X-Max20 SSD an analyze 

bulk composition. 

4.2.4 Electrochemical characterization 

Electrochemical characterization was carried out on a PGZ301 VoltaLab via linear sweep 

voltammetry (LSV) and chronoamperometry (CA) in a single compartment three electrode cell. 

The counter electrode was a Pt wire which was cleaned by flame annealing and quenching with 

deionized H2O prior to each experiment. The reference electrode was a SCE (sat. KCl) reference 

and potentials were subsequently converted to a reversible hydrogen electrode (RHE) via the 

Nernst equation: 
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E (vs. RHE) = E (vs. SCE) + 0.059 V x pH + 0.241 V 

For all electrochemical CO2 reduction experiments, a CO2 saturated 0.1 M NaHCO3 solution was 

used as the electrolyte. 

4.2.5 Electrochemically active surface area (EASA) measurements  

The EASA was determined by Pb underpotential deposition (PbUPD) in 1.0 mM Pb(NO3)2 + 

10.0 mM HClO4 solution with a scan rate of 10 mV·s−1. The EASA was calculated by integrating 

the PbUPD desorption peak found between −0.4 and −0.2 V (vs. SCE) and assuming a specific 

capacitance of 420 µC·cmec
−2 for Ag samples.25 

4.3 Results and Discussion 

Nanoporous Ag wire electrodes were fabricated by electrochemical alloying/dealloying of a 

polycrystalline Ag wire in ethylene glycol solution containing 1.5 M ZnCl2 using cyclic 

voltammetry. A three-electrode cell was used in which the cathode was the Ag wire and the anode 

and reference were Zn metal. After electrochemical treatment, the nanoporous Ag wire was soaked 

in concentrated H2SO4 for 1 hour, to remove any residual Zn, followed by calcination at 150 °C 

for 1 hour. SEM images depict the formation of nanoporous structures for catalysts prepared with 

alloying/dealloying treatments of 10, 20, and 30 cycles (Figure 4.1). EDX analysis revealed that 

the Zn was largely removed from the surface; however, small amounts of residual Zn were still 

present on each catalyst (Figure 4.2). By allowing the nanoporous Ag to soak for a longer time in 

concentrated H2SO4, it may be possible to eliminate the residual Zn from the catalysts. 

Electrochemical activity for the CO2RR was studied and the nanoporous Ag wire catalysts 

were compared to an untreated Ag wire. LSV was run in CO2 saturated 0.1 M NaHCO3 and the 

geometric current densities were compared (Figure 4.3). It was found that the nanoporous Ag wires 
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all outperformed the untreated Ag wire and, of the three nanoporous catalysts, the Ag wire catalyst 

prepared with 20 alloying/dealloying cycles (Ag20 cycles) resulted in the highest activity for CO2 

reduction.  

   

   

Figure 4.1: SEM images of 2 000x (A-C) and 15 000x (D-F) magnification for nanoporous Ag 

catalysts prepared by 10 (A,D), 20 (B,E), and 30 (C,F) cycles of alloying and dealloying with Zn. 

This is likely a result of higher real surface area of the Ag20 cycles catalyst compared to the other 

two nanoporous catalyst as the surface morphology of the three nanoporous catalysts should be 

mostly identical. Electrocatalytic activity in CO2 saturated conditions was further analyzed by 

chronoamperometry. The three nanoporous electrodes were compared by running 

chronoamperometry at −0.56 V (vs. RHE) and the Ag20 cycles catalyst demonstrated the highest 

activity with a current density of around −2.2 mA·cm−2 (Figure 4.4A). Additionally, the current 

density of Ag20 cycles was analyzed when holding constant reduction potentials of −0.36, −0.56, and 

A B C 

D E F 
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−0.76 V (vs. RHE) (Figure 4.4B). The electrochemically active surface area (EASA) for each 

electrode was determined by Pb underpotential deposition (PbUPD) and compared in Table 4.1. It 

was found that, of the three nanoporous Ag electrodes, the Ag20 cycles catalyst had the highest EASA 

as expected based on its electrochemical activity. The calculated EASAs were 0.137, 3.886, 6.621, 

and 4.514 cm2 for the untreated Ag wire, Ag10 cycles, Ag20 cycles, and Ag30 cycles respectively. 
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Figure 4.2: EDX analysis of Ag10 cycles (A), Ag20 cycles (B), and Ag30 cycles (C) catalysts with their 

respective atomic compositions. 
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Figure 4.3: LSV analysis comparing the electrocatalytic activity of nanoporous Ag electrodes to 

an untreated Ag wire. 
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PbUPD was performed by running CV from −100 mV to −550 mV (vs. SCE) and the EASA was 

calculated by integrating the desorption peak found in the range −0.2 to −0.4 V and dividing by 

420 µC·cm−2 (Figure 4.5A). Electrocatalytic activity for the CO2RR was then compared for each 

electrode based on their current densities normalized to their respective EASA (Figure 4.5B). It 

was found that the Ag20 cycles and Ag30 cycles electrodes displayed very similar current densities, 

while Ag10 cycles gave a slightly higher current density, and the untreated Ag wire demonstrated the 

highest current density when normalized to the EASA. This is likely a result of mass transfer 

limitations; the untreated Ag wire has the lowest EASA and therefore would likely have the highest 

surface coverage percentage for CO2. 
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Figure 4.4: Chronoamperometric analysis run at −0.56 V (vs. RHE) comparing the geometric 

current densities of nanoporous Ag catalysts (A) and chronoamperometry analysis of the Ag20 cycles 

catalyst at potentials of −0.36, −0.56, and −0.76 V (vs. RHE). 
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Table 4.1: EASA of Ag electrodes determined by PbUPD. 

Electrode EASA / cm2 

Untreated Ag wire 0.137 

Ag10 cycles 3.886 

Ag20 cycles 6.621 

Ag30 cycles 4.514 
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Figure 4.5: CV run from −100 to −550 mV (vs. SCE) for PbUPD analysis of Ag electrodes (A) and 

LSV analysis of electrocatalytic activity when current density is normalized by EASA (B). 

Also, the Ag10 cycles catalyst has a lower EASA compared to the Ag20 cycles and Ag30 cycles catalysts 

and a slightly higher EASA normalized current density. The approximate efficiency of the Ag20 

cycles catalyst was studied by LSV, comparing the current density achieved in Ar saturated 0.1 M 

Na2SO4 versus CO2 saturated 0.1 M NaHCO3 conditions (Figure 4.6). Assuming the reductive 

current resulting from LSV run in Ar saturated conditions is entirely due to the HER, and the 

reductive current from the CO2 saturated conditions is a result of the combination of the CO2RR 

and the HER, the difference in current can be attributed to the approximate current associated with 

A B 
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CO2 reduction. The approximate current efficiency for CO2 reduction was calculated by the 

following: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  (
𝑗𝐶𝑂2 − 𝑗𝐴𝑟

𝑗𝐶𝑂2
) × 100 

Where 𝑗𝐶𝑂2 is the CO2 saturated reductive current and 𝑗𝐴𝑟 is the Ar saturated reductive current. 

Peak current efficiency for CO2 reduction was calculated to be approximately 65% at −0.4 V (vs. 

RHE) (Figure 4.6 inset).  
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Figure 4.6: LSV anaylisis of the Ag20 cycles catalyst under CO2 saturated conditions (black) and Ar 

saturated conditions (red). The inset is the approximate efficiency of the CO2RR calculated  from 

the difference between the CO2 and Ar saturated conditions. 
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Current efficiency calculated in this manner likely underestimates the real current efficiency for 

CO2 reduction as it is assumed that the current associated with H2 production is the same for Ar 

and CO2 saturated conditions. This is likely not the case due to competition between CO2 and H+ 

for active sites on the catalyst surface. Therefore, the current associated with H2 production will 

actually be less in CO2 saturated conditions compared to Ar saturated conditions. 

4.4 Conclusions 

The fabrication of nanoporous Ag electrodes with high surface areas for use in the 

electrochemical reduction of CO2 has been demonstrated. Nanoporous Ag was fabricated by a 

simple Zn alloying/dealloying method. The nanoporous catalysts exhibited improved activity in 

the CO2RR compared to an untreated Ag electrode. The improvement in activity can be attributed 

to the significantly higher surface area of the nanoporous electrodes compared to the untreated Ag 

wire. High surface area has been shown to drastically improve activity for the CO2RR by 

increasing the number of active sites for reduction. When there is an abundance of active sites, 

activity becomes limited by mass transfer. To further improve activity, flow cells designed to 

facilitate the transfer of CO2 to the catalyst surface demonstrate promise.    
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Chapter 5: Summary and Future Work 

5.1 Summary 

With increasing concern over climate change and the search for sustainable technologies and 

energies, the prospect of CO2 conversion to useful chemicals and fuels has garnered significant 

interest. Electrochemical reduction of CO2 can be used to produce value-added products under 

mild conditions while being environmentally friendly. Over the past few decades, bulk metals have 

been explored as potential electrocatalysts for CO2 reduction with emphasis on the metals Cu, Au, 

and Ag. In the pursuit of enhancing catalytic activity through catalyst design, research efforts have 

been made in the formation of nanostructures, increasing the electrochemically active surface area, 

modifying surface morphologies, making use of different crystal facets, and employing synergistic 

effects of alloys. Therefore, design of highly active nanostructured catalysts is a practical approach 

to improve activity and efficiency in the CO2RR. Herein, novel nanostructured electrocatalysts of 

CuAu nanodendrites and nanoporous Ag were prepared by facile methods for the electrochemical 

reduction of CO2.  

We successfully optimized a CuAu nanocomposite electrode for dendrite formation, via 

electrodeposition, to be used in the CO2RR. The atomic composition of the dendrite catalyst was 

analyzed by EDX and XPS. Elemental mapping showed the catalyst to be an alloy of Cu and Au 

and XRD studies identified the alloy as Cu3Au2 based on assigned peaks for the (1 11 1) and (1 10 

2) crystal facets. Product analysis by GC, NMR, and COD revealed the major product of CO2 

reduction to be syngas while aqueous products were only present in trace amounts. At a reduction 

potential of −0.86 V (vs. RHE), syngas was produced with a H2 to CO ratio of 1.915 which is close 

to the optimal ratio for methanol production of 2. The CuAu nanodendrite catalyst is a novel 
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material with a facile production method that presents opportunities for the practical production of 

syngas. 

Nanoporous Ag electrocatalysts were fabricated by a facile electrochemical 

alloying/dealloying process followed by treatment in H2SO4 and calcination at 150 °C. The 

nanoporous Ag catalysts were studied electrochemically using LSV and CA. The Ag catalyst 

prepared using 20 cycles of alloying/dealloying demonstrated the highest activity for CO2 

reduction compared to the other nanoporous Ag and the untreated Ag. It was determined that the 

improvement in electrocatalytic activity was due to a significant increase in EASA compared to 

the other catalysts. Based on the EASA normalized current densities, it was suggested that the 

electrocatalytic activity for nanoporous Ag was limited by mass transfer of CO2.  

While this work has demonstrated the facile productions of a nanodendritic CuAu catalyst and 

a nanoporous Ag catalyst, additional improvements are still required to realize the industrial 

application of CO2 electrochemical conversion. CO2 reduction activities and efficiencies are 

consistently being improved through intelligent catalyst design by incorporating nanostructures 

with high surface areas, different crystal facets, surface morphologies, and exploring unique alloys 

and materials. CO2 reduction activity can also be improved by designing flow cells which allow 

for extra control of reagent delivery; thereby, reducing mass transfer issues and drastically 

improving current densities.   


