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Abstract

The electrochemical COz reduction reaction (CO2RR) can couple carbon sequestration
with renewable energy to convert CO2 into chemical feedstocks. For this process, copper
is the only metal known to catalyze the CO2RR to hydrocarbons with adequate
efficiency but suffers from poor selectivity. Copper-based alloys and bi-metallic
materials show improved CO2 reduction selectivity compared to copper and the
secondary element likely plays an important role. However, justification for the intrinsic
effects of the secondary element on the catalytic mechanism and resultant selectivity is
lacking. Therefore, the goal of this Thesis is to investigate how the selectivity of these
copper-based systems are improved by the secondary elements. An understanding of
their effects on the catalytic mechanism is gained through a combination of
electrochemistry, in-situ spectroscopy, theoretical computations, and material
characterization techniques.

In this Thesis, copper-tin alloys are studied and found to exhibit high selectivities
towards CO and formate. As the tin concentration increases, a composition-dependent
selectivity trend is observed, which is accompanied by a shift in intermediate binding
preference of the first reaction intermediate. The binding configurations of this
intermediate, either carbon-bound *COOH or oxygen-bound *OCHO, are identified
using in-situ Raman spectroscopy. Theoretical computations also identify a gradual
weakening of *COOH adsorption and strengthening of *OCHO adsorption with
increasing tin concentration. This behavior is explained by the resultant charge
redistribution which occurs from alloying. Consequently, local positive charge on the
tin sites hinders nucleophilic attack of the carbon in the CO2 molecule and preferences

*OCHO adsorption in the first reaction step.



In-situ spectroscopy is further applied to study copper-based systems and their
selectivities towards C2 products. Iodide-derived copper (ID-Cu) exhibits significantly
greater ethane selectivity and more favorable kinetics compared to oxide-derived copper
(OD-Cu). A key intermediate in the ethane mechanism is identified by in-situ X-ray
adsorption and Raman spectroscopies and is likely better stabilized on ID-Cu due to
its trace iodine species. It is also postulated that the ability of a catalyst to bind this
intermediate determines the selectivity towards either ethane or ethanol in the C2
pathway. Using in-situ ATR-FTIR to study OD-Cu nanocubes, bridge-bonded *CO is
found to be the dominant binding mode of CO at overpotentials relevant to C2 product
generation. However, OD-Cu nanocubes with electrodeposited gold (OD-Cu-Au)
achieve a higher selectivity for ethylene and maintain a higher population of linear-
bonded *CO at these overpotentials. From these in-situ studies, it is demonstrated how
the secondary element can affect the adsorption energetics of key reaction intermediates

and improve the selectivity of copper-based electrocatalysts.
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Chapter 1

Introduction

1.1 Project Significance

A major hurdle to the proliferation of renewable energy is the development of effective
energy conversion and storage technologies. This is largely due to the need to address
issues involving intermittency and baseload power.! However, the relatively high cost
and low energy densities of current energy conversion/storage devices greatly hinders
their commercial integration into renewable energy systems. A long proposed method
of energy conversion and storage is to use renewable energy sources to drive the
conversion of CO2 to useful molecules such as methane, ethylene, and carbon
monoxide.? This process is known as the COz reduction reaction (CO2RR). Methods
proposed in the literature for the CO2RR are primarily: electrocatalytic reduction,
photocatalytic reduction, chemical, and biochemical,? and have all been extensively
studied in recent years.*¢ Of all the processes studied, electrocatalytic reduction
appears to be the most feasible. This is because it can be conducted in ambient
conditions, has relatively high conversion efficiency, and can be driven directly by
existing renewable energy systems.> 7 An integrated CO2RR system is attractive
because it can (i) sequester carbon from the atmosphere, (ii) provide an energy storage
solution with high energy density (i.e. in chemical bonds), and (iii) it can be used to
produce industrial chemicals and fuels. However, in order to operate the CO2RR at any
meaningful reaction rate, effective catalysts are required to drive the conversion process
without the cost of huge overpotential.®> Therefore, fundamental to the success of this

technology is the development of effective and selective CO2RR catalysts.



1.2

Research Objectives

The main goal of this Thesis is to use copper as a catalyst platform for the CO2RR

and to investigate how its selectivity can be improved through alloying and introducing

secondary elements. To achieve this, a combination of electrochemistry, in-situ

spectroscopy, theoretical computations, and material characterization techniques will

be used. The specific objectives of this Thesis are to:

Provide a framework to predict the selectivity of copper alloy and bi-metallic
catalysts based on their composition.

Synthesize a range of copper alloy catalysts to characterize their electrochemical
performance and determine their kinetic parameters and selectivity towards
CO2RR products.

Study the copper alloy system using in-situ Raman spectroscopy in order to
determine the key reaction intermediates present during reaction. From this,
use computation to provide fundamental reasoning which explains the inherent
slectivity trends.

Investigate copper-based systems using in-situ X-ray adsorption spectroscopy
and in-situ Raman spectroscopy to address persistent inconsistencies related to
the ethane mechanism.

Explore the properties of copper-based catalysts which govern selectivity for C2
products and provide a rational strategy to engineer copper-based catalysts to
exploit these.

Utilize in-situ ATR-FTIR spectroscopy to detect the key reaction intermediates
on copper bi-metallic catalysts and determine how the secondary metal steers

the reaction pathway to ethylene.



1.3 Thesis Outline

This Thesis presents the outcomes of my PhD research and is presented as a sequence

of journal publications. The Chapters in this Thesis are presented as follows:

Chapter 1 provides background to the Thesis and outlines the project scope
and key contributions to the field.

Chapter 2 presents a review of recent literature covering the development of
copper alloy and bi-metallic materials for use as CO2RR electrocatalysts and
explores the fundamental role of the secondary metal.

Chapter 3 characterizes the electrochemical performance of Cu-Sn alloys and
determines their reaction kinetics. From this, a preliminary hypothesis is made
regarding the key reaction parameters governing selectivity.

Chapter 4 explores the Cu-Sn system further by combining in-situ
spectroscopy and computations to provide a fundamental basis for the
composition-dependent selectivity trend observed.

Chapter 5 studies the key properties of copper-based materials which influence
their selectivity to C2 products. New insights into the C2 pathway are gained
from in-situ spectroscopic results.

Chapter 6 utilizes in-situ spectroscopy to examine the key reaction
intermediates on copper-based bi-metallic materials and how introducing a
secondary metal can improve ethylene selectivity.

Chapter 7 presents the key findings and conclusions and provides some
recommendations for future work on the design and study of copper-based
electrocatalysts. Recommendation and justification for the study of other
catalyst systems, namely carbon-based materials, is also provided along with a

review of recent literature reporting these materials (Appendix A).
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Chapter 2

Literature Review

Surface and Interface Engineering in Copper-Based Bi-

Metallic Materials for Selective COs Electroreduction

This Chapter includes work published in the journal article Chem, 2018, 4, 1809. It
presents a review of recent literature covering the development of copper alloy and bi-
metallic materials for use as CO2RR electrocatalysts. This topic is relevant because, as
discussed, copper bi-metallic materials have exhibited improvements in CO2RR
selectivity compared to copper and it is likely that the secondary metal plays a key
role. This Chapter explores the fundamental role of the secondary metal in copper bi-
metallic materials with a focus on how their oxygen and hydrogen affinities affect
selectivity in the bi-metallic material. Here, four metal groups categorized by oxygen
affinity and hydrogen affinity are identified to determine their CO2RR selectivity trends.
By considering experimental and computational studies, the effects of extrinsic
chemical composition and physical structure are linked to intrinsic intermediate
adsorption and reaction pathway selection. Following this, some general trends are

summarized and design strategies for future electrocatalysts are proposed.



Statement of Authorship

Title of Paper

Surface and Interface Engineering in Copper-Based Bi-Melallic Materials for Selective CO;
Electroreduction

Publication Status

lished cC d for Publication
v Pub [~ Accepted for Pu
N Unpublished and Unsubmitted w ork w ritten in

I™ Submitted for Publication manuscriot style

Publication Details

A Vasileff, C.C. Xu, Y. Jiao, Y. Zheng, S.Z. Qiao, Surface and interface Engineering in
Copper-based Bi-metallic Materials for Selective CO; Electroreduction, Chem, 2018, 4, 1809-
1832

Principal Author

Name of Principal Author {Candidate)

Anthony Vasileff

Contribution to the Paper

Devised the idea of the paper with supervisors, gathered the bulk of the information and wrote
the bulk of the paper

Overall percentage (%)

70

Certification: This paper reports on original research | conducted during the period of my Higher Degree by
Research candidature and is not subject to any obligations or contractual agreements with a
third party that would constrain its inclusion in this thesis. | am the primary author of this paper.

Signature . Date 05/02/2020

Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:

i the candidate’s stated contribution to the publication is accurate (as delailed above),

il permission is granted for the candidate in include the publication in the thesis; and

jii. the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author

Chaochen Xu

Contribution to the Paper

10% Gathered information and helped to write some sections of the paper

Signature

Date 05/02/2020




Name of Co-Author

Yan Jiao

Caontribution to the Paper

4% Provided specialist guidance and helped to write certain sections of the paper related to

her field.

Signature

- Date

05/02/2020

Name of Co-Author

Yao Zheng

Contribution to the Paper

8% Provided guidance and superviston from conception through to submission and helped to

revise the paper.

Signature

Date

05/02/2020

Name of Co-Author

Shizhang Qlao

Contribution to the Paper

8% Provided guidance and supervision from conception through to submission and helped to

revise the paper.

Signature

Date

05/02/2020




2.1 Introduction

The world currently relies on fossil fuels for energy production and its chemical
industries. However, the burning of fossil fuels releases significant carbon dioxide (COz)
emissions into the atmosphere, which is considered the primary driver for anthropogenic
climate change. CO2 is a highly stable molecule and is generally inert in most conditions.
However, under appropriate cathodic reduction potentials and the assistance of protons
in solution, CO2 can be electrochemically activated and reduced via the CO2 reduction
reaction (CO2RR) to reduced products. The CO2RR is an elegant route to sustainable
fuel and chemicals production when coupled with carbon capture storage technology
and renewable energy sources like solar radiation. However, this process is kinetically
sluggish due to the multiple electron transfer steps and high energy barriers involved.
Therefore, efficient electrocatalysts are required to reduce the reaction overpotential
and facilitate the kinetics to accomplish commercially significant rates. To date, a wide
range of electrocatalysts for the CO2RR have been reported, with reduction products
being highly catalyst specific.!"6 Copper (Cu) is a unique metal because it is the only
metal that can form deep reduction products (i.e. hydrocarbons and alcohols) with
acceptable activity and efficiency during the CO2RR.” However, the selectivity of Cu
towards a certain product is typically poor, generating many reduction products
concurrently which range from two electron (2¢7) transfer products (e.g. CO and
HCOOH) to eight electron (8¢”) transfer products (e.g. CHs) and above.®19 On the
microscopic level, the origin of copper’s poor selectivity is its moderate binding energy
of most reaction intermediates.5 112 Additionally, considering the Sabatier principle,
improving the selectivity of copper is not a simple task given that the adsorption
energies of different intermediates scale with one another.!! Thus, it is extremely
difficult to optimize the binding of a specific intermediate without affecting another.
For various heterogeneous catalytic processes, it has been found that the relative
metal O-affinity and H-affinity play important roles in a catalyst’s activity and
selectivity by influencing the binding strength of specific reaction intermediates on their

surface.!3 Towards the electrocatalytic CO2RR, for higher O-affinity but lower H-



affinity metals compared to Cu (like In, Sn, Hg, and Pb), the *COOH intermediate
formed after the first reaction step is weakly bound. Therefore, the primary COs
reduction product on these surfaces is HCOOH. Evidence even suggests that the
reaction may proceed through an O-bound *OCHO intermediate on these metals.!?
However, metals with both lower O-affinity and H-affinity compared to Cu (like Zn,
Ag, and Au) can bind *COOH stronger relative to *CO. Therefore, CO is desorbed as
the main product with the formation of *COOH as the potential determining step
(PDS).!6 Other metals with both higher O-affinity and H-affinity compared to Cu
(including Co, Ni, Fe, Ir, and Pt) tend to favor the competitive hydrogen evolution
reaction (HER), although small amounts of hydrocarbons and alcohols have also been
detected on these metal surfaces.!d 17-20

The grouping of CO2RR products based on a catalyst’s O-affinity and H-affinity
leads to the idea that by alloying with specific O-binding or H-binding sites, Cu-based
alloys can be engineered to have one or two active sites with tuned binding energies for
key reaction intermediates. As a precedent, introducing a secondary metal to tune the
activity of Pt is well documented, particularly for the oxygen reduction reaction (ORR)
in fuel cells.?'23 For the ORR, many Pt alloys show significantly improved activity and
stability compared to pure Pt.2425 Although many factors (strain, ligand effect, etc.)
can contribute to altering the electronic structure (i.e. d-band center) of a material, it
is likely that they all function to weaken the adsorption of O-bound species on the
surface. Accordingly, targeting the key reaction intermediates in this way may also be
useful for CO2RR pathway selection. To be specific, metals with high O-affinity are
favorable for C-O bond cleavage, while metals with high H-affinity favor proton transfer
and provide protons or hydroxyl groups for hydrogenation.'? However, considering that
the HER is generally highly competitive on metal surfaces, it is necessary to understand
how these secondary metal sites affect Cu to be able to predict activity and selectivity.
Further, the electronic structure and morphology are almost always different in the bi-
metallic material compared to copper. This inevitably modifies intermediate binding
and is therefore another necessary consideration when evaluating Cu bi-metallic

catalysts.



In this Review, we first briefly provide some background to the CO2RR process
and the fundamental principles which govern the selectivity of copper catalysts. Then
we introduce the concept of interfacial engineering of copper-based catalysts and review
current examples of Cu bi-metallic electrocatalysts. Each example is categorized into
sections based on the O-affinity and H-affinity of the secondary metal and we highlight
the effects from the introduced O-binding and H-binding sites on the selectivity of the
Cu bi-metallic system. The effects of the secondary metal on the chemical composition,
electronic structure, geometry, morphology, and electrocatalytic activity of these bi-
metallic catalysts are then linked to their intermediate binding energetics. This is done
with the aim to interpret any trends in CO2RR selectivity which may result from
modification of the Cu interface with another metal. To further this, we discuss some
key examples which combine experimental and computational studies in this field.
Finally, we propose some general trends based on these metal groups with strategies

for future design of Cu bi-metallic electrocatalysts.

2.2 Fundamental Understanding of the COsRR

2.2.1 COsRR Reaction Mechanism on Cu

Cu has been widely studied as an electrocatalyst for the CO2RR due to its ability to

produce hydrocarbons/alcohols at modest overpotentials.® 17 26-28

Electrocatalytic
CO2RR on Cu proceeds via multiple electron-proton coupled transfer steps to adsorbed
intermediates through multiple pathways. Therefore, it is very non-selective and
produces a range of products concurrently. Pioneering work by Hori and co-workers
found that on Cu electrodes, generally, 2¢™ products (Hz2, CO, HCOOH) are formed at
lower overpotentials while higher e~ products (CHa: 8¢ and CaHy: 6e7) are formed at
higher overpotentials (Figure 2.1a).!7: 27 2930 However, the specific mechanism of the
CO:RR on Cu is surface and condition sensitive,®32 and a comprehensive
understanding is still lacking. As shown in Figure 2.1b, the most widely accepted

reaction pathway to CH4 proceeds via the hydrogenation of adsorbed *CO to the *CHO

intermediate, which is identified as the PDS.33-3* Further hydrogenation to *CH20 and

10



*CH30 then leads to CH4 production with the remaining reaction steps being exergonic.
Additionally, the hydrogenation of the methyl end of *CH30 is more readily achieved
with solvated protons to produce CH4, compared to hydrogen addition at the oxygen
end wvia co-adsorbed *H to produce CH3OH. Besides the thermodynamic analysis, the
role of kinetics for the reactions on Cu surfaces has also been considered.? It was found
that CH4 production through the CHO* intermediate faced a 1.21 €V kinetic barrier at
a potential of -1.15 V vs. RHE, whereas CH30H only needed to overcome 0.15 eV at
this potential. Therefore, in order to explain why CHy is predominantly produced
experimentally, it was proposed that *CO reduction to the *COH intermediate is
favoured over CHO* (Figure 2.1¢).36 This *COH intermediate then undergoes further
reduction to *C and is then hydrogenated by co-adsorbed *H, as has been proposed
previously.'? This pathway also explains the experimentally observed production of CHy4
and C2Hy concurrently, due to the identification of a common intermediate (*CHz).
After considering the kinetic aspects, some other studies support the route through the
*CHO intermediate to *CHz via *CHOH, mainly due to the sluggish kinetics involved
in the hydrogenation of *CH3zO at the methyl end and other experimental

observations.28 37

2.2.2 Scaling Relationships

An inherent challenge of the CO2RR is that the binding of intermediates follows
conventional scaling relationships due to the formation of similar surface-adsorbate
bonds amongst different intermediates (e.g. *COOH, *CO, *COH all involve C-bound
intermediates). Given this, the adsorption energy of a certain intermediate cannot be
optimally tuned without affecting another. 13839 For example, Figure 2.1d shows the
calculated scaling relationships between various C-bound intermediates in the reaction
pathway to CHi. As previously discussed, the hydrogenation of *CO to *CHO is
considered the PDS of this process due to having the highest free energy change (0.74
eV); the magnitude of this energy change predominantly originates from the weak
binding of *CHO relative to *CO binding.? In order to reduce this, the surface would

have to bind *CHO stronger relative to *CO. However, this is difficult to realize due

11



to the constraint imposed by conventional scaling relationships.'! Experimentally, the

large overpotentials and poor turnover frequencies (TOFs) for CO2 reduction to CO on

Au and Ag electrodes can also be attributed to the similar weak adsorption of *COOH

due to the linear scaling between *COOH and *CO.0
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Figure 2.1 Fundamental understanding of the CO2RR on Cu surfaces. a) Product

distribution expressed as FE as a function of potential on a polycrystalline Cu electrode.

The vertical lines represent the reversible potentials for various products [a) adapted

with permission from Jovanov et al. 3°]. b) Proposed reaction pathways for the

reduction of CO2 to CH4 on Cu(211) surface through the *CHO intermediate [b)

adapted with permission from Hansen et al. 33|. ¢) The reaction pathway (path II) of
the CO2RR through the *COH intermediate to CHs, CH30H, and C2H4. Path I reflects

the reaction presented in panel b) [c) adapted with permission from Nie et al. 36]. d)

Scaling relationships for C-bound intermediates relevant to the CO2RR pathway on a

range of metal surfaces. e) Limiting potentials (Ur) for elementary proton-transfer steps

in the mechanism of panel b). f) Suggested decoupling strategies to break the scaling

relationships [d) to f) adapted with permission from Peterson et al.'!].
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Regarding Cu, the fundamental reason for its ability to produce products other
than CO at reasonable overpotentials is that it binds *CO neither too weakly nor too
strongly (Figure 2.1b). Therefore, *CO formed on the surface does not desorb
immediately (adsorption not too weak) and does not poison the surface (adsorption
not too strong). Furthermore, from Figure 2.1e, it can also be seen that out of all
transition metals, Cu has relatively moderate binding of most C-bound intermediate
species.!! As a result, Cu is at the top of the “volcano” plot for the calculated limiting
potentials of the two reaction steps which present the largest free energy barriers (i.e.
proton-electron coupled steps: CO2 to *COOH and *CO to *CHO).!': 37 However,
having moderate-level binding of the various surface adsorbates in the pathway also
leads to poor selectivity for a particular final product. Therefore, by breaking the above
scaling relationships, it is possible to optimize the adsorption energy of a particular
intermediate(s) not only for a reduction in overpotential, but also for enhanced
selectivity. Some useful strategies that focus on tuning the intrinsic electronic
parameters underlying the scaling relationships, such as alloying with strong O-binding
metals, ligand stabilization, tethering, and addition of promoters, etc., have been
proposed (Figure 2.1f).!! Ultimately, the aim of these strategies is to strengthen the
binding energy of *CHO (i.e. more negative) relative to that of *CO for improved

selectivity to deep reduction products.
2.3 Improving Selectivity by Interfacial Engineering

2.3.1 Classification

Various strategies have been employed to enhance the activity of Cu catalysts, and
these mainly involve exploiting nanostructuring techniques and morphological control.”:
4144 However, these approaches generally reduce the overall overpotential for the
CO2RR, improving its selectivity over the HER, while a distinct reduction pathway is
not always achieved.? In regards to metal catalysts, by coupling two (or more) metal

species in alloy or bi-metallic materials, the catalyst interface can be engineered to

contain multiple sites which contribute to binding of key intermediates in the pathway.?":
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45 As a result, design of catalysts based on this principle could lead to conventional
scaling relationships being broken in order to tune the selectivity for the reduction of
COa. Cu is a logical model since it is the only metal catalyst that can promote the
CO2RR toward various hydrocarbon products at non-negligible Faradaic Efficiency
(FE).%6 Recently, it has been suggested that alloying Cu, as a form of interfacial
engineering, can tune the adjacent chemical environment around the Cu atoms.
Therefore, this makes it possible to tune the binding strength of targeted intermediates
on the catalyst surface and enhance the reaction kinetics and selectivity of the alloys/bi-
metal.

In general, the changes to intermediate binding energy, and consequently the
reaction pathway, highly depend on the nature of the secondary metal. Herein, we
classify the introduced metals based on two factors: hydrogen affinity (H-affinity) and
oxygen affinity (O-affinity); high H-affinity describes a metal which binds hydrogen
stronger compared to Cu, while high O-affinity describes a metal which binds oxygen
stronger compared to Cu. The choice of these two descriptors is based on the following
considerations. Given that the hydrogenation of *CO is the PDS for deep reduction of
CO2, a secondary site with strong H-affinity or O-affinity can facilitate the adsorption
of *CHO species with alternative configurations (Figure 2.2a). As a result, the inherent
scaling relationship of *CO and *CHO/*COH may be broken. Additionally, the
adsorption strength of O-bound reaction intermediates (e.g. *CH20 and *CH30), which
appear in the latter half of the CO2RR pathway, directly relates to the selectivity of
hydrocarbon/alcohol products.*” For determining H-affinity and O-affinity, a scatter
plot presented in Figure 2.2b provides the trend of H adsorption energy (AEgn) against
O adsorption energy (AEo) for various metal surfaces. These trends have been
extensively used as activity descriptors for the HER and ORR, respectively.*®49 It can
clearly be seen that the metals located to the top-left (e.g. Ag, Au) have weaker AEx
and AEo than Cu. These metals therefore have to overcome a higher energy to bind
hydrogen or oxygen. While the metals to the bottom-right of Cu (e.g. Ir, Rh, etc.)
show stronger H-affinity and O-affinity. The metals located to the top-right of Cu (e.g.

Pt, Pd) show stronger H-affinity but weaker O-affinity. Importantly, these trends can
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be presented in other forms of H- and O-binding strength. A similar scatter plot shown
in Figure 2.2c¢ provides the trend of the hydrogen-metal bond strength against the
enthalpy of bond dissociation of metal oxides (MO) as an alternate form. Specifically,
for determining H-affinity, the strength of the metal-hydrogen (M-H) bond was
experimentally measured on various metal surfaces; a greater M-H bond strength favors
hydrogen binding.’? Similarly, a quantitative scale of O-affinity has been calculated by
applying the enthalpy of bond dissociation for M-O as a descriptor, denoted as Do(M);
metals with Do(M) values greater than Do(Cu) signify greater metal-oxygen bond
strength (stronger O-affinity), and wvice versa.® As a result, four metal groups are
identified depending on their H-affinity and O-affinity relative to Cu (Figure 2.2d).
Based on this classification, our goal here is to comprehensively review recent Cu-based
alloy (Cu-M) electrocatalysts for the CO2RR and to evaluate any apparent selectivity
trends that may be useful in the rational design of future electrocatalysts.

It should be noted that others have also found that the adsorption energetics of
specific reaction intermediates can be applied to classify a wide range of single metals
for the CO2RR. For example, the binding energies of *COOH and *H were calculated
as the descriptors to explain the trend of 2e~ CO and HCOOH generation for the
CO2RR, while binding energies of *CO and *H were applied as the descriptors to
predict activity towards deep reduction products.® Specifically, as shown in Figure 2.2e,
the metals can be separated into three groups when considering only AEn as the
descriptor: metals with stronger hydrogen affinity compared to Cu (i.e. within the
hydrogen underpotential deposition, Hupd, zone) mainly form Ha; metals with moderate
H adsorption energy at the CO2 reduction potential mainly form CO, and metals with
weaker H adsorption at the CO2 reduction potential form HCOOH.® Additionally,
binding energies of *CO and *H separate Cu from all other metals, as shown in Figure
2.2f. In this plot, Cu is the only metal in the bottom-right zone, possessing relatively
weaker *H binding and stronger *CO binding along with the ability to reduce CO2 to
hydrocarbon products or partly reduced alcohol products. It was also found that the
C-bound (*CH2OH) and the O-bound (*CH30) intermediates can distinguish

hydrocarbon or alcohol formation (Figure 2.2g).
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Figure 2.2 Grouping of various metals in relation to copper based on various
descriptors. a) Schematic illustration of *CHO adsorption on pure Cu and Cu-M alloy
surfaces. M indicates a site with strong O-affinity and M’ indicates a site with strong
H-affinity. b) The oxygen adsorption energy plotted as a function of the hydrogen
adsorption energy over different metals [Data of AEo and AEg is read from ref.*¥]. ¢)
The intermediate metal-hydrogen bond strength plotted as a function of the bond
dissociation enthalpy of MO. [M-H bond strength data is read from ref.’%; Do(M) data
is read from ref.’!]. d) Grouping of various metals in relation to copper alloys based on
O-affinity and H-affinity from previous studies. e) The experimental product
classification of Ha, CO, and HCOOH by the AEn+ descriptor. f) The binding energies
of the intermediates AEco* and AEn+ categorizing metal catalysts into three distinct
groups. g) The DFT energy relation between AEcmon* and AEcm3o+ descriptors as a
measure of CH30H or CHy production from carbon-oxygen compounds [e) to g) adapted

with permission from Bagger et al.9].
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Therefore, four intermediates: AEn+, AEco*, AEcoon#, and AEcu3o* can be used
to explain product groups and selectivity distributions for the CO2RR on most pure
metal surfaces. To predict the products selectivity of Cu-based bi-metallic materials,

herein we use metal categories based on the O- and H-affinities of the secondary metal.

2.3.2 Group 1: Weak H-, Weak O-Binding

Gold (Au)

Au is a d-block metal with both weak hydrogen and oxygen adsorption and has been
the most common Group 1 metal alloyed with Cu for the CO2RR. Experimentally, it
was shown that increased Au content favors CO production, while the pathway to CH4
is suppressed.’? Mechanistically, the desorption of CO on Cu sites was promoted due
to the lower activation energy for CO desorption caused by Au alloying. In another
example, it was found that both the composition and nanostructure of Cu-Au
nanoparticles affected the catalytic performance, with CH30OH and CoHsOH being
selectively produced.”® The optimal Cuss9Auss1 composition exhibited a FE of 28 %
for alcohols (including 15.9 % for CH30H), which is 19 times higher than that of pure
Cu. This study claimed that *CO is a significant intermediate for CO2 reduction
towards hydrocarbons and alcohols, whereby binding of *CO was likely optimized in
this Cu-Au system. As a comprehensive investigation into the effect of the Cu-Au
stoichiometric ratio in bi-metallic catalysts,*0 electrochemical results showed that alloys
with increased Cu content obtained various reduction products, while increased Au
content simultaneously improved CO formation and suppressed other pathways. It was
indicated that Cu-Au alloys favored CO production due to synergistic electronic and
the geometric effects. Specifically, density functional theory (DFT) calculations
demonstrated that the d-band center shifts downwards from pure Cu to pure Au
(Figure 2.3a). As a result, the binding strength for *COOH and *CO should decrease
as the Au content increases, and the formation of CO in Cu-Au systems should exhibit
a monotonic tendency (Figure 2.3b). However, *COOH binding was found to be
relatively unaffected due to an observed geometric effect that stabilized *COOH

intermediates. This explains their experimental observations whereby the highest FE
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toward CO was obtained on AuzCu alloy (Figure 2.3c), and provides a better
understanding of the effects of electronic structure and geometric modification in bi-
metallic materials. Additionally, it was found that increasing the degree of atomic
ordering in Cu-Au alloys can tune the selectivity of CO2 reduction toward CO with a
high FE of 780 %, due to the stabilization *COOH intermediates on compressively

strained Au sites.?
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Figure 2.3 Characterization and performance of Cu-Au catalysts for the CO2RR. a)
Surface valence band photoemission spectra of Au-Cu bi-metallic nanoparticles. The
white bar shows its d-band centre. b) Proposed mechanism for the CO2RR on the
surface of Au-Cu bi-metallic nanoparticles. Grey, red, and white atoms represent C, O,
and H, respectively. ¢) CO generation rate on various alloy electrocatalysts at a certain
overpotential. Inset shows relative CO generation rate as a function of the applied
potential [a) to ¢) adapted with permission from Kim et al. 46]. d) Scheme depicting
the relationship between the Cu-enriched Au surface, in-situ characterization of CO*
coordination, and syngas composition. e) Calculated d-band electronic states for
increasingly Cu-enriched Au surfaces. f) Partial current densities (left axis) and
production rates (right axis) for CO and Haz as a function of Cu monolayer deposition

on Au [d) to f) adapted with permission from Ross et al.?].

Underpotential deposition (UPD) was used to construct another type of Cu-Au
alloy by depositing a single layer of Cu with different coverages (1/3, 2/3, and 1).%° It
was found that less Cu coverage increases CO production, while increased Cu coverage

promotes Ho evolution. Employing in-situ Raman microscopy, the vibration of the C-
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O bond (vc-0) in *CO species was used as a descriptor to understand the effects of the
Cu/Au ratio on the *CO adsorption strength. It was found that with greater Cu
coverage, vc.o experiences a red-shift, which is associated with bond lengthening due
to greater interaction with the metal (Figure 2.3d). DFT calculations showed the
projected density of states (DOS) moved further away from the Fermi level on
increasingly Au-dominant surfaces, favoring CO production (Figure 2.3e). On the other
hand, Cu enrichment provided a greater improvement to *H adsorption relative to *CO.
Therefore, the degree of Cu enrichment can affect the relative activity of the HER to
the CO2RR, which can realize controllable syngas production (Figure 2.3f). Similarly,
in an Au-Cu core-shell (Au@QCu) system, experimental results indicated that 7-8 layers
of Cu resulted in a better selectivity for CoHa, while CH4 production slightly increases
for 14 or more Cu layers.’® This was explained by the calculated DFT results showing
that *COH intermediates are favored over *CHO on terraces, however, *CHO is slightly
favored as *CO coverage increases.’” Therefore, both structural and electronic effects
that change the binding of *CO have a significant impact on selectivity and products
distribution on the Au@Cu catalysts. In another study, Cu-Au core-shell
nanostructures (Cu@Au) also exhibited enhanced current density over polycrystalline
Cu and achieved a greater FE towards CO.%®

Silver (Ag)

Ag is another Group 1 metal that has been coupled with Cu for CO2 reduction. In the
Ag-Cu core-shell nanoparticle (Ag@QCu) system, samples with low Cu coverage showed
high conversion of CO2 toward CO, while Cu-dominant nanoparticles had greater
selectivity for hydrocarbons.” As with the Au@Cu material, both electronic effect and
geometric effects were important factors involved in the catalytic activity of the Ag@QCu
system. Specifically, for the electronic effect, the binding energy of *CO on Ag active
sites was weaker than that on Cu. Therefore, desorption of CO was facilitated when
the coverage of Cu was low. For the geometric effect, the binding strength of
intermediates can be tuned by changing the local atomic arrangement at the active
sites. Additionally, in the electrodeposited Cu-Ag alloys, it was found that Cu

segregation caused Cu enrichment on the catalyst surface.®’ As a result, the Ags7Cuas
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alloy achieved 2.2 times higher mass-normalized activity than the Agioo catalyst. In
another study, electrodeposited nanocoral Cu-Ag bi-metallic catalysts exhibited only
30% FE towards hydrogen and around 70 % for total C1-C3z products by a solar driven
electrochemical cell.6! In this system, it appears that Cu contributed the dominant
binding effect, as overall product selectivity was poor. However, the Cu-Ag electrode
was more active towards producing alcohols and oxygenates compared to pure Cu. Cu-
Ag bi-metallic catalysts have also been prepared by melting mixtures of Cu and Ag
powders with specific atomic ratios.®> When the Cu content was low, it was found that
the Cu was dissolved in the Ag phase and segregated on the surface during the CO2RR.
These Ag-dominant catalysts produced CO as the major product on the surface
although the Cu sites formed the reactive sites. On the other hand, the Cu-dominant
catalysts suppressed the HER by about 75 % without effecting the ability to produce
deep reduction products from CO. On the atomic level, it is believed that compressive
strain on Cu introduced by neighboring Ag causes a shift in the valence band DOS
therefore causing weaker binding of *H and *O relative to *CO.

Zinc (Zn)

Cu-Zn bi-metallic catalysts were also found to be selective towards COz reduction to
alcohols, in which CusZn achieved the highest FE of 29.1%.% The authors indicated
that COz is reduced to *CO on either Cu or Zn active sites in the first step, and is
further reduced to *CHO or *CHx (x = 1-3) on the Cu sites. However, due to the weak
adsorption of *CO on Zn sites, desorbed CO may diffuse and spillover on the Cu sites,
whereby the *CO can insert between Cu sites and *CHjz intermediates to form *COCHDo,
which is then reduced further to produce CoHsOH.

Cadmium (Cd)

Hori investigated in-situ Cd electrodeposited Cu electrodes under different Cd
coverages.* At a constant current density, Cd electrodeposition occurred along with
the HER and CO2RR. Therefore, as Cd deposition increased with time, a trend in
product selectivity could be observed. The results showed that the FE towards CO
increases with increasing Cd coverage, while the FE towards other gas products
decreases significantly. However, the FE towards CO reaches a maximum, and with

further increase to Cd coverage, production of HCOOH is favored.
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2.3.3 Group 2: Weak H-, Strong O-Binding

Tin (Sn)

Sn is identified as a Group 2 metal with higher O-affinity and weaker H-affinity relative
to Cu.’! Due to its weak H adsorption, Sn metal is relatively inactive towards the HER
and Sn electrodes have been found to mainly produce HCOO"."> % This suggests that
on Sn, the CO2RR overwhelmingly proceeds via the *COOH intermediate, or as has
been suggested, through the bidentate *OCHO intermediate.'® In the Cu-Sn bi-metallic
system, theoretically, *CO intermediates are unaffected by O-binding sites (e.g. Sn) as
they tend to bind in end-on configurations, where the O atom contributes little to the
chemisorption. However, O atoms contribute more in the *COOH intermediate to
overall adsorbate stabilization and its binding energy is likely increased when O-binding
sites are present.?? Further, O-binding sites likely play an even greater role if the CO2RR
proceeds via the *OCHO intermediate, as the two oxygens bond to the surface in a
bidentate configuration.!” Cu-Sn bi-metallic materials for selective CO2 reduction have
only been demonstrated experimentally in a few cases and seems that Sn limits the
usual CO2RR pathway on Cu to 2e” reduction products.f¢ For example, it was found
that while maintaining a similar onset potential to a Cu sheet electrode, a Cu-Sn
material was significantly more selective to CO production with a FE of 90 % at -0.6
V vs. RHE (Figure 2.4a).5" In comparison, the Cu sheet achieved a wide range of
products (CO, HCOOH, and H2) under the same conditions (Figure 2.4b). A noted
consequence of coupling Sn with Cu was that the bi-metallic material exhibited
approximately a third less catalytic current density compared to the Cu sheet electrode
(Figure 2.4c). However, when considering the improved selectivity for the CO2RR over

the HER on the Cu-Sn material, this difference becomes less significant.
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Figure 2.4 Characterization and performance of Cu-Sn catalysts for CO2RR. FE
analysis of a) Cu-Sn and b) Cu catalyst at different applied potentials. ¢) Overall
current density of different electrocatalysts [a) to c¢) adapted with permission from
Sarfraz et al.57|. d) and e) Potential dependent FE’s on different electrodes. f) Free
energy diagrams of two reaction pathways on a 0.8 nm-SnO3z shell with two Cu atoms
on the surface and 10 % uniaxial compression. The red and black lines represent the
path of HCOOH and CO generation, respectively [d) to f) adapted with permission

from Li et al.®¥].

Core-shell Cu-SnO2 nanoparticles achieved a maximum FE of 93 % towards CO at
-0.7 V vs. RHE for samples with a 0.8 nm thick SnO> shell (Figure 2.4d).%® In this
study, the thickness of the Sn shell was found to have a marked effect on product
selectivity. When the shell thickness was increased to 1.8 nm, negligible CO was
produced within this range, and instead, HCOOH was produced in preference along
with increased HER at more positive potentials (Figure 2.4e). This sample exhibited a
similar trend to Sn foil, indicating that for increased shell thickness the Sn
characteristics dominated the electrocatalytic pathway. DFT calculations found that
the 0.8 nm thick SnOs shell could induce a large compressive strain on the surface (~10
%), and Cu atoms simultaneously diffuse out on the SnOz shell. As a result, differing
from the 1.8 nm thick SnO2 shell model on which HCOOH production is energetically
more favorable, the overpotential for CO production is less negative than that for

HCOOH production on the model where both compression and Cu doping are present
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(Figure 2.4f). Other studies also report the effect of the deposited Sn thickness in Cu-
Sn systems, in which the thicker Sn layers favor HCOOH production while thinner
layers favor CO production.’6 %9 A mechanistic study on SnO:2 coated CuO
nanoparticles found that the binding strength of *H and *CO is significantly lower than
that of unmodified CuO nanoparticles.? As a result, firstly, CO will be more easily
desorbed from the surface upon formation, and subsequent hydrogenation will be more
difficult due to the dilution of adsorbed *H intermediates. Secondly, the weak *H
adsorption will limit the HER and increase the selectivity for the CO2RR. Given CO
is the main product formed on Cu-Sn materials, this view gives a good overall
explanation of the underlying mechanism.

Indium (In)

Similar with Sn, when In was alloyed with Cu, the resultant Cu-In electrocatalysts were
reported to be highly selective and stable towards CO at low overpotential, reaching
FEs of around 90 % for CO formation.*® 0 It was found that the presence of In increases
the energy barrier to H adsorption but stabilizes the *COOH intermediate by 0.1 eV.™
As with Sn, binding of *CO was relatively unchanged and the relative increase in

stability of *COOH is likely responsible for the observed activity for CO production.

2.3.4 Group 3: Strong H-, Weak O-Binding

Palladium (Pd)

Pd is identified as a Group 3 metal and has been used extensively in the field of gas
phase heterogeneous catalysis.”"" Pd has little to no barrier towards Ha adsorption
and readily forms the metal hydride (PdHy),”™ which makes it a good candidate for
catalyzing hydrogenation reactions. As dispersing Pd atoms on Cu surfaces has been
shown to significantly reduce the barrier to hydrogen adsorption, Pd-Cu alloy
nanoparticles were employed as heterogeneous catalysts in the hydrogenation of CO2.7
6 Tt was proposed that the stronger binding of *H possibly facilitates this process and
affects selectivity toward *COH/*CHO in the CO2RR.?*¢ However, pure Pd mainly
produces CO during the CO2RR and only produces small amounts of CHy, likely

because hydride formation inhibits *CO binding.!! For the Cu-Pd system, alloy
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composition and intermetallic arrangement were found to have significant effects on
activity and selectivity. For example, it was found that Cu-Pd nanoparticles with
regular intermetallic arrangements exhibited selective CO2RR towards CO.”™"® DFT
calculations showed that on an ordered Pd-terminated Pd-Cu (111) surface, binding of
*COOH was stronger compared to Pd (111), while *CO adsorption was significantly
weakened. Interestingly, Pd is the active site in this system and the observed effects are
the result of neighboring Cu atoms with higher O-affinity. Another study explains that
the electronic effect of charge transfer from Pd to Cu causes the weaker adsorption of
*CO in the Cu-Pd system.™

According to d-band theory, a negative shift in the DOS away from the Fermi level
normally results in weaker binding of adsorbates on a catalyst surfaces.® However, this
does not encompass an example of phase separated Cu-Pd nanoparticles.®! Therefore,
a comprehensive view of intermediates binding is required for catalyst design strategies
beyond the d-band center theory. Expanding upon the above example, Cu-Pd bi-
metallic nanoparticles with various atomic mixing patterns (ordered, disordered, and
phase separated) exhibited very different selectivities toward C1 and C2 products (
Figure 2.5a-c).8! Specifically, for ordered Cu-Pd nanoparticles, the FE toward C1
products (primarily CO) reached approximately 80 %. However, for nanoparticles with
distinct Cu and Pd phases (phase separated), C2 products (primarily CoHis) were
selectively produced at an FE of >60 %. The underlying reason for this may be that
in the phase separated system, the binding of *CO is less affected when the two sites
are segregated. While Cu may facilitate C-C coupling, co-adsorbed H on Pd sites may
facilitate further reduction and hydrogenation of *CO.™ More importantly, as
mentioned above, phase separated Cu-Pd had the lowest lying d-band center (shown in
Figure 2.5d), while Cu nanoparticles had the highest. This would suggest that the
former has the weakest binding, while latter has the strongest binding of *CO. However,
given the experimental results showing that the phase separated Cu-Pd and Cu
nanoparticles have similar catalytic selectivity and activity, geometric/structural effects
probably played a more important role rather than electronic effects in determining

catalytic performance among the various Cu-Pd samples.
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Figure 2.5 Characterization and performance of Cu-Pd catalysts for the CO2RR. a)
Cu-Pd nanoalloys with different atomic mixing patterns. b) Combined elemental maps
of Cu (red) and Pd (green). c¢) FEs for CO, CH4, C2H4, and CoH5;0H for bi-metallic
Cu-Pd catalysts with different mixing patterns: ordered (blue), disordered (red), and
phase-separated (green). d) Background corrected surface valence band photoemission
spectra of Cu-Pd nanoalloys relative to the Fermi level. The vertical line indicates the
d-band center of each sample relative to the Fermi level [a) to d) adapted with
permission from Ma et al.8l]. e) Average production rates of CHy and CO normalized
by the amount of Cu atoms in the Cu-Pd catalysts. f) Most favorable configurations
and adsorption energies of CO2 at an isolated Cu atom (Cu—Pd pair shown in the left
panel), and two neighboring Cu atoms (Cu—Cu pair shown in the right panel) [e) and

f) adapted with permission from Long et al.®?].

Cu-Pd nanoparticles have also been applied as photocatalysts for selective CO2
reduction to CH4.%? Nanoparticles with relatively low Cu concentration (Cu:Pd of 1:7),
achieved a selectivity towards CHy of 96 % and effectively suppressed the HER, ( Figure
2.5e). The low concentration of Cu in this material was an important factor as it
increased the number of isolated Cu atoms in the Pd lattice and hence the number of
neighboring Cu-Pd sites. On this configuration, as shown in Figure 2.5f, the CO-

adsorption energy was maximized at -0.46 eV, which is significantly stronger than on
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sites with adjacent Cu-Cu atoms (-0.31 eV).8? Additionally, the Pd atoms had a
significant electronic effect on the isolated Cu, causing an increase in their d-band
centers and hence catalytic activity of the Cu active sites toward multi-electron

pathways.

2.3.5 Group 4: Strong H-, Strong O-Binding

Platinum (Pt)

Few examples of Group 4 metals being coupled with Cu for CO2RR electrocatalysts
exist in the literature. This is likely due to their high activity for the competing HER,
and poisoning by CO. In one study, Cu UPD layers on Pt (111) and Pt (211) surfaces
were fabricated to study the strain effect on Cu active sites for the CO2RR.%? In this
study, hydrogen was the major product obtained on Cu/Pt(111) and Cu/Pt(211)
samples, as shown in Figure 2.6a. However, it should be noted that the presence of
*CO alters HER activity on the Cu/Pt interface. Specifically, Pt containing systems
are not likely to be stable and result in Pt segregation due to the strong interaction
between Pt and CO. This phenomenon would in turn promote the HER over the
CO2RR. Further, none of the Cu-Pt catalysts could promote CH4 production as
effectively as polycrystalline Cu (Figure 2.6b). Therefore, this work suggested that the
second metal in a Cu bi-metallic catalyst should have a lower affinity for *CO. Another
study demonstrated that Cu-Pt nanocrystals with controlled Cu:Pt atomic ratios
performed with high FE for CHys (over 20 %; Figure 2.6¢).3* When the Pt content was
high, the HER was dominant. With increased Cu content, more adsorbed *CO was
generated, thereby improving the production of CHs. However, further increasing the
Cu content subsequently led to a higher density of adsorbed *CO, and thus, lower
density of adsorbed *H (Figure 2.6d). Consequently, the overall performance of the
alloy was limited as less co-adsorbed H was available to partake in the reaction. Based
on experimental results, investigation into the possible mechanism showed that
increasing the Cu content increased the surface coverage of *CO on active sites, and Pt
facilitated their protonation to *CHO (Figure 2.6e). However, when insufficient Pt sites

are present, *H generation is suppressed and hinders further reduction of *CO.
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Figure 2.6 Characterization and performance of Cu-Pt catalysts for CO2RR. FEs
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2.4 Theoretical Prediction

2.4.1 Pathway to CO Production

In recent years, significant advances in computational modelling has made the screening
of potential catalysts for various electrochemical processes much easier, including for
the CO2RR.™ & Activity trends for a range of metal catalysts and their alloys have
also been formulated using activity descriptors, presenting useful predictors for rational
catalyst design.'> 33 These trends generally include descriptors based on the PDS of
a reaction, e.g. binding strength of the *CO intermediate has obvious influence on the
rate of CO production. For precious metals like Pt, although activation and conversion
of CO2 to CO occurs readily, *CO binding is so strong that desorption is the limiting
factor and poisons the surface.!? In contrast, for Au and Ag, which have very weak
binding of *CO, experimental studies have shown that they are some of the most
selective metals for CO2 reduction to CO.7 11-40. 8 Fyrthermore, alloying Au with Cu
(Cu having higher O-affinity than Au) has shown to be beneficial for the binding
strength of the *COOH intermediate, and hence, the activity for CO production can
be further increased. For example, compared to Au (111) surfaces, it was found that
the free energy change (AG) for *COOH formation (AG+coon) decreases on the alloy
configurations (Figure 2.7a).87 By constructing the Au nanostructures isolated on the
Cu surface (Au-i@Cu), the AG+coon could be further reduced. In such configurations,
the nanostructures increase the number of local under-coordinated sites, which have
been shown to increase the binding of intermediates.®6: 8% Additionally, corner Au sites
adjacent to the Cu surface provide a bifunctional effect for the stabilization of the
*COOH intermediate, whereby the high O-affinity Cu atoms can stabilize the O-end of
*COOH (Figure 2.7b). A similar result was determined on A3B alloy systems where A
= Cu, Au, Ag, and B = p-group metals.?? Firstly, it was found that scaling relationships
between *COOH, *CO, and *CHO intermediates on the pure metals limit their activity
for reduction of CO2 to *CO and the reduction of *CO to *CHO and onwards. Alloying

may preferentially increase the interaction of active sites with *COOH or *CHO

28



resulting in preferential stabilization of these intermediates over *CO (Figure 2.7c). In
this case, the C-end of *COOH tends to bind to the A site, while the O-end has
significant interaction with the B site. As a result, the inherent scaling relationship may
be broken. Therefore, an important design principle for alloy materials is the coupling

of different metal sites that interact with C-bound and O-bound species differently.

2.4.2 Pathways Beyond CO

It is known that the hydrogenation of *CO to *CHO is generally the PDS in the CO2RR.
pathway beyond CO. Therefore, destabilization of the *CO intermediate was found to
be crucial in reducing the overpotential for the subsequent protonation steps.3?33 When
O-binding sites are created through alloying, *CO may be forced to bind in an
unfavorable configuration, and therefore, *CHO will be preferentially stabilized. For
example, in the Cu-Ni system, C-bound species were generally found to be better
stabilized on Ni (211) facets while binding of O-bound intermediates was not changed
significantly compared to Cu (211).% Therefore, the CusNi alloy reflected the difference
in intermediate binding between the two parent metals. In a follow up study, the ligand
and strain effect on alloys of Cu with Ni and Rh were investigated.”’ In these systems,
a significant reduction in overpotential was achieved on a Cu monolayer deposited on
an expanded Ni (211) surface, due to the effect of expansive strain on the binding of
*CO ws. *CHO. For Rh overlayers on Cu, the Cu was found to experience a tensile
strain which also led to a reduction in *CO binding and, consequently, a reduction in
the overpotential to CHs formation was achieved. In a comprehensive study, COq
reduction to CHy and CH30H on a range of CusM (where M = Au, Ag, Pd, Pt, Ni, Co,
Rh, and Ir) alloy surfaces was predicted using DFT modelling.”! Generally, on these
alloys, CH4 generation was found to be more favorable compared to pure Cu, except
for CusPd and CusPt which favored a pathway to CH3OH. Additionally, the
protonation of CO* to HCO* or COH* was the PDS on most surfaces. Of note here,
binding of *CO, *O and *H species was analyzed in detail to reveal the inherent trend
of the various surfaces. It was found that *CO and *O binding on the alloy surfaces

exhibits a similar general trend to the pure secondary metal surfaces. For example,

29



alloying Cu with metals which have weaker O* adsorption than Cu, (Ag, Au, Pd, and
Pt) remain to have relatively weaker O* adsorption and vice versa for the metals with
stronger *O adsorption (Ni, Co, Rh, and Ir; Figure 2.7d). This principle is important
for the design of Cu-based bi-metallic catalysts from both fundamental and functional
perspectives. As shown in Figure 2.7e, the overpotentials on CuzCo, CusRh, and Cuslr
surfaces are lower than that on pure Cu, while those on CusAg, CusPd, and CusPt
surfaces are similar to Cu with the same PDS. Additionally, all CusM alloys increased
the binding strength of both *CO and *H, except for Au and Ag. Interestingly, these
calculations reveal that the activity on Cu-based alloy catalysts does not show a volcano

type relation as was previously found on pure metal catalysts.
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Figure 2.7 Computational studies of various Cu-based alloy catalysts for CO2RR. a)
Free energy diagrams for CO generation on various Cu-Au surfaces. b) Binding
configurations of *COOH on Au(111), AuzCui(111), and a corner and bifunctional site
of Au-i@Cu. Yellow, blue, black, red, and white atoms indicate Au, Cu, C, O, and H,
respectively [a) and b) adapted with permission from Back et al. ¥7]. ¢) Breaking the
scaling relationship between *COOH and *CO on various alloy surfaces. Colour bar
indicates CO production on (211) steps normalized to the rate on Au(211). Alloys
unstable against corrosion at 0 V vs. RHE and pH 7 are shown in grey [c) adapted
with permission from Hansen et al. 33]. d) *CO and *O binding energies on a range of
CusM alloy surfaces. ) Onset potentials of the CO2, *COOH, and *CO protonation
steps on a range of CusM alloy surfaces. The dotted squares indicate the calculated

limiting potential step [d) and e) adapted with permission from Hirunsit et al. 1.
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2.5 General Trends

Based on the above examples, it has been shown that by coupling different metals
together, the catalyst surface or interface can be engineered to contain multiple sites
which contribute to the binding of key reaction intermediates. We posit that the O-
affinity and H-affinity of these secondary sites are significant in this regard, and rational
design strategies can be developed by understanding how they affect intermediate
binding during the CO2RR. Despite the effects of the secondary metal sites, different
experimental conditions may also affect CO2RR activity and selectivity, and these
considerations have been investigated in recent studies.””%* Therefore, a summary of
the Cu-based bi-metallic catalysts presented in this article along with their reaction
conditions are presented in Table 2.1 for comparison. In our analysis, we find that when
Group 1 metals (M;) are the dominant metal in Cu-M; systems, CO is the major
product formed with a general improvement in FE compared to the parent metals.*6:
54,59, 62 This is likely due to the higher O-affinity of Cu increasing *COOH stabilization,
while the weak *CO binding ability of M; metals assists in CO product desorption.
Further, the weak H binding also suppresses the HER which increases the selectivity
towards the CO2RR overall. For Group 2 metals (Mz), the apparent trend is that the
selectivity towards 2e” products is favored in Cu-Mz systems; pathways beyond CO are
also likely suppressed due to weak H binding. When Ms provides the dominant
contribution to the active sites, it is found that HCOOH is the major reduction
product.%: %69 Dye to an increased number of available O-binding sites, *OCHO may
be better stabilized and a pathway to HCOOH through this intermediate may be
favored in these systems.'® However, when M2 provides a moderate contribution in these
systems, CO is generally produced at very high FE.4: 676870 By introducing these O-
binding sites next to Cu active sites, it is likely that *COOH is better stabilized relative
to *CO, reducing the barrier to CO formation. Limited studies exist on coupling Group
3 metals (M3; Pd specifically) with Cu, in which the intermetallic arrangement of these
materials had a significant impact on the product selectivity. When the metallic

arrangement was more regular, CO was the major product produced with high FE.7"8!
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As with Cu-M; systems, it is possible that the higher O-affinity of the Cu sites increases
*COOH stabilization and reduces the barrier to CO formation. For phase separated
Cu-Pd nanoparticles, C2 products were selectively produced because the neighboring
Cu sites may facilitate C-C coupling while spillover of H from Pd sites may facilitate
hydrogenation.”™ Fewer examples of Group 4 metals (M4) being coupled with Cu exist
in the literature. Although My metals with high CO affinity should likely be avoided,

it is interesting that these materials can produce hydrocarbons at relatively high FE.
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Table 2.1 Summary of Recent Reports on Cu-M Alloy and Bi-metallic Materials

Catalyst Electrolyte Applied Potential Highlighted Products FE [%] Ref.
Cu@Au 0.5 M KHCOs -0.65V vs. RHE CO (~30%) 58
AusoCuso PBS -1.9 Vvs. Ag/AgCl  Carbon-containing products (20£5%) 52
Cuss.0Ausze.1/NCF 0.5 MKHCO3s  -1.1Vvs. SCE CH3OH (15.9%), C2Hs0H (12%) 53
AusCu 0.1 MKHCOs -0.73V vs. RHE CO (~65%), HCOO (~3%) 46
=]
< 0-AuCu 0.1 MKHCOs -0.77 V vs. RHE CO (~80%) 54
Au@Cu1 ) C2H4 (distribution ~20%) 56
Au@Cu3 PBS 0.6V vs. RHE CHia (distribution ~20%)
1/3CuUPDAu 0.1 MKHCOs -0.55Vvs. RHE CO (~75%) 55
- AusCu alloy } 250, ~OEO, - (~Q0 %
g. nanocrystals 0.1 M PBS 1.6 V vs. Ag/AgCl CH4 (~35%), CO (~25%), HCOO" (~8%)
o Ag@Cu-7 ] CO (82%) s
(U] Ag@Cu-20 0.1 M KHCO3 1.06 V vs. RHE C2Ha (28.6%)
o Ags7Cuas 0.5MKHCOs -1.5Vvs. SCE CO (~40%) 60
< CuAg surface CO dominant (low at% Cu) 62
alloys 0.05 M Cs2COs H2 and C2H4 dominant (high at% Cu)
Nanocoral Cu-Ag 0.2 M CsHCOs -1.0 Vvs. RHE C2H4 (20%), H2 (30-35%) 61
5 OX"]'Cel;f;;"’ed 0.1 MKHCOs  -1.05V vs. RHE C2HsOH (29.1%), C2Ha (~10%) 63
o | Cu modified with ~-1.66 V vs. SHE CO (~60%) 64
© Cd 0TMKHCOs - __ 162V vs. SHE CHa (~40%)
Cu@Sn02-0.8 -0.7 Vvs. RHE CO (93%) o
Cu@snOx-1.8 OOMKHCOs oy vs RHE HCOO" (85%)
Sn-
‘;_ & | electrodeposited 0.1 MKHCOs  -0.6 Vvs. RHE CO (>~90%) 67
3 OD-Cu
o Cus7Sn13 -0.99 V vs. RHE CO (60%) o
CussSns ~~ OTMKHCOs 409\ vs. RHE HCOO" (89.5%)
£ Cu-In alloy 0.1 MKHCOs -0.5Vvs. RHE CO (90%) 70
Pd-decorated Cu 0.5 M KHCOs -0.96 V vs. RHE CHa4 (46-40%), C2Ha (7-11%) 97
Disordered CuPd 1 M KOH -0.89 V vs. RHE CH4 (~7.5%) 81
PhaseSep CuPd 1M KOH -0.74 V vs. RHE C2 chemicals (~65%) 81
‘;_ CuPds3 1M KOH -0.55 V vs. RHE CO (~90%) 81
= el
(% o PdzCus 0.1 M KHCO3 -0.8 Vvs. RHE CO (~80%) ”
Pd7Cus 0.1 M KHCOs Bias -1.2 V CO (~75%) 78
CuPd nanoalloy ) _E40 %8
(CuzPd) 0.1 M KHCOs3 -1.8 V vs. Ag/AgNOQOs3 CHas (~51%)
Cu20-derived Cu
“ith PdCl 01 MKHCOs 1.0V vs. RHE C2Hs (30.1%), CaHa (3.4%) %
Cu-Pt(@t 3:1) 4 5\ KHCOs  -1.6 V vs. SCE CHa (21%) Z
< | & nanocrystal
g— Cu/Pt(111) 0.1 M KHCO3 -1.3Vvs. RHE CH4 (~7.5%) 83
5 Cu- 0.5 M KHCOs
Z | electrodeposited water/MeOH -1.9 V vs. Ag QRE CHa4 (20.2%), C2Ha4 (7.5%) 100
Ni solution
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2.6 Conclusion and Outlook

Design and fabrication of selective Cu-based CO2RR electrocatalysts, especially ones
selective for hydrocarbon production, remains a difficult task due to the relatively
strong binding of the *CO intermediate during reaction. Surface and interface
engineering through coupling Cu with a secondary metal has shown to be a successful
initial strategy for reducing the reaction energy barrier to increase its activity. It has
also shown to be successful in breaking the scaling relationship that exists between
*COOH, *CO and *CHO/*COH to improve the selectivity of Cu. Here, we have
reviewed recent examples of Cu-based alloy and bi-metallic materials, and how the O-
affinity and H-affinity of the secondary metal affects selectivity. Overall, many examples
show that the selectivity for CO/HCOOH and hydrocarbons/alcohols in Cu-M systems
can be rationally tuned by modifying O- and/or H-adsorbing sites on the surface. The
relationship between an alloy’s chemical composition and its CO2RR
activity /selectivity are systematically linked to its intrinsic intermediate binding
energies. Along with some general trends, possible design strategies for future CO2RR,
electrocatalysts are provided.

The ultimate goal in this field is to design catalysts selective for deep reduction
products with high energy density. Therefore, it is crucial that the design of catalysts
address the inherent scaling between *CO and *CHO intermediates. In some cases, it
has been shown that the electronic characteristics of both parent metals are relatively
preserved after alloying.®” For these systems, the binding behaviour of the pure metals
can be used to predict intermediate binding on the resultant material. Therefore, one
such strategy that could be implemented is the limited growth or metal doping of a
secondary metal on a Cu surface. The way that this could be achieved is by constructing
single metal atom catalysts (SMAC) supported on a Cu substrate. By employing single
Ms or My SMAC sites, hydrogenation of *CO to deeper products may be facilitated
while the HER is limited. Additionally, bi-metallic dimers of Cu and a secondary metal
could exhibit strong interfacial coupling which may enhance the selectivity for

hydrocarbons, as has been shown theoretically for M metals.”> While Cu-Ms alloys
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have shown the best performance toward hydrocarbon production, limited studies exist
for these cases. Therefore, more Group 3 metals should be identified and studied.
Further, ternary alloys with Cu should be explored as combining specific O-adsorbing
and H-adsorbing (i.e. M2 and M3) sites next to Cu may also prove beneficial for
stabilizing and hydrogenating *CO to deeper products. In all these strategies, greater
effort should also be focused on exposing more under-coordinated sites, e.g. steps and
corner sites, in order to maximize the interfacial coupling of different active sites in
these materials for optimized binding of intermediates.

To this end, we have provided a general view of the role that O-binding and H-
binding sites play at the interface, as well as how they affect the binding of reaction
intermediates. Nevertheless, a more profound basis for intermediate energetics is still
required. From a theoretical perspective, computational electrochemistry remains to be
the most direct and powerful tool to reveal the microscopic picture of the CO2RR on
different catalyst surfaces. For example, it was identified by computations that the first
protonation step (i.e. CO2 to *COOH) is the step which determines COs activation in
the CO2RR pathway, while the second protonation step (i.e. *CO to *COH or *CHO)
dominates the selectivity towards different products. Furthermore, electronic structure
computation can reveal and direct the sub-atomic level and atomic level tuning of
catalyst surfaces. Additionally, the effects of steps, terraces, islands, and single atom
morphologies toward the CO2RR can be visualized directly through computations.
However, models used in DFT calculations are normally constrained to ideal and flat
repeating units (this is natural when periodic boundary conditions are adopted). On
some catalyst surfaces, it remains a challenge to efficiently identify the real active site(s)
due to the complexity of materials which contain multiple structural features. In some
cases, the opposite trend was found to occur on the actual alloy material, whereby
instability of the surface can lead to morphological changes during reaction conditions.?"
Therefore, the chemical composition and physical structure stabilities of bi-metallic
catalysts is a significant consideration and should also be experimentally studied both
during and after the CO2RR process (e.g. surface segregation may be an issue). In

future, more advanced calculations, including high-throughput computation and
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machine learning techniques, could be adopted in order to produce more representative
models of these complex catalyst surfaces. Coupled with experimental studies, a route
to rational design strategies for CO2RR electrocatalysts appears possible. The concepts
proposed in this review related to O-affinity and H-affinity are also very general and
may be extended to other catalytic processes involving multiple reaction intermediates.
Therefore, this general guidance could be adopted for the design of electrocatalysts and

heterogeneous catalysts for the ORR, alkaline HER, CO2 hydrogenation, etc.
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Chapter 3
Bronze Alloys with Tin Surface Sites

for Selective Electrochemical

Reduction of CO»

This Chapter includes work published in the journal article Chem. Comm., 2018, 54,
13965. As outlined in Chapter 2, Cu-M» systems show a significant enhancement to
carbon monoxide and formate selectivity, yet a comprehensive understanding of this
selectivity trend is lacking. Therefore, the aim of this Chapter is to characterize the
electrochemical performance of Cu-Ms alloys (M2 = Sn) and determine their reaction
kinetics. From this, a preliminary hypothesis could be made regarding the key reaction
step and intermediates which govern selectivity in the system.

In this Chapter, a range of bronze (Cu-Sn) nanoparticle catalysts were studied to
demonstrate this selectivity trend toward CO and formate. A CO selective alloy (o
bronze) and a formate selective alloy (n bronze) were then chosen to probe the reaction
mechanism and pathway. Low concentration tin bronze alloys show high selectivity for
CO2 electroreduction to CO while high concentration tin bronze alloys show high
selectivity for formate. While the Tafel slopes indicate both catalysts are limited by the
initial electron transfer step, we postulate that the tin surface sites control selectivity

by influencing the binding configuration of the first reaction intermediate.
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3.1 Introduction

Copper has long been known as a unique catalyst for the electrochemical CO2 reduction
reaction (CO2RR) because it is the only known metal to produce hydrocarbons and
alcohols with modest activity.! However, copper is also a non-selective catalyst as it
produces various products concurrently.! Therefore, engineering copper for selective
CO2RR is a key issue in developing Cu-based electrocatalysts.

Copper bi-metallic materials and alloys have recently shown an improvement in
CO2RR selectivity compared to copper, where the secondary metal plays an important
role in altering inherent adsorption energetics of a series of CO2RR, intermediates.? An
interesting bi-metallic system for the CO2RR is the copper-tin system, with some of
these materials showing high selectivity for CO.3> From computational studies, this
behaviour is likely the result of changes in binding strength of key intermediates (*H
and *CO are primarily explored).? ® For increased tin coverage, the catalyst will exhibit
binding characteristics more alike tin. As a result, these Cu-Sn materials are more
selective for formate. There also appears to be a point where the effect of tin on binding
characteristics becomes negligible for these alloys. This is evidenced for very low tin
concentration alloys which exhibit product selectivity similar to copper. As
aforementioned, most theoretical studies focus on the effects of tin on *H and *CO
binding in Cu-Sn materials, but given the separate pathways toward formate and CO,5
this does not provide adequate explanation. Therefore, an experimental understanding
at the atomic level regarding this selectivity trend for 2e” products is required.

Here, we designed and synthesized a Cu-rich alloy (o bronze nanoparticles) and a
Sn-rich alloy (n bronze nanoparticles) to study the CO2RR selectivity of the Cu-Sn
alloy system in detail. We find that o bronze nanoparticles (NPs) are capable of
reaching Faradaic Efficiencies (FE) above 90 % for CO production, while n’ bronze NPs
can produce formate at FE of up to 72 %. By kinetics analysis, we determine the rate
limiting step and possible binding configuration of the first reaction intermediate in
these two electrocatalyst systems. From this observed behaviour, we can link the alloy

composition to the CO2RR selectivity trend at the atomic level.
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3.2 Results and Discussion

The bronze NPs were synthesized by the reduction of copper and tin salts with sodium
borohydride. These nanoparticles were then annealed at 500 °C and cooled slowly
(pseudo equilibrium cooling conditions) to limit phase transformation (see Appendix A
for experimental details). Composition of the nanoparticles (750-100 nm; Figure S3.1)
was studied by energy-dispersive X-ray (EDX) spectroscopy and Cu K-edge and Sn L-
edge signals were collected across line scans of each alloy sample (Figure 3.1a-b). The
alloy NPs were typically homogeneous in composition and o bronze NPs had an average
Cu to Sn atomic ratio of 795.5:4.5 (Cu22Sn) while the n’ bronze NPs had an average
Cu to Sn atomic ratio of 754.5:44.5 (CueSns).

The X-ray diffraction (XRD) pattern confirms the crystal phase of the n’ bronze
NPs (Figure S3.2a; JCPDS Card #45-1488). Another phase is also observed in the
XRD pattern which can be indexed to € bronze (JCPDS Card #01-1240). Results from
Rietveld refinement indicate that this is present as a minor phase making up 11.4 wt
% of the alloy (Figure 3.1c). For o bronze NPs, the XRD pattern is most closely
indexed to o Cu (Figure S3.2b; JCPDS Cards #04-0836). However, on comparison with
Cu NPs (Figure 3.1d), the (111), (200), and (220) peak positions are negatively shifted
which suggests that o bronze has a slightly larger lattice spacing. The selected area
electron diffraction (SAED) patterns show that o bronze NPs had a (111) lattice
spacing of 2.10 A (Figure S3.3), slightly larger than that of Cu NPs (2.08 A). The
lattice constant for cubic o bronzes scales with Sn content,” therefore the larger lattice

spacing of the o bronze NPs confirms the doping of Sn in the Cu lattice.
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Figure 3.1 EDX line scan of a) n’ bronze and b) o bronze NPs for Cu K-edge and Sn
L-edge with STEM image of scanned particles inset. Scale bars are 50 nm. c¢) Rietveld
refinement of n’ bronze XRD data using theoretical profiles for CusSns and CusSn to
quantify phases. d) comparison of XRD spectra of o bronze NPs and Cu NPs. e) Sn
3ds/2 and f) Cu 2p3/2 XPS spectra for the bronze NPs, Cu NPs, and Sn NPs.

The X-ray Photoelectron Spectroscopy (XPS) survey spectra of the bronze NPs
show distinct signals from Cu, Sn, and O (Figure S3.4). From the Sn 3ds/2 high
resolution spectra (Figure 3.1e), the pure Sn sample exhibits a characteristic peak at
487.2 eV, which can be assigned to Sn(IV) species,® indicating the presence of a SnQOs
layer on the surface. For the bronze samples, the position of the Sn®Y) peak shifts
negatively to 486.7 eV and 486.2 eV for n’ bronze and a bronze, respectively. A shift in

this peak may result from the slightly larger electronegativity of Sn compared to Cu
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causing charge redistribution within the alloy structures and result in different
electrocatalytic properties.? Further, a weak shoulder peak (centred around 485 eV) is
observed to appear and can be attributed to Sn(®.10

In the Cu 2p region (Figure 3.1f), the bronze samples exhibit a characteristic Cu
2p3/2 peak at 932.8 eV, suggesting predominantly Cu(®/CulV) states.'! Peaks observed
around 934.9 eV and shake-up satellites can be attributed to Cu®V species, namely CuO
and Cu(OH)2.!! The O 1s spectra (Figure S3.5) also show the presence of oxide species
on the sample surface, with the dominant contribution likely originating from Cu20O
(7531.7 €V) as the concentration of Sn decreases.!! Under the reduction potentials
utilized in this study, the active Cu and Sn sites likely exist in the zero valent state, as
has been discussed previously.® 12 From the above, we see that Sn doping causes charge
re-distribution in the alloys, with n’ bronze inducing a greater re-distribution compared
to o bronze. As a result, the modified electronic structure caused by Sn doping likely
plays a key role in changing the intermediate binding characteristics of the alloy.

To evaluate how altering surface properties through Sn doping affects the
selectivity /activity of these copper-based alloy NPs, a range of Cu-Sn NPs were tested
for the CO2RR in COgz-saturated 0.1 M KHCOs3 electrolyte (Figure 3.2a). A clear
selectivity trend can be observed with the decrease in tin concentration; as the tin
concentration decreases, selectivity for formate decreases while selectivity for CO
increases. However, for very low tin concentration alloys (Cu4Sn), Sn-doping appears
to have lesser effect on selectivity as selectivity appears be similar to copper. Herein,
we evaluate the performance of o phase and n’ phase bronzes because they appear to
exhibit the highest selectivity towards CO and HCOO-, respectively.

From the linear scan voltammograms (LSV; Figure S3.6), a bronze NPs showed
significantly higher catalytic current density (approximately double) compared to n’
bronze. From Figure 3.2b, we see that o bronze reaches a maximum FE for CO
production of 92 % at a potential of -0.81 V vs. RHE. For n’ bronze (Figure 3.2c), a
maximum FE for formate production of 73 % is achieved at -1.17 V vs. RHE. As shown
in Figure 3.2d, the bronze NPs exhibited good stability over 6 h of continuous operation.

CO production on o bronze NPs was maintained at FEs above 75 % while n’ bronze
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exhibited an average FE of 66 % towards formate production over 6 h. XRD spectra of
the electrocatalysts before and after stability testing showed negligible change to the
crystal structure of the NPs (Figure S3.7). No new peaks arising from metallic Cu or
Sn were observed which suggests that surface segregation was unlikely.

To investigate how Sn surface sites in the Cu-based alloys affect the catalytic
mechanism and pathway, Tafel analysis was performed to determine the possible
reaction rate determining step (rds). Tafel slopes (Figure 3.3a-b) in the kinetically
controlled potential region indicate that a one electron transfer step is the rds for both
alloys.’1* A comparison of Tafel plots between a bronze and Cu NPs (Figure S3.8)
shows that Cu NPs have a significantly higher Tafel slope (149 mV dec!) for CO
production in a similar potential region.
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Figure 3.2 a) Selectivity of various bronze NP samples towards CO2RR products at -
1 V vs. RHE. Faradaic efficiency towards CO2RR products for b) a bronze and c) n’
bronze. d) Stability test of o bronze at -0.81 V vs. RHE and n’ bronze -1.17 V vs. RHE

with FE towards major products and current density over 6 h.
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As outlined by Rosen et al.,'3 a Tafel slope (Equation 1) for the CRR system can

be derived:

on  23RT
dlog(i) B F(a+6¢)

where 7 is the overpotential, 7 is the current density, R is the gas constant (8.314 J mol-

Tafel Slope = (1)

LK), T'is temperature (K), F'is the Faraday constant (96485 C mol!), a is the transfer
coefficient, and d¢; is the coverage of the *COsz intermediate in the first step of the
pathway. Assuming a similar transfer coefficient in both cases, the Tafel slope becomes
dependent on ¢y, with higher coverage resulting in a smaller Tafel slope, vice versa.
Compared with pure Cu NPs, the smaller Tafel slope of both alloy NPs indicates
increased d¢;. Therefore, the presence of Sn in the cubic Cu lattice for both o and #’
samples can better stabilize *COs intermediate during CO2RR.1®

For the first electron transfer step, the rate equation can be expressed as follows:

aFn
i=Fk%acp 0" ex (—) 2
co, p RT (2)
where £”is the rate constant (s!), aco, (M) is the activity of COs, and #*is the fraction
of unoccupied surface sites. To simplify the complexity of equilibrium processes

occurring in the electrolyte near the catalyst surface,' we impart the following

equilibrium relationship for the CO2 concentration near the catalyst surface:

Kq
€O, + H,0 < HY + HCO; (3)
ay+ " Agcox
K,=—" 1% _ 445%x10"7 M
Qco,

We do this on the assumption that at lower overpotentials (when the total current
density is relatively low), the local pH near the catalyst surface remains relatively
neutral and therefore Equation 3 is the main equilibrium process occurring in the bulk
and locally.'%17 Assuming diffusion between the bulk solution is not limiting in this low

overpotential region, Equation 2 can be re-written as:

i=FkK°

Yu+[H* Vucos [HCO.?T]] 6" exp (G’FTI) (4)

K, RT
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Based on Equation 4, we would expect to observe a first order dependency of
cathodic current with respect to [HCOs|. In Figure 3.3c-d, we indeed see that when
CO2 reduction was performed at constant potential in electrolytes of different [HCO37],
both alloy catalysts exhibit a near first order dependence on [HCOjz]. Given both a
Tafel slope “118 mV dec and a first order dependency on [HCO37, this further confirms
that the first electron transfer step is the rds on both bronze NPs. Therefore, the role
of Sn surface sites is likely critical at this first reaction step and lead to the observed

differences in selectivity.
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Figure 3.3 Tafel plots for a) o bronze and b) n’ bronze. Rate dependency on [HCOz|
for ¢) n’ bronze at -0.97 V vs. RHE and d) a bronze at -0.57 V vs. RHE (corrected for
changes in pH). KCI was added to the electrolyte to maintain constant ionic strength.
e) Proposed reaction pathway with top route on low concentration Sn surfaces and

bottom route on high concentration Sn surfaces.
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To probe how Sn surface sites affect selectivity toward reaction pathways on both
alloys, CO2 reduction products were measured at different potentials in CO2-saturated
electrolytes with KHCOs3 concentrations of 0.1 M (pH 6.8), 0.5 M (pH 7.5), and 1.0 M
(pH 7.8). Two alloys exhibit significantly different behaviour from one another. For n’
bronze (Figure S3.9a-c), a significant increase in partial current for all observed
reduction products (HCOO-, Hz, and CO) occurs when the [HCO3 is increased from
0.1 to 0.5 M. However, further increase to 1.0 M results in negligible change to partial
currents, indicating a limiting reduction current on the electrode. Further, the FE
towards CO and Ha remains relatively consistent under all conditions (Figure S3.10a-
c). Only a significant change in FE can be observed toward HCOO-, which is likely the
result of increased COz availability as discussed above. Therefore, a pathway to formate
is dominant when increased Sn surface sites are present.

On the other hand, the pathway on o bronze appears to be far more electrolyte/pH
sensitive as quite significant changes to partial current and FE towards all reduction
products are observed. From Figure S3.9d-e and Figure S3.10d-e, we observe that with
increasing bicarbonate concentration, the FE towards CO decreases at higher
overpotentials while the FE and partial current towards hydrogen increases. The
enhancement to HER partial current is likely due to the increased buffering capacity
of the electrolytes maintaining a lower local pH.'™® Interestingly, while no
hydrocarbons (methane and ethylene) are observed in this potential range in 0.1 M
KHCOs3, the partial current towards these products increases to approximately 8 % and
19 % of the total Faradaic current in 0.5 M and 1.0 M electrolyte, respectively.
Therefore, by reducing the number of surface Sn sites, a pathway to formate is
suppressed and a pathway to CO (and to hydrocarbons) is favored.'%-20

From the above experimental results, it appears that distinct pathways occur on
the two alloy catalysts. We believe that this arises from different binding configurations
of the initial reaction intermediate (i.e. C-bound vs. O-bound), as demonstrated in
Figure 3.3e. On o bronze, the results suggest that the initial intermediate adsorbs in a
C-bound configuration, given that CO is the main product and a pathway to

hydrocarbons is possible. Further, an enhancement in kinetics for CO production
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compared to copper indicates that the presence of Sn sites provides better stabilization
of this intermediate, possibly through increased interaction with the O-ends.'> r’ bronze
exhibits behaviour more alike Sn electrodes, which leads us to believe that 7’ bronze
binds the initial intermediate in an O-bound configuration.??> In addition, changing
the electrolyte concentration does not have the same effect on product distribution as
it does on o bronze, which supports the idea that formate production through an O-
bound intermediate is a ‘dead end’ pathway.?? Therefore, with increased Sn sites, the
affinity for the C-bound intermediate decreases and a pathway to HCOO- through the
O-bound intermediate is favored. At higher overpotentials, HCOO- was detected on o
bronze indicating that both pathways can occur over low Sn concentration bronzes
(Figure S3.11). This also suggests that lower potentials are required to drive the

reaction through an O-bound intermediate.? 2223
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3.3 Conclusions

To summarize, we applied a Cu-rich bronze NP catalyst (a bronze) and a Sn-rich bronze
NP catalyst (n’ bronze) to explore the effect of alloy composition on product selectivity
for COz electroreduction. As expected from our preliminary observations, o bronze was
selective for CO production, reaching FEs toward CO above 90 %, while n’ bronze was
selective for formate production, reaching FEs toward formate above 70 %. We used
kinetic analysis to reveal the fundamental role of Sn surface sites toward product
selectivity. For both alloys, the rds in the pathway is the first electron transfer to form
the first reaction intermediate. On o bronze, this initial intermediate is likely C-bound
and is better stabilized compared to copper, indicating that some Sn sites are beneficial
for intermediate stabilization. For n’ bronze, the initial intermediate is likely O-bound
and the affinity for the C-bound intermediate is suppressed with increasing Sn surface
sites. This Sn doping strategy realizes controlled selectivity of CO2RR. products and

could be extended to other Cu-alloy systems.
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Chapter 3

Supporting Information

3.6 Experimental Section

3.6.1 Materials

All chemicals (analytical reagent grade) used in this work, including copper (II) chloride
dihydrate (CuCl2.2H20), tin (IV) chloride pentahydrate (SnCli.5H20), sodium
borohydride (NaBHj), polyvinylpyrrollidone (PVP; 40000 MW), and potassium
bicarbonate (KHCO3) were purchased from Sigma-Aldrich and used without further
purification. Carbon paper (CP, AvCarb MGL 190, Product Code: 1594008) was bought
from FuelCellStore. Ultra-pure water (18.2 MQ-cm, PURELAB Option-Q) was used in
all experiments. Scientific grade (HiQ) 5 % Ha/Ar was purchased from BOC. Ultra-
high purity N2 (99.999 %) and laser grade CO2 (99.995 %) were purchased from BOC

and used in all electrochemical experiments.

3.6.2 Synthesis of Electrocatalysts

Preparation of Bronze Alloy Nanoparticles:

30 ml of 1 mM PVP in water was added to a three-neck flask which was then purged
with nitrogen for 30 min under stirring. Specific ratios of CuCl2.2H20 and SnCls.5H20
were added to 5 ml of water and the mixture was sonicated for 10 min to form a
homogenous solution. Excess NaBH4 was dissolved in 5 ml of water and then added to
the flask via syringe. Following this, the salt solution was added dropwise to the flask
via syringe. The nanoparticles were then washed in water three times and then in
ethanol three times by centrifugation (8500 rpm). The washed nanoparticles were dried

under vacuum at 60°C for 12 h. The dried powder was then transferred to a silica boat
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and annealed at 500°C (heating rate of 5 °C min™!) for 5 h under a flow of 5 % Ha/Ar
(30 ml min'!) and cooled at a rate of 1 °C min'. The alloy nanoparticles were then

collected and used for electrode fabrication.

Preparation of Cu Nanoparticles:

The method used to prepare the Cu nanoparticles was the same as that outlined for
the alloy nanoparticles. However, no SnCls.5H20 was used in the synthesis process.
Preparation of Sn Nanoparticles:

The method used to prepare the Sn nanoparticles was the same as that outlined for
the alloy nanoparticles. However, no CuCl2.2H20 was used in the synthesis process and

the nanoparticles were annealed at 200 °C instead of 500 °C.

FElectrode Preparation:

CP (1 x 1 cm) was pre-treated by plasma cleaning and acid washing to remove metallic
contaminants. The treated carbon paper was washed with water and dried in a vacuum
oven at 60 °C. To prepare the catalyst suspensions, each alloy/metal nanoparticle
powder was dispersed in ethanol at 20 mg ml!. The resultant mixtures were then
sonicated for 1 h to form homogenous suspensions. 50 pl of catalyst suspension (loading
of 1 mg cm?) was then dropped on each side of a dried piece of carbon paper and dried

in a vacuum oven for 12 h at 60°C.

3.6.3 Material Characterizations

The chemical composition of the nanoparticles was measured using EDS (SuperX)
under STEM mode (FEI Titan Thermis, 200 kV). SAED patterns were collected under
TEM mode (Philips CM200, 200 kV). Crystal structure and chemical structure of the
samples were characterized by XRD (Rigaku MiniFlex, Cu Ka), and by XPS (Kratos
Axis Ultra, mono Al Ka (1486.6eV)).
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3.6.4 Electrochemical Measurements

Electrochemical measurements were performed on a T760E bipotentiostat (CH
Instruments, Inc., USA) using a gas tight three-electrode H-cell with anode and cathode
compartments separated by a proton exchange membrane (Nafion 117). The alloy
NP /CP samples were directly applied as the working electrodes. Ag/AgCl (4.0 M KCl)
and a RuOz coated titanium mesh electrode (25 x 50 mm) were used as the reference
and counter electrodes, respectively. All electrochemical measurements were conducted
under stirring in KHCO3 electrolyte which had been saturated with either N2 or COa.
CV scans at 100 mV s between -1.0 and -1.4 V vs. Ag/AgCl were first recorded until
a stable current response was obtained and LSV scans were obtained at a scan rate of
5 mV s. For chronoamperometric responses, the cell was first purged with CO2 (10
min, 100 ml/min) and sealed. After applying a reduction potential, 100 ul of the head
space was drawn using a gas tight syringe. The gas sample was manually injected into
the inlet of a gas chromatograph (GC, 7890B, Agilent, USA) in splitless mode. The GC
was fitted with a Plot-Q and a 5A sieve column in series, TCD and methanizer /FID
detectors, and Ar as the carrier gas. The catholyte was collected and analyzed using
H' nuclear magnetic resonance spectroscopy (NMR, A500a DD2 500 MHz, Agilent,
USA). H! chemical shifts were referenced to phenol and DMSO internal reference peaks
in 10 vol% D20 solvent. For the electrolyte concentration study, salinity of 1 M was
maintained between the different bicarbonate solutions by adding KCI.

All electrochemical measurements were iR compensated and all potentials
discussed in the results were given against the reversible hydrogen electrode (RHE).
The conversion of reference potentials from Ag/AgCl to RHE was calculated using the
following equation:

Erng = Eagjager + 0.224 + 0.059pH
Overpotentials for CO and HCOO- production were calculated using the following
equation:
N = Epyg — E°
Where E° is the equilibrium potential which is -0.11 V for CO production and -0.02 V

for formate production.
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3.7 Supplementary Figures

Figure S3.1 STEM images of a) o bronze and b) n’ bronze nanoparticles.
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Figure S3.2 XRD spectra of a) n’ bronze and b) a bronze nanoparticles.
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Chapter 4
Selectivity Control for

Electrochemical CO2 Reduction by
Charge Redistribution on the
Surface of Copper Alloys

This Chapter includes work published in the journal article ACS. Catal., 2019, 9, 9411.
Chapter 3 explored how the Cu-Sn system exhibits a composition-dependent selectivity
trend towards CO and formate products and it was hypothesized that this is governed
by the catalyst binding of the first reaction intermediate. Additional work was required
to investigate this hypothesis further. Therefore, the aim of this Chapter is to provide
a fundamental basis for the behaviour observed.

In this Chapter, a multi-faceted approach combining computation with
experiments was used to comprehensively understand the Cu-Sn system. Through
controlling the introduction of tin surface sites into the alloy, the selectivity was steered
toward CO or formate and an obvious selectivity trend was observed. Using in-situ
Raman spectroscopy, it was found that this selectivity shift occurs due to a shift in
adsorption preference from the C-bound *COOH intermediate to the O-bound *OCHO
intermediate as predicted. Theoretical DFT calculations indicated that this selectivity
shift is due to a gradual weakening of *COOH adsorption and strengthening of *OCHO
that occurs with increasing Sn content. A combination of theoretical Bader charge

analysis and experimental XPS revealed the origin of such transformation: upon
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alloying, charge is redistributed from Sn to Cu which creates regions of localized
positive charge on the Sn sites. Therefore, with increasing tin content, these localized
positive sites hinder nucleophilic attack of the CO2 carbon, making *COOH adsorption

(and the CO pathway) less favorable.
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4.1 Introduction

The electrochemical reduction of COz is a potential route to a sustainable carbon cycle
for industry given that it can couple carbon capture storage with renewable energy to
produce fuels and chemical feedstocks. Most notable catalysts developed to date are
very selective and active towards Ci products (e.g. CO and formate).!* However, energy
dense fuels (C2 and Cz,) are better suited for existing infrastructure and provide more
complex chemical feedstocks.! In this regard, copper is a unique catalyst because it is
the only known metal to produce multi-carbon products.*® Mechanistically, evidence
suggests that copper can adsorb *CO in quasi-equilibrium with free CO and such
moderate adsorption of *CO may be the key to driving the CO2 reduction reaction
(CRR) to deeper reduction products.® However, its moderate adsorption of *CO is
likely the cause of its poor overall selectivity (towards both Ci and Ca products).” To
date, some strategies used to engineer the copper surface for selective catalysis appear
promising and therefore, copper presents as a good platform for further development.®

It is generally accepted that CO and formate are produced by parallel pathways
and selectivity for these pathways are determined by the binding configuration of the
first stable reaction intermediate (i.e., *OCHO or *COOH).? Specifically, CO2 adsorbed
on a catalyst surface via the carbon atom is prone to further reduction to CO while
CO2 absorbed via the oxygen atom(s) is prone to further reduction to formate.'* Given
that formate is considered a dead-end pathway, while the CO pathway (and the *CO
intermediate) forms the early stages of the pathway to multi-carbon products,!!
studying the reaction mechanism in the early stages of the CRR pathway is crucial to
understanding how to limit the formate pathway and push the reaction to deeper
reduction. At present in the literature, little has been done to understand this on real
catalyst systems.!?

The surface electronic properties of an electrocatalyst are inextricably linked to
the adsorption behaviour of reaction intermediates on its surface. Consequently, there
is a fine interplay between the electronic structure of a material and its reaction
activity /selectivity.!>1* Alloying copper is a strategy that can alter its electronic

structure and Cu-alloy systems have shown significantly different CRR selectivities
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compared to Cu itself.® For example, in a recent communication we experimentally
demonstrated how the presence of tin surface sites on the copper surface can affect the
CRR selectivity toward the first reaction intermediate in the pathway, i.e. to the C-
bound *COOH intermediate for CO generation or O-bound *OCHO intermediate for
formate generation.' Therefore, this composition dependent selectivity observed on
Cu-Sn alloys provides the perfect system to study the early stages of the CRR. Despite
this, computational studies investigating Cu alloys have generally focused on *CO and
*H intermediate binding characteristics but ignored the initial reaction intermediates.-
17 However, in order to comprehensively explain the selectivity trend observed for the
Cu-based alloy system, investigation related to key surface properties (e.g. electronic
structure) which govern *COOH and *OCHO intermediate selection is required. Insight
into the surface electronic properties of these alloys is generally lacking in the literature
but is highly needed to fully understand the dependency of composition — intermediate
adsorption — selectivity, a crucial concept for the design of selective catalysts.!819

In this work, we study the electrochemical reduction of CO2 on a range of Cu-Sn
alloy catalysts as a model to elucidate the relationship between surface electronic
properties and the selectivity trend between CO and formate by electrochemical
measurements, in-situ spectroscopy, and theoretical calculations. We find that as Sn
content in the Cu-Sn alloy increases, selectivity is shifted from CO to formate
generation. Spectroscopic measurements indicate that this selectivity shift coincides
with a shift in intermediate adsorption preference from a C-bound intermediate to an
O-bound intermediate. Thermodynamic analysis of the system suggests that this
observed selectivity trend with composition occurs due to a gradual weakening of the
*COOH intermediate and increased competitiveness of *OCHO and the formate
pathway. A possible explanation for this gradual weakening to *COOH adsorption is a
redistribution of charge from Sn to Cu sites upon alloying as found by Bader charge
analysis and surface sensitive X-ray photoelectron spectroscopy characterization.
Therefore, regions of localized positive charge may be present on the catalyst surface
which hinders nucleophilic attack of the carbon in CO2 and therefore makes reaction

through a C-bound intermediate less favorable.
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4.2 Results and Discussion

The Cu-Sn alloy powders were synthesized from the reduction of copper and tin salts
in solution with sodium borohydride. The obtained precipitates were then annealed at
high temperature and cooled slowly to form the desired crystal phase (see the
experimental details in Section 4.6). X-ray diffraction (XRD) along with Inductively
Coupled Plasma Mass Spectroscopy (ICP-MS) were used to determine the crystal phase
and composition of each Cu-Sn alloy sample (Figure S4.1, Table S4.1). Surface
compositions of the Cu-Sn alloys were also measured using X-ray photoelectron
spectroscopy and the data is shown alongside the ICP-MS data in Table S4.1. Both
techniques generally gave compositions within 2 % of each other. Therefore, the
compositions of the alloys were relatively homogenous. The XRD spectra of the samples
showed various intermetallic phases of bronze (Figure S4.1), predominantly with o-
phase, 8-phase, e-phase, and n’-phase bronzes. Specifically, CusSns (naming of each
sample herein is based on its composition) and CusSns were predominantly n’-phase
and e-phase bronzes (JCPDS Cards #45-1488, #01-1240), CusSnz was predominantly
g-phase and 8-phase bronzes (JCPDS Cards #01-1240, #30-0511), CurSny was
predominantly 8-phase bronze (JCPDS Cards #31-0486), CusSn was predominantly
0-phase and a-phase and bronzes (JCPDS Cards #31-0486, #44-1477), and Cu12Sn was
predominantly a-phase bronze (JCPDS Card #44-1477). Scanning electron microscopy
(SEM, Figure S4.2) images show that the alloys show a similar micron level morphology
and the distribution of Cu and Sn is homogenous throughout the alloys.

To systematically evaluate the electrocatalytic CRR performance of the alloy
samples, the Cu-Sn powders were deposited on carbon paper at a loading of
approximately 1 mg cm™2. To normalize current responses between samples, mass
loadings on each electrode were determined post electrochemical testing by acid
leaching in hydrochloric acid and ICP-MS. From Figure 4.1a and Figure S4.3a, a clear
trend in CO selectivity and partial current (jco) on a range of Cu-Sn alloys is observed
(error bars for data presented in Figure 4.1a and 1b can be found in Table S4.2).

Generally, all samples exhibit a maximum CO Faradaic efficiency (FE) around -0.8 V

(0]



vs. RHE while FE for the hydrogen byproduct typically declines with increasing
overpotential (Figure S4.4). Interestingly, the tin content in the sample seems to have
a direct effect on the gas-phase products (CO and Haz). Specifically, with decreasing tin
content, significant enhancement to FE for CO is observed throughout the entire
potential range (Figure 4.1a). Over the entire potential range, this resulted in an
absolute average increase of 45 % FE between CusSng and Cu2Sn. It should be noted
that despite the significant change to FE, the mechanisms of both CO and formate
generation remains similar on all samples as evidenced by their similar Tafel slopes
(Figure S4.5).

For liquid product efficiencies (only formate), it is generally observed that onset of
significant FE and formate partial current (jucoo-) occurs around -0.8 V vs. RHE
(around the maximum of CO efficiency), as shown in Figure 4.1b and Figure S4.3b. All
samples exhibit somewhat similar FE and jucoo-, which suggests that formate
generation is less sensitive to tin content in the Cu-Sn system compared to that of the
CO product. Nevertheless, an enhancement of approximately 15 % FE for formate is
observed with increasing tin content (Figure 4.1b), suggesting that formate is less
favored on low tin alloys.'® To better visualize the selectivity trend, a linear relationship
between formate selectivity (CRR products basis) and sample composition is observed
(Figure 4.1c). From this we can clearly see that formate is favored over CO as the tin
content in the alloy is increased. After long-term CRR, the Cu-Sn alloy powders were
found to be somewhat more aggregated, but the micron-level morphology remained
similar to the bulk powders (Figure S4.6). Further, no obvious changes to the crystal
structures were observed (Figure S4.7 and Figure S4.8), which suggests that the Cu-Sn
phases are stable under CRR conditions and provide the active sites for catalysis. We
note that peak shifts in the XRD patterns before and after stability testing may be the
result of sample misalignment between tests. Despite this, relative peak positions

remain the same.
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In order to better understand the reaction pathway observed for the Cu-Sn system,
in-situ Raman spectroscopy was carried out using a confocal Raman microscope. The
Cu-Sn powders were deposited on screen printed electrodes and studied using a thin
electrolyte film (CO2 saturated 0.1 M KHCO3) while reduction potentials were applied.
As probe samples, Cui2Sn and CusSng were chosen because they were the most selective
samples toward CO and formate (Figure 4.1), respectively. From Figure 4.2a and Figure
4.2d, weak bands arising at 1295 cm™ and 1436 cm™ are observed when the potential
applied to Cui2Sn is stepped negatively from open-circuit potential (OCP). Given we
observe no such peaks for control experiments with Na-saturated electrolyte or at OCP
(Figure S4.9), it is likely these bands correspond to the +C-OH and +C-O stretching
vibrations of *COOH, which is the precursor to the CO product.2%-2! These bands are
also observed for a Cu sample but appear broader and slightly blue shifted (Figure
4.2a), possibly indicating a weaker interaction of the surface with the carbon. Further,
this intermediate is confirmed by a shoulder peak appearing around 1635 cm™ with
increasing overpotential, which can be attributed to the C=0 asymmetric stretch
associated with *COOH (Figure S4.10).22! For CusSng, only at more negative
potentials (-0.66 V vs. RHE) does a broad band appear in Figure 4.2b at 1390 cm™. A
single band in this region has been ascribed to the symmetric stretch of an *OCHO
species (a general precursor to formate) adsorbed in a bidentate configuration.?!-3
Additionally, two other bands are observed for CusSng which decrease in intensity with
overpotential and are likely attributed to adsorbed carbonate (Figure 4.2¢).20 24

These bands are also detected for Cui2Sn (Figure 4.2d), but given the intensity
and broadness of these bands, they may also be attributed to tin-carbonate species.?
A sample with moderate tin concentration (CurSmns) was also studied using Raman
spectroscopy to see whether intermediates could be detected. From Figure S4.11, the
sample shows features from both Cuj2Sn and CusSng, with bands related to *COOH
appearing at 1340 cm™ and 1450 cm™ and broader bands appearing around 1100 c¢m™
and 1200 cm™ similar to those of CusSns. Bands related to *COOH quickly disappear

with overpotential which suggests that the surface coverage of this intermediate drops

with increasing overpotential (Figure 4.1a).
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From the in-situ spectroscopy results combined with the electrochemical
measurements, the following reaction scheme is devised. Cu-Sn samples with low tin
content favour a pathway to CO via a C-bound *COOH intermediate. However, with
increasing overpotential, the *OCHO intermediate becomes competitive with the
*COOH intermediate and formate is produced parallel to CO. Affinity for the *COOH
intermediate decreases for samples with higher tin content and therefore selectivity to
CO decreases while a pathway to formate via *OCHO is preferred.

Density functional theory (DFT) was then employed to elucidate mechanistic
details for *COOH and *OCHO intermediate adsorption experimentally observed for
the Cu-Sn system. The thermodynamic energetics of the CRR were calculated for Sn-
1 and Sn-2 alloys which we assign as models for Cui2Sn and CusSng experimental
samples, respectively (see Computational Methods in Appendix B). Given our
spectroscopic observations and the results from electrochemical measurements, the C-
bound *COOH intermediate was used as the main intermediate in the CO production
pathway, while the O-bound *OCHO intermediate was used in the formate production
pathway.?6 The free energy diagrams of the CRR to CO and formate on the three Cu-
based models are shown in Figure S4.13. From Figure 4.3a, we see that with addition
of a Sn site to the Cu surface (Sn-1), *COOH shows weaker adsorption while *OCHO
adsorption is not greatly affected. With the addition of another Sn site, there is a
significantly stronger *OCHO interaction and further weakening to *COOH adsorption.
This was found to manifest in a selectivity trend of free energy difference between
*COOH and *OCHO intermediates (AG+coon-*ocno]) across the models which agrees

well with the experimental selectivity trend observed (Figure 4.3b).
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Density of states (DOS) analysis was performed on the three catalyst models to
reveal the origin of this transformation to intermediate adsorption behaviour. From
this, a better view on electronic structure and composition dependent selectivity could
be devised for the system. As shown in Figure 4.4a, the d-orbital DOS position shifted
negatively from the Fermi level (Er) with increasing Sn concentration. The d-band
centre of Cu, Sn-1, and Sn-2 was plotted against the free energy of *COOH, resulting
in a linear trend (Figure 4.4b). A weaker *COOH adsorption was related to a lower
DOS position, indicating decreasing competition of *COOH adsorption with higher Sn
content, agreeing with Figure 4.3a. Furthermore, the variation of *COOH adsorption
strength was analysed to indicate the trend of CO selectivity. An experimental volcano

relation is observed in Figure 4.4c by plotting CO partial current at -0.76 V vs. RHE
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against the Sn content in the alloys. Clearly, Cui2Sn appeared near the volcano top,
suggesting its favourability for CO production, while alloys with more tin concentration
and pure copper all showed lesser preference for CO. When using the free energy of
*COOH as a descriptor for CO generation, a similar volcano plot was constructed
treating Sn-1 and Sn-2 as models for Cui2Sn and CusSng, respectively (Figure 4.4d).
With Cu on the strong binding leg, Sn-1 at the volcano peak and Sn-2 on the weak
binding leg, the plots match well between experiments and theoretical calculations.
Therefore, the addition of tin surface sites appears to gradually shift the d-band centre
negatively from the Fermi level which causes a gradual weakening to *COOH

adsorption.
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Figure 4.4 Electronic structure analysis of Cu-Sn models for CO generation behaviour
across the system. (a) d-electron Density of States (DOS) of Cu, Sn-1, and Sn-2 models.
Dashed line indicates the Fermi level and the vertical lablels indicate the d-band centre
position. (b) Plot of the d-band centre position for Cu, Sn-1, and Sn-2 against the
binding strength of the *COOH intermediate. (¢) Experimental volcano plot relating
the alloy composition to the CO partial current at -0.76 V vs. RHE. (d) Volcano plot
using the computed free energy of *COOH as a descriptor for CO partial current at -

0.76 V vs. RHE
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Bader charge analysis was conducted to study the charge distribution on the Cu-
Sn surface to reveal electronic effects that may be responsible for the observed
selectivity trend. It was found that the Sn donates charge to the Cu and is positively
charged in the Cu-Sn alloys (Figure S4.14). This result is also consistent with a recent
in-situ XAS study which found that Sn in a CuSns alloy exists in a Sn®* state under
reduction potentials.?” Here we analyzed the chemical states of the Cu and Sn in the
Cu-Sn alloys ez situ using X-ray Photoelectron Spectroscopy (XPS). High resolution
Cu 2p spectra can be found in Figure S4.15. It should also be noted that
electrochemically reduced Cu-based catalysts re-oxidize rapidly in air, which
compromises the accuracy of ez-situ methods for determining the real active sites.
Therefore, the samples were etched 20 nm with Ar plasma in-situ which appeared to
significantly reduce the surface oxides present (Figure S4.16). In the Cu 2p region
(Figure 4.5a), the characteristic Cu 2ps/2 peak around 932.4 €V is observed for the Cu
sample which suggests predominantly zero valent Cu states present.”® However, a
negative shift in the Cu 2ps3;2 peak is observed with increasing tin content which
indicates some charge redistribution to the Cu.?® In contrast, from the Sn 3d spectra
(Figure S4.17), the characteristic Sn 3ds2 peak appears to shift positively with
increasing Cu content. This suggests that upon alloying Cu and Sn some charge is
redistributed from the Sn to Cu sites.? We find that this is in agreement with the
Bader charge analysis and we link a lower Cu 2p3/2 peak position to increased negative
charge on the Cu sites (Figure 4.5b), leading to a positive charge on the Sn sites. This
likely has significant impact to intermediate adsorption behaviour and reaction
selectivity because when COa2 is polarized, its lowest unoccupied molecular orbital
(LUMO) is highly localized on the carbon, making it susceptible to nucleophiles.3!
However, having regions of localized positive charge on the catalyst surface may hinder
nucleophilic attack on the carbon and increase the thermodynamic barrier to *COOH
adsorption. As a result, a pathway through the *OCHO intermediate is likely preferred
over the *COOH intermediate, rendering CO formation less favourable for alloys with

increased Sn content (Figure 4.5¢).
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4.3 Conclusions

In summary, we have presented a range of Cu-Sn alloys as CRR electrocatalysts and
studied the selectivity trend that exists between CO and formate from experimental
electrochemistry, in-situ spectroscopy, and DFT calculations. We found that Cu-Sn
alloys with low tin content favour a pathway to CO via a C-bound *COOH intermediate.
With increasing Sn content, affinity for the *COOH intermediate decreases therefore
selectivity to CO decreases while a pathway to formate via *OCHO is preferred. DFT
calculations suggest that alloying Sn with Cu leads to gradually weaker adsorption of
*COOH while *OCHO is adsorbed more strongly. This ultimately leads to increased
competitiveness by the formate pathway over the CO pathway as the Sn content in the
alloy catalysts increases. Charge transfer from the Sn to Cu sites in the alloys may
create regions of localized positive charge which hinder formation of the C-bound
intermediate and thus results in decreased selectivity towards the CO pathway. The
results demonstrate how alloying can modify local electronic environments in order to

tune the binding of targeted reaction intermediates for selective electrocatalysis.
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Chapter 4

Supporting Information

4.6 Experimental Section

4.6.1 Materials

All chemicals (analytical reagent grade) used in this work, including copper (II) chloride
dihydrate (CuCl2s2H20), tin (IV) chloride pentahydrate (SnCliu5H20), sodium
borohydride (NaBH4), potassium bicarbonate (KHCO3), denatured ethanol,
concentrated hydrochloric acid (HC1 36 %), and concentrated nitric acid (HNO3 70 %),
were purchased from Sigma-Aldrich and used without further purification. Carbon
paper (CP, AvCarb MGL 190, Product Code: 1594008) was bought from FuelCellStore.
Ultra-pure water (18.2 MQ-cm, PURELAB Option-Q) was used in all experiments.
Scientific grade (HiQ) 5 % Hz/Ar was purchased from BOC. Ultra-high purity No
(99.999 %) and laser grade COz2 (99.995 %) were purchased from BOC and used in all

electrochemical experiments.

4.6.2 Synthesis of Electrocatalysts

Preparation of Cu-Sn Alloy Powders:

To synthesize the Cu-Sn alloy powders, the chloride salts of copper and tin were reduced
in the presence of NaBH4. Generally, various ratios of CuCl2.2H20 and SnClie5H20
were dissolved in 30 ml of water and added to a 250 ml three neck flask fitted with a
septum stopper. The flask was then stirred with a magnetic stirrer bar and purged with
nitrogen for 30 min. Excess NaBH4 was dissolved in 5 ml of water and sonicated for a

minute to dissolve it fully. The NaBH4 solution was then drawn into a syringe and
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added dropwise to the flask under continued nitrogen flow and stirring. Once all the
NaBH,4 solution was added to the flask, the reaction mixture was left to react for 30
min. The precipitate was then collected and washed in water three times and then in
ethanol three times by centrifugation (8500 rpm, 5 min). The washed precipitate was
dried in a vacuum oven at 60°C for 12 h. To obtain the alloy powders, the dried
precipitate was then transferred to a silica boat and annealed at 400°C (heating rate of
5°C min™!) for 5 h under a flow of 5 % Hz/Ar (30 ml min?). The alloy powders were

1 to limit phase

then cooled slowly under continued gas flow at 0.5°C min~
transformation. The powders were then ground using an agate mortar and pestle and
used for electrode fabrication and characterization.

Preparation of Cu Powders:

The method used to prepare the Cu powder is the same as that outlined for the alloy

powder. The only difference is that no SnClie5H20 was used.

Electrode Preparation:

Carbon paper (1 x 1 cm) was treated in concentrated HNO3 for 24 h. The treated
carbon paper was then rinsed in water, washed three times by sonication (10 min), and
dried in an oven at 60°C. To prepare the Cu-Sn/CP electrodes, each alloy /metal powder
was added to anhydrous ethanol at a concentration of 20 mg ml! and sonicated for 1
h to form a homogenous suspension. 50 pl of catalyst suspension (loading of 1 mg cm-
2) was then drop cast on each side of a dry piece of carbon paper and dried in a vacuum

oven for 12 h at 60°C.

4.6.3 Material Characterization

The chemical composition of the alloy powders and electrode mass loadings were
determined by inductively coupled plasma mass spectroscopy (ICP-MS, Agilent 7900x).
For ICP-MS, the electrodes were first leached into 10 ml of 3 M HCI solution for 3 days.
These samples were then diluted 200:1 with 1 M HCI solution and filtered through 0.22
nm filters (Millipore) before testing. The crystal structure and chemical structure of

the samples were characterized by powder X-ray diffraction spectroscopy (XRD, Cu-
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target Bruker D8 Advance), and X-ray photoelectron spectroscopy (Kratos Axis
Ultra, mono Al Ko 1486.6eV). XPS samples were etched 20 nm in-situ under an Ar
plasma to remove surface oxides. XPS spectra were calibrated to the carbon C-C peak

using 284.5 eV.

4.6.4 Electrochemical Measurements

Electrochemical Measurements:

Electrochemical measurements were performed on a 760E potentiostat (CH
Instruments, USA) using a gas tight three-electrode H-cell with anode and cathode
compartments separated by a proton exchange membrane (Nafion 117). The Cu-Sn/CP
electrodes were used directly as the working electrodes. Ag/AgCl electrode (4.0 M KCl)
and RuO2 coated titanium mesh electrode were used as the reference and counter
electrodes, respectively. All electrochemical measurements were conducted in 0.1 M
KHCOs3 electrolyte. In a typical electrochemical test, cyclic voltammetry (CV) and
linear scan voltammetry (LSV) were first conducted in Na-saturated electrolyte. The
catholyte was stirred and bubbled with Ny for 10 min at 100 ml min! to remove air
and saturate the electrolyte. Following this, 50 CV scans at 100 mV s between -1.0
and -1.4 V vs. Ag/AgCl were recorded (with stirring and N2 bubbling, 10 ml min')
until a stable current response was obtained. An LSV scan was then obtained at a scan
rate of 5 mV s (with stirring and N2 bubbling, 10 ml min™') within a potential range
of -1.0 and -1.8 V vs. Ag/AgCl. CV and LSV scans were subsequently conducted in
COg3 saturated electrolyte (pH = 6.8) in the same manner. For chronoamperometric
responses, the catholyte was continuously stirred and bubbled with CO2 at a rate of 10
ml min!. Chronoamperometry was performed for 1 h at potentials between -1.2 and -
1.8 V vs. Ag/AgCl in 100 mV intervals.

All electrochemical measurements were iR compensated and all potentials
discussed in the results were given against the reversible hydrogen electrode (RHE).
The conversion of reference potentials from Ag/AgCl to RHE was calculated using the

following equation:

ERHE = EAg/AgCl + 0.224 + 0059pH
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For calculation of the Faradaic efficiencies towards gas-phase products (FE,), ideal gas

conditions were assumed, and the following equation was applied:

FE - PC4,V N,F
9= %R T

where a is a conversion factor, P is the pressure, C; is the concentration of the gas
phase component, V'is the COs flow rate, R is the gas constant, T is the temperature,
N. is the number of electrons transferred per mole product, F'is the Faraday constant,
and I is the instantaneous current. For liquid phase components, the Faradaic efficiency

(FE;) was calculated as follows:

N,F
FEl = ﬁClV Q

where f is a conversion factor, C;is the concentration of the liquid phase component,

V is the total liquid volume, and @ is the total charge passed.

Product Analysis:

Gas products were sampled after 20 min while liquid products were sampled after the
full hour of chronoamperometry. The cell head space was vented directly to the
sampling loop of a gas chromatograph (GC, 7890B, Agilent, USA). The GC was fitted
with Plot-Q and a 5A sieve columns (Agilent) in series, TCD and methanizer/FID
detectors, and UHP Ar as the carrier gas. The detection limit for CO by FID was
approximately 1 ppm while the detection limit for H2 by TCD was closer to 10 ppm.
The FID and TCD detectors showed good linearity over a wide concentration range
toward CO and Ha, respectively, and calibration charts for both are shown below in
Figure S4.18.

The catholyte samples were collected and analyzed using 1H nuclear magnetic
resonance spectroscopy (NMR, A500a DD2 500 MHz, Agilent, USA) as outlined in
Kuhl (2012).1 Formate present in samples was quantified from a calibration curve using
known standards of potassium formate and an internal phenol standard. The formate
calibration curve is shown in Figure S4.18. Samples were prepared for NMR

immediately after collection and kept refrigerated at 4 °C until ready for testing.
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4.7 In-Situ Raman Spectroscopy

4.7.1 Sample Preparation

The same alloy suspensions used for electrochemical performance measurements were
also used for Raman spectroscopy. Screen-printed electrodes (Pine Research
Instrumentation, RRPE1002C) were employed for the in-situ tests. These screen-
printed electrodes use a 4 x 5 mm carbon working electrode (WE), Ag/AgCl reference
electrode, and carbon counter electrode. The carbon WE would typically exhibit D and
G bands in the 1200-1600 cm™ range which would interfere with CRR relevant bands.?
Given this, a 4 x 5 mm piece of smooth copper foil (0.025 mm, Sigma Aldrich) was
adhered on the WE surface using conductive glue. The bare foils did not show any
observable bands under CRR conditions (Figure S4.12). To prepare samples for in-situ
tests, 20 ul of alloy suspension was deposited on the WE and dried in a vacuum oven

at 60°C.

4.7.2 Raman Measurements

In-situ Raman spectroscopy was performed using a confocal Raman microscope (Horiba
LabRAM HR Evolution) with a 50X (0.5 N.A) long working distance objective
(Olympus). The screen-printed electrode was connected to a 760E potentiostat (CH
Instruments, USA) and then laid flat and clipped to a microscope slide. 100 pl of COs-
saturated 0.1 M KHCO3 was pipetted on the working end of the electrode and a No. 1
thickness cover glass was placed on top. A He-Ne laser (633 nm, CVI Melles Griot) and
an 1800 gr cm™! grating was used in all experiments. For a typical measurement, 40 CV
cycles between -1.0 and -1.4 V vs. Ag/AgCl were first performed to obtain a stable
current response. The electrolyte was then changed, and Raman spectra were collected
at OCP and during chronoamperometry at various potentials. Fresh electrolyte was
applied after each measurement to ensure a COz saturated environment was maintained
and to minimize interference from bubbles generated on the WE. For analysis, Raman

spectra were baseline corrected.
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All potentials discussed in the results were given against the reversible hydrogen
electrode (RHE). Conversion of the reference potential from the screen-printed
electrode (Ag/AgCl) to RHE was calibrated against an external Ag/AgCl electrode
and calculated using the following equation:

ERHE = EAg/AgCl + 0.442 + 0059pH

4.8 Theoretical Calculations

All calculations were performed using density functional theory (DFT). The Perdew-
Burke-Ernzerhof (PBE) functional was employed for electron exchange-correlation
within the generalized gradient approximation (GGA), as implemented in the VASP
code. The ionic cores were described by the projector-augmented wave (PAW) method.
The cut-off energy for plane wave expansion was set to be 550 eV. During geometry
optimization, the structures were relaxed to forces on the atoms smaller than 0.01 eV
A1, A 0.18 eV width of the smearing and (3 X3 x1) Gamma k-point grid were applied.
The Tkatchenko-Scheffler method was adopted in all calculations to address van der
Waals (vdW) interactions between atoms.

The Cu (111) surface was modeled with a four-layered slab of a (3 X 3) supercell
with 15 A of vacuum space. The Cu-Sn alloy models with different atom ratios were
built by substituting one or two Cu atom(s) in the top layer with Sn atom(s),
respectively. Cu-Sn models were denoted as Sn-1 and Sn-2. These models provide some
reasonable insights into local reaction environments, suggesting consequent impact on
reactivity and selectivity of Cu-Sn alloys with increasing Sn concentrations. Adsorption
of reaction intermediates on the (111) facets of Cu, Sn-1 and Sn-2 were calculated with
the bottom three layers fixed and the top layer allowed to relax freely. The
computational hydrogen electrode model was employed for free energies calculations.?
The solvation effects were included for *COOH (0.25 e¢V), *OCHO (0.10 eV), and *CO

(0.10 eV) according to previous studies.*>
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4.9 Supplementary Figures and Tables

Cu,,Sn = JCPDS #44-1477
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Figure S4.1 XRD patterns of the various Cu-Sn alloy samples with standard patterns

for reference.
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Figure S4.2 SEM images and elemental distribution of Cu and Sn in the bulk powders
for (a) CusSng, (b) CwsSns, (¢c) CuszSna, (d) CurSns, (e) CwSn, and (d) Cui2Sn. Scale
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Figure S4.3 Partial current plots toward (a) CO and (b) formate over the potential
range tested in COz-saturated 0.1 M KHCO3 electrolyte.
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Figure S4.6 SEM images of a) CusSns, b) CurSny, and c¢) Cui2Sn as-deposited on
carbon paper supports after the CO2 reduction reaction. The scale bars in each panel

are 3 um.
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Figure S4.7 XRD patterns of the Cu-Sn/CP electrode before and after CRR stability
testing with the amperometric i-t curve shown in the inset for (a) CusSns, (b) CurSns
and (¢) Cup2Sn. Transient peaks observed for Cui2Sn/CP were not observed on the

Cu12Sn powder and are likely related to reducible species of the carbon paper (Figure
S4.8).
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Figure S4.8 Typical XRD pattern of a carbon paper substrate.
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Figure S4.9 In-situ Raman spectra in No-saturated 0.1 M KHCO3 electrolyte at OCP
and negative potentials for (a) CusSne and (b) Cui2Sn.
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Figure S4.10 In-situ Raman spectra in COz-saturated 0.1 M KHCO3 electrolyte at

negative potentials for the Cui2Sn sample. The bending mode of adsorbed water (-+H-

O-H) is typically observed around 1600 cm™. A shoulder peak is observed at ~1635 cm"

I which is assigned to the asymmetric stretch of the carbonyl group associated with
*COOH.
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Figure S4.11 In-situ Raman spectra in COz-saturated 0.1 M KHCO3 electrolyte at
OCP and negative potentials for CurSny.
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Figure S4.12 [n-situ Raman spectra in COz-saturated 0.1 M KHCO3 electrolyte at
OCP and negative potentials for the bare Cu foil substrate. Note that the bare foil did

not have the surface roughness generally needed for surface enhancement and therefore

did not interfere with the collection of Raman spectra for the Cu-Sn samples.
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Figure S4.13 Free energy diagrams of CO2 reduction pathways to CO and HCOOH

on (a) Cu, (b) Sn-1, and (c) Sn-2. The insets show the optimized configurations of Cu,
Sn-1, and Sn-2.
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Figure S4.14 Bader charge analysis of plane catalysts for (a) Cu, (b) Sn-1, and (c)
Sn-2. Negative values represent a negative charge on the atom. Blue and grey spheres

indicate Cu and Sn atoms, respectively.
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Figure S4.15 High resolution XPS Cu 2p spectra for Cu-Sn and pure Cu samples.
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Figure S4.16 High resolution XPS Cu 2p spectra for Cu and Cui2Sn samples both
before and after being etched 20 nm in-situ by Ar plasma. Note the shift in the Cu

2p3/2 peak as surface oxides have been removed.
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Figure S4.17 High resolution XPS Sn 3d spectra for Cu-Sn samples.
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Table S4.1 Bulk composition data of the Cu-Sn alloys obtained from ICP-MS and

surface composition obtained from XPS.

Sample Cu Conc. Sn Conc. Ratio Cu Conc. Sn Conc.

ICP-MS (at%) ICP-MS (at%) Cu/Sn XPS (at%) XPS (at%)
CusSne 45.6 54.4 0.84 47.2 52.8
CusSns 57.8 42.2 1.37 56.0 44.0
CusSn2 60.1 39.9 1.51 59.8 40.2
Cu7Sna4 63.6 36.4 1.75 70.0 30.0
CusSn 79.4 20.6 3.85 79.6 20.4
Cu12Sn 92.4 7.6 7.24 90.8 9.18

Table S4.2 Error associated with Faradaic efficiency data presented in Figure 4.1 and

Figure S4.4.
V vs. Ag/AgCl CusSng CusSnz CusSnz Cus;Sns CusSn  Cuq2Sn

-1.2 29.3 17.4 16.5 11.9 13.3 9.1

-1.3 141 8.0 6.8 48 5.9 3.9

-14 5.0 3.1 2.6 21 2.4 1.9

SFEco

(%) -1.5 1.8 1.3 1.1 1.0 1.1 1.1
-1.6 0.9 0.7 0.7 0.6 0.7 0.8

-1.7 0.5 0.5 0.5 0.5 0.5 0.7

-1.8 0.4 0.4 0.4 0.4 0.4 0.5

-1.2 36.7 21.7 20.7 14.8 16.6 1.4

-1.3 17.7 10.1 8.6 6.0 7.3 4.8

-14 6.2 3.9 3.2 2.5 3.0 2.2

SFEn2

(%) -1.5 2.3 1.6 1.4 1.2 1.3 1.2
-1.6 1.1 0.9 0.8 0.7 0.8 0.7

-1.7 0.7 0.6 0.5 0.5 0.5 0.5

-1.8 0.5 0.4 0.4 0.3 0.4 0.4

-1.3 2.0 6.4 11.5 225 4.2 11.6

-1.4 15.9 5.7 11.2 10.2 9.7 5.4

S6FEncoo- -1.5 3.2 1.3 11.2 4.5 16.5 9.9
(%) -1.6 11.7 20.2 16.4 10.4 3.2 9.8
-1.7 7.3 11.0 7.7 7.5 11.6 10.1

-1.8 10.5 11.3 5.7 12.8 11.4 11.1
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Chapter 5
Electrochemical Reduction of COs to

Ethane through Stabilization of an
Ethoxy Intermediate

This Chapter includes work that has been accepted for publication by Angew. Chem.
Int. Ed. 2020, 10.1002/anie.20204846 (invited article). In previous Chapters, the early
CO2RR reaction mechanism was intensely studied and provided parameters to improve
the selectivity towards CO, a precursor intermediate to multi-carbon products. The
main aim of this Chapter is to focus on the late-stage reaction pathway to multi-carbon
products (ethylene, ethane, ethanol, etc.) and determine the key properties of copper-
based materials which influence their selectivity.

In this Chapter, iodide-derived (ID-Cu) and oxide-derived (OD-Cu) copper systems
were studied to obtain a deeper understanding of the C2 pathway. Ethane is a seldom
observed product due to the higher selectivity towards ethylene and ethanol generally.
Consequently, little experimental evidence for its reaction mechanism exists. Here, it
was found that ID-Cu achieved higher selectivity and faster kinetics towards ethane
production compared to OD-Cu, which was likely due to trace iodine species on the
surface and positively charged Cu species. Through in-situ X-ray absorption fine
structure and in-situ Raman techniques, it was experimentally found that the formation
of ethane follows the same pathway to ethylene and ethanol, and better stabilization of

the late stage ethoxy intermediate can steer the reaction to ethane over ethanol.
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5.1 Introduction

In recent years, the field of electrochemical COz reduction (CO2RR) has seen significant
progress in reactor and catalyst design such that commercially relevant reaction rates
are becoming ever more obtainable.! 2 However, the majority of these catalyst systems
are highly selective for C1 products (CO, formate),> which have limited applicability
as fuels directly. Preferably, products with higher energy density are obtained from this
process which can be utilized directly in existing energy infrastructure.* Copper-based
catalysts are known to be reasonably selective for C2 products, with ethylene (CoHy)
and ethanol (CoHsOH) being obtained at higher faradaic efficiencies.” % Ethane (C2Hg),
on the other hand, is seldom produced in this reaction, yet has the highest energy
density of these C2 products (-1.43 MJ mol! (C2Hg); -1.32 MJ mol ! (CoHy); -1.24 MJ
mol! (CoH;0H)).”

Studies using polycrystalline copper generally report no production of ethane,®
however, compound-derived copper catalysts show an enhancement.?!? This may be
due to factors like increased grain boundaries and residual oxygen which favour C2
selectivity.'* 1> Given its infrequency as a CO2RR product and negligible selectivity
compared with other C1-C3 products, limited pathways and mechanisms have been
proposed for the production of ethane from CO2.'%12 16 The most popular of these
pathways are (i) hydrogenation of pre-generated ethylene in a tandem reaction and (ii)
two *CHjs intermediates, a precursor to methane, coupling to form ethane directly.
Despite some evidence for these pathways, mechanistic inconsistencies related to
important experimental observations persist: (i) the concurrent production of ethane
with ethylene and ethanol and (ii) the near or complete absence of methane formation
on ethane producing catalysts. The limitation of these pathways stems fundamentally
from the requirement of two diligently designed active sites and the high barrier to
*CO protonation as well as low barrier to *CHs protonation, which would preclude
ethane formation.!” Furthermore, previous ethane formation mechanisms were mainly
deduced by simple ex-situ product analysis, while in-situ spectroscopic evidence

identifying the critical intermediates is lacking. Therefore, expanding our understanding
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of the ethane pathway is required to better inform catalyst design and enable its
production from COs.

In this work, using some model compound-derived copper electrocatalysts, namely
iodide-derived copper (ID-Cu) and oxide-derived copper (OD-Cu) foams, we study the
CO2 to ethane pathway. ID-Cu exhibited significantly greater ethane selectivity and
more favorable kinetics compared to OD-Cu. In-situ X-ray adsorption (XAS) and
Raman studies suggest a mechanism involving an oxygen-bound ethoxy (*OCH2CHz)
intermediate undergoes a selectivity determining step which can produce either ethane
or ethanol. This intermediate appears to be better stabilized on ID-Cu due to trace
iodine species in the copper lattice. As a result, we provide a rational strategy to
engineer Cu-based catalysts that are selective towards products beyond ethylene and

ethanol.

5.2 Results and Discussion

The ID-Cu foam was obtained using a two-step process involving calcination of Cu
foam and iodine in a vacuum-sealed ampoule and subsequent electrochemical reduction
(Figure 5.1a). The ampoule method excluded oxygen and yielded uniform Cul
coatings,'® as seen in the high-resolution scanning transmission electron microscope
(HR-STEM) image (Figure 5.1b). The HR-STEM image shows that the cubic form of
Cul was obtained from the synthesis conditions with an interplanar distance for the
(111) facets of 3.5 A. Scanning electron microscopy (SEM) also shows that the uniform
Cul coating had a thickness of approximately 30 ym (Figure S5.1). Elemental dispersive
spectroscopy (EDS; Figure S5.1) mapping of the Cul coating confirms a stoichiometry
of 1:1 between copper and iodine and the X-ray diffraction (XRD; Figure 5.1c¢) pattern
shows that the Cul coating had a cubic structure (i.e. a-Cul). After electrochemical
reduction of the Cul-coated foam at a potential of -0.8 V vs. Ag/AgCl, the light reddish
foam was converted into the black iodine-derived copper (ID-Cu) sample. From the
SEM and TEM images, we see that the uniform Cul coating was converted into a
layered structure made up of Cu nanoparticles approximately 100 nm in diameter with

a cubic structure (Figure S5.2). The XRD pattern of ID-Cu (Figure 5.1c) shows
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predominantly polycrystalline copper phase with some cuprous oxide phase, likely
formed from exposure to air. Although susceptible to ambient oxygen, this formed oxide
is easily reduced under reduction potentials as evidenced by in-situ Raman

measurements (Figure S5.3).1

Vacuum 1 : S | Electrochemical
Ampoule 5 - Reduction
450°C, : ' == -0.8V vs. Ag/AgCl,
cult:1 ¢ | : 0.2 M NaHCO,
J, DLLJJL(
Cul

— #06-0246 Cul
— #04-0836 Cu

L

£
&
2
‘@
g
~35A z
ID-Cu
[ T I
20 30 40 50 60 70 80
26 (°)
d I | 3d € ibcu
—— OD-Cu
- o>
3 o o
[}
©
2
- c
3 2
< /
: AP =
.~§ Cul ‘ g
% A “‘ 1 E
= i /o
M j \ / “ E
WA, M J
ID-Cu \ Al i 8
M 5
b
W‘W‘»M~'ww~‘f»m~"\~”‘ “u,w\,.w«', o L /
After CO,RR B A e on——
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
635 630 625 620 615 0 1 2 3 4
Binding Energy (eV) Apparent distance (A)

Figure 5.1 a) Two-step synthesis process for ID-Cu involving calcination in a vacuum
ampoule and subsequent electrochemical reduction. b) HR-STEM image of Cul before
electrochemical reduction (2 nm scale bar). c¢) Diffraction patterns and d) high-
resolution I 3d XPS spectra of ID-Cu at various stages. e) Comparison of Cu K-edge
EXAFS spectra without phase-correction between ID-Cu and OD-Cu in the dry state

after electrochemical reduction.
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From X-ray photoelectron spectroscopy (XPS), the I 3d spectra (Figure 5.1d)
indicate that iodine species are present after electrochemical reduction and after CO»
reduction reaction, and elemental analysis of the samples shows an iodine concentration
of approximately 1.4 at % (s.d. 0.32%; Figure S5.4) which is homogeneously dispersed
throughout ID-Cu (Figure S5.5). A positive shift of the I 3d peaks in ID-Cu compared
to Cul indicate some charge increase on the I sites. This behaviour is similar to
atomically dispersed iodine on an iodide-derived nickel surface.'’® When analysing the
Fourier transformed extended X-ray fine structure (EXAFS) spectra (Figure 5.1¢), Cu-
I coordination at 2.65 A is observed for ID-Cu with a coordination number of about
one. From these results, it is likely the iodine also exists as atomically dispersed species
on the ID-Cu surface. The OD-Cu precursor coating, synthesized by an established
method,? was composed of mixed cuprous and cupric oxide phases which was converted
to metallic Cu® in the OD-Cu sample after electrochemical reduction, evidenced by the
XRD pattern (Figure S5.6).

As shown in Figure 5.2a, both compound-derived samples were able to produce
relevant C2 products across the range of potentials investigated while the copper sample
generated predominantly methane at higher overpotentials (Figure S5.7). It is
interesting to note that both ID-Cu and OD-Cu samples did not produce any methane
at any of the potentials investigated, making it unlikely that *CHjs intermediates
(necessary for a *CHjs coupling mechanism) were generated. When comparing the C2
product distribution, we find that OD-Cu is less selective compared to ID-Cu (Figure
5.2b), only reaching an ethane selectivity (normalized to the total C2+ products) of 27
% at -1.6 V vs. Ag/AgCl. By comparison, ID-Cu reached a normalized ethane
selectivity of 72 % (maximum absolute Faradaic efficiency of 5.2 % of all CO2 reduction
products and hydrogen; Figure S5.8) at the same condition (Figure 5.2c). Tafel slopes
also indicate that ethane generation was significantly more kinetically favourable on
ID-Cu (116 mV dec!) compared to OD-Cu (196 mV dec!; Figure 5.2d). In addition,
ethylene generation shows a smaller Tafel slope compared to ethane (77 mV dec’;
Figure S5.9), which suggests the rate determining step (rds) to ethane occurs after

ethylene generation if the two share a common pathway. Computational evidence has
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shown that the adsorption of ethylene is weak on Cu, and the adsorption mode becomes
significantly destabilized with high H* coverage.?’ Given this condition is likely met
here as the Faradic efficiency towards the HER exceeds that of the CO2RR (Figure

S5.8), we exclude a pathway through ethylene re-adsorption and hydrogenation.
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Figure 5.2 a) Partial current densities toward ethane, ethylene, and ethanol on ID-
Cu and OD-Cu. b) C2 product distribution for ID-Cu and OD-Cu samples at -1.6 V
vs. Ag/AgCl. c¢) Ethane selectivity normalized to the total C2 + C3 production for
various samples. d) Tafel slopes toward ethane production for ID-Cu and OD-Cu
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To determine whether electrolyte specific factors influence the generation of ethane,
bicarbonate and iodide studies were conducted as these factors have been shown to
stabilize key intermediates and favour hydrocarbon production on copper catalysts.?!"
22 Here, it was found that electrolyte iodide concentration had no (possibly slightly
negative) correlation to ethane generation (Figure 5.2¢), while bicarbonate dependency
was also found to be close to zero order (slight dependency; Figure 5.2f). This result
possibly indicates a zero-order dependence on bicarbonate for the ethane pathway and
a rds which is not pH dependent.?? For example, a *CO coupling step (widely accepted
as the rds to ethylene)?® 2> or a *CHj coupling step as the rds would show no pH
dependence. As *CHs is believed to be an intermediate in the methane pathway, a
pathway to ethane through *CHjs coupling is not likely here as we observe no methane
generation. However, we consistently observed the concurrent production of ethane with
ethylene and ethanol (Figure 5.2a).!! Therefore, we believe these C2 products share a

pathway with common reaction intermediates.
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Figure 5.3 a) Potential dependent XANES data for ID-Cu with Cu references. b)
Comparison of Fourier transformed EXAFS data at -1.4 V with the fitting result shown
as a dashed line. All potentials are referenced to Ag/AgCl. ¢) DFT calculated bond
lengths for relevant O-bound intermediates in the C2 pathway.
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In order to probe this C2 reaction mechanism further, we performed in-situ X-ray
absorption fine structure (XAF'S) spectroscopy on the ID-Cu and OD-Cu samples under
CO2RR conditions. From the Cu K-edge X-ray absorption near-edge structure
(XANES), we find that the sample surface existed predominantly in Cu! state under
open circuit potential (OCP) conditions but maintained an oxidation state of 0 > n >
1 under CO2RR conditions (Figure 5.3a and Figure S5.10). It is likely that the trace
iodine or oxygen species were stable in the nanostructure under reduction potentials
and contributed to the higher oxidation state of Cu sites. While Cu sites in OD-Cu
maintained a higher oxidation state compared to ID-Cu (Figure 5.3a and S10), OD-Cu
was also more selective towards formate (Figure S5.11), whose production also proceeds
via and oxygen-bound *OCHO intermediate.?6 It is important to note that many
oxygen-bound intermediates are better stabilized on sites with charge depletion.?”
Therefore, a pathway through *OCHO to formate is possibly a significant competing
reaction to the C2 pathway. Consequently, optimizing the oxidation state of the Cu
active sites, e.g. by trace iodine species, is critical to optimizing the binding of key
oxygen-bound intermediates in the C2 pathway.

From the EXAFS, a fitting model was established to identify the main coordination
peaks under reaction conditions (Figure S5.12, Table S5.1 and C.2). As shown in Figure
5.3b, lattice oxygen from CusO (71.9 A) persists at negative potentials for ID-Cu and
OD-Cu.?® However, another path with slightly longer Cu-O bond length (72.15 A) is
observed at -1.4 V vs. Ag/AgCl for ID-Cu, which corresponds to the potential of
maximum ethane selectivity. Using density functional theory (DFT), we calculated the
Cu-O bond length for O-bound reaction intermediates in the latter stages of the ethanol
pathway, i.e. *OCH2CHs, *OCHCH3, and *OCHCH: (Figure 5.3¢ and Table S5.3).4
We find that an adsorbed ethoxy intermediate (Cu-OCH2CH3) has a bond length of
~2.18 A which matches well with the EXAFS result (Figure 5.3b). Therefore, we
attribute the new Cu-O path to this adsorbed ethoxy intermediate under CO2RR
conditions. Note that with further increase of the cathodic potential (< -1.6V), the Cu!
was further reduced to metallic Cu® as illustrated by the intensified scattering path at

~2.2 A that is attributed to the single-scattering metallic Cu’-Cu® path. This could
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also suggest the formation of metallic Cu leads to a significant decline in ethane
selectivity (Figure 5.2c¢). This finding further shows that I species are of paramount

importance for enhancing the production of ethane from the CO2RR.
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Figure 5.4 In-situ Raman spectra in CO»z-saturated 0.2 M NaHCO3 for ID-Cu and
OD-Cu samples shown for the a) enlarged region between 850-1150 ¢cm™ at -1.0 V and
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intermediate between ethane and ethanol.
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Potential-dependent Raman spectra were then collected for ID-Cu and OD-Cu to
identify the critical reaction intermediate(s) for ethane generation proposed above.
Compared with Na-satuated control tests (Figure S5.13), spectra collected in COo-
saturated electrolyte exhibit bands around 1000 cm™, 1020 cm™, and 1573 cm™ for both
ID-Cu and OD-Cu samples (Figure 5.4a and Figure S5.14). Other vibrational bands
denoted with * in Figure 5.4b are likely attributed to early reaction intermediates like
carboxylate and formate.?6 Bands at 1000 and 1020 cm™ are not usually observed in
Raman studies for CO2RR on copper.?? It is possible that the band at 1020 cm™ is
related to the bicarbonate ion.? However, it is also possible that they correspond to
+C-0O stretching and +CHs rock vibrations, which would be consistent with the
presence of an ethoxy intermediate.?! To confirm the identity of these bands, a control
experiment using 20 mM of ethanol in 0.2 M NaCl was conducted under similar
potential conditions on ID-Cu. From Figure 5.4a and Figure S5.15, we find that bands
related to the +C-O stretching and +CHs rock vibrational modes of adsorbed ethanol
appear as the potential is stepped negatively.3!: 32 These bands increase in intensity as
the potential decreases on ID-Cu (Figure 5.4b), corresponding to the onset and increase
in ethane generation on ID-Cu (Figure 5.2). In comparison, the intensity of these bands
on OD-Cu decreases with increasing overpotential. This may be due to the relative
increase in ethylene generation on the catalyst which removes vinyl oxide intermediates
for further reduction to ethane.!!

The -CHy stretching region is another prominent region in the Raman spectra
related to CO2RR intermediates. From Figure 5.4c and Figure S5.16, we observe very
different peak shapes when comparing ID-Cu with OD-Cu. Most noticeably, we see
that ID-Cu has features around 2890 and 2920 cm™, while the most prominent features
on OD-Cu are at 2850 cm™ and 2940 cm™. When compared with adsorbed ethanol, we
see that bands related to symmetric -CH2 (vsCHz2) and -CHs (vsCH3) stretching are
apparent around 2900 and 2925 cm™!. This further supports the existence of an ethoxy
intermediate in the C2 pathway. More importantly, the optimal Cu oxidation state of
ID-Cu may be responsible for better stabilization of *OCH2CHs3 and lead to the stronger

vsCHz and vsCH3 features compared to OD-Cu. Further, by taking into consideration
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the enhanced ethane selectivity on ID-Cu, we believe stabilization of this intermediate
is key to the production of ethane from COa.

To clearly demonstrate this, the mechanism scheme in Figure 5.4d summarizes the
following: (1) ethylene, ethane and ethanol share a common pathway originating from
the *CO-CO coupling step, (2) a selectivity step involving an O-bound ethoxy
(*OCH2CHjs) intermediate leads to either ethane or ethanol, (3) an optimal charge state
of the Cu active sites (e.g. through iodine surface species) leads to better stabilization
of *OCH2CH3 bound at the oxygen favoring hydrogenation of the carbon to produce

ethane. Otherwise, hydrogenation of the oxygen will occur and lead to ethanol.
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5.3 Conclusions

To summarize, we have synthesized compound derived copper foams, namely ID-Cu
and OD-Cu, and studied their C2 mechanism for CO2 electroreduction. Interestingly,
ID-Cu is significantly more selective toward ethane production, a product seldom
observed for CO2 reduction. Ethane production is found to be kinetically more favorable
on ID-Cu which may be correlated to trace iodine species which are persistent under
reaction conditions and lead to an optimal oxidation state of the Cu sites. As evidenced
by in-situ XAFS and Raman spectroscopy, an O-bound ethoxy intermediate is observed
during ethane production and is a significant intermediate. Further, the optimized
oxidation state of the Cu active sites is critical to stabilize this key O-bound

intermediate and to enhance the selectivity toward C2 products.
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Chapter 5

Supporting Information

5.6 Material Synthesis and Characterization

5.6.1 Materials

Iodine powder (>99.8 %), concentrated nitric Acid (70 %) and concentrated phosphoric
acid (85 %) were purchased from Sigma-Aldrich and used without further purification.
Undenatured ethanol (anhydrous, >99.5 %) and sodium carbonate (>99.7 %) were
purchased from Chem-Supply and used without further purification. C-10100 grade
copper foam (2 mm thickness) was purchased from KYL Scientific and C-10100 grade
copper rod (32 mm) was purchased from Austral Wright Metals. Ultra-pure water (18.2
MQ-cm, PURELAB Option-Q) was used in all experiments and laser grade COg

(99.995 %) was purchased from BOC and used in all electrochemical experiments.

5.6.2 Electrocatalyst Synthesis

Copper Foam Preparation:

To prepare the copper foam for electrocatalyst synthesis, the copper foam was first
sonicated in ethanol for 30 min and then rinsed with copious water. The cleaned copper
foam was then sonicated in 1 M nitric acid solution for 30 min to remove surface oxides.
Once rinsed with sufficient water to remove the acid, the copper foam was dried

overnight in a vacuum oven at 60°C.
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Preparation of Cul Precursors:

The Cul precursors were fabricated by calcination of copper foam with iodine powder
in a vacuum sealed ampoule. Typically, a prepared piece of copper foam (20 X 5 mm)
and iodine powder were placed in an ampoule in a 1:1 mass ratio and flame-sealed
under vacuum. The ampoule and contents were then heated in a muffle furnace to
450 °C for 3 h. The heating rate was 5 °C min! and the cooling rate was 1 °C min'.
The Cul precursors were kept in the sealed ampuoles and covered with aluminium foil

to prevent air and light exposure until further use.

Preparation of CuO Precursors:

The CuO precursors were fabricated by the calcination of copper foam in air. Typically,
a piece of prepared copper foam (20 X 5 mm) was placed in an alumina boat and then
heated in a muffle furnace to 450 °C for 3 h. The heating rate was 5 °C min! and the

cooling rate was 1 °C min™".

Preparation of ID-Cu and OD-Cu Samples:

To obtain the usable catalysts, the Cul and CuO precursors underwent the same
electrochemical reduction step. Typically, either a Cul or CuO precursor was applied
directly as the working electrode in a three-electrode system as described in Section
5.7.1. The Cul and CuO samples were converted to ID-Cu and OD-Cu samples,
respectively, by applying a potential of -0.8 V vs. Ag/AgCl for one hour. The catalysts
were then rinsed carefully with water, dried with a low stream of nitrogen gas and

applied directly as electrocatalysts.
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5.6.3 Material Charaterization

The crystal structure and chemical structure of the samples were characterized by X-
ray diffraction (Rigaku MiniFlex, Cu Ka), and X-ray photoelectron spectroscopy
(Kratos Axis Ultra, mono Al Ko 1486.6eV). XPS spectra were calibrated to the carbon
C-C peak using 284.5 eV. Electron imaging was carried out using scanning electron
microscopy (FEI Quanta 450, 20 kV) with 5 nm Pt sample coating and transmission
electron microscopy under STEM mode (FEI Titan Thermis, 200 kV). Elemental

mapping of the samples were conducted with SDD EDS detector (Oxford Instruments).
5.7 Electrochemical Characterization

5.7.1 Electrochemical Measurements

Electrochemical measurements were performed on a T760E potentiostat (CH
Instruments). The compound-derived copper foam samples were applied directly as the
working electrode in a three-electrode cell with Ag/AgCl reference electrode (4.0 M
KCl) and RuO2 coated titanium mesh counter electrode. Cathode and anode
compartments were separated by a Nafion 117 cation exchange membrane and the
electrolyte was 0.2 M sodium bicarbonate which had been derived from bubbling CO»
overnight through a solution of 0.1 M sodium carbonate. In a typical electrochemical
test, the catholyte was stirred and bubbled with COz for 10 min at 100 sccm to remove
air and saturate the electrolyte. Following this, the gas flow rate was reduced to 10
sccm and chronoamperometry was performed for 1 h at potentials between -1.2 and -
2.2V vs. Ag/AgCl.

85% of the iR drop was compensated for within the cell and calculated
overpotentials for Tafel slopes were calculated using the following equation:

n=E®— Eyg/a400+0.217 + 0.059pH

where 7 is the overpotential, E is the reversible potential (E'(C:Hs) = 0.143 'V,
E°(C2H;) = 0.08 V, calculated using tabulated free energies), Eaq/4qci is the applied

potential, and pH is the measured electrolyte pH.
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For calculation of the Faradaic efficiencies towards gas-phase products (FE,), ideal gas

conditions were assumed, and the following equation was applied:
PC4V N,F
RT "I

where a is a conversion factor, P is the pressure, C, is the concentration of the gas

FEg=a

phase component, V'is the COz flow rate, R is the gas constant, T is the temperature,
N, is the number of electrons transferred per mole product, F'is the Faraday constant,
and [ is the instantaneous current. For liquid phase components, the Faradaic efficiency

(FE)) was calculated as follows:
PC,V N F
FE, =a—2- .=
A T

where f is a conversion factor, (jis the concentration of the liquid phase component,

V is the total liquid volume, and @ is the total charge passed.

5.7.2 Product Analysis

Gas products were sampled every 20 min while liquid products were sampled after the
full hour of chronoamperometry. The cell head space was vented directly to the
sampling loop of a gas chromatograph (GC, 7890B, Agilent). The GC was fitted with
Plot-Q and a 5A sieve columns (Agilent) in series, TCD and methanizer/FID detectors,
and UHP Ar (BOC) as the carrier gas.

The catholyte samples were collected and analyzed using 'H nuclear magnetic
resonance spectroscopy (NMR, A500a DD2 500 MHz, Agilent). Liquid products present
in samples were quantified from a calibration curve using known standards and internal
phenol and DMSO standards. Samples were prepared for NMR immediately after

collection and kept refrigerated at 4 °C until ready for testing.
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5.8 In-situ Raman Spectroscopy

5.8.1 Sample Preparation

The Raman studies were carried out in a customized cell using current collectors
machined from C-10100 copper rod. The current collector served not only as the
electrical contact, but also as the substrate for the active catalyst. To prepare the
current collector, the exposed face was wet-polished with 3000 grit sandpaper and then
with 5 um colloidal alumina using a plastic lap followed by a polishing pad. The current
collector was thoroughly rinsed with water and sonicated in ethanol for 10 min between
each stage to remove abrasive media. The current collector was finally electropolished
for 5 min in concentrated phosphoric acid at 1.9 V vs. a large copper counter electrode.
To deposit the precursor coating (Cul or CuQO) and obtain the active catalyst (ID-Cu
or OD-Cu) on the prepared surface, a similar method to that described above was
employed. For the Cul coatings, typically only 20 mg of iodine powder was used to

limit thickness.

5.8.2 Raman Measurements

In-situ Raman spectroscopy was performed using a confocal Raman microscope (Horiba
LabRAM HR Evolution) with a 60X (1.0 N.A) water-immersion objective (Olympus).
A He-Ne laser (633 nm, CVI Melles Griot) and an 1800 gr cm™ grating was used in all
experiments. The potentiostatic tests were carried out using a customized Teflon cell
with a leakless Ag/AgCl reference electrode and Pt wire counter electrode connected
to a T60E potentiostat (CH Instruments). COz-saturated 0.2 M sodium bicarbonate

electrolyte was flowed through the cell via a peristaltic pump.

5.9 In-situ XAFS Measurements

X-ray absorption near edge spectra (XANES) and extended X-ray absorption fine
structure (EXAFS) at Cu K-edge were collected at BL-17C1 at the National
Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan). A customized

reaction cell was adopted to carry out in-situ absorption spectroscopy measurements of
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the Cu K-edge (8979 eV) in total-fluorescence-yield mode at ambient conditions. The
measurements were conducted using a typical three-electrode setup with the same
conditions as the electrochemical characterizations but performed in a specially
designed Teflon container with a window sealed by Kapton tape. REX2000 software
using ab initio-calculated phases and amplitudes from the program FEFF 8.2 was used

for EXAFS fitting.

5.10 Theoretical Bond Length Calculations

All calculations were performed using density functional theory (DFT). The Perdew-
Burke-Ernzerhof (PBE) functional was employed for electron exchange-correlation
within the generalized gradient approximation (GGA), as implemented in the VASP
code. The ionic cores were described by the projector-augmented wave (PAW) method.
The cut-off energy for plane wave expansion was set to be 500 eV. During geometry
optimization, the structures were relaxed to forces on the atoms smaller than 0.05 eV
A1 A smearing width of 0.18 eV and a (4 X 4 x 1) Monkhorst-Pack k-point grid were
applied. The Tkatchenko-Scheffler method was adopted in all calculations to address
Van der Waals (VAW) interactions between atoms.

The Cu (100) surface was modeled with a four-layered slab of a (3 X 3) supercell
with 15 A of vacuum space. Adsorption of reaction intermediates on the Cu (100)
surface were calculated with the bottom two layers fixed. The bond lengths between
O-bound intermediates and the catalytic Cu (100) surface were calculated by measuring
the distance along the z direction between the coordinate of O atom and the average
coordinate of the nearest four Cu atoms. Calculated bond lengths between the O-bound
intermediates and individual coordinates of four nearest copper atoms along with the

average Cu-O bond lengths are found in Table S5.3.
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5.11 Supplementary Figures and Tables
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Figure S5.1 a) SEM image of the Cul precursor foam (scale bar = 50 ym) and
elemental mapping of b) copper and c) iodine. d) Resultant EDS spectra of the mapping
showing a composition of 50.60 at% copper and 49.40 at% iodine (Cw:I = 1:1).
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Figure S5.2 a) SEM image of the ID-Cu sample after the electrochemical reduction
step (scale bar = 20 pm). The smooth Cul coating was converted into a layered
structure made of nanoparticles depicted in panel b) of approximately 100 nm in size
(scale bar = 3 um). c) Representative HR-STEM image of the nanoparticles in the ID-

Cu sample showing the cubic copper lattice (scale bar = 2 nm).
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Figure S5.3 a) XRD patterns of ID-Cu showing the effects of 30 min air exposure.
Reflections at ~36°, 42°, and 61° are related to cuprous oxide (JCPDS Card No. 05-
0667). b) In-situ Raman spectra of ID-Cu at OCP and at -0.8 V vs. Ag/AgCl

demonstrating the reduction of oxides generated by 30 min air exposure.
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Figure S5.4 EDS spectra of ID-Cu after the electrochemical reduction step and after

CO2RR conditions (inset; enlarged region showing iodine peaks).

Figure S5.5 a) STEM image of ID-Cu and EDX elemental map exhibiting the

distribution of b) copper and c) iodine throughout the sample.
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Figure S5.6 XRD patterns of a) the CuO precursor sample and b) the OD-Cu sample

after the electrochemical reduction step.
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Figure S5.7 Faradaic efficiencies for various CO2RR products and hydrogen over the

entire potential range for the Cu support sample.
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Figure S5.8 Faradaic efficiencies for various CO2RR products and hydrogen over the
entire potential range for a) ID-Cu and b) OD-Cu.

137



ID-Cu

800
S
E 600
©
GCJ 400 4 Slope = 77 mV dec”
S OD-Cu )
5 .
O 800 e
O .

600 |

400 - Slope = 178 mV dec”

A5 10 05 00 05

Iog[iEthylene (mA Cm'2 )]

Figure S5.9 Tafel slopes of ID-Cu (top) and OD-Cu (bottom) samples towards
ethylene production during CO2RR conditions.
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Figure S5.10 Potential dependent XANES spectra of the OD-Cu sample in CO2RR

conditions. Inset is a zoomed in frame showing the shift in absorption-edge position.
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Figure S5.11 Potential dependent Faradaic efficiencies of ID-Cu and OD-Cu samples

toward formate during CO2RR conditions.
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Figure S5.12 Potential dependent EXAFS spectra of a) ID-Cu and b) OD-Cu in the
dry state and during CO2RR conditions. Fitting results are also shown and fitting
parameters for ID-Cu and OD-Cu can be found in Table S5.1 and Table S5.2,

respectively.

139



ID-Cu

-1.2V

-1.0Vv
-0.8V
-06V

OD-Cu

*\_«\—/L__‘\‘\‘q_z v

\\JLM‘N\-LO v

\\\.&______w\*‘\*\--o.s v
0.6V

500 ' 1000 ' 1500 ' 2000

Raman Shift (cm™)

Figure S5.13 Potential dependent Raman spectra of ID-Cu (top) and OD-Cu (bottom)
in No-saturated 0.2 M NaHCOs.
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Figure S5.14 Potential dependent Raman spectra of ID-Cu (top) and OD-Cu (bottom)
in COz-saturated 0.2 M NaHCOs3.
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Figure S5.15 Potential dependent Raman spectra of an ID-Cu sample where the
supporting electrolyte (Nz-saturated 0.2 M NaCl) contains 20 mM of ethanol.
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Figure S5.16 Comparison of the -CHx stretching region between ID-Cu (top) and
OD-Cu (bottom) in COz-saturated 0.2 M NaHCOs.

142



Table S5.1 EXAFS curve fitting results for ID-Cu.

Condition Path CN R (A) AE DW
ID-Cu: Dry CU-O (Cu,0) 1.0 (2) 1.84 (1) 3.1(9) 0.0058 (3)
CU-I 13(3) 263(2) 11.6(9  0.0082 (5)
CU-CU (Cu,0) 6.2(8) 2.96(2) -5.2 (9) 0.012 (8)
ID-Cu: OCP CU-O (Cu,0) 1.1(2) 1.89(2) 8.1(2) 0.0089 (5)
CU-| 1.0(4) 265(2) 133(1)  0.0068 (3)
CU-CU(Cu,0) 6.6 (8) 299 (3) -1.1(1) 0.012 (7)
ID-Cu:-1.2VvV ~ CU-O (Cu,0) 12(2) 1.89(1) 8.2 (9) 0.0085 (2)
CU-0 01(1) 213(1) -23(1)  0.051(1)
CU-| 11(3) 265(1) 134(2)  0.0073 (9)
CU-CU (Cu,0) 71(9) 299 (2) -1.5(8) 0.012 (4)
ID-Cu:-1.4Vv ~ CU-O(Cu,0) 0.8(1) 1.89(3) 9.7 (1) 0.005 (7)
CU-0 03(2 215(1) 165(1)  0.0073 (1)
CU-CU (CU) 1.0(2) 259(2) 7.9(1) 0.01 (8)
CU-I 08(3) 266(2) 14.8(1)  0.0057 (3)
CU-CU (Cu,0) 49(7) 3.01(2) 1.7 (8) 0.01(7)
CU-CU(CU) 05(1) 359(8) -16(5  0.0059 (2)
ID-Cu:-1.6Vv  CU-O (Cu,0) 04 (1) 1.88(2) 7.8 (2) 0.0065 (2)
CU-CU (CU) 35(3) 256(1)  47(1) 0.0073 (3)
CU-CU (CU) 1.7(1)  356(2)  0.3(7) 0.0096 (13)
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Table S5.2 EXAFS curve fitting results for OD-Cu.

Condition Path CN R (A) AE DW
OD-Cu: Dry CU-O (Cu,0) 13(1) 1.88(1)  4.7(7) 0.0065 (9)
CU-CU (CU) 14(4) 253(2) -27(1)  0.0087 (6)
CU-CU (Cu,0) 75(1) 297 (2) 3.6 (9) 0.015 (7)
OD-Cu: OCP CU-O (Cu,0) 1.3(2) 1.89(1) 5.5 (7) 0.0071 (1)
CU-CU (CU) 13(3) 252(2) -55(9)  0.0086 (6)
CU-CU (Cu,0) 75(1)  296(1)  27(7) 0.015 (6)
OD-Cu: -1.2V CU-O (Cu,0) 1.3(1) 1.89(2) 7.3 (4) 0.0061 (2)
CU-CU (CU) 13(1) 252(2) -49(4)  0.008 (6)
CU-CU (Cu,0) 78(6) 298(7) 4.0(8) 0.015 (1)
OD-Cu: -1.4 V CU-O (Cu,0) 1.0(1) 1.87(3)  4.9(5) 0.005 (2)
CU-CU (CU) 18(1) 255(8)  1.8(8) 0.0083 (5)
CU-CU (Cu,0) 53(5)  3.00(8) 3.5 (6) 0.015 (7)
OD-Cu: -1.6 V CU-O (Cu,0) 06(1) 1.84(2) 4.7 (7) 0.005 (8)
CU-CU (CU) 38(3) 256(7) 47(9) 0.0085 (3)
CU-CU (CU) 19(1) 356(9)  0.03(9  0.0098 (1)
CU-CU (Cu,0) 3.0(3) 3.00(8) 9.1 (1) 0.015 (8)
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Table S5.3 DFT calculated bond lengths for O-bound intermediates (*OCHCHz,
*OCHCHs3, *OCH2CHj3) with an active Cu (100) facet.

O — Cu Distance (A) *OCHCH, *OCHCH, *OCH_CH,
Cu1 2.200 2.993 2.181
Cu2 2.023 2122 2.183
Cu3 2.649 3.531 2171
Cu4 2.295 2.991 2.184
Cu centre 1.352 2.082 1.202
Average 2.292 2.909 2.180

Minimum 2.023 2.122 2171
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Chapter 6
Improving Ethylene Selectivity of

Copper-Based Electrocatalysts for
CO2 Reduction by Gold Deposition

This Chapter includes work in preparation for publication by the authors. The aim of
this Chapter is to explore design features of copper bi-metallic electrocatalysts and how
to exploit these to improve selectivity towards multi-carbon products, namely ethylene.
Oxide-derived copper (OD-Cu) materials are known to possess high electrocatalytic
activity for C2 products. However, improving their selectivity is still challenging. Here,
electrochemistry combined with in-situ spectroscopy was used to determine the key
reaction intermediates on OD-Cu and how introducing a secondary metal can help steer
the reaction pathway to ethylene.

In this Chapter, OD-Cu nanocubes served as a platform for the improvement of
selectivity towards ethylene. Improvement to ethylene selectivity was achieved through
the electrodeposition of gold nanoparticles on the (110) edges and (111) corners of the
nanocubes (OD-Cu-Au). The OD-Cu-Au nanocubes achieved a 26 % increase in
faradaic efficiency towards ethylene and markedly better kinetics with a significantly
smaller Tafel slope. From in-situ ATR-FTIR, we identified that OD-Cu-Au could
maintain a higher population of linear-bonded *CO (COr) on its surface compared to
OD-Cu, whose surface was dominated by bridge-bonded *CO (COg). Consequently, we
believe that the deposited gold in OD-Cu-Au plays a key role in providing COy, for

spillover and coupling in a kinetically more favorable process.
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6.1 Introduction

The electrochemical reduction of CO2 to useful fuels, such as carbon monoxide,
methane, and ethylene, is considered to be an elegant solution for closing the carbon
cycle because it has the potential to couple renewable energy with CO2 sequestration
and conversion. Copper has been widely studied as an electrocatalyst for the CO-
reduction reaction (CO2RR) because of its low activity towards hydrogen evolution and
its ability to drive carbon-carbon coupling towards multi-carbon products (ethylene,
ethanol, etc.).!" 2 However, a crucial issue surrounding copper for this reaction is its
generally poor selectivity. This has largely been explained by its relatively moderate
binding of the carbon-bound intermediates involved in key reaction steps.? Therefore,
given the multitude of possible pathways and reaction intermediates involved in the
CO2RR process, it becomes very difficult to tune the selectivity of copper, and CO2RR
electrocatalysts generally.

Carbon monoxide (CO) is known to be a key intermediate in the CO2RR pathway
to multi-carbon products and work by Koper’s group strongly suggests that a coupling
step involving adsorbed CO intermediates (*CO) is the key carbon-carbon coupling
mechanism.* > CO usually binds to the copper surface in a linear mode (COr; to one
Cu) or in a bridge-bonded mode (COg; to two or more Cu),% and recent evidence
suggests that a mixture of adsorption modes is preferable for *CO coupling.” This is
because calculated kinetic barriers for a *CO coupling step are larger when involving
two COg.” Therefore, optimizing the *CO coupling step will likely require specific
morphologies and electronic characteristics which allow for the steady-state adsorption
of CO in mixed adsorption modes and at a high coverage. 4

Recently, oxide-derived copper (OD-Cu) electrocatalysts, i.e. copper oxides reduced
to metallic copper, have become a large focus in this field due to their enhanced
selectivity towards C2 products.® ? Although it is not entirely clear why OD-Cu shows
such an enhancement to C2 selectivity, it may be due to factors like increased grain
boundaries, residual oxygen, and/or the creation of favourable active sites.® 10 1

Therefore, OD-Cu presents as an ideal platform for optimizing the adsorption energetics
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towards the key *CO intermediate, as discussed above. One such way to do this is
through alloying of a secondary metal with the OD-Cu.'? Further, if the secondary
metal has a high selectivity towards CO (e.g. gold and silver) and can be deposited
discretely on the surface of the OD-Cu, it is possible that CO can be generated and
spill over to the OD-Cu for *CO coupling.!3

In this study, we compare the selectivity of electrochemical CO2 reduction to
ethylene for OD-Cu nanocubes with and without electrodeposited gold nanoparticles
(OD-Cu-Au). The gold nanoparticles, characterized using high-resolution scanning
transmission electron microscopy (HR-STEM), were found to deposit predominantly
on the (110) edges and (111) corners rather than on the (100) faces of the nanocubes.
As a result of the deposited gold, a 26 % increase in Faradaic efficiency towards ethylene
generation was achieved on OD-Cu-Au compared to OD-Cu. Significantly better
kinetics towards ethylene generation were also achieved on OD-Cu-Au as evidenced by
its smaller Tafel slope (240 mV dec? compared to 351 mV dec! for OD-Cu). In-situ
attenuated total reflectance Fourier-transformed infrared (ATR-FTIR) spectroscopy
identified key COr, and COg intermediates on both catalysts. However, it was found
that while COp was the dominant binding mode of CO on OD-Cu, both COp and COL
binding modes were present on the OD-Cu-Au at potentials relevant to ethylene
generation. Therefore, we believe that the deposited gold in OD-Cu-Au provided COr,
for spillover to the OD-Cu surface which could couple with COg in a kinetically more

favorable process.
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6.2 Results and Discussion

The OD-Cu and OD-Cu-Au nanocubes used in this study were derived from Cu20
nanocubes which were electrochemically reduced and electrodeposited with gold in
solution (Figure 6.1a). To begin with, the precursor Cuz0 nanocubes were obtained
from a chemical co-precipitation approach.!* Briefly, copper (IT) hydroxide precipitate
was formed in solution from copper (II) sulfate which was then reduced to copper (I)
oxide by sodium ascorbate. Crystal shape and growth was controlled using sodium
dodecyl sulfate to produce nanocubes with six (100) facets. As shown in the scanning
electron image (SEM; Figure 6.1b and Figure S6.1), the Cu20 nanocubes were relatively
homogeneous in size with an average edge length of 57.0 nm (s.d. 6.6 nm) and HR-
STEM identified the CusO (100) facets with lattice spacing of 2.2 A (Figure 6.1c).
After electrochemical reduction of the Cu2O nanocubes at -0.8 V vs. Ag/AgCl,
conversion to metallic copper is evidenced by the X-ray diffraction patterns (Figure
6.1d). Reduction of the Cu20 nanocubes was also a homomorphic process as the OD-
Cu nanocubes maintained a similar cubic morphology (Figure 6.1e and Figure S6.2).
When gold (III) chloride was introduced into the electrochemical cell during reduction
of the Cu20 nanocubes, we observed deposition of nanoparticles on the OD-Cu
nanocubes (Figure S6.3). Gold nanoparticles of approximately 3-5 nm were identified
from the HR-STEM images with (111) lattice spacing of 2.4 A (Figure 6.2a-b).
Interestingly, the gold nanoparticles tended to deposit on the edges of the nanocubes
rather than the faces which was clearly observed from the STEM elemental mapping
(Figure 6.2c-d). Formation of (110) and (111) facets occurs on the edges and corners,
respectively, of the nanocubes as perfect corner geometry is generally not obtainable.
These are of higher surface energy compared to the (100) facets,!> and can preference
galvanic replacement and deposition of such nanoparticles in order to reduce the surface
energy.'% 17 Experimental studies have shown that (100) facets are the most active facet
for CO2 reduction to ethylene.!'® 19 Therefore, deposition of gold nanoparticles on the
edges which blocks the (110) and (111) facets, rather than on the nanocube faces, may

be beneficial for providing CO spillover to the highly selective (100) facets.
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Figure 6.1 a) Synthesis process for OD-Cu and OD-Cu-Au involving electrochemical
reduction of Cu20 nanocubes and subsequent electrochemical deposition of Au. b) SEM
image of a representative sample of the Cu20 nanocubes (scale bar is 2 ym) and ¢) HR-
STEM image of the Cu20 nanocubes showing the (100) lattice spacing over 10 atomic
columns (scale bar is 2 nm). c) Diffraction patterns of the Cu20 nanocubes and the
OD-Cu nanocubes after electrochemical reduction. d) STEM image of the OD-Cu

nanocubes after electrochemical reduction (scale bar is 50 nm).
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Figure 6.2 HR-STEM images of the OD-Cu-Au nanocubes showing a) the interface
between the OD-Cu and gold nanoparticles (scale bar is 5 nm) and b) the spacing of
the gold (111) lattice over 5 atomic columns (scale bar is 2nm). ¢) EDX mapping area
(outlined with a green box) performed on OD-Cu-Au for d) combined gold and copper
mapping, e) gold and f) copper. The scale bar in panel ¢ is 100 nm, and 20 nm for

panels d-f.

The electrocatalytic activity of the catalysts towards CO2 reduction to ethylene
was assessed in a typical H-cell with 0.1 M KHCOs3 as the supporting electrolyte. We
found that OD-Cu-Au not only had a larger cathodic current density in the range of
potentials investigated (Figure S6.4), but also achieved significantly different Faradaic
efficiencies (FE) to various reduction products (Figure 6.3a-b). While OD-Cu reached
a maximum FE of 27.7 % towards ethylene (Figure 6.3a), OD-Cu-Au reached an FE
of 35.0 % (Figure 6.3b) which is a 26 % increase in efficiency. Interestingly, OD-Cu-
Au was also significantly less selective towards hydrogen evolution. A sharp increase in
FE for hydrogen evolution is observed for OD-Cu (28 to 50 %) at potentials more

negative than -2.0 V vs. Ag/AgCl, while they remained relatively constant (19 to 23
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%) on OD-Cu-Au. This demonstrates the significant increase in selectivity towards COs
reduction products from the deposition of gold on the nanocubes.

When analysing the ethylene partial current on both catalysts (Figure 6.3c), we
observe that it increased across the entire potential range for OD-Cu-Au while it began
to decrease for OD-Cu at -2.1 V vs. Ag/AgCl. This loss in ethylene partial current for
OD-Cu may be caused by onset of diffusion limits in the system, preventing further
increases to transport and reduction of CO2 on the surface. This may also explain the
increase in hydrogen evolution at these potentials. From Figure 6.3d, the Tafel slopes
also indicate that ethylene generation was significantly more kinetically favourable on
OD-Cu-Au (240 mV dec?) compared to OD-Cu (351 mV dec). It is widely accepted
that a *CO coupling step is the rate determining step in the ethylene pathway.? In this
system, we also observe that the FE and partial current towards CO are generally
higher on OD-Cu-Au compared to OD-Cu (Figure S6.5). This is not surprising, given
the high selectivity of gold for CO2 reduction to CO.? However, increased generation of
*CO on OD-Cu-Au (due to the deposition of gold) may result in spill over of *CO
intermediates and enhance *CO coupling kinetics as observed here.

To gain a better mechanistic insight into this catalyst system, in-situ ATR-FTIR
studies were conducted on OD-Cu and OD-Cu-Au under CO2RR conditions. The in-
situ infrared spectra were collected during chronoamperometric tests in CO2 saturated
0.1 M KHCOs solution between -1.0 and -2.2 V vs. Ag/AgCl (100 mV steps) and are
shown in Figure 6.4. Full infrared spectra can be found in Figure S6.6. From these
spectra, we observe two bands of interest arise around 1876 and 2080 cm™, which likely
correspond to C=0 stretching of bridge-bonded (COg) and linear/terminal (COr)
adsorption modes of CO, respectively.® 2° The other prominent band observed (~2340
cm!), is likely due to dissolved carbon dioxide.?! In Figure 6.4a-b, onset of COL begins
around -1.0 V for OD-Cu and increases significantly in intensity to -1.3 V. At this
point, the COg band begins to appear and becomes increasingly more intense as the
potential is stepped more negatively. At the same time, the COr, band decays almost
to zero. Therefore, it is apparent that COp becomes the dominant adsorption mode on

OD-Cu at high overpotentials.
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Figure 6.3 Measured Faradaic efficiencies towards gas products on a) OD-Cu and
b) OD-Cu-Au. ¢) Comparison of partial current densities and Faradaic efficiencies
towards ethylene on OD-Cu and OD-Cu-Au across the potential range studied. d)
Comparison of Tafel slopes towards ethylene production for OD-Cu and OD-Cu-Au
samples.

For OD-Cu-Au, we observe in Figure 6.4c-d that the COr, band similarly appears
at lower overpotentials with the absence of the COg band. However, in contrast to OD-
Cu, the COL band maintained significant intensity with increasing overpotential. As a
result, a mixture of COr, and COg adsorption states were present on OD-Cu-Au at high
overpotentials, corresponding to conditions where onset and significant generation of
ethylene occurred (Figure 6.3). From Figure S6.7, it is also clear that the fraction of
*CO bound as COr, was greater on OD-Cu-Au compared to OD-Cu throughout the
entire potential range. As shown in a previous study, the kinetic barrier for coupling a
linear-bonded *CO with a bridge-bonded *CO (0.72 €V) is smaller compared to
coupling of two bridge-bonded *CO (0.82 eV).” Others have also suggested that bridge-
bonded *CO is inert to further reduction, although here they focused on *CO
hydrogenation to formyl (*CHO) and not *CO coupling.5 Therefore, it is possible that

the deposited gold in OD-Cu-Au can effectively provide *CO (in the form of COL) to
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the OD-Cu surface for either direct coupling or for reaction with the local COg
population. This in turn could reduce the kinetic barrier to *CO coupling and improve

the rate and selectivity towards ethylene, as observed in Figure 6.3d.
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Figure 6.4 In-situ ATR-FTIR spectra in COz-saturated 0.1 M KHCO3 for a-b) OD-
Cu and c¢-d) OD-Cu-Au samples. Panels b and d show the corresponding normalized
intensities (normalized to the potential of greatest intensity) of the integrated COr, and
COg peaks across the entire potential range studied. Background spectra were obtained
at -0.8 V v. Ag/AgCl and all potentials are referenced to Ag/AgCl.
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6.3 Conclusion

In summary, oxide-derived copper (OD-Cu) nanocubes with electrodeposited gold
nanoparticles (OD-Cu-Au) were synthesized and utilized for the electrocatalytic
reduction of CO2 to ethylene. Compared to the OD-Cu nanocubes without gold
deposition, the OD-Cu-Au nanocubes achieved a greater overall cathodic current and
a 26 % increase in Faradaic efficiency towards ethylene generation. The OD-Cu-Au
nanocubes also exhibited a significantly smaller Tafel slope towards the generation of
ethylene (240 mV dec!) compared to that of the OD-Cu nanocubes (351 mV dec).
This indicated a significant enhancement to the kinetics governing ethylene formation
as a result of gold deposition. From in-situ ATR-FTIR, it was found that while bridge-
bonded *CO became the dominant CO adsorption mode on OD-Cu nanocubes at high
overpotentials, a mixture of linear and bridge-bonded *CO was present on the surface
of OD-Cu-Au. We postulate that the deposited gold in OD-Cu-Au provided linear *CO
for spillover to the OD-Cu surface and coupling with the local population of bridge-
bonded *CO. As a result of this, the kinetic barrier to *CO coupling (the rate
determining step of ethylene generation) was reduced which in turn increased the rate

and selectivity to ethylene formation.
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Chapter 6

Supporting Information

6.6 Material Synthesis and Characterization

6.6.1 Materials

Copper (II) sulfate pentahydrate (>98 %), L(+)-sodium ascorbate (=98 %), sodium
dodecyl sulfate (>99 %), sodium hydroxide (>98 %), gold (III) chloride trihydrate
(299.9 %), and potassium bicarbonate (>99.7 %) were purchased from Sigma-Aldrich
and used without further purification. Undenatured ethanol (anhydrous, >99.5 %) was
purchased from Chem-Supply and used without further purification. Carbon paper
(Toray 030) used for electrode fabrication was purchased from Fuel Cell Store. Ultra-
pure water (18.2 MQ-cm, PURELAB Option-Q) was used in all experiments and laser
grade CO2 (99.995 %) was purchased from BOC and used in all electrochemical

experiments.

6.6.2 Electrocatalyst Synthesis

Preparation of Copper (1) Oxide Nanocubes:

Cu20 nanocubes of approximately 50 nm in size were prepared using a reported method.
!'In a typical synthesis, 9.36 mL of water was added to a specimen container containing
58 mg of sodium dodecyl sulfate. The contents were stirred (magnetic stirring, 600 rpm)
for 5 min to dissolve the sodium dodecyl sulfate to which 100 uL of 0.1 M copper (II)
sulfate was then added. After the solution was stirred for a subsequent 5 min, 40 yL of
1.0 M sodium hydroxide solution was added and allowed to stir for another minute.
Finally, 0.5 mL of 0.2 M sodium ascorbate solution was added to the container, stirred

for 5 min, and then allowed to age (without stirring) for 10 min. The Cu20 nanocubes
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were collected via centrifugation (10,000 rpm, 10 min) and then washed via
centrifugation with three aliquots of water (2 mL each) and three aliquots of ethanol
(2 mL each). The nanocubes were then stocked at 2 mg mL' in ethanol for

electrochemical tests and 1.25 mg mL! in water for ATR-FTIR tests.

Preparation of OD-Cu and OD-Cu-Au Nanocubes:

To obtain the usable catalysts, the Cu2O nanocubes were first deposited on carbon
paper cut to 15 x 5 mm. On either side of a 5 x 5 mm working area of the carbon paper,
20 pL of the nanocube suspension in ethanol (2 mg mL!) was deposited. The deposited
nanocubes were then dried in a vacuum oven at 50°C for 12 h. The Cu20O nanocubes
on carbon paper were applied directly as the working electrode in a three-electrode
system as described in the Section 6.7.1. The OD-Cu nanocubes were then obtained by
applying a potential of -0.8 V vs. Ag/AgCl for one hour. The OD-Cu-Au nanocubes
were obtained in a similar manner, except that after 30 min of applying the reduction
potential, 160 uL of 0.1 mM gold (III) chloride solution was added to the cathode

compartment.

6.6.3 Material Characterization

The crystal structure of the samples was characterized by X-ray diffraction (Rigaku
MiniFlex, Cu Ka). Electron imaging was carried out using scanning electron microscopy
(FEI Quanta 450, 20 kV) and transmission electron microscopy under STEM mode
(FEI Titan Thermis, 200 kV). Elemental mapping of the samples was conducted with
SDD EDS detector (Oxford Instruments).
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6.7 FElectrochemical Characterization

6.7.1 Electrochemical Measurements

Electrochemical measurements were performed on a 760E potentiostat (CH
Instruments). The catalysts as described above in Section 6.6.2 were applied directly
as the working electrode in a three-electrode cell with Ag/AgCl reference electrode (4.0
M KCIl) and RuO:z coated titanium mesh counter electrode. Cathode and anode
compartments were separated by a Nafion 117 cation exchange membrane and 0.1 M
potassium bicarbonate solution was used as the electrolyte in all electrochemical
experiments. In a typical electrochemical test, the catholyte was stirred and bubbled
with COz for 10 min at 100 sccm to remove air and saturate the electrolyte. Following
this, the gas flow rate was reduced to 10 sccm and chronoamperometry was performed

for 1 h at potentials between -1.6 and -2.2 V vs. Ag/AgCL

For calculation of the Faradaic efficiencies towards ethylene and other gas-phase
products (FE,), ideal gas conditions were assumed, and the following equation was
applied:

PC4V N,F
RT " 1

where a is a conversion factor, P is the pressure, C, is the concentration of the gas

FEg=a

phase component, V'is the CO2 flow rate, R is the gas constant, T is the temperature,
N, is the number of electrons transferred per mole product, F'is the Faraday constant,

and [ is the instantaneous current.

6.7.2 Product Analysis

Gas products were sampled every 20 min during chronoamperometry. The cell head
space was vented directly to the sampling loop of a gas chromatograph (GC, 7890B,
Agilent). The GC was fitted with Plot-Q and a 5A sieve columns (Agilent) in series,
TCD and methanizer /FID detectors, and UHP Ar (BOC) as the carrier gas.
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6.8 In-situ ATR-FTIR

6.8.1 Sample Preparation

ATR-FTIR measurements were conducted using a 60° silicon prism (Pike Technologies).
To establish an electrical contact on the reflecting pane of the silicon prism, a 50 nm
layer of gold was sputter coated under ultra-high vacuum conditions. To adhere the
gold layer to the silicon, a 10 nm chromium adhesion layer was coated first. Gold was
chosen for the electrical contact due to its inertness and because it does not show
adsorption bands under normal CO2RR conditions.?

On this gold layer, 50 uL of the Cu20 nanocube suspension in water (1.25 mg ml-
1) was deposited and left to dry slowly to form an even layer of nanocubes on the
surface. The silicon prism was then assembled into a modified Teflon electrochemical
cell (Pike Technologies) fitted with a low-profile leakless Ag/AgCl electrode (Pine
Research) and Pt wire serving as the reference and counter electrodes, respectively. The
cell was filled with 5.5 mL of 0.1 M potassium bicarbonate solution and the active OD-
Cu nanocubes were obtained using a similar electrochemical reduction technique to
that above. To obtain the OD-Cu-Au nanocubes, similar to that above, gold (III)
chloride solution was introduced into the cell during the reduction step. An amount of

0.2 mmol mg? (gold ions to Cu20 nanocubes deposited) was maintained between

electrochemical tests and ATR-FTIR tests.
6.8.2 ATR-FTIR Measurements

In-situ ATR-FTIR was performed with a Thermo-Fisher Nicolet 1520 equipped with a
liquid nitrogen cooled MCT-A detector and purged with high purity nitrogen (BOC).
The Pike electrochemical cell was mounted on a VeeMax III ATR accessory (Pike
Technologies) and was connected to a 760E potentiostat (CH Instruments) for
chronoamperometric tests. All ATR-SEIRAS measurements were collected with a
spectral resolution of 4 cm™, optical velocity of 1.8988, and gain of 1.0. Initially, the
potential was held at -0.8 V vs. Ag/AgCl for 30 min to both saturate the electrolyte

with CO2 and collect background spectra. The potential was subsequently stepped
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negatively from -1.0 V t0-2.2 V vs. Ag/AgCl in 100 mV increments with sample spectra
recorded at each potential. All spectra were collected within a period of 50 s and 74
interferograms were co-added to obtain each spectrum. A COg flow rate of 10 sccm was

maintained throughout the experiment.

6.9 Supplementary Figures
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Figure S6.1 Size distribution data for the Cu20 nanocubes. The mean size was 57.0

nm with a standard deviation of 6.6 nm and the mode size was 60.5 nm.

Figure S6.2 SEM image of the OD-Cu nanocubes after the electrochemical reduction

step. Note they retained a cubic morphology, indicating that it was a homomorphic

process.
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Figure S6.3 STEM image of the OD-Cu-Au nanocubes highlighting the deposition of
gold nanoparticles on the OD-Cu.
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Figure S6.4 Potential-current plot for OD-Cu and OD-Cu-Au obtained from the
steady-state CO2RR currents at each potential tested.
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Figure S6.6 Potential dependent ATR-FTIR spectra of a) OD-Cu and b) OD-Cu-Au

in COg-saturated 0.1 M KHCOs.
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Chapter 7

Conclusions and Outlook

The body of work presented in this Thesis has demonstrated the use of copper as an
electrocatalyst platform for the CO2RR and improving its selectivity through alloying
and introduction of a secondary element. By using a multi-faceted approach which
combined electrochemistry with in-situ spectroscopy techniques and computational
studies, a fundamental understanding of the intrinsic effects of the secondary element
towards reaction selectivity was gained.

In Chapter 2, a classification for copper alloys was developed based on the oxygen
and hydrogen affinities of the bulk secondary metal. From this classification, predictions
could be made regarding the CO2RR products selectivity of the alloy catalysts. In
Chapters 3 and 4, Cu-Sn alloys were studied as CO2RR electrocatalysts because from
the classification presented in Chapter 2, they were predicted to have high selectivities
toward CO and formate, which was important for investigation of the early reaction
pathway. In these Chapters, a composition-dependent selectivity trend was observed
which shows that as Sn concentration in the alloy increases, selectivity for formate
increases over CO. While it was found that the initial electron transfer step was limiting
to both CO and formate, in-situ Raman spectroscopy found that this selectivity trend
was accompanied with a shift in intermediate binding preference from a carbon-bound
*COOH intermediate to an oxygen-bound *OCHO intermediate. Further, theoretical
calculations suggested that an increase in Sn concentration leads to a weakening of
*COOH adsorption and strengthening of *OCHO adsorption. These observations were
explained fundamentally by the resultant charge redistribution which occurs from Sn

to Cu upon alloying. Consequently, local positive charge on the Sn sites hinders
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nucleophilic attack of the carbon in the CO2 molecule, which preferences *OCHO
adsorption in the first reaction step.

Chapters 5 and 6 then begun to explore copper-based electrocatalysts and the late
reaction pathway. The focus of these chapters was the effects of secondary elements
(non-metal and metal) on selectivity towards multi-carbon products. Using copper-
based electrocatalysts (ID-Cu and OD-Cu), it was found that ID-Cu exhibited
significantly greater ethane selectivity and more favorable kinetics compared to OD-
Cu. In-situ X-ray adsorption and Raman spectroscopies suggested that an oxygen-
bound ethoxy intermediate is a key intermediate in the mechanism and determines
selectivity towards ethane or ethanol. It was shown that this intermediate is likely
better stabilized on ID-Cu due to trace iodine species in the copper lattice. As a result,
a rational design strategy involving the introduction of secondary elements to improve
the C2 selectivity beyond ethylene and ethanol of copper-based catalysts was
demonstrated.

In-situ spectroscopy was further utilized in Chapter 6 to explore the design features
of copper bi-metallic electrocatalysts and how they affect selectivity towards multi-
carbon products. Using in-situ ATR-FTIR to study OD-Cu nanocubes, it was found
that bridge-bonded *CO (COp) was the dominant binding mode of CO at
overpotentials relevant to C2 product generation. However, OD-Cu nanocubes with
electrodeposited gold (OD-Cu-Au) maintained a higher population of linear-bonded
*CO (COr) in conjunction with greater selectivity and faster kinetics towards ethylene
generation. Consequently, the ability to introduce a secondary metal to affect the
adsorption dynamics of key reaction intermediates and improve the selectivity of
copper-based electrocatalysts was achieved.

The work presented in this Thesis provides insight into the CO2RR performance
of copper alloy and bi-metallic electrocatalysts and demonstrates their importance in
the field. This Thesis also demonstrates the importance of using in-situ techniques in
order to meaningfully understand the reaction mechanisms and how selectivity is
affected by the secondary element. Therefore, rational design strategies which positively

affect the performance of copper-based electrocatalysts can be formulated. Although
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these systems show great potential as active catalysts for CO2 reduction, much of the
work conducted is still at the fundamental lab-scale. For example, the H-cell reactors
used throughout this Thesis can provide insight into the reaction process, but severely
limit COq diffusion and are not practical for high reaction rates. Therefore, future
studies should adopt flow-cell reactors as a standard because they can greatly improve
diffusion of reactants and accommodate high currents. However, a catalyst system
characterized in a conventional H-cell may not perform as expected in a flow-cell due
to changes in factors like pH gradient. Therefore, there is great need to perform in-situ
spectroscopic studies on catalysts applied in this configuration. With this also calls for
the development of flow-cells which can allow for spectrometer sampling.

The focus of this Thesis is the study and improvement of copper-based materials
for CO2 reduction electrocatalysis. However, another interesting area of investigation
for this field is the development of carbon-based electrocatalysts. Carbon-based
materials are significant because they are cost effective, have large surface areas, and
can be synthesized with a variety of morphologies and dopants. Carbon materials can
also be utilized as supports to increase the effective surface area for metal catalysts. To
demonstrate the potential of these materials, a review of the recent development of
carbon-based materials for this field was conducted and included in Appendix A.
Overall, the future of this field will require investigation into material design which
involves a variety of different catalyst systems. Further, the ability to perform advanced
characterization studies will be critical to their development and facilitate overcoming

the challenges currently facing electrocatalytic CO2 reduction.
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Appendix A

Supplementary Literature Review

Carbon Solving Carbon’s Problems: Recent Progress of
Nanostructured = Carbon-Based  Catalysts for  the

Electrochemical Reduction of COs9

This Appendix includes work published in the journal article Adv. Energy Mater. 2017,
7, 1700759. The aim of this Appendix is to review nanostructured carbon materials
which have recently shown promise as high performing materials for CO-
electroreduction and present as possible alternatives to copper. The materials included
in this review include graphene materials, carbon nanotubes, porphyrin materials,
nanodiamond, and glassy carbon. Along with discussion regarding materials synthesis,
structural characterisation, and electrochemical performance characterisation
techniques used, this report will discuss the findings of recent computational CO2RR.
studies which have been key to elucidating active sites and reaction mechanisms and
developing strategies to break conventional scaling relationships. Lastly, challenges and
future perspective of these carbon-based materials for CO2 reduction applications will
be given. Much work is still required to realise the commercial viability of the
technology, but advanced experimental techniques coupled with theoretical calculations

are expected to facilitate its future development.



Statement of Authorship

Title of Paper Carbon Solving Carbon's Problems: Recent Progress of Nanostructured Carbon-Based
Catalysts for the Electrochemical Reduction of CO;

Publication Status ¥ Published ™ Accepted for Publication

o Unpublished and Unsubmitted w ork written in

™ Submitted for Publication rranuscript style

Publication Details A. Vasileff, Y. Zheng, 5.Z. Qiao, Carbon Solving Carbon’s Problems: Recent Progress of
Nanostructured Carbon-Based Catalysts for the Electrochemical Reduction of CO, Adv.
Energy Mater. 2017, 7, 1700759-1700780

Principal Author

Name of Principal Author (Candidate) | Anthony Vasileff

Contribution to the Paper Devised the idea of the paper with supervisors, gathered the bulk of the information and wrote
the bulk of the paper.

Overall percentage (%) 84

Certification: This paper reports on original research | conducted during the period of my Higher Degree by
Research candidature and is not subject to any obligations or contractual agreements with a
third party that would constrain its inclusion in this thesis. | am the primary author of this paper.

Signature Date 09/04/2020

Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:
i. the candidate’s stated contribution to the publication is accurate (as detailed above),
i permission is granted for the candidate in include the publication in the thesis, and

liii. the sum of all co-author contributions is equal to 100% less the candidate's stated contribution.

Name of Co-Author Yao Zheng

Contribution to the Paper 8% Provided guidance and supervision from conception through to submission and helped to
revise the paper.

Signature Date 09/04/2020

Name of Co-Author Shizhang Qiao

Contribution to the Paper 8% Provided guidance and supervision from conception through to submission and helped to
revise the paper.

Signature Date 09/04/2020

I




A.1 Introduction

In the last century, conventional fossil fuels have been the primary feedstock for global
energy production due to their unmatched energy and power density. In addition, the
rich composition of mined petroleum has lent itself in the production of many products
and industrial chemicals. As a result, fossil fuels have underpinned the entire global
economy. However, environmental concerns and socioeconomic instability associated
with major fossil fuel producing nations has caused much concern within the global
community regarding long-term sustainability and security of these commodities.!!: 2|

With the global population in 2016 at 7.42 billion,Bl and with unprecedented
growth in the middle class of the world’s two most populous nations, China and India,
global energy demand has never been higher and will continue to rise. In 2013, China’s
activities produced 2.8 million tonnes of carbon dioxide (CO2) emissions which is a
400 % increase on its emissions 20 years prior.l This growing need for energy has only
recently been supplemented by renewable sources with 10.3 % of total global energy
sourced by modern renewable methods.[4l Of that, wind, solar and geothermal make up
1.4 %, hydroelectric 3.9 % and the balance made up by biomass, biofuels and solar-
thermal.ll Although much research and development has been conducted on these
energy sources, there is still much improvement to be made regarding the technology
and renewable energy policies in order to achieve a fully renewable energy society.

A major hurdle in the development and proliferation of renewable energy involves
energy conversion and storage technologies. Much of the criticism regarding renewable
energy points to issues of intermittency and baseload power capability, aspects that
advanced conversion and storage technologies can address.”l However, the relatively
high cost and low energy densities of current energy conversion/storage devices greatly
hinders their commercial integration into renewable energy systems. A long-proposed
method of energy conversion and storage is through the CO2 reduction reaction
(CO2RR) into useful molecules such as: methane, formic acid, carbon monoxide (CO)
etc. coupled with renewable energy sources, such as wind and solar. Methods proposed
in the literature for the conversion of CO2 are primarily: electrocatalytic reduction,
photocatalytic reduction, chemical and biochemical,lfl and have all been extensively

studied in recent years.[™ Of all processes studied, electrocatalytic reduction appears
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to be the most feasible as it can be conducted in ambient conditions whilst having a
highly controllable reaction step and relatively high conversion efficiency, and can be
driven by renewable energy/integrated into renewable energy systems.l® 101 An
integrated CO2RR system is attractive because: (1) it sequesters carbon from the
atmosphere, (2) it provides an energy storage solution for intermittent renewable
sources with high energy density and (3) it can be used to produce industrial chemicals
and fuels. The third point is particularly interesting because as society decreases its
dependency on conventional fossil fuels, a void will be left for the materials and
petrochemical industries. However, if petroleum feedstock can be derived from CO2
conversion, then the feedstock could potentially be produced anywhere and directly
implemented into conventional downstream industries.

However, every CO2 conversion process is faced with the ultimate challenge of an
extremely stable molecule,ll and hence large kinetic barrier due to the first electron
transfer to the adsorbed CO2 molecule.l!l Further, conducting the COsRR in aqueous
electrolyte is more appealing because it reduces the need for harsh solvents and
chemicals but presents challenges with the competing hydrogen evolution reaction
(HER). This is due to the adsorbed *H intermediate (necessary for hydrogen evolution)
being more stable than adsorbed CO or *COOH intermediates (necessary for the
reduction of CO,).I"!l Therefore, very effective catalysts are required in order to drive
the conversion process without the cost of huge overpotential/low energy efficiency.

In order to electrochemically reduce CO2 at ambient conditions, there are several
catalyst characteristics that are necessary in developing effective catalysts. These are:
low activity to the competing HER, optimal binding of CO at the catalyst surface, high
selectivity and activity toward COs reduction, and robustness and long term stability.!2!
In the fields of nanotechnology and materials engineering, nanostructured carbon-based
materials, such as graphene, have had much attention in recent years and have been
extensively applied in energy conversion technologies, such as water splitting. The
reason for carbon’s newfound attention in this area is because these nanomaterials have
incredibly high surface area, allow for compositional fine tuning and heteroatom doping,
allow for structural fine tuning, have excellent conductivity and are cost effective. Being
metal-free materials, they also have the potential to eliminate or reduce the usage of

metals in these technologies, making them environmentally friendly.
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At present, a large volume of new research, on both computational and
experimental CO2RR studies, has emerged which is expanding research opportunities
and driving fast development within the field. In this progress report, we present recent
achievements made regarding novel carbon nanostructures used as electrocatalysts and
supports for the CO2RR. Specifically, we will first provide a brief overview of the
electrochemistry, and then review various recent CO2RR electrocatalysts in the
following categories: graphene materials, carbon nanotubes (CNTs) and nanofibers,
porphyrin materials, and nanodiamond and glassy carbon. Our discussion of these
various electrocatalysts focuses on electrochemical performance characterisation in
comparison to benchmark precious metal catalysts and the role of nanotechnology in
chemical and structure design for performance optimisation objectives. We will also
address advances in the determination of the true active sites in these carbon-based
electrocatalysts, strategies to break conventional CO2RR scaling relationships, and the
synergistic effects between carbon support and metal nanoparticles on inherent activity
through recent computational studies. Finally, we will discuss the current challenges
faced in the design of these electrocatalysts and the bottlenecks in the fundamental
knowledge and provide some future perspective on these carbon-based materials in
CO2RR technology. Although there are a few review articles in the literature regarding
non-metal and non-precious electrocatalysts for the COsRR,[10: 1315 even in the past
year, impetus to study heterogeneous catalysts for the CO2RR has significantly
increased and a lot of quality research on the development of non-metal catalysts has
recently been published. Therefore, we believe this progress report to be timely in order
to discuss recent developments made concerning carbon-based materials employed as

electrocatalysts and supports for the CO2RR and their future in the technology.

A.2 Electrochemistry of Carbon Catalysts and the CO,RR

In recent years, carbon-based electrocatalysts have been studied and exploited for
various electrochemical processes such as the Hydrogen Evolution Reaction (HER), the
Oxygen Evolution Reaction (OER) and the Oxygen Reduction Reaction (ORR).[6: 17l
The main driver behind studying and developing these materials for electrocatalysis is
that they offer a low cost alternative to conventional precious metal catalysts such as
Platinum (Pt) and Iridium Oxide (IrOz2), used as benchmark electrocatalysts for the
HER and OER, respectively.



A.2.1 Nanostructured Carbon Electrocatalysts

For the CO2RR, bulk metal and metal structured catalysts have been the primary focus
for COsRR electrocatalysts.[' 19 These metals can be separated into three distinct
groups: formic acid producing metals (Sn, Hg, Pb, Bi), CO producing metals (Au, Ag
and Zn) and Cu in its own group due to its ability to produce a range of higher order
hydrocarbons.P: 20l However, these metal electrocatalysts face many issues; primarily
poor selectivity, loss of efficiency toward competing hydrogen evolution, poor stability
and inactivation by CO.!l

For the CO2RR and other processes, carbon based electrocatalysts and supports
have shown to be very stable and efficient in operation.!!3: 16: 21, 22l Whether applied as
totally metal free or as carbon-metal composites, development of cost effective carbon
based material with equal or better activity to precious metal benchmarks could
potentially realise energy storage/conversion devices for mainstream applications.
However, carbon materials generally possess negligible inherent CO2RR activity for the
electroreduction of CO2 and catalyse the competing HER in preference.?3l Despite this,
CO2RR active sites can be introduced into the carbon framework through chemical
treatments like heteroatom doping. By introducing one or more types of heteroatoms
(N, P, S etc.) into the carbon network, the charge and spin density of the carbon atoms
will be altered by the more electronegative dopants adjacent to them.?! This in turn
induces regions where adsorption and activation of reaction intermediates can take
place to drive electrocatalysis. Metal nanoparticles (NPs) active to certain
electrochemical processes can also be effectively anchored to the carbon surface.?4l Due
to the large surface area and excellent electrical properties of carbon materials, like
graphene,?’l the NPs can be anchored and confined on the surface which minimises
agglomeration and enhances interfacial contact. Consequently, this accommodates an
increased density of active sites and promotes enhanced catalytic activity.[26-28l

A disadvantage of this strong interaction between metal species and carbon
materials is that many carbon materials which are claimed to be “metal-free” actually
have significant metal impurities.[?l These metal species can partake in electrocatalysis
and cause ambiguity when determining the activity origins of such carbon materials.
Many studies are aware of this fact and have taken necessary experimental steps to

avoid the presence of significant metal impurities in order to make clear claims about
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the performance of metal-free materials. Techniques like chemical vapour deposition
(CVD) and electrospinning have been employed and demonstrated the synthesis of
carbon materials without metal contamination./?: 3% Further, recent studies have shown
that some common trace metal contaminants, like Fe found in CNTs, are not selective
to CO2 reduction and catalyse the HER in preference.3!!

Additional to compositional fine tuning, the many allotropes of carbon (graphene,
fullerenes, carbon nanotubes etc.) possess highly tuneable morphologies which can be
nanostructured to obtain desired electrocatalytic properties.3234 Nanostructuring has
been found to be an effective strategy to enhance the activity of bulk electrodes.!35: 36l
Namely, by fabricating electrocatalysts with well-developed nanostructures, their
surface areas can be significantly increased, which results in a higher density of active
sites without altering their inherent properties. Various carbon structures can also be
coupled to form novel nanostructures with precise control over physical properties, such
as pore size, pore type, particle size, and layer thickness, which is beneficial for rational
optimisation of performance.l3”- 38l Further, it has been found that edge site carbons are
more catalytically active than those carbon within the basal plane,? and so strategies
employed to increase the density of edge sites within these carbon materials can
significantly increase activity.B”- 40 Presented in Section A.2.2 is a brief overview of the

CO2RR pathway and general mechanism.
A.2.2 Simple Thermodynamics but Difficult Kinetics of CO2RR
The cathodic CO2RR is generally represented by the half-cell Reaction (R1), with
standard cell potential for pH 7 vs. the Normal Hydrogen Electrode (NHE).[8l
CO, +2H" +2¢"——> CO+H,0 E°’=-0.52V (R1)

The corresponding anodic reaction is the oxidation of water to molecular oxygen (OER)

which is represented as Reaction (R2) at pH 7 vs. NHE.I6: 41
H,0 —>2¢ +2H +40, E’=-082V (R2)

Combining these two half-cell reactions, we obtain Reaction (R3), the overall

electrochemical cell reaction.

CO,—> CO+ 40, E’=-134V (R3)
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Unlike other electrochemical processes like the OER and HER, the CO2RR differs
because it can proceed wia different multi-step pathways, involving a different number
of electrons depending on the end product. Generally, a two, four, six, or eight electron
pathway is involved in the CO2RR mechanism.[' 42l Reducing CO: electrochemically
proceeds quite simply from a thermodynamic standpoint with standard electrode

potentials toward aqueous reduction products (pH 7) referenced to NHE shown in

Reaction (R1) and (R4) — (R8).5 8l

CO,+e —> CO; E’=-19V (R4)
CO, +H" +2¢" ——HCOO~ E’=-043V (R5)
CO, +4H" +4¢e" ——>HCHO+H,0 E’=-0.51V (R6)
CO, +6H" +6e” ——> CH,OH+H,0 E’"=-038V (R7)
CO, +8H" +8¢ ——>CH,+H,0 E°=-024V (R8)

However, the electrochemical reduction of CO2 to hydrocarbons is difficult and
generally proceeds at more negative potentials compared to the equilibrium potentials
shown above. There are three main reasons for the difficulty associated with reducing
COz2 electrochemically. The first reason is that the rate determining step (RDS) for the
CO2RR process is most likely the first electron transfer to an adsorbed CO2 molecule
to form the CO»* intermediate (Reaction (R4)).*2 This occurs at a highly negative
potential of approximately -1.9 V vs. NHE because it involves the bending of the CO2
molecule which is linear and extremely stable,> 8 in turn presenting a large kinetic
barrier. The second reason is that when conducted in aqueous media, the CO2RR
competes with the HER due to their similar equilibrium potentials. Further, adsorbed
*H intermediates are more stable than adsorbed *CO or *COOH intermediates, causing
the HER to dominate at more negative potentials.!': 43 44 Lastly, the CO2RR usually
proceeds via the adsorption of a CO2 molecule at the interface between the electrode
and electrolyte. Given that COz is largely insoluble in aqueous media, diffusion and
mass transfer limitations can limit the reaction rate and turnover frequency.’!
Therefore, effective catalysts and advantageous reaction conditions are key to efficient

CO2RR operation.

VIII



A.3 Carbon-Based Electrocatalysts

A.3.1 Graphene Materials

Ever since its first laboratory synthesis in 2004 by Geim and Novoselov,*6l graphene
has secured itself as a leading research interest in materials science and nanotechnology
due to its remarkable electronic and mechanical properties. Graphene has also found a
promising role in the field of catalysis due to the ability to fine tune its electronic
structure through techniques like heteroatom doping and its excellent stability during
catalytic operation.l™49 Although graphene itself has been shown to possess no intrinsic
catalytic activity toward COs reduction,’! by introducing atomic defects (through
doping with heteroatoms like N, S, B etc.) which alter local electron density, active
sites for the CO2RR can be formed.1?: 0. 51 Graphene materials have also been used
as effective supports for metal nanoparticles active toward the CO2RR due to their
large surface areas and excellent network conductivities, affording a metal-support

synergy that enhances catalytic activity.

A.8.1.1. Nitrogen Doped Graphene

At present, nitrogen has been the main dopant used in graphene materials for synthesis
of CO2RR electrocatalysts due to its high electronegativity and, thus, ability to polarise
carbon atoms in the graphitic lattice.? 31 52 53 Density Functional Theory (DFT)
calculations have shown that a critical step in the CO2RR pathway is the adsorption
of the *COOH intermediate, which presents an up-hill energy barrier.l?”l While pristine
graphene provides a large free energy barrier towards this, introduction of N defects
provides much stronger binding of *COOH and subsequent enhancement of CO2RR
activity. Similar findings have also been found for boron doped graphene (B-
graphene).") Synthesis of graphene for COs reduction catalysts has largely been via
high temperature pyrolysis of GO, 1l but CVD methods have also been used,?% and
doping of heteroatoms has been performed with post treatment methods. N-doping in
this way provides better control over final N content and moiety type and has direct
implications on electrochemical performance. However, a balance must be found in
order to provide sufficient active sites to improve electrocatalytic activity but also not

induce too much doping to the detriment of network conductivity and charge transfer.
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Very recently, Wu et al. used a CVD technique to grow microporous graphene
foams (Figure A.la and b) which were then post-doped with nitrogen (N) using
graphitic carbon nitride (g-C3N4).[29 The resultant N-graphene had an N content of 6.5
at% and was active and selective toward CO production. Maximum Faradaic efficiency
(FE) and current density towards CO was 85% and 1.8 mA cm respectively, at a
potential of -0.58 V ws. the Reversible Hydrogen Electrode (RHE; corresponding to an
overpotential of -0.47 V). Production of formate was also observed but at a very small
FE of 3% (at -0.58 V), which suggests that the CO2RR proceeds via a 2e” pathway
on this catalyst material.

Other examples of N-graphene have shown significant performance toward formate
production with a very small onset overpotential of 240 mV."!l Maximum FE toward
formate production reached 73% at -0.84 V vs. RHE, which is comparable to that of
the high performing metal-free polyethylenimine /N-doped carbon nanotube composites
(PEI-NCNT; Figure A.1c).l Shown in Figure A.1d, the Tafel slope for the N-graphene
electrode was found to be 135 mV dec!, which is similar to a rate-limited single e~
transfer (118 mV dec?!) and suggests that the rate determining step is the first e
transfer to adsorbed CO2 molecules on the electrode surface. Following this, it is likely
that a proton transfer from dissolved HCO3™ occurs and produces the adsorbed formate
ion, which is then desorbed, causing the reduced carbon atom to proceed back to its
initial oxidised state. Wang et al. note that pyridinic-N form the highest N functionality
in their N-graphene (Figure A.le and f) which results in high bond polarity and hence,
oxidised adjacent carbon atoms.!l However, these oxidised carbon atoms are reduced
through redox cycling and it is this reduction-oxidation cycling of active carbon atoms
which they attribute to the high activity and stability.

Only very recently have examples of metal free electrocatalysts been shown to
catalyse the CO2RR through reaction pathways involving more than two electrons. By
employing N-doped graphene materials in ionic liquid (IL) 1-butyl-3-
methylimidazolium tetrafluoroborate ([Bmim|BF) electrolyte, CO2 was reduced to
methane at a maximum FE of 93.5% and potential of -1.4 V vs. SHE.% Addition of
small amounts (1-5 wt%) of water to the IL was also found to significantly increase the
partial current density of CHa, but at a small expense to its selectivity. This

demonstrates role of the IL electrolyte in the mechanism and its ability to suppress
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hydrogen evolution. Given this, it is likely the [Bmim|BFy is fundamental in driving
the reduction of CO2 to the CO2°*" intermediate, possibly through a complex formed
between the IL and CO2 as evidenced by Kumar et al.l*)

N-doped graphene synthesised as quantum dots (NGQDs) have also exhibited CO2
reduction to higher order hydrocarbons.”l Remarkably, the NGQDs could highly
suppress hydrogen evolution over the CO2RR potential range studied (-0.2 to -1.0V vs.
RHE) in an aqueous electrolyte (1M KOH). The NGQDs, deposited on a gas diffusion
electrode (GDE), were very active toward the CO2RR, achieving a maximum total FE
of 90%, with highest selectivities toward ethanol and ethylene. Further, they could
catalyse CO2 reduction to a range of hydrocarbons, including n-propanol which requires
an 18~ transfer (Figure A.2a). Whereas the 2e~ pathway products dominated on un-
doped graphene quantum dots (GQDs) and N-doped reduced graphene oxide (NRGO;
Figure A.2b and c). The activity and faster kinetics of the NGQDs was attributed to
the presence of rich pyridinic-N defects within the graphene, unique morphology, and
small lateral size (Figure A.2d-f). Of most importance is the density of exposed edge
sites, as it was found that the nanometre sized NGQDs possessed three orders of
magnitude greater exposed edges sites when compared to micron sized NRGO. Given
the lower energy of formation for pyridinic-N at an edge site, it is likely that most of
the N defects in the NGQDs formed at edge sites. Evidence suggests that edge site
dopants are more active for electrochemistry than dopants located within the basal
plane.B) Therefore, engineering of rich edge sites in carbon-based electrocatalysts
should be comprehensively considered in future studies.

Stability in operation is also an important factor for rational catalyst design and
N-graphene materials have shown significantly better stabilities to bulk metal
electrodes. As demonstrated by Wang et al., their N-graphene achieved a stable
chronoamperometric response over 12 h operation, with negligible change to the
material’s morphology as evidenced by SEM.P! Similar observations have been made
for other N-graphene materials, displaying very stable operation over long term
operation and achieving better stability than polycrystalline metal electrodes like Au
and Ag.?% 51 One reason for this improved stability and reduction in performance
attenuation over polycrystalline metals is that N-graphene has been shown to be largely

insensitive to CO and, therefore, it is not poisoned by COs reduction products. 56l

XI



A.3.1.2 Boron Doped Graphene

Doping graphene with other heteroatoms, such as boron (B), has also recently been
explored. Sreekanth et al. synthesised B-graphene for the reduction of CO2 to formic
acid.P)l In 0.1 M KHCOs3 aqueous solutions, B-graphene was shown to be active and
selective to the formation of formate with an FE of 66% at -1.4 V vs. SCE. DFT shows
an asymmetric distribution of spin density throughout the graphene lattice when boron
is doped. It suggests that both B and C atoms are catalytically active, both affording
chemisorption of CO2 and facilitating CO2 reduction due to positive spin densities. As
formate was the only appreciable reduction product detected, it is likely that the
mechanism is a similar 2¢~ pathway to that of N-graphene,®! whereby formic acid
production proceeds via the *COOH intermediate. With the success of single doped
carbons for CO2RR applications, multiple heteroatom doping strategies could also
prove to be feasible for enhancing catalytic activity, as seen for other electrochemical
processes.”- 58l However, such strategies have yet to be employed for carbon-based

CO2RR electrocatalysts.

A.3.1.8. Graphene Supported Nanoparticles

The synergistic effects between graphene and metal NPs has been extensively studied
due to the ability of graphene to effectively anchor and stabilise nanoparticles for
electrocatalytic applications.” Even trace levels of metal nanoparticles on carbon
supports like graphene have shown to significantly enhance CO2RR activity,?3 therefore
better utilising the metal component. The types of graphene supported metal
nanoparticles /nanostructures recently synthesised for CO2RR application can be
broadly categorised into the following two types: (I) supported NPs with synergistic
effects, (IT) layer by layer/core shell structure. A third category covering supported
dispersed single metal atoms has been theorised by computational studies and is
discussed in Section A.4.4. However, no such materials have been synthesised for CO-
reduction as synthesis of single atom catalysts is often quite difficult and requires

appropriate support structures for the particular application.60-62]
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For Type I materials, trace levels of metal nanoparticles have shown to significantly
enhance the CO2RR activity of graphene?3l and recent studies have also extended this
to N-graphene.l63: 64 Monodisperse Cu NPs supported by pyridinic-N graphene (p-NG)
and were found to be selective for CO2 reduction to ethylene.l%! Electrochemical tests
show that maximum FE achieved toward ethylene production on the Cu/p-NG
composite was 19% at -0.9 V, which is significantly better than that of the Cu NPs on
their own (6.3% at -1.1 V); p-NG itself produced no ethylene but was highly active and
selective to formate which is in agreement with Wang et allP!l Similarly, the rate
limiting step is likely the single electron transfer and reduction of an adsorbed CO2
molecule to CO2°*". However, it seems that when Cu NPs are coupled with N-graphene,
particularly with pyridinic moieties, the COOH* intermediate is formed and undergoes
a secondary protonation/dehydration step which forms CO*. It is believed that this
surface absorbed CO* can undergo further protonation and is responsible for the
production of higher hydrocarbons. Reaction (R9) to (R13) summarises the proposed

reaction mechanism on Cu/p-NG.

CO,+H" +¢” ——> COOH * (R9)
COOH*+H" +e"—— CO*+H,0 (R10)
CO*+xH*—— CH O* x=1-3 (R11)
2CH,0*——20*+C,H, (R12)
CHO *+CH,0* ——20*+C,H, (R13)

For Type II materials, a highly textured N-graphene, in the form of carbon nano-
spikes (CNS), supported Cu NPs was formed as a core-shell like structure. This material
was found to be very active toward the CO2RR and could reduce CO2 to ethanol with
a high selectivity (84%) and FE (63%) at -1.2 V vs. RHE.I®!l Figure A.3a demonstrates
the highly controlled size and distribution of the NPs, which was facilitated by the
graphene surface. As ethanol is an unexpected reduction product, it is believed that
the unique morphology of the nano-spikes embedded and wrapped around the NPs
(quasi core-shell) which provided close contact between the NPs and support (Figure
A.3Db), facilitating C-C coupling to a C2 intermediate (likely coupling of CO* to form
OCCO¥*). Further, it may be that oxygen on one side of the C2 intermediate is reduced
fully on the copper to form —CHgs, while the other O is adsorbed and prevented to fully
reduce on the less reactive CNS.
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Graphene has been shown by DFT and experimental techniques to prevent
clustering of active nanoparticles and is well known to improve their chemical
stability.[?8: 651 Xie et al. used a very novel approach to encapsulate Sn quantum sheets
within sheets of graphene, as a Type II layer by layer structure, for the CO2RR.I6I
Their method produced a two dimensional (2D) material that very precisely confined
the dispersed Sn quantum sheets of approximately nanometre size within two layers of
graphene (Figure A.3c-e). While such metallic nanostructures would oxidise in
ambient conditions, compromising electronic and conductive properties,
thermogravimetric analysis (TGA) was used and showed that the graphene
envelopment was able to prevent oxidation of the Sn quantum sheets in air up to a
temperature of 570°C. X-Ray Absorption Fine Structure (XAFS) also confirmed that
the Sn quantum sheets were well protected from oxidation within the graphene sheets
as no peaks related to oxides of tin were detected in the catalyst material. In terms of
CO2RR performance, Sn quantum sheets confined in graphene produced a catalytic
current density of 21.1 mA cm™? at -1.8 V vs. SCE. This is an enhancement in current
density of 2.5 and 13 times that of 15 nm Sn NPs and bulk Sn respectively, along with
better FE across the entire potential range (Figure A.3f and g). The authors suggest
that a reason for this enhancement in catalytic activity is due to the size reduction of
the Sn nanostructures, as compared to the 15 nm NPs, and an increase in the disorder
and distortion of the Sn surface. However, they also found that the coupling with
graphene markedly reduced the interfacial charge transfer resistance which improved
the overall conductivity of the catalyst. As a result, electron transfer to adsorbed COq
molecules (RDS) was improved which in turn improves the CO2RR kinetics. A similar
result was observed for Cu NPs on reduced graphene oxide (rGO) supports,/®’ in which
the presence of surface functional groups stabilises the NPs by decreasing the interfacial

energy between the Cu and rGO.2!

A.3.2 Carbon Nanotubes and Nanofibres
A.3.2.1. Nitrogen Doped Carbon Nanotubes

It has been hypothesised that the curvature effect in the graphitic lattice can tune
limiting potentials for certain desired reduction products.!'!l Computational methods

have shown that for planar N-graphene, no stable adsorption states for *CO or
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*HCOOH exist and accordingly, the 2¢~ pathway to CO or HCOOH production
dominates on these materials, which is supported by previous experimental works.29: 50
51l However, the effect of curvature causes partial sp? hybridisation in the graphitic
lattice and as a result, can bind these intermediates more strongly. Given this result,
it is possible that synthesis of curved structures like carbon nanotubes (CNTs) could
produce higher order hydrocarbons.

Despite this, the 2~ CO2RR pathway also dominates on CNT based
electrocatalysts and the literature shows that some are selective toward CO while others
toward formate. In one example, N-doped CNT (NCNT) electrocatalysts synthesised
by Wu et al. were CO selective.l?!l In 0.1 M KHCOj3 electrolyte, their NCNTs deposited
on carbon paper were able to reduce CO2 with a remarkably low onset overpotential of
-0.18 V (Figure A.4a). In addition, at a low overpotential of -0.26 V, this catalyst was
able to achieve a maximum FE of 80% toward CO and sustain this performance for 10
h of continuous operation. This is significantly higher than that of un-doped CNTs
(73.5%; Figure A.4b) and shows that NCNTs are a durable catalyst for CO2 reduction.
Through DFT analysis, they explain that NCNTs have very strong binding to COOH
but weak binding to CO. Therefore, CO is desorped too rapidly for subsequent proton
and electron transfer to take place. Therefore, it may be that partial sp? hybridisation
due to the curvature effect may cause an excessive binding of higher intermediates
which prevents the production of higher order hydrocarbons.

Other NCNT examples have shown to be very selective towards formate, with a
FE of 59% and only 2% towards CO.I3 Further, applying a polyethylenimine (PEI)
over-layer can significantly enhance catalytic activity and reduce catalytic overpotential,
achieving a maximum FE of 85% towards formate with a current density (electroactive

2, This performance was enhanced further with the use of

area) of 2.2 mA cm
graphenated NCNTs (GNCNTs). Due to increased conductivity and greater edge
density, FE was slightly improved to 87% but catalytic current density (electroactive
area) was almost doubled to 3.8 mA cm™. Pristine and O-doped CNTs were also studied
but showed small FE toward formate (5% and 7% respectively), producing mainly
hydrogen, and demonstrated no catalytic enhancement when a PEI over-layer was

applied. This is an interesting result and suggests mechanistically that while a CO2

molecule is adsorbed and reduced to the CO2*" intermediate at an N active site, the
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resultant charge is stabilised by an H-bond interaction on the PEI. Due to this
stabilisation, the overpotential is greatly reduced and subsequent electron and proton
transfer to the CO2* is facilitated. Given this result, it may be pertinent to further
study the role of co-catalysts like PEI for producing higher order hydrocarbons at
reduced overpotentials.

To understand the affect that N defects have and the origin of CO2RR performance
in NCNTs, Sharma et al. conducted a study utilising different N precursors and reaction
conditions.l%! By using a liquid CVD method, they grew NCNTs with three different
precursors (acetonitrile, dimethylformamide and triethylamine) and at three different
temperatures (750°C, 850°C and 950°C). They found that although the various NCNT
samples contained similar total nitrogen content, electrochemical performance was
vastly different. They hypothesised that this disparity in CO2RR activity between
samples was due to the different N functionalities. While total N content plays an
important role in CO2RR activity, they found that an increase in pyridinic and graphitic
N greatly improve both the onset potential and faradaic efficiency toward CO (Figure
A .4c). Interestingly, it was observed that an increase in pyrrolic N within the NCNTs
caused a cathodic shift in onset potential and greatly reduced maximum FE. They
explain that although pyrrolic N have an available lone € pair, the geometry of pyrrolic
N defects situates the N atom inward the CNT. This restricts access to these lone pairs
for CO2 binding and binding to adjacent pyridinic N defects is favoured because much
of the negative charge in the basal plane is localised around these defects. As a result,
pyridinic N provides the lowest overpotential of 200 mV for the formation of COOH*.
Since the electrons available for binding CO2 in graphitic N are located in the w*
antibonding orbital, graphitic N imposes a 1 €V higher barrier compared to pyridinic
N toward the formation of COOH* (Figure A.4d). However, graphitic N still provide a

significant reduction in overpotential (71 V) when compared to pristine CNTs.

A.3.2.2. Carbon Nitride/Carbon Nanotube Composites

Experimentally, porous carbon nitride (g-C3N4) has shown selective adsorption ability
of large amounts of CO..[8% ™ Through an induced dipole interaction, g-C3N4 can
effectively polarise CO2 molecules, leading to enhanced adsorption which could
facilitate the CO2RR process. As a result, carbon nitride has been coupled with multi-

walled carbon nanotubes (MWCNTS) and used as electrocatalysts for the CO2RR,
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demonstrating high selectivity towards CO production./™ This catalyst achieved a total
FE of 98%, with CO and H: being the only detectable products, and was able to
effectively suppress the HER, with a HER onset overpotential of about 500 mV. While
required overpotentials would probably impede economic viability, the novel synthesis
technique of this catalyst is cost effective and simple. This is owing largely to the
relatively low temperatures required to produce MWCNT /g-C3N4 composites, short
reaction times and simple synthesis techniques, all of which are important factors for
scalable production.

Jhong et al. also coupled carbon nitride with MWCNTs (CN/MWCNT) in the
form of a thin coating.®?l This MWCNT composite deposited onto carbon paper,
forming a GDE, produced a catalytic current density of 90 mA cm? at -1.62 V vs.
Ag/AgCl. Their electrodes afforded relatively high catalyst loading (2.39 mg ¢m?) and
provided a marked increase in performance over Ag NPs (Figure A.5a) and other NCNT
electrocatalysts.l”® 7l Further, their CN/MWCNT achieved a maximum FE (at -1.62
V vs. Ag/AgCl) of 98% toward CO and 2% toward Hs which demonstrates excellent
selectivity toward CO and suppression of the HER. A unique feature of the
CN/MWCNT is that it formed agglomerates of about a micron in size to produce a
microporous morphology. It could be that this microstructure facilitates diffusion of
electrolyte and CO2 to and products away from the active sites, enhancing catalytic
activity. Further, computational studies have shown that negatively polarised
conductive g-C4N3 has the ability to capture and stabilise significant amounts of COa,
owing to the absence of an energy barrier and large stabilisation energy of 1.08 eV
under negative polarisation (Figure A.5b). Under reduction potentials, the fast charge
transfer of the carbon network coupled with the CO2 capture ability of the g-CsN3

could have provided synergistic effects and resulted in enhanced CO2RR, activity.

A.8.2.3. Carbon Nanofibers

Small overpotential, high activity and high selectivity are all necessary performance
criteria for any successful electrocatalyst. One such material that is advancing all three
of these criteria are the carbon nanofibers (CNFs) synthesised by Kumar et al. and
have gained much attention.!'3: 1430l The studied CNFs had an average length of 500
nm and were produced using polyacrylonitrile (PAN) nanofibre mats. Two distinct

reduction peaks (Figure A.6a) were observed at -0.573 V and -1.14 V (vs. SHE)
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corresponding to the CO2RR and HER, respectively. This was revealed after reduction
products were collected at -0.573 V vs. SHE and it was found that CO was selectively
produced with a FE of 98%. The CNFs produced a current density significantly higher
than bulk Ag and Ag nanoparticles (Figure A.6b) and they attribute the inherent
catalytic activity of the CNFs to their corrugated morphology resulting from the
introduction of N defects. By conducting XPS before and after 9 h of continuous
CO2RR, it was discovered that the peak for pyridinic N remains relatively constant
(Figure A.6¢-f). Because of this, they postulate that pyridinic N species do not directly
participate in the reaction as the two possible mechanisms (either permanent
protonation or weak CO2 binding) would alter the peak. Rather, pyridinic N shifts
charge density away from adjacent C atoms and CO2RR activity arises from the
positively charged carbon. An interesting aspect of their study is that their material
provides a large enough potential displacement between CO2RR and HER cathodic
peaks and can therefore selectively produce either CO or Ha for syngas applications,
depending on the applied voltage. In comparison, this potential displacement is smaller
for benchmark Ag NPs which almost always leads to the suppression of hydrogen
evolution.

3.2.4. CNT Supported Metal Nanoparticles

While only CO and formate have been produced on heteroatom doped CNTs, the
production of higher order hydrocarbons has been achieved on CNT supported metal
nanoparticles.[”>7 Recently, CNTs have been used to support nanoparticles of Pd and
Cu and have reduced CO2 to acetic acid and methanol, respectively.[™® 7 With an
average particle size of 5.7 nm, Pd NPs supported on MWCNTs (Pd-MWCNTs) were
able to produce formic and acetic acid with at maximum FE of 34.5% and 52.3%,
respectively. However, these maximum efficiencies occurred at relatively high cell
potentials (-4 V), did not occur concurrently and were dependent on electrolyte
concentration. It was found that in 0.5 M KHCOs3, the Pd-MWCNTs were more
selective toward formic acid while in 0.8 M KHCOs3, they were more selective toward
acetic acid. This could be due to the ability of a higher concentration electrolyte
dissolving more COs into solution. Given Pd can adsorb COs on its surface strongly,!”!
more dissolved COz available for surface adsorption may facilitate multi-intermediate

coupling steps.
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When Cu NPs were loaded onto acid functionalised MWCNTs, methanol was
produced with a maximum FE of 38.4% at a cell potential of -1.7 V vs. SCE.I"™ Again,
this required potential is relatively high and reminds us of the direct consequence of
multi-step, multi-intermediate reaction pathways in the formation of more complex end
products.™ The optimum Cu loading was found to be 20 wt% as catalytic current
density was maximised and loss in catalytic activity was observed for higher loadings.
This was likely due to the agglomeration of Cu NPs that occurred at higher loadings
which caused less uniform particle distribution and larger and less uniform particle
sizes. Although the overall Cu content increased, these factors actually reduce the
specific density of active sites due to the reduction in surface area and hinder their
accessibility. Therefore, the mass loading of NPs onto support structures, carbon-based

or otherwise, must be carefully considered in the rational design of CO2RR catalysts.

A.3.3 Porphyrin Materials

Organo-metallic compounds like porphyrins have been long studied for the CO2RR and
were some of the first materials to address the issues associated with metal electrodes.!%:
7. 78 Most commonly, metal-functionalised porphyrin materials used as CO2RR
electrocatalysts have been synthesised as molecular homogeneous catalysts.
Consequently, a range of porphyrins are able to be functionalised with a range of
transition metal centres (Co, Fe, Zn, Cu etc.),l'% 783 and the resultant electrocatalysts
have well-defined active centres which can be finely tuned for high activity and
selectivity towards the CO2RR. Regarding heterogeneous electrocatalysts, the active
centres are often hard to define and performance optimisation is often challenging.
However, heterogeneous electrocatalysts offer stability in electrocatalytic operation,
especially in aqueous environments, which is paramount for practical application of
these materials.

Generally speaking, however, in addition to catalyst-electrolyte separation issues,
these molecular catalysts tend to be unstable and degenerate after only a few catalytic
cycles.32l Usually, a co-catalyst must be employed in solution with homogenous
porphyrin-based catalysts, such as a weak Lewis and Brgnsted acids, in order to
synergistically enhance their stability and efficiency.[4+80l A recent example addressing
some of these issues is the synthesis of Fe porphyrin dimers with finely tuned spacing

of the Fe centres.[32l Presence of two metal centres exhibited concerted stabilisation and

XIX



binding of CO2 molecules which improved activity and stability without the need of co-
catalysts.

In an effort to combine the exemplary features of both homogenous and
heterogeneous electrocatalysts, transition metal porphyrin and other organometallic
materials have recently been synthesised and constructed as metal organic frameworks
(MOFs) and covalent organic frameworks (COFs), and have be functionalised on other
nanostructured supports such as graphene and MWCNTs.[798L. 87. 881 The preparation
of these porphyrin-based materials is generally through solvothermal or hydrothermal
approaches, with the resultant materials deposited on conductive substrates to form
the CO2RR electrodes. Constructing the electrocatalysts in this way requires no high
temperature steps which preserves the structure of the prophyrins and their well-
defined active metal centres. Deposition on conductive substrates also improves
stability and electron transfer to these active sites, enhancing -electrocatalytic
performance.

Transition metal (Zn, Cu and Co) centred porphyrins were linked to an alumina
(A1203) layer to form MOFs for CO; reduction.[™ Of these three transition metals, they
all displayed typical CV plots for metalloporphyrin electrocatalysts with primary and
secondary reduction peaks associated with metal centre reduction and proton/CO;
reduction, respectively. However, the Co-centred porphyrin displayed the greatest
increase in catalytic performance after CO2 saturation and it was found that the MOF
thickness affects performance, reaching maximum activity within 30-70 nm thickness.
Cobalt loading also had direct implications on catalytic performance, as excess loading
led to a decrease in performance, probably due to limitations in charge transfer from
the electrode to the MOF, and as found elsewhere, tuning the catalyst coverage on the
electrodes can be advantageous for efficiency and selectivity. !

Cobalt porphyrins constructed into COFs were studied in order to utilise the
unique features of such frameworks such as charge carrier mobility originating from the
n conjugation and n-m stacking and the stability afforded by covalent bonding and
reticular geometries.!®9l Deposited on porous carbon fabric for electrochemical tests, the
COFs exhibited a catalytic onset potential of -0.42 V vs. RHE in CO2 saturated
carbonate electrolyte and demonstrated maximum activity at -0.67 V wvs. RHE,

producing mainly CO at a FE of 90%. At more negative potentials, this high selectivity
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toward the CO2RR begins to decline with hydrogen evolution being promoted. In order
to optimise the performance of the COFs, they were instead synthesised with longer
linkage molecules in order to increase the spacing between porphyrins for increased
pore volume, as shown in Figure A.7a. This allowed for greater electrolyte access and
CO2 adsorption and in turn, reduced onset potential (-0.40 V; Figure A.7b) and
increased catalytic activity by 2.2 times at -0.67 V (Figure A.7c). For Graphene
supported Re-porphyrins, CO2 diffusion limitations were also found to significantly
affect activity.®”l By utilising stirring to increase COs diffusion into the electrolyte,
reaction rate was found to increase by three times, while selectivity was maintained, as
compared to non-stirring conditions. This is inexorably linked to the fact that while
active centres are well defined in these materials, active site density is generally low
and therefore need to be utilised effectively.

Recent computational studies have predicted that metal-functionalised porphyrin
structures are capable of reducing CO2 to methane and methanol.*3l By immobilising
cobalt protoporphyrins (CoPP) on pyrolytic graphite electrodes, Shen et al. were able
to reduce CO at relatively low overpotentials to CO and methane.!8!| Electrochemical
tests were carried out in the pH range of 1-3 with CO2 saturated electrolyte. At pH of
1, hydrogen evolution dominated with approximately 1% of FE utilised for CO and
CHy4, while at pH of 3, production of CO and CHs occurred at less negative potentials
compared to the HER and with significantly higher Faradaic efficiencies. Although the
findings suggest that the CO2RR and HER proceed via different pH dependent
pathways, they explain that with their proposed mechanism (Figure A.7d), the rate of
CO2RR itself is not pH dependent, rather its relative rate to the rate of HER.
Interestingly, the implication is that the hydrogenation of activated CO2 is largely
unaffected by H™ concentration. Instead, the CO2*” radical acts as a strong Brgnsted
base which can react with water molecules as a source of hydrogen. Cu-based porphyrin
have also recently catalysed the reduction of CO2 to methane and ethylene with
significantly high current densities and stability.[3 Conducted in a CO: saturated
KHCO3 electrolyte, the Cu-porphyrin achieved maximum CO2RR activity at -0.976 V
vs. RHE with partial current densities of 13.2 and 8.4 mA c¢m 2 toward methane and
ethylene, respectively. In both Co- and Cu-based catalysts, the oxidation state of the

metal centre is key to activity. Additionally, although overpotential is significantly
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affected by the electron transfer ability to the active metal centres, relative stabilities

of *CO and *COOH intermediates are also important for catalytic activity.

A.3.4 Nanodiamond and Glassy Carbon

Conductive nanodiamond materials have been applied for the CO2RR because of their
excellent charge transfer and stability in harsh environments. By exploiting these
properties, these materials have been used as supports to anchor molecules active
toward the CO2RR, such as cobalt porphyrins.[ The resultant catalyst showed
sustained catalytic activity over long term operation, demonstrating the stabilising
effect of the nanodiamond support. Most importantly, these materials are exploited for
their high HER overpotentials.!! As a result, nanodiamond materials can provide a
larger potential window to conduct CO2 reduction, affording faster kinetics and higher
efficiencies. In an effort to introduce CO2RR active sites with low onset potentials,
doping of boron and nitrogen into nanodiamond materials has recently been studied
for CO2RR application.[2 % As shown in Figure A.8a, N-doped nanodiamond (NDD)
was deposited on a silicon rod array using a microwave plasma enhanced CVD method
and applied directly as an electrocatalyst for CO2 reduction.?l The CO2RR onset
potential was -0.36 V vs. RHE and it was found that the NDD could preferentially
produce acetate under any applied potential within the CO2RR potential range.
Remarkably, between cell potentials of -0.8 and -1.0 V vs. RHE, the NDD achieved
Faradaic efficiencies of approximately 77% and 14% toward acetate and formate
respectively (Figure A.8b), making it one of the best acetate producing electrocatalysts
in the literature. Effects of deposition temperature were also studied with NDD being
deposited at temperatures of 450 and 500°C to produce NDDr, and NDDpy, respectively.
It was found that NDDy, afforded a +0.24 V shift in onset potential and significantly
greater acetate formation rates over NDDpu. Although both NDDy and NDDy had
similar N content, crystal structure, and morphologies, XPS revealed that NDDr, had
dominant pyridinic N moieties while NDDpy had dominant pyrrolic N moieties.
Therefore, it is likely that pyridinic N is more active for CO2 reduction and control of
N configurations in resultant materials is crucial for enhancing the performance of N-

doped carbon materials.
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The excellent stability of nanodiamond materials was shown by the small CO2RR
performance attenuation of boron doped diamond (BDD) in continuous electrochemical
testing (Figure A.8c). In CO2 saturated methanol electrolyte, BDD exhibited CO2RR
activity toward formaldehyde production with highest FE of 74% achieved at -1.7 V wvs.
Ag/Ag* .19 Formic acid was also produced with a maximum FE of ~ 15% (Figure A.8d).
To confirm formaldehyde production from the reduction of CO2 on BDD, methanol was
replaced with formic acid and was reduced to formaldehyde with FE of 85% at -1.5 V.
From this, Nakata et al. deduced that the mechanism on BDD consists of two
2H " /2e"coupled transfer steps, the first being the reduction of CO2 to formic acid and
then to formaldehyde. In both NDD and BDD, the high activity and Faradaic activities
of these electrocatalysts was attributed to the presence of sp? hybridised carbon within
the diamond structure, especially the dopant-sp?C moieties. Indeed, the importance of
nitrogen moieties was shown with metal-functionalised N-doped carbon black materials
(M-N-C). Although N-C (M-N-C without metal) exhibited lower catalytic activities,
they maintained similar selectivity to M-N-C. Further, CO and Ha selectivity seemed
to be independent of the metal species which indicates the importance of the nitrogen
as the active sites and for intermediate stabilisation.

Glassy carbon has also been utilised as an electrocatalyst support for the
CO2RR.1997 Although glassy carbon itself can catalyse COs reduction in ambient
conditions, it usually requires sufficiently negative reduction potentials to do so.[%l
Inspired by methanogenic cofactors like methanopterin, Xiang et al. functionalised
glassy carbon electrodes with mercaptopteridine (PTE) and demonstrated one of the
first examples of a totally metal free electrocatalyst for methanol production.”l The
main products observed for CO2 reduction were formic acid, formaldehyde, and
methanol. Given that these are the only detectable products and that a reduction peak
was also observed for PTE in formic acid, it was suggested that the mechanism on PTE
proceeds via two successive two electron/proton coupled reduction steps, similar to
BDD. In this case, the likely reaction pathway involves a two-electron reduced PTE-
carbamate intermediate which was detected by FTIR. Although the PTE afforded
modest FE toward methanol (10-23%), they note that better stabilisation of the cyclic

methylene intermediate may increase efficiency past the first two-electron transfer step.
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A.4 Computational COsRR Studies on Nanostructured

Carbon Catalysts

Unlike the HER, where H* is the only reaction intermediate and therefore adsorption
energy of this intermediate can be optimally tuned, the consequence of multiple CO2RR
reaction intermediates within the CO2RR mechanism is that the adsorption energy of
a certain intermediate cannot be optimally tuned without affecting another.ll The
scaling relationships between the binding energies of these different CO2RR
intermediates therefore makes it difficult to operate at non-negligible overpotentials.
Recent DFT studies have been pivotal in understanding the CO2RR mechanism,
elucidating CO2RR active sites and developing new strategies for breaking these scaling
relations in order to achieve better performance. In this section, computational studies
of CO2RR on metal free carbons, metal-porphyrin, metal-N/C composites, and

nanostructured carbons as supports will be discussed.

A.4.1 Metal-Free Electrocatalysts

For metal catalysts, it has been found that the scaling relationships of CO2RR
intermediates are closely related to their d-band structure.9: 190 Therefore, synthesising
metal-free electrocatalysts with only s- and p-orbital contribution could prove beneficial
for breaking conventional scaling relationships. The most commonly studied metal-free
materials for the CO2RR are N-doped carbon materials. However, the mechanism and
active sites on these materials are generally ambiguous and not fully understood, and
recent fundamental studies have focused on these issues.

In order to elucidate the true active sites in N-doped carbon materials, Chai and
Guo performed DFT calculations and ab initio molecular modelling to calculate free
energy barriers for the activation of CO2 on N-doped graphene (Figure A.9).'!l They
note that “the C sites that possess high electronic density of states (DOS) just below
the Fermi level are most likely candidates for the active sites”,[!!l as electrons must be
donated from the catalyst electrode to an adsorbed CO2 molecule. It was found that
pristine graphene has no stable adsorption state of COs, as the free energy barrier
approaches 3.0 eV, which explains why graphene itself has no intrinsic CO2RR activity.
However, this free energy barrier was significantly reduced with the addition of N
defects (Figure A.9b). Particularly for a graphitic N (gN) doped on the edge of a sheet,

this barrier was reduced to 0.58 €V. It was also found that while the activation barrier
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of gN was smaller than that of pyridinic N (pN), a reduction in the adsorption barrier
can be achieved for both by increasing the concentration of edge doped N as an electron
is donated to the unoccupied electronic states just above the Fermi level in an adjacent
carbon atom (Figure A.9c). The result is a doubling of occupied electronic states just
below the Fermi level in that carbon, as shown in Figure A.9a as C1, with a shift of
states toward the Fermi level as compared to a carbon atom far away from the dopant
site (C1’; Figure A.9a). Consequently, electron transfer to a CO2 molecule is facilitated
by this increase in occupied electronic states.

The role of pyridinic-N in the catalytic mechanism has also been discussed.!%3l
Pyridinic-N replaces a carbon at a terminal end of a C6 ring in the graphene lattice
and leaves an electron pair at 120° to the sigma bonds between nitrogen and carbon,
and perpendicular to the pi-bonding network of the graphitic plane. Graphitic and
pyrrolic N have their p-electrons conjugated with the pi-bonding network of the
graphitic plane and therefore do not allow for localised electron pairs. It is this localised
electron density, allowing for strong proton and CO2 binding, which is attribute to
enhancing CO2RR activity. Given this, it may be that overall CO2RR activity is a
product of the combined effects, namely CO2 binding and electron transfer, produced

by the different N functionalities together.

A.4.2 Metal-Porphyrin Electrocatalysts

Metallo-porphyrins can be classified as single metal atom catalysts given the metal
active centres are well defined and well dispersed. The DOS for these single metal atom
sites is significantly different from that of metal surfaces, however, they present as the
link between molecular and bulk metal catalysts.*3l One advantage of single active sites
in porphyrin materials elucidated by DFT is that a larger kinetic barrier to *H
adsorption exists.'%! This is due to *H having to adsorb to the metal centre in a
position directly above it,['?2l as opposed to the more favourable binding at a metal
hollow site in bulk metals, which causes the HER to progress wvia the Heyrovsky
mechanism rather than the thermodynamically favourable Tafel mechanism. As a result,
the HER is less competitive on these materials and allows the CO2RR to proceed at
higher Faradaic efficiency. Despite this, change in free energy for *COOH adsorption
(AG+coon) is generally always larger than that of *H (AG+n) which means the HER
will be favoured and proceed at smaller overpotentials.!'%l For preferential and selective

reduction of COg2, a few computational studies have been conducted with tailored
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nanostructures, such as introducing curvature in the form of porphyrin nanotubes.!1%4
It has also been found that co-ordination of axial ligands to the metal centre can bind
*OCHO in preference to both *H and *COOH.['% This is because the weaker binding
of OCHO to the metal causes a decrease in energy of the 3dz2 orbital which causes
greater binding to the ligands and hence, stabilises *OCHO. Whereas, the stronger
relative binding of H and COOH to the metal leads to an increase in energy of the 3dz

which destabilises the metal-ligand interaction.

A.4.3 Other Metal-N/C Composites

Functionalising transition metals with nitrogen/carbon as a class of M-N-C materials
has proven to be an effective strategy for producing high performing bifunctional
electrocatalysts for processes like the OER and ORR.I'%! Given d-band theory, that the
binding of an intermediate is largely dependent on the electronic states of the metal
surface, introducing s and p states for either disruption or hybridisation of the metal d
orbitals alters the intermediate adsorption states and can break scaling relationships. %!
Therefore, these materials appear promising for reducing overpotential. Few CO2RR
studies on such materials exist, but recent studies suggest that *COOH binding is
dominated by the p orbital interaction of the intermediate with the N sites, % which
generally results in CO formation and desorption. Interestingly, due to the presence of
d states contributed by the metal in M-N-C, subsequent *CO binding and protonation
can occur, depending on the affinity of the metal species for CO. Given the high activity
afforded by these carbon-based materials, it is cause for further exploration in the

future.

A.4.4 Nanostructured Carbon Supports

Recently, DFT studies have been conducted in order to understand the synergy and
underlying mechanism between metal NPs and carbon supports toward the reduction
of CO2. Lim et al. wused DFT to study Cu nanoparticles (Cuss; diameter of
approximately 0.9 nm) on a defective graphene system.['%l The Cuss exhibited strong
adsorption on the graphene with adsorption energy of -4.26 eV. This was attributed to
the dangling bonds of carbon atoms adjacent to the 5-8-5 vacancy site interacting with
the copper atoms and is thought to be key in preventing sintering of the nanoparticles.
To reveal the intrinsic activity of this composite system, they investigated the projected

DOS of adsorbed CO* and CHO* intermediates with surface Cu atoms. Both Cu(111)
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surfaces and the Css-graphene systems show strong hybridisation of molecular orbitals
for CO adsorption, however, when CHO is adsorbed, Cuss-graphene shows much
stronger hybridisation of molecular orbitals which represents better stabilisation of the
CHO* intermediate on the Cuss-graphene system.

Studies on single metal atom catalysts in graphene frameworks have also shown
promise for enhancing CO2RR activity with preferential pathways over the HER.9: 107
Due to strong metal-support interactions, namely metal d-orbitals with graphene p-
orbitals, re-distribution of charge from the metal centre occurs, which was found to be
the primary cause of deviation from conventional scaling relationships and
improvements to CO2RR activity. Similar observations have also been made for single
dispersed metal atoms on metal carbide supports.['9l Further, these materials maximise
metal utilisation and can greatly improve catalytic efficiency.['%- 110l Motivated by the
work of He et al.,l DFT studies were extended to investigate transition metal dopant
pairs (dimers) on graphene supports in order to reveal whether these dispersed metal
centres can be tuned to CO2RR.I"7l The computational hydrogen electrode (CHE) was
utilised to elucidate free energy profiles, electrocatalytic performance and reaction
pathways and it was found that dimer geometry and configuration on the graphene
support plays a very important role in the adsorption of intermediate species.
Interestingly, the adsorption energy of CO and COOH species on iron (Fe) dimers at
tri- and quadro-vacancies in the graphene (where two Fe atoms are on opposite sides
of the graphene plane) shows a linear scaling relationship comparable to packed metal
surfaces. This suggests that reducing the required overpotentials for CO2RR on single
metal atom sites is difficult. However, for Fe dimers at two adjacent single vacancies
(2SV) in the graphene support (both Fe atoms on the same side of the graphene plane),
COOH experiences greater stabilisation as it is co-ordinated in a bidentate
configuration. As a result of this additional stabilisation, it is likely that adsorption
energies of intermediates do not follow a linear scaling relationship on this metal dimer-
2SV configuration. Additionally, the graphene support plays an important role as the
high dispersion of metal dimers is achieved by the strong binding afforded by the
vacancy sites within the defective graphene which prevents clustering. Given this result,
it is clear that using carbon supports facilitates the synthesis of CO2RR electrocatalysts

with better metal utilisation and produces synergistic effects for enhanced activity.

XXVII



A.5 Summary and Outlook

In this report, we have presented a summary of recent progress regarding
nanostructured carbon-based materials for wuse as heterogeneous CO2RR
electrocatalysts. We have discussed the many advantages that carbon materials present
in these applications such as tuneable compositions and morphologies, cost effectiveness,
and durability in operation. Further, these materials used as catalyst supports for active
metal nanoparticles provide many benefits like stabilisation and prevention of
agglomeration of the nanoparticles, leading to enhanced CO2RR activity. Thus far,
carbon materials have shown potential as CO2RR electrocatalysts with appreciable
activity and selectivity, and recent examples of totally metal-free electrocatalysts
facilitating C-C coupling to higher order hydrocarbons with high selectivity are very
promising. However, despite efforts exerted in developing new electrocatalysts for
commercial CO2 reduction, electrically effective and economically feasible CO2RR
processes still remain to be seen. Although carbon-based electrocatalysts have
addressed some of the issues associated with metal electrocatalysts, namely stability,
these materials still deliver inadequate activity and require relatively high
overpotentials. Further, the binding of different reaction intermediates is highly
dependent on the material and its surface morphology. Therefore, products selectivity
and yield are highly variable between materials.

At this stage in the technology’s development, further fundamental computational
and experimental studies are required, with the following three main areas needing to
be addressed: elucidation of active sites, the control of product selectivity and the role
of the electrolyte. On heteroatom doped carbon, the true active sites are still ambiguous,
so it is necessary to elucidate and confirm the active sites that are introduced by
dopants. Once we have a better understanding of the moieties and morphological
features that facilitate CO2 reduction, we will be able to better engineer materials with
an optimum distribution and density of active sites. Along with the active sites, product
selectivity must also be examined more closely through combination of DFT studies
and experimental confirmation. Given intermediates binding is dependent on the
specific material, even varying between seemingly similar materials (see Refs [51] & [29]

for example), better determining intermediate binding trends could significantly

XXVIII



increase our predictive capability for activity and selectivity. Table A.1 presents a
summary of the performance of recent carbon-based CO2RR electrocatalysts (grouped
as: graphene materials, carbon nanotubes and nanofibers, nanodiamond, and porphyrin
materials) and details the varying products distribution between them. Additionally,
the role of the electrolyte (type and concentration) has been explored to some extent
but is a factor which warrants greater focus as it directly affects CO2RR performance.
For instance, some studies have employed ionic liquids and found that they contribute
directly to the reaction mechanism and are effective in suppressing hydrogen evolution.
Although ionic liquids may not lend themselves to scale up, use of new electrolytes may
provide much needed insight into the CO2RR mechanism.

Looking forward, using a combination of computational results with experimental
data can effectively screen and assess the performance of a multitude of materials, from
which rational design strategies can be developed to tune physicochemical properties
for optimum performance. Design strategies such as surface engineering of catalysts
will play a crucial role in increasing electrocatalytic activities for commercially viable
CO2RR. Especially for doped metal free catalysts, producing materials with a greater
density of exposed edge sites is likely to facilitate the formation of edge site dopants in
greater number which will in turn enhance activity as shown by previous studies.!!
Further, for anchored metal nanoparticles, improved surface engineering of carbon
supports can accommodate smaller and better defined nanoparticles which can increase
the utilisation efficiency of the metal.

Another crucial design strategy to consider for commercially viable operation is
the suppression of the HER. As shown by DF T, single metal atom dopants may provide
a larger kinetic barrier to H* adsorption.['9 Therefore, the design of supported single
metal atom catalysts may provide effective suppression of the HER and increase
selectivity towards CO2 reduction. Some recent strategies proposed for suppressing the
HER and improving the selectivity towards the electrochemical reduction of nitrogen
could also be applied to CO2RR.['! These strategies involve limiting the proton and
electron transfer rate to the active sites and by doing this, target adsorbates can better
compete with H* and develop appreciable surface coverage. However, the option of
hydrogen evolution simultaneously with CO2 reduction for Fisher-Tropsch type

application should not be ruled out and it would be appropriate to review the feasibility

XXIX



of producing Fisher-Tropsch feedstock via electrochemical CO2 reduction.

In summary, the electrochemical reduction of CO2 provides an elegant solution to
long term global energy needs. Although the technology still faces many challenges,
recent progress in the field, with the constant production of new knowledge through
the combination of advanced computational and experimental tools, appears promising.
Through sustained efforts, a fully sustainable route to conventional fuels and chemicals,

by utilising totally metal free catalysts driven by renewable energy, could be achieved.
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Figure A.1 Material characteristaion of N-graphene. (a) SEM image showing the
microporous structure of the graphene foam. (b) Higher resolution SEM image of the
characteristic crinkles and folds of an N-graphene sheet. Adapted with permission. 2!
Copyright 2015, The American Chemical Society. (¢) Maximum Faradaic efficiency at
corresponding overpotential for N-graphenes (red star) compared with other reported
CO2RR electrocatalysts. (d) Tafel plot for N-graphenes. (e) Statistic atomic content
and relative percentage of the N functionalities in N-graphene. Inset shows the
deconvoluted N 1s spectrum for N-graphene. (f) Representation of N functionalities in
the graphene framework with pyridinic (blue), graphitic (green), and pyrrolic (purple)
N configurations. Adapted with permission.”!! Copyright 2016, The Royal Society of
Chemistry.
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Figure A.2 Faradaic efficiencies at various potentials toward: carbon monoxide (grey),
formate (red), methane (blue), ethylene (purple), ethanol (green), acetate (orange), and
n-propanol (brown) on (a) N-doped graphene quantum dots (NGQDs), (b) Pristine
graphene quantum dots (GQDs), and (c) N-doped reduced graphene oxide sheets
(NRGO). (d) Tafel slopes for NGQDs, GQDs, and NRGO. (e) High magnification TEM
image displaying the nanostructure of the NGQDs. Scale bar: 2 nm. Inset shows the
zigzag edge of the graphene. Inset scale bar: 1 nm. (f) Deconvoluted high resolution N
1s spectrum for the NGQDs with the atomic concentration of each N functionality
shown. The inset schematic represents the structure of the NGQDs with pyridinic
(black), pyrrolic (blue), and graphitic (pink) N configurations. Adapted with
permission.l”l Copyright 2016, Nature Publishing Group.
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Figure A.3 (a) Low magnification SEM displaying the uniform distribution and size
of copper nanoparticles on the carbon nano-spike material (Cu/CNS). (b) High
resolution TEM image of the Cu/CNS. Inset shows the close contact the copper
nanoparticles have with the CNS. Adapted with permission.l% Copyright 2016, Wiley-
VCH Verlag GmbH & Co. (c) Atomic Force Microscopy (AFM) image of the confined
tin quantum sheets. (d) Corresponding height profile to the AFM. (e) Schematic
representation of the tin quantum sheets confined between sheets of graphene.
Electrochemical performance of tin quantum sheets confined in graphene, 15 nm Sn
nanoparticles/graphene mixture, 15 nm Sn nanoparticles, and bulk Sn, represented by
(f) Linear sweep voltammetry (LSV) curves in CO2 saturated 0.1 M NaHCOs, and (g)
Faradaic efficiency toward formate at various potentials. Adapted with permission. 66!
Copyright 2016, Nature Publishing Group.
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Figure A.4 (a) Cyclic voltammetry plots for NCNTs in Ar (black) and COz (red)
saturated 0.1 M KHCOs3 electrolyte at a scan rate of 50 mV s (b) Comparison of
Faradaic efficiency towards CO against cell potential for NCNTs (black) and CNTs
(red). Adapted with permission.?!l Copyright 2015, American Chemical Society. (c)
Resultant onset potential (black dash) and maximum Faradaic efficiency toward CO
(blue dots) for various NCNTs against their respective total N content and N
composition. (d) Free energy diagram of CO formation at equilibrium potentials for
pyridinic N (blue), pyrrolic N (purple), graphitic N (green), and the carbon network of
pure CNTs (black) with schematic representation of the process on different N defects
in the CNT. Adapted with permission.l% Copyright 2015, Wiley-VCH Verlag GmbH
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The dashed line represents the CO2 reduction peak for the CNFs. (b) Comparison of
peak CO2RR catalytic current densities for CNF's and other electrocatalysts in EMIM-
BF4 electrolyte. (c¢) Deconvoluted N 1s spectrum of CNFs before and (d) after
electrochemical testing. (e) Corresponding atomic N configurations before and (f) after
electrochemical testing, on the basis of XPS analysis. Adapted with permission. [
Copyright 2016, Nature Publishing Group.
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Figure A.7 (a) Schematic representation of the covalent organic framework (COF)
constructed of cobalt porphyrins linked with BDA (COF-366-Co) and BDPA (COF-
367-Co). Included in the model is the pore size for each structure. (b) Cyclic
Voltammetry plots for COF-366-Co and COF-367-Co in N2 and CO2 saturated 0.2 M
potassium phosphate electrolyte (pH 7.2). (c¢) Long term electrolysis at -0.67 V vs. RHE
as a function of the accumulated CO and hydrogen produced on COF-366-Co, COF-
367-Co, and their molecular analogue Co(TAP). Adapted with permission. Copyright
2015,181 The American Association for the Advancement of Science. (d) Proposed
mechanism of the electroreduction of CO2 on a cobalt protoporphyrin at pH 1 and 3.
The chemical structure of the cobalt protoporphyrin is shown in the bottom right.
Adapted with permission.[!l Copyright 2015, Nature Publishing Group.

XLIII



1004 =73 formate
EZd acetate

photolithography

o
bz

o
e
%

l \ pretreatment

nanodiamond

&
=

X
e

Faradaic efficiency (%)

=]

] T

~

C. d.

s

—055V 080V  —LOOV  -1.30V

50 - 100
. i 80 |
£ = HCHO
¢  -50 F -
1 g gof
> 100 g
£z %
40 |
R —N_forh 8
<
] =——CO,_for1h £
é = ——CO. for2h £ 20 HCOOH
-250 | —CO,for25h o
0%k Y- a2 " a
=300 'l 1 ol 1 1 1 L L '} 1 1
-25 -2 -1.5 -1 05 0 19 18 17 -16 <15 14 13 1.2 11 -1
Potential / V vs. AgiAg” Potential / V vs. Ag/Ag

Figure A.8 (a) Schematic representation of the synthesis route for producing N-doped
nanodiamond (NDD) on a Si rod array. (b) Faradaic efficiencies toward CO2 reduction
to acetate and formate on optimised NDD between -0.55 and -1.30 V in CO2 saturated
NaHCOs3 electrolyte. Adapted with permission.l2l Copyright 2015, The American
Chemical Society. (c) Cyclic Voltammetry plots for B-doped nanodiamond (BDD) in
0.1 M methanol solution after saturation with N3 for 1 hour (black line) and saturation
with COz after 1 (blue line), 2 (green line), and 2.5 (red line) hours. (d) Faradaic
efficiencies toward CO2 reduction to formaldehyde (red), formic acid (green), and
hydrogen (blue) on BDD between -1.0 and -1.9 V in COs saturated methanol solution.
Adapted with permission.”l Copyright 2014, Wiley-VCH Verlag GmbH & Co.
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Figure A.9 (a) Unit cells constructed of carbon (grey spheres), nitrogen (blue spheres),
and hydrogen (white spheres) atoms used for DFT calculations of COz activation
barriers on a) graphitic N doped pristine graphene (NN(AB)), b) gN doped Stone Wales
defective graphene (SW-N3N3’), ¢) graphitic N doped zigzag edge graphene (Edge-gN),
d) pyridinium doped zigzag edge graphene (Edge-pNH), e) two graphitic N doped
zigzag edge graphene (Edge-2gN, and f) pyridinic doped zigzag edge graphene (Edge-
pN). The yellow halos signify the atoms with highest DOS just below the Fermi level
and thus CO2 approach site. (b) Free energy profiles of the approach of the carbon in
the CO2 molecule with the active sites in the outlined unit cells. (¢) The DOS of the
Edge-gN structure for selected atoms shown in (a), with up-spin and down-spin states

shown. Adapted with permission.'!l Copyright 2016, The Royal Society of Chemistry.
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Table A.1-1 Performance summary of recently reported carbon-based electrocatalysts for CO2 reduction.

Catalyst

Electrolyte

Onset Potential

Applied Potential

Current Density

Products (Faradaic Efficiency [%])

Ref. (Year)

[VI? [\ [mA cm?°
N-Graphene 0.5 M KHCO3 -0.30 -0.84 7.5 HCOO" (73%) [51] (2016)
N-Graphene Foam 0.1 M KHCO;3 -0.3 -0.58 1.8 CO (85%), HCOO" (3%) [29] (2016)
B-Graphene 0.1 M KHCO;3 -1.15 (vs. SCE) -1.4 (vs. SCE) 2.1° CHOO" (66%) [50] (2015)
NGM/CP [Bmim]BH,4 -1.0° -1.4 1.42 CH, (93.5%), CO (4.2%), H2 (2.1%) [54] (2016)
C;H4 (31%), CO, C,HsOH, HCOO", CH,, CH;COO:, n-
NGQD 1M KOH -0.26 -0.75 89° [55] (2016)
C;H,OH

Cu/CNS 0.1 M KHCO;3 -0.5° -1.2 1.4° C,Hs0H (63%), CHa (6.8%), CO (5.2%) [64] (2016)
p-NG-Cu 0.5 M KHCO;3 -0.7 -0.9 8.5° C2H4 (19%), HCOO" (3.8%), CH4 (0.9%), C2Hs (0.6%) [63] (2016)
Graphene-Sn

0.1 M NaHCO3 -0.85 (vs. SCE) -1.8 (vs. SCE) 211 HCOO" (89%) [66] (2016)
Quantum Sheets
PEI-NCNT 0.1 M KHCO;3 -1.2 (vs. SCE) -1.8 (vs. SCE) 7.2 HCOO" (85%) [53] (2014)
NCNT 0.1 M KHCO;3 -0.70 -0.78 1.0 CO (80%) [31] (2015)
g-CsNJ/MWCNT 0.1 M KHCO;3 -0.45 -0.75 6° CO (60%) [71] (2015)
CN/MWCNT 1 MKCI -1.46 (vs. Ag/AgCl) -1.62 (vs. Ag/AgCl) 90 CO (98%), H2 (2%) [52] (2016)
CNF EMIM-BF, -0.23 -0.573 4 CO (98%) [30] (2013)
BDD 0.1 M MeOH (TBAP) -1 (vs. Ag/AgCl)° -1.7 (vs. Ag/AgCl) <1 HCHO (74%), HCOOH (15%) [93] (2014)
NDD 0.5 M NaHCO; -0.36 -1.0 0.75° CH3;COO  (77.6%), CHOO" (14.6%) [92] (2015)

XLVI



Table A.1-2 Performance summary of recently reported carbon-based electrocatalysts for CO2 reduction (cont’).

Onset Potential Applied Potential Current Density
Catalyst Electrolyte Products (Faradaic Efficiency [%]) Ref. (Year)
v v [mA cm?]®
FeMn-N-C 0.1 M KHCO; -0.36 -0.5 2.5° CO (80%) [94] (2015)
Co-porphyrin MOF 0.5 K2COs3 -0.5° -0.7 1 CO (76%) [79] (2015)
Co-porphyrin COF 0.5 M KHCO; -0.40 -0.67 CO (90%) [80] (2015)
Co-protoporphyrin 0.1 HCIO4 (pH 1-3) -0.5 -0.6 (pH 3) 0.08 CO (60%) [81] (2015)
DMF/10% HO
Fe-porphyrin -1.22 -1.35 1.15 CO (95%) [82] (2015)
(0.1M TBAPFg)
Cu-porphyrin 0.5 M KHCO; -0.676 -0.976 11 CO (11%), CH.4 (26%), CoH4 (6%) [83] (2016)

a)
b)

)

Reported values are presented vs. RHE unless otherwise noted.

This value corresponds to the potential at which the Faradaic efficiencies are reported.

Values have been interpolated from presented data and are not directly reported by the authors.
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