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Abstract  
 

Electrochemically converting CO2 and H2O into fuels or chemical feedstocks by using renewable 

energy is a promising approach for closing the artificial carbon cycle. However, to date, CO2 

reduction has remained mostly an academic endeavor due to the complexity of CO2 reduction reaction 

(CO2RR), a high energy consumption multi electron and proton transfer process which is often 

accompanied by the kinetically more favorable competing hydrogen evolution reaction (HER). A 

widespread application of CO2 reduction technology is hindered by low energy efficiency due to low 

product selectivity, high overpotentials, low reaction rates, and lack of catalytic stability. Developing 

well designed electrocatalysts with high catalytically active site density is a key challenge identified 

for improving the energy efficiency of CO2RR towards the production of value-added chemicals. In 

this thesis, I focus on the design and synthesis of nano metallic catalysts for electrocatalytic CO2 

reduction: 

Chapter 1. Introduction. A comprehensive literature review of fundamental and rational catalyst 

design for electrocatalytic CO2 reduction. 

Chapter 2. Cu nanoparticles embedded in N-doped carbon (Cu@NC) arrays were fabricated and 

tested for electrocatalytic CO2 reduction in dimethylformamide medium. The three-dimensional array 

structure of the Cu@NC was demonstrated to be effective for improving the catalytic activity of 

copper-based catalysts while maintaining long-term catalytic stability. 

Chapter 3. A general strategy to synthesize size controllable metal NPs supported on carbon materials 

for electrocatalytic energy conversion was developed in this work. Size effect of Co nanoparticles for 

electrocatalytic CO2 reduction in organic medium was discovered. 

Chapter 4. Eight metal-Sn bimetallic materials by electrochemical reduction of their corresponding 

metal stannates is reported. When the metal-Sn bimetallic materials were used as electrocatalysts for 

electrochemical CO2 reduction, bulk electrolysis results revealed that the Ag-Sn and Cu-Sn bimetallic 

systems showed the highest activity and selectivity for formate. 

Chapter 5. A facile strategy has been developed to obtain lattice-dislocated Bi nanowires on copper 

foam (Cu foam@BiNW) through in situ electrochemical transformation of an electroless plated Bi 

film on copper foam after thermal treatment in air. The Cu foam@BiNW is found to be a highly 

active electrocatalyst for CO2 reduction to formate at a low overpotential. 

Chapter 6. A coordination enabled galvanic replacement method is developed to prepare atomically 

dispersed Ni decorated on defect-rich Cu surface. The ratio of Ni-Cu on the Ni-SD-CuNW samples 

can be tuned by controlling reaction time. When used as electrocatalyst for CO2RR, the 1.1%Ni-SD-

CuNW exhibited 6-fold larger FE towards C2 products than that on SD-CuNW. 

Chapter 7. Summary and outlook. A brief summary of the thesis and several possible future directions 

proposed.  
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CHAPTER 1. FUNDAMENTAL AND RATIONAL DESIGN OF CATALYSTS FOR 

ELECTROCATALYTIC CO2 REDUCTION 
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1.1 Background introduction 

Carbon dioxide (CO2) is the primary carbon source for life on Earth and its concentration in the 

atmosphere has been regulated by photosynthetic organisms and geological phenomena. In Nature, 

about 203 gigatons (Gt) of CO2 are being recycled each year.1, 2 The carbon cycle in Nature can 

maintain a delicate balance between the consumption and production of CO2 involving natural 

processes. However, consumption of fossil fuels by human activities are producing over 30 Gt of CO2 

per year.3 The natural carbon cycle, however, is incapable of digesting this excessive amount of CO2. 

As a result, CO2 concentration in the atmosphere has increased dramatically in the last 100 years.4 The 

accompanying greenhouse effect has become a major impact on climate change.5 Therefore, it is vital 

to develop technologies to limit CO2 accumulation in the atmosphere.6, 7  

    Producing an anthropogenic carbon cycle by using renewable energy to convert CO2 and H2O into 

fuels and chemicals is an appealing strategy.8, 9 Such techniques not only can solve energy and 

environmental issues related to CO2 emissions, but also show the probability of creating a profitable 

carbon economy.10, 11 Figure 1.1 provides an illustration of a simplified anthropogenic carbon cycle. 

In such a system, renewable energy is converted to chemical energy and stored in CO2 derived fuels 

and chemicals. The key to close this anthropogenic carbon cycle is reduction of CO2.
12 There are 

several techniques widely studied for CO2 reduction through biological, thermochemical, 

photochemical, and electrochemical means. Among them, electrochemical conversion of CO2 has 

several advantages including mild reaction conditions, precise control of reaction rates and product 

selectivities through the applied voltage, and wide scalability due to modular electrolyzer designs. 

Electrochemical reduction of CO2 coupled with intermittent renewable energy sources is a promising 

method for increasing the penetration of renewables into the fuels and chemicals industries.13  
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Figure 1.1. Illustration of a simplified anthropogenic carbon cycle. 

 

1.2 Fundamentals of electrocatalytic CO2 reduction 

1.2.1 Electrocatalysis and electrochemical double layer 

Electrocatalysis is, as indicated by the name, the combination of electrochemistry and catalysis. 

Electrochemistry is concerned with the interconversion of electrical and chemical energy, while 

catalysis is the process of increasing the rate of a chemical reaction in the presence of a catalyst. 

Electrocatalysis can be regarded as a specific form of catalysis that involves interaction and electron 

exchange between reactants and an electrocatalyst, which is often an electrode or a component of the 

electrode during chemical transformation.14 An electrocatalytic process is facilitated by transferring 

electrons between two species involved in a chemical reaction under an external power source, such 

that the electrical energy associated with the external power source is converted to the chemical energy 

associated with the reaction products. Such a process requires separating the complementary oxidation 

and reduction reactions of which every redox reaction is composed. Therefore, an electrocatalytic 

system includes an electron conducting phase (electrode), an ion conducting phase (electrolyte 

medium, typically with a selectively permeable membrane), and the interfaces between these phases 

at which the oxidation and reduction reactions take place. Figure 1.2a shows an illustration of a 



  Chapter 1 

4 
 

conventional electrocatalysis system. The electrode/electrolyte interface is where the electrocatalytic 

reaction actually take place. Therefore, close inspection of the interface can help provide a better 

understanding of the electrocatalytic reaction. 

 
Figure 1.2. (a) Illustration of a conventional electrocatalytic system. (b) Illustration of electrochemical 

double layer structure on the cathode side. IHP represents the inner Helmholtz plane and OHP 

represents the outer Helmholtz plane. 

 

    In electrochemistry, electrodes which are under potentiostatic control are influenced by the identity 

of the surface charge of the electrode. This results in strong interactions occurring between the 

ions/molecules in solution and the electrode surface, which gives rise to a region called the 

electrochemical double layer (Figure 1.2b). The structure of the electrochemical interface is typically 

divided into five distinct regions: the electrode surface, the Inner Helmholtz plane (IHP) and the Outer 

Helmholtz plane (OHP), the diffuse layer, and the bulk solution.15 Species that are specifically 

adsorbed on the electrode surface, including solvents molecules, reactants, products and reaction 

intermediates, and any other adsorbed molecules or ions on the electrode belong to the IHP. The OHP 

is primarily comprised of ions with an opposite charge of the electrode drawn by electrostatic forces. 

For electrocatalytic CO2 reduction (ECR), adsorption and bond rearrangement of CO2 molecules 

proceed within the IHP. When a CO2 molecule approaches the electrode surface, its interactions with 

both the electrolyte medium and the electrode come into play. The following electrocatalytic processes 

are therefore influenced by factors such as potential-dependent structure of the solvent, reaction-
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induced concentration gradients, and the potential-dependent behavior of electrolyte ions and their 

effect on double layer structure, reaction activity, and selectivity.  

 

1.2.2 Physical and chemical properties of CO2  

The CO2 molecule is linear and centrosymmetric. The CïO bond length is 116.3 pm, which is 

noticeably shorter than the bond length of a CïO single bond and even shorter than most other CïO 

multiply-bonded functional groups, such as CïO bonds in carbonyls.16 The CïO bonds in CO2 are 

polar and yet the dipole moment is zero because the two bond dipoles cancel each other due to the 

linear structure. The carbon center of the CO2 molecule is electrophilic. The bonding electrons are 

more closely associated with oxygen than with carbon. CO2 itself is a highly stable form of carbon 

with C-O bond energy of 805 kJ mole-1.17 The direct decomposition of CO2 to CO and O2 yields a 

large enthalpy change (Ho) under standard conditions (1 atm, 298.15 K): 

CO2 (g) Ÿ CO(g) + 1/2O2(g)            Ho = 293.0 kJ mole-1                     (1.1) 

The presence of a reducing reactant could lower the enthalpy change. For example, when H2 is 

involved in the reaction, the Ho value could drop to 52.2 kJ mole-1, and a corresponding Go of 28.6 

kJ mole-1 is calculated. The thermodynamic energetic requirements for selected ECR half reactions are 

shown in Table 1.1. The slightly positive standard electrode potentials for the formation of those 

highly reduced products indicate that the corresponding reactions are thermodynamically reasonable. 

However, the sluggish kinetics of ECR reactions lead to much more negative applied potential 

requirement to drive the reactions than implied by the standard electrode potentials. For example, the 

activation of CO2 molecule to form a CO2
Åī radical anion, which is often the first elementary electron 

transfer step for an ECR reaction, only proceeds at a very negative applied potential (-1.9 V vs. 

standard hydrogen electrode (SHE)).18 Therefore, the development of electrocatalysts for ECR is vital 

to lower kinetic energy barriers and improve energy efficiency. 
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Table 1.1.  Selected standard electrode potentials for ECRs (V vs. SHE) at 1.0 atm and 25 °C. 

ECR half reactions Eo (V vs. SHE) 

CO2(g) + 2H+(aq) + 2e- Ÿ CO(g) + H2O(l) 

CO2(g) + 2H+(aq) + 2e- Ÿ HCOOH(l) 

CO2(g) + 6H+(aq) + 6e- Ÿ CH3OH(l) + H2O(l) 

CO2(g) + 8H+(aq) + 8e- Ÿ CH4(g) + 2H2O(l) 

2CO2(g) + 12H+(aq) + 12e- Ÿ CH2CH2(g) + 4H2O(l) 

2CO2(g) + 12H+(aq) + 12e- Ÿ CH3CH2OH(l) + 3H2O(l) 

-0.10 

-0.25 

0.01 

0.17 

0.06 

0.09 

 

1.2.3 Interaction of CO2 molecules with electrode surface 

Under ECR conditions, when a CO2 molecule adsorbs to an electrode surface, it binds with the 

electrode surface through chemisorption interaction, which involves electron redistribution and the 

formation of a chemical bond. Discussion of how CO2 binds with a catalyst surface can help illustrate 

several points that will aid readers in understanding the chemisorption process, which is the very first 

elementary step of ECR. First, we need to consider the electronic structure of CO2 and how it is 

modified by the presence of a catalyst surface. Figure 1.3a shows the molecular orbitals of CO2. The 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of 

CO2 are 1ˊg and 2ˊu, respectively.19 In coordination chemistry, HOMO and LUMO have the greatest 

effect on adsorbate/surface chemistry. Chemisorption is highly directional, as are all chemical bonds. 

Therefore, adsorbates that are chemisorbed (chemisorbates), stick at specific sites and they exhibit a 

binding interaction that depends strongly on their exact position and orientation with respect to the 

substrate.  

 
Figure 1.3. (a) Molecular orbitals of CO2. (b) Possible coordination modes of CO2 on a metal surface. 
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The alignment of the HOMO and LUMO with respect to the surface is important in determining the 

bonding. Both 1ˊg and 2ˊu are symmetrically distributed along the molecular axis. The fully occupied 

1ǵ orbital interacts strongly with the metallic electronic states of the electrode. Effectively, the 

electron density of the 1ˊg orbital is donated to the electrode and new hybrid electronic states are 

formed. The 2ˊu orbital accepts electron density from the electrode and forms new hybrid electronic 

states that are primarily localized about the CO2 molecule. The chemisorbed CO2 molecule has a bent 

configuration.20 Three possible configuration types of chemisorbed CO2 molecule on metal surface are 

proposed, as shown in Figure 1.3b. The Cs configuration has been excluded, based on experimental 

observation of the absence of an asymmetric stretching loss in the specular direction. However, there 

are controversies about which of the two C2v configurations should be adopted. Here, based on the fact 

that the overlap of both 1ˊg and 2ˊu orbitals with the metal states is most favored by a linear geometry 

and the carbon center is electrophilic, the C end down C2v configuration is adopted in most cases, 

especially for CO and hydrocarbon-producing electrocatalysts. The O end down C2v configuration is 

only adopted for formate-producing electrocatalysts. As the 1ˊg orbital of CO2 molecule is non-

bonding, modification of this orbital does not have a strong influence on the intramolecular CīO 

bonds. However, the 2ˊu orbital is antibonding, hence, the increased occupation of this orbital leads to 

a weakening of the CīO bonds and higher reactivity of the CO2 molecule.21 This is a simple illustration 

of how a catalyst can decrease the activation energy barrier for the ECR. The actual ECR mechanism 

is much more complicated and will be discussed later. 

 

 

1.2.4 Performance indicators for electrocatalytic CO2 reduction systems 

Before we proceed to further discussion, it is useful to introduce the performance indicators for an 

ECR system. One of the most important is the product selectivity. ECR can lead to various products 

and the competing hydrogen evolution reaction (HER) can often consume a lot of input charge too. 
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Therefore, improved selectivity towards desired products are favored, which can not only avoid 

wasting electricity on unwanted products but also make product separation easier. Product selectivity 

is normally evaluated by measuring the product Faradaic efficiency (FE).22 FE is calculated by the 

following equation: 

FE = nFN/C× 100%                                                                    (1.2) 

where n is the mole amount of the product, F is the Faraday constant, N is the electron transfer number 

per each product molecule, C is the total input charge. 

    Another important performance indicator is overpotential (ɖ). ɖ is defined as the absolute value of 

the difference between the actual potential (E) that a product was produced and the equilibrium 

potential of the corresponding ECR half reaction (Eeq): 

ɖ = |E ï Eeq|                                                                                    (1.3) 

The overall energy efficiency of an ECR system should consider reactions on the anode side. For most 

fundamental researches in ECR, details on the anode side is often ignored for simplicity. Therefore, 

energy efficiency is not a commonly used performance indicator for fundamental studies of ECR 

systems. 

    The last but not the least performance indicator for an ECR system is the reaction rate, which is 

often represented by catalytic current density (j) in a heterogeneous system. j is defined as the catalytic 

current per unit area, where the area could either be the geometric area or the electrochemical active 

surface area (ECSA). The geometric area based value is useful in terms of practical application, while 

the ECSA based value obtained under kinetically controlled conditions is often used to evaluate the 

intrinsic activity of the catalyst.23 Most of the j values reported in this project are based on geometric 

area. However, ECSA normalized values are also calculated and presented when needed.   
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1.3 Mechanistic study of electrocatalytic CO2 reduction 

 

Figure 1.4. Proposed reaction pathways for CO2 reduction products with enol-like surface 

intermediates. Reproduced  with permission.24 Copyright 2012 The Royal Society of Chemistry. 

 

ECR is a complicated multi-electron and multi-proton transfer process. Proposing a definitive 

mechanism is challenging. According to Kulh et al.,24 as many as 16 products have been identified for 

ECR on a Cu catalyst, including a broad mix of alkanes, alkenes, aldehydes, ketones, carboxylic acids, 

and alcohols. Figure 1.4 shows proposed reaction pathways for CO2 reduction products with enol-like 

surface intermediates. It is a complex network, where many reaction products share similar reaction 

intermediates. Details and elementary steps of most of these reactions are still waiting to be 

rationalized. The ECR research field is currently in fast development. Any new experimental discovery 

could contribute to the construction of a comprehensive theory for ECR. 

    The complexity of the ECR process is also embodied in the existence of various reaction 

intermediates. Unlike the kinetically more facile HER, which can be predicted by a simple Sabatier 

principle, improving the selectivity of ECR towards value-added products is challenging due to the 

adsorption energies of different intermediates scaling with one another. This phenomenon is called the 

scaling relationship and is a theoretical construct that relate the binding energies of a wide variety of 

catalytic intermediates across a range of catalyst surfaces.25 Because many carbon-bound species often 

act as the reaction intermediates in CO2 thermocatalytic and electrocatalytic reactions, the linear 
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scaling between the various carbon-containing adsorbates is important in reducing the calculation 

complexity and facilitating the prediction of effective catalysts for CO2 remediation. However, the 

scaling relations may introduce more negative effects on ECR catalyst design than positive effects in 

reducing the calculation time. Figure 1.5 shows the calculated scaling relationships between various 

C-bound intermediates in the reaction pathway to CH4. The hydrogenation of *CO to *CHO has the 

highest free-energy change of 0.75 eV and is therefore considered the rate determine step (RDS). To 

reduce the energy change, the surface would need to bind *CHO stronger than *CO. However, this is 

difficult to realize due to the constraint imposed by the scaling relationship.26 Many strategies have 

been proposed to break the scaling relations to achieve better CO2 reduction performance, as 

summarized by Li and Sun.27 These strategies focus on tuning the internal and external factors, where 

the former takes advantage of the electronic parameters underlying the scaling relations, while the 

latter has a close relationship with electrochemical environments. 

 
Figure 1.5. Scaling relationships for C-bound intermediates relevant to the ECR pathway on a range 

of metal surfaces. Reprinted with permission.28 Copyright 2012 American Chemical Society. 

 

1.3.1 Carbon source and proton source 

Chemisorbed CO2 is the very first reaction intermediate in all ECR pathways. However, the carbon 

source of the ECR products is controversial. Dissolved CO2, bicarbonate ions, or CO2 furnished 

through the carbon dioxideībicarbonate equilibrium are three possible carbon sources in aqueous 
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bicarbonate medium. Extensively investigations involving surface-sensitive infrared spectroscopy and 

mass spectrometry suggest that CO2 rather than HCO3
- is the eletroactive species in the ECR,29, 30 

which rapidly exchanges with the CO2 associated with HCO3
- on the reaction timescale.31 It is 

rationalized that, under ECR conditions, hydrated cations would densely accumulate in the outer 

Helmholtz plane,32 which may hinder the interaction between free CO2 molecules in the solution and 

electrode surfaces, as shown in Figure 1.6. Nevertheless, the negatively charged bicarbonate anions 

would possibly approach the electrode surfaces more easily due to their electric attraction interaction 

with cations. These bicarbonate anions near the electrode surface can release CO2 molecules for ECR 

via a fast equilibrium. The continuous consumption and regeneration (or migration) mode of 

bicarbonate anions possibly mediate the CO2 to the electrode surfaces for reaction, instead of the direct 

adsorption of solution phase CO2. 

 
Figure 1.6. Schematic illustration on proposed role of bicarbonate anions in ECR. Reprinted with 

permission.31 Copyright 2017 American Chemical Society. 

 

    There are two proton sources in aqueous bicarbonate medium, H2O and bicarbonate. If we consider 

the ECR process, on a macroscopic scale, the concentration of the bicarbonate anion in solution should 

maintain constant since only CO2 and water are consumed in the overall reaction. On this basis, H2O 

can be considered the proton source. However, it is more complicated when dealing with the 

microscopic mechanism on the electrode surface; either H2O
33 or HCO3

ī 34, 35 has been considered the 

proton source for ECR on different bases. For instance, the justification for using HCO3
ī as the proton 

source is based on a thermodynamic basis with the pKa value of HCO3
ī (pKa = 10.3) being much 

lower than that of H2O (pKa = 14). However, Dunwell and coworkers questioned the role of HCO3
ī 
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as a proton donor.30 The evidence is the experimental observation that partial current density of CO 

(jCO) obtained in phosphate buffer solution is significantly lower than that obtained in bicarbonate 

solution with similar pH and concentration, even though H2PO4
ī (pKa = 7.2) is a more effective proton 

donor. Another piece of evidence is that no specific adsorption of either bicarbonate or phosphate has 

been observed spectroscopicically under ECR conditions, which is likely to be due to the electrostatic 

repulsion between anions and the negatively charged electrode surface. However, the evidence is not 

convincing enough to exclude HCO3
ī as a proton donor since the dissolved proton donors in principle 

can also participate in the in the reaction. Therefore, we consider the HCO3
ī anion as the proton source 

in this project when discussing ECR mechanisms in aqueous bicarbonate medium on the 

thermodynamic basis. 

 

1.3.2 Electrochemical investigations 

Despite the great effort focused on mechanistic studies of ECR, a comprehensive understanding, 

especially for the formation of highly reduced products, is still in development.  Also, the distribution 

of pathways may vary under different circumstances, for example, variation in potential, pH, or gas 

pressures. Therefore, new experimental studies on the mechanism of ECR still required to provide 

further clues for theoretical studies. Tafel analysis is one of the most common electroanalytical 

techniques used to obtain kinetic information for electrochemical process.36 Experimentally obtained 

Tafel slopes can be compared to theoretically derived slopes by assuming different rate-limiting steps 

and quasi-equilibrated steps in a proposed reaction mechanism. Thus, a proposed mechanistic pathway 

can be either supported or rejected. However, it is limited by the fact that some different reaction types 

share the same Tafel slope value.37 Furthermore, since Tafel analysis needs to be conducted in a low 

current region (Tafel region) while reaction mechanisms may alter depending on the applied potential, 

it is difficult to assume a proposed reaction mechanism in the Tafel region also applies in a higher 

overpotential region.38 Other electroanalytical techniques, such as large amplitude Fourier 
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Transformed alternating current Voltammetry (FTacV), developed by our group also can assist in 

mechanistic studies.39 In FTacV, a large amplitude periodic ac waveform is superimposed onto the 

direct current (dc) ramp to generate higher harmonic components that are devoid of background 

charging current and insensitive to catalytic process, allowing fast underlying electron transfer 

processes to be detected.40, 41 Useful information on the electron transfer process that directly underpin 

the electrocatalytic hydrogen evolution, water oxidation, and CO2 reduction has been uncovered by 

using this technique.42-46 

 

1.3.3 In situ spectroscopic investigations 

In situ spectroscopic experiments also are required to understand the complexity of the ECR system. 

Specifically, in situ infrared and Raman analysis can detect the existence of key intermediates 

directly.30, 31, 47, 48 Zhu et al. investigated the ECR process on a Cu thin film by attenuated total 

reflectance surface-enhanced infrared adsorption spectroscopy (ATR-SEIRAS) technique. Several 

reaction intermediates, other than the frequently reported surface-bounded CO, were observed for the 

first time. As shown in Figure 1.7, a new band near 1720 cmī1 was detected between ī0.6 and ī1.2 

V, which can be assigned to multiple CO intermediate or *CHO, a key intermediate after the 

subsequent protonation of adsorbed CO. Two other weak bands observed near 1380 (*COOH) and 

1400 (bidentate COOī) cmī1 from ī0.4 to ī0.9 V implied the coexistence of two intermediates after 

the initial electron transfer and protonation of CO2 molecules. In combination with other techniques, 

such as isotopic labeling and potential stepping techniques, the isotopic nature of initial surface-

generated CO was found to be identical with that of bicarbonate anions instead of the free CO2 

molecules in the solution. Similar in situ ATR-IR experiments were also carried out by Baruch et al.48 

They demonstrated that, even under reducing potentials, a metastable oxide layer is present on tin 

cathodes. Analysis of the potential and time-dependent IR data indicates the formation and subsequent 

reduction of a surface-bound tin carbonate intermediate. 
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Figure 1.7. (a) Real-time ATR-SEIRAS spectra and (b) cyclic voltammogram and integrated band 

intensities recorded during the cathodic scan of the Cu thin film electrode in a CO2-saturated 0.1 M 

KHCO3 solution. Reprinted with permission.31 Copyright 2017 American Chemical Society. 

 

1.3.4 Isotopic labelling techniques 

Whilst the above mentioned in situ characterization techniques have proved useful in interpreting 

CO2RR mechanisms, they are uncapable of distinguishing whether different products are produced 

from the same active sites or if specific active sites generate a given product. The answer to this 

question is crucial for understanding the nature of the active sites and improving catalyst selectivity, 

especially on Cu electrocatalysts. Isotope trace analysis is a useful technique for the kinetic study of 

heterogeneous catalytic reactions. This method can be used to provide kinetic information related to 

the reaction mechanism and the catalyst-surface reaction intermediates. 29, 49-51 The principle of this 

technique is based on the detection of isotope labels in the reaction products versus time, following a 

switch in the isotopic labelling of one of the reactants. Kinetic information that can be obtained from 

isotope trace analysis include adsorbed intermediate coverage, site heterogeneity, and activity 

distribution. 

    For electrocatalytic CO2RR, simple isotope labelling experiments have been used to verify the 

source of carbon or proton in the reduction products.52, 53 A comprehensive isotope analysis study for 

understanding CO2RR on Cu was reported by Lum et al. recently.50 The experimental design is shown 

in Figure 1.8. Through isotope labelling, it was found that oxide-derived Cu has product-specific 
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active sites for the CO2RR, with one set of active sites generating ethylene, another ethanol/acetate 

and yet another 1-propanol. Due to scaling relations, the rate of *COOH formation (intermediate to 

*CO) should be different for each type of active site. This means that each active site has a different 

probability of *12CO versus *13CO and, as a result, products generated from different sites possess 

different isotopic compositions. In contrast, by performing similar experiments on polycrystalline Cu, 

Cu(100) and Cu(111), it was found that these have sites that produces a mixture of CïC coupled 

products. This work should motivate future work aimed at understanding these sites as well as provide 

ways to engineer specific types of sites into a single structure, and thereby create catalysts with very 

high product selectivity. 

 

 

Figure 1.8 Hypothetical scenario in which the reduction of a mixture of 13CO and 12CO2 is carried out 

on a catalyst with two types of active sites, A and B. Site A favours ethylene formation (green), 

whereas site B favours ethanol formation (blue). It is assumed that the turnover frequency of 12CO2 

reduction to *12CO is higher for ethanol-selective sites, which leads to a higher probability of *12CO 

on site B. This results in ethylene having more 13C compared to ethanol. Reprinted with permission.50 

Copyright 2018 Springer Nature. 

 

1.4 Factors that influence CO2 reduction performance  

Based on the fundamentals of electrolysis discussion, we should now have a detailed picture of the 

ECR process. Under ECR conditions, CO2 molecules travel through the outer and inner Helmholtz 

Planes to reach the catalyst surface and find suitable sites for location through chemisorption 

interactions. Then, they accept protons from the solution and electrons from the electrode. Finally, 
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under favorable circumstances, they will move out through a process called desorption. For a given 

ECR system, the move in/out processes are governed by factors such as the surface structure of the 

electrocatalyst (CO2 molecules may not interact with the surface if the adsorption interaction on the 

surface sites is too weak, or they may not move away if the adsorption interaction is too strong); the 

pH, proton availability, CO2 solubility in the electrolyte solution and the configuration of the ECR 

system. These factors are discussed in detail below. 

 

1.4.1 Electrocatalyst 

The structure of the electrocatalyst in an ECR system is one of the most important factors that 

determines the performance of the system. The surface must be reactive enough to break the 

appropriate bonds and hold adsorbates on the surface, but not so reactive that it inactivates the products. 

The majority of ECR research is focused on the development of electrocatalysts. The rational design 

of an electrocatalyst for ECR is discussed in detail in section 1.5. 

 

1.4.2 Electrolyte medium 

The electrolyte medium provides the proton and CO2 reserve in ECR processes. Many molecular ECR 

catalysts have been evaluated in low proton availability organic media, such as dimethylformamide 

and acetonitrile.54-56 These media offer greater CO2 solubility (~200 mM, ambient conditions)57 and a 

more controllable proton source availability.58-60 However, ECR in an organic medium often requires 

large overpotentials and the reduction rate is limited by the poor ionic conductivity of the solution. On 

the contrary, although CO2 solubility (~30 mM, ambient conditions)61 in aqueous solution is low and 

the accompanying hydrogen evolution reaction (HER) often significantly diminishes the efficiency of 

ECR in aqueous medium, the majority of ECR studies are still conducted in aqueous media. This is 

due to the large availability of proton source and high ionic conductivity of aqueous media which can 

facilitate the kinetics of ECR.  Additionally, the HER process in aqueous solution can be suppressed 
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by lowering the buffer capability, such as occur with low concentration bicarbonate solutions or even 

use non-buffered solutions. 

    Anions and cations in an electrolyte medium can also influence the ECR processes. The function of 

bicarbonate anions as a CO2 source for ECR was discussed in section 1.3.1. Another function of anions 

is their role in shaping the structure of the electrode. For example, Hsieh et al. fabricated a porous Ag 

nanocoral by an oxidation-reduction method in the presence of chloride anions.62 In addition to the 

effect on nanomorphology, the adsorbed chloride anions play a critical role in enhancing the activity 

and selectivity of the Ag nanocoral electrocatalyst toward CO2 reduction. It is suggested that the 

chloride anions, remaining adsorbed on the catalyst surface under electrocatalytic conditions, can 

effectively inhibit the side reaction of hydrogen evolution and enhance the catalytic performance for 

CO2 reduction. A more systematic study on the effect of halide anions was conducted by Varela et al.63 

They found that the addition Clī and Brī results in increased CO selectivity. However, in the presence 

of Iī, the selectivity toward CO decreased and instead methane formation is enhanced by up to 6 times 

compared with the halide free electrolyte. It was hypothesized that the adsorption of halides alters the 

catalytic performance of Cu by increasing the negative charge on the surface according to the following 

order: Clī < Brī < Iī. In the case of adsorbed Iī, the induced negative charge has a remarkably positive 

effect favoring the protonation of CO.  

Cations in the solution also can have significant effects on the ECR process. One important example 

is the phenomenon that an increase in the size of the alkali metal cation in the solution leads to 

improved current density and the ratio of C2 to C1 products.64-66 Singh et al. proposed an interpretation 

of the effects of electrolyte cations on the ECR over Ag and Cu.67 The essence of their theory is 

summarized in Figure 1.9. The authors suggested that the hydrated alkali metal cations undergo 

hydrolysis in proximity to the cathode, at negatively applied potentials, and act as a pH buffer near the 

cathode. The buffer capability decreases in the order Cs+ > Rb+ > K+ > Na+ > Li+. Consequently, the 

pH decreases, and the CO2 concentration increases near the cathode with increasing cation size. The 
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resulting polarization losses at the cathode causes the Faradaic efficiencies (Fes) for H2 and CH4 to 

decrease and the FEs for CO, C2H4, and C2H5OH to increase with increasing cation size. However, 

their explanation for the cation effect does not hold up to closer investigation, as all alkali cations are 

strong bases. A more reasonable explanation was given by Saveant and coworkers that those cations 

can stabilize CO2
Åī.68 Electrons are pushed into the CO2 molecule by the electron-rich catalyst and the 

cleavage of one of the CīO bonds is helped by the presence of a Lewis acid cation. 

 
Figure 1.9. Effect of cation hydrolysis on the electrochemical reduction of CO2 over Ag. (a) pKa of 

hydrolysis of hydrated Li+ and Cs+ inside the Helmholtz layer and in the bulk electrolyte and (b) 

distribution of pH and CO2 concentration in the boundary layer. Hydrated Cs+ buffers the cathode to 

maintain the pH close to 7 and to increase the CO2 concentration, whereas hydrated Li+ does not buffer 

the cathode, which leads to an increase in the pH to 9 and a decrease in CO2 concentration to 0.4 mM. 

(c) FE for CO increases and for H2 decreases with increasing cation size due to a decrease in 

polarization. Reprinted with permission.67 Copy right 2016 American Chemical Society. 

 

The same group later conducted a combined experimental and theoretical study of the cation effect 

at sufficiently low applied potentials to observe the influence of cation size on the intrinsic activity 

and selectivity of the catalyst.32  The results indicate that hydrated alkali metal cations in the outer 

Helmholtz plane create a dipole field of the order 1 V/Å, which can stabilize the surface intermediates 

having significant dipole moments (e.g., *CO2, *CO, *OCCO). This field stabilization decreases the 

energy for *CO2 adsorption, the precursor to two-electron products, and CīC coupling to form *OCCO 
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or *OCCHO, possible precursors to C2H4 and C2H5OH. Calculations of the stability of the solvated 

cation in the Helmholtz plane indicate that larger hydrated cations are more energetically favored at 

the outer Helmholtz plane than smaller ones, which suggest a larger coverage of cations as cation size 

increases. 

    Another important example is the use of imidazolium cation as a promoter in the heterogeneous and 

homogeneous electrocatalysis of CO2 reduction.69-72 Mechanistic studies revealed that CO2 binds with 

imidazolium cations to form an [imim-CO2]
+ complex, which could potentially physisorb at the 

electrode surface and reduce the reaction barrier for electrons passing into CO2. Works in the Monash 

Electrochemistry Group further revealed that enhanced catalytic activity is achieved by addition of 

many cations other than imidazolium.73 Under cyclic voltammetric conditions at a Ag electrode in 

acetonitrile solutions, imidazolium, pyrrolidium, ammonium, phosphonium and (trimethylamine)-

(dimethylethylamine)-dihydroborate cations can all enhance the kinetics of catalytic CO2 reduction 

with imidazolium and pyrrolidium being the most active. Analysis of the voltammetric data suggests 

that imidazolium cations achieve their impact by directly acting as co-catalysts with Ag whereas the 

other cations affect the reaction rate by modifying the electrochemical double layer. 

 

1.4.3 Cell configuration 

A conventional two-compartment H-type cell has widely been used for evaluating ECR performance. 

However, due to the low solubility of CO2 in aqueous-fed systems that limits CO2 conversion to current 

densities of ~35 mA cm-2, some recent studies have turned to gas-diffusion layer-based (GDL) systems 

to obtain higher current densities that can meet commercial application requirements (> 200 mA cm-

2). Although a GDL system was first used for ECR more than 20 years ago,75 it gained wide attention 

only recently when the applications an alkaline medium were introduced.74, 76, 77  Figure 1.10a,b 

illustrate species transport in a conventional H cell and a GDL system. CO2 diffuses through the 

hydrodynamic boundary layer of a saturated bulk electrolyte with a diffusing distance on the 
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micrometer scale (~50 ɛm) in the H cell configuration. In contrast, in a GDL system, the process 

involves the diffusion of CO2 across a gas/liquid interface and through a thin electrolyte to a porous 

catalyst layer with a diffusing distance on the nanometer scale (~50 nm).74 The CO2 concentration at 

the electrode surface drops dramatically in an H cell when the current density reaches above 20 mA 

cm-2 (Figure 1.10c).  The maximum current densities are much higher in a GDL system as a result of 

the enhanced mass transport rate (Figure 1.10d). However, in this work, an H-type cell configuration 

with a bicarbonate medium is mainly used, which allows us to directly compare results with those 

reported in literature under similar conditions. It should be noted, though, that the GDL system is the 

only configuration to date that has the potential for commercial application up to now. Future ECR 

studies are likely to adopt the GDL system. 

 

Figure 1.10. (a) Species transport to and from a catalyst layer in which CO2 is supplied via diffusion 

from the bulk electrolyte on the microscale (~50 ɛm) in a H-type cell. (b) A CO2 reduction catalyst 

layer deposited onto a hydrophobic substrate with CO2 diffusion from a nearby gas/liquid interface 

(~50 nm) in a gas diffusion electrode system. Liquid species diffuse to the ion-exchange membrane 

through either a bulk flowing electrolyte or a solid-supported electrolyte layer. (c,d) Simplified 

predictions of the electrode concentration of CO2 for commonly-used electrolytes as a function of 

current density in an (c) H-cell with a 50 mm CO2 diffusion thickness and, (d) a gas-diffusion layer 

with a 50 nm CO2 diffusion thickness and liquid diffusion layer of 200 ɛm. Reprinted with 

permission.74 Copyright 2019 The Royal Society of Chemistry (Great Britain). 

 



  Chapter 1 

21 
 

1.5 Recent advances in rational design of electrocatalysts for CO2 reduction  

1.5.1 Electrocatalysts for CO2 reduction in aqueous media 

A large number of research papers on ECR catalyst design are being published every year. However, 

the present catalyst design theory lacks systematicness. There are several recently published review 

articles focused on different types/aspects of electrocatalysts for ECR,7, 9, 22, 26, 38, 78-84 such as defect 

and interface engineering,78 Cu-based bimetallic materials,26 alloys,80 carbon-based catalysts,7 and 

molecular catalysts.81 Various catalyst design tools, such as nano engineering, exposing specific facets, 

quantum confinement, doping, alloying, and defect engineering have been developed to tune the 

adsorption and desorption of catalytic intermdediates (Figure 1.11). All these tools function by 

modifying the electronic and geometric structures of a catalyst, which are often decisive in the 

performance of an ECR system. However, these two aspects of the structure are inherently coupled. 

For example, nanoporous materials often contains numerous grain boundary defects that have a unique 

electronic structure and doping or alloying one metal surface with a secondary metal will inevitably 

change the local geometric structure. Quantum confinement is another example that is induced by 

confined geometric structure, yet it can also influence the electronic structure.   

    Theoretical understanding of the ECR mechanism also has advanced rapidly in the past few years.27, 

38, 85 A comprehensive summary of recent advances in ECR by combining state-of-the-art mechanisms 

with catalyst design strategies is given below with the hope of revealing the inner connection between 

the behavior of surface adsorbates and the structure of the catalyst, and hence provide valuable insights 

for future catalyst design. The discussion is divided into five sub-sections, mainly based on the 

designated products: electrocatalysts for ECR in organic medium, formate producing electrocatalysts, 

CO producing electrocatalysts, methane and methanol producing electrocatalysts, and ÓC2 products 

producing electrocatalysts. Each section begins with an introduction to the detailed formation 

mechanism associated with the designated products. This is followed by consideration of recent 
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advances in catalyst design strategies aimed at improving the production efficiency of the designated 

products.  

 
Figure 1.11. Illustration of catalyst design tools for heterogeneous ECR. 

 

1.5.1.1 Formate producing electrocatalysts 

Formic acid or formate is a common ECR product, which is also an important chemical feedstock and 

a promising fuel for fuel cells.86  Early mechanistic studies found that formic acid cannot be reduced 

to other products, suggesting that the mechanistic pathway toward formic acid is separate from the 

hydrocarbon pathways.87, 88 In an aqueous medium, three reaction pathways for CO2 reduction to 

formate have been proposed in the literature: path 1 through a *COOH intermediate,89, 90 path 2 through 

a *OCOH intermediate,91-93 and path 3 through a *H intermediate,94 as illustrated in Figure 1.12a. The 

*H pathway is supported by experimental observation of the lack of signal corresponding to an 

interfacial carbonate on bismuth. However, a theoretical calculation study by Koh95 shows that the 

*OCOH pathway is the energetically most favorable one. Therefore, we adopted the *OCOH pathway 

to explain the formate formation mechanism in aqueous media in this project. 
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    Formate is one of the simplest CO2 reduction products. The fact that there is only one key 

intermediate for the formation of formate indicates that Sabatier principle should be applicable for 

predicting catalytic activity of transitional metals for CO2 reduction to formate. Feaster et al. plotted 

formate partial current densities at -0.9 V vs. RHE versus *OCHO binding energies and observed a 

clear volcano trend (Figure 1.12b).33 Au, Ag, Pt, and Cu are on the weak binding side of the volcano, 

indicating that *OCHO may not interact strongly enough with the surface to lead to high selectivity to 

formate. Ni and Zn are on the strong-binding side of the volcano, indicating that *OCHO binds too 

strongly to the surface for further reduction to formate. Sn appears near the top of this volcano, 

implying that Sn has a near-optimal binding energy of the key intermediate *OCHO to produce 

formate. This volcano plot also confirms that *OCHO is a key intermediate for formate production on 

transition metals. It should be noted that although Bi is not plotted in Figure 1.12b, it is also reported 

to greatly favor the adsorption of the *OCHO intermediate over *COOH and *H.  

 

Figure 1.12. (a) Three possible reaction pathways for the formation of formic acid; path 1 via the 

formation of *COOH intermediate, path 2 via the formation of *OCOH intermediate, and path 3 via 

the formation of *H. Reprinted with permission.95 Copyright 2017 American Chemical Society. (b) 

Volcano plot using *OCHO binding energy as a descriptor for formate partial current density at ī0.9 

V vs RHE. Sn appears near the top of the volcano, suggesting that *OCHO is a key intermediate for 

CO2 reduction to formate on Sn. Reprinted with permission.33 Copyright 2017 American Chemical 

Society. 

 

In general, Sn, Bi, Pd, Pb, and In have all demonstrated relatively high selectivity for formate 

production. Other metals, such as Co, Cu or Sb also can show high selectivity for formate with a 

properly designed structure. Table 1.1 is the performance summary of recent reports on formate-



  Chapter 1 

24 
 

producing heterogeneous catalysts for ECR in aqueous media. A more perceptual comparison of the 

performance of these catalysts is shown in Figure 1.13. It is clear that Sn and Bi based materials are 

the most widely studied formate-producing electrocatalysts. They are also two of the most promising 

candidates for formate producing catalysts as they are comparatively inexpensive and environmentally 

benign. However, the overpotential required to reach high formate formation needs to be further 

reduced for both Sn and Bi. Recent progress has seen improvements in formate formation performance 

by using catalyst design tools, such as alloying, creating porous structure, creating defects, or 2D 

engineering. 

 
Figure 1.13. FE of formate plotted as a function of applied potential for recently reported formate-

producing heterogeneous catalysts for ECR in aqueous solution. R-SnO2NW: reduced SnO2 

nanowires. Bi-SnNS: Bi decorated Sn nanosheets. MP-BiNS: mesoporous Bi nanosheets. LD-BiNW: 

lattice dislocated Bi nanowires. OD-Pb: oxide derived Pb. S-In: S doped In. SD-Cu: sulfide derived 

Cu. CoOxNS: CoOx nanosheets. SbNS: Sb nanosheets. Please refer to Table 1.2 for detailed 

information. 

 

For single metal Sn based electrocatalysts, the FE of formate (FEformate) is mainly located between 

80% to 90% in the applied potential range of -0.80 to -1.20 V vs RHE. For example, the 

electrochemically reduced SnO2 porous nanowire catalyst (Sn-pNWs) with a high density of grain 

boundaries (GBs) exhibits an energy conversion efficiency of CO2 into formate higher than analogous 

catalysts.96 Formate formation begins at a lower overpotential (350 mV) and reaches a steady Faradaic 

efficiency of ca. 80% at only @0.8 V vs. RHE. A comparison with commercial SnO2 nanoparticles 

confirms that the improved CO2 reduction performance of Sn-pNWs is due to the density of GBs 
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within the porous structure, which introduce new catalytically active sites. Introduction of a secondary 

metal composition shows the potential of improving formate selectivity by modifying the electronic 

structure of Sn-based bimetallic surfaces. Improved FEformate and reduced overpotential have been 

observed with binary Sn-based catalysts containing Ag,97 Cu,98, 99 Pd,100 and Bi101 as the secondary 

metal, while reduction in FEformate has been observed with Cd and Zn102 containing catalysts. 

Specifically, Bai et al.100 developed a Pd-Sn alloy electrocatalyst for the exclusive conversion of CO2 

into formate. This catalyst showed a nearly perfect selectivity toward formate formation at a very low 

overpotential of -0.26 V, with both CO formation and hydrogen evolution being completely 

suppressed. DFT calculations suggested that the formation of the key reaction intermediate HCOO* 

as well as the product formic acid was the most favorable for the Pd-Sn alloy catalyst surface. 

 
Figure 1.14. a) Projected density of states (PDOS) of s, p, and d orbitals of Sn atom and p orbitals of 

O atom on Sn (101) and Bi-Sn (101) surfaces with adsorbed HCOO*. PDOS of b) p orbitals and c) d 

orbitals of Sn atom on Sn (101) and Bi-Sn (101) surfaces before HCOO* adsorption. Reprinted with 

permission.101 Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. 

 

Although enhanced performance of Sn-based bimetallic catalysts is experimentally confirmed, there 

is a lack of mechanic insight on the synergistic effect between Sn and the secondary metal. Recently, 

Wen et al.101 reported orbital interactions in Bi-Sn bimetallic electrocatalysts for highly selective ECR 
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toward formate production. DFT calculations revealed that the HCOO* intermediate is better stabilized 

on Bi-Sn than on Sn. To provide a deeper understanding of this theoretical result, the projected density 

of states (PDOS) of the O atom in adsorbed HCOO* and surface Sn atoms in Sn (101) and Bi-Sn (101) 

are analyzed by deconvoluting the electron density and the wave function into the atomic orbital 

contributions. As shown in Figure 1.14a, there is harmonic p-p and p-s overlap between the O-2p and 

Sn-5s, Sn-5p states at energy levels from 0 to ī10 eV in Sn (101). In contrast, for Bi-Sn (101), there 

are three new harmonic overlaps (Ŭ, ɓ, and ɔ), showing the strong interaction between the O and Sn 

atoms for Bi-doped Sn (101) surface. Especially for the Ŭ and ɔ areas, large overlaps between O-2p 

and Sn-4d are observed, indicating strong O-Sn bonding. The density of states at the Fermi energy 

level (Ef) roughly determines the availability of electrons for a given reaction. Comparing the PDOS 

of the p orbitals (Figure 1.14b) and d orbitals (Figure 1.14c) of an Sn atom on Sn (101) and Bi-Sn 

(101) surfaces before HCOO* adsorption, both p and d orbitals of Sn electron states are upshifted away 

from the Fermi level after interfacing with Bi deposits. Although Sn is not a transition metal, the d 

orbitals of Sn electron states is still important and needs to be considered for studying the changes in 

electronic structures. Therefore, the electron density from more electronegative O atoms is readily 

transferred to the p and d orbitals of Sn atoms, boosting the adsorption energy of the HCOO* 

intermediate to the Bi-Sn (101) surfaces and leading to improved selectivity of CO2RR toward formate 

production. This study provides sub-atomic level insights and a general methodology for bimetallic 

catalyst developments and surface engineering for highly selective CO2 electroreduction. 

For Bi-based electrocatalysts, less effort is needed to suppress the accompanying HER as Bi itself 

is HER inert. Therefore, many recent studies have focused on creating nanostructures that can increase 

the exposure of catalytically active sites of Bi, such as nano dendrites,103 nanosheets,104-107 or 

nanoparticles108, 109 supported on porous substrates. One of the representative work is the mesoporous 

bismuth (mpBi) nanosheets developed by Yang et al.,105 which is so far the only Bi-based 

electrocatalyst that achieved ~100% FEformate. The mpBi nanosheets were derived from Bi2O2CO3 
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(BOC) nanosheets and are comprised of interconnected Bi nanoparticles about 5-10 nm in size (Figure 

1.15a). Mesoporous nanosheets have enlarged surface areas, and therefore can maximize their contact 

with the liquid electrolyte. The authors estimated the electrochemical active surface area (ECSA) of 

mpBi nanosheets from the CV cathodic peak current, and concluded that 13.4% of the total Bi sites 

are electrochemically accessible. The mpBi nanosheets showed significantly improved selectivity 

towards formate production when compared to Bi nanoparticles (Figure 1.15b). The faradaic 

efficiency increases to over 80% at -0.7 V, reaches a maximum value of 99% at -0.9 V, and then starts 

to slowly decline. The authors attributed the superior performance to the advantageous nanostructure. 

The ECR performance is promoted by the unique 2D mesoporous nanosheet morphology with enlarged 

surface areas, abundant under-coordinated Bi sites, and structural robustness. However, it should be 

noted that BOC derived Bi was later proved to exhibit an extra ECR pathway for formate formation at 

low overpotential.46 Also, BOC derived Bi may show a similar p-orbital delocalization phenomenon 

observed on BiOCl derived Bi,93 which can facilitate the adsoption of *OCHO intermediate of CO2 

and thus boost the ECR rate for formate production. 

 
Figure 1.15. (a) TEM image of mesoporous Bi nanosheet (mpBi). (b) Faradaic efficiency of formate, 

H2, and CO on mpBi nanosheets in comparison with Faradaic efficiency of formate on commercial Bi 

nanopowder. Adapted with permission.105 Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. 

 

In addition to Sn and Bi, Pd is another promising formate-producing metal that can show high 

selectivity with extremely low overpotentials, but it is too expensive for large-scale application. Pd is 

typically condisered to be an inefficient ECR catalyst that produces CO as the major carbon-containing 

product. On the contrary, earlier studies discribed an alternative pathway in which Pd selectively 
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reduces CO2 to formate at minimal overpotential but only at low current densities.110, 111 Also, Pd loses 

the ability to reduce CO2 to formate beyond a narrow potential range around 0 V vs RHE. Min and 

Kanan112 have showed that CO2 reduction to formate can proceed at high mass activity and high current 

density on Pd nanoparticle electrodes when driven by small overpotentials and that deactivation of this 

catalysis is caused by CO poisoning. With less than 200 mV of overpotential, Pd on carbon (Pd/C) 

electrodes reduce CO2 to formate at up to 80 mA per mg Pd averaged over 3 h in both CO2-saturated 

and N2-saturated bicarbonate solutions. CO is formed as a minor product at a potential-dependent rate 

and binds tightly to the Pd surface to inhibit electrocatalytic activity at low overpotential. Briefly, it is 

also noted that Pb and In, on the other hand, are toxic and not environmentally friendly. The mechanism 

for ECR on Pd nanoparticles is shown in Figure 1.16. Initially, reversible hydrogen adsorption results 

in a steady-state PdH coverage. Then, the rate determining addition of surface hydrogen to CO2 forms 

adsorbed CO2H, which is subsequently rapidly reduced by one electron to form formate. 

 
Figure 1.16. Electrohydrogenation mechanism for CO2 reduction on Pd/C. Reprinted with 

permission.112 Copyright 2015 American Chemical Society. 

 

Cu, Co and Sb based materials are not well recognized formate-producing electrocatalysts. 

However, with a properly exposed catalyst surface, their efficiency toward formation production could 

be improved significantly. A notable examples is a sulfide-derived copper (SD-Cu) catalyst can 

selectively produce formate for ECR due to stronger binding of the CO intermediate originating from 

remaining sub-surface sulfur atoms.113 Co-based catalysts in the form of 4-atom-thick layers exhibit 

higher intrinsic activity and selectivity for formate production at lower overpotentials than the bulk 

material, with partial oxidation further improving the intrinsic activity of the system significantly.114 

Li et al. utilised an electrochemical exfoliation method to produce 2D Sb nanosheets (SbNSs) and 
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found that the 2D engineering strategy can turn ECR inactive bulk Sb into active formate-producing 

Sb nanosheets.115  

 

Table 1.1. Performance summary of recent reports on formate-producing heterogeneous catalysts for 

ECR in aqueous media. 
Catalyst Electrolyte/cell 

configuration 

Applied 

potential 

(V vs. 

RHE) 

FE of 

formate 

(%) 

Partial 

current 

density 

(mA cm-2) 

Reference 

Sn Mesoporous SnO2 0.5M NaHCO3/H cell -0.90  83 ~15 116 

Sn-OH 0.1M KCl/H cell -1.15 82.5 ~13 117 

CuSn3 alloy 0.1M KHCO3/H cell -0.50 95 31 98 

Ni doped SnS2 

nanosheets 

0.1M KHCO3/H cell -0.90 80 ~16 118 

Bi NPs decorated Sn 

nanosheets 

0.5M KHCO3/H cell -1.10 96 ~48 101 

SnO2 NPs 1M KOH/Flow cell -0.95 46 ~68 119 

Ag3Sn@SnOx 0.5M NaHCO3/H cell -0.80 80 16 97 

Mesoporous SnO2 

nanosheets 

0.5M NaHCO3/H cell -0.97 87 45 120 

Reduced SnO2 porous 

nanowires 

0.1M KHCO3/H cell -0.80 80 ~4.8 96 

PdSn/C 0.5M KHCO3/H cell -0.43 99 ~2 100 

Graphene confined Sn 

nanosheets 

0.1M NaHCO3/H cell -0.96 85 21 121 

Bi Lattic-dislocated Bi 

nanowires 

0.5M NaHCO3/H cell -0.69 95 15 45 

Cu doped Bi NPs 0.5M KHCO3/H cell -1.2 90 34 122 

Bi/Bi 2O2CO3 

nanosheets 

0.5M NaHCO3/H cell -0.70 85 ~12 46 

Bi2S3 derived Bi 0.5M NaHCO3/H cell -0.75 84 ~5 123 

Bi NPs 0.5M KHCO3/H cell -0.83 94.7 ~5 108 

Bi nanosheets 0.1M KHCO3/H cell -1.1 86 16.5 104 

Mesoporous Bi 

nanosheets 

0.5M NaHCO3/H cell -1.1 ~100 18 105 

BiOx NPs/C 0.5M NaHCO3/H cell -1.1 93.4 16.1 109 

p-orbital delocalized Bi 0.5M KHCO3/H cell -1.16 95 57 93 

Bi nanosheets 0.5M NaHCO3/H cell -0.90 95 ~13 107 

Bi2O3-N doped 

graphene 

0.5M KHCO3/H cell -0.90 95 ~17 91 

Pd B doped Pd 0.1M KHCO3/H cell -0.50 70 ~5 124 

Electrodeposited Pd 

film 

0.1M KHCO3/H cell -0.40 ~55 ~2 125 

High index facets Pd 

NPs 

0.5M KHCO3/H cell -0.40 97 ~21 126 

Pd/C 2.8M KHCO3/H cell -0.05 100 ~2 112 

Pb Sulfide derived Pb 0.1M KHCO3/H cell -1.08 88 12 127 

PbO2 derived Pb 0.5M NaHCO3/H cell -0.80 100 3.5 128 

In  S doped In 0.5M KHCO3/H cell -0.98 93 ~60 129 

Cu Sulfide derived Cu 0.1M KHCO3/H cell -0.80 ~60 ~2.5 113 

Co CoOx nanosheets 0.1M Na2SO4/H cell ~ -0.33 ~90 ~10 114 

Sb Sb nanosheets 0.5M NaHCO3/H cell -1.06 84 ~8 130 
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1.5.1.2 CO producing electrocatalysts 

CO is another simple CO2 reduction product that requires only two electron transfer per molecule. The 

reaction pathways for the formation of CO in aqueous media are well established. As shown in Figure 

1.17a, two types of reaction pathway have been proposed depending on the proton participation in the 

first electron transfer step. In earlier studies, it is widely accepted that CO2
Åï radical anions are initially 

formed on the surface of the catalyst by reduction of the adsorbed CO2, which is often the rate 

determine step. *COOH intermediate is then produced by the protonation of the CO2
Åï radical anion. 

In recent studies, a proton concerted electron transfer step to obtain *COOH intermediates is proposed 

to be the rate determining step for the CO pathway. In both cases, *COOH is a key intermediate for 

CO formation. For a CO-producing electrocatalyst, it is required to have strong binding with *COOH 

and a weak coordinating effect with the CO molecule. 

 

Figure 1.17. (a) Reaction pathways for the formation of CO with and without a proton source. (b) 

Volcano plot using *COOH binding energy as a descriptor for CO partial current density at ī0.9 V vs 

RHE. Adapted with permission.33 Copyright 2017 American Chemical Society.  

 

 

Feaster et al. also plotted the calculated binding energies of *COOH on each metal surface along 

with each metalôs experimentally measured partial current densities toward CO at -0.9 V vs. RHE 

(Figure 1.17b).33 Again, a volcano trend in activity is observed for CO2 reduction to CO. The Sabatier 

principle, which states that binding to key intermediates that is neither too strong nor too weak leads 

to maximum activity, is evident in Figure 1.17b. A trend in activity is observed in the form of a 
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volcano plot for ECR to CO. This volcano plot is very similar to those in previous reports using CO* 

binding energies as a descriptor and further supports the hypothesis that CO2 reduction to CO proceeds 

through a carbon-bound *COOH intermediate, based on the scaling relationship. Figure 1.18 shows 

the FE of CO plotted as a function of applied potential for recently reported CO-producing 

heterogeneous catalysts for ECR in aqueous solution. Detailed performance data and relevant 

references are presented in Table 1.2. Bulk Ag, Au, Zn, Cd and Pd are typically known as CO-

producing metals. Ag and Au based materials are the most widely studied systems for the production 

of CO. The current trend is focusing on materials design to reduce overpotential and enhance CO 

selectivity, as well as reduce materials cost. Sn and In are typically formate-producing metals, that can 

be tuned to produce mainly CO by techniques such as alloying or doping. A special category of CO-

producing materials is the single atom catalyst (SAC), which is normally composed of atomically 

dispersed metal atoms on N doped carbon. Fe, Co and Ni based SACs have all been reported to show 

high CO selectivity for ECR. Besides metal-based catalysts, metal-free materials, mainly N doped 

carbon, are also reported to be good CO-producing electrocatalysts. 

 

 
Figure 1.18. FE of CO plotted as a function of applied potential for recently reported CO-producing 

heterogeneous catalysts for ECR in aqueous solution. CD-Ag: carbonate derived Ag. NG-AuNP: N 

doped graphen wrapped Au nanoparticles. AuFe: AuFe alloy nanoparticles. H-Zn: hexagonal Zn. AD 

Sn: atomically dispersed Sn. PdNP: 3.7 nm Pd nanoparticles. Cu-In: Cu-In alloy. SA Fe-NG: single 

atom Fe on N doped graphene. SA Co: single atom Co. SA Ni-NC: single atom Ni on N doped carbon. 

NG: N doped graphene. 
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Au is the most active surface for reducing CO2 selectively to CO among the metal catalysts. As 

shown in Figure 1.18, the most recently reported Au-based catalyst can achieve high FECO over the 

potential range of -0.25 to -0.67 V. Fu et al. reported that N-doped graphene quantum dots-wrapped 

single crystalline Au nanoparticles (NGQDs-SCAu, Figure 1.19a) shows enhanced catalytic activity 

for converting CO2 into CO at ultra-low potentials.131 The highest FECO achieved is 93% at -0.25 V, 

and CO production starts from as low as -0.15 V (Figure 1.19b), which is much lower than with other 

Au-based nanocatalysts. The origin of the superior catalytic performance of NC-SCAu toward CO2 

electrochemical reduction to CO was further explored using DFT-based first-principle computations. 

The calculated free energies of the reaction pathways are shown in Figure 1.19c. When NC is 

supported on SCAu, COOH* formation on NC-SCAu is identified to be endothermic by 0.41 eV, 

which is significantly lower than that on SCAu or NC alone. The improved binding of COOH* species 

on pyridinic N sites of NC-SCAu is explained by a synergistic effect that is attributed to direct charge 

transfer, which is also confirmed by the electron density difference plot (Figure 1.19d). On this basis, 

the pyridinic N sites on the NCQDs-SCAu work as surface functional groups to enhance the adsorption 

of COOH*, and finally result in improved catalytic activity for the production of CO. 

 
Figure 1.19. (a) HR-TEM image of NGQDs-SCAu NPs. (b) ECR performance towards CO production 

of NGQDs-SCAu in comparison with SCAu. (c) Free energy diagram for the reduction of CO2 to CO 

on the SCAu-plane, SCAu-edge, NC, and NC-SCAu at U = 0 V. (d) Electron density difference of 

NC-SCAu. Red and blue denote electron accumulation and depletion regions, respectively. 

Reproduced with permission.131 Copyright 2018 American Chemical Society. 
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Another important strategy for enhancing Au-based catalystsô catalytic activity is creating grain 

boundaries (GBs). Kanan and coworkers proposed that the high densities of GBs present in 

nanocrystalline oxide-derived catalysts were responsible for their improved electrocatalytic activity.34, 

132, 133 Quantitative correlations between electrocatalytic activity and GB density for catalysts 

composed of dicrete Au and Cu nanoparticles were also revealed.134, 135 Later, they investigated GB 

effects on flat, polycrystalline Au electrodes with large grain sizes, which permit spatial resolution of 

the GB surface termination regions.136 By probing the local electrocatalytic activity across GBs using 

scanning electrochemical cell microscopy (SECCM), they show that the origin of GB effect is a 

selective increase in CO2 reduction activity at the GB surface terminations. Figure 1.20 shows the 

scanning electrochemical cell microscopy of CO2 and H2O reduction on Au. The magnitude of the 

increased activity depended on the GB geometry, which determined the concentration of dislocations 

in the GB region. Two possible explanations are available for the increase in CO2 reduction activity in 

regions with high dislocation densities. One is lattice strain at the surface induced by dislocations that 

could alter the binding energies for CO2 reduction intermediates in a way that reduces the overall 

barrier. Alternatively, dislocation surface terminations may create high step densities that are more 

active than terrace ones. 

 
Figure 1.20. Scanning electrochemical cell microscopy of CO2 and H2O reduction on Au. (a) EBSD 

orientation map of sample used for (b) to (e). Inset text and paths indicate location where line scans 
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and maps were collected. (b) Line scan generated from individual constant potential electrolysis across 

the GB under 1 atm Ar. (c) Line scan under 1 atm CO2. Dashed lines indicate location of GBs inferred 

from optical images and topography data. (d) Electrocatalytic heat map composed of multiple line 

scans across the GB under 1 atm Ar. (e) Heat map under 1 atm CO2. Reprinted with permission.136 

Copyright 2017 The American Association for the Advancement of Science. 

 

 

While Au is the most active surface for reducing CO2 selectively to CO of the identified metal 

catalysts, its potential for industrial applications is limited by its low abundance and high cost. In this 

context, Ag has greater potential for large-scale applications due to its significantly lower cost than Au 

and high catalytic selectivity for the reduction of CO2 to CO. However, ECR on Ag catalysts requires 

high overpotentials. Most Ag-based electrocatalysts achieve the highest FECO in the potential range of 

-0.6 to -0.9 V. To overcome the limitations of Ag electrocatalysts, many attempts have focused on the 

development of nanostructured surfaces, which offer mass-transport advantages and contain more low-

coordinated sites (edge sites and corner sites) that are more active for CO2 reduction in comparison 

with a planar metallic surface.137-141 To date, the lowest overpotential for the production of CO on Ag-

based catalysts is Ag2CO3 derived Ag reported by Ma et al.,142 which can  reach a FECO of 90% at an 

applied potential as positive as -0.4 V, albeit only with a low catalytic current density (Figure 1.21). 

The improved CO2 reduction performance is attributed to the increased number of active sites for CO2 

reduction and the improved intrinsic CO2 reduction activity by fast initial electron transfer. It is 

interesting to note that low overpotential requirement has also been reported for Bi subcarbonate 

derived Bi for the production of formate.46 This may indicates that carbonate or subcarbonate derived 

catalysts have special affinity towards CO2 reduction intermediates.  
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Figure 1.21. Preparation of in situ formed Ag2CO3 derived Ag and its ECR performance towards CO 

production performance in comparison with polycrystalline Ag. Reprinted with permission.142 

Copyright 2018 American Chemical Society. 

 

Single-atom catalysts (SACs) have sparked new interests in electrocatalysis because of their high 

catalytic activity, stability, selectivity, and 100% atom utilization.143 SACs often exhibit unexpected 

catalytic activity for many important chemical reactions compared to their bulk counterparts duet to 

the high ratio of low-coordinated metal atoms and technically uniform structure. In recent studies, 

Fe,144 Co145 and Ni146-149 based SACs have been explored as CO-producing catalysts for ECR. Using 

Ni-based SACs as an example, bulk Ni metal has very high affinity towards CO molecules that its 

catalytic sites will be poisoned once adsorbed CO. H2 is the only dominant product on bulk Ni metal 

under ECR conditions in aqueous medium. However, Zhao et al.149 reported a MOF derived Ni SAC 

can exhibit an excellent turnover frequency for electroreduction of CO2 (5273 hī1), with a Faradaic 

efficiency for CO production of over 71.9% and a current density of 10.48 mA cmī2 at an overpotential 

of 0.89 V. This high performance was attributed to the increased number of surface active sites, lower 

adsorption energy of CO over single Ni sites, and improved electronic conductivity. Later, Yan et al.147  

further proved that ECR on coordinatively unsaturated Ni-N sites within Ni SAC is preferred. DFT 

calculations were performed to understand the catalytic selectivity of the ECR and the HER over Ni-

N sites with different degrees of vacancies (Figure 1.22). As shown in Figure 1.22b, the free energies 

of *COOH (G*COOH) on coordinatively unsaturated NiN3, NiN3V and NiN2V2 are significantly lower 

than those on NiN4, suggesting that the high ECR activity originates from those coordinatively 
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unsaturated Ni-N sites. The competition between the ECR and the HER at the active sites can be 

investigated by comparing the free energies of *COOH (G*COOH) and *H (G*H). From Figure 1.22c, it 

can be inferred that *H blockage is relatively weak on NiN3V and NiN2V2 structures. In particular, for 

NiN2V2, G*COOH (0.62 eV) is lower than G*H (0.69 eV), which shows high selectivity for ECR. This 

study demonstrates how the electrocatalytic performance of SACs can be tuned at an atomic level and 

the underlying mechanisms can be revealed by theoretical calculations. 

 
Figure 1.22. DFT calculations. (a) Optimized atomic structures of different Ni-N structures with Ni 

atoms coordinated with 4 N atoms (NiN4), 3 N atoms (NiN3 and NiN3V), 2 N atoms (NiN2V2). (b and 

c) Free energy diagrams with implicit (solid lines) and explicit (dashed lines) solvation effect 

corrections for the ECR (b) and the HER (c) pathways on Ni sites of different Ni-N structures at 0 V. 

Reprinted with permission.147 Copyright 2018 The Royal Society of Chemistry. 

 

 

For Zn, Cd, Sn and Pd based CO-producing electrocatalysts, relatively large overpotentials are 

required to achieve reasonable CO selectivity. It is also challenging to suppress the HER on these 

metals. Alloying or doping with a secondary metal that is less active towards HER and has more 

affinity to the *COOH intermediate could be a useful strategy to improve their performance towards 

CO production. Au based catalysts have very low overpotential for the production of CO, but their 

potential for industrial applications, as noted above, is currently limited by its low abundance and high 

cost. Future studies should try to improve the atom utilization of Au by means of fabricating atomically 

dispersed Au, doping Au on a low-cost substrate, or alloying Au with a second metal. For Ag based 

catalysts, the most urgent target is to further reduce their overpotential requirements for CO 
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production. Alloying Ag with another metal located on the left-hand side of the volcano plot in Figure 

1.17b could potentially create a catalyst with a similar *COOH binding energy to that of Au. Finally, 

SACs based on all the above mentioned CO-producing metals could potentially show unique catalytic 

activities. 

 

Table 1.2. Performance summary of recent reports on CO-producing heterogeneous catalysts for ECR 

in aqueous media. 
Catalyst Electrolyte Applied 

potential 

(V vs. 

RHE) 

FE of 

CO 

(%) 

Partial 

current 

density 

(mA cm-2) 

Ref

ere

nce 

Ag Iodide derived Ag 0.5M KHCO3/H cell -0.70 94.5 ~18 137 

Ag dendrites on Cu foam 0.5M KHCO3/Flow 

cell 

-0.80 95.7 ~14 150 

Ag2CO3 derived Ag 0.1M KHCO3/H cell -0.40 ~90 ~0.1 142 

Ag nanowire array 0.5M KHCO3/H cell -0.60 91 ~4.5 138 

Ag/PTFE 1M KOH/GDL-

Flow cell 

-0.70 ~90 200 77 

Plasma-activate Ag 0.1M KHCO3/H cell -0.60 >90 ~2 139 

Triangular Ag nanoplates 0.1M KHCO3/H cell -0.85 96.8 ~1.2 140 

Ag NPs decorated Zn 

nanoplaltes 

0.1M KHCO3/H cell -0.80 84 1.9 141 

Mesoporous Ag 0.1M KHCO3/H cell -0.60 90 ~5 151 

Ag-CNT 1M KOH/GDL-

Flow cell 

-0.80 100 350 152 

Oxide derived Ag 0.1M KHCO3/H cell -0.80 89 1.15 153 

Au AuCu alloy NPs 0.5M KHCO3/H cell -0.38 90 ~2.7 154 

Pd-Au nanowires 0.5M KHCO3/H cell -0.60 94.3 ~7 155 

Au NPs/graphene 0.1M KHCO3/H cell -0.70 ~75 ~6 156 

N doped graphene wrapped 

Au NPs 

0.5M KHCO3/H cell -0.25 93 ~2 131 

Au with surface adsorbed Cl- 0.2M KHCO3/H cell -0.39 ~91 ~0.5 157 

Au NPs with chelating 

ligands 

0.5M KHCO3/H cell -0.45 93 ~2 158 

Au-Fe NPs 0.5M KHCO3/H cell -0.40 97.6 11 159 

Au NPs/graphene 0.5M KHCO3/H cell -0.67 ~92 ~33 160 

AuCu NPs 0.1M KHCO3/H cell -0.77 ~80 1.4 161 

Au nanoneedles 0.5M KHCO3/H cell -0.35 95 22 162 

Grain boundary rich Au NPs 0.5M NaHCO3/H 

cell 

-0.50 94 ~0.2 135 

Zn Hexagonal Zn 0.5M KHCO3/H cell -0.80 ~85 ~8.5 163 

Electrodeposited Zn 

dendrites 

0.5M NaHCO3/H 

cell 

-1.1 79 ~13 164 

Cd CdSxSe1-x nanorods 0.1M KHCO3/H cell -1.2 81 27 165 

Sn Atomically dispersed Sn 0.1M KHCO3/H cell -0.60 91 ~1.8 166 

Ultra-small SnO/C 0.5M KHCO3/H cell -0.66 ~40 ~5 167 

7/1.8 nm Cu/SnO2 NPs 0.5M KHCO3/H cell -0.70 93 ~11 168 

Cu-Sn 0.1M KHCO3/H cell -0.60 90 1 169 

Pd Size controllable Pd NPs 0.1M KHCO3/H cell -0.89 91.2 ~9 170 

In  Cu-In alloy 0.1M KHCO3/H cell -0.50 90 ~0.5 171 
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S

A

C 

Fe Fe single atom/N doped 

graphene 

0.1M KHCO3/H cell -0.60 80 ~1.6 144 

Co Co single atom 0.5M KHCO3/H cell -0.63 95 ~17 145 

Ni N-doped carbon with Ni 

single atoms 

0.5M KHCO3/H cell -1.0 97 48 146 

Coordination unsaturated 

Ni-N on carbon 

1.0M KHCO3/H cell -1.03 90 71.5 147 

-0.53 ~95 ~15 

Ni single atom/CNT 0.5M KHCO3/H cell -0.70 ~90 ~23 148 

MOF derived Ni single atom 0.5M KHCO3/H cell -1.0 70 ~7 149 

Metal 

free  

N doped graphene 0.1M KHCO3/H cell -0.50 85 ~1 172 

 

1.5.1.3 Methane and methanol producing electrocatalysts 

It is widely acknowledged that *CO is a key intermediate in the formation of hydrocarbons from the 

reduction of CO2. Experiments have shown that the CO reduction reaction (CORR) leads to products 

and overpotential similar to those of the CO2 reduction reaction (CO2RR), indicating that the potential 

determining step (PDS) is due to CORR.173 Therefore, many researchers has adopted the theory of 

CORR to explain the mechanism of hydrocarbon formation from CO2RR. CH4 and CH3OH are two of 

the most important > 2e C1 products. Several reaction pathways have been proposed to explain the 

formation of CH4 and CH3OH from CO2RR or CORR.174 First, a methoxy mechanism is proposed by 

Peterson et al.,175 where the formation of a CHO* intermediate is the PDS controlling the overall 

overpotential. DFT calculations suggesting that in the thermodynamically most favorable pathway, the 

second CīO bond is broken only at a late stage of the mechanism. This mechanism explained the 

observed selectivity of CH4 over CH3OH based on the free energy of CH4 + O* is lower than that of 

CH3OH. However, this mechanism is not able to explain the fact that CH3OH cannot be reduced to 

CH4. Later, a *C intermediate pathway was proposed by Nie et al.,176 which is in better agreement with 

various experimental observations of coking of the catalyst while producing methane and the reduction 

of formaldehyde to methanol and not to methane. Nie also calculated the pathway for CH4 formation 

proposed by Peterson et al. for Cu(211) but concluded that this pathway produces CH3OH instead of 

CH4 on Cu(111), consistent with gas-phase experiments.177 
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Figure 1.23. Proposed reaction pathways for ECR, producing methane (CH4) and methanol (CH3OH) 

on Cu (100). Reprinted with permission.178 Copyright 2015  American Chemical Society. 

 

 

    On the basis of these previous studies, Cheng et al. studied the CORR mechanisms and barriers on 

Cu(100) using quantum molecular dynamics.178 Figure 1.23 shows the lowest energy reaction 

pathways for the formation of CH4 and CH3OH on Cu(100). The first reduction step is adding one H 

to the carbon of *CO to form chemisorbed formyl (*CHO), which has a free energy barrier (æGÿ) of 

0.55 eV. In the next step, the protonation of *CHO to form *CHīOH has a small energy barrier of 

0.13 eV. It is the next protonation step that determines the production of CH4 or CH3OH. Proton 

addition to C to form *CH2īOH will finally lead to the formation of CH3OH. On the other side, proton 

addition to O will lead to the release of H2O and the formation of *CH, which ultimately leads to the 

formation of CH4. This mechanism considered pure solvation, specific hydrogen bonds to surface OH 

groups, and water networks for cooperatively transferring the proton. It should be noted, however, that 

formation of CH3OH is favored over CH4 in the gas phase thermo reduction of CO2 due to the different 

origin of the proton source. Formation of CH3OH requires sufficient surface adsorbed hydrogen, while 

the formation of CH4 requires protons in the solution.178-180 

Cu based materials are the most widely studied group of heterogeneous catalyst that allow room-

temperature ECR into deep reduction products with relatively high faradaic efficiencies.176, 181-183 

Methane is a common ECR product obtained on Cu catalysts albeit with low faradaic efficiency under 

most cases. Varela et al. demonstrated that the activity and selectivity of copper during ECR can be 
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tuned by simply adding halides to the electrolyte.63 Comparing the production rate and Faradaic 

selectivity of the major products as a function of the working potential in the presence of Clī, Brī, and 

Iī, they showed that the activity and selectivity of Cu depends on the concentration and nature of the 

added halide (Figure 1.24). They found that the addition Clī and Brī results in an increased CO 

selectivity. On the contrary, in the presence of Iī, the selectivity toward CO diminishes and instead 

methane formation is enhanced up to 6 times compared with the halide-free electrolyte. The 

modification in the catalytic performance of Cu is mainly attributed to halide adsorption on the Cu 

surface. It was hypothesized that the adsorption of halides alters the catalytic performance of Cu by 

increasing the negative charge on the surface according to the following order: Clī < Brī < Iī. In the 

case of adsorbed Iī, the induced negative charge has a remarkably positive effect favoring the 

protonation of CO. This work presents an easy way to enhance CH4 production during the ECR on Cu. 

Furthermore, understanding this effect can contribute to the design of new and more efficient catalysts. 

 
Figure 1.24. Faradaic selectivity of the gaseous products after 10 min of bulk electrolysis at a constant 

potential of 0.95 V vs RHE. Inset provide SEM images of the surface after reaction. Adapted with 

permission.63 Copyright 2016 American Chemical Society. 

 

 

Wang et al. developed a Cu-doped CeO2 electrocatalyst for selective CO2 reduction to CH4. The 

strong interaction between CeO2 and Cu leads to single-atomically dispersed Cu species, which further 

enriches multiple (Ḑ3) oxygen vacancies into the neighboring positions, thus yielding a highly 

effective catalytic site for electroreduction of a single CO2 molecule to CH4. Figure 1.25 shows the 

electrochemical CO2 reduction performances of Cu-CeO2, CeO2, and Cu. Compared to Cu 
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nanoparticles and undoped CeO2 nanorods, the Cu-CeO2 nanorods exhibit a clearly reduced amount 

of H2 side product from the water reduction, and significant increase of the ECR products, indicating 

the high activity of CO2 reduction on the Cu-doped CeO2 electrocatalysts. For the Cu-CeO2-4% 

nanorods, the FE of CH4 reaches a peak at Ḑ58% at ī1.8 V vs RHE, which is the highest reported 

efficiency of CH4 production by electrocatalytic CO2 reduction using H-shaped electrochemical cells. 

The excellent CH4 selectivity was attributed to both the atomic dispersion of the electrocatalytic Cu 

sites and the surrounded multiple O vacancies, as well the cooperative effect from the CeO2 

framework. This study features an exquisite example of rational design of highly dispersed metal 

catalytic centers at the single atomic level. 

 
Figure 1.25. Electrochemical CO2 reduction performances. (a) Cyclic voltammetry curves for Cu-

CeO2, CeO2, and Cu. (b-d) Faradaic efficiencies (bars, left y-axis) and deep reduction products current 

density (jdrp, red curves, right y-axis) of (b) Cu-CeO2-4%, (c) pure Cu, and (d) undoped CeO2 at 

different overpotentials. The deep reduction products were the first five products in the legends at the 

bottom, marked with a red line. Reprinted with permission.184 Copyright 2015 The Royal Society of 

Chemistry. 

 

 

Hydrocarbon formation typically requires a more balanced interaction of the *CO intermediate with 

the catalyst surface in conjunction with a sufficiently high residence time on the reactive catalyst site 

as mechanistic prerequisites for further reductive hydrogenation reactions. These features explain why 

Cu-based materials are the most widely studied catalysts for the production of hydrocarbons. However, 

Dutta et al.185 recently discovered that Ag nanofoam can also effectively reduce CO2 to CH4 with a 
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maximum faradaic efficiency of 51% at -1.5 V. The Ag nanofoam has a hierarchical porous structure 

composed of needle-like Ag nanoparticles (Figure 1.26a,b). It preserves the Ag characteristics at low 

and moderate over-potentials and switches to Cu-like behavior only at potentials > -1.1 V (Figure 

1.26c). It is suggested that an irreversible carbonization of the Ag surface contributes to the observed 

catalyst degradation when the C1 hydrocarbon pathway is active. Additionally, an enhanced surface 

mobility of Ag under these harsh conditions seems to lead to the drastic electrochemical annealing 

phenomena. The latter apparently involve the loss of low coordinated surface sites, which are 

particularly important for the stabilization of *CO and *CHO intermediates. This work demonstrates 

that the tailored design of ECR catalysts can transform a predominantly CO-producing catalyst, e.g., 

Ag, into a Cu-like catalyst that is capable of producing hydrocarbons. 

 
Figure 1.26. (a, b) SEM images of the Ag nanofoam. (c) Plot of the Faradaic efficiencies as a function 

of the applied electrolysis potential for the Ag nanofoam catalyst. Adapted with permission.185 

Copyright 2018 American Chemical Society. 

 

    Although CH3OH is a less common ECR product in aqueous medium, a few studies have reported 

high CH3OH selectivity on specially designed catalysts.186-188 Zhang et al. reported that SnO2 

nanoparticles capped ultrathin Pd nanosheets (Pd/SnO2) enable multielectron transfer for selective 

production of CO2 into CH3OH.186 A TEM image of the Pd/SnO2 nanosheets is shown in Figure 1.27a. 

As verified by high-angle annular dark field-scanning transmission electron microscopy (HAADF-

STEM) image and energy-dispersive X-ray (EDX) mapping (Figure 1.27b), SnO2 nanoparticles are 

well-dispersed on each Pd nanosheet. The coverage of SnO2 on Pd/SnO2 was tuned by using different 
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Pd:Sn ratios in the synthesis, and leads to a significant influence on the product distribution, as shown 

in Figure 1.27c. While the Pd/SnO2 nanosheets with a low ratio of SnO2 (Pd:Sn=3:1) had H2 as the 

major product, an increase of SnO2 content on Pd nanosheets increased the FEs of HCOO- and CH3OH. 

No matter what potential applied, the total FE of HCOO- and CH3OH reached a maximum value when 

Pd:Sn ratio is 1:1. The authors used X-ray absorption studies to evaluate the interface structure of 

Pd/SnO2 and proved the presence of Pd-O-Sn interfaces. It was then proposed that the partially exposed 

Pd on Pd/SnO2 adsorbs CO* intermediate for further electroreduction. While the existence of PdïOï

Sn interfaces assists further reduction of CO* intermediate to CH3OH. 

 
Figure 1.27. (a) TEM image and (b) HAADF-STEM and EDX mapping images of Pd/SnO2 

nanosheets. (c) Faradaic efficiencies for methanol, formate, and hydrogen at different voltages on 

Pd/SnO2 with different Pd/Sn ratios. Reprinted with permission.186 Copyright 2018 Wiley-VCH 

Verlag GmbH & Co. KGaA. 

 

1.5.1.4 C2 and C2+ products producing electrocatalysts 

As CO2 is a C1 specie, the formation of C2 and C2+ products for CO2RR must go through the coupling 

of two C1 pathway intermediates. Specifically, the coupling of *CO with various C1 intermediates, 

such as *CO, *CHO, and *CHīOH is considered to be a rate determine step for the formation of C2 
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products. Specifically, the key CīC bond-making step at low overpotentials is a *CO dimerization 

step mediated by electron transfer rendering a *C2O2
ī intermediate.189 DFT calculations have shown 

that the formation of *C2O2
ī is most stable on square arrangements of four surface atoms, explaining 

the observed preferential formation of ethylene on Cu(100) at low potentials.190 Figure 1.28 shows the 

reaction scheme of major pathways considered for CO reduction toward C1 and C2+ products. 

Experimental Tafel slope has suggested an early rate-limiting proton-electron transfer process for C2 

pathways,84 which is consistent with thermodynamic analysis results that suggested all intermediates 

to be downhill in energy after the formation of OCCH*, OCCHO*, and OCCHOH*.191 High surface 

coverage of *CO can promote the dimerization process to form these C2 intermediates.192 Nevertheless, 

identifying the dominant rate-determine steps for C2 pathways is challenging due to the existence of 

various competing steps.  

 
Figure 1.28. Reaction scheme of major pathways considered for CO reduction toward C1 and C2+ 

products. The green path denotes C2 production via OCïCHO coupling; the blue and red path 

represents C2 production via protonation of OCCO to form OCCHO and OCCOH, respectively; the 

yellow path represents C2 production via OCïCHOH coupling. Reprinted with permission.193 

Copyright 2019 Springer Nature.  

 

Experimentally, a steeper Tafel slope for C1 (43 mV dec-1) vs. that for C2 (116 mV dec-1) products and 

the decrease in C2 activity at high overpotential have been observed.193 These observations together 

with theoretical kinetic model suggests the OCCOH* pathway to dominate for the C2 production. This 

conclusion is consistent with previous experimental reports on C2 products formation.47, 194, 195 
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However, it should be noted that there are still uncertainties due to the inherent sensitivity of rates to 

energetics and the uncertainties in the energetics. Mechanisms for C3 pathways should follow the 

pattern of C2 pathways but with a C1 intermediate dimerizing with a C2 intermediate. A systematic 

study of C3 mechanisms is still lacking in the literature and will not be discussed here.  

    Ethylene (C2H4) and ethanol (C2H5OH) are two of the most common C2 products for CO2RR. It is 

useful to investigate the mechanisms for the formation of both C2H4 and C2H5OH in detail, as it could 

potentially shed light on the development of a catalyst that promotes C2 liquid production. Figure 1.29 

shows possible reaction pathways for the electrocatalytic reduction of CO2 to C2H4 and C2H5OH. 

Based on above discussion, OCCOH* pathway dominates the production of C2. Therefore, both 

pathways begin with an OCCOH* intermediate. After a three proton and electron transfer process, a 

*C2H3O intermediate is formed. At this late stage, the adsorbed *C2H3O intermediate may proceed to 

ethanol through further carbon protonation; or to ethylene by leaving an oxygen atom adsorbed on the 

surface.194, 196 DFT calculations can then be performed to predict the selectivity of C2H4 vs. C2H5OH 

on a specific catalyst surface. A general trend is that catalyst surfaces with higher oxygen affinity tend 

to produce C2H5OH over C2H4. Nevertheless, systematic studies on the rationale of selectivity of C2H4 

and C2H5OH on catalyst surface are needed. 

 
Figure 1.29. Possible reaction pathways for the electrocatalytic reduction of CO2 to ethylene (gray 

arrows) and ethanol (green arrows). Reprinted with permission.174 Copyright 2015 American Chemical 

Society. 
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The key for designing C2 products- producing catalysts (C2 catalysts) is to facilitate the coupling of 

two C1 intermediates, such as *CO, *CHO, and *CHīOH, by increasing their stability and surface 

coverage. The majority of C2 catalysts are Cu-based materials,196-203 albeit a few studies have reported 

the production of C2 products on metal free catalysts.204, 205 Here we will discuss several representative 

works to show how catalyst design tools can be applied to tune C2 products selectivity. Lee et al.201 

reported mixed Cu states in anodized Cu (AN-Cu) electrode can facilitate C2H4 production for ECR. 

Figure 1.30a and b show the ECR product distributions obtained on Cu-foil and AN-Cu, respectively. 

The Cu-foil favored the production of CH4 over C2H4 under all applied potentials. On the other hand, 

the AN-Cu samples suppressed CH4 and CO generation and selectively generated C2H4 suggesting C-

C bond formation was activated even at low applied potentials. The surface of the AN-Cu was 

characterized by XPS before and after ECR (Figure 1.30c and d). It was confirmed that the initial 

Cu(OH)2 phase was reduced under the ECR conditions, and the reduced copper states irreversibly 

changed to the mixed states of metallic and oxidized coppers post ECR. The mixed valences of Cu-O 

can be related to the active species of the ethylene production or can be the consequence of the 

structural changes. It was found that C2H4 production was favored by catalysts containing mixed 

oxidized copper species along with high oxygen content, while a sharp increase of CH4 production 

was observed when Cu2+ was removed from the surface. These results reveal the relationship between 

the durability of ethylene production and Cu-O containing surface states. However, Jaramillo and 

coworkers showed recently that CuOx is fully converted to metallic Cu at a pproximately +0.3 V vs 

RHE.206 Therefore, the reaction mechanism may be different from what was believed previously. 
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Figure 1.30. ECR product selectivity of a) the Cu-foil and b) the AN-Cu catalyst dependence on the 

applied potential. c) Cu 2p XPS spectra and d) Cu LMM Auger spectra of the AN-Cu catalyst measured 

as-prepared and after 100 min of ECR. Reprinted with permission.201 Copyright 2018 American 

Chemical Society. 

 

    Among the various C2+ products formed on Cu, alcohols are highly desirable due to their high energy 

densities and ease of storage and transportation as a liquid.207, 208 However, ethylene is generally the 

favored C2 product produced on Cu-based catalysts. Earlier studies have demonstrated that when 

directly supplied with CO209 or when a CO-producing component was combined with Cu,210, 211 C2+ 

alcohol selectivity could be enhanced significantly. Morales-Guio et al. recently reported a tandem 

Au/Cu bimetallic catalyst that can improve CO2 reduction activity towards C2+ alcohols.199 The Au/Cu 

catalyst is composed of Au particles that are approximately 3-5 nm in diameter and uniformly 

distributed on the surface of a Cu foil (Figure 1.31a). The production rates of CO2 reduction to >2eī 

products on Cu, Au and Au/Cu are shown in Figure 1.31b. At higher overpotentials, Au/Cu reaches 

the maximum alcohol partial current density 90 mV more positive than that on Cu. Remarkably, at low 

overpotentials, the rate of CO2 reduction to >2eī products is more than 100 times higher on Au/Cu 

than on Cu. The C-C coupling selectivities of copper and Au/Cu are compared by examining the ratios 

of C2+ to C1 products as a function of the potential. The C2+-to-C1 ratios for both Cu and Au/Cu increase 

exponentially with a decrease in the overpotential, demonstrating that more positive potentials favour 
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C-C coupling over C1 pathways (Figure 1.31c). At lower overpotentials, a clear improvement is 

observed for C2+ production rates on Au/Cu by up to two orders of magnitude compared with those on 

Cu, while the C1 production rates are similar for both electrodes (Figure 1.31d). A tandem catalysis 

mechanism was proposed where CO2 reduction on the Au nanoparticles generates a high local 

concentration of CO on the neighbouring Cu surface where CO can be further reduced. The insights 

gained from the Au/Cu catalyst open up new possibilities for developing highly active tandem 

catalysts. Specifically, decoupling multiple steps during CO2 reduction using bimetallic electrodes is 

a valid alternative to bypass design limitations intrinsic to monometallic surfaces. 

 
Figure 1.31. (a) SEM images of the Au/Cu catalyst. The brighter spots correspond to approximately 

3-5 nm gold nanoparticles on a polycrystalline copper surface. Scale bar is 100 nm. Scale bar in inset 

is 20 nm. (b) Rate of CO2 reduction to >2eī products. (c) Potential dependence of the molar ratio of 

C2+ to C1 products. (d) Rate of CO2 reduction to C1 and C2+ products on the Cu, Au and Au/Cu 

electrodes. Reprinted with permission.199 Copyright 2018 Springer Nature. 

 

 

1.5.2 Electrocatalysts for CO2 reduction in organic media 

ECR in an organic medium, which often has low proton availability, provides some unique reaction 

pathways, but needs to overcome large overpotentials. CO, formate and oxalate are the most common 

products of ECR undertaken in an organic medium. Since oxalate is an undesired product of ECR, 

most studies on ECR in organic media have focused on the production of CO and formate. Figure 1.32 

shows the ECR pathways in low proton availability organic medium.56, 58 Oxalate is produced by the 
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dimerization of two CO2
Åī. CO can be produced either by the protonation of CO2

Åī by trace water or 

the raction of CO2
Åī with CO2 to give CO and carbonate. Formate can only be produced with the 

participation of a proton source. It should be noted that the overpotential and product selectivity of 

ECR in organic media is largely influenced by the amount of proton source available. Consequently, 

catalyst design and electrolyte composition are usually considered simultaneously in studies on ECR 

in organic media. 

 

Figure 1.32. ECR pathways in low proton availability organic media. Reprinted with permission.58 

Copyright 2014  The Royal Society of Chemistry. 

 

 

Most electrocatalysts for ECR in an organic medium are CO-producing molecular catalysts with a 

CO selectivity that can approach 100%. Homogeneous catalysts are desirable in these studies because 

their active sites are usually well-defined, they are easily tunable, and their reaction mechanisms are 

easier to unravel.55 However, their activities are generally lower than those of heterogeneous catalysts, 

with catalyst decomposition and separation sometimes being a problem. Readers can refer to a 

comprehensive review article written by Francke et al. on the subject of homogeneous catalysts for 

ECR.212 Here the focus is only on heterogeneous electrocatalysts, albeit where much less relevant 

literature is available. Table 1.3 provides a performance summary of recent reports on heterogeneous 

catalysts for ECR in organic media. H2O is frequently used as a proton source in these studies, and its 
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presence potentially can lead to enhanced reaction rates via proton-coupled electron-transfer pathways. 

For example, in anhydrous acetonitrile (MeCN) solution, a MoO2 catalyst produces 43% oxalate, 28% 

CO, and negligible formate. In the presence of 0.4M H2O, the main product is 70% CO. On further 

increasing the H2O concentration to 1.4M, the main product becomes 55% formate.58  

 
Figure 1.33. A schematic diagram showing how the free energy changes during the reaction CO2 + 

2H+ + 2eï ᵶ CO + H2O in water or acetonitrile (solid line) or EMIMBF4 (dashed line). Adapted with 

permission.213 Copyright 2011 American Association for the Advancement of Science. 

 

 

Imidazolium-based ionic liquids are also frequently used as promoters for ECR.213 The high energy 

barrier for the formation of CO2
Åī can be reduced significantly by the presence of the imidazolium 

cation by forming a imidazolium-CO2 complex, as illustrated in Figure 1.33. Lau et al. found that the 

catalytic effect primarily originates from the cation and that the protons at the C4- and C5- positions 

are essential for efficient catalysis.214 It was recently reported by Atifi et al. that the selectivity of the 

2eī reduction of CO2 towards formate or CO can be dictated by the choice of the ionic liquid promoter 

in the electrolyte medium.215 It was demonstrated that the protic ionic liquid derived from 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) effectively promotes the electrochemical reduction of CO2 to 

formate with high selectivity (77%). For comparison, in the presence of [BMIN]PF6, the same Bi 

electrode produced 85% CO. 
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Table 1.3 Performance summary of recent reports on heterogeneous catalysts for ECR in organic 

media. 
Catalyst Electrolyte Applied 

potential 

Highlighted 

Products  

with FE 

Partial 

current 

density 

Reference 

Electrodeposited Bi [BMIM]OTf/MeCN  -2.0 V vs. 

SCE 

87% CO 25 mA cm-2 69 

Bi 0.25M [DBU-H]PF6 + 

0.1M TBAPF6/MeCN 

-1.8 V vs 

SCE 

77% formate 21 mA cm-2 215 

Dendritic Cu 0.1M TBABF4/MeCN-8 

v%H2O 

-1.55 V vs 

Fc/Fc+ 

83% formate ~4 mA cm-2 216 

Cu NPs@NC 0.1M TBAPF6/DMF-0.5 

v% H2O 

-2.4 V vs 

Fc/Fc+ 

64% formate ~3.6 mA 

cm-2 

60 

Cu1.63Se 30 wt% [Bmim]PF6 

/MeCN-5 wt% H2O 

-2.1 V vs 

Ag/Ag+ 

77.6% 

methanol 

41 mA cm-2 187 

CuInS2 0.1M TBAPF6/MeCN -1.5 V vs 

NHE 

77% CO 0.22 mA 

cm-2 

217 

MoO2 0.1M TBAClO4/MeCN-

0.4M H2O 

-2.45 V vs 

Fc/Fc+ 

70% CO 14 mA cm-2 58 

0.1M TBAClO4/MeCN-

1.4M H2O 

55% formate N/A 

PbO2 14.6 

wt%[Bzmim]BF4/MeCN-

11.7 wt% H2O 

-2.3 V vs 

Ag/Ag+ 

95% formate ~38 mA 

cm-2 

218 

Pb 30 wt% 

[BMIM]PF 6/MeCN-5 

wt% H2O 

-2.2 V vs 

Ag/Ag+ 

95% formate 17 mA cm-2 219 

Sn 95% formate 15 mA cm-2 

FTO/Fe2DTPFPP-

PO3H2 

0.1M TBAPF6/DMF-

10% H2O 

-1.2 V vs 

Fc/Fc+ 

70% CO ~1.7 mA 

cm-2 

220 

Co3O4 fibers 0.1M TBAPF6/MeCN-1 

v% H2O 

-1.5 V vs 

NHE 

65% CO ~0.3 mA 

cm-2 

221 

POM-Ag dendrite 0.1M TBAPF6/DMF-0.5 

v% H2O 

-1.7 V vs 

Fc/Fc+ 

90% CO ~3.0 mA 

cm-2 

222 

 

Due to the emphasize on the very large impact of the proton source and ionic liquid cocatalyst on 

ECR performance in organic media, the effect of the catalyst structure has not been studied in great 

detail.  Benefiting from the low proton availability, catalysts that are highly HER active can also be 

evaluated for ECR in organic media. Some early studies employed bulk metal electrodes for ECR in 

organic media, such as propylene carbonate containing 300 ppm H2O.223 It was found that Pb, Hg, and 

Tl give oxalate as the main product. Cu, Ag, Au, Zn, In, Sn, Ni, and Pt predominantly yield CO, while 

Fe, Cr, Mo, Pd, and Cd form both oxalate and CO in comparable yields. The formation of formate is 

only found with the addition of H2O. Formation of species beyond the two-electron reduced products 

remains a challenge. In terms of structure design for catalysts in organic media, the most important 

aspect is to facilitate the formation of CO2
Åī.  Guo et al. recently reported a Ag surface decorated with 



  Chapter 1 

52 
 

a Keggin type polyoxometalate [PMo12O40]
3ī (PMo) which can catalyze the reduction of CO2 to CO 

with an onset potential of -1.70 V vs Fc0/+, with only a 290 mV overpotential and which is 700 mV 

more positive than that for bulk Ag metal as illustrated in Figure 1.34.222 High faradaic efficiencies of 

about 90% were obtained over a wide range of applied potentials. A Tafel slope of 60 mV decī1 

suggests that rapid formation of *CO2
Åī is followed by the rate-determining protonation step. This is 

consistent with the voltammetric data which suggest that reduced PMo interacts strongly with CO2 

(and presumably CO2
Åī) and hence promotes the formation of CO2

Åī. Another simple strategy that can 

effectively improved ECR efficiency in an organic medium is to increase the number of catalytic active 

sites by creating large surface area nano materials, such nanoparticles,60 hierarchical dendrites,216 and 

nano fibers.221 

 

Figure 1.34. Illustration of polyoxometalate-promoted electrocatalytic CO2 reduction at Ag in 

dimethylformamide. Adapted with permission.222 Copyright 2018 American Chemical Society. 

 

 

    Very recently, Yang et al. reported the formation of methanol in a [BMIM]PF6/MeCN/H2O ternary 

electrolyte by using Cu1.63Se as the catalyst.187 A methanol faradaic efficiency as high as 77% was 

achieved at -2.1 V vs Ag/Ag+ together with a catalytic current density of 40 mA cm-2. DFT calculations 

show that Cu1.63Se has a moderate binding energy for *CO and a negative free energy for *CHO, 

which is beneficial for CO2 transformation to more reduced products. However, it is hard to understand 

why Cu1.63Se is not reduced to metallic Cu under ECR conditions since the Cu+ or Cu2+ reduction 

potential is much more positive than that of the CO2. Also, the authors didnôt explain why the catalyst 

produced methanol instead of methane, as methane is a more common ECR product. Future studies on 
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ECR in organic media should focus on trying to find suitable catalysts that can produce highly reduced 

products. In the meantime, strategies that can further reduce ECR overpotentials also should be 

developed. 

 

1.6 Research reported in this Thesis 

During my PhD study, I have focused on catalyst design and synthesis for the ECR, in tandem with in 

situ FTacV analysis to explore ECR mechanisms. Nano engineered materials have been explored for 

ECR in both organic and aqueous media. Materials with ultra-small particle size, bimetallic 

compositions, lattice dislocations, and surface adatoms have been proved to stabilize reaction 

intermediates and enhance mass transport of reactive species, and therefore performance for the 

reduction of CO2 to CO, formate or C2 products has been significantly enhanced. A new reaction 

mechanism has also been proposed based on experimental results and FTacV analysis. The structure 

of the Thesis is as follows: 

Chapter 2. Ultra-small Cu nanoparticles embedded in N-doped carbon arrays for electrocatalytic CO2 

reduction reaction in dimethylformamide. 

Chapter 3. Size Controllable Metal Nanoparticles Anchored on Nitrogen Doped Carbon for 

Electrocatalytic Energy Conversion. 

Chapter 4. Stannate derived bimetallic nanoparticles for electrocatalytic CO2 reduction. 

Chapter 5. Formation of Lattice-dislocated Bismuth Nanowires on Copper Foam for Enhanced 

Electrocatalytic CO2 Reduction at Low Overpotential. 

Chapter 6. Improved Selectivity towards C2 Products for Electrochemical CO2 Reduction on Nickel 

Decorated Defect-rich Copper. 

Chapter 7. Summary and outlook 

 

 



  Chapter 1 

54 
 

1.7 References 

1. J. Hansen, P. Kharecha, M. Sato, V. Masson-Delmotte, F. Ackerman, D. J. Beerling, P. J. Hearty, O. 

Hoegh-Guldberg, S.-L. Hsu, C. Parmesan, J. Rockstrom, E. J. Rohling, J. Sachs, P. Smith, K. Steffen, 

L. Van Susteren, K. von Schuckmann and J. C. Zachos, PLoS One, 2013, 8, e81648. 

2. C. N. Hewitt, J. Chem. Technol. Biotechnol., 1996, 66, 422-422. 

3. H. Wang, B. W. Ang and B. Su, Ecological Economics, 2017, 142, 163-176. 

4. E. V. Kondratenko, G. Mul, J. Baltrusaitis, G. O. Larrazabal and J. Perez-Ramirez, Energy Environ. 

Sci., 2013, 6, 3112-3135. 

5. D. Notz and J. Stroeve, Science, 2016, 354, 747-750. 

6. M. Aresta, Carbon Dioxide as Chemical Feedstock, Wiley, 2010. 

7. A. Vasileff, Y. Zheng and S. Z. Qiao, Adv. Energy Mater., 2017, 7, 1700759. 

8. Z. W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff, J. K. Nørskov and T. F. Jaramillo, Science, 

2017, 355, 146. 

9. J. Albo, M. Alvarez-Guerra, P. Castano and A. Irabien, Green Chem., 2015, 17, 2304-2324. 

10. A. M. Appel, J. E. Bercaw, A. B. Bocarsly, H. Dobbek, D. L. DuBois, M. Dupuis, J. G. Ferry, E. Fujita, 

R. Hille, P. J. A. Kenis, C. A. Kerfeld, R. H. Morris, C. H. F. Peden, A. R. Portis, S. W. Ragsdale, T. 

B. Rauchfuss, J. N. H. Reek, L. C. Seefeldt, R. K. Thauer and G. L. Waldrop, Chem. Rev., 2013, 113, 

6621-6658. 

11. G. A. Olah, G. K. S. Prakash and A. Goeppert, J. Am. Chem. Soc., 2011, 133, 12881-12898. 

12. M. Poliakoff, W. Leitner and E. S. Streng, Faraday Discuss., 2015, 183, 9-17. 

13. M. Jouny, W. Luc and F. Jiao, Ind. Eng. Chem. Res., 2018, 57, 2165-2177. 

14. P. B. Balbuena and V. R. Subramanian, Theory and Experiment in Electrocatalysis, Springer, 2010. 

15. M. Dunwell, Y. Yan and B. Xu, Current Opinion in Chemical Engineering, 2018, 20, 151-158. 

16. in Chemistry of the Elements (Second Edition), eds. N. N. Greenwood and A. Earnshaw, Butterworth-

Heinemann, Oxford, 1997, DOI: https://doi.org/10.1016/B978-0-7506-3365-9.50014-6, pp. 268-327. 

17. B. Darwent, Bond Dissociation Energies in Simple Molecular, 1970. 

18. Y. Hori, Electrochemical CO2 reduction on metal electrode, Springer, New York, 2008. 

19. Y. Jean, An introduction to molecular orbitals, New York : Oxford University Press, New York, 1993. 

20. F. Solymosi, J. Mol. Catal., 1991, 65, 337-358. 

21. K. Kolasinksi, Surface Science: Foundations of Catalysis and Nanoscience, 3rd Edition, Wiley, 2012. 

22. D.-M. Feng, Y.-P. Zhu, P. Chen and T.-Y. Ma, Catalysts, 2017, 7, 373. 

23. S. Sun, H. Li and Z. J. Xu, Joule, 2018, 2, 1024-1027. 

24. K. P. Kuhl, E. R. Cave, D. N. Abram and T. F. Jaramillo, Energy Environ. Sci., 2012, 5, 7050-7059. 

25. J. Greeley, Annual Review of Chemical and Biomolecular Engineering, 2016, 7, 605-635. 

26. A. Vasileff, C. Xu, Y. Jiao, Y. Zheng and S.-Z. Qiao, Chem, 2018, 4, 1809-1831. 

27. Y. Li and Q. Sun, Adv. Energy Mater., 2016, 6, 1600463. 

28. A. A. Peterson and J. K. Nørskov, J. Phys. Chem. Lett., 2012, 3, 251-258. 

29. D. Hursán and C. Janáky, ACS Energy Letters, 2018, 3, 722-723. 

30. M. Dunwell, Q. Lu, J. M. Heyes, J. Rosen, J. G. Chen, Y. Yan, F. Jiao and B. Xu, J. Am. Chem. Soc., 

2017, 139, 3774-3783. 

31. S. Zhu, B. Jiang, W.-B. Cai and M. Shao, J. Am. Chem. Soc., 2017, 139, 15664-15667. 

32. J. Resasco, L. D. Chen, E. Clark, C. Tsai, C. Hahn, T. F. Jaramillo, K. Chan and A. T. Bell, J. Am. 

Chem. Soc., 2017, 139, 11277-11287. 

33. J. T. Feaster, C. Shi, E. R. Cave, T. Hatsukade, D. N. Abram, K. P. Kuhl, C. Hahn, J. K. Nørskov and 

T. F. Jaramillo, ACS Catal., 2017, 7, 4822-4827. 

34. Y. Chen, C. W. Li and M. W. Kanan, J. Am. Chem. Soc., 2012, 134, 19969-19972. 



  Chapter 1 

55 
 

35. S. Zhang, P. Kang and T. J. Meyer, J. Am. Chem. Soc., 2014, 136, 1734-1737. 

36. T. Shinagawa, A. T. Garcia-Esparza and K. Takanabe, Scientific Reports, 2015, 5, 13801. 

37. M. Dunwell, W. Luc, Y. Yan, F. Jiao and B. Xu, ACS Catal., 2018, 8, 8121-8129. 

38. C. W. Lee, N. H. Cho, S. W. Im, M. S. Jee, Y. J. Hwang, B. K. Min and K. T. Nam, J. Mater. Chem. A, 

2018, 6, 14043-14057. 

39. A. M. Bond, N. W. Duffy, S.-X. Guo, J. Zhang and D. Elton, Anal. Chem., 2005, 77, 186 A-195 A. 

40. S. Guo, J. Zhang, D. M. Elton and A. M. Bond, Anal. Chem., 2004, 76, 166-177. 

41. J. Zhang, S.-X. Guo and A. M. Bond, Anal. Chem., 2007, 79, 2276-2288. 

42. S.-X. Guo, Y. Liu, C.-Y. Lee, A. M. Bond, J. Zhang, Y. V. Geletii and C. L. Hill, Energy Environ. Sci., 

2013, 6, 2654-2663. 

43. Y. Zhang, L. Chen, F. Li, C. D. Easton, J. Li, A. M. Bond and J. Zhang, ACS Catal., 2017, 7, 4846-

4853. 

44. X. Zhang, Y. Zhang, F. Li, C. D. Easton, A. M. Bond and J. Zhang, Appl. Catal., B, 2019, 249, 227-

234. 

45. X. Zhang, X. Sun, S.-X. Guo, A. M. Bond and J. Zhang, Energy Environ. Sci., 2019, 12, 1334-1340. 

46. Y. Zhang, X. Zhang, Y. Ling, F. Li, A. M. Bond and J. Zhang, Angew. Chem. Int. Ed., 2018, 57, 13283-

13287. 

47. E. Pérez-Gallent, M. C. Figueiredo, F. Calle-Vallejo and M. T. M. Koper, Angew. Chem. Int. Ed., 2017, 

56, 3621-3624. 

48. M. F. Baruch, J. E. Pander, J. L. White and A. B. Bocarsly, ACS Catal., 2015, 5, 3148-3156. 

49. C. Costentin, S. Drouet, G. Passard, M. Robert and J.-M. Savéant, J. Am. Chem. Soc., 2013, 135, 9023-

9031. 

50. Y. Lum and J. W. Ager, Nat. Catal., 2018, 2, 86-93. 

51. S. L. Shannon and J. G. Goodwin, Chem. Rev., 1995, 95, 677-695. 

52. D. A. Torelli, S. A. Francis, J. C. Crompton, A. Javier, J. R. Thompson, B. S. Brunschwig, M. P. Soriaga 

and N. S. Lewis, ACS Catal., 2016, 6, 2100-2104. 

53. G. Yin, H. Abe, R. Kodiyath, S. Ueda, N. Srinivasan, A. Yamaguchi and M. Miyauchi, J. Mater. Chem. 

A, 2017, 5, 12113-12119. 

54. X. Qiao, Q. Li, R. N. Schaugaard, B. W. Noffke, Y. Liu, D. Li, L. Liu, K. Raghavachari and L.-s. Li, J. 

Am. Chem. Soc., 2017, 139, 3934-3937. 

55. Y. Matsubara, D. C. Grills and Y. Kuwahara, ACS Catal., 2015, 5, 6440-6452. 

56. A. Gennaro, A. A. Isse, M.-G. Severin, E. Vianello, I. Bhugun and J.-M. Saveant, J. Chem. Soc., 

Faraday Trans., 1996, 92, 3963-3968. 

57. M. B. Miller, D.-L. Chen, D. R. Luebke, J. K. Johnson and R. M. Enick, J. Chem. Eng. Data, 2011, 56, 

1565-1572. 

58. Y. Oh, H. Vrubel, S. Guidoux and X. Hu, Chem. Commun. (Cambridge, U. K.), 2014, 50, 3878-3881. 

59. Y. Tomita, S. Teruya, O. Koga and Y. Hori, J. Electrochem. Soc., 2000, 147, 4164-4167. 

60. X. Zhang, Y. Zhang, F. Li, C. D. Easton, A. M. Bond and J. Zhang, Nano Res., 2017, 11, 3678-3690. 

61. C. S. Wong, P. Y. Tishchenko and W. K. Johnson, J. Chem. Eng. Data, 2005, 50, 817-821. 

62. Y.-C. Hsieh, S. D. Senanayake, Y. Zhang, W. Xu and D. E. Polyansky, ACS Catal., 2015, 5, 5349-5356. 

63. A. S. Varela, W. Ju, T. Reier and P. Strasser, ACS Catal., 2016, 6, 2136-2144. 

64. G. Z. Kyriacou and A. K. Anagnostopoulos, J. Appl. Electrochem., 1993, 23, 483-486. 

65. M. R. Thorson, K. I. Siil and P. J. A. Kenis, J. Electrochem. Soc., 2013, 160, F69-F74. 

66. H. Yoshio and S. Shin, Bull. Chem. Soc. Jpn., 1982, 55, 660-665. 

67. M. R. Singh, Y. Kwon, Y. Lum, J. W. Ager and A. T. Bell, J. Am. Chem. Soc., 2016, 138 13006ï13012. 

68. I. Bhugun, D. Lexa and J.-M. Savéant, The Journal of Physical Chemistry, 1996, 100, 19981-19985. 

69. J. Medina-Ramos, J. L. DiMeglio and J. Rosenthal, J. Am. Chem. Soc., 2014, 136, 8361-8367. 



  Chapter 1 

56 
 

70. J. Medina-Ramos, R. C. Pupillo, T. P. Keane, J. L. DiMeglio and J. Rosenthal, J. Am. Chem. Soc., 2015, 

137, 5021-5027. 

71. M. Asadi, B. Kumar, A. Behranginia, B. A. Rosen, A. Baskin, N. Repnin, D. Pisasale, P. Phillips, W. 

Zhu, R. Haasch, R. F. Klie, P. Kral, J. Abiade and A. Salehi-Khojin, Nat Commun, 2014, 5, 4470. 

72. L. Sun, G. K. Ramesha, P. V. Kamat and J. F. Brennecke, Langmuir, 2014, 30, 6302-6308. 

73. S.-F. Zhao, M. Horne, A. M. Bond and J. Zhang, The Journal of Physical Chemistry C, 2016, 120, 

23989-24001. 

74. T. Burdyny and W. A. Smith, Energy Environ. Sci., 2019, 12, 1442-1453. 

75. M. Schwartz, R. L. Cook, V. M. Kehoe, R. C. MacDuff, J. Patel and A. F. Sammells, J. Electrochem. 

Soc., 1993, 140, 614-618. 

76. C.-T. Dinh, T. Burdyny, M. G. Kibria, A. Seifitokaldani, C. M. Gabardo, F. P. García de Arquer, A. 

Kiani, J. P. Edwards, P. De Luna, O. S. Bushuyev, C. Zou, R. Quintero-Bermudez, Y. Pang, D. Sinton 

and E. H. Sargent, Science, 2018, 360, 783-787. 

77. C.-T. Dinh, F. P. García de Arquer, D. Sinton and E. H. Sargent, ACS Energy Letters, 2018, DOI: 

10.1021/acsenergylett.8b01734, 2835-2840. 

78. Y. Wang, P. Han, X. Lv, L. Zhang and G. Zheng, Joule, 2018, 2, 2551-2582. 

79. D. Raciti and C. Wang, ACS Energy Letters, 2018, 3, 1545-1556. 

80. J. He, N. J. J. Johnson, A. Huang and C. P. Berlinguette, ChemSusChem, 2018, 11, 48-57. 

81. H. Takeda, C. Cometto, O. Ishitani and M. Robert, ACS Catal., 2016, 7, 70-88. 

82. Q. Lu and F. Jiao, Nano Energy, 2016, 29, 439-456. 

83. J. Qiao, Y. Liu, F. Hong and J. Zhang, Chem. Soc. Rev., 2014, 43, 631-675. 

84. K. P. Kuhl, T. Hatsukade, E. R. Cave, D. N. Abram, J. Kibsgaard and T. F. Jaramillo, J. Am. Chem. 

Soc., 2014, 136, 14107-14113. 

85. S. Xu and E. A. Carter, Chem. Rev., 2018, DOI: 10.1021/acs.chemrev.8b00481. 

86. A. S. Agarwal, Y. Zhai, D. Hill and N. Sridhar, ChemSusChem, 2011, 4, 1301-1310. 

87. R. L. Cook, R. C. MacDuff and A. F. Sammells, J. Electrochem. Soc., 1989, 136, 1982-1984. 

88. Y. Hori, A. Murata and R. Takahashi, Journal of the Chemical Society, Faraday Transactions 1: 

Physical Chemistry in Condensed Phases, 1989, 85, 2309-2326. 

89. X. Zhang, T. Lei, Y. Liu and J. Qiao, Appl. Catal., B, 2017, 218, 46-50. 

90. S. Kim, W. J. Dong, S. Gim, W. Sohn, J. Y. Park, C. J. Yoo, H. W. Jang and J.-L. Lee, Nano Energy, 

2017, 39, 44-52. 

91. Z. Chen, K. Mou, X. Wang and L. Liu, Angew. Chem. Int. Ed., 2018, 57, 12790-12794. 

92. W. Oh, C. K. Rhee, J. W. Han and B. Shong, J. Phys. Chem. C, 2018, 122, 23084-23090. 

93. S. He, F. Ni, Y. Ji, L. Wang, Y. Wen, H. Bai, G. Liu, Y. Zhang, Y. Li, B. Zhang and H. Peng, Angew. 

Chem., 2018, 130, 16346-16351. 

94. J. E. Pander, M. F. Baruch and A. B. Bocarsly, ACS Catal., 2016, 6, 7824-7833. 

95. J. H. Koh, D. H. Won, T. Eom, N.-K. Kim, K. D. Jung, H. Kim, Y. J. Hwang and B. K. Min, ACS Catal., 

2017, 7, 5071-5077. 

96. B. Kumar, V. Atla, J. P. Brian, S. Kumari, T. Q. Nguyen, M. Sunkara and J. M. Spurgeon, Angew. 

Chem., 2017, 129, 3699-3703. 

97. W. Luc, C. Collins, S. Wang, H. Xin, K. He, Y. Kang and F. Jiao, J. Am. Chem. Soc., 2017, 139, 1885-

1893. 

98. X. Zheng, Y. Ji, J. Tang, J. Wang, B. Liu, H.-G. Steinrück, K. Lim, Y. Li, M. F. Toney, K. Chan and 

Y. Cui, Nat. Catal., 2018, 2, 55-61. 

99. M. Morimoto, Y. Takatsuji, R. Yamasaki, H. Hashimoto, I. Nakata, T. Sakakura and T. Haruyama, 

Electrocatalysis, 2017, 9, 323-332. 

100. X. Bai, W. Chen, C. Zhao, S. Li, Y. Song, R. Ge, W. Wei and Y. Sun, Angew. Chem., 2017, 129, 12387-

12391. 



  Chapter 1 

57 
 

101. G. Wen, D. U. Lee, B. Ren, F. M. Hassan, G. Jiang, Z. P. Cano, J. Gostick, E. Croiset, Z. Bai, L. Yang 

and Z. Chen, Adv. Energy Mater., 2018, 8, 1802427. 

102. X. Zhang, F. Li, Y. Zhang, Alan M. Bond and J. Zhang, J. Mater. Chem. A, 2018, 6, 7851-7858. 

103. H. Zhong, Y. Qiu, T. Zhang, X. Li, H. Zhang and X. Chen, J. Mater. Chem. A, 2016, 4, 13746-13753. 

104. W. Zhang, Y. Hu, L. Ma, G. Zhu, P. Zhao, X. Xue, R. Chen, S. Yang, J. Ma, J. Liu and Z. Jin, Nano 

Energy, 2018, 53, 808-816. 

105. H. Yang, N. Han, J. Deng, J. Wu, Y. Wang, Y. Hu, P. Ding, Y. Li, Y. Li and J. Lu, Adv. Energy Mater., 

2018, 0, 1801536. 

106. P. Su, W. Xu, Y. Qiu, T. Zhang, X. Li and H. Zhang, ChemSusChem, 2018, 11, 848-853. 

107. N. Han, Y. Wang, H. Yang, J. Deng, J. Wu, Y. Li and Y. Li, Nat. Commun., 2018, 9, 1320. 

108. X. Zhang, X. Hou, Q. Zhang, Y. Cai, Y. Liu and J. Qiao, J. Catal., 2018, 365, 63-70. 

109. C. W. Lee, J. S. Hong, K. D. Yang, K. Jin, J. H. Lee, H.-Y. Ahn, H. Seo, N.-E. Sung and K. T. Nam, 

ACS Catal., 2018, 8, 931-937. 

110. B. I. Podlovchenko, E. A. Kolyadko and S. Lu, J. Electroanal. Chem., 1994, 373, 185-187. 

111. C. J. Stalder, S. Chao and M. S. Wrighton, J. Am. Chem. Soc., 1984, 106, 3673-3675. 

112. X. Min and M. W. Kanan, J. Am. Chem. Soc., 2015, 137, 4701-4708. 

113. K. R. Phillips, Y. Katayama, J. Hwang and Y. Shao-Horn, J. Phys. Chem. Lett., 2018, 9, 4407-4412. 

114. S. Gao, Y. Lin, X. Jiao, Y. Sun, Q. Luo, W. Zhang, D. Li, J. Yang and Y. Xie, Nature, 2016, 529, 68-

71. 

115. F. Li, M. Xue, J. Li, X. Ma, L. Chen, X. Zhang, D. R. MacFarlane and J. Zhang, Angewandte Chemie, 

2017, 129, 14910-14914. 

116. N. Han, Y. Y. Wang, J. Deng, J. H. Zhou, Y. L. Wu, H. Yang, P. Ding and Y. G. Li, J. Mater. Chem. 

A, 2019, 7, 1267-1272. 

117. W. Deng, L. Zhang, L. Li, S. Chen, C. Hu, Z. J. Zhao, T. Wang and J. Gong, J. Am. Chem. Soc., 2019, 

141, 2911-2915. 

118. A. Zhang, R. He, H. Li, Y. Chen, T. Kong, K. Li, H. Ju, J. Zhu, W. Zhu and J. Zeng, Angew Chem Int 

Ed Engl, 2018, 57, 10954-10958. 

119. C. Liang, B. Kim, S. Yang, L. Yang, C. Francisco Woellner, Z. Li, R. Vajtai, W. Yang, J. Wu, P. J. A. 

Kenis and Pulickel M. Ajayan, J. Mater. Chem. A, 2018, 6, 10313-10319. 

120. F. Li, L. Chen, G. P. Knowles, D. R. MacFarlane and J. Zhang, Angew. Chem. Int. Ed., 2017, 56, 505-

509. 

121. F. Lei, W. Liu, Y. Sun, J. Xu, K. Liu, L. Liang, T. Yao, B. Pan, S. Wei and Y. Xie, Nat. Commun., 

2016, 7, 12697. 

122. M. Y. Zu, L. Zhang, C. Wang, L. R. Zheng and H. G. Yang, J. Mater. Chem. A, 2018, 6, 16804-16809. 

123. Y. Zhang, F. Li, X. Zhang, T. Williams, C. D. Easton, A. M. Bond and J. Zhang, J. Mater. Chem. A, 

2018, 6, 4714-4720. 

124. B. Jiang, X.-G. Zhang, K. Jiang, D.-Y. Wu and W.-B. Cai, J. Am. Chem. Soc., 2018, 140, 2880-2889. 

125. F. Zhou, H. Li, M. Fournier and D. R. MacFarlane, ChemSusChem, 2017, 10, 1509-1516. 

126. A. Klinkova, P. De Luna, C.-T. Dinh, O. Voznyy, E. M. Larin, E. Kumacheva and E. H. Sargent, ACS 

Catal., 2016, 6, 8115-8120. 

127. J. E. Pander, J. W. J. Lum and B. S. Yeo, J. Mater. Chem. A, 2019, 7, 4093-4101. 

128. C. H. Lee and M. W. Kanan, ACS Catal., 2015, 5, 465-469. 

129. W. Ma, S. Xie, X.-G. Zhang, F. Sun, J. Kang, Z. Jiang, Q. Zhang, D.-Y. Wu and Y. Wang, Nat. 

Commun., 2019, 10, 892. 

130. F. Li, M. Xue, J. Li, X. Ma, L. Chen, X. Zhang, D. R. MacFarlane and J. Zhang, Angew. Chem., 2017, 

129, 14910-14914. 

131. J. Fu, Y. Wang, J. Liu, K. Huang, Y. Chen, Y. Li and J.-J. Zhu, ACS Energy Letters, 2018, 3, 946-951. 

132. C. W. Li, J. Ciston and M. W. Kanan, Nature, 2014, 508, 504-507. 



  Chapter 1 

58 
 

133. A. Verdaguer-Casadevall, C. W. Li, T. P. Johansson, S. B. Scott, J. T. McKeown, M. Kumar, I. E. L. 

Stephens, M. W. Kanan and I. Chorkendorff, J. Am. Chem. Soc., 2015, 137, 9808-9811. 

134. X. Feng, K. Jiang, S. Fan and M. W. Kanan, ACS Cent. Sci., 2016, 2, 169-174. 

135. X. Feng, K. Jiang, S. Fan and M. W. Kanan, J. Am. Chem. Soc., 2015, 137, 4606-4609. 

136. R. G. Mariano, K. McKelvey, H. S. White and M. W. Kanan, Science, 2017, 358, 1187-1192. 

137. Y. Zhang, L. Ji, W. Qiu, X. Shi, A. M. Asiri and X. Sun, Chem. Commun. (Cambridge, U. K.), 2018, 

54, 2666-2669. 

138. C. Luan, Y. Shao, Q. Lu, S. Gao, K. Huang, H. Wu and K. Yao, ACS Appl. Mater. Interfaces, 2018, 10, 

17950-17956. 

139. H. Mistry, Y.-W. Choi, A. Bagger, F. Scholten, C. S. Bonifacio, I. Sinev, N. J. Divins, I. Zegkinoglou, 

H. S. Jeon, K. Kisslinger, E. A. Stach, J. C. Yang, J. Rossmeisl and B. Roldan Cuenya, Angew. Chem. 

Int. Ed., 2017, 56, 11394-11398. 

140. S. Liu, H. Tao, L. Zeng, Q. Liu, Z. Xu, Q. Liu and J.-L. Luo, J. Am. Chem. Soc., 2017, 139, 2160-2163. 

141. Q. Yu, X. Meng, L. Shi, H. Liu and J. Ye, Chem. Commun. (Cambridge, U. K.), 2016, 52, 14105-14108. 

142. M. Ma, K. Liu, J. Shen, R. Kas and W. A. Smith, ACS Energy Letters, 2018, 3, 1301-1306. 

143. C. Zhu, S. Fu, Q. Shi, D. Du and Y. Lin, Angew. Chem. Int. Ed., 2017, 56, 13944-13960. 

144. C. Zhang, S. Yang, J. Wu, M. Liu, S. Yazdi, M. Ren, J. Sha, J. Zhong, K. Nie, A. S. Jalilov, Z. Li, H. 

Li, B. I. Yakobson, Q. Wu, E. Ringe, H. Xu, P. M. Ajayan and J. M. Tour, Adv. Energy Mater., 2018, 

8, 1703487. 

145. X. Wang, Z. Chen, X. Zhao, T. Yao, W. Chen, R. You, C. Zhao, G. Wu, J. Wang, W. Huang, J. Yang, 

X. Hong, S. Wei, Y. Wu and Y. Li, Angew. Chem. Int. Ed., 2018, 57, 1944-1948. 

146. C. Zhao, Y. Wang, Z. Li, W. Chen, Q. Xu, D. He, D. Xi, Q. Zhang, T. Yuan, Y. Qu, J. Yang, F. Zhou, 

Z. Yang, X. Wang, J. Wang, J. Luo, Y. Li, H. Duan, Y. Wu and Y. Li, Joule, 2019, 3, 584-594. 

147. C. Yan, H. Li, Y. Ye, H. Wu, F. Cai, R. Si, J. Xiao, S. Miao, S. Xie, F. Yang, Y. Li, G. Wang and X. 

Bao, Energy Environ. Sci., 2018, 11, 1204-1210. 

148. Y. Cheng, S. Zhao, B. Johannessen, J. P. Veder, M. Saunders, M. R. Rowles, M. Cheng, C. Liu, M. F. 

Chisholm, R. De Marco, H. M. Cheng, S. Z. Yang and S. P. Jiang, Adv. Mater., 2018, 30, e1706287. 

149. C. Zhao, X. Dai, T. Yao, W. Chen, X. Wang, J. Wang, J. Yang, S. Wei, Y. Wu and Y. Li, J. Am. Chem. 

Soc., 2017, 139, 8078-8081. 

150. F. Urbain, P. Tang, N. M. Carretero, T. Andreu, J. Arbiol and J. R. Morante, ACS Appl. Mater. 

Interfaces, 2018, 10, 43650-43660. 

151. Y. Yoon, A. S. Hall and Y. Surendranath, Angew. Chem. Int. Ed., 2016, 55, 15282-15286. 

152. S. Ma, R. Luo, J. I. Gold, A. Z. Yu, B. Kim and P. J. A. Kenis, J. Mater. Chem. A, 2016, 4, 8573-8578. 

153. M. Ma, B. J. TrzeŜniewski, J. Xie and W. A. Smith, Angew. Chem. Int. Ed., 2016, 55, 9748-9752. 

154. W. Zhu, L. Zhang, P. Yang, C. Hu, H. Dong, Z.-J. Zhao, R. Mu and J. Gong, ACS Energy Letters, 2018, 

3, 2144-2149. 

155. S. Zhu, Q. Wang, X. Qin, M. Gu, R. Tao, B. P. Lee, L. Zhang, Y. Yao, T. Li and M. Shao, Adv. Energy 

Mater., 2018, 0, 1802238. 

156. Y. Zhao, C. Wang, Y. Liu, D. R. MacFarlane and G. G. Wallace, Adv. Energy Mater., 2018, 8, 1801400. 

157. M. Cho, J. T. Song, S. Back, Y. Jung and J. Oh, ACS Catal., 2018, 8, 1178-1185. 

158. Z. Cao, S. B. Zacate, X. Sun, J. Liu, E. M. Hale, W. P. Carson, S. B. Tyndall, J. Xu, X. Liu, X. Liu, C. 

Song, J.-h. Luo, M.-J. Cheng, X. Wen and W. Liu, Angew. Chem. Int. Ed., 2018, 57, 12675-12679. 

159. K. Sun, T. Cheng, L. Wu, Y. Hu, J. Zhou, A. Maclennan, Z. Jiang, Y. Gao, W. A. Goddard and Z. Wang, 

J. Am. Chem. Soc., 2017, 139, 15608-15611. 

160. C. Rogers, W. S. Perkins, G. Veber, T. E. Williams, R. R. Cloke and F. R. Fischer, J. Am. Chem. Soc., 

2017, 139, 4052-4061. 

161. D. Kim, C. Xie, N. Becknell, Y. Yu, M. Karamad, K. Chan, E. J. Crumlin, J. K. Nørskov and P. Yang, 

J. Am. Chem. Soc., 2017, 139, 8329-8336. 



  Chapter 1 

59 
 

162. M. Liu, Y. Pang, B. Zhang, P. De Luna, O. Voznyy, J. Xu, X. Zheng, C. T. Dinh, F. Fan, C. Cao, F. P. 

G. de Arquer, T. S. Safaei, A. Mepham, A. Klinkova, E. Kumacheva, T. Filleter, D. Sinton, S. O. Kelley 

and E. H. Sargent, Nature, 2016, 537, 382ï386. 

163. D. H. Won, H. Shin, J. Koh, J. Chung, H. S. Lee, H. Kim and S. I. Woo, Angew. Chem. Int. Ed., 2016, 

55, 9297-9300. 

164. J. Rosen, G. S. Hutchings, Q. Lu, R. V. Forest, A. Moore and F. Jiao, ACS Catal., 2015, 5, 4586-4591. 

165. R. He, A. Zhang, Y. Ding, T. Kong, Q. Xiao, H. Li, Y. Liu and J. Zeng, Adv. Mater., 2018, 30, n/a-n/a. 

166. Y. Zhao, J. Liang, C. Wang, J. Ma and G. G. Wallace, Adv. Energy Mater., 2018, 8, 1702524. 

167. J. Gu, F. Héroguel, J. Luterbacher and X. Hu, Angew. Chem., 2018, 130, 2993-2997. 

168. Q. Li, J. Fu, W. Zhu, Z. Chen, B. Shen, L. Wu, Z. Xi, T. Wang, G. Lu, J. J. Zhu and S. Sun, J. Am. 

Chem. Soc., 2017, 139, 4290-4293. 

169. S. Sarfraz, A. T. Garcia-Esparza, A. Jedidi, L. Cavallo and K. Takanabe, ACS Catal., 2016, 6, 2842-

2851. 

170. D. Gao, H. Zhou, J. Wang, S. Miao, F. Yang, G. Wang, J. Wang and X. Bao, J. Am. Chem. Soc., 2015, 

137, 4288-4291. 

171. S. Rasul, D. H. Anjum, A. Jedidi, Y. Minenkov, L. Cavallo and K. Takanabe, Angewandte Chemie-

International Edition, 2015, 54, 2146-2150. 

172. J. Wu, M. Liu, P. P. Sharma, R. M. Yadav, L. Ma, Y. Yang, X. Zou, X.-D. Zhou, R. Vajtai, B. I. 

Yakobson, J. Lou and P. M. Ajayan, Nano Lett., 2016, 16, 466-470. 

173. K. J. P. Schouten, E. Pérez Gallent and M. T. M. Koper, J. Electroanal. Chem., 2014, 716, 53-57. 

174. R. Kortlever, J. Shen, K. J. P. Schouten, F. Calle-Vallejo and M. T. M. Koper, J. Phys. Chem. Lett., 

2015, 6, 4073-4082. 

175. A. A. Peterson, F. Abild-Pedersen, F. Studt, J. Rossmeisl and J. K. Norskov, Energy Environ. Sci., 2010, 

3, 1311-1315. 

176. X. Nie, M. R. Esopi, M. J. Janik and A. Asthagiri, Angew. Chem. Int. Ed., 2013, 52, 2459-2462. 

177. E. Andrews, M. Ren, F. Wang, Z. Zhang, P. Sprunger, R. Kurtz and J. Flake, J. Electrochem. Soc., 2013, 

160, H841-H846. 

178. T. Cheng, H. Xiao and W. A. Goddard, J. Phys. Chem. Lett., 2015, 6, 4767-4773. 

179. Z. W. Ulissi, M. T. Tang, J. Xiao, X. Liu, D. A. Torelli, M. Karamad, K. Cummins, C. Hahn, N. S. 

Lewis, T. F. Jaramillo, K. Chan and J. K. Nørskov, ACS Catal., 2017, 7, 6600-6608. 

180. X. Nie, W. Luo, M. J. Janik and A. Asthagiri, J. Catal., 2014, 312, 108-122. 

181. F. S. Roberts, K. P. Kuhl and A. Nilsson, Angew. Chem., 2015, 127, 5268-5271. 

182. D. Ren, Y. Deng, A. D. Handoko, C. S. Chen, S. Malkhandi and B. S. Yeo, ACS Catal., 2015, 5, 2814-

2821. 

183. S. Lee, D. Kim and J. Lee, Angew. Chem. Int. Ed., 2015, 54, 14701-14705. 

184. X. Guo, Y. Zhang, C. Deng, X. Li, Y. Xue, Y.-M. Yan and K. Sun, Chem. Commun. (Cambridge, U. 

K.), 2015, 51, 1345-1348. 

185. A. Dutta, C. E. Morstein, M. Rahaman, A. Cedeño López and P. Broekmann, ACS Catal., 2018, 8, 

8357-8368. 

186. W. Zhang, Q. Qin, L. Dai, R. Qin, X. Zhao, X. Chen, D. Ou, J. Chen, T. T. Chuong, B. Wu and N. 

Zheng, Angew Chem Int Ed Engl, 2018, 57, 9475-9479. 

187. D. Yang, Q. Zhu, C. Chen, H. Liu, Z. Liu, Z. Zhao, X. Zhang, S. Liu and B. Han, Nat. Commun., 2019, 

10, 677. 

188. X. Sun, Q. Zhu, X. Kang, H. Liu, Q. Qian, Z. Zhang and B. Han, Angew. Chem. Int. Ed., 2016, 55, 

6771-6775. 

189. J. H. Montoya, C. Shi, K. Chan and J. K. Nørskov, J. Phys. Chem. Lett., 2015, 6, 2032-2037. 

190. H. Li, Y. Li, M. T. M. Koper and F. Calle-Vallejo, J. Am. Chem. Soc., 2014, 136, 15694-15701. 



  Chapter 1 

60 
 

191. E. Bertheussen, A. Verdaguer-Casadevall, D. Ravasio, J. H. Montoya, D. B. Trimarco, C. Roy, S. Meier, 

J. Wendland, J. K. Nørskov, I. E. L. Stephens and I. Chorkendorff, Angew. Chem. Int. Ed., 2016, 55, 

1450-1454. 

192. X. Liu, J. Xiao, H. Peng, X. Hong, K. Chan and J. K. Nørskov, Nat. Commun., 2017, 8, 15438. 

193. X. Liu, P. Schlexer, J. Xiao, Y. Ji, L. Wang, R. B. Sandberg, M. Tang, K. S. Brown, H. Peng, S. Ringe, 

C. Hahn, T. F. Jaramillo, J. K. Nørskov and K. Chan, Nat. Commun., 2019, 10, 32. 

194. F. Calle-Vallejo and M. T. M. Koper, Angew. Chem. Int. Ed., 2013, 52, 7282-7285. 

195. T. Cheng, H. Xiao and W. A. Goddard, Proc. Natl. Acad. Sci., 2017, 114, 1795-1800. 

196. T.-T. Zhuang, Z.-Q. Liang, A. Seifitokaldani, Y. Li, P. De Luna, T. Burdyny, F. Che, F. Meng, Y. Min, 

R. Quintero-Bermudez, C. T. Dinh, Y. Pang, M. Zhong, B. Zhang, J. Li, P.-N. Chen, X.-L. Zheng, H. 

Liang, W.-N. Ge, B.-J. Ye, D. Sinton, S.-H. Yu and E. H. Sargent, Nat. Catal., 2018, 1, 421-428. 

197. H. Jung, S. Y. Lee, C. W. Lee, M. K. Cho, D. H. Won, C. Kim, H. S. Oh, B. K. Min and Y. J. Hwang, 

J. Am. Chem. Soc., 2019, 141, 4624-4633. 

198. J. Huang, M. Mensi, E. Oveisi, V. Mantella and R. Buonsanti, J. Am. Chem. Soc., 2019, 141, 2490-

2499. 

199. C. G. Morales-Guio, E. R. Cave, S. A. Nitopi, J. T. Feaster, L. Wang, K. P. Kuhl, A. Jackson, N. C. 

Johnson, D. N. Abram, T. Hatsukade, C. Hahn and T. F. Jaramillo, Nat. Catal., 2018, 1, 764-771. 

200. J.-J. Lv, M. Jouny, W. Luc, W. Zhu, J.-J. Zhu and F. Jiao, Adv. Mater., 2018, 0, 1803111. 

201. S. Y. Lee, H. Jung, N.-K. Kim, H.-S. Oh, B. K. Min and Y. J. Hwang, J. Am. Chem. Soc., 2018, 140, 

8681-8689. 

202. P. De Luna, R. Quintero-Bermudez, C.-T. Dinh, M. B. Ross, O. S. Bushuyev, P. Todoroviĺ, T. Regier, 

S. O. Kelley, P. Yang and E. H. Sargent, Nat. Catal., 2018, 1, 103-110. 

203. S. Ma, M. Sadakiyo, M. Heima, R. Luo, R. T. Haasch, J. I. Gold, M. Yamauchi and P. J. A. Kenis, J. 

Am. Chem. Soc., 2017, 139, 47-50. 

204. Y. Song, W. Chen, C. Zhao, S. Li, W. Wei and Y. Sun, Angew. Chem. Int. Ed., 2017, 56, 10840-10844. 

205. Y. Liu, Y. Zhang, K. Cheng, X. Quan, X. Fan, Y. Su, S. Chen, H. Zhao, Y. Zhang, H. Yu and M. R. 

Hoffmann, Angew. Chem. Int. Ed., 2017, 56, 15607-15611. 

206. S. Scott, T. V. Hogg, A. T. Landers, T. Maagaard, E. Bertheussen, J. C. Lin, R. C. Davis, J. W. Beeman, 

D. C. Higgins, W. S. Drisdell, C. Hahn, A. Mehta, B. Seger, T. F. Jaramillo and I. Chorkendorff, ACS 

Energy Letters, 2019, DOI: 10.1021/acsenergylett.9b00172. 

207. Y. Song, R. Peng, D. K. Hensley, P. V. Bonnesen, L. Liang, Z. Wu, H. M. Meyer, M. Chi, C. Ma, B. 

G. Sumpter and A. J. Rondinone, ChemistrySelect, 2016, 1, 6055-6061. 

208. T. T. H. Hoang, S. Ma, J. I. Gold, P. J. A. Kenis and A. A. Gewirth, ACS Catal., 2017, 7, 3313-3321. 

209. C. W. Li, J. Ciston and M. W. Kanan, Nature, 2014, 508, 504. 

210. D. Ren, B. S.-H. Ang and B. S. Yeo, ACS Catal., 2016, 6, 8239-8247. 

211. E. L. Clark, C. Hahn, T. F. Jaramillo and A. T. Bell, J. Am. Chem. Soc., 2017, 139, 15848-15857. 

212. R. Francke, B. Schille and M. Roemelt, Chem. Rev., 2018, 118, 4631-4701. 

213. B. A. Rosen, A. Salehi-Khojin, M. R. Thorson, W. Zhu, D. T. Whipple, P. J. A. Kenis and R. I. Masel, 

Science, 2011, 334, 643-644. 

214. G. P. S. Lau, M. Schreier, D. Vasilyev, R. Scopelliti, M. Grätzel and P. J. Dyson, J. Am. Chem. Soc., 

2016, 138, 7820-7823. 

215. A. Atifi, D. W. Boyce, J. L. DiMeglio and J. Rosenthal, ACS Catal., 2018, 8, 2857-2863. 

216. T. N. Huan, P. Simon, G. Rousse, I. Génois, V. Artero and M. Fontecave, Chemical Science, 2017, 8, 

742-747. 

217. A. Aljabour, D. H. Apaydin, H. Coskun, F. Ozel, M. Ersoz, P. Stadler, N. S. Sariciftci and M. Kus, ACS 

Appl. Mater. Interfaces, 2016, 8, 31695-31701. 

218. H. Wu, J. Song, C. Xie, Y. Hu and B. Han, Green Chem., 2018, 20, 1765-1769. 



  Chapter 1 

61 
 

219. Q. Zhu, J. Ma, X. Kang, X. Sun, H. Liu, J. Hu, Z. Liu and B. Han, Angew. Chem. Int. Ed., 2016, 55, 

9012-9016. 

220. E. A. Mohamed, Z. N. Zahran and Y. Naruta, Chem. Mater., 2017, 29, 7140-7150. 

221. A. Aljabour, H. Coskun, D. H. Apaydin, F. Ozel, A. W. Hassel, P. Stadler, N. S. Sariciftci and M. Kus, 

Appl. Catal., B, 2018, 229, 163-170. 

222. S.-X. Guo, F. Li, L. Chen, D. R. MacFarlane and J. Zhang, ACS Appl. Mater. Interfaces, 2018, 10, 

12690-12697. 

223. I. Shoichiro, T. Takehiko and I. Kaname, Bull. Chem. Soc. Jpn., 1987, 60, 2517-2522. 

 



  Chapter 2 

62 
 

 

 

 

 

 

CHAPTER 2. ULTRA-SMALL CU NANOPARTICLES EMBEDDED IN N-DOPED 

CARBON ARRAYS FOR ELECTROCATALYTIC CO2 REDUCTION REACTION IN 

DIMETHYLFORMAMIDE 
 
  



  Chapter 2 

63 
 



  Chapter 2 

64 
 



  Chapter 2 

65 
 



  Chapter 2 

66 
 



  Chapter 2 

67 
 



  Chapter 2 

68 
 



  Chapter 2 

69 
 



  Chapter 2 

70 
 


