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Abstract

Developing efficient and clean energy conversion technologies is of great importance for the
sustainability of society. The atmospheric CO2 concentration has risen rapidly due to the
increase of human activities and energy consumption, causing serious climate problems. CO>
conversion is regarded as an effective method to mitigate the energy crisis and alleviate the
dependence on fossil fuels. Electrochemical CO2 reduction reaction (CO2RR), with water as a
hydrogen source, has attracted growing attention recently as it can help achieve anthropogenic
carbon cycle and store renewable electricity (from solar, wind, geothermal, hydro, etc.). C.
products are regarded as more preferable than C1 due to their high energy density. However,
the generation of C, generally suffers from high overpotential, low reaction rate, and low
selectivity because the C-C bond formation is challenging. Therefore, developing proper
electrocatalyst materials for CO2 reduction to C; products with high activity, selectivity, and
durability is significant. Single atom catalysts (SACs) have shown great ability in obtaining C
products attributing to the high utilization rate of metal atoms as active centers. However, their
performance in producing C: is not satisfactory due to the limitation of one active site. Recently,
a Cu-SAC supported on graphitic carbon nitride (g-C3N4) was detected to generate ethylene,
but the complicated reaction networks were not systematically studied. This thesis aims to
reveal the possibility to obtain C2Ha4 on the surface of metal supported on g-CsNs (M-C3Nas),

and the underlying reaction mechanisms of CoHs formation.

Chapter 1 is the introduction and Chapter 2 presents a literature review. The advances and
challenges of CO2RR are summarized. Then the application of Cu and other SACs in CO2RR
is studied and presented. Chapter 3 focuses on the understanding of mechanisms of CO;
reduction to C2Hs on the asymmetric framework Cu-CsNa. 17 reaction pathways and three
active sites (Cu, C, and N) are explored to present the whole reaction networks. The synergetic

effect of dual sites is extensively studied through analysing the reaction networks. The results



show that Cu and C working as active sites has a better performance than Cu and N. This is
because the carbon atom provides a settling center for the first CO; after reduction by Cu, and
leaves Cu vacant for the second CO> reduction. Chapter 4 extends the study to other metal
supported on g-C3Na, and verifies the reaction mechanisms established based on Cu-C3N4. 14
metal centres are considered in total. Through using the adsorption energies of CO* on the
metal site and that of H* on the nitrogen site, seven metal centres among them are predicted to
generate C, products. The CO> reduction performance is explored theoretically by analysing
the reaction pathways to ethylene through the metal and nitrogen sites (M/N) or the metal and
carbon sites (M/C). Moreover, a dual volcano-shaped plot is formed by the CO adsorption
energies on metal sites to describe the synergistic effect of dual site. The conclusions are drawn
in Chapter 5, following the discussions of challenges and perspectives of M-C3Na4. The novel
g-CsN4 based single atom catalyst provides a new platform for CO2RR. By providing one metal
site and another active site from g-CsN4, CO2RR reduction to C> products become possible.
The insightful reaction mechanisms can serve as a reference for designing more electrocatalysts

with dual active sites.
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Chapter 1: Introduction

1.1 Significance of the Project

Because of the excessive carbon dioxide (CO) emission caused by intensive consumption of
fossil fuels, the reduction of CO; into alternative value-added fuels is a promising method to
alleviate greenhouse effect and positively affect the global carbon balance with the input from
sustainable energy, such as solar and wind.* The electrochemical CO; reduction reaction
(CO2RR) has attracted growing attention recently.®> CO> can be transformed into value-added
chemicals at the cathode, including CO, formic acid (or formate), methane, methanol, ethylene,
ethanol, and so on.%®° C, products are generally regarded as more economically valuable than
Cy products because of their higher volumetric energy densities and their importance in the
synthesis of long-chain hydrocarbon fuels.X® However, in the catalysis process and the whole
reaction, the C—C bond formation process is a critical challenge. This is because it suffers from
low selectivity and high overpotential caused by the competition with C-O, C—H bond
formations or competitive hydrogen evolution reaction (HER).!*'® As a result, developing
proper electrocatalyst materials which can reduce CO2 to C> products with high activity,

selectivity, and stability is of great importance.'* 1

In recent years, single-atom catalysts (SACs) have been applied in many catalytic reactions.
16-18 They showed enhanced activity and selectivity in the application of CO,RR.-2! However,
most SACs only show activity towards C products such as CO and HCOOH during CO2RR
as they only contain one active site.?? 23 The application of the molecular framework supported
SACs is a possible solution to boost CO> reduction to C» products by providing a second active
site for C—C coupling. Recently, coordinating Cu into the framework of graphitic carbon nitride
(9-C3N4) was found to generate detectable C, products, including C2Ha, C2Hs, and CoHsOH.?
Differing from other traditional nitrogen-doped carbons, the nitrogen species in the g-CsN4

framework have a strong attraction to CO2 molecules during the electrocatalytic process.* In



addition, the adsorption of oxygen-containing reaction intermediates (such as *OCHy, *OH,
*Q) can be enhanced when using N-doped carbon catalysts because the carbon species in g-
C3N4 show high oxophilicity, benefiting deep reduction production.?* However, the underlying
reaction mechanisms to CO- reduction to C2 products on the surface of Cu-CsNjy are still not

clear.

Understanding the activity origin such as establishing reaction pathways and analysing the
catalytic activity will help develop efficient electrocatalysts.?®> With the considerable
improvement in computing power, density functional theory (DFT) calculations can provide a
precise description of the electronic structure of catalysts. In addition, it can help explain
CO2RR mechanisms on an atomic level by combining the atomic configurations, energy
barriers, transition states and so on. Another important application of the DFT method is to
validate experimental observations and provide detailed explanations. Correspondingly,
through taking advantage of the experimental data, the input parameters can be adjusted to be
more reasonable. Nowadays, a large number of studies have successfully identified some active

sites and predicted promising novel catalysts via computing methods.?6-2

The goal of this thesis is to study the reaction mechanisms of CO> reduction to C2Hs on metal
single atom supported on g-C3sNas. C2Hs was selected as a representative C, product during the
study because of its essential role in the chemical and fuels industries (e.g., plastic production).
It could also serve as a model product to explore the reaction mechanisms and can be expanded
to other C» species formation. Moreover, other metals supported on g-C3Ns4 (M-C3N4) are
studied further to evaluate their possibility in generating C» products. Through unraveling the
reaction mechanisms for obtaining C>Hs based on asymmetrical active sites of metal single
atom supported on g-C3Na, one can gain understanding about the reaction mechanisms for other
electrocatalysts with dual active sites. Moreover, it can provide useful guidance for the design

of novel electrocatalysts.



1.2 Research Objectives

The major goals of this Thesis are to design g-CsN4 based catalysts for CO reduction to C2H4

by molecular modelling and investigate their reaction mechanisms.

In particular, the objectives of this thesis are:
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1.2.2

1.2.3

To understand reaction nature and possible C2Hs product pathways for CO- reduction
at the surface of Cu-C3Ns and other metal supported on g-CsNa.

To discover the synergetic effect between Cu or other metal and the substrate g-CaN4

To evaluate the performance of different metal supported on g-CsNa.

1.3 Thesis Outline

This thesis is presented in the form of journal publications. The results of the reaction

mechanisms studied are included. Specifically, the chapters in the Thesis are presented in the

following sequence:

>

Chapter 1 presents an introduction for this thesis. It emphasises the significance of this
project and outlines the research objectives.

Chapter 2 reviews the recent progress and challenges of single atom catalysts for CO;
reduction.

Chapter 3 presents the reaction mechanisms for Cu-CsN4 with dual active sites for CO>
reduction to ethylene. It focuses on research objective 1.2.1 and 1.2.2.

Chapter 4 investigates the activity trends for metal single atom catalysts supported on
g-CsN4 for CO2 reduction to C> products. It focuses on research objective 1.2.1 and
1.2.3.

Chapter 5 presents the conclusion and perspectives for further work on the design of

dual active sites electrocatalyst for CO2RR.
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Chapter 2: Literature Review

2.1 Introductory Background

Fossil fuels, including coal, natural gas and petroleum, are considered as major energy sources
all around the world to sustain our society and the economy after the industrial revolution in
the 19" century. However, the combustion of fossil fuels has raised a series of problems.'
Firstly, the global energy demand increases continuously with the rapid development of the
economy and the population. Since fossil fuels are non-renewable resources, people have to
face an aggravated energy crisis in the foreseeable future. Secondly, the atmospheric carbon
dioxide (CO2) concentration keeps increasing due to the huge combustion amount of fossil
fuels from continuing human activity. By May 2020, the atmospheric CO> concentration
reached 417.16 parts per million (ppm). It is believed that the excess CO> concentration in the
atmosphere is the major cause of some undesirable environmental problems, and the most
significant one is global warming.* Therefore, reducing the impact of excessive CO, emission
IS a pressing concern in modern society. People focus on energy-related topics in order to solve
the environmental problems and energy crisis. Clean and renewable energy sources such as

wind, tide and solar are popular solutions because they can mitigate CO, emission.

However, although the development of renewable energy is fast, the percentage of them in
overall energy consumption is still low.* More importantly, the use of the renewable sources is
limited as most of them are seasonal, intermitted and geographical, which requires advanced
energy conversion and storage technologies.* In fact, the conversion of atmospheric CO2 into
alternative organic molecules with improved energy density is an alternative solution which
can help to solve the aforementioned problems.>’ On one hand, this strategy can reduce the
accumulation of atmospheric CO,. On the other hand, the products are mainly fuel and

industrial chemicals, which can alleviate the energy crisis to some degree.
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Figure 1. Schematic illustration of the electrochemical CO2RR process by renewable energy

sources, such as wind, tide, and solar.

2.2 Advantages and Challenges for Electrochemical CO2 Reduction Reaction

Various technologies have been proposed and conducted in the past to obtain value-added
chemicals, fuels or industrial feedstock from CO>. These technologies include thermochemical,
biological, photochemical and electrochemical CO2 reduction.®® Among them,
electrochemical CO> reduction reaction (CO2RR) has attracted growing attention recently for
the following advantages: (1) the reaction condition is mild for the process, and the selectivity
can be controlled by the reaction temperature and electrode potentials;! (2) the electrolytes can
be fully recycled, hence the overall chemical consumption can be minimized to simple water
or wastewater;! (3) through applying renewable electricity from intermittent solar, wind, and
tidal energy, it is possible to maintain carbon-neutral balance (Figure 1); (4) the
electrochemical reaction systems are compact, modular, on-demand, and easy for scale-up

applications.?

16



However, challenges remain for CO. electroreduction: (1) high reaction overpotentials are
demanded to activate and dissociate the C=0 double bonds due to the relatively thermodynamic
stability of CO2® (2) the reaction selectivity is limited as there are multiple reaction pathways
for CO2,RR, associating with up to 18 electron transfer steps.!® 4 This issue is further
compounded by hydrogen evolution reaction (HER) which is usually kinetically favoured over
CO2RR, existing as the competing side reaction;*® (3) the energy efficiency of the process is
low because of the parasitic or decomposition reaction of the solvent at high reduction
potential.!! Researchers have recognized that low performance of electrocatalyst is the biggest
challenge for CO,RR.} Therefore, developing stable electrocatalyst materials for CO

reduction with high activity, selectivity is very important.*6: 7

CO2RR is a multistep reaction that consists of several proton-coupled electron transfer (PCET)
processes, involving the transfer of two, four, six, eight, twelve, or even more electrons to form
various products.* Therefore, CO. can be transformed into value-added chemicals, including
CO, formic acid (or formate), methane, methanol, ethylene, ethanol, and so on.% 10 18 19
Normally, there are three major steps in the heterogeneous catalysis processes. Firstly, COz is
adsorbed to the surface of the electrocatalyst. Secondly, C-O bonds in CO; are cleaved and C-
H bonds are formed through proton-electron transfer. Finally, via configuration rearrangement,
products are then desorbed from the surface of the electrocatalyst and diffused into the
electrolyte.?® The simultaneous proton-electron transfer leads to different bond formation steps
during the above processes, including hydrogenation of carbon, hydrogenation of oxygen, and

carbon-carbon coupling, generating various intermediates and products.*

Comparing with producing methane or ethylene, forming CO requires overcoming
significantly reduced energy barrier, hence it is relatively simple. Therefore, CO> reduction to
CO has been widely investigated.?! The production of CO and HCOOH has achieved relatively

high reduction current density and selectivity.!® However, the selectivity of deep reduction

17



products is still unsatisfactory.?? C, products are used widely as chemical feedstock.?®%
Moreover, comparing with Cy products, C> are more preferable because of their higher energy
density.?® The main challenge for obtaining C product is the carbon-carbon (C-C) coupling
step, which is an essential reaction step for the formation of multicarbon products. Therefore,
understanding the reaction mechanisms of C-C coupling steps is important for finding a

suitable catalyst having exclusive selectivity for C, products.

2.3 Atomistic Mechanism of Various C2 Products and C-C Coupling
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Figure 2. Proposed mechanisms for the reduction of CO; to seven C, products through

electrochemical processes. Ethylene production is highlighted in green, while the other six C>

productions are highlighted in blue.
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With the help of density functional theory (DFT) simulations, the reaction network for CO-
reduction to C, products can be predicted. Figure 2 summarized the proposed reaction
mechanisms for CO; reduction to seven different C, products including ethylene, ethanol,
glyoxal, glycolaldehyde, ethylene glycol, acetic acid, and acetaldehyde. As shown in Figure 2,
there are many intermediates involved in CO2RR. Besides, many reaction pathways share the
same intermediates, leading to poor selectivity for one product. Moreover, there are multiple
pathways to obtain one product. To be specific, in Figure 2 there are three pathways obtaining
ethylene, and two pathways obtaining ethanol. Fan et al. proposed that the CoHs generation
mechanisms include nonelectrochemical coupling of two *CH> species, the combination of

*CH, and CO, and *CO dimerization.?’

0 0 H H
\C C/ [ |
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H
7
0 0 H H I 0 H
NVL l | I AU N
C C C C C C C—C—H
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— Insertion
3 | H H
o, /O Hy 071 H{ ,0—
C—C 7
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Figure 3. Four possible C-C bond formation mechanisms from *CO on the Cu surfaces. The

red numbers indicate the different C-C bond formation mechanisms.

Since the reaction pathways to C» products are very complex, focusing on C-C coupling process
is a good method to help understand the reaction mechanisms for CO- reduction to C. products,
which will also benefit the design of the related catalysts. The formation of C-C bond is
regarded as the most probable rate determining step when producing C, products. Based on

experimental research results and application of DFT, several possible mechanisms have been



proposed.?® The possible C-C coupling mechanisms are summarized in Figure 3. Number one
and two mechanisms in Figure 3 were proposed by Hori et al., one is the direct dimerization of
*CHj, and the other is the formation of *CH,CO by CO insertion.?® The results showed that
*CH2 dimerization is favorable on Cu (111) via the analyzation of thermodynamic energy and
reaction kinetic barrier.3® However, the above two mechanisms cannot explain why
experimental results indicate that no C2Hs was found in Cu electrodes.?® Hence, other C-C
forming processes are required to explain the experimental observations. Calle-Vallejo and
Koper proposed CO dimerization (to form *CO-CO) as the first step to C, products, which is
number three mechanism in Figure 3.3! It was found that *CO dimerization is the key step in
C-C coupling process and is more energeticly favorable at low overpotentials.?” %233 Moreover,
another C-C coupling pathway is proposed, which is the formation of *CO-COH, number four
in Figure 3.3 The pH dependence of C,H4 formation and the preference for C2H4 formation in

alkaline media can be properly explained by this mechanism.?®

2.4 Other Metals and Copper in Application of CO2RR

In the past studies, various metal electrodes have been investigated as potential catalysts for
CO2RR, including Cu, Au, Ag, Pd, Zn, Ni, Fe, Pt, Cd, Sn, In and so on.** *® The possible
reaction pathways and reaction mechanisms of CO2RR on these electrodes have been studied
experimentally and theoretically for years.?* *6-38 Most of the reported catalysts for CO2RR are
capable to reduce CO2 to CO or HCOOH with high efficiency and selectivity. The main product
for Au, Ag, Zn, Pd metal sites is CO, and that for Pb, In, Sn, Cd is HCOOH.* HER is generally
favoured over CO2RR on Ni, Fe, Pt. Among them, Cu is the only monometallic catalyst found
so far that can produce hydrocarbons and oxygenates including up to three carbon atoms.3%-4!

Therefore, Cu has been studied extensively because of its unique property in CO2RR.

Hori and his co-workers conducted pioneer researches on Cu electrodes in the 1980s.%° The

outstanding performance can be explained by the appropriate adsorption strength of the
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relevant intermediates.?® 4> *® Although the Faradaic efficiencies (FEs) are fairly high for the
electrolcatalysis of CO: into low-carbon hydrocarbons and oxygenates, the overpotential
required is relatively large, which is nearly 1V.13 404445 Eyrthermore, there are other typical
diaadvantages for Cu electrode, including low product selectivity and short catalyst lifetime.*?
The different surface morphologies or structures of Cu provide various reaction pathways and
product distributions.*® 4’ In order to obtain a better result, several methods have been applied

to modify the morphology of Cu, such as nanostructuring and bimetallic alloys.*

The current effort of most studies has been focused on the facilitation of C-C coupling based
on metallic Cu systems.? Since there are at least 16 different products that have been explored
on the surface of Cu, it is not considered as a selective catalyst for specific product.® Therefore,
Cu modification is necessary to obtain desirable products. Reske et al. have explored relevant
catalytic behaviours for copper nanoparticles (NPs) with size ranging from 2 to 15 nm.*® They
found that for bulk Cu catalysts, CH4 is the predominant product, while smaller size NPs show
a higher activity and increased selectivity to H2 and CO, as they possess numerous low
coordinated sites.*® However, the selectivity for Ca+ products can be enhanced through
applying complicated architectures for Cu.?® For example, the selectivity for Co+ products on
the mesoporous Cu film can be controlled through tuning its pore size and depth. The fluid
transformation speed is reduced by the pores, and hence the inside ion concentration is
increased.?® Therefore, the intermediates are likely to be trapped in the pores and confined to
facilitating long chain molecules.?® Consequently, C2+ product selectivity is enhanced. This
phenomenon inspired the design of the cavities to restrict the outflow of produced C; products

and facilitate further Cs products.?®
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2.5 Single Atom Catalyst in Application of CO2RR

Single atom catalysts (SACs) have attracted enormous attention in electrocatalysis up to now.*%
51 The active sites in SACs are homogeneously dispersed, hence displaying analogous catalytic
behaviour.>? The catalytic activity and selectivity toward various electrochemical reaction can
be obviously increased through downsizing metal nanoparticles into single atoms.> Moreover,
atom utilization is increased because of the high dispersion of metal atoms, hence reducing
costs in large scale applications.>* At the same time, the electrocatalytic performance of SACs
can be improved by the unsaturated coordination environments and the interactions between
individual atoms and supports.>> * However, the aggregation of these single atoms becomes
easy due to their high surface free energy. Therefore, various substrates are required to form a
stable configuration for the isolated atoms. The changes in the coordination structure for one
same active metal center can cause different reaction activities and production distribution.>’
The nanostructured two-dimensional (2D) materials have proven to be a suitable substrate or
support for SACs, especially modified or doped carbon-based graphene.>® This is because the
coupling of metal with carbons can tune the electronic structure for catalysis by promoting the

charge transfer between them.5® 8

Many studies have shown that single-atom metal-based nitrogen-doped carbon (M-N-C)
catalysts are attractive electrocatalysts for CO2RR.5:¢3 M-N-C has been studied extensively as
an efficient CO2RR catalyst for CO2 reduction to CO and M-N-C catalysts based on Fe, Co and
Ni have demonstrated high activity and selectivity for CO formation.®* Fe SACs exhibits a
maximum CO FE for more than 90%.54 ¢ For example, Fe and N doped porous carbon
nematosphere (FeNPCN) is reported to give a FE of 94% for CO; reduction to CO.% Ni SACs
are regarded as highly efficient electrocatalysts for CO. reduction to CO. Atomically dispersed
Ni on nitrogenated graphene codoped with S (A-Ni-NSG) is reported to have 97% FE at -0.5

V vs reversible hydrogen electrode (RHE) for CO conversion.®” It was found that the geometry
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around Ni(l) in A-Ni-NSG was highly distorted because of the noncentrosymmetric ligand
strength, promoting better adsorption of reactants and intermediates on the surface (Figure 4a
and 4b).%8 Recently, Li and co-workers reported a Ni-N4-C catalyst giving a maximum FE of
99% at - 0.81 V vs RHE with a current density of 28.6 mA cm for CO2 reduction to CO
(Figure 4c).%® The high selectivity of Ni-N4-C was further analysed by DFT calculations. The
results demonstrated that the excellent selectivity is obtained because the Ni-N4 species

decreases the formation energy of *COOH (Figure 4d).%3
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Figure 4. a) LSV curves acquired in CO»-saturated 0.5 M KHCOs solution on a rotating disc
electrode at a rotation speed of 1,600 r.p.m. and a scan rate of 5 mV s for N-G, Ni-NG, A-
Ni-NG, and A-Ni-NSG. Catalyst loading: 0.1 mg cm™2. b) CO Faradaic efficiency at various

applied potentials for N-G, Ni-NG, A-Ni-NG, and A-Ni-NSG. c) Faradaic efficiencies for CO
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generation on N-C, Ni-Ns-C, Ni@N-C, and Ni@N-C-Glu. d) Calculated free energy diagrams
for CO2RR on Ni-N4-C and N-C. Schematic illustration of Ni-N4-C is shown in the left top
conner (green: Ni atom, blue: N atom, grey: C atom, red: O atom). a, b) Reproduced with
permission.®” Copyright 2018, Nature Energy. ¢, d) Reproduced with permission.%® Copyright

2017, American Chemical Society.

Apart from the above single atom materials based on doped carbon-based graphene materials,
several Cu-N-C electrocatalysts were also reported as electrocatalysts for CO2RR to C;
products.®® 7° The reaction mechanisms for CO, reduction on Cu loaded carbon nitride (Cu/CN)
are presented in Figure 5a, as well as the possible products include CO, HCOOH, HCHO,
CH3OH, and CH..” Since the desorption of CHsOH* on Cu/CN is as high as 0.41 eV, it can
be further reduced to CHa, and this pathway is regarded as the primary reaction on Cu/CN.”
Dominant Cy products are obtained for Cu-N-C electrocatalysts because of the lack of ensemble
size of single-atom active sites.”* Hence, further reduction of CO- to hydrocarbons or alcohols

becomes challenging for single atom electrocatalysts.

The synergetic effect between single atom and the carbon nitride support is regarded as a novel
strategy for designing CO2RR electrocatalysts facilitating C-C coupling by stabilizing Co+
reaction intermediates. For example, Cu single sites on g-CsN4 were observed to generate
detectable C, products, including C2Ha4, C2Hs, and C,HsOH (Figure 5b).”* Differing from other
traditional nitrogen-doped carbons, the nitrogen species in the g-CsN4 framework have a strong
attraction to CO2 molecules during the electrocatalytic process, which is regarded important
for CO; activation.”” Moreover, it has been demonstrated by DFT calculations that the
adsorption of oxygen-containing reaction intermediates (such as *OCHy, *OH, *O) can be

enhanced when using N-doped carbon catalysts because the carbon species in g-C3zNa4 show

24



high oxophilicity (Figure 5c¢), which benefits deep reduction production. As the electronic
structure for copper is influenced by g-CsNs, the position of the d-orbital of copper can be
uplifted due to the Fermi level.”* Therefore, Cu-CsN4 has a stronger affinity with reaction
intermediates and higher CO; activation. In addition, copper and carbon in Cu-C3N4 can work
in synergy across the whole reduction process to provide a deeper CO2 reduction through the
dual active sites. However, there is a lack of systematic studies on reaction mechanism for CO>
reduction to C products on Cu-CsNs. Further fundamental understanding through theoretical
modelling is necessary. Through theoretical calculations, we can understand the reaction
mechanism for CO2RR and the involved active sites, which helps guide new catalyst

development.

To this end, double-atom catalysts (DACS) is another method which may favour Ca+ selectivity.
As a natural extension of SACs, DACs are predicted to boost CO- reduction to C, products
owing to the synergetic effect between adjacent active sites of metal dimer.” " Through C-C
coupling on dual active sites, deep reduction products, such as CoHs and C2HsOH can be
obtained.” " For example, Guan et al. developed a Cu,N-codoped carbon nanosheet structure
by atomically constructing the single-atom distribution of Cu-Nx coordination, with varying
Cu-doping concentrations.”® At a high Cu loading density of 4.9%moi, the material produces
C2Ha as the main CO> reduction products. This is because the two adjacent Cu-Nz sites are
close to each other, enhancing the C-C coupling.”® In addition, Chen et al. designed a 2D

graphene nitrene heterostructure (grafiNs) which can bind up to three metals for CO,RR."’
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which the climbing image nudged elastic band (CI-NEB) method is used. Electronic

localization function (ELF) and charge density difference result for Cu/CN is presented at the

top right corner. Color code: C blue, N grey, Cu green. Blue represents electron accumulation,

and yellow represents electron depletion. The isosurface is set to 0.006 eV A3, Positive values

of g depict electron depletion. b) The measured Faradaic efficiencies of various products on

Cu-C3Na. ¢) Schematic illustration of active sites of Cu-C3Na. Color code: C green, N blue, Cu
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2.6 Methods

Although CO2RR process has been studied for around 20 to 30 years, recognition of the
intermediates is still a key problem during the experiment, and the reaction mechanism is not
clearly understood. Generally, experimental measurements are applied to evaluate the
performance of the process by providing observable characteristics, including linear sweep
voltammetry (LSV) curves, current density, faradaic efficiency, and product selectivity.
However, the atomic level details for the electrochemical process cannot be elucidated by
experiments due to the limitation of the experimental technique and the short intermediate
transient lifetime.” In addition, the transition states cannot be easily identified by applying
kinetic experiment data only.”® Therefore, it is hard to establish atomic scale interpretation of
experimental data, which is crucial for developing catalysts. The application of theoretical
insight is a suitable method to solve the above problems, which can identify the reaction

mechanisms of the electroreduction of CO> to hydrocarbons using theoretical calculations.

Density Functional Theories (DFT) is a computational quantum mechanical modelling method.
It can be used to investigate the electronic structure and determine the properties of a system
including many electrons. The computational cost has been reduced and the calculations for
relatively larger systems such as nanoparticles and periodic surfaces become possible through
applying DFT calculations.” Moreover, CO,RR mechanisms can be explained on an atomic
level by combining the atomic configurations, energy barriers, transition states and so on.
Another important application of the DFT method is to validate experimental observations and
provide detailed explanations. Correspondingly, through taking advantage of the experimental
data, the input parameters can be adjusted to be more reasonable. Nowadays, a large number
of studies have successfully identified some active sites and predicted promising novel
catalysts via computing methods. For instance, Dinh et al. used DFT to assess the influence of

the hydroxide ions on the energy barrier during CO dimerization step and found out that
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hydroxide can reduce the binding strength of CO on the surface of Cu and increase the charge
imbalance as well.8 Shin et al. also carried out a DFT study on AgCu bimetallic nanoparticles

to evaluate their performance on oxygen reduction reaction (ORR).8!

The field of modelling electrochemical processes developed rapidly with the introduction of
computational hydrogen electrode (CHE) approach in 2004.82 The reaction H* + e~ « %Hz

is defined to be in equilibrium at pH = 0 and zero voltage, under standard conditions. The free
energy of the electron-proton pair (H* + e~) can be referenced to the chemical potential of
gaseous H under standard conditions (0 V vs standard hydrogen electrode, at 101,325 Pa). The
free energies of reactants and each intermediate state at an applied electrode potential U is
calculated by using the formula expressed as follows: G(U) = G — neU, where n is the
electron number of such state, e is the electric charge of one electron, and G is the free energy
obtained by the frequency calculations at room temperature (298.15 K) after geometry
optimization. The free energy of H* was derived as Gy, = 1/2 Gy, — kgTIn10 X pH, in
which kg is Boltzmann’s constant, and T is the room temperature (T = 298.15 K). The Gibbs

free energy calculation for the elementary steps can be obtained
G=E—TS+ZPE+ [ C,dT (1)

in which E indicates the electronic energy obtained by DFT calculations. S and ZPE indicate
entropy and zero-point energy corrections, and T is temperature. ZPE and vibrational entropy
of adsorbed species were obtained once vibrational frequencies were calculated. Entropies of

gas molecules (Hz and CO,) were taken from standard values.®®

In this project, electronic structure calculations are performed by DFT in the form of the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional using a projector augmented-
wave method in the Vienna Ab Initio Simulation Package (VASP) code.®*%” The plane-wave

for the electron wave functions is expanded by using a 500 eV kinetic energy cutoff. The
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convergence criteria for the electronic structure iteration and the geometry optimization is set
as 10° eV and 0.01 eV/ A respectively. For the M-C3Na unit cell, the Brillouin zone (BZ) is
sampled with a Monkhorst-Pack mesh with a5 x 5 x 1 k-point grid in reciprocal space during
geometry optimization and Nudged Elastic Band (NEB) calculations. Considering the van der
Waals interactions between atoms, the Tkatchenko-Scheffler method is applied for all
calculations.® Solvation calculations are performed for some pathways using VASPsol, in

which the solvation energies are modelled on periodic systems.8 %

The overall reaction of CO> reduction to form C2Hs on the surface of M-C3Ng in the presence
of hydrogen is expressed in the following formula and the reaction includes 12 elementary

hydrogenation steps.
2C0,(g) +8H,0(1) + 12e~ - C,H,(g) + 120H"
EQy, = —0.934Vvs.SHE (2)
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Chapter 3: CO2 Reduction by Single Copper Atom Supported on g-CzN4
with Asymmetrical Active Sites

3.1 Introduction and Significance

In this chapter, single atom Cu supported on graphitic carbon nitride (Cu-C3N4) has been
studied as an electrocatalyst for the generation of high-value C products for CO> reduction by
providing asymmetrical active sites. The reaction pathways for ethylene production on the three
active sites of Cu-CsN4 (Cu, C, and N) were explored based on Density Functional Theory
(DFT) computations. The possible coupling of seven reaction intermediates, 17 reaction
pathways, and three combinations of different active sites (Cu, C, and N) were analysed to
form a thorough C-C coupling network to ethylene production. The most favourable reaction
pathway to ethylene production is 1.08 eV at open circuit conditions, which is benefited by the
synergistic effect of both Cu and C active sites. Comparing with other pathways utilizing Cu/N
and C/N active sites, the carbon atom provides a perfect settling centre for the first CO> after
reduction by Cu and leaves Cu vacant for the second CO: reduction. Our study provides
reaction mechanism insights for C, production on Cu-C3N4 and sheds light on designing
electrocatalysts with dual active sites. We achieved the research objectives 1.2.1 and 1.2.2 as
we obtained 17 reaction pathways to ethylene on the surface of Cu-C3N4 and the synergetic
effect between Cu and the substrate g-C3N4 was studied in detail by analysing the reaction

mechanisms of Cu/C reaction pathways.
The highlights of this Chapter include:

e Reaction mechanisms for CoH4 production on Cu-C3N4 were studied thoroughly, 17
possible pathways are investigated.

e The asymmetrical active sites enable Cz production from CRR.

41



e The combination of Cu /C as active sites present a higher activity than Cu/N from the

thermodynamic perspectives.

3.2 CO2 Reduction by Single Copper Atom Supported on g-CsN4 with Asymmetrical
Active Sites

This Chapter is included as it appears as a journal paper published by Sijia Fu, Xin Liu, Jingrun
Ran, Yan Jiao, Shi-Zhang Qiao, CO. Reduction by Single Copper Atom Supported on g-C3N4

with Asymmetrical Active Sites. Applied Surface Science, 2021, 540, 148293.
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ARTICLE INFO ABSTRACT

Keywords:
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Electrochemical reduction of CO5 requires catalysts beyond Cu with high activity and selectivity to produce Cy
products. Different from many single-atom catalysts that show high performance in obtaining C; products, Cu
supported on carbon nitride (Cu-C3N4) has shown a unique capability to generate Cy products by providing
asymmetrical active sites. Herein, we study 17 possible pathways and reaction mechanisms of CO; reduction
toward ethylene — a featured Cy product, on Cu-C3N4. The possible reaction intermediates along with different
reaction pathways on three active sites of Cu-C3Ny4 (Cu, C, and N) were obtained by density functional theory
(DFT) computations. The most probable reaction pathway toward CoH4 production is 1.08 eV at open circuit
conditions, which is benefited by the synergistic effect of both Cu and C active sites. Comparing with other
pathways utilizing Cu/N and C/N active sites, the carbon atom provides a perfect settling centre for the first CO2
after reduction by Cu and leaves Cu vacant for the second CO; reduction. Our study provides reaction mechanism

insights for Cy production on Cu-C3N4 and sheds light on designing electrocatalysts with dual active sites.

1. Introduction

Because of the excessive carbon dioxide (CO3) emission caused by
intensive consumption of fossil fuels, the reduction of CO5 into alter-
native value-added fuels is a promising method to alleviate greenhouse
effect and positively affect the global carbon balance [1,2]. However,
the reduction of CO;, to fuels is challenging as CO, molecule is stable and
unreactive [1,3]. The electrochemical CO, reduction reaction (CRR)
holds great promise attributing to its mild reaction conditions and po-
tential controlled product selectivity [4-6]. One of the major challenges
in this area is the design of the catalysts with high activity and selectivity
to certain products [7,8]. Cy products are generally regarded as more
economically valuable than C; products because of their higher volu-
metric energy densities and their importance in the synthesis of long-
chain hydrocarbon fuels [9]. However, the C—C bond formation pro-
cess is a critical challenge in the catalysis process and the whole reaction
is suffering from low selectivity and high over potential caused by the
competition with C—O, C—H bond formations or competitive hydrogen
evolution reaction (HER) [10-12]. As a result, the major CRR products
for most metallic catalysts are C; hydrocarbons (e.g., CO and HCOOH)
[4,13,14] Although copper has proved to be able to produce C;, Cy, and

* Corresponding author.
E-mail address: yan.jiao@adelaide.edu.au (Y. Jiao).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.apsusc.2020.148293

Cs products, the types of high-performance catalysts are still limited
[15-17].

In recent years, single-atom catalysts (SACs) have been applied in
many catalytic reactions. This is mainly attributed to the high utilization
rate of metal atoms as active centres, as well as favourable electronic
structure alternation of SAC due to strong interactions between the
embedded metal atoms and the substrates [18-22]. SACs have attracted
increasing interests in the application of CRR, and showed enhanced
activity and selectivity since 2015 [23-25]. For example, by introducing
atomic Fe to nitrogen-doped porous carbon nematosphere (NPCN), a
lower theoretical onset potential for CO production can be obtained as
the formation of the intermediates can be promoted by Fe, resulting in
Faradaic efficiency (FE) for CO reaches up to 94% at —0.5 V vs. RHE
[26]. However, most SACs only show activity towards C; products such
as CO and HCOOH during CRR. Similarly, Ni SACs supported on nitro-
gen doped carbon was reported to achieve a CO production FE of 96.5%
and current density of 36 mA cm 2 at an overpotential of 0.61 V [27],
and a Co-N5 SAC showed CO production FE of 99.2% and current density
of 6.2 mA cm~2 at low potential of —0.73 V vs. RHE [28]. However,
previous reports on SAC for electrochemical CO5 reduction mainly
limited to transition metals. More recently, it was found that main group
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element like indium (In) with exclusive In5+-N4 interface on metal-
organic frameworks (MOFs) derived N-doped carbon matrix (In-SAs/
NC) could achieve a formate production FE of 96% and current density
of 8.87 mA cm ™2 at low potential of —0.65 V vs. RHE owing to the In®*-
N4 interface active sites [29]. By now, most SACs only show activity
towards C; products such as CO and HCOOH during CRR. This high
selectivity toward CO might be attributed to that these SACs only
contain one active site and can only effectively stabilize *CO. Hence, the
possibility of generating C, products is limited. The application of the
molecular framework supported SACs is a possible solution to boost CO»
reduction to Cy products by providing a second active site for C—C
coupling. More isolated mixed metal sites supported on carbon materials
can be constructed based on MOF [30]. Recently, a Cu-C3N4 SAC was
found to generate detectable C, products, including CoHy4, CoHg, and
CoHsOH [31]. Through loading metals on g-C3Ny4, high metal loading
amount and appropriate coordination ability can be achieved, which can
be served as desirable CO2RR electrocatalysts with promising perfor-
mance [32,33]. One reaction pathway for CoHsOH production involving
Cu and C as active sites has been explored in the past. However,
complicated reaction networks, as well as the combinations of different
active sites, are not systematically studied in previous works. Hence, it is
still not clear that whether Cu/C is the best combination and there is not
enough evidence in the past to prove the advantage of Cu/C, which
prevents us to understand the problem further.

The understanding of the systematic effect of dual active sites of
single Cu atom catalyst supported on g-C3N4 can give answers to the
above doubts. Therefore, in the present work, we employed extensive
DFT calculations to explore various C—C coupling pathways on different
combination of Cu/C/N active sites. CoH4 was selected as a represen-
tative Cy product because of its essential role in the chemical and fuels
industries (e.g., plastic production). More importantly, it could serve as a
model product to explore the reaction mechanisms and can be expanded
to other Cy species formation. Our extensive computation indicated that

Applied Surface Science 540 (2021) 148293

17 possible reaction pathways exist for CoH4 production on Cu-C3gNy.
Furthermore, the lowest free energy changes for these pathways were
summarized, and further analysed from the charge transfer perspective.
Our work provides both reaction pathway level and electronic level
insights for Cy, production on Cu-C3Ny4. In addition, it can serve as a
reference for designing more electrocatalysts with dual active sites, such
as metal-organic-framework-based SACs [34].

2. Models and methods

The models were built based on graphitic carbon nitride (g-C3N4),
with one copper atom embedded in the cavity. The optimized lattice
parameter for Cu-C3N4 is 7.089 x 7.089 x 20.000 10\, and the angle
between the first two vectors is 120°. As shown in Fig. 1a, the carbon and
nitrogen sites of the Cu-C3N4 substrate and the copper atom are all
considered as active sites. All combinations with these possible in-
termediates (CxHyO,) on these active sites are considered to form a
comprehensive C—C coupling network.

Density functional theory (DFT) methods were used to carry out the
electronic structure calculations through the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional in Vienna Ab Initio Simulation
Package (VASP) [35-39]. The kinetic energy cutoff is set to be 500 eV for
the plane-wave expansion after testing several cutoff energies. The
convergence criterion for electronic structure iteration is 10> eV, and
that for geometry optimization is 0.01 eV/A. A 5 x 5 x 1 I'-centred
Monkhorst-Pack k-point mesh was used for Cu-C3Ny4. Considering the
van der Waals interactions between atoms, the Tkatchenko-Scheffler
method was applied for all calculations [40].

The computational hydrogen electrode method (CHE) was used for
the calculation of the Gibbs free energy during the CO, reduction pro-
cess [41]. The free energy of the electron-proton pair (H" + ™) can be
referenced to the chemical potential of gaseous Hp under standard
conditions (0 V vs standard hydrogen electrode, at 101,325 Pa). The

a

Fig. 1. (a) Ilustration of the electrocatalyst, reactant, and product in this study. Three active sites on the surface of Cu-C3N, were investigated, including the copper
atom, the pyridinic atom at the edge of g-C3Ny, and the carbon atom connecting two pyridinic nitrogen. Reactants are two CO2 molecules (as displayed in the figure),
proton sourced from the electrolyte, and electron from the electrode (the latter two are not displayed). Product is one ethylene molecule. (b) The reaction mechanism
based on the combination of copper and nitrogen atoms as active sites. The reaction starts with the protonation of the first CO, on the copper site. The following step
is the protonation of the second CO- on the pyridinic nitrogen site. C—C coupling process is based on Cu/N. (c) The reaction mechanisms based on the combination of
copper and carbon atom as active sites. The reaction starts with the protonation of the first CO5 on the copper site, and the reduced intermediate is transferred to the
carbon site. The following step is the protonation of the second CO, on the vacant copper site. C—C coupling process is based on Cu/C. Colour code: C green, N blue,

Cu gold, O red, H yellow.
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Gibbs free energy calculation is using the formula expressed as follows,

G:E—TS+ZPE+/C,,dT (D]

in which E indicates the electronic energy obtained by DFT calculations.
TS and ZPE indicate entropy and zero-point energy corrections, and T is
the room temperature (T = 298.15 K). ZPE and vibrational entropy of
adsorbed species were obtained once vibrational frequencies were
calculated. Entropies of gas molecules (Hy and CO;) were taken from
standard values [42]. The free energy corrections for gas-phase prop-
erties of the critical reaction intermediates are summarized in Table S1
of the Supporting Information (SI).

For the electron density difference calculation, the formula used is
expressed as follows,

@

in which pg indicates the electron density difference before and

Pt = Protal ~ Pcu—C3N,—P*CooH++*0cH,

after the inclusion of intermediates atoms. ., Pcu—cyn, 804 PecoomsocH,
indicates the electron density of the total adsorption configuration, the
substrate Cu-C3Ny4, and the adsorbed intermediates, respectively.

The overall reaction of CO5 reduction to form CaH4 on the Cu-C3N4 in
the presence of hydrogen is expressed in the following formula and the
reaction includes 12 elementary hydrogenation steps [43].

2C0;,(g) + 8H,O(l) + 12¢” > CyH,(g) + 120H

E!

CoHy

=-0.764 vV SHE 3)

vs.

The overall reaction of CO5 reduction to form CO on the Cu-C3Ny in
the presence of hydrogen is expressed in the following formula and the
reaction includes 2 elementary hydrogenation steps [43].

CO(g) + 2H,0(I) + 2¢->CO(g) + 20H"

Elo =—0.934V vs. SHE (@)

Solvation calculations for selected CoH4 pathways (pathway 3 and
10) and CO pathway were performed using VASPsol, in which the sol-
vation energies are modelled on periodic systems [44,45].

3. Results and discussion

At the starting point of CO; reduction, the first elementary step is
CO,, protonation to *COOH; for this step, three possible active sites exist,
which are Cu, C, N. Through DFT simulations and Gibbs free energy
calculation, it has been found that the free energy required for the
protonation of CO5 to form *COOH on copper site is 0.37 €V, while that
on nitrogen site is 1.47 eV - nearly four times compared with Cu. Cu here
has a better CO activation ability than N site on Cu-C3Ny4. Although the
adsorption of COy on g-C3Ny is limited, the attachment of Cu can
enhance the CO; adsorption performance [46]. We considered carbon
site for CO, protonation as well, and the free energy required is 0.43 eV.
However, for carbon as the active site for CO5 activation, it is difficult to
identify a C—C coupling pathway later on. Therefore, for Cu-C3Ny4, only
Cuand N are considered as the active sites for CO5 protonation. The brief
reaction mechanisms for Cu/N and Cu/C are shown in Fig. 1b and c.

To demonstrate the complex reaction networks and how the ther-
modynamics of these reaction pathways change, we classify these
pathways according to the intermediates involved for C—C coupling and
the sites where the coupling takes place - because it is known that C—C
coupling step is crucial for Cy production and usually determines the
overall selectivity. The pathways can be grouped as those adopt Cu/N as
dual active sites (pathways 1-2, 4-5, 7-16), and those adopt Cu/C as
dual active sites (pathway 3 and 6). The main difference for these
pathways is the C—C coupling steps which involve various in-
termediates as shown in Table 1 (for example, for pathway 1, the C—C
coupling step is between N*CHO and Cu*CO). The free energy change of
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Table 1
Summary of C—C coupling network on active sites of Cu-C3Ny, including in-
termediates and the related active sites.”

Active Sites Cu*

Intermediates co CHO COOH OCH; CHOH CH CH,

N* CHO 1 4 7 9 11 — —
COOH — 5 — 10 12 14 15
CHOH 2 — 8 — 13 — 16

C OCH 3 6 — — — — —

# The bold numbers are the index of different pathways. * indicates the active
sites for CO5 protonation.

potential determining step (PDS) on each coupling pathway are sum-
marized in Fig. 2. In addition, the detailed values for the free energy
change are included in Table S2.

As shown in Table 1, the intermediates before C—C coupling step for
each pathway are listed as well as the active sites. The results indicated
that although the active sites for most of the reaction pathways (14
pathways) are the combination of Cu and N, 3rd and 6th pathway with
Cu and C as the active sites feature lower free energy changes. In
addition, the combination of C and N can provide an additional pathway
(the 17th pathway). However, on this 17th pathway, the protonation of
the second CO; is considered not facile due to lacking bond formation
between adsorbate and catalyst. More detail for the 17th pathway is
included in SI, and the free energy diagram is shown in Fig. S1.

We first carefully compared the Cu/N cases and found that for the
C—C coupling step, the first CO, always tends to be reduced on Cu site
and form intermediates like *CH, *CHj,, *CO, *CHO, *COOH, or *CHOH.
The protonation of the second CO; then takes place on N site. However,
this second protonation step is found to be the PDS with at least a free
energy change of 1.40 eV (9th and 10th pathway). Afterwards, for Cu/C
cases, namely the 3rd and 6th pathway, the lowest free energy change of
0.96 eV under the vacuum environment was detected. This value was
the best one among all cases for Cu-C3Ny4, and is comparable with CoHy
pathway on Cu (100) [47]. In general, based on the analysis of potential
determining steps along with their free energy change, we concluded
that Cu/C showed a better synergistic effect than Cu/N and presented a
comparable activity with Cu (100).

2.5 | Il N*cHO
I N*COOH
[ IN*CHOH

2.0 4| Il C*OCH,

PDS (eV)

*CH,

*CO

*CHO *COOH *OCH, *CHOH *CH
Cu

Fig. 2. Summary of the different highest free energy change for different
pathways. Highest free energy change can be used to evaluate the activity of
different pathways. Cu*C,H,O, is regarded as one of the intermediates for C—C
coupling. Pathway 1 to 16 are shown from left to right. N*CHO/N*COOH/
N*CHOH/C*OCH,, is another intermediate for C—C coupling. Some Cu*C,H,0,
reaction intermediates do not have N*CHO/N*COOH/N*CHOH/C*OCH,, bars
because these combinations cannot form stable C—C bond.
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To further elucidate why Cu/C showed a better synergistic effect, in
the following sections, we focused on specific pathways as shown in
Fig. 3. The 3rd and 10th pathways were chosen as they were the ones
with the lowest free energy change for Cu/C and Cu/N, respectively. The
free energies for the intermediates involved in these two pathways were
further calculated under the solvation environment for a more realistic
result. The results show that the highest free energy change for pathway
3 after considering solvation effect is 1.08 eV, and that for pathway 10 is
1.22 eV. The following analysis of Fig. 3 will be consistent with the re-
action sequence, starting from the protonation of the first CO5, then the
protonation of the second COs, finally the C—C coupling process. The
optimized configurations of intermediates with the lowest free energy in
the above processes at each step are demonstrated in Fig. S2. The re-
action free energy profiles for other pathways are shown in Fig. S3-16.

The reduction processes for the first CO, on pathway 3 and pathway
10 are nearly the same. These two pathways share the same first three
proton-electron pair transfer steps, as shown in Fig. 2 (from step 1 to step
4). All these three hydrogenation steps occur on the copper site due to
the high CO; activation activity of Cu. In addition, the reaction path-
ways both proceed through the CHO intermediate (0.92 eV), which is
regarded as the key step to open the hydrocarbon-forming reaction
pathways [41]. We considered the formation of *COH from the hydro-
genation of *CO as well, and the potential required for that step is 3 eV,
which makes it impossible from the thermodynamic aspect. Then, the
two pathways start to diverge from the fourth proton-electron pair
transfer. The *CHO intermediate (step 4) is protonated to form *OCHjy
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(step 5a and 5b), with oxygen as the anchoring atom on the surface of
the catalyst. However, *OCH; is still adsorbed on the copper site for step
5b (Cu/N pathway). For step 5a (Cu/C pathway), *OCHj is adsorbed on
the carbon site on g-C3Ny4 network. The existence of carbon atom of g-
C3Ny substrate provides a perfect settling site for the first reduced CO4
intermediate from the copper site. The transfer of the active centre in-
dicates Cu and C act in synergy. We considered *COOH, *CO and *CHO
go through similar transfers, but the C site cannot stabilize these in-
termediates. The carbon species has been proven to show a strong af-
finity to oxygen-containing reaction intermediates (such as *OCHo,
*OCHs, *O and *OH), which favours further reduction during CRR as
oxygen-bound reaction intermediates are always required during the
late stage to obtain Cy/Cg products [8].

The next step on the reaction pathway is the protonation of the
second CO,, and two pathways are using different active sites for this
step. In pathway 3, after the binding atom for the first reduced CO5
intermediate (*OCHy) is transferred from Cu to C, the copper site is
vacant, which allows the protonation of the second CO2 molecule occurs
on Cu again to form *COOH. Hence the PDS can be reduced effectively
by using copper to reduce two CO, due to the better CO, activation
ability of copper. The second *COOH formation is energetically different
from the first one, although they are both generated from the reduction
of CO, on copper. The free energy change for the formation of the 2nd
*COOH is 0.59 eV downhill, while that for the 1st *COOH is 0.01
downhill. On the other hand, the adsorption configurations are also
different; Cu not only binds the carbon atom from the second *COOH,

O
OH f CH, Q
0. Ne” New" pos o7 o—CH, Voo
l 0.0 + -0.75 4 0.92, * LELN | -0.59, |
(H+e) Cu H+e)  Cu  (Hwe)  Cu (H+e)  C (He C Cu
2 &l & 50,
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149 | | 115 | ‘ _-0.02 \ |
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H,0 144

Fig. 3. Complete reaction network of pathway 3 (Cu/C, marked by green colour) and pathway 10 (Cu/N, marked by blue colour) for CO5 electroreduction to CoH4 on
the surface of Cu-C3Ny4. These two pathways share a common route until step 5; for pathway 3 the active centre changes from copper to the adjacent carbon atom with
a free energy change of 1.08 eV, leaving the copper atom serving as an active centre for the second CO, activation. For pathway 10 the active centre (for the first CO,
molecule) remains to be copper, and the pyridinic nitrogen activates the second CO, molecule. Calculated Gibbs free energies (eV) are marked as the numbers parallel

to reaction arrows.
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but also binds the carbon atom from *OCH, in 6a at this time. This can
be explained by the strong affinity of Cu towards carbon atom of the
reaction intermediates. Because of the existence of *OCHy on C, the
protonation of the 2nd CO; actually is easier. In addition, the interaction
between *OCH; and *COOH also avoids desorption of *OCH; forming
formaldehyde (HCHO), which helps reserve it for the following C—C
coupling step. In pathway 10, the reduction of the second CO occurs on
the nitrogen atom on the g-C3N4 network (step 6b), leaving *OCHy
binding with Cu. This step requires 1.15 eV uphill free energy change,
which is close to the PDS for this pathway (1.22 eV). Following analysis
from charge transfer aspects would explain why N atom is not capable of
activating COa.

As previously discussed, the free energy change for the protonation
of the second CO; on Cu site of pathway 3 is 0.59 eV downhill. However,
the free energy for this step of pathway 10 is 1.4 eV uphill, involving N as
the active site. Cu here has a better CO3 activation ability than N site. To
further elucidate the difference, we calculated the electron density dif-
ference caused by the adsorption process and Bader charge. The results
are summarized in Fig. 4. More electrons (0.728 e ™) are transferred from
Cu-C3Ny to the adsorbed intermediates for 3rd pathway based on Bader
charge analysis, which could be a piece of evidence for the stabilization
of the intermediates. What’s more, we also found electron accumulation
between *OCHjy and *COOH (Fig. 4a), which may further benefit C—C
coupling between the two intermediates. However, for pathway 10, the
transferred charge is only 0.040 e™, and there is no significant electron
transfer between *OCH; and *COOH as shown in Fig. 4b. The analysis
showed that Cu/C dual active sites (as in Pathway 3) could effectively
stabilize the resulting intermediates of C—C coupling. In addition, we
also found that for 3rd pathway (Cu/C), C site loses 1.520 e™, while for
10th pathway (Cu/N), the N site gains 1.021 e™. The high electronega-
tivity of N (3.04) results in its high ability to capture electrons [42].
However, the active sites should provide electrons for intermediates to
form stable interaction. Therefore, the C site can provide electrons to the
intermediates due to its moderate electronegativity (2.55), and this can
explain why the intermediates can be effectively stabilized by Cu/C
[42]. Therefore, atoms with relatively weak electronegativity are
considered as more suitable for CRR.

For the C—C coupling step, which is the core step towards CoH4
product, pathway 3 holds *OCH> on C site while *CO on Cu site, and a
C—C bond was formed between the carbon atoms of these two in-
termediates. This coupling process is not very challenging because the
reasonable distance between C and Cu (varying from 2.5 to 3.5 [o\) in the
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configuration of Cu-C3Ny4 benefits the formation of *OCH,CO* (O—C
bond: 1.4 ;\, C—C bond: 1.6 A). Furthermore, from step 8a to step 12a,
the intermediates all have Cu and C as two anchoring/active sites, and
the change of the free energies among these steps is neither significant
nor positive, indicating these steps are easy to happen. For pathway 10,
step 7b is the C—C coupling step, and *OCH2COOH is formed from
*OCH;, (initiated on Cu) and *COOH (initiated on N), and finally bonded
with Cu. The intermediates involving Cu/N are formed across the
boundary of Cu-C3Ny4 instead of in the void of one Cu-C3N4. The detailed
structures, such as 8b can be found in Fig. S2. Among these steps, the
free energy change for step 8b and step 10b is still relatively high
compared with the insignificant free energy change of pathway 3.
Therefore, the performance of Cu/N is not satisfactory.

Gibbs free energies of the reaction intermediates in the process of
CO4 reduction on the surface of Cu-C3Ny for pathway 3 and pathway 10
are summarized in Fig. 5 to provide a direct impression of the free en-
ergy change, as well as the PDS differences for the two pathways. The
detailed status of every step after (H"+e") transfer of these two path-
ways are shown in Table S3 (pathway 3) and Table S4 (pathway 10). In
addition, as CO was experimentally reported to be one of the main
products on Cu-C3Ny4 [31], we also investigated CO production on Cu-
C3Ny for comparison purposes. The Gibbs free energy pathway for CO
generation is presented in Fig. 5. In this Figure, the PDS for CO formation
is the desorption of CO, which is 0.97 eV. This value is slightly higher
than the formation of *CHO of the CoH4 pathway (0.92 eV). Moreover,
the smallest PDS for C;Hy4 formation is 1.08 eV, which is close to the PDS
for CO formation.

As shown in Fig. 5, the PDS for pathway 3 is the formation of *OCH;
on C site, which shows a 1.08 eV uphill free energy change. This value is
only 0.16 eV higher than the formation of *CHO, the sharing step for
both pathways. The results also indicated that the coupling in-
termediates are effectively stabilized by the dual sites of Cu-C3N4 so that
the coupling step is not the PDS. Pathway 10 shares the first CO5 pro-
tonation step with pathway 3; however, the PDS for pathway 10 is the
desorption of CoHa, which is 1.22 eV uphill. Therefore, with regard to
the PDS difference between the two pathways, we focus on the study of
the desorption of CaHy to identify the underlying mechanisms.

We noted that for pathway 3, the adsorption of *OCH,CH; takes
place on both C site and Cu site, and the free energy change is 0.77 eV
uphill. However, the free energy for this step of pathway 10 is 1.22 eV
uphill, involving only Cu as the binding site. The electron density dif-
ference for these structures is shown in Fig. S17 and Bader charge are

Fig. 4. The electron density difference for the in-
termediates (*OCH,+*COOH) adsorbed on the sur-
face of Cu-C3N, in the structure of (a)
C*OCH2*Cu*COOH (Pathway 3) and (b) Cu*OCH,
+ N*COOH (Pathway 10). Yellow represents elec-
tron accumulation, and cyan denotes electron
depletion. The net Bader charge value for the elec-
trons transfers between the substrate and
*OCH,+*COOH in the structure of (¢) C*OCHy*-
Cu*COOH and (d) Cu*OCH; + N*COOH. The plus/
minus sign indicates that *OCH,+*COOH is posi-
tively/negatively charged. Color code: C green, N
blue, H yellow, O red, Cu orange. Isosurface value
for both (a) and (b) are 4 x 102 e/Bohr®.
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Fig. 5. The free energy diagram of pathway 3, pathway 10, and that of CO production. Pathway 3 and 10 show the lowest limiting potential involving Cu/C or Cu/N
as active sites for CO, reduction to C;H,4 on the Cu-C3N4 catalyst. Colour code: Pathway 3 (Cu & C), green; Pathway 10 (Cu & N), blue; CO pathway on Cu, orange.

summarized in Fig. 6 to further analyse the phenomenon. Fig. 6a and b
provide the top views for structure 12a (C*OCH2CH3) and 12b
(Cu*OCH2CHy). As shown in Fig. 6¢, the intermediate CoHy losses 0.32
e~ for 3rd pathway based on Bader charge analysis. For pathway 10,
CzH,4 losses 0.70 e™. The desorption of CoHy in pathway 10 is harder
than that in pathway 3 because of the strong bond effect between CoH4
and O atom. In addition, the easier desorption of C;H4 in pathway 3 can
be ascribed to the synergetic work of Cu and C as well. In pathway 3, the
final reaction intermediate (*OCyHj,) is bonded with both C and Cu site.
The CyH,4 moiety is connected to the C site of g-C3N4 via the O atom
(O—C1 bond length: 1.43 10\; O—C2 bond length: 1.47 A), and is also
connected to the single Cu atom site via a Cu—C bond (bond length:
1.97 A). While for pathway 10, the C,H, moiety only has one strong
bond with the O atom anchoring with Cu site (O—Cu bond length: 1.83
[D\). In addition, the bond length between O atom and CyHjy is 1.37 A.
Both of these bond length values for pathway 10 are shorter than that for
pathway 3, indicating a stronger interaction for the pathway 10, which
is in line with a larger amount of charge transfer for pathway 10 (0.70
e”) compared with pathway 3 (0.32 e™). Therefore, the moderate
binding between the substrate and the adsorbate for pathway 3 benefits
the desorption of the product.

4. Conclusions

The mechanism for electrochemical reduction of CO, to CoH,4 on Cu-
C3N4 model catalyst was studied in detail by using the DFT methods. We
established various reaction pathways towards CaHy on this asymmetric
framework Cu-CgNy4. The synergistic effect of dual sites was extensively
studied based on the whole reaction networks. We found that Cu/C sites
presented a higher performance (1.08 eV for PDS) from thermodynamic
perspectives. Further analysis from the charge transfer process
explained Cu/C could not only help stabilize the coupling intermediates
but also keep the binding effect to a moderate level, and thus show better
activity. Our study proves the peculiarity of g-C3N4 as molecular scaffold
for single atom catalyst: which is providing an extra active centre for the
CRR and can enhance CO; reduction to CoH4 and, possibly, other Cy
species. Furthermore, we conclude that we can enable C; production for
CRR by using a framework with good catalytic activity.
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Note S1: C-C coupling on Carbon and Nitrogen

C and N can work as C-C coupling sites as well and the related Gibbs free energy diagram is shown
in Figure S1, referring to pathway 17. The C-C coupling sites are considered as Cu/C and Cu/N in
the paper. However, the C-C coupling sites can be C and N in pathway 17, although the actives sites
for CO. protonation are still Cu and N. In pathway 17, the first CO: is still protonated by Cu like the
other pathways, then the intermediate is settled by C. For pathway 3 and 6, after the settling of the
first reduced CO. intermediates, the second CO: protonation occurs on Cu again, resulting in a
combination of Cu/C as C-C coupling sites. However, the protonation of the second CO2 happens on
N instead of Cu in pathway 17. The PDS of pathway 17 is the protonation of *CO to *CHO, which
is the same as that of pathway 3 and 6. In conclusion, C here provides a settling point for the reaction

intermediates, which benefits the protonation of the second CO..
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Figure S1 Free energy diagram of CO: reduction to CoH4 for pathway 17 on Cu-CsNa.
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Note S2: CO and COz2 Free Energy Correction

Since the free energy change calculations based on CO and CO: energies obtained from direct DFT
calculations are not accurate, we set the free energy of CoH4 product as reference and adopted the
standard electrode potential to derive the free energy of CO>(g). Afterwards, the obtained free energy
of CO2(g) was used to compute the that of CO(g) following empirical thermodynamics values. The

equations used are as follows.

The overall reaction of CO: reduction to form CzH4 under standard conditions is expressed in the

following formula and the reaction includes 12 proton-coupled electron transfer:
2C0,(g) + 12H* + 12e~ - C,H,(g) + 4H,0(D)
E2 y, = 0.064 V vs SHE (S1a) [1]
Therefore, the Gibbs free energy of reaction AG(U) can be calculated using the following equation
AG(U) = 12eU = (G, u, + 4Gu,0) — (2Gco, + 12Gy+ + 12G.-)  (S1b)

Where U is the electrode potential under standard conditions, and G is the Gibbs free energies for
C2Ha(g), H20(1), CO2(g), protons and electrons. Based on which, the free energy of CO2(g) can be

calculated as

Geo, = (G,m, + 4Gy,0 — 12Gy+ — 12Ge- — 12eU)/2  (Slo)

The overall reaction of CO, reduction to form CO is expressed in the following formula with two

proton coupled electron transfer:

CO,(g) + 2H* + 2e~ — CO(g) + H,O0(D)
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E¢y = —0.106 V vs SHE (S2a) [1]
Therefore, the Gibbs free energy of reaction AG(U) can be calculated using the following equation
AG(U) = 2eU = (GCO + GHZO) - (GCOZ + ZGH+ + ZGe-) (SZb)

Where U is the electrode potential under standard conditions, and G is the Gibbs free energies for
CO(g), H20(1), CO2(g), protons and electrons. Based on which, the free energy of CO(g) can be

calculated as
GCO = GC02 + ZGH+ + 2Ge— - GHZO + 2eU (SZC)

The free energy of (H") and H2O(l) involved in the above CO and CO; formulas can be obtained from

the following equations.
(H* +e7) & %HZ @ OV vs SHE  (S3a)

Gyt = -Gy, @OV VsSHE (S3b)

Ge- =0 @ 0V vs SHE (S3c)
Gi,o() = Gi,0(8) + RTx In(>) (S4)

R is the ideal gas constant, T is the room temperature 298.15K, p is the fugacity of water in its liquid
phase with value of 0.035 bar, and po is the pressure of standard gas with value of 1 bar. Gy, (g) and

Gp,o(g) are obtained from DFT calculations.

The calculated free energy for Geg,is -23.31 eV, and G¢o is -15.38 eV.
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Figure S2 Optimized configurations of the intermediates on pathway 3 (a) and pathway 10 (b). The

numbers indicate the specific steps in Figure 3.
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Figure S16 Free energy diagram of CO- reduction to CoH4 for pathway 16 on Cu-C3Na.



3%10-3 ¢/Bohr?

Figure S17 The electron density difference for the intermediates (*OCH2CH2z) adsorbed on the
surface of Cu-C3Ny in the structure of (a) C*OCH2CH>*Cu (Pathway 3) and (b) Cu*OCH2CHz>
(Pathway 10). Yellow represents electron accumulation, and cyan denotes electron depletion.

Colour code: C green, N blue, H yellow, O red, Cu orange. Isosurface value for both (a) and (b) are
3%x107 e/Bohr’.
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Table S1. Computed gas phase properties in eV.

Gas molecule ZPE fC,,dT —TS
CO(g) 0.14 0.10 -0.61
CO2(0) 0.31 0.11 -0.66

HCHO(g) 0.72 0.17 -0.68
C2Ha(g) 1.37 0.11 -0.17
H2(9) 0.27 0.10 -0.20
H20(9) 0.58 0.10 -0.25

Table S2 Summary of the highest free energies change of the CoH4 pathways on the surface of Cu-

C3Ngzin vacuum..2

Active Sites Cu*
Intermediates CO CHO COOH OCH; CHOH CH CH;
N* CHO 1.47 1.47 1.47 1.40 1.50 — —
COOH — 1.55 — 1.40 1.50 1.98 1.51
CHOH 1.59 — 1.45 — 1.50 — 1.51
C OCH;, 0.96 0.96 — — — — —

a. The unitiseV.

Table S3. The detailed status of every step after (H"+e") transfer for pathway 3.

(H*+e") transfer status
O(Initial Stage) *+2C0O+12(H +e)
1 Cu*COOH+CO2+11(H*+e)
2 Cu*CO+CO2+10(H +e") +H20
3 Cu*CHO+CO2+9(H*+e") +H20
4 C*OCH2+CO2+8(H*+e") +H20
5 C*OCH2*Cu*COOH+7(H*+e") +H.0
6 C*OCH2+Cu*CO+6(H*+e") +2H,0
Coupling C*OCH,*Cu*CO+6(H"+e") +2H,0
7 C*OCH,COH*Cu+5(H"+e") +2H>0
8 C*OCH;CHOH*Cu+4(H"+e") +2H,0
9 C*OCH,CH*Cu+3(H*+e") +3H.0
10 C*OCH,CHy*Cu+2(H"+e") +3H20
C2H4 desorption C*O+CoHs+2(H"+€) +3H20
11 C*OH+CoHs+(H"+e") +3H.0
12(Final Stage) *+C2H4+4H20
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Table S4. The detailed status of every step after (H*+e") transfer for pathway 10.

(H*+e") transfer status
O(Initial Stage) *+2C02+12(H +¢")
1 Cu*COOH+CO2+11(H"+e")
2 Cu*CO+CO2+10(H*+e") +H20
3 Cu*CHO+CO2+9(H"+e") +H20
4 Cu*OCH2+CO2+8(H*+e") +H.0
5 Cu*OCH2+N*COOH+7(H*+¢") +H20
Coupling Cu*OCH2COOH+7(H*+€") +H.0
6 Cu*OCH2CO*N+6(H*+e") +2H20
7 Cu*OCHCHO+5(H*+¢) +2H,0
8 Cu*OCH2CHOH*N+4(H"+¢") +2H,0
9 Cu*OCHCH*N+3(H*+e") +3H20
10 Cu*OCH,CH,+2(H"+e") +3H20
C2H4 desorption Cu*O+CyH4+2(H"+e") +3H.0
11 Cu*OH+CoHs+(H"+€") +3H.0

12(Final Stage)

*+CoHs+4H,0

Reference

[1] A. Bard, R. Parsons, J. Jordan, Standard potentials in aqueous solution, CRC Press, 1985.
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Chapter 4: Theoretical Considerations on Activity of the Electrochemical
CO2 Reduction on Metal Single-Atom Catalysts with Asymmetrical Active
Sites

4.1 Introduction and Significance

In this chapter, the catalytic activity and the synergetic effect of dual active sites for various
single metal catalysts supported on graphitic carbon nitride (g-C3N4) for CO> reduction have
been studied via Density Functional Theory (DFT) calculations. Through the application of the
adsorption energies of CO* on the metal site and H* on the nitrogen site as bi-descriptors,
seven out of 14 metal centers were screened out to have the propensity to generate high-value
C2 products. To further evaluate the catalyst activity on C, product formation, we established
reaction pathways towards ethylene through M/N or M/C. The results show that Ru has the
best performance (the limiting potential is - 0.90 V) by taking M/N as active sites. A dual
volcano-shaped plot was built up based on the CO adsorption energies on metal sites, which
can be used to indicate whether M/C or M/N shows better performance for a specific metal
center. Our work shed light on developing criteria to guide the design of CO: reduction
electrocatalysts with dual active sites. We achieved the research objectives 1.2.1 and 1.2.3 as
we grouped the potential products for these 14 metal centers based on bi-descriptor, and the
performance of obtaining C» products was further evaluated by establishing the dual volcano-

shaped plot.
The highlights of this Chapter include:

e 14 different metal centers supported on graphitic carbon nitride (g-CsN4) as CO2
reduction electrocatalysts are studied.
e A bi-descriptor picture is built to classify metal centers which can generate beyond CO

product for CO; electroreduction.
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e A dual volcano-shaped plot is formed to theoretically predict the CO> reduction

performance under the synergistic effect of two active sites

4.2 Theoretical Considerations on Activity of the Electrochemical CO2 Reduction on
Metal Single-Atom Catalysts with Asymmetrical Active Sites
This Chapter is included as it has been accepted for publication by Catalysis Today on 11

June, 2021.
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Theoretical Considerations on Activity of the Electrochemical CO:

Reduction on Metal Single-Atom Catalysts with Asymmetrical Active Sites
Sijia Fu, Xin Liu, Jingrun Ran, Yan Jiao"

Center for Materials in Energy and Catalysis, School of Chemical Engineering and Advanced Materials,

The University of Adelaide, South Australia 5005, Australia. yan.jiao@adelaide.edu.au

ABSTRACT

Electrochemical CO; reduction to higher-value hydrocarbons beyond C; products has attracted much
attention recently. Single-atom catalysts (SACs) are regarded as promising CO; reduction
electrocatalysts. However, most SACs only show activity to C; products. In this work, we considered
the activity and the synergetic effect of dual active sites for metal SACs supported on graphitic carbon
nitride (g-CsNa4) as CO; reduction electrocatalysts. Density functional theory (DFT) calculations are
employed. First, by using the adsorption energies of CO* on the metal site and that of H* on the nitrogen
site as bi-descriptors, we predicted seven out of 14 metal centers have the propensity to generate beyond
CO products. To further evaluate the catalyst activity on beyond CO product formation, we established
reaction pathways towards ethylene through M/N or M/C. Ru has the best performance (the limiting
potential is - 0.90 V) by taking M/N as active sites. A dual volcano-shaped plot is built up based on the
CO adsorption energies on metal sites, which can be used to indicate whether M/C or M/N shows better
performance for a specific metal center. Our work shed light on developing criteria to guide the design

of CO; reduction electrocatalysts with dual active sites.

Keywords

CO; reduction reaction; Single atom catalyst; Asymmetrical active sites; C, production; Density

functional theory
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1. INTRODUCTION

The electrochemical CO; reduction reaction (CO2RR) through renewable energy is a promising energy
conversion process to help establish a carbon-neutral economy [1-3]. However, the CO- conversion is
challenging due to the stability of the CO, molecule and therefore efficient catalysts are required [4, 5].
To date, most of the electrocatalytic CO;RR studies revolve around metal catalysts; among them, copper
gains the most attention because of its ability to catalyse the generation of deeply reduced products,
including various hydrocarbons and alcohols [6-10]. However, most of the catalysts can only obtain
carbon monoxide (CO) or formic acid (HCOOH) through two-electron reductions, which are not as
readily used as fuels as are higher-value, energy-dense hydrocarbons and alcohols [11, 12]. Although
further reductions to hydrocarbons beyond CO or HCOOH, in particular C». products, are desirable for
realistic applications in energy storage, transportation, and chemical industry, it suffers from high
overpotential and low selectivity caused by competitive hydrogen evolution reaction (HER) [13-15].
This is because HER is unavoidable in aqueous solution, which may occur either through the reduction

protons (2H* + 2e- —H;) or through the reduction of the solvent molecule itself (2H,O + 2" —

Ho+20H)).

Single-atom catalysts (SACs) have attracted increasing interest in CO2RR in recent years due to the
high utilization rate of metal atoms as active sites and favourable electronic structure [16-19]. However,
for most SACs, they only show activity to C; products and the performance of generating higher carbon
chain products is not satisfactory as they only contain one active site [20-22]. In recent years, a Cu-
CsN4 SAC was found to generate detectable C; products, including C2Ha, CoHs, and CoHsOH [23]. This
is because the molecular framework g-CsN4 provides a second active site (N/C) other than Cu, which
enables the adsorption of two CO, molecules and benefits the following C-C coupling process [24].
These findings provide guidelines for the design of SACs electrocatalysts with synergetic effect of two
active sites having the potential to generate C, products, such as loading other metals onto g-CsNa
(M@C3N4). However, there lacks a systematic study on underlying the mechanisms for generating

beyond CO product and revealing the activity trends for various M@CsN. [25]. Therefore, an

72



understanding of how the asymmetrical active sites work to generate beyond CO product can help guide

the rational design of catalytic materials with dual active sites.

In this work, we employed density functional theory (DFT) calculations to reveal the mechanistic
aspects of CO2RR and trends in catalytic properties of dual sites of metal supported on g-CsNa. We used
ethylene (C,H.) as a representative C, product to propose a systematic analysis of the factors which
determine trends in catalytic properties of 14 types of M@CsNa4. A bi-descriptor picture based on the
adsorption energy of *CO and *H on the active sites is built to classify the product distribution for
different metal centers. Seven out of 14 metal centers have the propensity to produce C, products.
Through establishing the reaction pathways to obtain C,H, on these seven metal centers through taking
M/N or M/C as dual active sites, we found that Ru has the best performance with a limiting potential of
—0.90 V. Furthermore, we built up a dual volcano-shaped plot to theoretically predict the CO- reduction
performance. The adsorption strength of *CO on metal site determines the better reaction mechanism
(M/C or M/N) that the metal center takes. The activity trends displayed in the dual volcano-shaped plot

may be served as a reference for the design of catalysts with dual active sites.

2. METHOD

DFT methods were used to carry out the electronic structure calculations through the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional in Vienna Ab Initio Simulation Package (VASP) [26-
30]. The kinetic energy cutoff is set to be 500 eV for the plane-wave expansion after testing several
cutoff energies. The convergence criterion for electronic structure iteration is 10°° eV, and that for
geometry optimization is 0.01 eV/A. A 5 x 5 x 1 I"-centerd Monkhorst-Pack k-point mesh was used for
M@C3Na. The lattice parameter used for M@CsN4 were 7.089 x 7.089 x 20.000 A, and the angle
between the first two vectors is 120°. Considering the van der Waals interactions between atoms, the
Tkatchenko-Scheffler method was applied for all calculations [31]. The computational hydrogen
electrode method (CHE) was used for the calculation of the Gibbs free energy during the CO, reduction

process[32]. The free energy of the electron-proton pair (H* + €’) can be referenced to the chemical

73



potential of gaseous H under standard conditions (0 V vs standard hydrogen electrode SHE, at 101,325

Pa). The Gibbs free energy calculation is using the formula expressed as follows,
G=E—-TS+ZPE+ [(C,dT (1)

in which E indicates the electronic energy obtained by DFT calculations. TS and ZPE indicate entropy
and zero-point energy corrections, and T is the room temperature (T = 298.15K). ZPE and vibrational
entropy of adsorbed species were obtained once vibrational frequencies were calculated. Entropies of
gas molecules (H2 and CO_) were taken from standard values [33]. The free energy corrections for gas-
phase properties of the critical reaction intermediates are summarized in Table S1 of the Supporting

Information (SI).

Solvation calculations are performed for the reaction intermediates by using VASPsol, in which the

solvation energies are modelled on periodic systems [34, 35].

The computational details of the calculation of the adsorption energy (Eads) of the intermediates were

calculated as follows:

Eads = LCadsorbate + Esupport - Eadsorbate/support (2)

The limiting potential (U.) at which each elementary step of a reaction becomes exergonic is simply
measured from the potential dependence of the electrochemical rate, which is equivalent to the negative
Gibbs free-energy change of the elementary reaction divided by the electronic charge. By choosing a

simple hydrogenation reaction *A + H" + e* - *B as an example, U, is given by the following equation:

_ HB—Ha—Hy+, .~ [U=0VeyE]
e

UL=

— —AGeiem [U=0 VRrHE] (3)
e

where e is the positive charge of an electron, and py+, .- is the chemical potential of H* + e”pair at zero
potential, which can be obtained from the computational hydrogen electrode method [36, 37]. 14 and
ug are the chemical potentials of *A and *B respectively, which can be found from the calculated

binding energies of these adsorbed species.
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Figure 1. (a) Atomic models for single metal atom catalyst supported on g-C3sNs matrix. (b) Metals that

are considered for screening. Color code: C green, N blue, metal center brown.

Carbon nitride matrix (g-CsNa) has proven to be a suitable molecular scaffold, which can stabilize metal
atoms under electrochemical conditions [23, 38]. In this study, we extent Cu-C3N4 to M-SACs
supported on g-CsN4 (M@CsN4) to understand the reduction to beyond CO product on these surfaces.
The atomic model is shown in Figure 1a. We screened 14 metal centers to thoroughly explore the effect
of metal centers on the performance of forming C, products. In order to describe the structural stabilities
of SACs on the C3N4 quantitatively, we calculated the binding energies of different metals with the g-
CsN4 ligands. The computational details are included in Supplementary Note S1 and the binding
energies are summarized in Figure S1. Figure 1b shows all the metal elements for screening included
in this work. These metal elements are chosen because their activity for CO,RR has been found in the

past experiments [39, 40].

3. RESULTS AND DICUSSIONS

3.1 Beyond CO Product Selectivity by Bi-Descriptors

Although these metal centers M@C3N4 have similar structures with Cu-C3Na, they may not all have the
ability to reduce CO; to C, products because of their different structures, physical and electronic
properties. Under this circumstance, a simple descriptor that can help evaluate the promising catalyst
materials that can generate beyond CO product is of great importance. Given that there are multiple
intermediates in the reduction of CO; to C,, the analysis of multi-dimensional space of adsorbate-

surface interaction energies is complex. However, the CO binding energy can be used as a descriptor to
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represent the adsorption energies of the carbon-bound species, which makes the analysis easier [41]. In
addition, as hydrogen evolution reaction (HER) is regarded as the competition reaction of CO; reduction
at all negative potentials, the H* binding energy is also an important descriptor [42]. Therefore, the
CO* binding energy and H* binding energy have been used as bi-descriptors recently to explain the
further reduction to products beyond CO [43, 44]. It has been pointed out that two properties are
required for pure metals to produce beyond CO products. Firstly, AGu= should be greater than 0, which
indicates the surface should not be poisoned by under-potential deposited H* [43]. Secondly, AGco~

should be smaller than 0, avoiding weak CO* binding which can release CO [43].

(@) 2pey (b) 2 | :
) m . mE - 1 "
,  Pb: BiSn In , _In SmBiPb
:l : - . : = :
_1F  aZn Ag 1+ 2Zn ! Ag
% ! > :
L | HCOOH & - HCOOH
e s [ acoqaa, FEETIE
GOF 1 Fe . x ng ZFob Hp . E9%iCu -
< | NiAu < Au'=s %
' Ru Co ' 'Ru Co
I I
-1 AF I
! o Beyond CO =Pt Beyond CO
0 1 2 3 -0.5 0.0 0.5 1.0
AEy (V) AEyq (€V)

Figure 2. (a) Product grouping of the M@C3Na catalysts according to the adsorption energy of CO and
H on the metal active sites (AEwm*co) and (AEm=+). (b) Product grouping of the M@C3N4 catalysts
according to the adsorption energy of CO on the metal active sites (AEm+co) and the adsorption energy
of H on the nitrogen active sites (AEn+w). The proposed products include H,, CO, HCOOH (formic acid),
and beyond CO. The black dash lines show the thermodynamic boundaries of absorbed hydrogen or

non-adsorbed hydrogen (AGu~ = 0 fOI’%Hz < H*) or CO (AGco+ = 0, for CO « CO¥*). Color code:

beyond CO green, H, red, CO orange, HCOOH purple.
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As M@C3N4 has more than one active site, different active sites need to be considered for the product
grouping analysis. In this study, we considered H* binding on both metal site and nitrogen site. As
shown in Figure 2a, when only consider metals as active sites, the CO* and H* binding energy at the
metal site are used as bi-descriptors, Eight metal centers could possibly generate C; products including
Ru, Pt, Fe, Co, Ni, Au, Cu, and Pd, owing to the strong CO* binding and weak H* binding. However,
when nitrogen sites are also considered, the product distribution is predicted based on the CO* binding
energy at the metal site and the H* binding energy at the nitrogen site. The results shown in Figure 2b
indicate that Pt, Ru, Co, Ni, Pd, Fe, and Cu, are still located in the region which has the propensity to
give products beyond CO owing to the strong CO* binding on metal site and the weak H* binding on
nitrogen site. The binding energy of H-adatoms at the nitrogen site needs to be weak enough to avoid
HER becoming the dominant reaction. In this case, Au is located in the region where H-adatom binding
is strong, which leads to mainly H, gas formation. Therefore, after considering both situations, it can
be found that when applying Pt, Ru, Co, Ni, Pd, Fe, and Cu as metal centers, M@C3N4 has the potential
for beyond CO production. For metals located in the region where the CO* binding is weak, the main
product from CO; reduction is CO because of a preferential CO desorption. These metals include In,
Ag, Sn, Bi, and Pb. If the CO binding is even weaker, the main product for the reduction is HCOOH.
This is because the CO* binding is too weak, and the reduction stops before the formation of CO. For
Zn-C3Ng, as the H* binding on the nitrogen site is strong and the CO* binding on the Zn site is weak,
both Hz and CO are the main products. The bi-descriptor summarizes well the computation results and
can serve as an indicator for finding a good CO2RR catalyst with more than one active site which can
produce beyond CO products. However, the rough product grouping isn’t able to find a catalyst that
can reduce CO; to C; products at low overpotential. Therefore, the analysis of the potential performance
of the electrocatalysts included in the beyond CO region is of great importance in order to obtain a full

picture of the CO2RR activity for dual sites.

3.2 Limiting Potentials and Mechanisms of COzRR to Ethylene

After the initial screening of the M@CsN. catalysts, we focus on the performance of the metal centers

which show the potentials of producing beyond CO product to explore the underlying CO2RR activity
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picture. Firstly, we selected C,H4 as the representative C, product to obtain the related potential
performance for these metal centers. This is because CzH4 is the most common C, product for CO;
reduction and it is an important chemical raw material. In our previous work, the reaction mechanisms
of C;H. formation on Cu-CsN. based on Cu/C/N were studied thoroughly, we extended the reaction
mechanisms to other M-CsNs. M*OCH, and N*COOH are considered as the key intermediates for C-
C coupling among M/N mechanisms, and M*CO and C*OCHy are considered as the key intermediates
for C-C coupling among M/C mechanisms. For each metal center, the reaction based on both M/N and
M/C mechanisms are performed and compared. Then, as the intrinsic activity of electrocatalysts can be
evaluated through analysing the limiting potential (U.), which is defined as the lowest negative potential
at which the pathway becomes exergonic [38], the limiting potentials for these M@C3N4 structures are
summarized in Figure 3a. According to this figure, for most of the metal centers, CO:RR is based on
the synergetic work of metal and nitrogen, and among them, Ru-C3N has the best performance (- 0.90
V). In addition, only for Fe and Cu, CO2RR is based on the synergetic work of metal and carbon, and
Cu has a better CO2RR activity than Fe. Moreover, as shown in Figure 3a, the PDS step varies along
with the change of the active sites and the change of the limiting potential for different elements. When
CO2RR is based on the synergetic work of metal and carbon (for Fe and Cu), the potential-determining
step (PDS) is the same step, which is M*CHO + (H*+e) - C*OCH,. However, when using metal and
nitrogen as active sites (for the rest elements), there are multiple PDSs: the steps for Ni, Pd, and Pt are
the same, which is the protonation of the second CO, on nitrogen site; the step for Co is one
dehydrogenation step after C-C coupling; the step for Ru is the formation of Ru*OCH; from Ru*CHO,
instead of the protonation of the second CO.. It is noticeable that the limiting potential is related to the

active sites take part in CO2RR and their different reaction mechanisms.

To further reveal the reaction mechanisms between dual active sites, we then plotted the free energy
diagrams for CO2RR to C;H4 on Ru-CsN4 and Cu-C3N4 in Figure 3b and c. The two metal centers show
the best performance toward M/N and M/C mechanism, and are used to explain the difference between
the two reaction mechanisms. The values for free energy change for every step and the related detailed

status after every proton and electron pair transfer for Ru and Cu are concluded in Table S2 and S3.

78



The free energy diagrams for other elements can be found in Figure S2-S6. In addition, the free energy
diagram for Ru-C3N4 applying M/C as active sites is displayed in Figure S7, and that for Cu-CsNa
applying M/N as active sites is displayed in Figure S8. The main difference that appears for M/N and
M/C is the step of the protonation of the second CO,. For the M/N combination, after the first CO; is
reduced on the metal site, the second CO, is reduced on the nitrogen site. However, for M/C
combination, after the first CO; is reduced on the metal site, the intermediate is transferred to the carbon
site and leave the metal site free to reduce the second CO.. Since metal sites have better CO. reduction
activity than the nitrogen site, the protonation of the second CO; in M/N combination usually is not as
easy as in M/C combination. This explains why the protonation of the second CO is usually the PDS

when using M/N as active sites.

The performance of Ru-CsNg is quite outstanding and its PDS is different from other metal centers.
Therefore, further analysis based on free energy is carried out to explain the outstanding performance.
We compared the free energy difference between the formation of Ru*OCHy> and the protonation of the
second CO; on the N site. It is found from Table S2 that the formation of Ru*OCH: (0.90 eV) is only
0.02 eV higher than the protonation of the second CO; (0.88eV). Therefore, the protonation of the
second CO; is still a challenging step for Ru. However, the free energy for Ru*OCH; + N*COOH is
the lowest among all other M*OCH; + N*COOH structures, indicating that the intermediates are
stabilized well by Ru-C3N4. Hence, the free energy change for the protonation of CO; on the N site in
Ru-CsNy is not as high as that for other metals. However, the evaluation of the limiting potentials alone
is not enough to explain why some metal centers have better performance when using M/C as active
sites in CO; reduction to C,Ha while the others prefer using M/N as active sites. Therefore, it is desirable
to study the activity trend to underlying reasons for choosing the active sites which will help the rational

design of catalysts.
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Figure 3. (a) Summary of limiting potentials of metal single-atom catalysts on g-CsN4 for CO2RR.

Green and blue indicates the reaction pathway takes M&C or M&N as active sites. Free energy diagrams

of (b) Ru-C3N4 and (c) Cu-CsNsa, respectively. The reference potential is set to 0V vs SHE. The PDS

steps are listed in red with the correlated free energy change values (in eV).
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3.3 Dual Volcano-shaped Plot for the Design of SACs as CO;RR Electrocatalysts

Given that there are multiple intermediates in the reduction of CO, to C;Ha, along with the different
active sites the intermediates bind, the analysis of the activity trend will be extremely complex if
considering all reaction steps. Therefore, to simplify the problem, it is necessary to reduce the number
of parameters and only focus on the critical steps. Based on the different reaction mechanisms, we
separated the analysis into three parts. The first part includes the steps shared by M/C and M/N, the
second and third parts include the critical steps for M/C and M/N reaction mechanisms, respectively.
Firstly, we focus on the elementary reaction steps on metal sites, including M*COOH, M*CQO, and
M*CHO. For both M/C and M/N reaction mechanisms, the protonation of the first CO- appears on the
metal site and the following two reduction intermediates also bind with the catalyst surface through the
metal active site. Moreover, these steps are necessary before the introduction of the other active site
(either C or N). The calculated adsorption energies of M*COOH and M*CHO are summarized in Figure
4a and plotted against the binding energy of CO. As these intermediates all interact with the surface
through a carbon atom, the binding energy of *COOH and *CHO are linearly correlated with that of
*CO [45]. The structures and properties for these key intermediates and those mentioned in the

following parts on different metal surfaces are summarized in Table S4 and S5.

After that, we focus on the critical step that happens on the carbon site for M/C reaction mechanism,
which is the formation of C*OCH, (M*CHO + H*+e" - C*OCH,). As shown in Figure 3a, the
formation of C*OCHz is the PDS for both Fe and Cu, which are the only two metals applying M/C
reaction mechanism. Moreover, the active site transfers from metal to carbon during this step, which
leaves the metal site free for the protonation of the second CO,. Therefore, the formation of C*OCH,
is regarded as the most important step for M/C reaction mechanism. The calculated adsorption energies

of C*OCH, are summarized in Figure 4b and plotted against the binding energy of CO.

Finally, for M/N reaction mechanism, we focus on the formation of M*OCH, (M*CHO + H'+e'—
M*OCH;) and N*COOH (M-C3Ns + CO; + H*+e'—» N*COOH). The formation of M*OCH; is
considered because it is a necessary step involved in the M/N reaction mechanism before the

participation of the second active site, nitrogen. The formation of N*COOH is considered because the
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second CO; protonation on nitrogen site, written as M*OCH; + CO; + (H"+e )->M*OCH: + N*COOH,
is usually the PDS for M/N. Through the charge density analysis shown in Figure S9, it has been found
that there is no electron transfers between M*OCH; and N*COOH. Therefore, in this case, we ignored
the intermediate combined with the metal site, which is *OCH,. We only studied the performance of
CO; protonation on the N site so that the results can be compared with that on the metal site. The
calculated adsorption energies of M*OCH; and N* COOH are summarized in Figure 4c and plotted

against the binding energy of CO.

*COOH *CO *CHO C*OCH, *OCH, N*COOH
g mew M F%] [%
J— 3
(a) [cooH:y=080x+ 073__ (b) [crocH,:y=026x+1.03 (c) “WCOOH y=027x-137_
14 P_d'- 1 2 - CoNi *Cul ,

Tt . . u —
> ! = o~ S . %;
) = > o 14 112
~ L) () . s

S s 8 ©0{0CH,:y=056x-017= 4 L0 £
u WP g | g
2 CHO:y=088x+059| < W <

= -1 1

1 L1 .
. COOH 2] N*COOH 5
. CHO . *OCH,
-1 0 -2 -1 0
AE.co (V) AE.cq (eV)

Figure 4. Adsorption energy scaling for the key bound intermediates. (a) The adsorption energies of
*COOH and *CO, (b) C*OCHa, (c) *OCH; and N*COOH are plotted against the binding energy of
*CO. More tightly bound adsorbates correspond to more negative binding energies. The structures of

the intermediates are listed on top. Color code: C green, N blue, O red, H yellow, metal center brown.

The scaling relation performance on carbon and nitrogen active site which is displayed in Figures 4b
and 4c is not satisfied. This may be caused by the different active sites and binding stom in the key
intermediates. However, the results may help obtain general activity trends for M@CsNa. Therefore,
based on the scale affinity relations found above, the binding energies can be converted to chemical

potentials by the free energy corrections calculated with standard statistical mechanics methods [36].
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Hence, the limiting potentials for for each of the elementary steps can be estimated as a function of the

affinity for CO on metal site [36].

Estimation of the free energy change for the elementary steps mentioned above based on the linear
relationships observed is displayed in Figure 5: (a) for M and C as active sites and (b) for M and N as
active sites. At a given value of AE«co, the related elementary step of the lowest line indicates the
potential-determining step (PDS). For example, as can be seen in Figure 5a, the two bottom-most U,
lines, M*CHO — C*OCH, and CO, - M*COOH, are the most negative of the reaction steps for M/C.
For the M/N system shown in Figure 5b, a broken line is formed by three bottom-most U lines,
M*CHO —» M*OCH;, M*CO — M*CHO, and CO,; - N*COOH. As shown in Figures 5a and 5b, the
limiting potentials for CO production (red and purple lines) are lower comparing to beyond CO
formation. The step of introducing the second active site other than metal becomes the bottom-most U,
line during certain AE«co value, which means it generally increases the value of the limiting potential
for both M/C and M/N when producing beyond CO product. Hence, the selectivity for beyond CO
product is lower comparing with the production of CO. Figure 5a and 5b also explains that different
metal centers impact the limiting potential. AE~co and the adsorption strength of all intermediates vary
when the metal changes according to the scaling relations. The study of the activity trends underlies the

reaction mechanisms and rules, which is beneficial for the ration design of other dual active site catalysts.

Since the reaction pathways to C,H,4 for one element can either take M/N or M/C as active sites, the
pathway tends to be the one with a more positive value of limiting potential, which brings Figures 5a
and 5b together to Figure 5c and generates a dual volcano-shaped plot. This plot indicates that AE~co
determines the active sites taken for one element. The reaction pathway takes M/C as active sites when
the AE«co belongs to the right volcano, and it takes M/N as active sites when the AE«co belongs to the
left volcano. As shown in Figure 5c, the dark yellow, pink, and blue lines form the left volcano shape
for M/N, corresponding to the PDS steps found in Figure 5b; the green and purple lines form the right
volcano shape for M/C, corresponding to the PDS steps found in Figure 5a. The lowest lines of the
cross part are presented in dot as the reaction pathway tends to take the upper lines due to the more

positive limiting potential. The importance of introducing another active site is highlighted in Figure 5c
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because it improves the performance of metal centers and the related U, value becomes more positive
as it changes from dotted line to solid line. In addition, most of the metal centers are close to where the
two volcanos intersect. The top of the right volcano is located higher than the left top, which indicates
the smallest overpotential can be explored at the right volcano top. Cu is seen to sit near the right top
of this ‘volcano’-type relation (U value is -1.02 V), indicating its good activity in CO;RR. Among the
elements involved in the left volcano, the U, value for Ru-CsNjy is outstanding (-0.90 V), which is even
better than Cu-C3N4. As discussed in the previous part, this is because Ru-CsN4 can stabilize *COOH

better comparing with other metal centers.

(3)1 (b) 1 (C)O —— M-CyN+CO+{H"+e)— M'COOH
—— M*CO+(H'+e’) +» M"CHO
—— M"CHO+(H+e)» M"OCH,
—— M"CHO+(H'+e) » G"OCH,
0 0 [—— M-C.N,+ CO,+(H'+e) = N*COOH
— — —
> = L >
L @ ~ - Q
— - -
-1 »Cu 2 =11 Pt C —
. .
> colkFe > &Pf =
, +Pd Ni -
‘R «Fe =~ _ -
24 Pt nu -2 4 —— meN+Co,He) s MCooH ~J
——— M-C,N,+CO,#(H*+e) » M*COOH M"COOH=(H*+e")+H,0 -» M"CO
M*COOH+{H*+e }+H,0 - M*CO e M*CO+(H*+&) = M"CHO
——— M*CO#(H*+e)— M'CHO ———  M"CHO#{H"+e ) » M"OCH, .
3= M"CHO+(H*+&7) - C"OCH, 34=- WM-CoN,+ GO, (H*+&) + N*COOH E
3 2 -1 0 1 2 3 3 -2 10 1 2 3 3 2 1 0 1 2 3
AE.co (8V) AE.co (V) AE.co (€V)

Figure 5. Limiting potentials (U.) defined as the negative of the free energy change for every elementary
proton-electron transfer step listed in figure (a) for M and C, (b) for M and N, (c) for M/C/N. Every line
is a function of the electrocatalyst adsorption energy of CO (AE+co) at 0 V vs SHE. For each elementary
reaction, the addition of a proton-electron pair (H* + €°) to the reactant is involved. The AE«co values
for each metal supported on carbon nitride are shown on the plot, along with their overall predicted
value of U based on the scaling relations. The metal labels in (a) and (b) correspond to the dashed line,

and that in (c) correspond to the solid lines only.

4. CONCLUSION

In summary, adopting DFT simulations, we took metal SACs supported on carbon nitride matrix as

model systems and thoroughly screened 14 metal centers to reveal the mechanistic aspects of chemistry
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in the CO;RR process. A bi-descriptor picture is built for the product distribution of the CO.
electroreduction. Through applying the CO binding energy and the H binding energy as descriptors,
seven metal centers (including Pt, Ru, Co, Ni, Pd, Fe, and Cu) have been pointed out to have the
propensity to generate beyond CO product. Our study also concludes the catalyst activity on beyond
CO product formation by taking C,H,4 as an example. We established the reaction pathways to obtain
C2H4 on these seven metal centers through taking M/N or M/C as active sites. Ru-C3sN4 has the best
performance among all these metal centers. A dual volcano-shaped plot is built to theoretically predict
the CO- reduction performance under the synergistic effect of two active sites. It has been found that
the binding energy of CO on metal site determines whether M/C or M/N has a better performance for
one element during CO; reduction. The activity trends obtained from the calculations shed light on

developing criteria to guide the design of CO; reduction electrocatalysts with dual active sites.
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Note S1 Metal Bind energy calculation
The binding energy (Ey) of a series of metals (Fe, Co, Ni, Cu, Zn, Ru, Pd, Ag, In, Sn, Pt, Au, Pb, Bi)

with that of g-CsN4 ligand was evaluated as:

Ey, = Ey—cana — g—C3N4 — Ey

where Ewm-cana is the total energy of the metal embedded in g-CsNa, Eg-cans is the energy for the g-C3Na

and Ew is the energy for the isolated metal atom.

I CoNi
Fe

Figure S1 The binding energy of M embedded into g-CsN. ligands.
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Figure S9 The electron density difference for the intermediates (*OCH2+*COOQOH) adsorbed
on the surface of Ru-C3Njs in the structure of Ru*OCH2+N*COOH. Yellow represents
electron accumulation, and cyan denotes electron depletion. Color code: C green, N blue, H

yellow, O red, Ru purple. Isosurface value is 4x10 e/Bohr.
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Table S1. Computed gas phase properties in eV.

Gas molecule ZPE J C,dT -TS
CO(g) 0.14 0.10 -0.61
COa(g) 0.31 0.11 -0.66
HCHO(g) 0.72 0.17 -0.68
C2Hu(g) 1.37 0.11 -0.17
Ha(g) 0.27 0.10 -0.20
H>0(g) 0.58 0.10 -0.25
Table S2. The free energy change for every step after (H*+e") transfer for Ru-CsN..
(H*+e") transfer status Free energy change (eV)
O(Initial Stage) *+2C0,+12(H +e)
1 Ru*COOH+COx+11(H"+e) -0.63
2 Ru*CO+CO,+10(H"+e") +H,O -0.92
3 Ru*CHO+CO,+9(H+e) +H,O 0.59
4 Ru*OCH,+CO,+8(H'+e’) +H,O 0.90
Coupling Ru*OCH,+N*COOH+7(H"+e") +H,O 0.88
5 Ru*OCH,COOH+7(H*+¢’) +H,O -1.36
6 Ru*OCH,CO*N+6(H"+¢") +2H,0 0.85
7 Ru*OCH,CHO+5(H"+¢") +2H,0 -0.26
8 Ru*OCH,CHOH*N+4(H'+¢) +2H,0 -0.01
9 Ru*OCH,CH*N+3(H"+e) +3H,0 0.31
10 Ru*OCH,CH,+2(H"+e’) +3H.0 -0.23
C,H4 desorption Ru*O+C,H4+2(H +e") +3H,0 -1.07
11 Ru*OH~+C,Hs+(H*+e") +3H,0 -0.29
12(Final Stage) *+CoHy+4H0 0.41
Table S3. The free energy change for every step after (H*+e") transfer for Cu-CsN..
(H*+e) transfer status Free energy change (eV)
O(Initial Stage) *+2C0,+12(H +e)
1 Cu*COOH+CO,+11(H"+e) 0.37
2 Cu*CO+CO,+10(H*+e") +H2O -0.88
3 Cu*CHO+CO+9(H"+e") +H,0 1.01
4 C*OCH+CO+8(H +¢) +H20O 1.02
5 C*OCH»*Cu*COOH+7(H"+e)) +H,0O -0.33
6 C*OCH+Cu*CO+6(H*+e’) +2H,0 0.21
Coupling C*OCH2*Cu*CO+6(H"+e") +2H,0 0.01
7 C*OCH,COH*Cu+5(H"+e") +2H,O 0.09
8 C*OCH,CHOH*Cu+4(H*+¢e") +2H>0 -0.10
9 C*OCHCH*Cu+3(H"+e") +3H,0 0.04
10 C*OCH2CH2*Cut+2(H"+e’) +3H20 -0.99
C,H4 desorption C*O+CoHys+2(H +e) +3H20 0.04

11

C*OH+C,H4+(H*+e") +3H,0

-1.21

12(Final Stage)

*+C,H4+4H,0

-0.11
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of M@C3N4 and the key reaction interm

Table S4. Structures

RN NS

| R

[,

99



Table S5. Computed intermediates properties in eV.

Intermediate ZPE J C,dT -TS
Pt
Pt*COOH -149.40 0.20 -03.20
Pt*CO -139.41 0.17 -0.17
Pt*CHO -142.16 0.17 -0.14
C*OCH,; -143.56 0.19 -0.19
Pt*OCH, -145.14 0.19 -0.18
N*COOH -147.71 0.19 -0.19
Ru
Ru*COOH -152.07 0.21 -0.22
Ru*CO -141.35 0.17 -0.16
Ru*CHO -144.86 0.18 -0.18
C*OCH,; -146.51 0.19 -0.18
Ru*OCH; -147.68 0.19 -0.17
N*COOH -150.59 0.19 -0.19
Co
Co*COOH -150.58 0.19 -0.22
Co*CO -140.54 0.17 -0.18
Co*CHO -142.81 0.19 -0.20
C*OCH; -145.54 0.20 -0.17
Co*OCH; -146.18 0.20 -0.22
N*COOH -149.59 0.19 -0.19
Ni
Ni*COOH -149.63 0.20 -0.20
Ni*CO -139.45 0.17 -0.16
Ni*CHO -142.25 0.18 -0.17
C*OCH, -144.50 0.19 -0.16
Ni*OCH> -145.78 0.18 -0.15
N*COOH -148.53 0.19 -0.19
Pd
Pd*COOH -148.78 0.21 -0.21
Pd*CO -138.82 0.17 -0.16
Pd*CHO -141.61 0.18 -0.15
C*OCH, -143.72 0.19 -0.17
Pd*OCH; -144 .84 0.20 -0.26
N*COOH -148.06 0.19 -0.21
Fe
Fe*COOH -152.04 0.22 -0.26
Fe*CO -141.73 0.17 -0.16
Fe*CHO -144.69 0.19 -0.18
C*OCH,; -147.04 0.19 -0.17
Fe*OCH,; -148.53 0.20 -0.22
N*COOH -150.91 0.19 -0.19
Cu
Cu*COOH -147.97 0.20 -0.22
Cu*CO -137.49 0.17 -0.16
Cu*CHO -140.20 0.18 -0.16
C*OCH,; -142.98 0.19 -0.16
Cu*OCH; -144.08 0.20 -0.18
N*COOH -146.95 0.19 -0.19
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Chapter 5: Conclusions and Perspectives

5.1 Conclusions

This thesis focuses on designing electrocatalysts for CO. reduction to C» products by molecular
modelling and gaining insights into the reaction mechanisms of these processes. In this thesis,
various single metal atom supported on graphitic carbon nitride (M-C3N4) are studied as
catalysts for CO> reduction to CoH4 via DFT calculations. In Chapter 3, objective 1.2.1 and
1.2.2 for this thesis are achieved. The whole reaction networks on this asymmetric framework
of Cu-C3N4 were built up systematically and in total 17 pathways were established on the three
active sites of Cu-C3sN4 (Cu, C, and N). Two reaction mechanisms were found for Cu-CsNa,
either using Cu/C or Cu/N as active sites. The most probable reaction pathway toward CzH4
production is 1.08 eV at open circuit conditions, which is benefited by the synergetic effect of
both Cu and C active sites. The carbon atom provides a perfect settling center for the first CO>
after reduction by Cu, leaving Cu atom free for the reduction of the second CO.. In Chapter 4,
objective 1.2.1 and 1.2.3 for this thesis are achieved. 14 different metals were chosen as metal
centers for single atom metal supported on carbon nitride (M-C3N4) as CO2 reduction
electrocatalysts. Seven out of 14 metal centers were predicted to generate beyond CO product
based on the analysis of bi-descriptors, the adsorption energies of CO* on the metal site and
that of H* on the nitrogen site. The CO- reduction activity for these metal centers was studied
by establishing reaction pathways towards ethylene through M/N or M/C. Ru has the best
performance (the limiting potential is - 0.90 V) by taking M/N as active sites. Moreover, a dual
volcano-shaped plot is built up based on the CO adsorption energies on metal sites, which can

be used to indicate whether M/C or M/N shows better performance for a specific metal center.

In summary, the structure of metal supported on carbon nitride as electrocatalyst for CO>
reduction were studied systematically and all of the objectives are achieved. The understanding

of the reaction mechanisms, synergetic effect between metals and supported framework, and
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reaction activity for reduction to C>Has helps guide the design of other electrocatalyst materials

involving dual active sites.

5.2 Perspectives
Although through molecular modelling, the structure of M-C3N4 has been studied in detail as
a possible electrocatalyst for CO> reduction to beyond CO product, additional actions are still

required to improve the performance of electrocatalysts with dual active sites. These include:

1. There lacks C, product selectivity analysis for CO2 reduction on M-C3N4, which needs to
be considered in the future to identify the possibility leading to high selectivity. Hence, it
can further guide the design of dual active sites catalysts with high selectivity to C> products.

2. Current computational results on M-C3N4 have not been validated through experiments.
Ru-C3N3s is expected to have the best performance in producing C2oHas. Therefore, further
experiments can be conducted base on it in order to verify the reaction mechanisms.

3. M-C3N;4 as an electrocatalyst for CO2RR is still not a satisfactory material for commercial
usage. Current reaction mechanisms based on the dual sites in M-C3N4 may be extended to
other graphene supported materials in order to find out the suitable candidates for

commercial usage.
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