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Abstract

The electrochemical CO2 reduction reaction (CRR) presents a promising route to convert 

CO2 into valuable chemicals and fuels from renewable energy sources. However, this 

process is complex in nature with multiple reaction pathways and numerous possible 

intermediates. Due to various C1-C3 products being produced during CO2 electroreduction, 

directing selectivity to a target product remains a challenging task. Heteroatom doping in 

catalytic materials provides an achievable method to modify reaction energetics and control

selectivity distributions for the CRR. Despite the research efforts in selective CO2 reduction, 

greater understanding is needed regarding the catalytic mechanisms and key reaction 

intermediates at the atomic level. Therefore, this Thesis aims to develop some heteroatom 

doped catalytic materials for directing the CRR selectivity to certain products by using 

density functional theory (DFT) calculations.

In this Thesis, the recent research progress of CRR pathway selection is firstly summarized 

by identifying the important role of key intermediates in directing selectivity to target 

products (Chapter 2). This section points out that the development of selective CRR 

electrocatalysts relies on optimizing reaction energetics of critical elementary steps in the 

preferred pathway to a specific product.

The first aspect of this Thesis focuses on graphitic carbon nitride/doped graphene with and 

without heteroatom doping in graphene substrate (C3N4/XG) for CO2 reduction by using 

computational methods (Chapter 3). It is demonstrated that a higher catalytic activity 

originates from increased interfacial electron transfer among different doping cases. A low 

overpotential is estimated from a volcano-type CRR activity trend for the selective 

production of methane on C3N4/XG, indicating the applicability of heteroatom doping to 

achieve improved CRR activity and selectivity.

The second aspect of this Thesis is about copper-based catalytic materials for 

electrochemical CO2 reduction (Chapters 4 - 6). Copper has shown its unique ability to 

generate energy dense products during CRR. However, the moderate adsorption strength 

of key reaction intermediates on Cu lead to its poor CRR selectivity. Therefore, engineering 

Cu-based catalysts with optimized reaction energetics is important to address the selectivity 
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issue. In the first part (Chapters 4 and 5), Cu-based alloys (M@Cu) are modelled to explore 

their CRR selectivity trends by using DFT calculations. The heteroatom doping of 

secondary metals in Cu substrate provides a feasible strategy to tailor multiple active sites 

and mediate adsorption energies. The different hydrogen and oxygen affinities of the 

secondary metals in the M@Cu catalysts are found to be effective descriptors in 

determining CRR selectivity. Furthermore, the reaction kinetics of C-C coupling steps are 

evaluated on some Cu alloy surfaces by using the Nudged Elastic Band (NEB) method. We

discovered that the OC-COH coupling is kinetically more favorable than the OC-CHO 

coupling to direct CRR selectivity toward multi-carbon products. The linear energy

relations for C-C coupling and its reverse dissociation reactions on Cu-based alloy catalysts 

provides a route to estimate kinetic barriers from reaction energies. In the second part

(Chapter 6), heteroatom doping of non-metal elements on Cu surfaces (Cu-X) is applied to 

modulate C2 products (including ethylene, ethane and ethanol) selectivity during CRR. The 

thermodynamically derived selectivity amongst competing reaction pathways is 

demonstrated through the evaluation of adsorption energetics of key post-C2-coupling

intermediates on Cu-X model catalysts. The oxygen affinities of the dopant atom site and 

the Cu site on Cu-X catalysts can serve as useful descriptors for C2 product selectivity. The 

electron transfer through Bader charge analyses and electronegativity analyses of non-

metal dopant atoms are identified as the underlying electronic properties that impact 

selectivity through oxygen affinity. From these computational studies, we demonstrated 

heteroatom doping to electrocatalysts can affect reaction energetics and direct the CRR 

selectivity to a target product.
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Chapter 1: Introduction

1.1 Background 
The excessive emission of CO2 from the burning of fossil fuels leads to severe 

environmental impacts, such as global climate change and ocean acidification.1-3 In 

addition, the current dependence of chemical industries on fossil fuels is not conducive to 

the sustainable development, which therefore induces the requirement to exploit renewable 

energy sources.4, 5 The electrochemical CO2 reduction reaction (CRR) using renewable 

electricity enables clean energy storage in chemical bonds by converting CO2 into valuable 

chemicals and fuels.6-9 However, the complexity of reaction network in the CRR process 

leads to selectivity issues.10-13 Given this, development of efficient electrocatalysts is 

required to direct the CRR selectivity to a target product amongst competing reaction 

pathways. Moreover, an atomic-level understanding of reaction mechanism is necessary to 

elucidate CRR pathway selection. Nowadays, computational modelling has emerged as a

powerful technique to identify possible reaction intermediates and their interaction with 

catalyst surfaces at the atomic level.14 Therefore, fundamental understanding of CRR 

reaction mechanism in relation to the control of product distribution through using 

computational methods provides significant insights for addressing the selectivity issues.

1.2 Research objectives
The main goal of this Thesis is to use heteroatom doping as an engineering strategy for 

developing efficient electrocatalysts for the CRR and to explore the inherent effects of 

doping elements on the selectivity distribution of this process. Using computational 

modelling, detailed reaction energetics and electronic properties are evaluated to illustrate 

the mechanistic aspects of competing reaction pathways for the CRR. The specific 

objectives of this Thesis are:

To establish a roadmap to estimate the CRR selectivity trends by identifying the 

role of key intermediates in the preferred reaction pathways.

To model a range of heteroatom-doped catalysts to evaluate their reaction activity 

and selectivity for certain products during the CO2 reduction.
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To identify key reaction intermediates in the favorable pathways toward target 

products based on adsorption thermochemistry.

To utilize Nudged Elastic Band method to calculate the activation barriers of C-

C coupling steps and determine associated kinetic preference.

To study descriptor-based approach to predict the selectivity of copper-based 

catalysts through doping secondary metal elements or non-metal elements.

To explore the inherent properties of heteroatom-doped catalysts to determine the 

CRR selectivity.

1.3 Thesis outline
This Thesis presents the outcomes of my PhD research and is presented in the form of 

journal publications. The Chapters in this Thesis are presented in the following sequence:

Chapter 1 introduces the significance of developing efficient catalysts for 

electrochemical CO2 reduction. In addition, it outlines mechanistic understanding 

of CRR reaction pathways in relation to selectivity distribution.

Chapter 2 reviews the recent research development of CRR reaction mechanisms 

in both computational and experimental studies. The identification of key reaction 

intermediates and underlying CRR mechanisms provides a framework for 

controlling selectivity toward target products.

Chapter 3 studies graphitic carbon nitride/doped graphene hybrid structures as 

electrocatalysts for CRR with improved catalytic performance originating from 

electron transfer modulation.

Chapter 4 reports the CRR selectivity roadmap on copper-based alloy catalysts 

and introduces the hydrogen and oxygen affinity of the secondary metals as 

effective descriptors in determining CRR selectivity.

Chapter 5 employs copper-based bimetallic materials as model catalysts to 

investigate the reaction kinetics of C-C coupling steps and the linear energy

relations.

Chapter 6 develops a range of non-metal doped copper surfaces in directing CRR 

selectivity to targe C2 products based on oxygen affinities of different active sites.
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Chapter 7 presents the conclusions and perspectives for future work on the study

of efficient electrocatalysts for CO2 reduction reaction.
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Chapter 2: Literature Review

2.1 Introduction
This Chapter presents a review of recent research progress for CRR pathway selectivity in 

relation to reaction intermediates that bind to the catalysts via oxygen atom(s). These 

oxygen-bound intermediates play a key role in elucidating mechanistic aspects of

competing reaction pathways and determining selectivity distribution. This Chapter 

provides an in-depth understanding of critical elementary steps in directing selectivity 

toward desired products, from both computational and experimental studies. Here, we

highlight the favorable CRR pathways to specific products controlled by oxygen-bound

species, with consideration of theoretical computations, electrochemical observations and 

operando spectroscopy observations. A comprehensive understanding of CRR reaction

mechanisms regarding the oxygen-bound intermediates provides a roadmap for governing 

product distribution and enhancing selectivity.

2.2 Role of oxygen-bound reaction intermediates in selective 

electrochemical CO2 reduction
This chapter is included as it appears as a journal paper in preparation for publication by 

Xing Zhi, Anthony Vasileff, Yao Zheng, Yan Jiao, Shi-Zhang Qiao, Role of oxygen-bound

reaction intermediates in selective electrochemical CO2 reduction, 2021, submitted for 

publication.
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Abstract: The electrochemical CO2 reduction reaction (CRR) is intrinsically complex given

the multiple possible reaction pathways and end products. Consequently, selectivity is a 

persistent challenge for the design and operation of CRR electrocatalysts. A detailed 

understanding of key elementary steps and surface-bound species involved in the C1-C3

pathways is important for directing the reaction to a target product. However, there has been 

limited success in fully explaining the selectivity of CO2 reduction, such as the competing 

production of oxygen-free hydrocarbons and oxygen-containing alcohols. Recently, oxygen-

bound intermediates have been identified as essential species to help explain the full reaction 

roadmap for CO2 reduction. This Review explores the important role of oxygen-bound

intermediates in affecting CRR selectivity to the many reduction products, ranging from two-

electron products to higher reduced products. These oxygen-bound intermediates have a big 

influence on addressing mechanistic aspects of competing reaction pathways, based on 

extensive analysis of adsorption behaviour, reaction thermodynamics and reaction kinetics.

Considering available theoretical calculations, electrochemical measurements and operando 

spectroscopy observations, we highlight the preferred reaction pathways to certain products 
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when regulated by oxygen-bound species. The geometries of these oxygen-bound 

intermediates and their binding on a catalyst surface dictate the breakage or preservation of C-

O bonds, which has a significant effect on directing selectivity toward a final product. Based 

on this mechanistic evaluation, we summarize practical techniques for probing the evolution 

of intermediates and propose possible strategies for promoting the selectivity of electrocatalysts.

Keywords: selectivity, electrocatalysis, CO2 reduction reaction (CRR), density functional 

theory (DFT), in situ/operando spectroscopy

Broader context: The global consumption of fossil fuels has massive environmental 

ramifications and is unsustainable in the long term. The electrochemical CO2 reduction reaction 

(CRR) provides a promising route to resource sustainability because it can convert CO2 into 

valuable chemicals and fuels and enable a closed carbon cycle when powered by renewable 

electricity. However, this process is complex in nature due to the existence of multiple possible 

reaction pathways, leading to a multitude of different C1-C3 products. While some key 

intermediates, mainly carbon-bound species, have been studied to identify favorable reaction 

pathways, the ability to tune CRR selectivity is still far from satisfactory. Recently, the 

involvement of oxygen-bound intermediates in the CRR mechanism was found to be more 

significant than previously thought and has hence gained considerable attention. This

perspective highlights the important role of oxygen-bound reaction intermediates in directing 

CRR selectivity by considering the current theoretical calculations, electrochemical 

measurements and operando spectroscopy observations. Mechanistic aspects of competing 

reaction steps involving oxygen-bound species are discussed in detail to advance the 

understanding of selective CO2 electrocatalysis.
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1. Introduction

The electrochemical conversion of CO2 to valuable chemicals and fuels via the CO2 reduction 

reaction (CRR) enables clean energy storage in chemical bonds when used in conjunction with 

renewable electricity.1-4 However, CO2 reduction involves a complex reaction network with

numerous possible intermediates and pathways to different products. This is accompanied by 

an increasing number of proton/electron transfer steps and C-C bond formation processes as 

the complexity of the products increases.5-7 Therefore, control of selectivity and product 

distribution is a persistent challenge surrounding this reaction. Therefore, it is important to 

identify favorable reaction pathways and the key intermediates in order to target a specific 

product. Early experimental studies found that electrochemical conversion of CO2 and CO feed

stocks produces a common product distribution, indicating that the CRR shares a similar 

reaction mechanism with CO reduction.8-12 Given this, the CO species is a key reaction 

intermediate in the CRR. This is also evidenced by spectroscopic observations and theoretical 

analysis.13-18 The combination of operando spectroscopy and computational techniques 

provides an effective method for identifying the adsorption behaviour of key surface-bound 

intermediates and for determining selectivity during CO2 reduction. Although substantial 

research effort has been devoted to developing a CRR roadmap, mechanistic details of the 

preferred pathways to desired products, especially to C2(+) hydrocarbons and oxygenates, are 

still far from settled.

In the past, extensive theoretical calculations based on density functional theory (DFT) have 

been conducted, and these studies enabled atomic-level understandings of the thermodynamic 

and kinetic reaction energetics.19-25 In these studies, the reaction mechanism and pathway 

selectivity were obtained by analysing multiple reaction steps. From a theoretical standpoint,

feasible pathways toward desired products are proposed by identifying surface-bound species

with favorable reaction energetics. Related to the binding energies of these various
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intermediates, the development of descriptors based on the intrinsic catalyst properties has 

contributed significantly to our understanding of product distribution.26-31 The binding energies 

of some carbon-bound intermediates, such as *CO, have been proposed as effective descriptors 

to rationalize the preferred formation of certain products.32-34 However, carbon-bound 

intermediates might not be the only intermediates that can steer CRR selectivity. In recent years, 

oxygen-bound intermediates have shown a significant impact on CRR selectivity. For example, 

Feaster et al. indicated that the binding energy of the oxygen-bound *OCHO intermediate is 

affected by the oxygen affinity of metal surfaces.35 Our group highlighted that the hydrogen 

and oxygen affinity of the secondary metals in Cu-based alloys can serve as descriptors for 

CRR selectivity.30 Therefore, understanding the importance of oxygen-bound reaction 

intermediates in directing CRR selectivity is a significant endeavour in this research field.

Apart from theoretical investigations, spectroscopic analysis of the reaction interface has 

become increasingly important in the study of CRR pathways, evidenced by the increasing 

number of reports using these tools.36 The most common techniques used to study the reaction 

intermediates are surface enhanced infrared absorption spectroscopy (SEIRAS),15, 18, 37, 38

generally using attenuated total reflection (ATR) accessories, and surface enhanced Raman 

spectroscopy (SERS).39-42 These techniques have shown great utility due to the surface 

enhancement effects afforded by nanostructured surfaces which can amplify the signals of 

mono and sub-monolayer adsorbates to detectable levels.43 Because of this enhancement, 

meaningful data regarding the nature of the reaction intermediates can be obtained in situ. This 

is particularly important for the CRR where the reaction mechanism is complicated due to the 

existence of multiple possible reaction intermediates, including oxygen-bound species.36, 44

Other spectroscopy techniques like X-ray absorption spectroscopies (XAS) are also proving 

useful for the operando determination of catalyst structural evolution,45 but have also been used 

to detect coordination of intermediates.46
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The combination of experimental and computational approaches provides a promising way 

to refine our mechanistic understanding of product selectivity during CO2 electrocatalysis.

Among competing reaction pathways, oxygen-bound intermediates have been identified as 

essential species for explaining these selectivity phenomena, yet their role has not been 

comprehensively evaluated in the literature. In this Review, we aim to present a crucial 

assessment of pathway selection for CO2 reduction to specific products and underline the 

effects of oxygen-bound intermediates on directing CRR selectivity. We first provide the 

fundamentals of CRR reaction mechanisms that control the product distribution. Then, we 

discuss in detail the reaction pathways to a variety of products and highlight key elementary 

steps involving oxygen-bound species at a full range of reaction stages. The identification of

these key oxygen-containing intermediates are comprehensively reviewed from a range of 

examples covering computational modelling, electrochemical measurements and operando 

spectroscopy. Balance of the C-O bond breakage/preservation in oxygen-bound species 

contributes significantly to achieving high selectivity towards a target product. We also propose 

some possible strategies that can be used to optimize the energetics of oxygen-containing 

species on the surface of the electrocatalyst to improve its selectivity.

2. Fundamental Mechanisms of the CRR

2.1 Complex Reaction Network

The electrochemical CO2 reduction reaction occurs through multiple proton and electron 

transfer steps involving many possible intermediates. Various pathways to C1-C3 products from 

the electroreduction of CO2 or CO reactant feeds have been proposed by identifying 

intermediates in key reaction steps. Advances in operando spectroscopy and computational 

techniques provide significant scope for exploring the evolution of surface-bound species and 

for rationalizing a pathway to the desired product. As shown in Figure 1, reaction pathways of 
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CO2 reduction to C1-C3 products are summarized schematically, with oxygen-bound

intermediates highlighted.

Figure 1. Reaction pathways of CO2 reduction to various C1-C3 products involving 
oxygen-bound intermediates. The O atoms binding to the catalysts are highlighted in red. The 
dashed arrow indicates consecutive proton/electron transfer steps toward different C2 products.

The reaction pathways for the formation of C1 products are well-established in the literature.

The conversion of CO2 to CO or formate proceeds through an initial selectivity-determining 

step with distinct adsorption behaviour of the first hydrogenated reaction intermediate (i.e. 

*COOH or *OCHO).35 While the formate pathway is considered a dead-end, *CO is generally 

accepted as a key intermediate for further electroreduction to higher reduced products.5 For the 

reduction of CO2 to methane or methanol, it was suggested that the hydrogenation of *CO to 

*CHO or *COH is a key reaction step in determining the reaction activity and selectivity.21, 32, 

47 Additionally, the hydrogenation of the oxygen-containing CH3O* intermediate at the late 
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stage of the C1 pathways is considered a selectivity-determining step for the production of 

methane and methanol.48

In the C2 pathway, *CO is a key intermediate for C-C coupling, whereby the formation of

the *CO dimer, *COCOH, or *COCHO occurs. *CO dimerization is the most widely accepted 

rate-determining step to C2 products.5 This has been evidenced by theoretical calculations and 

in situ spectroscopic observations.20, 49, 50 After the initial C-C coupling step, further reduction 

proceeds through branching pathways to a range of multi-carbon products. At the late stages 

of the C2 pathway, oxygen-bound intermediates show marked effects in directing selectivity to 

different C2 products, such as ethylene, ethanol, ethane, etc. For example, it was found that 

CH2CHO* can serve as a key intermediate in determining the selectivity to ethylene or 

ethanol.7, 27, 51 Acetaldehyde (CH3CHO) has been proposed as an important precursor to the 

production of ethanol and n-propanol,52, 53 while recently, an ethane pathway via the oxygen-

bound ethoxy (CH3CH2O*) intermediate was supported by in situ spectroscopy studies.46 It 

should be noted that the *CO insertion mechanism has also been suggested to explain the 

formation of certain C2 and C3 products.9, 54-56 Being a complex reaction network, the

engineering of multiple active sites has also provided interesting mechanistic insights, such as 

the tandem catalysis mechanism, into the C2+ pathway reaction chemistry.57-59

2.2 Activity Descriptors

In many electrocatalytic reactions, theoretical descriptors have been used extensively to 

indicate reaction activity. For example, the volcano-type plot based on the Sabatier principle 

provides guidance for the rational design of more efficient catalysts for the hydrogen evolution 

reaction (HER), oxygen evolution reaction (OER) and oxygen reduction reaction (ORR).60-64

The greater complexity of CO2 reduction requires a number of descriptors to explain catalytic 

activity and selectivity and to define the product distribution. The findings of a combined 

experimental and theoretical investigation indicated that the binding energies of *OCHO can 
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Figure 2. Theoretical Descriptors for CRR Selectivity and Activity. (A) Binding energy of 
*OCHO as a descriptor for formate partial current density. Reproduced with permission from 
ref. 35 Copyright 2017, American Chemical Society. (B) Oxygen binding energy as an activity 
descriptor for selectivity to methane/methanol. Reproduced with permission from ref. 48

Copyright 2015, Royal Society of Chemistry. (C) Hydrogen and oxygen affinities of the 
secondary metal in Cu-based bimetallic electrocatalysts as descriptors for CRR product 
grouping. Reproduced with permission from ref. 30 Copyright 2020, Elsevier. (D) The 
experimental product classification of H2, CO, and HCOOH using binding energy of H* as a 
descriptor. (E) The binding energies of CO* and H* as descriptors for categorizing metal 
catalysts in to three distinct groups. (F) The binding energies of CH2OH* and CH3O* as 
descriptors for the production of methanol or methane from carbon-oxygen compounds. (D) to 
(F) are reproduced with permission from ref. 26 Copyright 2017, Wiley-VCH. (G-H) Two-
dimensional volcano plots using *C2O2 and *OH binding energies as descriptors for ethylene 
(G) and ethanol (H) production. Reproduced with permission from ref. 27 Copyright 2018, 
American Chemical Society. (I) Two-dimensional map of the rate of CO reduction based on 
H-CO transition state energy and CO binding energy. Reproduced with permission from ref. 34

Copyright 2017, Nature Publishing Group.
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be assigned to the selectivity toward formate (Figure 2A).35 Another computational study 

demonstrated that the oxygen binding strength may be a useful descriptor for predicting the 

selective production of methane and methanol from a methoxy (CH3O*) intermediate (Figure 

2B).48 As proposed by our group, the hydrogen and oxygen affinities of the secondary metal in 

Cu-based bimetallic electrocatalysts plays an important role in determining the CRR 

selectivity.28 Using DFT calculations, we found that the hydrogen and oxygen affinity of the 

secondary metal in Cu-based alloy catalysts can be used as descriptors to categorize the product 

grouping for the CRR, as shown in Figure 2C.30

On the basis of scaling relations, sets of descriptors have been developed to predict activity 

trends in limiting potentials and to derive selectivity distribution for different products. Activity 

volcano plots were built to dictate the overpotential requirement for methane production using 

*CO and *OH binding energies as descriptors.32 In another study, binding energies of *CO and 

*OH on pure metal surfaces were used to describe the selectivity for CO2 conversion to CO 

and formate.31 As shown in Figure 2D-F, DFT calculations by Bagger et al. showed that 

binding energies of *H, *COOH, *CO, and CH3O* intermediates can be used to describe 

product classification for the CRR.26 Specifically, the oxygen-bound CH3O* intermediate was 

used for methanol formation (Figure 2F). Elsewhere, the binding energies of *C2O2 and *OH 

were identified as descriptors for the production of ethylene and ethanol (Figure 2G and H).27

In addition to thermodynamic models, Liu et al. reported scaling relations involving transition 

state energies in a kinetic model.34 They found that the *CO adsorption energy and transition 

state energy for CO hydrogenation limited the CO2 reduction activity (Figure 2I). In brief, these 

descriptive models help to understand the underlying reaction mechanism for certain products 

and facilitate the screening of CRR catalysts.
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3. Directing Selectivity through Oxygen-Bound Intermediates

3.1 Mechanisms toward Two-Electron Products

3.1.1 Pathways and Intermediates for Two Electron Products

The reduction of CO2 on an electrocatalyst is a complex process given the multitude of possible 

pathways and intermediates involved. Coupled with the inherent sensitivity between the 

catalyst surface and activity/selectivity, the nature of the initial reaction intermediates has been 

the subject of much contention.65 As such, there has been significant research into the formation 

and coordination of these intermediates. One aspect which remains relatively certain is the 

existence of two distinct pathways: one to CO and one to formate. This claim is fairly well 

backed up by experiments and computations which show that formate cannot be reduced 

further and is regarded as a dead-end pathway.11, 19 In contrast, CO is known as a key 

intermediate in the pathway to more reduced products. It is believed that the reaction activity 

and selectivity for two electron products depend on the adsorption geometries of the initial

intermediates. The conversion of CO2 to CO proceeds mainly through a C-bound *COOH

intermediate. Experimental and computational works provide mechanistic insights into the 

formate pathway and evidence suggests it is an oxygen-bound intermediate that is responsible 

for the production of formate.35, 66 Therefore, it is important to study how these initial reaction 

intermediates are formed on a catalyst and the binding preference for oxygen-containing groups.

3.1.2 Role of Oxygen-Bound Intermediates for Two Electron Products

To tune the CO2 reduction selectivity for two electron products, it is critical to control the 

adsorption behaviour of the oxygen-containing intermediates in competing reaction pathways. 

As discussed above, the early oxygen-bound intermediate plays a significant role in 

determining the selectivity towards formate. Theoretical studies have shown that formate

selectivity via the HCOO* intermediate was more viable (Figure 3A).67 In this study, a strong 

linear scaling relation was found between the free energies of *COOH and *H, while little 
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Figure 3. Role of oxygen-bound intermediates in directing CRR selectivity to two electron 
products based on computational techniques. (A) Theoretical limiting potentials for CO2

electroreduction to HCOOH and the HER. Reproduced with permission from ref. 67 Copyright 
2016, Wiley-VCH. (B) Calculated reaction energy profiles for CO2 electroreduction to CO and 
HCOOH on the PdSnO2 surface. Reproduced with permission from ref. 68 Copyright 2017, 
Wiley-VCH. (C) Optimized adsorption configurations for reaction intermediates at the in situ
reconstructed Sn/SnOx interface. (D) Calculated Gibbs free energy diagrams for CO2 reduction 
to CO and HCOOH. (C) and (D) are reproduced with permission from ref. 70 Copyright 2020, 
Wiley-VCH. (E) Optimized geometric structure of OCHO* adsorbate on Bi (001) plane. (F) 
Free energy diagrams for HCOOH, CO, and H2 formation on Bi (001) plane. (E) and (F) are 
reproduced with permission from ref. 80 Copyright 2018, Nature Publishing Group.
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correlation between the free energies of *OCHO and *H existed. As a result, it was unlikely 

that CO2 reduction to formate occurred through the *COOH intermediate, as the HER would 

be a strongly competing side reaction. Additionally, a separate study about CO2 reduction on 

various metal electrodes suggested that the oxygen-bound *OCHO intermediate was the key 

intermediate for selective CO2 reduction to formate, while *COOH was the key intermediate 

for CO2 conversion to CO.35 An optimal *OCHO binding strength on Sn leads to its high 

selectivity toward formate. DFT computations on Cu-based alloy catalysts (M@Cu) indicated

that different metal hydrogen (M-H) and metal oxygen (M-O) affinities had a marked effect on 

adsorption configurations of the initial intermediates.30 The formation of formic acid 

(HCOOH) via *OCHO was facilitated on M@Cu alloys with weak M-O affinity, while the 

*COOH pathway to HCOOH was favoured on M@Cu catalysts with weak M-H affinity. Bai 

et al. reported high Faradaic efficiency for HCOOH production on a Pd-Sn alloy 

electrocatalyst.68 DFT calculations suggested that the formation of HCOO* intermediate and 

the generation of HCOOH were facilitated by the optimal surface Pd-Sn-O configuration, 

where both CO formation and hydrogen evolution were suppressed (Figure 3B).

Many other studies also report that optimizing adsorption energetics for the initial oxygen-

bound intermediate can facilitate the conversion of CO2 to formate in various catalyst systems 

including materials based on copper 69 tin,70-72 palladium,73, 74 and bismuth.75-80 For example, 

Ye et al. demonstrated that a SnOx shell covering a Sn2.7Cu catalyst exhibited high C1 (formate 

and CO) Faradaic efficiency. DFT calculations indicated that the Sn/SnOx interface promoted 

the production of HCOOH by optimizing the adsorption energy of HCOO* (Figure 3C and 

D).70 In another study, ultrathin bismuth nanosheets (BiNS) showed high selectivity and 

activity for electrochemical CO2 reduction to formate. This was further rationalized by DFT 

calculations, which indicated that the *OCHO intermediate was better stabilized on the Bi (001) 

surface compared to *COOH or *H (Figure 3E and F).80
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Figure 4. Role of oxygen-bound intermediates in directing CRR selectivity to two electron 
products based on experimental techniques. (A) In situ Raman spectroscopy study on the 
carboxyl/formate intermediate vibrational range for Cu, Cu12Sn and Cu5Sn6 samples at -0.4 V 
vs RHE (left) and at -0.5 V vs RHE. (B) Potential-dependent Raman spectra in CO2-saturated 
0.1 M KHCO3 electrolyte for Cu5Sn6 (left) and Cu12Sn (right). (C) Proposed CRR pathway to 
CO and formate in the Cu-Sn alloy system. (A) to (C) are reproduced with permission from ref.
81 Copyright 2019, American Chemical Society. (D) In situ Raman spectroscopy and 
adsorption structure of the intermediates. (E-F) In situ Raman spectra with the static scanning 
subsection of CuOD (E) and CuODS (F). Reproduced with permission from ref. 42 Copyright 
2020, American Chemical Society.
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CO and formate can be formed concurrently on metallic catalysts, such as copper, which 

adds a layer of complexity to determining the nature of oxygen-bound intermediates. One 

SERS study on copper provides evidence that both CO and formate are formed through a 

carboxylate intermediate (*COO-) which is initially bound at the carbon.40 However, formate

is only produced at larger overpotentials where the Cu-C bond is weakened, and the C-O bond 

is stabilised on the surface. In our lab, we have shown that introducing a secondary metal plays 

a significant role in tuning the selectivity of copper-based alloys.81 By alloying Cu with Sn, the 

selectivity toward CO and formate was finely tuned, which fundamentally stems from a change 

in binding preference from *COOH to *OCHO.81, 82 This was confirmed using in situ Raman 

spectroscopy. For high Sn content alloys, only the symmetric stretching band of formate 

(*OCHO or *OCO-) was observed while bands associated with carboxylate (*COOH) were 

observed on low Sn content alloys (Figure 4A and B). The CRR pathway to CO and formate 

in the Cu-Sn alloy system was proposed based on the presence of localized positive charge on 

the Sn site (Figure 4C). In another study using oxygen-derived Cu (OD-Cu), it was found that 

S-doping enhanced formate selectivity (Figure 4D).42 Again evidenced from Raman 

spectroscopy, the S-doped sample showed better stabilization of the C-O bond in the CO2
-

intermediate, exhibiting increased νasCO2
- band intensities, as shown in Figure 4E and F.

Subsequently, the ν(C-H) band of formate was observed over a wider potential range.

On the other hand, CO is formed via a proton and electron transfer to adsorbed CO2 to form 

*COOH.83 It is generally thought that this *COOH intermediate is bound via the carbon atom 

and the second electron and proton transfer act to remove the -OH group to yield *CO.83

Smith’s group has done significant investigation into the CRR on Ag films from which several 

key points regarding the initial reaction intermediates can be gleaned. In an earlier ATR-

SEIRAS study,38 they predominantly observed bands related to carboxylate and bands related 

to -COO- symmetric and asymmetric stretching only appeared at more negative potentials. 
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They reason that COO- bound by the oxygen atoms only shows symmetric stretching. 

Therefore, COO- and *COOH is bound via the carbon in the Ag system. However, they later 

found that oxygen-bound *OCHO may play a role in the mechanism on Ag.41 Using DFT, they 

found that *OCHO should readily form on Ag through a Tafel reaction between CO2 and *H. 

From SERS, they then found that *OCHO may be present as a spectator and act to promote 

*COOH formation by weakening *H binding. Therefore, a balance between C-binding and O-

binding may be key to driving the reaction through the CO pathway and to higher reduction 

products. This is also dictated by the pathway given that many intermediates (e.g. in the ethanol 

pathway) are oxygen-bound.44

3.2 *CO Hydrogenation and Further Reduction

3.2.1 Pathways and Intermediates for Deeply Reduced C1 Products

In the late C1 pathways, i.e. hydrocarbons and alcohols beyond CO, the hydrogenation of *CO 

to *CHO or *COH is considered to be the selectivity- and potential-determining step. Early 

DFT calculations on the Cu (211) surface by Peterson et al. proposed that a pathway to methane

through the hydrogenation of *CO to *CHO (formyl) intermediate was thermodynamically 

favourable.19 Subsequent hydrogenation of *CHO leads to formaldehyde (CH2O*) and 

methoxy (CH3O*). The oxygen-bound CH3O* intermediate is then further reduced to methane

through breaking of the C-O bond, with an adsorbed *O remaining on the surface. This study 

also showed that the hydrogenation of CH3O* to methane was favoured by 0.27 eV (on the 

basis of reaction free energies) over the hydrogen addition to the oxygen end of CH3O* to form 

methanol. A differential electrochemical mass spectrometry (DEMS) study by Javier et al. 

showed that the reduction of pre-adsorbed HCHO can lead to methane production, with no 

methanol detected.84 This demonstrated that HCHO was an intermediate for the production of 

methane and is in good agreement with the theoretically proposed pathway by Peterson et al.19
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It should be noted that other studies suggested that the methane pathway proceeds through 

*CHO to *CHx species.34, 85

Nie et al. proposed a different reaction mechanism for methane selectivity compared to 

methanol on Cu electrocatalysts based on a combination of thermodynamic and kinetic 

analysis.21 They found that the reaction pathway through the *CHO intermediate preferences

the production of methanol over methane from CH3O* reduction. This reconciles the 

experimental observations that direct electroreduction of formaldehyde (CH2O) mainly 

produces methanol and methanol is not reduced to methane on Cu electrodes.85 Alternatively, 

a different pathway through the *COH intermediate was proposed for methane production. It 

was shown that the kinetic barrier for *COH formation from *CO reduction was 0.18 eV lower 

than that for *CHO at a potential of -1.15 V vs. RHE (reversible hydrogen electrode). The 

*COH intermediate is further reduced to an adsorbed *C intermediate and then hydrogenated 

to *CHx species, which eventually results in the formation of methane. It has also been

proposed that ethylene formation shares this *COH pathway and proceeds via dimerization of 

*CH2 species. Additionally, the combination of DFT calculations and observations from 

experimental literature by Tang et al. have indicated the pathway through *COH to methane

via the *C adsorbate.31

3.2.2 Role of Oxygen-Bound Intermediates for Deeply Reduced C1 Products

As discussed in Section 3.2.1, *CO hydrogenation to *CHO was identified as the potential-

determining step in the *CHO pathway to methane production.19 Scaling relations between the 

binding energies of *CO and *CHO on transition metal catalysts restrict the catalytic activity 

for CO2 electroreduction to methane.32 In order to reduce the large overpotentials for methane

production (Figure 5A), Hansen et al. demonstrated that *CHO should be stabilized on catalyst 

surfaces relative to *CO. It was proposed that alloying with an element with high O affinity is 

likely a feasible strategy to improve activity and selectivity to more reduced C1 products by
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Figure 5. Role of oxygen-bound intermediates in directing CRR selectivity to methane 
and methanol based on computational techniques. (A) Free energy diagram for CO2

reduction to methane on Cu (211) surface. (B-C) Intermediates, including COOH* (left), CO* 
(middle) and CHO* (right), in CO2 reduction on Au (211) surface (B) and Au3Zn (211) surface 
(C). (A) to (C) are reproduced with permission from ref. 86 Copyright 2016, Royal Society of 
Chemistry. (D) Free energy diagrams for CRR reaction pathways through a CHO* intermediate 
to methane and methanol. (E-F) Optimized structures of the transition states associated with 
the elementary step of CH3O* reduction to methane with one H2O in the water-solvated (E) 
and H-shuttling (F) models. (D) to (F) are reproduced with permission from ref. 47 Copyright 
2014, Elsevier. (G) Free energy diagram for the CO2 electroreduction to methane or methanol 
on Cu and W/Au. (H) Predicted Gibbs free energy changes in the selectivity-determining step 
for methane vs. methanol production as a function of OH binding energy. (G) and (H) are 
reproduced with permission from ref. 87 Copyright 2015, American Chemical Society.
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decoupling the binding energies of *CO and *CHO. DFT calculations on model alloy catalysts 

showed preferential stabilization of *CHO over *CO by increased interaction between the *O 

end of *CHO and alloy surfaces (Figure 5B and C).86

In late stages of the CRR pathway to higher C1 products, the reduction of CH3O* is proposed 

to determine the selectivity between methane and methanol. It was found that CH3O* was an 

oxygen-bound intermediate with its methyl end away from the catalyst surface.19 DFT 

calculations of kinetic barriers for CH3O* reduction indicated that the production of methanol

was favoured over methane in a solvated environment.21 Figure 5E and F show the reduction 

of CH3O* to methane in transition states with various orientations. As a result, the production 

of methane through C-O bond breakage coupled with C-H bond formation incurred high kinetic 

barriers (Figure 5D).47 Kuhl et al. studied electrocatalytic CO2 conversion on a range of 

transition metal surfaces and observed the production of either methane, methanol, or both.33

They proposed that the O binding affinity of the catalyst surface can play an important role in 

directing reaction pathways toward methane or methanol. They indicate that the breakage of

the second C-O bond in CO2 might be facilitated on catalysts with high O binding energies, 

leading to the production of hydrocarbons. In contrast, surfaces with weak O affinity would 

likely preserve this C-O bond and favor production of alcohols such as methanol.

After the production of methane from CH3O* reduction, an adsorbed *O is left on the 

surface, which is further reduced to H2O through an *OH intermediate. The binding energy of 

*OH was proposed as a feasible descriptor in determining the activity and selectivity for CO2

electroreduction to methanol or methane.32, 87 It was shown that a high *OH binding energy 

increases the elementary limiting potential for *OH removal on transition metals.32 Given this, 

the oxygen-bound *OH intermediate may have a marked effect on limiting the catalytic activity 

for CO2 reduction to methane. In addition, DFT calculations on transition metal near-surface 

alloys by Back et al. showed that the OH binding energy was a selectivity-determining 
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descriptor for the production of methanol and methane through the key CH3O* protonation 

step (Figure 5G).87 Methanol generation was favored on catalysts with weak *OH binding 

energies, while the opposite was true for methane (Figure 5H).

Despite the many computational studies investigating the *CO/*CHO or *CO/*COH 

process and the methane and methanol pathways,19, 21, 32, 47 very few related spectroscopic 

studies have been established. In an early SERS study on copper, bands in the -C–H stretching 

region around 2900 cm-1 were attributed to *CHx species involved in the pathway to methane 

as carbene intermediates.88 However, as noted by an earlier paper on Ag, formate exhibits a -

C–H stretching mode around 2870 cm-1.89 Given formate is also a product formed on copper, 

assignment of bands in this region becomes more difficult. In a recent paper, the -C–H bending 

mode of an oxygen-bound CH3O* intermediate (around 1390 cm-1) was predicted using DFT 

and detected using SEIRAS, as shown in Figure 6A and B.90 Detection of this methoxy 

intermediate provides some experimental evidence for the pathway proposed and developed 

by Nørskov and co-workers.19, 91 Here, scission of the O-C bond leads to methane while 

scission of the Cu-O bond leads to methanol.90 We determined a similar result for selectivity 

between ethane and ethanol.46 Apart from O-binding, a SEIRAS study on Pt studied the effect 

of H-binding on the production of methane.92 It was found that methane could be produced at 

the equilibrium potential through the assistance of adsorbed *H on the Pt surface. HOPD on the 

atop position was able to facilitate the hydrogenation of linear-bonded CO (COL) while bridge-

bonded CO (COB) was bound more strongly and not reduced further (Figure 6C and D). Other 

spectroscopy studies on CRR catalysts have investigated how the structural evolution of 

catalysts affect methane selectivity. Using a copper pthalocyanine (CuPc) starting catalyst and 

copper MOFs, operando XAS was able to determine that the CuII species are fully converted 

to Cu0 species and the initial coordination environment controls the final morphology (Figure 
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Figure 6. Role of surface-bound intermediates and catalyst structural evolution in 
directing CRR selectivity to methane based on experimental techniques. (A) In situ ATR-
SEIRA spectra obtained during linear sweep voltammetry in a potential window from 0.3 V vs. 
RHE to −0.9 V vs. RHE in 1 M KHCO3. (B) Calculated infrared-active vibrational frequencies 
of possible adsorbed intermediates on Cu (111) and Cu (211) and their schematic structures. 
(A) and (B) are reproduced with permission from ref. 90 Copyright 2019, American Chemical 
Society. (C) Coverages of adsorbed COL and COB calculated from the oxidation charges of CO 
adlayers established at various pCO2. (D) Relationship between H adsorption and the generation 
of COads and methane. (C) and  (D) are reproduced with permission from ref. 92 Copyright 2020, 
American Chemical Society. (E-G) In situ XAS measurements under electrocatalytic reaction 
conditions. Cu K-edge XANES spectra (E), first-order derivatives of the XANES spectra (F) 
and Fourier-transformed Cu K-edge EXAFS spectra (G) for CuPc. Reproduced with 
permission from ref. 93 Copyright 2018, Nature Publishing Group.
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6E-G).93 The CuPc material was converted into small metallic clusters that exhibited the 

highest methane selectivity out of the samples tested.

3.3 C-C Coupling Mechanisms toward Multi-Carbon Products

3.3.1 Possible Pathways and Intermediates for Multi-Carbon Products

Mechanisms for the generation of multi-carbon products have been widely explored and many 

different reaction pathways have been proposed. It is known that *CO is a key intermediate for 

C-C coupling processes and C-C bond formation mainly occurs through three C2 pathways 

which involve *CO and its hydrogenated derivatives (i.e. *CHO and *COH). *CO dimerization 

is the most widely accepted C-C coupling mechanism in C2 pathways.20, 50, 94 The adsorbed 

*CO dimer is further hydrogenated to *COCOH through decoupled electron and proton 

transfer steps via a negatively charged *COCO- intermediate, which is an important precursor 

for producing multi-carbon products. Alternatively, the *CO dimer can be hydrogenated to a

*COCHO intermediate by forming a C-H bond.49, 95-97 In the other two C-C coupling 

mechanisms, C-C bond formation proceeds either between *CO and *COH directly to 

*COCOH or between *CO and *CHO directly to *COCHO. DFT calculations on Cu (111) 

demonstrated that *CO-COH coupling is energetically favorable compared to *CO 

dimerization, which arises from the radical character of *COH.23 At high applied potentials,

*CO dimerization becomes less favorable due to a large activation barrier and it was suggested 

that C-C bond formation occurs through *CO and *CHO coupling.95 The reaction energetics 

of these initial C-C coupling steps are influenced by the experimental conditions and catalyst 

properties, such as crystal facets, applied potentials, local pH, ions in electrolyte, etc. Detailed 

reviews of these effects can be found elsewhere.44, 66, 98, 99

After a sequence of proton and electron transfer steps, the hydrogenated *CO dimer forms 

a key C2 intermediate CH2CHO* at the later stages of the C2 pathway. This oxygen-bound

CH2CHO* is likely a selectivity-determining intermediate (SDI) for some C2 products.7, 51 The 
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hydrogenation of CH2CHO* can lead to branching pathways to either ethylene or 

acetaldehyde/ethanol. It was indicated that acetaldehyde is a key intermediate in the ethanol

formation pathway.52, 100 In addition, a CO insertion mechanism has been proposed for the 

production of ethanol.9, 54-56 In this mechanism, a *COCH2 intermediate is proposed to form 

through CO insertion with adsorbed *CH2 species, which is further reduced to ethanol.

Generally, a minor product during CO2 electroreduction, ethane has been proposed to form 

through hydrogenation of ethylene or dimerization of *CH3.101-103 Alternatively, another ethane

pathway was proposed to occur through the hydrogenation of CH3CH2O* by breaking of the 

C-O bond.46, 104 Regarding the wider range of C2 products detected experimentally, theoretical 

studies by Garza et al. proposed a mechanism of CO2 reduction to seven C2 products by 

identifying elementary steps in possible pathways.96 Interestingly, they showed that an early 

bifurcation occurred at the *COCHO intermediate, leading to distinct pathways for ethylene or 

ethanol.

The formation of C3 products has been proposed to take place through C-C coupling 

between C1 and C2 intermediates.9, 53, 105-108 The findings of some electrochemistry and 

spectroscopy experiments indicate that C-C coupling between C2 intermediates and *CO can 

lead to the formation of n-propanol (n-C3H7OH) via a key CH3CH2CHO species.9, 53 DFT 

calculations on copper ad-particles suggest that enhanced CO adsorption and stable surface-

bound C2 intermediates can facilitate C1-C2 coupling to form n-C3H7OH.105 In addition, 

confinement and extended retention of C2 species (e.g. *COCO) is desired to direct selectivity 

to C3 production.106

3.3.2 Role of Oxygen-Bound Intermediates for Multi-Carbon Products

Early studies on the CRR pathway suggested that the main C-C coupling mechanism occurred 

through the coupling of *CHx groups which are formed after the hydrogenation of *CO.8, 47

However, work by Koper’s group and more recent spectroscopic evidence suggests that the 
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key C-C coupling mechanism occurs through coupling of two adsorbed *CO to produce 

*OCCO.50, 109, 110 Using this mechanism, many pathways in the literature show that higher order 

products (C2+) are formed through various oxygen-bound intermediates.44, 66 In the late stages 

of the C2 reaction pathway, oxygen-bound intermediates play an important role in determining 

product selectivity. The oxygen binding strength of reactive sites can lead to different 

selectivity trends. Herein, we focus on elementary steps involving oxygen-bound intermediates 

that control selectivity to different multi-carbon products.

Ethylene and ethanol are the most widely reported C2 products from CO2 electroreduction 

and have been produced at significant Faradaic efficiencies. It is proposed that these products 

share common reaction intermediates along a pathway originating from the rate-determining 

C-C coupling step at the early stages of CO2 electroreduction.20 Possible pathways leading to 

ethylene and ethanol have been summarized extensively to distinguish the key intermediates,

which determine relative selectivity.20, 25, 27, 66, 96, 111 A late bifurcation in the pathway at the

CH2CHO* intermediate has been proposed to form intermediates that can bind to the catalyst 

via the oxygen.20, 27 The hydrogenation of CH2CHO* leads to either ethylene oxide 

(*CH2CH2O*) or acetaldehyde (CH3CHO*) intermediates. The reduction to ethylene proceeds

through breaking of the C-O bond, leaving an *O adsorbate. Alternatively, ethanol formation 

proceeds after a further hydrogenation step to oxygen-bound ethoxy (CH3CH2O*)

intermediates where the C-O bond is maintained. Zhuang et al. studied the effects of core-shell 

vacancies on the selectivity to multi-carbon alcohols. DFT calculations found that selectivity 

control for ethylene and ethanol can be achieved by modifying the energetics of post-C-C

coupling reaction intermediates.112 Both ethylene and ethanol formation pathways proceeded 

with similar thermodynamic barriers on copper at -0.5 V applied potential (Figure 7A). After 

introducing a vacancy on the copper surface, the energy barrier for ethylene production slightly 

increased, while the energetics for ethanol generation were barely affected (Figure 7B).
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Figure 7. Role of oxygen-bound intermediates in directing CRR selectivity to multi-
carbon products based on computational techniques. (A-C) Reaction Gibbs free energy 
diagram from the adsorbed C2H3O intermediate to ethylene and ethanol for Cu (A), Cu with 
Cu vacancy (B) and Cu with Cu vacancy and subsurface S (C) slab models at -0.5 V bias 
potential. Reproduced with permission from ref. 112 Copyright 2018, Nature Publishing Group.
(D) Selective reduction of CO on CuAg (left) and Cu (right) electrodes. (E) Free energy 
diagram (left) for CH3CHO* reduction to ethanol on the Cu (211) surface with Ag doped at 
different sites. The free energy of CH3CHO* on the pristine Cu (211) surface is taken as an 
energy reference. The adsorption structure of CH3CH2O* is shown from the top and side view
(right). Ag_n denotes when Cu(n) on the surface is replaced by Ag. Ag_layer means the 
subsurface layer of Cu is replaced by Ag. (D) and (E) are reproduced with permission from ref.
115 Copyright 2020, National Academy of Sciences. (F) Acetaldehyde and ethanol 
concentration from CO reduction at -0.33 V shown as a function of the charge involved in each 
measurement. Reproduced with permission from ref. 52 Copyright 2016, Wiley-VCH.
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However, the incorporation of surface vacancies and subsurface sulphur in a copper model 

system induced a significant increase of the energy barrier in the ethylene pathway, while the 

ethanol pathway still remained unaffected (Figure 7C). These findings suggested that the 

thermodynamics of the oxygen-bound CH2CHO intermediate might shift the selectivity 

balance from ethylene to ethanol. Engineering synergistic active centers with improved oxygen 

affinity also provides a feasible route to modify the adsorption behaviour and reaction 

energetics of intermediates. DFT calculations found that the carbon species in the graphitic 

carbon nitride (g-C3N4) scaffold of a Cu-C3N4 catalyst showed strong binding toward oxygen-

bound reaction intermediates, while the carbon-bound intermediates strongly adsorbed on the 

Cu site.113 This intramolecular synergistic catalysis showed favorable thermodynamics for the

production of C2 products and was further validated by experimental evidence.

As mentioned above, acetaldehyde is a key C2 species and has been suggested as a precursor

for ethanol production in CO2 and CO reduction on Cu surfaces.9, 85, 114 Hori et al. showed that 

the electroreduction of acetaldehyde on a Cu electrode mainly led to the production of ethanol.9

Theoretical investigations demonstrated that ethylene, acetaldehyde, and ethanol share a

common pathway during CO reduction on Cu (100) electrodes.20 Additionally, a mechanistic 

study on oxide-derived copper showed that acetaldehyde was a minor product but key 

intermediate in the electroreduction of CO to ethanol (Figure 7F).52 DFT calculations showed

that there was lower free energy for acetaldehyde compared to its counterparts, which was in 

agreement with the detection of acetaldehyde from headspace analysis. However, the low

current efficiency of acetaldehyde suggested its further reduction to ethanol was preferred.

Wang et al. found that acetaldehyde was the major product obtained on CuAg catalysts 

prepared from the galvanic replacement of Ag on Cu (Figure 7D).115 DFT calculations 

indicated that the adsorption strength of the reduced acetaldehyde intermediate (CH3CH2O*)
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was weakened due to Ag ad-atoms on Cu (Figure 7E). As a result, further reduction to ethanol 

was suppressed on the CuAg electrodes.

Ethane is another important C2 product with higher energy density than ethylene and 

ethanol.46 However, there is a limited understanding of its reaction pathway and mechanism 

because of its low yield and selectivity.116-119 It has been proposed that ethane formation 

pathway may proceed through the hydrogenation of ethylene.101, 102, 119-121 Chen et al. indicated 

that efficient reduction of CO2 to ethane could be achieved on Cu2O-derived Cu with the 

assistance of adsorbed PdClx, which facilitates the adsorption and hydrogenation of pre-

generated ethylene.102 Alternatively, it was suggested that ethane formation proceeds via the 

dimerization of *CH3 intermediates.103 The authors demonstrated that the improved stability of 

*CH3 intermediates on thick oxide-derived Cu catalysts with a high population of Cu+ sites 

may contribute to the enhanced formation of ethane at low overpotentials. It should be noted 

that *CH3 is also a potential intermediate for methane formation.21, 85 Ma et al. investigated the 

electrochemical reduction of CO2 to hydrocarbons on Cu nanowire arrays.104 The authors found

that ethane formation was always accompanied by ethanol production, while no methane

formation was observed on longer Cu nanowires. Therefore, they proposed that the reaction 

pathway to ethane and ethanol proceeded via the CH3CH2O* intermediate through a CO 

coupling mechanism. Very recently, an in situ spectroscopy study by our lab on compound-

derived copper electrocatalysts supported this ethane formation mechanism by detection of an 

oxygen-bound ethoxy (CH3CH2O*) intermediate (discussed in detail below).46 Despite these

reported mechanisms, greater understanding is needed regarding the ethane formation 

pathways.

While few spectroscopic studies have set out to understand the role of oxygen-bound

intermediates in the pathway to C2+ products, some interesting insights have still been obtained. 

In a work by Katayama et al., which used SEIRAS and ambient-pressure X-ray photoelectron 
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Figure 8. Role of oxygen-bound intermediates in directing CRR selectivity to multi-
carbon products based on experimental techniques. (A) In situ Raman spectra in CO2-
saturated 0.2 M NaHCO3 for ID-Cu and OD-Cu samples shown for the region between 850–
1150 cm-1 at -1.0 V. (B) The -CHx stretching region between 2700–3000 cm-1 at -0.8 V. (C) 
DFT calculated bond lengths for relevant oxygen-bound intermediates in the C2 pathway. (D) 
C2 reaction pathway outlining the selectivity determining ethoxy (CH3CH2O*) intermediate 
between ethane and ethanol. (A) to (D) are reproduced with permission from ref. 46 Copyright 
2020, Wiley-VCH. (E-F) In situ surface-enhanced Raman spectra of Cu electrocatalysts under
pure CO2 gas feed in 0.1 M KHCO3/ H2O (E) and 10% O2 + 90% CO2 in 0.1M KHCO3/H2O
(F). (G) Schematic of the CRR on a Cu surface in the presence of hydroxyl groups induced by 
the ORR. (E) to (G) are reproduced with permission from ref. 122 Copyright 2020, Nature 
Publishing Group. (H-J) Potential-dependent in situ SERS spectra obtained from Cu-DAT (H), 
CuAg-DAT (I) and  CuSn-DAT (J) in a Raman flow cell with 1 M KOH electrolyte flow rate 
of 1 mL min−1 and a CO2 flow rate of 7 sccm. Reproduced with permission from ref. 124

Copyright 2020, American Chemical Society.
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spectroscopy (APXPS), the authors investigated the selectivity dependence on carbon- and 

oxygen-bound intermediates for Cu, Pt, and Au.90 Of the metals tested, Cu alone exhibited 

vibrational bands related to C2 products. Attributed to the relatively strong oxygen binding of 

Cu, -C–H bending of oxygen-bound CH3CH2O* intermediates was detected at 1340 cm-1 under 

CRR potentials. In this study, they do not attribute the CH3CH2O* intermediate to any observed 

product (ethylene being the only C2 product observed). However, their total Faradaic 

efficiencies were below 100 % (~80 % for all reduction products) which may be attributed to 

undetected products. As our group and others have found, the CH3CH2O* intermediate is 

consistent with the production of ethanol, which is a commonly observed product on Cu.46, 52, 

104 Using in situ Raman spectroscopy and in-situ X-ray absorption fine structure, we detected 

this ethoxy intermediate on an iodide-derived copper which showed higher selectivity and 

faster kinetics towards ethane production compared to OD-Cu (Figure 8A and B). From this 

study, we reasoned that ethane follows the same pathway to ethylene and ethanol and better

stabilization of the late stage ethoxy intermediate can steer the reaction to ethane over ethanol 

(Figure 8C and D). Again, it is important to consider optimizing the O-binding requirement of 

a catalyst surface to steer the reaction pathway as desired. 

In an interesting work by He et al., CO2 gas with minor O2 partial pressures were used for 

co-electrolysis and demonstrated a promotion of CO2 reduction activity compared to the pure 

CO2 case.122 Compared to the pure CO2 gas feed and experiments using H2O2, a distinct band 

at 706 cm-1 was observed using SERS when the potential was stepped negatively and O2 was 

present (Figure 8E and F). They assigned this band to surface hydroxyl species and concluded 

that oxygen followed a 4e- reduction mechanism. More importantly, they demonstrated that 

these surface hydroxyls were able to enhance the reduction of CO2 to C2+ products because a 

certain amount of *OH coverage was able to reduce the activation barrier and free energy 

change for *CO coupling (Figure 8G). This is an interesting finding given *OH species are 
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often overlooked during mechanistic discussion of the CRR, yet are nonetheless present in the 

C2 pathway.20 Other spectroscopic investigations into the C2 pathway have mainly focused on 

the surface *CO speciation, rather than oxygen-bound intermediates.123-125 In one study, it was 

proposed that an oxide layer on copper grows as the potential is decreased due to observation 

of increasing band intensity around 550 cm-1 (near T2g vibrational mode of Cu2O), as shown in 

Figure 8H-J.124 This band was considered a poisoning oxide species in an early SERS work.88

Therefore, it is also essential for overall mechanism determination to investigate in situ any 

surface or compositional changes that may occur on the catalyst surface during transient events.

4. Summary and Outlook

To date, tremendous efforts have been devoted to the identification of key intermediates in the 

CRR pathway and their role in directing selectivity. However, the complexity of CO2 reduction 

impedes the development of efficient electrocatalysts with specific selectivity to desired 

products. In the past, it was generally recognized that the interaction between surface-bound 

species and the catalyst surface has a significant effect on controlling the product distribution. 

Specifically, we find that oxygen-bound species are crucial for determining selectivity among 

branching reaction pathways for the CRR. In this Review, we have summarized how oxygen-

bound intermediates modify the selectivity trend from both computational and experimental 

aspects.

From the computational perspective, these techniques greatly facilitate our understanding 

of the reaction mechanism and pathway selection at the atomic level. In the past, the elementary 

steps at the initial stages of the CRR pathway have been thoroughly studied, taking into 

consideration the reaction thermodynamics and kinetics. At different stages of the C1 pathway, 

the evolution of various oxygen-containing intermediates (e.g. *OCHO, *CHO, CH2O*,

CH3O*) leads to diverse reaction energetics and resultant selectivity distribution for C1

products.19, 26, 32, 35, 47, 48, 81 Regarding C2/C3 pathways, less progress has been made to 
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understand the reaction energetics of intermediates in the later stages. Nevertheless, in some 

theoretical studies, oxygen-bound intermediates play an important role in regulating selectivity 

to certain C2 products.20, 27 The breakage or preservation of the C-O bonds in oxygen-bound C2

intermediates (e.g. CH2CHO*, CH3CH2O*) can influence the selectivity for C2 hydrocarbon 

versus oxygenate production.46, 104, 115 Further, it has been suggested that the oxygen binding

strength of the catalyst can affect the adsorption behaviour of oxygen-containing intermediates 

and product selectivity.33 Therefore, optimizing the adsorption behaviour and energetics of 

oxygen-bound species is likely useful for increasing catalyst selectivity for specific products.

To achieve higher selectivity, many materials engineering strategies were proposed in

computational works. Some of the strategies suggested the introduction of a doping element 

for regulating the adsorption energies of reaction intermediates and resultant selectivity. Other 

approaches like interface engineering, alloying, hybridizing, surface reconstruction all have 

their place in directing CRR selectivity. In addition, operando computations under real catalytic 

conditions, including solvation effects, ion effects, local pH, would advance our understanding 

of selectivity trends in CO2 reduction.

From the experimental perspective, similar conclusions were drawn about the importance 

of oxygen bound intermediates. While many spectroscopy studies have investigated the early 

reaction pathway, relatively few have been devoted to study of the late reaction pathway. As 

outlined in this Review, the reaction pathway to deeply reduced products contains various 

oxygen-bound intermediates, which is a topic worthy of study in the future. Based on the 

summaries in this Review paper, the design of catalyst materials for the CRR should consider 

a balanced adsorption of oxygen-bound and carbon-bound species.
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Chapter 3: Impact of Interfacial Electron Transfer on 

Electrochemical CO2 Reduction on Graphitic Carbon 

Nitride/Doped Graphene

3.1 Introduction and Significance
In recent years, metal-free materials have emerged as promising alternatives to metal 

catalysts for efficient CO2 reduction reaction (CRR). However, the factors that can impact 

their catalytic activity are yet to be uncovered. In Chapter 3, we chose graphitic carbon 

nitride (g-C3N4) to investigate the feasibility of regulating its CRR catalytic activity 

through interfacial electron transfer. The unique functional species in g-C3N4 framework 

exhibit potential activity for CO2 electrocatalysis, while a conductive substrate of graphene 

can introduce the essential charge transfer to modify the electronic properties of the hybrid 

structures.

In this Chapter, a series of g-C3N4/graphene hybrid structures with and without heteroatom 

doping in graphene substrate (C3N4/XG, XG = BG, NG, OG, PG, G) were designed and 

evaluated as electrocatalysts for CRR by DFT calculations. The detailed thermodynamic 

and charge analyses showed tuneable adsorption energetics and electronic structures 

among different doping cases. The linear scaling relationships of binding free energies of 

carbon-bound species (i.e. *COOH, *CO, *CHO) on C3N4/XG were observed, providing 

a baseline to estimate the smallest applied potentials to make corresponding CRR 

elementary steps become exergonic. Further, a CRR activity trend was obtained on all 

investigated models and displayed by a volcano type plot, which indicated the best catalytic 

activity for CRR to CH4 on C3N4/XG with an overpotential of 0.45 V (i.e. -0.28 V vs RHE). 

Such a low overpotential has yet to be achieved on all previously reported metallic CRR 

electrocatalysts. The charge transfer analysis revealed that increased interfacial electron 

charge transfer from doped graphene to g-C3N4 could facilitate CO2 reduction on C3N4/XG. 

The atom-level activity origin suggested the best CRR catalytic performance with more 

electron transfer of 0.34 e-. The computational studies in this Chapter sheds light on catalyst 

engineering strategy through doping modulation and interfacial construction, leading to the 

favorable modification of electronic properties and catalytic activities.
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3.2 Impact of interfacial electron transfer on electrochemical CO2

reduction on graphitic carbon nitride/doped graphene
This chapter is included as it appears as a journal paper published by Xing Zhi, Yan Jiao, 

Yao Zheng, Shi-Zhang Qiao, Impact of interfacial electron transfer on electrochemical CO2

reduction on graphitic carbon nitride/doped graphene, Small, 2019, 15, 1804224.
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Very recently, graphitic carbon nitride 
(g-C3N4) has been investigated as an 
applicable metal-free nanomaterial for 
CO2 catalysis.[4] The abundant pyridinic 
nitrogen species in g-C3N4 show strong 
adsorption capacity to CO2, which is crucial 
to activate CRR process.[5] In addition, 
the carbon species in g-C3N4 exhibit high 
affinity to oxygen-bound intermediates 
(*OCHx, *O, and *OH) in the reaction 
pathways toward deeply reduced products, 
such as methane (CH4).[6] Moreover, the 
electronic properties of g-C3N4 can be 
effectively modified by metal-free carbon 
materials and therefore provide improved 
electrocatalytic performance on the hybrid 
catalysts.[7] These hybrid materials based 
on g-C3N4 have shown their promising 
capability in energy-related catalytic reac-
tions, such as hydrogen evolution, oxygen 
evolution, and oxygen reduction reactions, 
mainly due to their highly exposed active 

sites, improved electrical conductivity, and tuneable electron 
transfer.[8] Among available carbon materials, the heteroatom-
doped graphene has shown extraordinary properties to regu-
late the electronic structures of g-C3N4.[9] One of the benefits 
from doped graphene substrates is their contribution toward 
good electrical conductivity of the hybrid materials. Meanwhile, 
the electron distribution of g-C3N4 can be easily adjusted by 
doping atoms with different electronegativity on the graphene 
layer. In this regard, this group of versatile g-C3N4/doped gra-
phene hybrid materials might function as metal-free catalysts 
for electrochemical CO2 conversion and is worthy to be investi-
gated. Based on comprehensive understanding of these hybrid 
catalytic materials for CRR, such as exploration of reaction 
mechanisms, identification of active sites, and search of activity 
origin, we can unravel the feasibility of these hybrid catalysts 
for electrochemical CO2 reduction and predict the best achiev-
able catalytic performance.

In this work, we investigated the electrochemical CO2 reduc-
tion on a series of g-C3N4/doped graphene hybrid structures 
with and without heteroatom doping in graphene substrate 
(C3N4/XG, XG = BG, NG, OG, PG, G) by using density func-
tional theory (DFT) calculations. Through thermodynamic 
analysis of various possible reaction intermediates, C3N4/
NG showed the most favorable electrocatalytic performance 
for CO2 reduction, and a carbon atom (denoted as C1) in the 
g-C3N4 layer was identified as the active site. In the exploration 
of reduction pathways, we found that the free energies of three 
key carbon-bound intermediates (*COOH, *CO, *CHO) were  

Effective electrocatalysts are required for the CO2 reduction reaction 
(CRR), while the factors that can impact their catalytic activity are yet to 
be discovered. In this article, graphitic carbon nitride (g-C3N4) is used to 
investigate the feasibility of regulating its CRR catalytic performance by 
interfacial electron transfer. A series of g-C3N4/graphene with and without 
heteroatom doping (C3N4/XG, XG = BG, NG, OG, PG, G) is comprehensively 
evaluated for CRR through computational methods. Variable adsorption 
energetics and electronic structures are observed among different doping 
cases, demonstrating that a higher catalytic activity originates from more 
interfacial electron transfer. An activity trend is obtained to show the best 
catalytic performance of CRR to methane on C3N4/XG with an overpotential 
of 0.45 V (i.e., −0.28 V vs reverse hydrogen electrode [RHE]). Such a low 
overpotential has never been achieved on any previously reported metallic 
CRR electrocatalysts, therefore indicating the availability of C3N4/XG for CO2 
reduction and the applicability of electron transfer modulation to improve 
CRR catalytic performance.

Electrocatalytic CO2 Reduction

Electrochemical CO2 reduction plays an important role in pro-
ducing valuable green fuels and chemicals as commodities to 
store intermittent clean energy such as solar and wind.[1] Due to 
the stability of CO2 molecule, the CO2 reduction reaction (CRR) 
proceeds with sluggish rate and therefore requires efficient elec-
trocatalysts to facilitate the CO2 conversion.[2] In order to improve 
the efficiency of CO2 reduction and promote the production of 
valuable hydrocarbons, some characteristics are required for the 
CRR catalysts, such as tunable electron distribution on the active 
sites to modulate the adsorption strength of reaction intermedi-
ates and reduce reaction barriers. In recent years, numerous 
metal-free nanostructured materials have emerged as alternatives 
to traditional metallic catalysts for electrochemical CRR due to 
their variable chemical compositions and adjustable electronic 
properties.[3] The electron distribution of metal-free CRR catalysts, 
especially carbon-based materials, is facile to be regulated, there-
fore leading to desired CRR electrocatalytic activity. To this end, it 
is compelling to explore the underlying CRR activity origin and 
detailed catalytic mechanism on the metal-free materials.

Small 2019, 15, 1804224
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linearly correlated by scaling relations, providing a volcano-type 
CRR activity trend based on all investigated models. Based on 
this, it was able to estimate the smallest overpotential of 0.45 V 
(i.e., a potential of −0.28 V vs reverse hydrogen electrode [RHE]) 
for CO2 reduction to CH4 on this group of catalytic materials. 
Such a low overpotential has never been observed on so far 
reported metallic CRR electrocatalysts. The charge distribution 
analyses revealed that the nitrogen dopant in graphene layer led 
to the increased electron transfer from heteroatom-doped gra-
phene to g-C3N4, therefore facilitating the protonation of CO2 
and decreasing the free energy barrier toward CRR. In order to 
reach the best performance, further enhanced electron transfer 
of 0.34 e− is required for CH4 production. This study indi-
cates the feasibility of regulating electron transfer for hybrid 
catalysts to improve CRR catalytic performance through doping 
modulation and interfacial construction.

The free energies of elementary steps on electrochemical 
CO2 reduction pathway to CH4 were explored by using DFT 
calculations. Very recently, the critical impact of varying charge 
on electrochemistry of 2D materials has been demonstrated by 
using the grand canonical DFT calculations.[10] Nevertheless, 
the conventional DFT method was applied in this study without 

incorporating the charge effects. Since g-C3N4 is semicon-
ducting with a wide bandgap, it is possible that the applied 
potential is located within the bandgap, leading to trivial impact 
of charge on C3N4/XG. Further details can be found in the Sup-
porting Information. By analyzing the CO2 binding positions, 
three different atoms (C1, C2, and N) in g-C3N4 were tested as 
potential active sites (Figures S1–S6, Supporting Information). 
The free energy diagrams at U = 0 V versus RHE with optimal 
free energy changes toward CH4 on C1 site are illustrated in 
Figure 1a. The x axis indicates the number of transferred 
proton/electron pairs to the catalyst surfaces, including five 
hybrid structures of C3N4/XG (XG = BG, NG, OG, PG, G). 
At the beginning, the first proton/electron pair transfers to 
an adsorbed CO2 to form *COOH. This hydrogenation step 
is uphill in energy change for all five C3N4/XG catalysts, fol-
lowed by the OH desorption to form adsorbed *CO. The next 
elementary step involves the protonation of *CO to *CHO. 
When the fourth proton/electron pair is transferred to the 
metal-free electrocatalysts, the hydrogenation of *CHO occurs 
to form *OCH2, with oxygen becoming a connecting atom 
to the hybrid surfaces. This phenomenon is in good accord-
ance with previously identified reaction mechanisms on metal  

Small 2019, 15, 1804224

Figure 1. a) Free energy diagrams of CO2 reduction pathways to CH4 on C1 site of C3N4/XG (XG = BG, NG, OG, PG, G). The inset shows the C1 site. 
Bottom panels show the optimized geometries and electron transfer of carbon-bound intermediates b) *COOH, c) *CO, and d) *CHO adsorbed on 
C1 site of C3N4/NG. Carbon in graphene layer and adsorbates, carbon in g-C3N4 layer, nitrogen, oxygen, and hydrogen atoms are gray, green, blue, 
red, and white, respectively. Yellow and cyan isosurface represent electron accumulation and electron depletion, respectively. The isosurface value for 
*COOH and *CHO is 5 × 10−2 e Å−3. The isosurface value for *CO is 5 × 10−4 e Å−3.
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surfaces and Cu-C3N4 structure.[6,11] After another hydro-
genation step to form *OCH3, the sixth proton/electron pair 
takes the *CH3 group off to produce CH4. The adsorbed *O 
left on the surface is subsequently desorbed as H2O. For all 
five metal-free catalysts, the first hydrogenation process of CO2 
to *COOH on C1 site displays the highest uphill free energy 
change, and therefore becomes the rate-determining step. The 
free energy change to form *COOH is notably lower on C3N4/
NG with 1.05 eV than that on the other four hybrid surfaces, 
which indicates better CRR catalytic performance for C3N4/NG.

The catalytic performances of C2 and N active sites on 
five C3N4/XG catalysts are also studied and compared in 
the following discussion. For the C2 active site (Figure S7a, 
Supporting Information), C3N4/NG remains better catalytic 
performance toward CH4 production than the other four 
hybrid surfaces, with the same rate-determining step as the 
first hydrogenation process to form *COOH. However, for each 
hybrid catalyst, the free energy levels of reaction intermedi-
ates on C2 site are generally higher than those on C1 site. We 
also conducted the density of state (DOS) analyses of different 
active sites. As shown in Figure S8f in the Supporting Infor-
mation, the highest peak of the active site DOS (Ep) shows an 
overall linear trend against the free energy of *COOH. The C1 
active site displays closer Ep position to the Fermi level (EF) 
than the C2 site for all five investigated models (Figure S8a–e, 
Supporting Information), which indicates stronger adsorption 
capacity of C1 site to *COOH. For the N active site (Figure S7b, 
Supporting Information), the free energy levels of carbon-
bound intermediates are generally lower than those on C1 and 
C2 sites. This behavior is in agreement with the strong adsorp-
tion capacity of the nitrogen content in g-C3N4 to carbon-bound 
intermediates (e.g., *COOH, *CO, *CHO), in good accordance 
with the previous study.[6] However, the oxygen-bound interme-
diates (e.g., *OCH3, *O, *OH) show higher free energy levels 
on N site compared with C1 site, therefore leading to an overall 
poorer catalytic activity toward CRR.

In the exploration of the lowest free energy pathway toward 
CH4 production on five C3N4/XG catalysts with different 

active sites, C3N4/NG generally shows favorable catalytic per-
formance. Meanwhile, the free energy levels of elementary 
steps in the reaction pathways of CH4 production on C3N4/
NG vary with different active sites (C1, C2, and N), as shown in 
Figure 2. For the C2 site, the free energy changes of the proto-
nation steps to form *COOH and *CHO are both higher than 
that on C1 site. For the N site, although the free energy levels 
of *COOH and *CHO intermediates are lower than that on 
C1 and C2 sites, the elementary step to produce CH4 molecule 
from the adsorbed *OCH3 on N site shows much more uphill 
free energy change, which is thermodynamically unfavorable 
for CH4 production. As for the other four hybrid materials, the 
CRR reaction pathway to CH4 proceeds with relatively higher 
free energy changes. In summary, among all C1, C2, and N 
active sites on C3N4/XG (XG = BG, NG, OG, PG, G), the C1 
site of C3N4/NG exhibits the highest catalytic activity for CO2 
electroreduction to CH4.

In the reaction process of electrochemical CO2 reduc-
tion to valuable hydrocarbons, the binding free energies of 
some intermediates (i.e., *COOH, *CO, *CHO) are linearly 
correlated with each other, because they bind to the catalyst sur-
face through a similar surface–adsorbate bond. As an impor-
tant concept in the research area of heterogeneous catalysis, 
linear scaling relationship has been widely applied to describe 
the CRR catalytic activity trends for metallic materials.[11b,12] 
The scaled affinity correlation is beneficial in reducing the 
dimensionality of eight-electron reaction pathway toward CH4 
and searching for catalytic trends of CO2 reduction, although 
the scaling relationships between various carbon-bound inter-
mediates impose restrictions on CRR performance of different 
catalysts. Herein, we found the similar linear scaling relations 
in the metal-free hybrid catalysts. As shown in Figure 3a,b, the 
binding free energies on C1 site for *COOH, *CO, and *CHO 
are generally correlated with each other in a linear relationship 
for the five C3N4/XG catalysts. These linear scaling relation-
ships are induced by the fact that all carbon-bound adsorbates 
bind to the catalyst surfaces through a carbon atom, as shown 
in Figure 1b–d. The scaling relations of binding free energies 

Small 2019, 15, 1804224

Figure 2. Free energy diagrams of CO2 reduction to CH4 on different sites of C3N4/NG. The inset shows the C1, C2, and N sites on C3N4/NG. Carbon 
in graphene layer, carbon in g-C3N4 layer, and nitrogen are gray, green, and blue, respectively.
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between carbon-containing species on C3N4/XG (XG = BG, 
NG, OG, PG, G) were observed for the first time.

As a main competing reaction to the CRR, hydrogen evo-
lution reaction (HER) is also considered in this study. The 
major activity indicator, free energies of adsorbed *H, shows a 
positive linear correlation with *COOH on C1 site (Figure 3c), 
suggesting the similar trends in catalytic activities for both CRR 

and HER on C1 active site. The detailed free energy diagrams of 
HER are shown in Figure S9a in the Supporting Information. 
Based on the previous studies,[13] the HER reaction pathway 
can be indicated by a diagram involving three states, which 
are an initial state of H+ + e−, an intermediate of adsorbed 
*H, and a final product of 1/2 H2. The free energy change to 
form adsorbed *H is expected to be zero for an optimal HER 
catalytic activity. However, all five C3N4/XG hybrid catalysts 
show positive free energy levels of adsorbed *H, which are 
much higher than zero on C1 site. Given this, the *H adsorp-
tion is relatively weak on C1 site of C3N4/XG, although there is 
still a competition between *COOH adsorption in CRR and *H 
adsorption in HER.

Some other potential products, such as formic acid 
(HCOOH) and methane (CH3OH), are also investigated. The 
detailed free energy diagrams to form HCOOH are shown 
in Figure S10 in the Supporting Information. An alternative 
reaction pathway is demonstrated, in which the first proton/
electron pair transfers to an adsorbed CO2 to form *OCHO 
with uphill free energy change. The adsorbed *OCHO prefers 
O binding to C1 site on all five C3N4/XG catalysts. However, 
the adsorption free energy of *OCHO is higher than that of 
*COOH for each catalyst, suggesting the favorable thermody-
namics of *COOH formation toward CH4 instead of *OCHO 
adsorption to HCOOH. As shown in Figure S11 in the Sup-
porting Information, the first five elementary steps in the 
reaction pathway toward CH3OH are the same as CH4. The 
adsorbed *OCH3 would form either CH4 or CH3OH when  
the sixth proton/electron pair is transferred to the 
electrocatalysts. Although the calculation results show that the 
free energy change to CH3OH is thermodynamically favored, 
the electrochemical reduction proceeds in solution with protons 
free to react with the methyl end of *OCH3 to form CH4. The 
previous study indicates that CH3OH would be formed in gas-
phase chemistry with adsorbed hydrogen adding to the oxygen 
end of *OCH3.[11a] Therefore, as a potential product, methanol 
may be produced in gas-phase reaction, whereas methane is 
more likely to be formed in electrochemistry.

Based on the computational hydrogen electrode (CHE) 
model,[11a,14] the calculated smallest negative potential at which 
all elementary steps in a reaction pathway become exergonic is 
called limiting potential (UL), giving an appropriate measure 
of the potential-dependent electrochemical rate. It has been 
reported that the theoretical prediction matches well with 
the onset potential for CO2 reduction to various products on 
Cu surfaces.[11a,15] According to the preceding discussion, the 
linear scaling relationships within the carbon-bound adsorbates 
provide a baseline to estimate the limiting potentials for the 
corresponding CRR elementary steps. Thus, a volcano relation 
between energetics of key intermediates (i.e., *COOH in this 
study) and the limiting potentials could be obtained to display 
the trend in CRR catalytic activity on C3N4/XG (XG = BG, NG, 
OG, PG, G).

The CO2 reduction limiting potentials for key elementary 
steps are correlated with *COOH free energies on C1 site of 
C3N4/XG (Figure 4). Each black solid line on this figure shows 
the limiting potential of the first three CRR elementary steps 
in the reaction pathway of Figure 1a, while the black dash line 
shows the equilibrium potential of 0.17 V versus RHE for CH4  

Small 2019, 15, 1804224

Figure 3. Linear scaling relations for binding free energies of a) *CHO, 
b) *CO, and c) *H as a function of *COOH free energy on C1 site of 
C3N4/XG (XG = BG, NG, OG, PG, G).
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production. The difference between the equilibrium potential 
and each limiting potential reveals the required overpotential 
for that corresponding elementary step. Therefore, the overall 
overpotential to produce CH4 at a proposed *COOH adsorp-
tion free energy is indicated by the most negative UL line. The 
two UL lines of CO2 → *COOH and *COOH → *CO with the 
most negative limiting potentials form a volcano-type plot, 
describing the trend in catalytic activity of metal-free C3N4/XG 
catalysts for the CRR. The nitrogen doping case is shown to 
be the closest to the top of volcano-type relation, which agrees 
with the superior catalytic performance of the C1 site on C3N4/
NG as mentioned in the previous discussion. The summit of 
volcano plot shows the best preformance of C3N4/XG for CH4 
production with the smallest negative limiting potential. At this 
point, the limiting potentials for CO2 activation to *COOH and 
*COOH hydrogenation to *CO become equal, suggesting the
overpotential of 0.45 V (i.e., a potential of −0.28 V vs RHE),
which is shown by the distance between the volcano top and
the CRR equilibrium potential. Such a low overpotential has
not been achieved on all previously reported metallic CRR
electrocatalysts, for example, a large overpotential of ≈1 V is
required for copper to produce CH4 from CO2.[11a,15] Therefore,
this group of metal-free C3N4/XG catalysts possesses highly
promising application prospect in efficient CO2 electrocatalysis
to deeply reduced products.

In concert with the above discussion, the HER limiting 
potentials for two elementary steps (red solid lines) are derived 
from the scaling relation of free energies of *H and *COOH, 
and compared with the equilibrium potential for hydrogen evo-
lution (red dash line). The overall limiting potentials toward H2 
and CH4 produced on C1 site are summarized in Figure S9b 
in the Supporting Information. The C3N4/NG exhibits better 
catalytic activity for both CH4 production and hydrogen 
evolution than the other four hybrid materials. Because the 
limiting potential offers an estimation of the onset potential, 

the different trends of the limiting potentials for HER and CRR 
are expected to dictate the tendency in selectivity for two reac-
tions. As the binding free energy of *COOH decreases from 
0.43 to 0.28 eV, the limiting potential difference between HER 
and CRR reduces rapidly, thus indicating a rising preference 
for CRR over HER on this group of metal-free catalysts when 
the optimum *COOH affinity at the vocalno top is reached.

The catalytic property of a catalyst is intrinsically influenced 
by its electron charge distribution.[16] To investigate such 
impact on the five C3N4/XG catalysts, we have conducted 
Bader charge analysis to find the relationship between inherent 
electron distribution and apparent catalytic activity. As shown 
in Figure 5a, electron transfer from graphene layer to g-C3N4 
layer on C3N4/XG catalysts was plotted against the free energy 
of *COOH on C1 active site, which shows an excellent linear 
relation. A stronger *COOH adsorption was observed with 
more electron transfer to g-C3N4 layer, and vice versa. For 
example, in the nitrogen doping case, the electron transfer 
amount is much higher than that in the other four cases, 
therefore leading to the strongest *COOH adsorption to the 
C1 site on C3N4/NG (ΔG = 1.05 eV). We have also explored the 
work function of C3N4/XG catalysts to indicate the degree of 
electron transfer. As shown in Figure S12 in the Supporting  

Small 2019, 15, 1804224

Figure 4. Limiting potentials for key elementary steps of CRR (black solid 
lines) and two elementary steps of HER (red solid lines) as a function 
of *COOH free energy. The black and red dash lines represent the 
equilibrium potentials for CO2 reduction to CH4 and hydrogen evolution, 
respectively.

Figure 5. a) Relationship between electron transfer and *COOH 
free energy on C3N4/XG (XG = BG, NG, OG, PG, G). Bottom panel 
shows the interfacial electron transfer in b) C3N4/G and c) C3N4/NG, 
correspondingly. Yellow isosurface represents electron accumulation 
and cyan isosurface refers to electron depletion. The isosurface value 
is 5 × 10−3 e Å−3. The red arrow shows the electron transfer from the 
supporting layer to the g-C3N4 layer.
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Information, the work function of C3N4/XG was correlated to 
the free energy of *COOH on C1 active site in a proper linear 
relation. A stronger *COOH adsorption was generally obtained 
with smaller work function, which indicates higher degree 
of electron transfer from C3N4/XG catalysts. The work func-
tion for the nitrogen doping case is the lowest, matching well 
with the strongest *COOH adsorption to C1 site on C3N4/
NG. A similar relationship between adsorption energy and 
electron transfer has also been reported in recent years.[17] 
Through first-principle calculations, electron transfer–based 
adsorption activity was uncovered in these previous studies, 
suggesting stronger binding with higher degree of electron 
transfer. The charge density difference plots are constructed 
by subtracting the electron charge of independent graphene 
and g-C3N4 layers from that of C3N4/XG, to visualize the inter-
facial electron charge transfer. By compositing g-C3N4 with 
pure graphene support, the charge density of C3N4/G is redis-
tributed with slight electron transfer of 0.04 e− from graphene 
to g-C3N4 layer (Figure 5b). After doping one nitrogen atom 
in graphene, the charge density in the interlayer of C3N4/NG 
shows an apparently increased electron transfer of 0.16 e− from 
nitrogen-doped graphene to g-C3N4, resulting in an enhanced 
electron-rich region on the g-C3N4 layer and an expanded hole-
rich region on the nitrogen-doped graphene layer (Figure 5c). 
The localized electron accumulation leads to increased electron 
conductivity on the g-C3N4 layer, which is significant for the 
electrocatalysis of CO2 conversion. This observation suggests 
that a higher catalytic activity originates from more interfacial 
electron transfer. According to the above discussions around 
electron charge transfer amount and adsorption strength, and 
combining the volcano-type activity trend, it is able to deter-
mine that a hybrid catalyst with 0.34 e− interfacial electron 
transfer (as shown by the X dot in Figure 5a) can achieve the 
best catalytic performance. Our results show that increasing 
the interfacial electron transfer from the supporting graphene 
layer to the g-C3N4 layer is able to improve the catalytic activity 
of the hybrid catalysts. Methods for increasing the interfacial 
electron charge transfer could include the introduction of a 
secondary element to induce a synergistic effect,[18] creation 
of vacancies to modify the substrate layer,[19] or combination 
with functional groups to enhance the interaction of the two 
layers.[20] By applying these engineering strategies, the electron 
transfer to the g-C3N4 layer can be modulated, therefore leading 
to improved CRR thermodynamics and activity.

In summary, we have conducted comprehensive DFT 
computations for C3N4/XG (XG = BG, NG, OG, PG, G) elec-
trocatalysts to investigate their catalytic performance for 
CO2 reduction toward the production of deeply reduced 
hydrocarbons. Our study reveals that the eight-electron reduc-
tion processes to CH4 are thermodynamically preferred on 
C3N4/NG with lower overall free energy change. The linear 
scaling relationships of carbon-bound intermediates’ free ener-
gies on C1 site of five C3N4/XG catalysts are uncovered, which 
leads to a volcano type of trend in CRR catalytic activity versus 
the free energy of key intermediate, i.e., *COOH. This activity 
trend predicts the best performance for CRR to produce CH4 
on this group of metal-free catalytic materials, which has not 
been achieved on all previously reported metallic CRR electro-
catalysts. In addition, their activity origin can be explained by 

interfacial electron transfer, where a higher activity is associ-
ated with more electron transfer. Therefore, the catalytic activity 
can be improved by substrate engineering methods to increase 
interfacial electron transfer amount on catalysts for CRR. Our 
findings suggest that interfacial electron transfer modulating 
is an effective method to enhance the catalytic performance of 
g-C3N4 for CO2 reduction. This study also sheds light on mate-
rials engineering strategy for other electrochemical conversion 
processes with multi-electron transfer steps.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Computational Parameters and Models. 

All calculations in this study were carried out using density functional theory (DFT). The 

Perdew-Burke-Ernzerhof (PBE) functional was employed for electron exchange-correlation 

within the generalized gradient approximation (GGA), as implemented in the VASP code.[1] 

The ionic cores were described by the projector-augmented wave (PAW) method. The cut-off 

energy for plane wave expansion was set to be 550 eV, optimized from a range of cut-off 

energies. During geometry optimization, the structures were relaxed to forces on all atoms 

smaller than 0.01 eV/Å. A Gaussian smearing was employed with 0.20 eV width for free 

energy calculations. A 5 × 5 × 1 Monkhorst-Pack k-point grid was applied. The DFT-D2 

method of Grimme was employed in all calculations to address van der Waals (vdW) 

interactions between atoms.[2]  

The nanocomposite model of g-C3N4 and graphene (C3N4/G), using a 3×3 graphene 

supercell to match the 1×1 g-C3N4 cell, was built with optimized lattice constant a = b = 7.314 

Å and 20 Å of vacuum space. The angle between the two lattice vectors a and b was 120°. 

Based on the C3N4/G model, four other models of g-C3N4 and heteroatom-doped graphene 

(C3N4/XG, X = B, N, O, P) were designed with one carbon atom in the graphene layer 

substituted by the heteroatom (B or N) or with the heteroatom (O or P) added to the graphene 

layer. The optimized atomic configurations and distances between the two layers of these 

models are shown in Figure S1. The electron transfers from graphene layer to g-C3N4 layer on 

C3N4/XG (XG = BG, NG, OG, PG, G) were studied through Bader charge and charge density 

difference analyses.[3] 

Reaction Intermediates. 

The five nanocomposite models of C3N4/XG (XG = BG, NG, OG, PG, G) were investigated 

as electrocatalysts for the CRR. First, various possible positions both in g-C3N4 layer and 

doped graphene layer were explored to address the CO2 binding sites, since the CRR starts 
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with the adsorption of CO2 molecule. As shown in Figure S1-S5, site 1 (denoted as C1), site 2 

(denoted as C2), and site 5 (denoted as N) generally displayed favorable adsorption energies. 

Therefore, these three positions (C1, C2, and N) in the g-C3N4 layer were optimized to be 

potential active sites for the CRR (Figure S6). The electronic energies of possible 

intermediates, such as *COOH, *CO, *CHO, *CH, etc., were calculated on C3N4/XG (XG = 

BG, NG, OG, PG, G) with various initial configurations. The optimized geometry and 

energies were summarized in Tables S1-S5 for five models, respectively. The free energy 

corrections to all intermediates, reactants and products were presented in Table S6 (for 

intermediates) and Table S7 (for gas molecules) in SI.  

Free Energy Calculation. 

The free energies of intermediate states were determined according to G = E + ZPE  TS. The 

zero point energy (ZPE) and entropy correction (TS) were calculated from vibration analysis 

by standard methods and used to convert electronic energies (E) into free energies (G) at 

298.15 K (Table S6). The vibrational frequencies were computed by treating all 3N degrees of 

the adsorbates as vibrational within the harmonic oscillator approximation, and assuming that 

any changes in the vibrations of the nanocomposite surface were minimal, in concert with 

earlier studies.[4] Gas-phase free energies were also obtained by standard methods (Table S7). 

The gaseous species, CO2 and CH4, were calculated at 101,325 Pa, while the liquid water was 

treated with pressure correction at a fugacity of 3534 Pa corresponding to the vapor pressure 

of water.[5] The solvation effects were considered approximately the same as previous studies: 

hydroxyl adsorbate (*OH), hydroxyl functional groups (*R-OH), and intermediates 

containing adsorbed CO (*CO, *CHO, etc.) were stabilized by 0.5 eV, 0.25 eV, and 0.10 eV, 

respectively.[4b, 5] The free energy of CO2 and HCOOH were compensated with 0.23 eV and 

0.15 eV respectively to match the experimental values.  
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To include the effect of electrode potential, the computational hydrogen electrode (CHE) 

model was used to treat the free energy change of each state involving a proton-electron pair 

transfer as a function of the applied electrical potential.[6] In this model, the free energy of a 

proton-electron pair at 0 V vs RHE is by definition equal to half of the free energy of gaseous 

hydrogen at 101,325 Pa. The application of the CHE model provides a method to predict the 

electrode potential at which all elementary steps in a certain CO2 reduction pathway becomes 

exergonic. This potential is referred to as the limiting potential and used to decide the 

potential-dependent reaction step. In this study, the relative free energies of intermediates 

were taken to indicate the starting point of different CO2 electroreduction pathways, and 

reaction barriers were not calculated. The barriers for proton transfers to adsorbates are 

normally small enough to be surmountable at room temperature as reported in previous 

publications.[7] 
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Figure S1. CO2 adsorption summary in (a) g-C3N4 layer and (b) XG layer of C3N4/BG. Black 

circle indicates the adsorption sites that have been considered in this study. The adsorption 

energy for each site is shown in the table. The corresponding configurations are shown in (c) 

 (k). 
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Figure S2. CO2 adsorption summary in (a) g-C3N4 layer and (b) XG layer of C3N4/NG. Black 

circle indicates the adsorption sites that have been considered in this study. The adsorption 

energy for each site is shown in the table. The corresponding configurations are shown in (c) 

 (k). 
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Figure S3. CO2 adsorption summary in (a) g-C3N4 layer and (b) XG layer of C3N4/OG. Black 

circle indicates the adsorption sites that have been considered in this study. The adsorption 

energy for each site is shown in the table. The corresponding configurations are shown in (c) 

 (j). 
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Figure S4. CO2 adsorption summary in (a) g-C3N4 layer and (b) XG layer of C3N4/PG. Black 

circle indicates the adsorption sites that have been considered in this study. The adsorption 

energy for each site is shown in the table. The corresponding configurations are shown in (c) 

 (j). 
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Figure S5. CO2 adsorption summary in (a) g-C3N4 layer and (b) XG layer of C3N4/G. Black 

circle indicates the adsorption sites that have been considered in this study. The adsorption 

energy for each site is shown in the table. The corresponding configurations are shown in (c) 

 (k). 
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Figure S6. The optimized atomic configurations and three active sites (C1, C2, N) of 

C3N4/XG (XG = BG, NG, OG, PG, G). Carbon in graphene layer, carbon in g-C3N4 layer, 

nitrogen, boron, oxygen, phosphorus atoms are grey, green, blue, light magenta, red, and 

purple, respectively. 
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Figure S7. Free energy diagrams of the CO2 reduction pathway to CH4 on (a) C2 and (b) N 

sites of C3N4/XG (XG = BG, NG, OG, PG, G). The insets show the corresponding C2 and N 

sites, respectively. 
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Figure S8. (a-e) The DOS for active carbon sites of C3N4/XG (XG = BG, NG, OG, PG, and 

G, respectively). The black and red lines show the corresponding DOS for C1 and C2 sites. (f) 

The relationship between *COOH free energy and the highest peak position of active site 

DOS. 
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Figure S9. (a) Free energy diagram of hydrogen evolution reaction (HER). (b) The overall 

limiting potentials for hydrogen evolution and CO2 reduction to CH4 on C1 site of C3N4/XG 

(XG = BG, NG, OG, PG, G). 
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Figure S10. (a) Free energy diagrams of the CO2 reduction pathway to HCOOH on C3N4/XG 

(XG = BG, NG, OG, PG, G). The corresponding optimized configurations of adsorbed 

*OCHO are shown in (b)  (f), respectively.  
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Figure S11. Free energy diagrams of the CO2 reduction pathway to CH3OH on C1 site of 

C3N4/XG (XG = BG, NG, OG, PG, G). 
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Figure S12. Relationship between work function and *COOH free energy on C3N4/XG (XG = 

BG, NG, OG, PG, G). 
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Table S1 Summary of optimized configurations of possible reaction intermediates on three 

active sites (C1, C2, and N) of C3N4/BG explored in this study. 

 C1 C2 N 

*COOH 

   

*CO 

   

*CHO 
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*OCH2 

   

*OCH3 

   

*O 

   

*OH 
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*H 
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Table S2 Summary of optimized configurations of possible reaction intermediates on three 

active sites (C1, C2, and N) of C3N4/NG explored in this study. 

 C1 C2 N 

*COOH 

   

*CO 

   

*CHO 
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*OCH2

*OCH3

*O

*OH
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*H 
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Table S3 Summary of optimized configurations of possible reaction intermediates on three 

active sites (C1, C2, and N) of C3N4/OG explored in this study. 

 C1 C2 N 

*COOH 

   

*CO 

   

*CHO 
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*OCH2

*OCH3

*O

88



     

25 
 

*OH 

   

*H 
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Table S4 Summary of optimized configurations of possible reaction intermediates on three 

active sites (C1, C2, and N) of C3N4/PG explored in this study. 

 C1 C2 N 

*COOH 

   

*CO 

   

*CHO 
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*OCH2 

*OCH3

*O
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*OH 

   

*H 
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Table S5 Summary of optimized configurations of possible reaction intermediates on three 

active sites (C1, C2, and N) of C3N4/G explored in this study. 

 C1 C2 N 

*COOH 

   

*CO 

   

*CHO 
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*OCH2 

   

*OCH3 

   

*O 

   

*OH 
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*H 
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Table S6 Corresponding thermodynamic energy corrections (in eV) for intermediates. 

Adsorbate ZPE -TS 

*COOH 0.677 -0.178 

*CO 0.154 -0.282 

*CHO 0.541 -0.121 

*OCH2 0.753 -0.268 

*OCH3 0.978 -0.267 

*O 0.093 -0.041 

*OH 0.377 -0.046 

*H 0.302 -0.002 

*OCHO 0.639 -0.173 

 

Table S7 Corresponding thermodynamic energy corrections (in eV) for gas phase molecules. 

Gas molecule ZPE -TS 

H2 0.269 -0.402 

CO2 0.306 -0.662 

CH4 1.182 -0.575 

H2O(g) 0.568 -0.536 

CH3OH(g) 1.350 -0.458 
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Chapter 4: Selectivity Roadmap for Electrochemical CO2

Reduction on Copper-based Alloy Catalysts

4.1 Introduction and Significance
The electrochemical CO2 reduction reaction (CRR) involves a complex reaction network 

with multiple competing steps, making the development of selective electrocatalysts for 

CO2 conversion to desired products a major challenge. Copper (Cu) can uniquely yield a 

wide range of products beyond CO (e.g. C1-C3 hydrocarbon/oxygenate), but suffers from 

poor selectivity. Given this, engineering of Cu-based electrocatalysts is of great importance 

in order to address this selectivity issue. 

In this Chapter, a novel descriptor-based approach was demonstrated to predict CRR 

selectivity of catalysts, by extensively modelling a series of Cu-based single atom alloys 

(M@Cu; M = Co, Ni, Ru, Rh, Ir, Pt, Pd, Au, Ag, Zn, In, Sn) and analysing their adsorption 

configurations and energetics. From this, the different hydrogen (H) and oxygen (O) 

affinities of the M atoms were shown to be feasible descriptors in determining CRR 

selectivity, leading to a practical engineering strategy by alloying metal elements with 

different H and O affinity for selective CO2 reduction. The observed product distribution 

provided valid computational explanation for available reports of CRR selectivity trends 

in Cu-based bimetallic catalysts; it also gave extended mechanistic insights into the 

selectivity roadmap for an extensive range of Cu-based alloys. The inherent properties of 

catalysts were effectively correlated to their selectivity, therefore resulting in a feasible 

design strategy for highly selective CRR electrocatalysts. The descriptor-based selectivity 

trends also offered a practicable route to explore the catalytic performance for a wider 

range of CRR electrocatalysts.

4.2 Selectivity roadmap for electrochemical CO2 reduction on copper-

based alloy catalysts
This chapter is included as it appears as a journal paper published by Xing Zhi, Yan Jiao, 

Yao Zheng, Anthony Vasileff, Shi-Zhang Qiao, Selectivity roadmap for electrochemical 

CO2 reduction on copper-based alloy catalysts, Nano Energy, 2020, 71, 104601.
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Computational Parameters and Models.

All calculations were performed using density functional theory (DFT) method. The Perdew-Burke-

Ernzerhof (PBE) functional of the generalized gradient approximation (GGA) was employed for 

electron exchange-correlation, as implemented in the Vienna Ab initio Simulation Package 

(VASP).[1-3] The ionic cores were described by the projector-augmented wave (PAW) method. A

plane-wave cutoff energy was set to 550 eV. During geometry optimization, the structures were 

relaxed to a force on the atoms smaller than 0.01 eV Å-1. A 0.18 eV width of the smearing and (4 × 4 

× 1) Gamma k-point grid were applied. The Tkatchenko-Scheffler method was adopted in all 

calculations to address van der Waals (vdW) interactions between atoms.

The Cu (111) surface was modeled with a three-layered slab of a (3 × 3) supercell with 15 Å of 

vacuum space. The M@Cu single atom alloy models were built by substituting one Cu surface atom 

with one dopant metal atom M (M = Co, Ni, Ru, Rh, Ir, Pt, Pd, Au, Ag, Zn, In, Sn), respectively. The 

optimized configurations of Cu and M@Cu structures are shown in Figure S2. Adsorption of reaction 

intermediates on the Cu and M@Cu surfaces was calculated with the bottom two layers fixed and the 

top layer relaxed. The adhesion energy of the dopant metal atom M was calculated as

Ead = EM@Cu – ECu-v –EM

where EM@Cu is the energy of M@Cu surface, ECu-v is the energy of Cu (111) surface with one Cu 

surface atom vacancy, and EM is the energy of M atom (Table S2).

Free Energy Calculation.

The free energies of the reaction intermediates were calculated according to G = E + ZPE – TS. The 

zero point energy (ZPE) and entropy correction (TS) were calculated from vibration analysis by 

standard methods and used to convert electronic energies (E) into free energies (G) at 298.15 K (Table 

S3). The vibrational frequencies were computed by treating all 3N degrees of the adsorbates as 

vibrational within the harmonic oscillator approximation, and assuming that any changes in the 

vibrations of the M@Cu surfaces were minimal, in concert with earlier studies.[4, 5] The free energies 

of molecules were also obtained by standard methods (Table S4). The gaseous species, CO2 and CO, 

were calculated at 101,325 Pa, while H2O and HCOOH were treated with pressure correction at a 

fugacity of 3534 Pa and 19 Pa respectively, corresponding to the vapour pressure of water and 1M 

HCOOH.[6] The solvation effects were considered approximately the same as previous studies: 

*COOH and other related intermediates were stabilized by 0.25 eV and 0.10 eV, respectively.[5, 6]

The effect of ions were not included. The free energies of CO2, CO and HCOOH were compensated 

with 0.32 eV, -0.17 eV and 0.19 eV respectively to match the experimental values.
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To include the effect of electrode potential, the computational hydrogen electrode (CHE) model 

was used to treat the free energy change of each state involving a proton-electron pair transfer as a 

function of the applied electrical potential.[7, 8] In this model, the free energy of a proton-electron 

pair at 0 V vs RHE is by definition equal to half of the free energy of gaseous hydrogen at 101,325 

Pa. The application of the CHE model provides a method to predict the electrode potential at which 

all elementary steps in a certain CO2 reduction pathway become exergonic. This potential is referred 

to as the limiting potential and used to decide the potential-dependent reaction step. In this study, the 

relative free energies of intermediates were taken to indicate the starting point of different CO2

electroreduction pathways, and reaction barriers were not calculated. The barriers for proton transfers 

to adsorbates are normally small enough to be surmountable at room temperature as reported in 

previous publications.[9]
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Figure S1. Reaction pathways to various products through key intermediates in this study. Dashed 

arrows indicate multiple proton/electron transfer steps.

Figure S2. The optimized configurations of the M@Cu alloy surfaces and the pure Cu surface.

Copper atoms are blue and other metal atoms are labelled for each structure.
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Figure S3. Selectivity analysis between the hydrogen evolution reaction and CO2 reduction reaction

based on the free energy changes of the first hydrogenation intermediates.
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Figure S4. The free energy changes of *CO protonation to *CHO and *COH on M@Cu alloy 

surfaces plotted against (a) M-H affinity and (b) M-O affinity, respectively. The ΔG value of *CO 

protonation to *CHO on Rh@Cu is missing due to geometric instability of *CHO on Rh@Cu.
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Figure S5. Relationship of the free energy changes of OC-CHO coupling on M@Cu alloy surfaces 

with (a) M-H affinity and (b) M-O affinity, respectively. The ΔG value of OC-CHO coupling on 

Rh@Cu is missing due to geometric instability of *CHO on Rh@Cu.
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Table S1. Summary of optimized configurations of key reaction intermediates in this study.

*COOH *OCHO *CO *CHO *COH *COCHO *COCOH

Cu

Co@Cu

Ni@Cu

Ru@Cu

Rh@Cu a b

Ir@Cu

Pt@Cu

Pd@Cu
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Au@Cu

Ag@Cu c c

Zn@Cu c c

In@Cu c c

Sn@Cu c c

a,b The optimized configuration is missing due to geometric instability of *CHO on Rh@Cu alloy 

surface. 

c The optimized configurations are missing because the Ag, Zn, In, and Sn doped M@Cu alloy 

surfaces prefer to yield 2e- products. Therefore, the C2 reaction intermediates are not included for 

these catalyst models.
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Table S2. The adhesion energy (in eV) of metal atom M on Cu (111) surface.

M@Cu Ead

Co@Cu 0.179

Ni@Cu -0.438

Ru@Cu 0.591

Rh@Cu -0.607

Ir@Cu -0.409

Pt@Cu -1.472

Pd@Cu -1.303

Au@Cu -1.394

Ag@Cu -0.853

Zn@Cu -1.477

In@Cu -1.857

Sn@Cu -2.189

Table S3. Corresponding thermodynamic energy corrections (in eV) for intermediates.

Adsorbate ZPE -TS

*COOH 0.604 -0.223

*OCHO 0.616 -0.219

*CO 0.181 -0.132

*CHO 0.439 -0.166

*COH 0.464 -0.161

*H 0.175 -0.005

*O 0.065 -0.057
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Table S4. Corresponding thermodynamic energy corrections (in eV) for molecules.

Gas molecule ZPE -TS

H2 0.269 -0.402

CO 0.132 -0.610

CO2 0.307 -0.662

H2O 0.571 -0.536

HCOOH 0.890 -0.502
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Table S5. H and O affinities of metals in their bulk form and as embedded single atoms in the Cu(111) 

surface.

Metal elements
In bulk In Cu(111) surface

EM-H (eV)a DO(M) (eV)b EM-H (eV) EM-O (eV)

Cu 1.88 2.97 0.32 2.53

Co 2.01(strong) 4.11(strong) -0.17(strong) 0.93(strong)

Ni 2.05(strong) 3.79(strong) -0.05(strong) 1.81(strong)

Ru (strong) 5.47(strong) -0.26(strong) 0.47(strong)

Rh 2.59(strong) 4.20(strong) -0.15(strong) 1.67(strong)

Ir 2.61(strong) 4.29(strong) -0.47(strong) 1.10(strong)

Pt 2.59(strong) 4.34(strong) -0.27(strong) 2.42(strong)

Pd (strong) 2.47(weak) 0.10(strong) 2.85(weak)

Au 1.97(weak) 2.31(weak) 0.22(strong) 3.40(weak)

Ag 1.67(weak) 2.29(weak) 0.61(weak) 3.58(weak)

Zn 1.42(weak) 2.59(weak) 0.68(weak) 2.71(weak)

In 1.34(weak) 3.59(strong) 0.82(weak) 3.36(weak)

Sn 1.42(weak) 5.47(strong) 0.61(weak) 2.69(weak)

a EM-H values are measured from Figure 3, Trasatti, S.[10] The values for Ru and Pd are missing in 

the reference. Therefore we use the M-H bond strength values from [Comprehensive Handbook of 

Chemical Bond Energies, CRC Press, Boca Raton, FL, 2007] to decide the relative hydrogen 

adsorption strength on these metals.

b DO(M) is the dissociation enthalpy of metal oxides. The original values are presented in kJ/mol and 

converted to eV here.[11]
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Chapter 5: Kinetic Insights into Selective C-C Coupling for 

Electrochemical CO2 Reduction on Copper Alloy Surfaces

5.1 Introduction and Significance
In the electrochemical CO2 reduction reaction (CRR), the C-C coupling is an essential step 

for producing multi-carbon products, yet shows large kinetic barriers. Despite the advances 

of CO dimerization mechanism, the mechanistic elucidation for OC-COH and OC-CHO 

coupling is far from settled. Hence, greater understanding of C-C coupling reaction kinetics 

is required to permit the efficient conversion of CO2 toward C2(+) products.

In this Chapter, a kinetic investigation of C-C coupling between *CO and *COH/*CHO 

on Cu alloy surfaces (M@Cu, M = Pt, Pd, Au) was conducted using DFT computations. 

The reaction kinetics and thermodynamics for OC-COH and OC-CHO coupling steps were 

evaluated on Cu and M@Cu surfaces. Based on the variation trend of activation barriers, 

we demonstrated the kinetic preference of OC-COH coupling compared to OC-CHO 

coupling among different C2 pathways. Linear energy relations were observed describing 

correlations between activation barriers and reaction energies for C-C coupling and reverse 

C-C dissociation reactions. This provides a practical method for estimating variations of 

reaction kinetics from thermodynamic analysis and predicting favorable C-C coupling 

selectivity on a wider range of CRR electrocatalysts.

5.2 Kinetic insights into selective C-C coupling for electrochemical CO2

reduction on copper alloy surfaces
This chapter is included as it appears as a journal paper in preparation for publication by 

Xing Zhi, Yan Jiao, Yao Zheng, Shi-Zhang Qiao, Kinetic insights into selective C-C

coupling for electrochemical CO2 reduction on copper alloy surfaces, 2021, to be submitted.
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Kinetic Insights into Selective C-C Coupling for 
Electrochemical CO2 Reduction on Copper Alloy Surfaces 

Xing Zhi, a Yan Jiao, *a Yao Zheng a and Shi-Zhang Qiao *a 

In electrochemical CO2 reduction reaction, the C-C coupling process 

is a key elementary step for producing multi-carbon products but 

suffers from high activation barriers. Therefore, optimizing the 

energetics of C-C coupling is crucial for efficient conversion of CO2 

to C2(+) products. Here, we investigate the kinetic variations for the 

C-C coupling reactions induced by the heteroatom doping of a 

secondary metal element (Pt, Pd or Au) in the Cu substrate. The OC-

COH coupling is found kinetically more favorable than OC-CHO 

coupling on copper-based alloy surfaces. The underlying factor that 

facilitates the OC-COH coupling step originates from the increased 

reactivity of adsorbed *CO species. Linear energy relations 

between activation barriers and reaction energies are observed for 

C-C coupling and reverse C-C dissociation reactions. This provides a 

useful strategy to estimate kinetic variations for C-C coupling in CO2 

reduction pathways. 

The electrochemical reduction of CO2 to multi-carbon products 

offers a practical means to energy storage as high-value carbon-

based fuels and chemicals.1, 2 The C-C bond formation is an 

essential step for producing C2(+) hydrocarbons and oxygenates, 

in which the *CO and its hydrogenated derivatives *CHO/*COH 

are known as building blocks.3-8 However, the C-C coupling is a 

rate-determining step with large energy barriers in the 

electrochemical conversion of CO2 to C2(+) products.9 In 

addition, it remains a challenge to identify the dominant C-C 

coupling step to C2 intermediates. Despite extensive efforts in 

developing the CO dimerization mechanism,10, 11 the 

mechanistic elucidation of OC-COH and OC-CHO coupling is still 

under debate. Therefore, greater understanding is needed 

regarding reaction kinetics of different C-C coupling steps to 

promote the CO2 conversion efficiency to multi-carbon 

products. 

In the development of CRR electrocatalysts with improved 

activity and selectivity, heteroatom doping presents a practical 

engineering strategy.12-16 Copper is the only known metal that 

can generate a wide range of C2(+) products, but it shows limited 

product selectivity.17 Alloying of a secondary metal element 

with copper is demonstrated as an effective approach for 

modulating reaction energetics and controlling selectivity 

distribution.18, 19 The dopant metal atoms in the copper-based 

bimetallic materials exhibit intrinsic effects on adsorption 

behaviours of key reaction intermediates. For example, in a 

computational study, we found that the oxygen and hydrogen 

affinities of the secondary metals in copper-based alloy 

catalysts can serve as descriptors in determining CRR product 

selectivity.20 Given this, copper alloy materials present 

promising catalyst systems to tune the adsorption strength of 

key intermediates and to achieve a favorable reaction pathway. 

The adsorbed *CO species has been identified as a key 

intermediate by both experimental observations and 

theoretical analysis in the CRR.10, 11, 21-23 The *CO also plays an 

important role in the C-C coupling processes.4-8 It is of interest 

to control CO adsorption and evaluate its contribution to the 

kinetic variations of C-C bond formation in generating C2(+) 

products. 

In order to simplify the energetic analysis of catalytic reactions, 

the reaction kinetics can be linearly correlated to reaction 

energies.24-28 This kind of linear relations between the activation 

barrier and the reaction energy for an elementary reaction step 

is called the Brønsted-Evans-Polanyi (BEP) relation. Because of 

the hardness to detect both activation barriers and reaction 

energies in experiments, the computational methods provide a 

promising avenue to quantify the BEP relation in heterogeneous 

catalysis.29 Based on density functional theory (DFT) 

calculations, the underlying BEP relation is widely used to 

estimate activation barriers from reaction energies in a range of 

catalytic reactions, such as ammonia synthesis and 

hydrogenation/dehydrogenation reactions.29-32 In terms of the 

C-C bond coupling in CO2 reduction, the transition state barrier 

is an essential parameter that affects the reaction rate and 
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associated pathway selection.8 A linear energy relation between 

kinetics and thermodynamics is therefore required to describe 

variations in catalytic activity and selectivity for the C-C bond 

coupling process on CRR electrocatalysts. 

In this work, we study the reaction kinetics of C-C coupling 

between *CO and *COH/*CHO on Cu alloy surfaces (M@Cu) by 

using density functional theory (DFT) calculations. The Pt, Pd 

and Au elements were selected as potential components in Cu 

alloys that can affect the catalytic activity and selectivity for C-

C bond formation. The Cu(111) and Cu(100) surfaces were used 

as substrates for alloying. Through evaluation of activation 

barriers for OC-COH and OC-CHO coupling processes, we 

demonstrated the kinetic preference and associated C-C 

coupling selectivity on M@Cu catalysts. The origin of kinetic 

variations was identified by underlying electronic properties. 

Linear energy relations were observed between activation 

barriers and reaction energies for C-C coupling and reverse C-C 

dissociation reactions, which can be used to estimate variations 

of reaction kinetics and to predict preferred C-C coupling 

selectivity for CRR electrocatalysts. 

The C-C coupling is a rate-determining process for generating 

multi-carbon products in electrochemical CO2 reduction.9, 23 

Although major research efforts have been devoted to the CO 

dimerization, less has been done to investigate the coupling 

between *CO and its hydrogenated derivatives (i.e. *CHO and 

*COH). It was demonstrated that the *COH was a common 

intermediate for C1 and C2 (C3) pathways at neutral pH. This 

enabled a CO-COH pathway for the C-C coupling.6 The formation 

of the *COCOH intermediate was evidenced by both 

experimental and computational observations at low 

overpotentials during CO reduction on Cu(100) electrodes.21 

Despite the proposed absence at low potentials, *COH or *CHO 

are likely formed at a wider range of applied potentials.5, 8, 23 

Herein, the reaction energetics of OC-COH and OC-CHO 

coupling processes are studied to illustrate their accessibility in 

the C2 pathways on Cu alloy surfaces. Figure 1 shows the 

reaction pathways of CO2 reduction toward C2 products via OC-

COH and OC-CHO coupling. The general stability of the dopant 

metal atom on Cu alloy surfaces was evaluated by calculating 

the adhesion energy of M atom (Table S1). Due to the dopant 

metal atoms, the Cu-based bimetallic catalysts show varied 

reaction kinetics for the investigated C-C bond formation steps. 

By using the nudged elastic band (NEB) method,33, 34 the 

reaction kinetics for OC-COH coupling are calculated with a (4 × 

4 × 1) k-point grid. Further computational details are provided 

in the Supporting Information. As shown in Figure 2a-d, the 

activation barriers for OC-COH coupling on M@Cu(111) (M = Pt, 

Pd, Au) surfaces are increased compared to the Cu(111) surface. 

The Pt and Pd doped Cu(111) surfaces show comparable 

minimum energy paths with slightly increased activation 

energies for the C-C association process (Figure 2b and c). On 

the contrary, the Au@Cu(111) surface exhibits greater 

activation barrier than the Cu(111) surface (Figure 2d), 

indicating its unfavorable kinetics for OC-COH coupling. Except 

for the activation barrier of the OC-COH association (ΔEa (as)), the 

corresponding reaction energy (ΔE(as)) is also summarized in 

Figure 2e, which is the energy difference between the initial and 

the final state. The reaction energies of OC-COH coupling on 

M@Cu(111) surfaces are greater than that on the Cu(111) 

surface, which corresponds to the energy trend of activation 

barriers. For the Cu(100) surface, the reaction kinetics for OC-

COH association are facilitated by introducing Pt, Pd or Au 

dopant atoms. As shown in Figure 3a-d, the Pt and Pd doped 

Cu(100) surfaces exhibit analogous decreased activation 

Figure 1. Reaction pathways of CO2 reduction toward C2 products via C-C coupling. The 

blue path represents the C2 pathway via OC-CHO coupling; the orange path denotes the 

C2 pathway via OC-COH coupling.

Figure 2. The minimum energy paths for OC-COH coupling on (a) Cu(111), (b) 

Pt@Cu(111), (c) Pd@Cu(111) and (d) Au@Cu(111) catalyst surfaces, respectively. Insets 

show the optimized structures of initial state (IS), transition state (TS), and final state 

(FS). Copper atoms are shown as blue-spheres with other metal atoms labelled for each 

catalyst surface. Carbon, oxygen, and hydrogen atoms are brown, red, and light pink, 

respectively. (e) Activation barriers and reaction energies for C-C association between 

adsorbed *CO and *COH on Cu(111) and M@Cu(111) surfaces. The inset shows the 

schematic configurations of the initial and final states for the corresponding C-C 

association reaction. Copper and the dopant metal atoms are blue and grey, respectively.
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energies compared to the Cu(100) surface, while the Au doped 

Cu(100) surface displays the most favorable kinetics for the OC-

COH coupling process. The activation barriers and reaction 

energies for OC-COH coupling on Cu(100) and M@Cu(100) 

surfaces are summarized in Figure 3e. The reaction energies 

keep steady after Pt or Pd doping in the Cu(100) surface with 

energy variations less than 0.015 eV, while the reaction energy 

on Au@Cu(100) becomes exoergic. In brief, the coupling 

between *CO and *COH is kinetically favorable on M@Cu(100) 

surfaces due to the heteroatom doping of a secondary metal 

element (Pt, Pd or Au) in the Cu substrate. 

The *CHO intermediate is another *CO hydrogenated derivative 

that is involved in the C-C coupling reaction. The activation 

barriers for OC-CHO coupling are calculated with a (1 × 1 × 1) k-

point grid because it is computationally demanding to obtain 

the minimum energy paths with a (4 × 4 × 1) k-point grid. This 

also suggests the less favorable reaction kinetics of OC-CHO 

coupling compared to OC-COH coupling. Using denser k-point 

grid can change the activation barriers, but is unlikely to alter 

the variation trend of reaction energetics on the investigated 

Cu-based catalyst surfaces. The reaction kinetics for OC-CHO 

coupling on M@Cu(111) surfaces become less favorable 

compared to the Cu(111) surface (Figure S1a-d). The same 

variation trend of activation barriers and reaction energies is 

shown in Figure S1e, which indicates the suppressed reaction 

energetics for OC-CHO coupling on M@Cu(111) surfaces. As 

shown in Figure S2a-d, the OC-CHO coupling is also kinetically 

unfavorable on M@Cu(100) surfaces with increased activation 

barriers compared to the Cu(100) surface. The reaction energies 

for OC-CHO coupling are correspondingly levelled up on 

M@Cu(100) surfaces in comparison with the Cu(100) surface 

(Figure S2e). In general, both activation barriers and reaction 

energies for OC-CHO coupling on M@Cu(100) surfaces are 

lower than those on corresponding M@Cu(111) surfaces, 

indicating more favorable reaction energetics on M@Cu(100) 

surfaces. Nevertheless, the OC-CHO coupling is impeded after 

introducing a secondary metal element (Pt, Pd or Au) to the Cu 

substrate. 

To understand the origin of kinetic variations, we investigated 

the underlying electronic properties. The density of states (DOS) 

analysis was conducted for the initial state of OC-COH coupling 

with two separate C1 adsorbates (i.e. *CO and *COH) on the 

catalyst surface. The adsorption of *CO leads to the binding 

states between C atom and the nearby Cu atom in the energy 

range from -6 to -8 eV on the (100) surfaces (Figure 4a). When 

the secondary metal element (Pt, Pd or Au) is doped into the 

Cu(100) surface, a lower overlap is observed among the binding 

states between p orbital for C atom of the adsorbed *CO and d 

orbital for the nearby Cu atom on M@Cu(100) surfaces 

compared to the Cu(100) surface. This finding indicates an 

improved reactivity of CO during the OC-COH coupling on 

M@Cu(100) surfaces. The Bader charge analysis shows the 

tunable charge distribution in the initial state of OC-COH 

coupling. As shown in Figure 4b, the Bader charge for C atom of 

adsorbed *CO on each M@Cu(100) surface is less than that on 

Figure 3. The minimum energy paths for OC-COH coupling on (a) Cu(100), (b) 

Pt@Cu(100), (c) Pd@Cu(100), and (d) Au@Cu(100) catalyst surfaces, respectively. Insets 

show the optimized structures of initial state (IS), transition state (TS), and final state 

(FS). Copper atoms are shown as blue-spheres with other metal atoms labelled for each 

catalyst surface. Carbon, oxygen, and hydrogen atoms are brown, red, and light pink, 

respectively. (e) Activation barriers and reaction energies for C-C association between 

adsorbed *CO and *COH on Cu(100) and M@Cu(100) surfaces. The inset shows the 

schematic configurations of the initial and final states for the corresponding C-C 

association reaction. Copper and the dopant metal atoms are blue and grey, respectively.

Figure 4. (a) The density of states (DOS) of d-orbital for the nearby Cu atom and p-orbital 

for C atom of adsorbed *CO in the initial state of OC-COH coupling on Cu(100) and 

M@Cu(100) surfaces. The d-orbital DOS of the nearby Cu atom without adsorption is 

also shown in the dashed line. (b) Relationship between the charge distribution on C 

atom of adsorbed *CO in the initial state of OC-COH coupling and activation barriers for 

OC-COH coupling on Cu(100) and M@Cu(100) surfaces.
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the Cu(100) surface. This is in agreement with the DOS result of 

the lower binding states overlap on M@Cu(100) surfaces. 

Therefore, the increased reactivity of adsorbed *CO is 

rationalized by its decreased interaction with the nearby Cu site 

on M@Cu(100) surfaces. The activation barriers for OC-COH 

coupling are compared with the Bader charge analysis to 

uncover the intrinsic electronic effects on reaction kinetics. The 

analogous variation trends in Figure 4b indicate that more 

reactive surface-bound CO on M@Cu(100) surfaces can 

facilitate the OC-COH coupling. By way of contrast, the 

unfavorable kinetics for OC-COH coupling on M@Cu(111) 

surfaces compared to the Cu(111) surface can be explained by 

the increased interaction between adsorbed *CO and the 

nearby Cu atom. The DOS analysis of a higher overlap among 

the binding states (Figure S3a) agrees with the increased Bader 

charge for C atom of *CO (Figure S3b) on M@Cu(111) surfaces. 

In summary, optimization of reaction kinetics for OC-COH 

coupling are enabled by control of CO adsorption. 

In the analysis of complex catalytic reactions, linear energy 

relations have been widely applied to understand the energetic 

trends related to underlying thermodynamics and kinetics.25, 30, 

35 The Brønsted-Evans-Polanyi (BEP) relation is known as a linear 

relationship between the activation barrier and the reaction 

energy for an elementary reaction step.29 However, it is hard to 

measure values of these two properties in experiments. Given 

this, the computational methods based on density functional 

theory present a solution to quantify the linear relations. In 

heterogeneous catalysis, the BEP relation can be used to 

estimate activation barriers from reaction energies and to 

depict catalytic variations of different catalyst surfaces.26 Based 

on the C-C coupling energy trend on Cu and M@Cu surfaces, 

linear energy relations between activation barriers and reaction 

energies are evaluated. The optimized transition state 

geometries vary from decoupled states for OC-COH coupling 

(Figure 2a-d, 3a-d) to associated states for OC-CHO coupling 

(Figure S1a-d, S2a-d). Due to the final-state-like geometry for 

transition states in BEP relations, linear energy trends are 

explored for both C-C coupling and reverse C-C dissociation 

reactions. Figure 5a shows the description of the reaction 

energy (ΔE(as)/(dis)) and the activation barrier (ΔEa (as)/(dis)) for C-C 

association/dissociation processes. A linear energy relation is 

observed between the activation barrier and reaction energy 

for the C-C bond dissociation of adsorbed *COCOH on the 

investigated Cu-based catalyst surfaces (Figure 5b). In addition, 

the linear scaling relation for OC-COH coupling is also obtained 

correlating the activation barrier to the reaction energy (Figure 

5c). For the OC-COH coupling, the catalyst surfaces with less 

endoergic reaction energies exhibit lower activation barriers for 

C-C association between adsorbed *CO and *COH. Specifically, 

M@Cu(100) surfaces show more favorable reaction energetics 

and resultant higher selectivity for OC-COH coupling than 

M@Cu(111) surfaces. Furthermore, the linear relations are also 

established for OC-CHO dissociation and association processes 

(Figure S4 and S5). The consistent variation trends of activation 

barriers and reaction energies are observed for the OC-CHO 

coupling mechanism. However, the reaction energetics of the 

OC-CHO coupling process become less favorable after 

secondary metal doping in the Cu substrate. To sum up, the 

linear energy relations provide a feasible method to estimate 

activation barriers from reaction energies and predict variations 

in catalytic activity and selectivity for different catalysts. 

In terms of thermodynamics, the reaction energies for OC-COH 

coupling, OC-CHO coupling, and CO dimerization processes are 

compared on the (111) and (100) surfaces respectively (Figure 

S6 and S7). The OC-COH coupling on (100) surfaces shows the 

most favorable reaction energies. By contrast, the CO 

dimerization is thermodynamically less favorable than OC-COH 

and OC-CHO coupling. Based on the preceding discussion of 

linear relations between activation barriers and reaction 

energies, it is likely that CO dimerization possess higher kinetic 

barriers than the other two C-C coupling steps. This variation 

trend is in good agreement with the previous study, 

demonstrating that higher degree of hydrogenation of reaction 

adsorbates leads to reduced kinetic barriers for C-C coupling 

process.35 

Conclusions 

A kinetic investigation of C-C coupling selectivity in 

electrochemical CO2 reduction was conducted using DFT 

computations. The reaction kinetics for OC-COH and OC-CHO 

coupling processes were evaluated on Cu and M@Cu catalysts 

surfaces. Based on the variation trend of activation barriers, we 

highlight the kinetic favorability of OC-COH coupling compared 

to OC-CHO coupling on copper-based alloy surfaces. The 

analysis of electronic properties demonstrates that the 

increased reactivity of adsorbed *CO species contributes to the 

favorable reaction energetics of OC-COH coupling. Linear 

energy relations are established to decribe correlations 

between activation barriers and reaction energy for C-C 

association/dissociation reactions. This leads to a practical 

method for estimating kinetic variations from thermodynamic 

analysis for C-C bond formation on varied CRR electrocatalysts. 

Figure 5. (a) The description of energies for C-C association/dissociation reactions. (b) 

The activation energy for C-C bond dissociation of adsorbed *COCOH as a function of the 

corresponding reaction energy. (c) The activation energy for OC-COH coupling as a 

function of the corresponding reaction energy. A (4 × 4 × 1) k-point grid is applied.
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Computational Methods.

All computations were conducted using density functional theory (DFT) method. The Perdew-Burke-

Ernzerhof (PBE) functional was applied for electron exchange correlation within the generalized 

gradient approximation (GGA), as implemented in the VASP code.1, 2 The ionic cores were described 

by the projector-augmented wave (PAW) method.3 The parameter of 500 eV was used for the plane 

wave cutoff energy with a 0.18 eV width of the smearing.

The Cu(111) and Cu(100) surfaces were modeled with three-layer (3 × 3) supercells with 15 Å of 

vacuum space. The M@Cu models were simulated by substituting one Cu surface atom with one 

dopant metal atom M (M = Pt, Pd, Au), respectively. The adsorption energies were calculated on the 

Cu and M@Cu surfaces with the bottom two layers fixed. In order to evaluate the stability of the 

dopant metal atom on Cu alloy surfaces, the adhesion energy of the dopant metal atom M was 

calculated from the following:

Ead = EM@Cu – ECu-v – EM

where EM@Cu is the energy of M@Cu(111) or M@Cu(100) surface, ECu-v is the corresponding energy 

of Cu(111) or Cu(100) surface with one Cu surface atom vacancy, and EM is the energy of M atom 

(Table S1).

Kinetic barriers for C-C coupling processes were evaluted by using the climbing-image nudged 

elastic band (NEB) method.4, 5 Transition state energies were calculated with the top layer relaxed 

and the rest constrained in the three-layer (3 × 3) supercells. Varied Gamma k-point grids were used 

for different C-C coupling steps. All structures in geometry optimizations and transition state 

calculations were relaxed to forces less than 0.05 eV Å-1.
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Table S1. The adhesion energy (in eV) of metal atom M on Cu(111) and Cu(100) surfaces.

Metal atom M
Ead

On Cu(111) surface On Cu(100) surface

Pt -1.47 -1.04

Pd -1.17 -0.96

Au -1.31 -1.10
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Figure S1. The minimum energy paths for OC-CHO coupling on (a) Cu(111), (b) Pt@Cu(111), (c) 

Pd@Cu(111) and (d) Au@Cu(111) catalyst surfaces, respectively. Insets show the optimized 

structures of initial state (IS), transition state (TS), and final state (FS). Copper atoms are shown as 

blue-spheres with other metal atoms labelled for each catalyst surface. Carbon, oxygen, and hydrogen 

atoms are brown, red, and light pink, respectively. A (1 × 1 × 1) k-point grid is applied. (e) Activation 

barriers and reaction energies for C-C association between adsorbed *CO and *CHO on Cu(111) and 

M@Cu(111) surfaces. The inset shows the schematic configurations of the initial and final states for 

the corresponding C-C association reaction. Copper and the dopant metal atoms are blue and grey, 

respectively.
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Figure S2. The minimum energy paths for OC-CHO coupling on (a) Cu(100), (b) Pt@Cu(100), (c) 

Pd@Cu(100), and (d) Au@Cu(100) catalyst surfaces, respectively. Insets show the optimized 

structures of initial state (IS), transition state (TS), and final state (FS). Copper atoms are shown as 

blue-spheres with other metal atoms labelled for each catalyst surface. Carbon, oxygen, and hydrogen 

atoms are brown, red, and light pink, respectively. A (1 × 1 × 1) k-point grid is applied. (e) Activation 

barriers and reaction energies for C-C association between adsorbed *CO and *CHO on Cu(100) and 

M@Cu(100) surfaces. The inset shows the schematic configurations of the initial and final states for 

the corresponding C-C association reaction. Copper and the dopant metal atoms are blue and grey, 

respectively.
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Figure S3. (a) The density of states (DOS) of d-orbital for the nearby Cu atom and p-orbital for C

atom of adsorbed *CO in the initial state of OC-COH coupling on Cu(111) and M@Cu(111) surfaces. 

The d-orbital DOS of the nearby Cu atom without adsorption is also shown in the dashed line. (b) 

Relationship between the charge distribution on C atom of adsorbed *CO in the initial state of OC-

COH coupling and activation barriers for OC-COH coupling on Cu(111) and M@Cu(111) surfaces.
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Figure S4. The activation energy for C-C bond dissociation of adsorbed *COCHO as a function of 

the corresponding reaction energy. A (1 × 1 × 1) k-point grid is applied.

136



Figure S5. The activation energy for OC-CHO coupling as a function of the corresponding reaction 

energy. A (1 × 1 × 1) k-point grid is applied.
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Figure S6. The reaction energies for C-C coupling of OC-COH, OC-CHO, and OC-CO on Cu(111)

and M@Cu(111) catalyst surfaces. A (4 × 4 × 1) k-point grid is applied.
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Figure S7. The reaction energies for C-C coupling of OC-COH, OC-CHO, and OC-CO on Cu(100)

and M@Cu(100) catalyst surfaces. A (4 × 4 × 1) k-point grid is applied.
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Chapter 6: Directing Selectivity of CO2 Electroreduction to 

Target C2 Products via Non-metal Doping on Cu Surfaces

6.1 Introduction and Significance
The generation of C2 products during the electrochemical CO2 reduction reaction (CRR) is 

of particular importance for clean energy storage. However, selective CO2 electroreduction 

to desired C2 products is presently limited, as most research focus on the C-C coupling step 

rather than the selectivity after such step. Therefore, the understanding of C2 reaction 

mechanism in the late stages of CRR is much needed.

In this Chapter, a strategy of non-metal doping to copper surface (Cu-X; X = B, N, P, S, 

Cl, Br and I) was applied to modulate C2 products (including ethylene, ethane and ethanol) 

selectivity during CRR. Through evaluation of adsorption energetics of post-C2-coupling

intermediates on these models, we demonstrated the thermodynamically derived selectivity 

amongst competing reaction pathways. The oxygen affinities of the dopant atom site and 

the Cu site on Cu-X catalysts were identified as descriptors for C2 product selectivity. 

Ethylene production was found to be more favoured on Cu-X catalysts doped with strong 

oxygen-affinity atoms, such as boron dopant atom, despite competing reaction pathways. 

Ethane selectivity was generally boosted whereas ethanol formation was suppressed by 

non-metal doping on Cu surfaces. The electron transfer through Bader charge analyses and 

electronegativity of non-metal dopant atoms were uncovered as the underlying electronic 

properties that affected oxygen affinities of multiple active sites and associated C2 product

selectivity. The improved understanding of C2 reaction mechanism at later CRR stages 

provided a practical strategy to direct C2 product selectivity for electrocatalytic CO2

reduction.

6.2 Directing selectivity of CO2 electroreduction to target C2 products 

via non-metal doping on Cu surfaces
This chapter is included as it appears as a journal paper published by Xing Zhi, Yan Jiao, 

Yao Zheng, Kenneth Davey, Shi-Zhang Qiao, Directing selectivity of CO2 electroreduction 
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to target C2 products via non-metal doping on Cu surfaces, J. Mater. Chem. A, 2021, 9,

6345-6351.
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Directing the selectivity of CO2 electroreduction to
target C2 products via non-metal doping on Cu
surfaces†

Xing Zhi, Yan Jiao, * Yao Zheng, Kenneth Davey and Shi-Zhang Qiao *

Understanding the late stages of the electrochemical CO2 reduction reaction (CRR) in the formation of

various C2 products provides great opportunities for fully achieving a selective CRR to target products.

Here, we report, for the first time, that C2 product (including ethylene, ethane and ethanol) selectivity

can be directed by the active site's oxygen affinity on a range of non-metal doped copper surfaces (Cu–

X). Through theoretical evaluation of adsorption energetics of key post-C2-coupling intermediates, we

demonstrate how branching reaction pathways are competing with each other and how selectivity for

different products is achieved. The oxygen affinities of different active sites on Cu–X catalysts, including

the dopant atom and Cu sites, are identified as descriptors for C2 product selectivity. The ethylene

pathway is shown to be favored on Cu–X surfaces doped with strong oxygen affinity atoms, such as

boron. Ethane selectivity is generally boosted by Cu–X, whereas ethanol generation is suppressed by

non-metal doping on Cu surfaces. Bader charge analyses of electron distribution on intermediates and

electronegativity analyses of non-metal dopant atoms are integrated to identify the impact of intrinsic

electronic properties on adsorption behaviour, together with the resultant C2 product selectivity on Cu–

X catalysts. Our findings shed light on controlling product selectivity by modulating oxygen affinity in

complex electrochemical reactions.

Introduction

The electrochemical reduction of CO2 to multi-carbon products
offers a practical means to energy storage as high-value carbon-
based fuels and chemicals through using renewable elec-
tricity.1–3 The production of C2 hydrocarbons and alcohols, e.g.
ethylene and ethanol, is of particular interest in the electro-
chemical CO2 reduction reaction (CRR). This is because of the
high energy densities and economic value of these nal prod-
ucts.4–6 However, efficient conversion of CO2 to C2 products
remains challenging because of limited selectivity and activity
of existing catalysts.

Among CO2 reduction electrocatalysts, Cu-based materials
appear promising for catalyzing CO2 to C2 products.3,7–11

Previous studies have shown that introducing modier
elements to Cu can tune the adsorption energetics of key reac-
tion intermediates and result in improved selectivity of target
products.12–15 However, an improved understanding is needed
of Cu surface engineering to optimize C2 product selectivity. A
quantitative understanding of the underlying reaction

mechanism for C2 product selectivity is necessary for rational
design of efficient catalysts.

Signicant research efforts were made to understand the
initial C–C coupling steps and favorability for C2 to C1 prod-
ucts.16–22 It is well-known that *CO is a key intermediate for C–C
coupling processes at early stages of C2 pathways. By contrast,
less effort has been directed to address reaction pathways at late
stages for C2 product selectivity.23–26 Various pathways to C2

products have been proposed to occur through different inter-
mediates.8,27–29 A renement of intermediate energetics is
required therefore to preference target C2 compounds. It has
been proposed that *OCHCH2 is a key intermediate at which the
pathways for ethylene and ethanol bifurcate.2,18,25 Hydrogena-
tion of this intermediate leads to either ethylene desorption
with *O remaining or *OCHCH3 formation. In the past, active
sites on Cu-based materials exhibit varied free energies for
adsorbed oxygen and key C2 species.30 Hence, the interaction
between oxygen and catalyst surfaces would play an important
role in regulating the adsorption energies of post C2

intermediates.
Recently, our group experimentally demonstrated that the

formation of ethane shares a common pathway with ethylene
and ethanol. The oxygen-bound ethoxy (*OCH2CH3) interme-
diate was observed during ethane production by various in situ
characterisation techniques, such as X-ray absorption ne-
structure and Raman spectroscopy.31 Additionally, oxygen
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affinity of catalysts has been reported as a selectivity descriptor
for CO2 electroreduction.32–35 Therefore, we propose that
adsorption energetics of post C2 intermediates can be regulated
via oxygen-atom binding to the catalyst surface.

Here, using density functional theory (DFT) calculations, we
explore C2 product selectivity for electrochemical CO2 reduction
on a range of Cu-based catalysts doped with non-metal
elements (Cu–X). Based on our ndings, we highlight the role
of oxygen (O) affinities of different active sites, including the
dopant atom and Cu, during this process. The Cu–X catalyst
models were simulated with one dopant atom X (X ¼ B, N, P, S,
Cl, Br, or I) located on a hollow-site of the Cu(100) surface. The
CRR selectivity toward target C2 products was demonstrated by
thermodynamic analyses of three key, post-C2-coupling reaction
intermediates i.e. *OCHCH2, *OCHCH3 and *OCH2CH3. Among
the competing reaction pathways, ethylene production was
preferred on Cu–X catalysts doped with strong O affinity atoms,
such as the B dopant atom. Ethane selectivity exhibited an
enhancement, while ethanol formation was relatively sup-
pressed by non-metal doping on Cu surfaces. An applied
combination of Bader charge analyses and electronegativity
analyses highlighted the underlying impact of electronic prop-
erties on adsorption thermochemistry and C2 product selec-
tivity. Importantly, we provide (1) an improved understanding
of the C2 mechanism for CO2 electroreduction and (2) a prac-
tical strategy to direct CRR selectivity toward target C2 products.

Methods

All computations were performed using density functional
theory (DFT). The Perdew–Burke–Ernzerhof (PBE) functional
was employed for the electron exchange correlation within the
generalized gradient approximation (GGA), as is implemented
in the VASP code.36,37 The ionic cores were described by the
projector-augmented wave (PAW) method.38 The cut-off energy
for plane wave expansion was set to 500 eV. During geometry
optimization, the structures were relaxed to forces on the atoms
to less than 0.05 eV�A�1. A 0.18 eV width of the smearing and a (4
� 4 � 1) Monkhorst–Pack k-point grid was applied. The
Tkatchenko–Scheffler method39 was adopted in all computa-
tions to address van der Waals (vdW) interactions between
atoms. Compared to the vdW methods that are geometry-
dependent such as DFT-D3,40 the Tkatchenko–Scheffler
method describes vdW interactions in correlation with the
electron density. This is expedient to capture the complexity of
the electronic structure of a system.41 Due to the high selectivity
toward C2 products, the Cu(100) surface was employed and
modeled with a four-layered slab of a (3 � 3) supercell with a 15
�A vacuum space. The optimized congurations of Cu and Cu–X
structures are shown in Fig. S1.† Stability of the non-metal
doping was conrmed by computing the adhesion energy of
the dopant atom on a hollow site, a bridge site, or a top site of
the Cu(100) surface (Tables S1 and S2†). It was found that the
hollow site was the most favorable for the non-metal doping.

The O affinity of the dopant atom site (EX–O) was character-
ized by the adsorption energy of an O atom on the dopant atom

site of a Cu–X surface (Fig. S2†) that was calculated from the
following:

EX–O ¼ EO/slab � Eslab � EO (1)

where EO/slab is the energy for an O atom adsorbed on the
dopant atom site of a Cu–X surface, Eslab is the energy of the Cu–
X surface, and EO is the energy of an O atom obtained from
E(H2O–H2). The more the negative value of the adsorption
energy, the more it represents a stronger O affinity of the dopant
atom site. The O affinity of the Cu site (ECu–O) was represented
by the adsorption energy of an O atom on a hollow Cu site of the
Cu(100) surface, with and without dopant atoms (Fig. S2†).
Various Cu sites for O adsorption were investigated. The O atom
preferred to adsorb on a hollow site.

During optimization of reaction intermediates, the adsor-
bates and top two layers were permitted to relax while the
bottom two layers were xed. The reaction pathways up to the
formation of the *OCHCH2 intermediate are considered iden-
tical for CO2 electroreduction to ethylene, ethane and ethanol.
The optimized intermediate congurations with dopant atoms
or Cu examined as active sites are summarized in Tables S3 and
S4,† respectively. The free energy diagrams toward different C2

products i.e. ethylene, ethane and ethanol, starting from
*OCHCH2 adsorbed on the dopant atom site or the Cu site of
Cu–X surfaces, are shown in Fig. S3 and S4,† respectively. The
free energies of the reaction intermediates were calculated
from:

G ¼ E + ZPE � TS (2)

in which the zero-point energy (ZPE) and entropy correction (TS)
were computed from standard vibrational frequency analysis
and applied to convert DFT-calculated electronic energies (E) to
free energies (G) at 298.15 K (Table S5†). The vibrational
frequencies were calculated by treating only the adsorbates as
vibrational using the harmonic oscillator approximation.42

The free energies of molecules were also computed via
standard methods (Table S6†). The gaseous species, CO2, C2H4

and C2H6, were computed at the standard state pressure of
101 325 Pa, while C2H5OH was treated with a pressure correc-
tion at a fugacity of 3242.4 Pa in concert with earlier work.43

Solvation corrections for adsorbates were included by using the
approximations previously described (Table S7†).18,24 Note that
different methods were applied in the past to include solvation
effects, leading to variations in reaction pathways and onset
potentials.44–50 Thus, treatment of solvation effects may cause
changes in reaction energetics. In this work, we assumed that
the solvation corrections were identical for the investigated Cu–
X model catalysts. It is notable that ions can play a role in
directing the CRR selectivity.51–54 We assumed that ions effects
were similar for each model catalyst, unlikely to alter the
selectivity trends. The kinetic analysis was not included in this
study. It was supposed that the kinetic barriers of endergonic
reaction steps were not much greater than the reaction energies
and that exergonic steps had surmountable barriers.42 Never-
theless, it is noteworthy that an alternative reaction pathway to
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a target product may become favorable aer taking into account
the kinetic barriers of elementary electrochemical steps.29,50

Future kinetic study will be conducted for advancing the reac-
tion mechanism at late stages of C2 pathways. The computa-
tional hydrogen electrode (CHE) model was used to simulate
proton–electron pair transfers.55 In this model, the free energy
of a proton–electron pair at 0 V vs. RHE is dened as equal to
a half of the free energy of gaseous H2 at 101 325 Pa.

Results and discussion

Electrochemical CO2 reduction to C2 products proceeds via C–C
coupling of *CO–CO, *CO–CHO, or *CO–COH intermedi-
ates.8,16–19,56 The thermochemistry of the hydrogen evolution
reaction (HER) at the initial stage was evaluated. The *H
adsorption on the dopant atom site shows a general uphill free
energy change for most Cu–X catalysts, indicating unfavorable
thermodynamics of the HER (Table S8†). It has been proposed
that C2 products such as ethylene and ethanol share the same
reaction pathway at the early stages of CO2 electroreduction.57

Following consecutive proton/electron transfer steps, the
*OCHCH2 intermediate is formed at a later stage. It is widely
regarded as the selectivity determining intermediate (SDI) for C2

products.2,25,58 Therefore the focus is on the adsorption ener-
getics of post C2 intermediates – beginning with adsorbed
*OCHCH2 on various active sites of Cu–X catalyst surfaces and
exploration of selectivity competition for C2 products along the
branching reaction pathways.

Hydrogenation of *OCHCH2 leads to either the formation of
adsorbed acetaldehyde (*OCHCH3) or desorption of ethylene
(C2H4) with *O remaining on the catalyst surface. The produc-
tion of the acetaldehyde molecule (CH3CHO) from *OCHCH2

hydrogenation was also evaluated. The free energy difference
between two states of acetaldehyde indicates favorable forma-
tion of adsorbed *OCHCH3 on each active site of Cu–X catalyst
surfaces (Table S9†). The dopant atoms were initially investi-
gated as active sites for *OCHCH2 adsorption. As is shown in
Fig. 1a and b, the free energy changes for C2H4 production and
*OCHCH3 formation exhibit opposing trends, based on varying
O affinity of the dopant atom site (EX–O) in various Cu–X cata-
lysts. It is seen that the hydrogenation of *OCHCH2 to C2H4 is
thermodynamically more favorable on Cu–X surfaces with
greater EX–O, while *OCHCH3 formation is preferred with
decreasing EX–O. For the Cu–B surface, a low, uphill free energy
change (0.11 eV) for C2H4 desorption is observed and free
energy change to form *OCHCH3 is 0.5 eV higher than that to
produce C2H4. This nding indicates therefore, a preference for
C2H4 desorption on the Cu–B catalyst. The preferred C2H4

production is in good agreement with previous experimental
observations that boron-doped copper catalysts exhibited high
faradaic efficiency (F.E.) for C2 products, mainly ethylene (52 �
2% F.E.).14 For the other Cu–X catalysts, the free energy change
(DG) for *OCHCH2 hydrogenation to *OCHCH3 is lower than
that for C2H4 desorption on each catalyst. Specically, the N, S,
I, Br and Cl doped Cu–X surfaces show downhill free energy
changes for *OCHCH3 formation, while C2H4 desorption on
these catalyst surfaces is endothermic. The Cu–P surface

exhibits a thermodynamic preference for *OCHCH3 formation
with a lower free energy barrier compared with the two
competing reaction steps. The gure inset shows the preferred
adsorption congurations of related intermediates. It is notable
that *OCHCH3 remains on the dopant atom site of Cu–X
surfaces with stronger EX–O while *OCHCH3 prefers to adsorb
on adjacent Cu site of Cu–X surfaces with weaker EX–O.

The varying O affinity of the dopant atom site on Cu–X
catalysts has a signicant inuence on the reaction thermody-
namics for C2 products. Production of C2H4 is more favored on
Cu–X surfaces that facilitate C–O bond-breaking in adsorbed
*OCHCH2; these surfaces are doped with atoms with stronger O
affinity and therefore weaker C–O bonds. Additionally, the
*OCHCH2 intermediate is prone to be protonated on the a-
carbon and moved toward *OCHCH3 generation on Cu–X
surfaces doped with weaker O affinity atoms. It is concluded,
based on the O affinity of the dopant atom site on Cu–X catalyst,
that Cu–B has high C2H4 selectivity owing to the strongest O
affinity of the B atom on the catalyst surface. Other Cu–X cata-
lysts show a preference for *OCHCH3 formation.

Fig. 1 Free energy changes of *OCHCH2 hydrogenation to (a) C2H4

production or (b) *OCHCH3 intermediate plotted against O affinity of
the dopant atom site. The free energy changes of *OCH2CH3 hydro-
genation to (c) C2H6 or (d) C2H5OH production plotted against O
affinity of the dopant atom site. (e) The free energy changes of
*OCHCH3 hydrogenation to the *OCH2CH3 intermediate plotted
against O affinity of the dopant atom site. Inset shows the predisposed
adsorption configurations with dopant atoms examined as active sites.
Cu and dopant atoms are, respectively, in orange and blue. (f) The
maximum uphill free energy changes for C2 products with dopant
atoms examined as active sites. Lower free energy changes represent
more favorable thermodynamics. The C2 products with more favor-
able thermodynamics are labelled with solid bars, while the C2 prod-
ucts with less favorable thermodynamics are labelled with shaded bars.
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The *OCHCH3 electroreduction step leads to the formation
of an ethoxy (*OCH2CH3) intermediate. Previous work using
differential electrochemical mass spectrometry (DEMS) identi-
ed acetaldehyde as a precursor for ethanol formation.59 This
was also reported in a combined experimental-computational
study in which acetaldehyde reduction proceeded via an
ethoxy intermediate toward ethanol on Cu catalysts.25 From
Fig. 1e, it can be seen that the free energy changes with
*OCHCH3 hydrogenation to *OCH2CH3 on Cu–X surfaces are
downhill. This nding indicates favorable thermodynamics for
this elementary step. The adsorption preference of *OCH2CH3

is similar to that for *OCHCH3 (Table S3†). For Cu–X surfaces
doped with stronger O affinity atoms i.e. X ¼ B and P, *OCH2-
CH3 adsorbs on the dopant atom site. For other Cu–X surfaces
doped with weaker O affinity atoms, *OCH2CH3 is stabilized on
the adjacent Cu site. Following the formation of *OCH2CH3, the
reaction pathways proceed with an additional bifurcation
toward either ethane (C2H6) or ethanol (C2H5OH). As is seen in
Fig. 1c and d, the free energy changes with *OCH2CH3 hydro-
genation to C2H6 or C2H5OH are compared. This is to highlight
the selectivity toward these two C2 products on different Cu–X
catalyst surfaces doped with varying O affinity atoms. The Cu–B
and Cu–P surfaces doped with strong O affinity atoms prefer-
ably generate C2H6 with downhill free energy changes, while
uphill free energy changes are required for C2H5OH. The Cu–N
and Cu–S surfaces doped with moderate O affinity atoms
display lower free energy barriers for C2H6 formation than that
for C2H5OH generation. The Cu–I, Cu–Br and Cu–Cl surfaces
doped with weak O affinity atoms exhibit a preference for
C2H5OH production with lower uphill free energy changes than
those for C2H6 formation. In general, product selectivity to C2H6

is more favored on Cu–X catalysts with increasing O affinity of
the dopant atom site, whereas C2H5OH production becomes
preferable with decreasing O affinity of the dopant atom site.

The selectivity toward different C2 products on Cu–X cata-
lysts using the thermodynamic analyses of O affinity of the
dopant atom site (EX–O) as a descriptor is summarized as Fig. 1f,
which compares the maximum uphill free energy changes
(DGmax) of elementary steps for the three C2 products on each
Cu–X catalyst surface. Lower free energy changes lead to less
applied potentials at which the reaction pathway becomes
exergonic. Advantageously, this can be practically used to eval-
uate C2 product selectivity. The Cu–X catalysts with stronger EX–
O predispose selective reactions toward C2 hydrocarbons i.e.
ethylene and ethane, leaving an adsorbed *O remaining on the
catalyst surface. The Cu–X catalysts with weaker O affinity
predispose selectivity to ethanol, with the C–O bondmaintained
in the ethanol-forming pathway. Among the non-metal doping
elements on Cu surfaces, B exhibits the strongest O affinity. The
result is that this leads to selectivity toward C2H4. The P, N and S
doping elements result in a medium O affinity and a predis-
posed selectivity to C2H6. For I, Br and Cl doped Cu–X catalysts
with weak O affinity of the dopant atom site, an optimized
predisposition for C2H5OH selectivity is seen.

The surface Cu atoms in the Cu–X model catalysts as active
sites for intermediate adsorption were investigated for impact
on CRR catalytic activity and selectivity. As is shown in Fig. 2a–e,

the varying O affinity of a hollow Cu site (ECu–O) on Cu(100)
surfaces with and without dopant atoms was evaluated as an
additional, conrmatory descriptor to target selectivity of C2

products. The *OCHCH2 was observed to have a horizontal
conguration on the Cu site (Table S4†). Along the bifurcating
pathways from *OCHCH2 hydrogenation, *OCHCH3 formation
is thermodynamically more favorable than C2H4 production on
the Cu site of each Cu–X or pure Cu catalyst (Fig. 2a and b). The
high free energy change for *OCHCH2 hydrogenation to C2H4

on the Cu site is likely due to the stable conguration of the
*OCHCH2 intermediate, which requires more energy input to
break the C–O bond. The following *OCHCH3 protonation to
*OCH2CH3 on the Cu site is exothermic. This suggests greater
stabilization of the ethoxy intermediate (Fig. 2e). The reaction
pathways thereaer bifurcate toward ethane or ethanol
production via *OCH2CH3 hydrogenation. As is shown in Fig. 2c
and d, C2H6 formation is thermodynamically predisposed with
downhill free energy changes on the Cu site, while C2H5OH
production is less favorable with uphill free energy changes.

Fig. 2 Free energy changes of *OCHCH2 hydrogenation to (a) C2H4

production or (b) *OCHCH3 intermediate plotted against O affinity of
the Cu site. The free energy changes of *OCH2CH3 hydrogenation to
(c) C2H6 or (d) C2H5OH production plotted against O affinity of the Cu
site. (e) The free energy changes of *OCHCH3 hydrogenation to the
*OCH2CH3 intermediate plotted against O affinity of the Cu site. Inset
shows the predisposed adsorption configurations with Cu atoms
examined as active sites. Cu and dopant atoms are, respectively, in
orange and blue. The Cu site on each Cu–X catalyst is denoted as
Cu(X). (f) The maximum uphill free energy changes for C2 products
with Cu atoms examined as active sites. Lower free energy changes
represent more favorable thermodynamics. The C2 products with
more favorable thermodynamics are labelled with solid bars, while the
C2 products with less favorable thermodynamics are labelled with
shaded bars.
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In conclusion, the non-metal doping on Cu–X surfaces leads
to varying O affinity of a hollow Cu site (ECu–O) across a narrow
range. The Cu–X catalysts show a predisposition to ethane on
the Cu site with lower free energy changes (Fig. 2f). In contrast,
less favorable thermodynamics are seen for ethylene and
ethanol generation on the Cu site of Cu–X surfaces because of
greater free energy changes. It is noteworthy that the free energy
change of *OCHCH2 hydrogenation to *OCHCH3 on the Cu site
of Cu–X surfaces is lowered compared with the pure Cu surface
(Fig. 2b). This suggests the practical feasibility of directing CRR
selectivity along desired reaction pathways by doping non-metal
elements. The energetics of *OH adsorption were evaluated to
indicate the feasibility for *O removal on Cu–X surfaces (Table
S10†). The adsorbed *O is hydrogenated to *OH and then
removed as a water molecule. It is worth noting that high O
affinity may induce limited efficiency for *O and *OH removal.
However, for Cu–X catalysts in this study, different active sites
with varied O affinity would take effect together for clearing the
*O species.

To investigate an underlying reason for varying C2 product
selectivity on Cu–X catalysts, Bader charge analyses, together
with the evaluation of intrinsic properties for various doping
elements were carried out. Bader charge analyses were con-
ducted for the *O and *OCHCH2 species to study electron
charge distribution on the adsorbates. This can be impacted by
varying properties of dopant atoms. Electronegativity (c) was
introduced as an intrinsic property for doping elements to
highlight possible electronic effects on oxygen affinity and
associated selectivity toward C2 products (Table S11†).60 The

difference in electronegativity between two atoms offers a useful
measure of the ionic character and polarity of the bond between
them.61 Given this, the electronegativity difference (Dc) between
the doping element and oxygen was used to assess the electron
charge transfer tendency of oxygen interaction with the Cu–X
catalyst surfaces.

As is shown in Fig. 3a–c, linear relationships were observed
amongst calculated electronegativity differences, the oxygen
affinity of the dopant atom site, and the electron charge on the
*OCHCH2 intermediate adsorbed on the dopant atom site. A
stronger O affinity of the dopant atom site is associated with
greater electronegativity difference andmore electron charge on
*OCHCH2. Note that the deviation of Cu–N can be ascribed to
the high electronegativity of the N doping element, leading to
electron accumulation on the N dopant atom.61 The plots of
charge density differences for the *OCHCH2 intermediate
adsorbed on the dopant atom sites of three representative Cu–X
(X ¼ B, S and I) surfaces are shown as Fig. 3d. This gure aids
visualization of the varying electron charge transfer induced by
different doping elements. Together with decreasing O affinity
of the dopant atom site, the electron charge transferred to
adsorbed *OCHCH2 decreases. Similar relationships among O
affinity of the dopant atom site, electron charge on *O adsorbed
on the dopant atom site, and electronegativity difference
between the doping element and oxygen are highlighted in
Fig. S5a–c.† The plots of charge density differences for *O
adsorption on the dopant atom sites of Cu–B, Cu–S, and Cu–I
are shown as Fig. S5d.† The electron charge distribution was
also investigated for *OCHCH2 (or *O) adsorbed on the Cu site.

Fig. 3 (a) Electronegativity difference between the doping element
and oxygen plotted against O affinity of the dopant atom site (EX–O). (b)
Electron charge on *OCHCH2 adsorbed on the dopant atom site
plotted against the electronegativity difference between the doping
element and oxygen. (c) Relationship between electron charge on
*OCHCH2 adsorbed on the dopant atom site and O affinity of the
dopant atom site (EX–O). (d) Electron charge transfer of *OCHCH2

adsorbed on the dopant atom site of Cu–B (left), Cu–S (middle) and
Cu–I (right) with decreasing EX–O. Yellow and cyan isosurface repre-
sents, respectively, electron accumulation and electron depletion. The
isosurface value for Cu–B and Cu–S is 2� 10�2 e�A�3 and that for Cu–I
is 2 � 10�3 e�A�3.

Fig. 4 Optimized overall maximum free energy changes for (a) C2H4,
(b) C2H6, and (c) C2H5OH on multiple active sites of Cu–X catalysts.
The blue symbols represent C2 product selectivity predisposed by the
dopant atom site, while the orange symbols represent C2 product
selectivity predisposed by the Cu site. For each Cu–X catalyst surface,
the most favorable selectivity toward the target C2 product is labelled
by the filled square, while less favorable C2 product selectivity is
labelled by the open square. Inset shows the reaction mechanism for
CO2 electroreduction to C2H4, C2H6 and C2H5OH. (d) Schematic for
directing selectivity of electrochemical CO2 reduction toward target
C2 products.
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As is shown in Fig. S6 and S7,† greater electronegativity differ-
ence between the doping element and oxygen results in more
electron charge transfer to the adsorbate, indicating stronger
interaction between the adsorbate and the Cu site. Therefore it
is concluded that the selectivity of apparent C2 products on Cu–
X catalysts is inuenced by inherent properties of the doping
elements, in particular, electronegativity.

Overall selectivity toward different C2 products i.e. ethylene,
ethane and ethanol, on Cu–X catalysts, based on the extensive
computation of thermochemistry and electronic properties of
post C2 intermediates on various active sites, is summarized in
Fig. 4a–c. It is seen that the Cu–B catalyst exhibits predisposed
selectivity toward ethylene formation, with the B dopant atom
acting as the selectivity determining active site. For other Cu–X
catalysts, ethane production is thermodynamically more
disposed than ethylene and ethanol, with varying selectivity
determining active sites. Notably, the maximum free energy
changes for ethane production on Cu–X catalysts are lower than
those on the pure Cu catalyst surface (Fig. 4b).

Through non-metal doping on Cu surfaces, selectivity toward
target C2 products on Cu–X catalysts is demonstrated by using
oxygen affinities of the dopant atom site and Cu site as
descriptors (Fig. 4d). The charge distribution on C2 adsorbates
is inuenced by electronegativity of doping elements. This leads
therefore to varying adsorption energetics of the post C2

intermediates.

Conclusions

A new investigation of electrochemical CO2 reduction to target
C2 products on a series of Cu–X (X ¼ B, N, P, S, Cl, Br, or I)
catalysts was conducted using DFT calculations. Thermody-
namic analyses of key, post C2 intermediates were conducted,
based on which we theoretically conrmed that the selectivity
toward C2 hydrocarbons and alcohols is linked with O affinities
of the dopant atom site and Cu site. An ethylene pathway
becomes predisposed on Cu–X catalysts doped with strong O
affinity atoms, namely the Cu–B catalyst. Ethane selectivity
exhibits a general enhancement, whereas ethanol selectivity is
relatively repressed by non-metal doping on Cu surfaces. The
impact of electronic properties on intermediate adsorption and
predisposed selectivity is underscored by Bader charge analyses
of electron transfer to adsorbates and electronegativity analyses
of non-metal dopant atoms. It is concluded that this new
understanding of the C2 reaction mechanism will provide
a practically rational basis to direct C2 product selectivity for the
electrochemical CO2 reduction.
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2

Figure S1. Optimized configurations of Cu-X, and pure Cu, surfaces. Copper atoms are shown as 

orange-spheres with other non-metal atoms labelled for each structure. Fluorine is not included as a 

doping element, because after geomtery optimization of some reaction intermediates on the Cu-F 

model, the F atom move away from its original position, which indicates geometric instability of 

Cu-F model.

Figure S2. Dopant atom site (blue circle) and Cu site (yellow circle) used to rationalize oxygen 

affinities as descriptors for C2 product selectivity on Cu-X catalysts.
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Figure S3. Free energy diagram starting from *OCHCH2 intermediate adsorbed on the dopant atom 

site to ethylene (dark blue line), ethane (blue line) and ethanol (light blue line) for each Cu-X 

surface.
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Figure S4. Free energy diagram starting from *OCHCH2 intermediate adsorbed on the Cu site to 

ethylene (orange-brown line), ethane (orange line) and ethanol (light orange line) for each Cu-X 

surface and pure Cu surface.
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Figure S5. (a) Electronegativity difference between doping element and oxygen plotted against O 

affinity of the dopant atom site (EX-O). (b) Electron charge on *O adsorbed on the dopant atom site 

plotted against the electronegativity difference between the doping element and oxygen. (c) 

Relationship between the electron charge on *O adsorbed on the dopant atom site and O affinity of 

the dopant atom site (EX-O). (d) Electron charge transfer of *O adsorbed on the dopant atom site of 

Cu-B (left), Cu-S (middle), and Cu-I (right) with decreasing EX-O. Yellow and cyan isosurface 

represents electron accumulation and electron depletion, respectively. The isosurface value is 2 × 10-2 

e Å-3.
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Figure S6. Difference in electron charge between dopant atom and *OCHCH2 adsorbed on the Cu 

site plotted against electronegativity difference between doping element and oxygen.

Figure S7. Difference in electron charge between dopant atom and *O adsorbed on the Cu site plotted 

against electronegativity difference between doping element and oxygen.
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Table S1. Adhesion energy (in eV) of dopant atom X on a hollow site of Cu(100) surface.

Model catalyst Eah a EX b

Cu-B 0.715 -6.704

Cu-P -1.288 -5.372

Cu-N 0.524 -8.312

Cu-S -2.071 -4.126

Cu-I -2.195 -1.316

Cu-Br -2.168 -1.490

Cu-Cl -2.194 -1.777

a Eah values were computed as Eah = ECu-X – ECu – EX, where ECu-X is the energy of Cu-X surface, ECu 

is the energy of Cu(100) surface, and b EX is the energy of X atom in its most stable format. For N, 

Cl, Br and I doped catalysts, the reference energies for EX are based on calculated energies of N2, Cl2, 

Br2 and I2 gaseous molecules, respectively. For B, P and S doped catalysts, the reference energies for 

EX are based on calculated energies of corresponding elementary substances, which are B12, P4, and 

S32.

158



8

Table S2. Adhesion energy (in eV) of dopant atom X on a bridge site or a top site of Cu(100) surface.

Model catalyst Eah a
(bridge site)

Eah a
(top site)

Cu-B 2.317 3.168

Cu-P -0.136 0.580

Cu-N 2.037 3.376

Cu-S -1.146 -0.358

Cu-I -1.940 -1.653

Cu-Br -1.991 -1.682

Cu-Cl -2.079 -1.743

a Eah values were computed as Eah = ECu-X – ECu – EX, where ECu-X is the energy of Cu-X surface, ECu 

is the energy of Cu(100) surface, and EX is the energy of X atom. EX values are the same as those 

listed in Table S1.
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Table S3. Comparative summary of optimized configurations of key, C2 reaction intermediates in 

this research, beginning with *OCHCH2 adsorbed on the dopant atom site.

Model 
catalyst *OCHCH2 *Oa *OCHCH3 *OCH2CH3 *Ob

Cu-B

Cu-P

Cu-N

Cu-S

Cu-I

Cu-Br

Cu-Cl

a Optimized *O adsorption configurations after ethylene desorption from *OCHCH2. b Optimized *O 

adsorption configurations following ethane desorption from *OCH2CH3. 

160



10

Table S4. Comparative summary of optimized configurations of key, C2 reaction intermediates in 

this research, beginning with *OCHCH2 adsorbed on the Cu site.

Model 
catalyst *OCHCH2 *Oa *OCHCH3 *OCH2CH3 *Ob

Cu-B

Cu-N

Cu-I

Cu-Br

Cu-P

Cu-Cl

Cu-S

Cu

a Optimized *O adsorption configurations after ethylene desorption from *OCHCH2. b Optimized *O 

adsorption configurations after ethane desorption from *OCH2CH3. 
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Table S5. Thermodynamic energy corrections (in eV) for reaction intermediates.

Adsorbate ZPE -TS

*OCHCH2 1.200 -0.274

*OCHCH3 1.498 -0.310

*OCH2CH3 1.837 -0.281

Table S6. Thermodynamic energy corrections (in eV) for gaseous molecules.

Gas molecule ZPE -TS

CO2 0.307 -0.661

C2H4 1.356 -0.411

C2H6 1.805 -0.519

C2H5OH 2.119 -0.572

Table S7. Solvation corrections (in eV) for reaction intermediates.

Adsorbate Solvation Correction

*OCHCH2 0.38

*OCHCH3 0.10

*OCH2CH3 0.00
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Table S8. Free energy change (in eV) of *H adsorption on the dopant atom site of Cu-X surface.

Model catalyst ΔG*H

Cu-B -0.473

Cu-P 0.036

Cu-N -0.935

Cu-S 0.710

Cu-I 1.932 a

Cu-Br 1.914 a

Cu-Cl 1.874 a

a Free energy change of *H adsorption on the dopant atom site of Cu-I, Cu-Br, and Cu-Cl was 

calculated with the dopant atom fixed in z direction.

For Cu-X catalysts with positive free energy change of *H adsorption on the dopant atom site, the 

hydrogen evolution reaction (HER) is not favorable. Regarding the Cu-X catalysts with negative free 

energy change of *H adsorption, the HER may have an effect on the full product distribution. In 

experimental studies, the hydrogen evolution also exhibits an inevitable Faradaic efficiency during 

the electrocatalytic CO2 reduction [Nat. Chem., 2018, 10, 974-980]. However, for most Cu-X 

catalysts in this study, the HER is thermodynamically unfavorable.
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Table S9. Free energy differences (in eV) between two states of acetaldehyde, i.e. adsorbed 

*OCHCH3 and CH3CHO molecule, with dopant atoms and Cu examined as active sites.

Model catalyst ΔG_X 
a ΔG_Cu 

b

Cu-B -1.261 -0.509

Cu-P -0.080 -0.599

Cu-N -0.540 -0.541

Cu-S -0.622 -0.617

Cu-I -0.585 -0.587

Cu-Br -0.592 -0.589

Cu-Cl -0.592 -0.590

Cu c -0.492

a ΔG_X is the free energy difference between adsorbed *OCHCH3 on the dopant atom site and 

CH3CHO molecule with catalyst substrate. b ΔG_Cu is the free energy difference between adsorbed 

*OCHCH3 on the Cu site and CH3CHO molecule with catalyst substrate. c ΔG_X value for pure Cu 

model catalyst is missing due to the absence of dopant atom site. The negative values of ΔG indicate 

favorable thermodynamics for *OCHCH3 formation.
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Table S10. Adsorption energy (in eV) of *OH intermediate on Cu-X and Cu surfaces

Model catalyst E*OH a

Cu-B -1.317

Cu-P -0.180

Cu-N -0.159

Cu-S -0.196

Cu-I -0.171

Cu-Br -0.177

Cu-Cl -0.180

Cu -0.194

a E*OH values were obtained by optimizing the *OH adsorption on various active sites of Cu-X and 

Cu surfaces. The Cu-X catalysts that have very high O affinity to the dopant atom (e.g. Cu-B) exhibit 

limited efficiency for *OH removal. Along with decreasing O affinity to the dopant atom, the removal 

of *OH from Cu-X catalysts surfaces is likely to be facilitated.
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Table S11. Electronegativity (χ) of doping element, copper and oxygen.

Atomic symbol χ

B 2.04

P 2.19

N 3.04

S 2.58

I 2.66

Br 2.96

Cl 3.16

Cu 1.90

O 3.44
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Chapter 7: Conclusions and Perspectives

This Thesis has demonstrated the application of heteroatom doping as a material 

engineering strategy for the development of efficient CRR electrocatalysts with improved 

selectivity toward target products. By using DFT computations, comprehensive 

understanding of reaction energetics and selectivity roadmap for different products was 

obtained.

In Chapter 2, a mechanistic evaluation of CRR pathway selectivity was presented by 

identifying the important role of oxygen-bound intermediates. From both computational 

and experimental studies, an in-depth understanding of reaction mechanisms provided a 

framework for directing selectivity toward target products. In Chapter 3, C3N4/XG hybrid 

structures were investigated as CRR electrocatalysts for the conversion of CO2 to methane. 

A volcano-type activity trend based on scaling relations of three key intermediates 

(*COOH, *CO, *CHO) was obtained to estimate the best catalytic performance for 

methane production on this group of C3N4/XG catalysts. It was demonstrated that the 

improved catalytic activity originated from increased interfacial electron transfer. This 

activity origin provided insights into catalyst design strategy of doping modulation and 

interfacial construction

In Chapter 4 and 5, copper-based bimetallic materials were modelled to study their CRR 

selectivity trends by evaluating the thermodynamics and kinetics of critical elementary 

steps. Firstly, a descriptor-based approach was developed for product grouping and 

selectivity prediction. Through evaluating adsorption configurations and thermochemistry 

for various reaction intermediates, the hydrogen and oxygen affinities of the secondary 

metals in copper alloy catalysts were found to be effective descriptors in determining CRR 

selectivity. The intrinsic electronic properties of these alloy catalysts were effectively 

correlated to their product selectivity, leading to a practical design strategy of alloying in 

copper for highly selective CRR electrocatalysts. Secondly, activation barriers of C-C

coupling steps on copper-based alloy surfaces were calculated by using NEB method. The 

OC-COH coupling was kinetically more favorable than the OC-CHO coupling on the 

investigated copper alloy catalysts for the formation of C2 products. The linear energy
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relations for C-C coupling and reverse C-C dissociation reactions provided a means to 

estimate activation barriers from reaction energies.

Chapter 6 focused on non-metal doped copper surfaces and late stages of CRR pathways 

to C2 products (including ethylene, ethane and ethanol). The adsorption energetics of key

post-C2-coupling intermediates were theoretically evaluated to demonstrate how branching 

reaction pathways were competing with each other. The oxygen affinities of the dopant 

atom site and the Cu site were identified as descriptors for C2 product selectivity. Bader 

charge analyses of electron transfer and electronegativity analyses of non-metal dopant 

atoms showed that intrinsic electronic properties had a marked effect on oxygen affinities 

of multiple active sites and associated C2 product selectivity. As a result, modulation of 

oxygen affinity to control C2 product selectivity amongst competing reaction pathways was 

achieved.

The work presented in this Thesis provides insights into the catalyst engineering strategy 

of heteroatom doping and demonstrates its importance in directing CRR selectivity. This 

Thesis also demonstrates the significance of theoretical computations to understand the

reaction mechanisms in relation to reaction thermodynamics and kinetics, and intrinsic 

effects of dopant atoms. Therefore, the development of heteroatom-doped catalysts with 

tunable electronic properties provides great opportunities for controlling product 

distribution and achieving a selective CRR to target products.

Although tremendous progress has been made in understanding CRR mechanisms and

performance of catalysts at the atomic level using theoretical DFT computations, more 

efforts are needed to depict a full picture for continued development of electrocatalytic 

CO2 reduction. Many material engineering approaches such as interface engineering, 

alloying, hybridizing, surface defects and imperfections all have their place for achieving 

higher CRR selectivity. Furthermore, as the CRR pathway selection is affected by the real 

catalytic conditions and catalyst structural evolution, operando computations are highly 

required to achieve a more comprehensive understanding of the reaction mechanisms for 

directing selectivity to the target product. With the development of computational power 

and techniques, the operando computations under actual catalytic conditions, including 

solvation effects, ion effects, local pH, would become more achievable. In addition, the 
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combination of operando computations and operando spectroscopy presents a significant

scope for identifying the evolution of reaction intermediates under actual operating 

conditions.
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