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Abstract

Abstract

Electrochemical CO; reduction (CO2RR) is gaining attention in research as a promising
way to produce chemical feedstocks. CO, can be reduced to several products, such as
HCOO", CO, as well as reduced products such as CH4, CoHs and C2HsOH. CO and C2Hs4
in particular are valuable products as CO is a useful intermediate for the production of
synthetic kerosene or green methanol, while C2Hs is useful to make plastics. However,
achieving high selectivity and a high current density with low-cost catalysts to these
products is challenging. For example, the state-of-the-art Ag and Au catalysts for CO;
reduction to CO are expensive, while Cu catalyst for CO2 reduction to CoHa is not selective.
Scaling up to high current density is also challenging on these catalysts due to the
competing Hz evolution reaction (HER). Understanding the underlying mechanisms for the

catalyst to bind to CO> and relevant intermediates is important to achieve these aims.

As copper is the only metal known to produce reduced products, but at the same time is
also capable of producing HCOO™ and CO, it is the most flexible starting point for the
construction of more complex catalysts that favour certain reaction products. For example,
oxide-derived copper has been shown to favour liquid products, while various bimetallic
catalysts consisting of copper and another metallic element have been tried for increasing
copper’s selectivity to CO, CHs or C2Hs. On another hand, sulfide-derived catalysts have
been shown to produce almost exclusively HCOO™ and attempts to use this method for
other products has not been very successful. This is despite calculations showing that sulfur
can have an effect in stabilizing *COOH relative to *CO to tune selectivity towards CO.
Some particularly successful studies have shown that CdS produces CO and is effectively
the only sulfide-derived monometallic catalyst thus far to do so. In contrast to two-element
catalysts which have been extensively researched, three-element catalysts are
comparatively rare in the literature. This thesis focuses on Cu-M-S/Se as possible three-
element catalysts to achieve selective CO> reduction, preferably to CO or even reduced

products.
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In the first work, nine Cu-M-S bimetallics (M=In, Sn, Sb, Bi, Ga, Ge, Ag, Co, Fe) are tested.
It is found that the Cu-Sh-S system is able to selectively produce CO and the sulfoselenide
Cu-Sb-S/Se is then tested. It is also found that the sulfide-derived version is better than the
sulfoselenide-derived one. Other elements (including In, Sn, as well as other metals such
as Ag, Co, Fe, Ga, Ge) as the second metal are not able to do so, and this is linked to the
ability of the metal sulfide to reduce during electrochemical CO. reduction to remove
excess sulfur, indicating that small amounts of sulfur doping is able to boost CO selectivity
while the usual HCOO™ tuning effect is minimized as this effect seems to be greater when

sulfur is present in larger amounts.

In the second work, an in-depth study of the Cu-Sh-S system for electrochemical CO>
reduction is carried out. Three phases, skinnerite (SK, CusSbSs), tetrahedrite (TH,
Cu12ShsS13) and chalcostibite (CS, CuShS,) are synthesized and tested for electrochemical
CO2 reduction. The Cu-Sh-S catalysts are found to have high CO selectivities of 50-80%.
This is in contrast to the individual control samples of CuSx and ShSx that demonstrate a
preference towards the formate product. The Cu-Sb-S catalysts are found to lose most of
the sulfur during reduction, with post-reduction sulfur content ranging from 2-15% found
in EDX and XPS. The differences in CO selectivity between the SK, TH and CS phases
are attributed to crystallinity in XRD where a higher amount of sulfur induces a drop in
crystallinity in the TH sample, and phase segregation caused by a higher Cu at% resulting
in S-doped Cu that produces excess HCOO™ and H by-products. DFT calculations indicate
that the substitution of Sb sites with sulfur improves *COOH binding relative to *CO,
breaking scaling relations and facilitating subsequent CO (g) formation. It is found that the
TH phase results in the highest CO selectivity of 80% at —1.0 V RHE with 37.6 mA cm 2

geometric partial current density.

In the third work, the Cu-Sh/Bi-S system is tested to elucidate the role of the second metal.
It is found that Sb promotes CO while Bi promotes HCOO™, where the difference likely
stems from the miscibility of the second metal with Cu as well as elemental loss. The results
indicate that: (1) Sb alloys well with Cu, which weakens the binding of Cu to form CO. (2)
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Bi does not alloy very well with Cu, leading to loss of Bi, increasing the amount of sulfur-

doped Cu which then results in HCOO™ as well as H, formation.

These results point to the limitations of sulfur in three-element catalysts in electrochemical
CO: reduction, where recommendations are made in the conclusion that: (1) for
electrochemical CO: reduction, trimetallics are better while (2) for sulfides,

photoelectrochemical CO> reduction is better.
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Lay Summary

Currently, the world obtains 80% its energy from fossil fuels according to the International
Energy Agency. As the world population increases in the 21% century, even more energy
is needed. However, the burning of fossil fuels is releasing carbon dioxide, a potent
greenhouse gas causing climate change. This has resulted in the Earth having warmed
1.2°C since the Industrial Revolution and it is projected that humanity is on track to achieve
2.5-3°C of warming by 2100. This has dangerous consequences for the climate, resulting
in natural disasters, more frequent heatwaves and sea level rise. As such, it is vital that

humanity shifts to energy sources that do not have CO2 emissions.

While CO; emissions in power generation can easily be reduced or eliminated by switched
to renewable sources such as solar, wind and hydroelectricity, and in road transport by
electrification to electric vehicles, CO. emissions in hard-to-abate sectors such as industry,
shipping and aviation are harder to eliminate. In these areas, electrocatalysis can play a
vital role. For example, green hydrogen, or hydrogen produced from electrolysis of water,
can be used to replace hydrogen produced from natural gas used to produce ammonia,
methanol or steel. As a further step, fuels and chemicals produced from the electrochemical
reduction of carbon dioxide (CO2RR) can be used to replace fossil fuels used in transport
or industry. Carbon monoxide is an intermediate for production of methanol (used in
chemical industry and possibly as shipping fuel) or kerosene (aviation fuel), while ethylene

is used to make plastics such as polyethylene (PE).

Electrochemical CO- reduction (CO2RR) works by the supply of CO> to the cathode of a
water electrolysis cell to be reduced to products such as formate, carbon monoxide,
methane, ethylene or ethanol. Water acts as the proton source for the reduction of COy,
while at the anode water is oxidized to oxygen via the oxygen evolution reaction (OER).
State-of-the-art catalysts currently have limitations, such as copper having low selectivity
to produce ethylene or silver being an expensive catalyst for the production of carbon

monoxide. Common methods to mitigate these issues include introducing a second metal
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to form a bimetallic or using metal chalcogenides such as sulfides or oxides to increase
selectivity. Examples include copper oxide for the production of ethanol, copper sulfide

for the production of formate, and copper zinc for the production of carbon monoxide.

As two-element catalysts reach the saturation of their abilities, having three elements may
be advantageous to push the boundaries of catalyst performance. This thesis focuses on
Cu-M-S/Se as possible three-element catalysts to achieve selective CO2 reduction,
preferably to CO or even reduced products. In the first work, copper-metal-sulfides (where
the metal can be In, Sn, Sb, Bi, Ga, Ge, Ag, Co, Fe) are investigated. It is found that Cu-
Sb-S is the best performing catalyst for electrochemical CO2 reduction to carbon monoxide.
In the second work, it is revealed that Cu-Sbh-S reduces when electricity is applied to sulfur-
doped Cu-Sb where the sulfur acts to disrupt the crystal regularity and improve
performance. In the third work, comparison is then made between Cu-Sb-S, Cu-Bi-S and
two intermediate Cu-Sb/Bi-S samples where it is revealed that the second metal is crucial
for selectivity to formate or carbon monoxide, and this may partly be due to the better
ability of Sb to alloy with Cu compared to Bi which modifies the selectivity to carbon
monoxide, as well as partly due to Bi loss resulting in excess Cu tuning the catalyst back

to formate.

Vi
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Chapter 1 Introduction

This chapter presents an overview of the renewable energy transition.
Then an introduction to the field of electrocatalysis and CO; reduction is
made. This section covers the two-element catalysts (bimetallics, metal
chalcogenides) in the field so far. The hypothesis and objectives of this
study are then elucidated, which includes investigating bimetallic
sulfides as three-element catalysts for better control of catalyst
performance. The chapter concludes with a section on findings and

originality of the study.
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1.1 Hypothesis/Problem Statement
1.1.1 Background

The world is currently in the midst of a renewable energy transition, with a view on curbing
anthropogenic climate change. Humanity is on track to miss the target of keeping warming
within 1.5°C and more drastic action is needed to prevent catastrophic warming.
Concurrent with a shift in electricity generation from fossil fuels to renewable energy is the
switching of end uses of energy from fossil fuels to either electricity (electrification) or to

renewable fuels and chemicals.[1]

Electrocatalysis, by utilizing electrical energy to convert water, CO2 or nitrogen, is pivotal
in the production of renewable fuels and chemicals, such as hydrogen, hydrocarbons, and
ammonia.[2-4] In particular, the electrochemical CO> reduction reaction (CO2RR) stands
out for its potential to yield valuable feedstocks like ethylene, critical for the plastics
industry. It can also produce a key intermediate, carbon monoxide (CO), which can then
be used for the production of useful products such as methanol which is an important
feedstock in the chemical industry, or the Fischer-Tropsch process to produce kerosene

which can be used as sustainable aviation fuel.[3, 5]

The electrochemical CO: electrolyzer features two reactions, the electrochemical reduction
of CO2 (CO2RR) takes place at the cathode, while the oxygen evolution reaction (OER)
takes place at the anode (more details discussed in Chapters 2 and 3). Electricity, in
particular voltage, is the driving force behind the chemical reaction. However, because of
the use of abundant water as electrolyte, the hydrogen evolution reaction (HER) is always
a competing reaction with CO2RR on the cathode side. Thus, a suitable catalyst is necessary
to suppress the competing HER reaction and selectively produce one CO2RR product over

other side products (high Faradaic efficiency).
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C-bound O-bound
2e CcO HCOOH
CH4
Reduced CzH ,
CHOH
2 5

Figure 1.1: Major CO2RR products

Electrochemical CO- reduction on metals form five major products (Figure 1.1).[6] Such
products consist of two-electron products such as formic acid/formate (HCOOH/HCOQO")
and carbon monoxide (CO) as well as reduced products such as methane (CH4) ethylene
(C2H4) or ethanol (C2HsOH). These products have different binding configurations, with
the intermediates for formic acid binding to the catalyst via the oxygen atom(s) and the

intermediates for the other products binding to the catalyst via the carbon atom(s).[6]

Ti Fe |Co |Ni |Cu |Zn |Ga |Ge

Titanium Iron Cobalt Nickel Copper Zinc Gallium Germanium
9.7 % 948 % 889 % 67.5 % 794 % 790 %
Ru |Rh |Pd [Ag |Cd [In |Sn
Ruthenium | Rhodium | Palladium | Silver Cadmium | Indium Tin

262 % 815 % 784 % 949 % 88.4 %

Os |Ir |Pt |Au |Hg |TI |Pb

Osmium Iridium Platinum Gold Mercury | Thallium Lead
95.7 % 871 % 99.5 % 951 % 974 %

SymbOI H2 CO HCOOH Beyond

Name co*
Faradaic efficiency

Figure 1.2: Main CO2RR product according to element. Reproduced with permission from [7]

The metallic catalysts can be broadly classified into 4 categories based on its main products
(Figure 1.2): HCOO -selective metals (main group elements such as Sn, In and Pb), CO-
selective metals (Ag, Au and Zn), reduced products-selective metal (Cu only) and
hydrogen-selective metals (transition metals in columns to the left of Cu).[7] For two-
electron products, tin (Sn) and silver (Ag) are the benchmark catalysts for HCOO™ and CO

respectively, achieving near-unity Faradaic efficiency. However, silver is expensive and it

3
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is difficult for copper to produce any individual reduced product with Faradaic efficiencies
exceeding 60% due to similar energetics for the reduced products (CHas, C2Hs, C2HsOH).
Thus, the main thrusts of current research in CO2RR are (1) to find cheaper alternative
catalysts to expensive Ag for the reduction of CO> to CO and (2) to improve the selectivity

of Cu-based catalysts for the reduction of CO- to a particular reduced product.

Given the limitations (cost, selectivity, etc) of single element catalysts, catalysts with two
or more elements are currently under investigation in the scientific community as cheap
alternatives to Ag or to improve on the selectivity of Cu. Bimetallics and chalcogen-derived
catalysts are two categories which have been investigated and are elaborated in the
subsections below. In this study, sulfide-derived bimetallics are investigated to understand
the dual effects of bimetallics as well as sulfide on selectivity.

1.1.2 Cu bimetallic alloys

Bimetallic alloys are of interest because of the ability to tune the binding energy of the
surface to improve selectivity. The interaction of second metal with Cu, forming bimetallic
alloys, has shown enhanced selectivity of Cu towards certain products. The selectivity of
bimetallic Cu-based catalyst is highly dependent on the second metal. The selectivity trends
are correlated with the type of phase and interaction formed between Cu and the second

metal as follows:[8]

Solid solutions (Cu-Pd, Cu-Au, Cu-Zn) are able to form a continuum of stable
compositions providing a means to finely tune the properties of bimetallic catalysts. Small
amounts of these alloying elements can increase the selectivity of Cu to reduced
products.[9-11] However, Au and Zn are themselves active sites for electrochemical CO;
reduction to CO. Consequently, Au/Zn-heavy compositions will steer the selectivity
towards CO.[12, 13]

Intermetallic compounds ( Cu-In, Cu-Sn and Cu-Sb) form at discrete compositions. This
means they are likely to phase segregate at intermediate compositions, making their
product distribution an average of the individual phases and thus less tunable. All three
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intermetallics are known to produce CO where the active site responsible is primarily
Cu.[14-16] However, In, Sn and Sb are themselves more capable of producing HCOO™
which binds to the metal via oxygen rather than carbon. Consequently, In/Sn/Sh-heavy
compositions will steer the selectivity towards HCOO™.[17-19]

1.1.3 Chalcogenide-derived catalysts

Oxide- and sulfide-derived (as well as selenide-derived) materials are also of interest as
they impart different product selectivity behaviour compared to bare metallic catalysts.
Notably, copper has different selectivities when it is derived from copper oxide or copper
sulfide. Oxide-derived Cu shows an increased formation of ethanol, which has been
attributed to the formation of extra grain boundaries.[20] Sulfide-derived Cu shows a
different behaviour with increased HCOO™ selectivity at the expense of CO and reduced
products,[21] which has been attributed to the residual sulfur tuning the binding energies
of the reaction intermediates although the exact mechanism is disputed.[22, 23] Selenide-
derived Cu shows a similar behaviour as sulfide-derived Cu, but with more CO and H and
less HCOO™.[22] Thus, research to more conclusively explain the effect of chalcogen and

particularly sulfur in COz reduction is needs to be done.

In a very small minority of cases, sulfide-derived catalysts do not produce HCOO™ as the
main product. The main exception is CdS, which produces CO as the main product as
reported by He et al.[24] They also explored CdSe, but it produced mainly H> instead of
CO.[24] Cd on its own also produces CO in some amount but with smaller Faradaic
efficiency, showing that a good strategy may be to start with a metal catalyst that produces
CO and then using its sulfide to improve the CO selectivity for CO2RR. Combining the
effect of second metal and S with Cu, the selectivity for CO2RR on Cu-M-S catalysts can
be synergistically tuned to produce CO with high Faradaic efficiency, hence this study.

One key issue in chalcogenides is whether they reduce under an applied potential. When
the applied potential is more positive than the standard reduction potential, the sulfides are
unaffected. However, when the applied potential is more negative than their standard
reduction potential, the sulfides are thermodynamically unstable under the applied
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potential.[25-27] Thus, the catalyst might undergo a reconstruction process to form the
active phase for CO2RR. This active phase (or chalcogenide-derived phase) should then be

determined by post-catalysis characterization.

1.1.4 Hypothesis and design target

The hypothesis is that ternary catalysts, of which Cu-M sulfide-derived or selenide-derived
catalysts are considered, will be able to improve the selectivity of the catalyst over binary
catalysts mentioned above. This study explores the role of combining Cu with another
metal (such as In, Sn, Sb, Bi, Ga, Ge, Ag, Co, Fe) in sulfides and looking at the product
selectivity trends (such as HCOO™, CO and reduced products). The role of second metal in
tuning, as well as the role of sulfur in either parent sulfide or reduced forms, will be

elucidated. The hypotheses of this thesis are:

1. Cu-M-S (M=In, Sn, Sbh, Bi) will be active for electrochemical CO2 reduction. As
Cu is the key metal that produces CO in most Cu-M alloys, if post-transition metals are
alloyed with Cu, sulfur may improve their selectivity. For example, Gregoire group’s
study indicates that Cu-M (where M=In, Sn and Sb) bimetallic produces CO, which
indicates that the bimetallic as a whole binds loosely to CO which allows it to leave.[28]
On the other hand, Cu-Bi produces HCOO™.[29] It is predicted that these combinations
of second metal (M=In, Sn, Sb, Bi) with Cu and S will be more active for
electrochemical CO: reduction than the other combinations (M=Ga, Ge, Ag, Co, Fe)
which will produce mainly H..

2. Interaction of chalcogen with metals can improve selectivity of CO if reduced or
improve HCOOH if unreduced. This is because the mechanisms for CO and HCOO™,
which sulfur or selenium can modify, are different. Sulfide-derived and selenide-
derived catalysts have shown a tendency to produce either HCOO™ or Hz. This
behaviour may be attributed to a hypothesized mechanism where sulfur or selenium
binds *H (S-H or Se-H), which can then react with an incoming hydrogen atom to form
H2 or an incoming CO2 molecule to form HCOO™ according to Abild-Pedersen and co-
workers.[30] Sulfur (and possibly also selenium) also has the potential to promote CO

through a covalency-aided mechanism according to Kim et al, but this mechanism
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relies on having only a minute doping of sulfur.[31] The *H bound mechanism may be
dominant when the parent chalcogenide does not reduce,[32] while the covalency-aided
mechanism may be dominant if it reduces. Whether the parent chalcogenide reduces
depends on the standard reduction potentials of Cu and M metals.

3. Cu-Sb-S will be the best candidate for electrochemical CO2 reduction to CO. From
Gregoire’s list of In, Sn and Sb, standard reduction potentials for In®*, Sn** and SbO*
(as Sb** data is unavailable) are compared.[33] The values are -0.338, 0.021 and 0.2.
Thus, Sb is the most susceptible to reduction. As mentioned in the previous hypothesis,
for S to improve CO selectivity, the parent sulfide has to reduce to provide minute
doping of sulfur. Thus, Cu-Sb-S will be the ideal candidate for electrochemical CO>
reduction to CO.

4. Varying the ratio between Sb on one hand and Bi on the other in Cu-(Sb, Bi)-S
may tune the selectivity between CO and HCOO™ respectively. This also may shed
light on the competing effects between Cu (which prefers CO) and main group element
(which prefers HCOQO"). If the relationship is non-linear, there could be a possibility to
improve the selectivity of the catalyst to either CO or HCOO™.

1.2 Objectives and Scope

This study will explore the role of the second metal M (where M is In, Sn, Sb, Bi, Ga, Ge,
Ag, Co, Fe) and sulfur in the Cu-M-S system on the product selectivity in electrochemical
COz2 reduction.

1. Screening whole series of Cu-M-S (where M is In, Sn, Sb, Bi, Ag, Ga, Ge, Co,
Fe) catalysts to identify catalysts with high CO selectivity. Comparing the
resulting promising catalysts with selenium replacing sulfur. This study will
correlate reduction behaviour of sulfide and metal species to observed CO2RR
products. The study will also identify promising catalysts for the subsequent studies.

2. Investigating and characterizing multiple Cu-Sb-S nanoparticle phases
including post-reduction characterization. Different phases of Cu-Sh-S
nanoparticles are synthesized, tested for CO2 reduction and investigated by various

bulk and surface characterizations.
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3. Investigating tunable Cu-Sb/Bi-S catalysts with varying Sb:Bi ratios. This is to
further understand the effect of second metal species on the CO2RR performance

as well as reduction behaviour.

1.3 Dissertation overview

This thesis investigates the category of Cu-M-S/Se chalcogenide-derived bimetallic
catalysts for electrochemical CO- reduction and correlates the CO> reduction products with
catalyst composition and reduction behaviour. This study seeks to understand how the
choice of second metal and the chalcogen type (S, Se) affects the catalytic activity as well
as how easily the parent sulfide/selenide reduces when a voltage is applied. The phase and
crystallinity of the catalyst after CO2 reduction is linked to the type of CO2RR product (CO,
HCOO™ or competing Hz) and insights are drawn on how to design catalysts that favour
CO or HCOO™.

The thesis is structured as follows:

Chapter 1 introduces the rationale, design and objective of the study in investigating Cu-

M-S/Se catalysts for electrochemical CO reduction.

Chapter 2 reviews the literature concerning the basics of electrochemical figures of merit,
electrochemical CO: reduction, reaction mechanism and thermodynamics, types of

catalysts and their selectivity.

Chapter 3 discusses the synthesis methods for catalysts, electrochemical CO> reduction
measurement techniques and principles behind characterization techniques used to

understand the catalysts.

Chapter 4 elaborates on the synthesis, electrochemical CO2 reduction behaviour and
characterization of Cu-M-S (M=In, Sn, Sb, Bi, Ga, Ge, Ag, Co, Fe). The behaviour of these
catalysts fall into two groups, with (M=In, Sn, Sb, Bi) being active for electrochemical CO>
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reduction and (M=Ga, Ge, Ag, Co, Fe) mainly producing H.. Cu-Sb-S is singled out for its

ability to produce CO and Cu-Sb-S/Se is tested to compare S vs Se performance.

Chapter 5 elaborates on the synthesis, electrochemical CO; reduction performance and
characterization of three phases of Cu-Sb-S: skinnerite (SK, CusSbSs), tetrahedrite (TH,
Cu12ShsS13) and chalcostibite (CS, CuSbhSy). It is found that the catalyst reduces in all three
phases but the reduced phases have different degrees of crystallinity and phase composition
that result in different CO selectivity, with TH as the best performing catalyst with ~80%
FE for CO.

Chapter 6 elaborates on the synthesis, electrochemical CO, reduction performance and
characterization of Cus(SbxBi1-x)Ss with four compositions: x=1, 0.66, 0.33, 0. It is found
that Sb content is correlated with CO selectivity and Bi content is correlated with HCOO™
selectivity. It is also found that Bi loss is more extensive than Sb loss, and when considered
together with the production of a small amount of reduced products up to 2%, suggests that
Bi is harder to alloy compared to Sb.

Chapter 7 summarizes the findings of this work. The bimetallic strategy is robust and
trimetallic catalysts are recommended for further study to optimize reaction intermediate
binding for more desirable products.

1.4 Findings and Outcomes/Originality
This research led to several novel outcomes:

1. Revealing selectivity trends in the Cu-M-S materials space with nine metals which
combine with Cu in sulfides (M=In, Sn, Sbh, Bi, Ga, Ge, Ag, Co, Fe). Specifically,
heavier main group metals (M=In, Sn, Sb, Bi) can alloy with Cu for electrochemical
COz reduction to CO or HCOO, while the other metals (M=Ga, Ge, Ag, Co, Fe)

produce Ha.
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2. Revealing the changes in selectivities and reaction mechanism when Cu-Sh-S/Se is
used where selenium is added to the synthesis. Selenium is shown to promote Ho,
likely due to synergistically working with Sb to bind *H.

3. Achieving the first reported sulfide-derived copper-based catalyst that can
selectively produce CO (i.e. Cu-Sb-S-derived catalyst)). The TH catalyst produced
CO with a maximum Faradaic efficiency of 80%.

4. Investigating the interaction between copper and second metal by varying the ratio
between Sb and Bi. In sulfide-derived Cu-Sh, CO is the main product, while for
sulfide-derived Cu-Bi, HCOO is the main product. A correlation is drawn between

Sb content and CO production, as well as Bi content and HCOO™ production.
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Chapter 2 Literature Review

This chapter describes the basics and mechanism of electrochemical CO,
reduction, the performance metrics used in evaluating CO, reduction
catalysts, catalyst reconstruction, as well as the materials used as
catalysts. Areas for study are then identified where research or

understanding is lacking and where this study aims to focus.
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2.1 Electrochemical COz2 reduction
Electrochemical CO> reduction is typically carried out in a two- or three-compartment cell,

as seen in Figure 2.1.

(=2

|
a - e

COH,
CH,
C.H,

co,

1

Catholyte Anolyte Co, Catholyte Anolyte

Figure 2.1: a) Two- or b) three-component CO2RR flow cell[1]. The three compartments are the gas compartment

(optional), the catholyte compartment and the anolyte compartment. No permission is required for thesis purposes.

On the cathode side, CO: is either saturated into the catholyte or introduced in gas phase

to the catalyst, where the following half-reactions take place as shown in Table 2.1[2]:

Table 2.1: Reduction potentials of two-electron CO2RR products

Half reaction E°, cquction (V s RHE)
CO,+H* +2e~ - HCOO™ -0.12
CO, + 2H* + 2~ - CO + H,0 0.10

On Cu, the following reactions may take place with adsorbed CO, resulting in reduced

products as shown in Table 2.2[2]:

Table 2.2: Reduction potentials of CO reduction to reduced products

Half reaction E°, cquction (V s RHE)
CO + 6H* + 6e~ - CH, + H,0 0.26
20 + 8H* + 8¢~ > CyH, + 2H,0 0.17
2C0 + 8H' + 8e~ > C,HsH + H,0 0.19

On the anode side, the OER half-reaction takes place as shown in Table 2.3:
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Table 2.3: Oxidation potential of OER

Half reaction E°® s idation (V VS RE)

2H,0 - 0, + 4H* + 4e™ 1.23

The minimum energy required to drive the full cell reaction is simply the addition of the
cathode and anode side reactions:
E° e = E®eauction + E®oxidation
However, on actual catalysts the potential needed to drive either half reaction is
larger than the thermodynamic potentials due to the overpotential (1) required on
the catalyst for all individual steps in the electrochemical reaction to be downhill.

As a result, the potential applied at the cathode for CO2RR can be expressed as:

— 0
Ecathode =E reduction + Nreduction

2.2 Figures of merit for CO2RR
There are a few key performance indicators to assess, compare and judge different CO2RR
catalysts.[2] The common metrics used for such performance evaluations of CO2RR

catalysts are elaborated below.

2.2.1 Faradaic efficiency

The key challenge of CO2RR is that multiple reaction products are formed on the catalyst
and HER is always a competing reaction with H as side product. As such, to measure the
amount of desired product formed over the total amount of products formed, Faradaic
efficiency is introduced. Faradaic efficiency is defined as the amount of charge used to
form a particular product over the total amount of charge passed:[2]

FE = Qproduct

Qtotal

In flow cells, due to the continuous flow of gases, a common approximation (which is not
exactly equivalent due to fluctuations in product distribution) is the instantaneous current

used to form a particular product over the total instantaneous current:

FE = Iproduct

Itotal
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Qproduct OF lproduct Can be obtained from the concentrations of liquid product (as measured
by high-performance liquid chromatography (HPLC) or nuclear magnetic resonance
spectroscopy (NMR) or gaseous product (as measured by the GC), converted to number of
moles of electrons going to the product. Qota OF ltota Can be obtained as measured from the

electrochemical workstation.

The benchmark catalysts in the field are widely regarded to be Sn for HCOO™, Ag for CO
and Cu for reduced products. Sn is able to produce HCOO™ with a typical FE over 90%,
while Ag is able to produce CO with a similar typical FE over 90%. For Cu, FEs for reduced
products are typically lower due to the much wider spread of products being formed

dependent on the exposed facets and structure of the copper.

2.2.2 Partial current density
This is the figure of merit to evaluate the reaction rate of a particular product with the given
catalyst surface area. This is given by:

Jorotues = Lot
surface area

While the exact surface area to be used is the electrochemical surface area (ECSA), in

practice the geometric surface area is commonly used due to its convenience. The proper

ECSA is typically determined by double-layer capacitance measurements, hydrogen

underpotential deposition measurements or integration of cyclic voltametric peaks.[2]

2.2.3 Onset potential

The onset potential is the minimum applied potential at which a given reaction product
begins to be formed. This is when the product starts being detected by available detection
devices such as chromatographs.

In practice however, this is limited by the sensitivity of the detection device (GC, HPLC,

NMR, etc). Thus, a practical definition is along the lines of the applied potential at which
a given reaction product is formed with a specified current density.[3]
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2.2.4 Tafel slope

The overpotential n mentioned above is related to the current density (of a specific CO2RR
product) through the Butler-VVolmer equation:[2, 4]

j=jo(e 9 — e(l—a)fn)
where jo is the exchange current density, o is the symmetry factor, f = % where n is

number of electrons transferred, F is Faraday constant, R is the universal gas constant and
T is the temperature. At large overpotentials, the reverse current term e1~®/7 can be

neglected, and the Butler-Volmer equation reduces to the Tafel equation:[2, 4]

_2.3RT1 __ 2.3RT
n= of 0g(Jjo) of

As can be seen, if i is plotted against log(j), % is obtained as the Tafel slope. If n=0 is

log(j)

taken and the line is extrapolated to the x-axis, the exchange current jo is obtained. The
Tafel slope gives information regarding the electrochemical steps of the reaction before the
rate determining step.[2, 4] Thus, the Tafel slope is a key indicator of the energy required
for the electrochemical reduction to occur. A smaller Tafel slope is better because a lower

amount of additional energy is required to increase the current density by a given amount.

2.2.5 Stability

The stability of the catalyst refers to the length of time that the catalyst can maintain a high
Faradaic efficiency and current density towards a particular CO2RR product. Stability is an
important parameter for commercial viability. This is usually tested by
chronopotentiometry (constant current) or chronoamperometry (constant voltage) for a
period of time. Generally, a catalyst can be considered stable if it retains a high Faradaic

efficiency and partial current density for a particular product for 7-12 hours or more.[2]

2.3 Mechanism of COz reduction reaction

Designing a CO2RR catalyst to produce only one reaction product selectively requires a
good understanding of the underlying mechanism involved in CO; reduction and why
different catalysts prefer certain reduction products.
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2.3.1 CO vs HCOOH/HCOO"
The first bifurcation in the generally accepted CO: reduction reaction separates the
pathways that produce CO and HCOOH/HCOO™ (Figure 2.2).

el e ER

Figure 2.2: Reaction mechanism for CO2 reduction to CO or HCOOH. Reprinted with permission from [5]. Copyright

2017 American Chemical Society.

To produce CO, the metal binds to the CO. molecule via the C atom while a proton and an
electron are transferred to it, forming a bound *COOH intermediate where * represents the
metal site. This intermediate then reacts further via a proton-coupled electron transfer
(PCET) to produce bound *CO and a leaving H.O molecule. The *CO then desorbs as CO.
The most common proposed reaction mechanism in electrochemical CO> reduction to CO
can be summarized as follows:[6, 7]

*+C0, + e~ »xC0,

* CO,” + H* -+ COOH

* COOH + H* + e~ -»x CO + H,0
* CO - +CO

To produce HCOO™, the C atom must be protonated. For this to happen the metal binds
with the CO. molecule via the O atom forming *OCHO after protonation. This
intermediate then reacts further via an electron transfer to form *OCHO™. The *OCHO™

then desorbs as HCOO™. One possible reaction mechanism scheme (which is slightly
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different from Figure 2.2) for electrochemical CO. reduction to HCOO™ can be
summarized as follows:[6, 7]
*+H" +e” -« H
*H + CO, »x OCHO
* OCHO + e~ »x OCHO™
* OCHO™ -»x+HCO00~

Given that metal atoms that bind C (or H, since *H and *CO scale linearly in a direct
relationship)[8] optimally produce CO (or reduced products), while metal atoms that bind
O optimally produce HCOO™, metal atoms can be plotted with O binding on the y-axis and

H-binding on the x-axis to form a map:[9]

A
201 ggdm A
. iy
300 -k iha Zn-'GU -------------------------------
o - m B S
T 400 ECBIIEEREE B
E ] Co Bt
< 500+ ! Fe
= 4 msn | BMo
& 600 §
= ; BRe
7004 5 =
{ : v
800 +— 5

100 150 200 250 300 350
M-H bond strength (kJ mol™)

Figure 2.3: Intermediate M-H bond strength plotted against bond dissociation enthalpy of metal oxides. Reproduced

with permission from [9]

As can be seen in Figure 2.3, there are four groups of metals:

e post-transition elements like In, Sn, Pb, Bi (that bind O strongly and C weakly)
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e Group 11 and 12 transition elements like Ag, Au, Zn (that bind O weakly and C
moderately)

e Cu (that binds O moderately and C moderately)

e Group 4 to 10 transition elements like Ni, Fe, Pt (that bind O strongly and C strongly)

As main group elements bind O strongly but C weakly, they produce HCOO™ as their main
product. Ag, Au and Zn bind O weakly but C moderately, thus they are able to produce CO
as their main product. As Cu binds both O and C moderately, it can produce both CO and
HCOO™. Group 4 to 10 transition elements bind O strongly and C strongly, so theoretically
they can produce both HCOO™ and CO (which are indeed seen in Pd catalysts)[10], but
most of these catalysts are inactive for CO; reduction due to CO catalyst poisoning as they

have incomplete d-bands that can participate in pi backbonding with CO as shown below:

Sc, Ti, V Fe, Co, Ni Cu, Zn, Ga Ge
a A F SRLEIELEL EF
ds, 4p 4s, 4p
Energy
3d
DOS DOS DOS DCS

Figure 2.4: Schematic of 3d, 4s and 4p bands for metals Sc to Ge, taken from Wikipedia.

The d-band becomes fully filled only in Group 11 and beyond.[12] CO can be further
reduced on Cu to form reduced products like methane, ethylene and ethanol, as detailed in

the following section.

2.3.2 Reduced products on Cu (CHa, C2Hs and C2HsOH)
The second bifurcation largely happens only on copper, and is whether the adsorbed *CO
intermediate prefers to:

e Case 1: react further with more PCET steps to CH4
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e Case 2: dimerize to form a C-C bond and react further with more PCET steps to

C2H4, C2HsOH or other minor products

To understand why copper is ideal, the volcano plot of the key intermediate steps is plotted
in Figures 2.5 and 2.6. The rate-determining step of CO> to CO is likely to be the CO; to
*COOH reaction which forms the right side of the volcano plot in Figures 2.5 and 2.6. The
rate-determining step for the CO to CHj4 reaction is likely to be the *CO to *CHO reaction
(Figure 2.5), and the rate-determining step for the 2CO to C2Hs or C2HsOH reaction is
likely to be the 2*CO to *COCOH reaction (Figure 2.6). These two reactions form the left

side of their respective volcano plots.
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Figure 2.5: Volcano plots for CO2 reduction to CH4 on metal surfaces. Reproduced with permission from [8]
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Figure 2.6: Volcano plot for CO2 reduction to Cz and Cz species on metal surfaces. Reprinted with permission from [11].

Copyright 2015 American Chemical Society.

As can be seen in Figures 2.5 and 2.6, the metal closest to the peak of the volcano plots is
Cu, indicating that Cu has optimal binding energy for the reduction of CO to reduced
products in general. Au and Ag bind CO too weakly and thus CO prefers to desorb, while
other transition metals such as Ni, Pt or Pd bind CO too strongly resulting in catalyst

poisoning.

For Cu, it appears that surface facet heavily affects the selectivity between CH4 on one
hand (case 1) and C; products on the other (case 2, which leads to CoH4 and C2HsOH).
Initial experiments by Hori et al showed that Cu(111) was selective towards methane and
Cu(100) was selective towards ethylene.[12] This was later also verified by others such as
Huang et al.[13] The selectivity differences between methane and ethylene was
investigated computationally by Asthigiri’s group, Goddard’s group and Norskov’s
group,[14-18] where the difference was attributed to the low CO-CO dimerization barrier
on Cu(100) facet favouring CoHs and the low protonation barrier on Cu(111) facet

favouring CHa.

Also for Cu, the selectivity between C, products C2Hs on one hand and C,HsOH on the
other is primarily affected by the surface population of *CO. Reports on Cu-Zn catalysts

by Ren et al and Baek et al show that formulations in the range of CuzZn; to CusZn; are
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able to produce increased ethanol/ethylene ratios in the range of 6-9, with the Faradaic
efficiency (FE) of ethanol in the range of 25-30%.[19, 20] The increased ethanol
production with respect to ethylene has been attributed to the local increase in *CO due to
Zn sites catalysing CO which are then available for further reduction on Cu sites.

Thus, while CHs, CoHs and CoHsOH are simultaneously produced on Cu, the
nanostructures and exposed facets, as well as the local availability of *CO from other
catalyst sites, can tune Cu towards more selective production of specific reduced products.

2.3.3 Thermodynamics of electrocatalysis and Gibbs free energy

Gibbs free energy

Reactants

AG

Products

Reaction coordinate

Figure 2.7: Gibbs free energy diagram of a one-step feasible reaction

The central concept of catalysis is the Gibbs free energy diagram, as shown in Figure 2.7.
In a reaction, there is an activation energy (Ea) for reactants to overcome due to the
breaking of bonds, which then reaches the peak which is a transition state. Once this is
achieved, the transition state then forms bonds in a different configuration leading to the
formation of products. The difference in Gibbs free energy between the reactants and the

products is the Gibbs free energy change (AG). The diagram in Figure 2.7 shows a simple
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one-step reaction. For a reaction to be feasible, the Gibbs free energy change (AG) must be

negative.

In contrast, an electrochemical reaction consists of multiple steps. A single step consists of
either an electrochemical step (usually involving simultaneous electron and proton transfer,
named proton-coupled electron transfer or PCET) or a chemical step, which is a normal
reaction that involves no transfer of protons or electrons. An example of the
electrochemical reaction from CO2 to CH4 on Cu(211) is shown in Figure 2.8:[17]

4
~ Cu(211)
o COH'/ 4
0 X -
~  |COx(g) /\__~__~CH"+H,0(g)
2 CO* CHO* CHOH*
S 27 +H,0(9) ory
—4 CHgz"
CH
-6+ —— 0V versus RHE «(9)
— —0.5 V versus RHE
_8 L 1 L 1 ] | I 1

0 1 2 3 4 5 6 7 8
(H* + e7) transferred

Figure 2.8: Gibbs free energy diagram of the 8e CO2 to CHa reaction, taken from [17]. No permission is required for

thesis purposes.

At 0V vs RHE, some steps have a positive AG, which implies an increase in entropy and
thus the reaction is unfeasible. As the applied potential becomes more negative, there
comes a point where all steps have negative AG and the limiting step has a AG of 0, known
as the limiting potential (UL). As can be seen in Figure 2.8, the limiting step with a AG of
0 is the *CO to *CHO step (solid line). The limiting potential (UL) is greater than the E°
half reduction potential because, even though the AG of the overall reaction is 0 already at
0V vs RHE, the AG of the individual steps are not. This difference is referred to as the
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overpotential (n) as mentioned earlier. The limiting potential is catalyst-dependent because
the individual steps are lowered by different amounts on different catalysts. Limiting
potential, assuming perfect instrumentation to detect infinitesimal product amount, is

equivalent to onset potential.

The activation energy (Ea) between the steps determines the rate constant, via the

Arrhenius equation:

_Eq
k=Ae T

As electrochemical reactions have multiple steps, the relationship between the Tafel slope
and the rate constants of the individual steps is complicated and based on the surface
coverage of the intermediates.[4] Theoretical Tafel slopes with different steps as the RDS

can be computed, as has been done by Lee et al.[21]

2.4 Catalyst reconstruction

As the applied potential of the reaction for electrocatalysis is quite large, the electrical
energy supplied does not merely induce reactions in the electrolyte but also induces change
of the catalyst itself, which is referred to as catalyst reconstruction.[22] This happens when
redox processes, catalyst surface changes or other reactions are energetically feasible at the
applied potential. Catalysts can reduce (cathode side), oxidize (anode side), experience
morphological changes (change in exposed crystal planes, etc). These effects can be

classified into redox processes on one hand and surface topology changes on the other.[23]

Redox processes happen because the synthesized catalyst phase is not stable at the applied
potential. For example, Cu oxides are reduced during electrochemical CO> reduction due
to its thermodynamic instability in applied potentials more negative than 0V. This is
illustrated via the Pourbaix diagram shown in Figure 2.9 (For more detailed Pourbaix

diagram, check Beverskog et al[26]):
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Figure 2.9: Pourbaix diagram of Cu and Cu oxides, taken from Wikipedia.

This type of reconstruction occasionally transforms the entire catalyst including the bulk,
which implies that post-catalysis characterization should always be done to determine the
catalyst state after reaction. However, this is also complicated by the fact that once the
potential is removed, the most thermodynamically stable state is now the oxide (i.e. the
catalyst re-oxidizes). In other words, post-catalysis characterization does not imply that
the catalyst was in the same state during the reaction. In electrochemical CO> reduction,
there was a debate over whether residual oxides are present in situ. Cuenya et al[24, 25]
initially claimed that XPS measurement after the reaction imply the presence of copper
during the reaction. In contrast, Ager et al[26, 27] found that no oxygen originated from
the initial oxide by using isotopic labelling and in-situ Raman spectroscopy and proposed
that the oxygen comes from catalyst re-oxidation. While the role of small amounts of
residual subsurface oxides in the first 15 minutes or so can still be contended because of
Cuenya et al’s operando XANES experiments, this illustrates the importance of catalyst
reconstruction and proper experimental verification to claims of activity involving
chalcogenides or other catalysts where the Pourbaix diagram suggests its instability

during the reaction.

The second type of catalyst reconstruction is surface typology changes. This happens

because the catalyst atoms interact with the adsorbates and rearrange themselves. An
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example of this phenomenon is the reconstruction of polycrystalline Cu into Cu(111)
facets after 30 minutes and then Cu(100) facets after another 30 minutes as found by Kim
et al.[28] The reconstruction to Cu(111) can be explained by the stability of the facet, but
the eventual reconstruction to Cu(100) was unexpected. Sargent et al similarly find that
the in situ electrodeposition of copper under CO- reduction conditions favours the
Cu(100) facet.[29] They explain this phenomenon as due to the capping of CO2RR
intermediates which lowers the surface energy and favours the Cu(100) facet over the
Cu(111) facet. This indicates that during CO2RR, not only is CO> reduced by the catalyst,

but the catalyst is also in turn affected by the CO2, making the interaction two-way.

Thus, understanding of catalyst reconstruction (both redox and surface typology changes)
and characterization of the catalyst after reduction (and even in-situ characterization) are

necessary to understanding the behaviour of the catalyst during the CO2RR reaction.

2.5 Materials for electrocatalytic CO2 reduction

As mentioned in the introduction, the benchmark catalysts are Sn for HCOO™ production,
Ag for CO production and Cu for reduced products production. However, Ag is expensive,
and Cu is not selective. As a result, research efforts are directed towards finding cheap and
selective materials for CO2 reduction to CO or reduced products. As monometallic catalysts
have already been investigated, including the use of faceting, nanostructuring, etc, research
efforts have been directed towards other categories of materials for electrocatalytic CO-
reduction. These materials are elaborated in the following sections.

2.5.1 Cu bimetallic alloys
Bimetallic alloys have gained attention due to the ability to tune the resulting alloy’s
binding properties based on the ratio of the two metals as well as their structure (mixed,

core-shell, etc).
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Due to Cu being the most successful single metal for CO. reduction, bimetallic alloys have
mostly focused on Cu-based bimetallics. The main products of Cu-based bimetallics are

shown in Figure 2.10:

13

aluminium
29 30 31 32
Cu|Zn | Ga|Ge
copper zinc gallium [germanium
47 48 49 50 51
Ag(Cd|In |Sn|Sb
silver [cadmium | indium tin antimony
79 80 81 82 83

-

Au Hg| Tl |Pb| Bi
gold mercury | thallium lead bismuth

Figure 2.10: Schematic of main products of bimetallic formed with Cu and a second metal. Red indicates Hz, blue
indicates CO, green indicates CO or CHys, yellow indicates HCOO™, and orange indicates reduced products. Grey

elements are excluded due to toxicity, while Ag and Bi are not miscible with Cu.

In Figure 2.10, the (In, Sn, Sb) group weaken the C binding of Cu to form CO. (Zn, Au)
produce CO as their major product by themselves and if alloyed with Cu, can promote CO
or in minute amounts, reduced products. (Al, Ga, Ge) form H2, when alloyed in more
significant amounts. (Ag, Bi) are not miscible with Cu in their phase diagrams. (Cd, Hg,
TI, Pb) are toxic and as such are not considered for the project.

For (In, Sn, Sb), most research groups obtain CO as the dominant product when Cu is
alloyed with (In, Sn, Sbh). Takanabe and co-workers found that a Cu-In alloy biased at an
electrode potential of -0.7V vs RHE selectively catalyzed CO- reduction to CO with an FE
of 95%.[30] Takanabe and co-workers also found that a Cu-Sn alloy biased at —0.6 V vs
RHE achieved an FE greater than 90% for CO: reduction to CO.[31] Mou et al found that
a Cu-Sb alloy biased at an electrode potential of -0.9V vs RHE selectively catalyzed CO>
reduction to CO with an FE of 86.5%.[32]
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For (Al, Ga, Ge), if the alloy is predominantly Cu, some studies show increased reduced
products formation on these alloys compared to pure Cu. Sargent and co-workers found
that Cu-Al with a de-alloyed Al content of about 10% achieved an FE of 80% for C2H4 at
a current density of 600mA/cm?,[33] while Buonsanti and co-workers found that Cu-Ga
with a Ga content of 17% achieved an FE of 52% for CH4 at an applied voltage of -1.2 VV
vs RHE.[34] Thus, Al and Ga seem to favour the formation of different reduced products,

with Al favouring C2Hs and Ga favouring CHa.

For (Zn, Au), Cuenya and co-workers studied Cu-Zn alloy and found that while Cu-ZnO
results in increased FE for CHys, it slowly changes to CO as Cu and Zn form an alloy
structure.[35] They proposed that ZnO induces lattice strain on the Cu which account for
the increased production of reduced products, while Cuzn alloy formation over time from
the reduction of ZnO results in changed band structures that then disfavour said reduced
products. Yang and co-workers initially found that adding substantial amounts of Au to Cu
favours the production of CO,[36] but Sargent and co-workers later found that small
amounts of Au added to Cu, at 7%, favours the formation of CH4 and obtained an FE of
56% towards CH4 with a partial current density of 112 mA cm™.[37] A similar trend

appears for Cu-Zn, where Zn-heavy composition favours CO production.[38]

For (Ag, Bi), these elements are not miscible with Cu. Studies on these metallic “mixtures”
show that CuAg produces reduced products and CuBi produces HCOO™.[39, 40] This
shows that CuAg is similar to Cu, while CuBi is similar to Bi. This indicates that: Ag can
have surface strain effects on Cu to increase production of oxygenates but nonetheless
maintains its overall tendency for reduced products, but Bi tunes Cu away to produce
HCOO™ in a similar manner to sulfur (see next section).[39, 40] This difference in
behaviour is likely due to the mechanism of CO; reduction, where CO is an intermediate

to reduced products but HCOO™ lies on an entirely separate pathway.

Interestingly, these divergent behaviours may relate to the structure of their alloys. Nam
and co-workers classified Cu-Au as forming a full solid solution and Cu-Zn and Cu-Al as

forming intermediate solid solutions, while they classified Cu-In, Cu-Sn and Cu-Sb as
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forming intermetallic compounds.[41] Small amount of alloying metal produces reduced
products, while higher amount of alloying metal produces CO. In solid solutions (Cu-Au,
Cu-Al and Cu-Zn), it behaves as expected. However, it is likely that due to the composition-
restricted nature of intermetallic compounds (Cu-In, Cu-Sn, Cu-Sb), phase-separation

results in phases with more second metal resulting in CO formation.

As the possible combinations of metals, facets and atomic motifs of these bimetallics (and
also trimetallics) are very high, there have been extensive computational and machine
learning studies on these metallics. Tran and Ulissi published a paper that took DFT results
to train a machine learning model to predict possible high performing intermetallics with

optimal CO adsorption energies.[42] A figure from their results is shown in Figure 2.11:

AlPd

| L]
' .
é; ;: Cusi

Figure 2.11: Active site motif analysis with optimal binding bimetallic catalysts labelled. Reproduced with permission
from [42]

<-0.87 -0.67
Optimal

Most of the intermetallics in Figure 2.11 can be seen as transition metal-main group metal

combinations:
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Table 2.4: Classification of bimetallics for electrochemical CO2RR identified in Figure 2.11 into transition metal and

main group metal

Transition metal Main group metal
Cu Al
Cu Ga
Cu, Au

Au Al
Au Sn
Cu Sn
Pd Si
Ni Al
Cu Si
Pd Al

From this study, the good heavy binding metals are Cu, Au and Pd, while good light
binding metals are Al, Si and Sn. However, given that the machine learning was trained on
somewhat sparse DFT results, the main group elements in Table 2.4 should be taken with

a pinch of salt.

2.5.2 Chalcogenide-derived catalysts
Chalcogenide-derived catalysts (oxides, sulfides, selenides, etc) show different catalyst
selectivity as compared to bare metallics. The most investigated catalysts are oxide-derived

metals and sulfide-derived metals.

Oxide-derived metals show varying effects on electrochemical CO2 reduction. Most metals
have a thin oxide layer and the behaviour of this layer may be different for different metals.
For example, Chen and Kanan showed that SnOx may be the source of catalytic activity
for Sn in reducing CO2 to HCOO™, while Sn etched in strong acid to remove the surface
SnOx layer shows significantly reduced activity.[43] In contrast, Lum and Ager showed
that only a minute amount (<1%) of residual oxides remain after CO> reduction on Cu
implying that their role in catalytic activity is insignificant.[26] Jiao and co-workers also

state that although there is a small amount of oxide at potentials relevant to CO reduction,
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it is not likely to be active.[44] The increased formation of ethanol on oxide-derived Cu is
attributed to the formation of extra grain boundaries.[45] This implies that Transmission
Electron Microscopy (TEM) can an important tool in understanding catalytic activities.
Increasing the active surface area or engineering catalyst reconstruction such that the final
catalyst form has more grain boundaries can be a good strategy for catalysts with increased
activity for electrochemical CO> reduction. For example, Strasser and co-workers have
found via in-situ TEM that copper(ll) oxide nanoparticles evolve under electrochemical
conditions to copper dendrites that resulted in increased C2Hs production.[46]

In contrast to the varying effect of oxides on the activity of the catalyst, sulfides seem to
favour the formation of HCOO™ on some metals. Zheng et al have found that sulfide-
derived Sn is able to catalyse CO> reduction to HCOO™ with improved Faradaic efficiency
and current density when compared to tin.[47] Surprisingly, for sulfide-derived copper,
Shinagawa et al found that the presence of the small amount of sulfur atoms in sulfide-
derived Cu steers selectivity of copper towards HCOO™ while suppressing the formation
of CO or reduced products.[48] This was confirmed by Jiao and co-workers, who found
that the addition of SO to the CO. stream results in formation of sulfides, which slightly
improves the FE of Sn for HCOO™ but suppresses the formation of CO and reduced
products on Cu.[49] They found however that sulfur does not affect CO production on Ag
after SO supply was stopped.

A likely explanation for the tuning of selectivity on sulfide-derived copper to HCOO™ is
CO poisoning of the surface. This was raised by Shao-Horn et al from in-situ surface-
enhanced infrared absorption spectroscopy (SEIRAS) study which indicates high amount
of adsorbed CO during CO2RR.[50] This was also the finding from a computational study
by Liu et al.[51] However, Deng et al with in-situ Raman spectroscopy found that sulfur
suppresses the formation of *CO intermediates instead.[52] This research is also backed
by the included computational study of Jiao et al who reported that *OCHO is more stable
than *COOH on sulfur-doped copper.[49] More research is required to ascertain the true
mechanism of sulfur in modifying the selectivity of sulfur-doped or sulfide-derived

catalysts.
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Other than HCOO™, some studies reported a different role of sulfur in improving CO
selectivity. An initial study by Lim et al indicate that sulfur can improve CO selectivity by
imparting partial covalent character to the catalyst.[53] Since then, there have been no
experimental reports on sulfur-doped Ag that demonstrates improved CO selectivity.
However, CdS-derived catalyst was later reported by He et al to produce an 81% Faradaic
efficiency for CO.[54] It is likely that sulfur modifies multiple mechanisms on metal
catalysts and that the effect of sulfur on most catalysts is to improve HCOO™, but that

another effect that it can have in other catalysts is improved CO selectivity.

A key consideration of chalcogenide-derived materials is whether the parent chalcogenide
acts as the active catalyst, or whether the chalcogenide reduces under the applied voltage
and some other reduced phase acts as the active catalyst. An example if this is shown for
AQ2S:[55]

Ag,S(s) + 2e™ = 2Ag(s) + S*7: -0.691V

The voltage shown is vs the standard hydrogen electrode (SHE). In this example, if the
applied voltage is more negative than -0.69V vs SHE, Ag>S might reduce,[22, 56, 57] and
the active phase during catalysis will have to be determined by post-catalysis

characterization (see section 2.4 on catalyst reconstruction).

Thus, chalcogenide-derived metals as catalysts affect the parent metal in different ways
and more research in this area could yield more understanding of structure-property

relationships of the catalyst and CO- reduction.

2.5.3 Metal-nitrogen doped carbon (MNC)

Metal atoms anchored on porphyrin, phthalocyanine or other complexes have been used as
catalysts for electrochemical CO> reduction, producing mainly reports of CO but also
methane and even methanol.[58, 59] However in a recent study, Varela et al reported Fe
and Mn anchored on N-doped carbon black for electrochemical CO2 reduction and found
CO2 to CO Faradaic efficiencies of about 80%.[60] Subsequent studies found Ni anchored
on N-doped carbon to be the most active, reaching >90% Faradaic efficiency.[61-63] Thus,
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Ni-NC catalysts have become cheap (vs Ag, Au) but highly efficient for electrochemical
CO2 reduction to CO.

2.6 Focus of study: Cu-M-sulfide-derived catalysts

As two-element catalysts (copper bimetallics, metal chalcogenides) have been investigated
by the literature with limited selectivities, this study aims to increase their selectivities by
including chalcogen into the copper bimetallics. The inclusion of chalcogen may improve
the selectivity of HCOO™ or CO via the two mechanisms as discussed earlier, while the
inclusion of two metals allows greater tuning of binding energy. Two metals are chosen,
Cu and another metal from a weak-binding group (In, Sn, Sbh, Bi) to form a bimetallic
sulfide. Other metals (Ga, Ge, Ag, Co, Fe) are also included in case the catalysts from these
sulfides demonstrate surprising behaviours. The predicted behaviours of all these catalysts

are summarized below:

Table 2.5: Bimetallic catalyst selectivities and predicted selectivities in their sulfide-derived versions

Metal combination Main  product without | Predicted main product
sulfur with sulfur

Cu-In CcO CO or HCOO™

Cu-Sn

Cu-Sb

Cu-Bi HCOO™ HCOO~

Cu-Ag CO and reduced products Unknown

Cu-Ga Can produce reduced products | Hydrogen

Cu-Ge if Cu-heavy

Cu-Co

Cu-Fe

This study aims to test the effect of sulfur in the bimetallic sulfide-derived catalysts and
see if a high FE for a product other than HCOQO™ can be obtained since HCOO™ appears to
be favoured on sulfide-derived materials. If this is achieved, the reaction mechanisms and
how sulfur affects the binding energies of the intermediates, especially in the presence of

two metals, can also be elucidated.
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Experimental Methodology Chapter 3

Chapter 3 Experimental Methodology

This chapter describes the synthesis, electrochemical performance
testing and characterization methods used in the study. Synthesis
methods include solution-based heat up and solvothermal methods.
Electrochemical performance testing methods include
chronopotentiometry, —chronoamperometry, EIS, LSV, CV, etc.
Characterization methods include SEM, EDX, XRD, XPS.
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3.1 Rationale for selection

Solution-based nanoparticle synthesis route was chosen as a simpler and cheaper way to
synthesize catalysts for CO> reduction. As the catalysts have to be deposited on gas
diffusion electrodes to be used in the flow cell, this precludes the use of thin films for

catalysts.

The gas diffusion electrode flow cell was chosen due to the ability to circumvent the
solubility limit of CO> in aqueous electrolyte, thus allowing high current densities to be
applied without drastic FE loss due to local CO, depletion. This is done by supplying
gaseous COz directly to the catalyst via a porous gas diffusion electrode (GDE) without the
need to saturate the electrolyte with CO». The supply of COx> to the catalyst was noted by
Burdyny and Smith as important to the selectivity of the CO2RR reaction and an excellent

review on this topic has been given by them.[1]

Chronoamperometry (constant potential) was chosen because selectivity is a function of
the driving force applied on the catalyst and as such is more representative of catalyst
behaviour. While chronopotentiometry is easier to carry out in practice due to the difficulty
of determining the instantaneous current (the time representative of when the gases are
injected into the GC) in chronoamperometry for FE calculations, it was decided that
because the catalyst studied has not been reported before in literature, it is necessary to

elucidate potential-specific FE.

Characterization was carried out both before and after synthesis to compare the catalyst
structure and determine the changes that occurred during catalysis. Catalyst change is
important as reconstruction or reduction of the catalyst plays a key role in determining the
composition and structure of catalyst that is active for CO; reduction. Very often the initial
composition or structure is not the active phase during CO> reduction, especially for
chalcogenide-derived catalysts as the chalcogen atoms usually dissolve in solution when a
reducing potential is applied. Standard techniques for characterization are used, with XRD
for phase identification, SEM for morphology, EDX for elemental composition analysis

and XPS for elemental composition and oxidation state analysis.
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3.2 Synthesis methods
Two different synthesis methods were used in this study. Both are solution-processing
methods and primarily differ in their use of polar (solvothermal) or organic (heat-up

colloidal) solvents.

3.2.1 Solvothermal synthesis

N

Figure 3.1: Schematic of solvothermal autoclave, taken from Wikipedia. (1) stainless steel autoclave (2) precursor

solution (3) Teflon liner (4) stainless steel lid (5) spring

The first is solvothermal synthesis. Solvothermal synthesis involves the reaction of
precursors in a solvent incompletely filled in an inert PTFE liner, which is placed in a steel
autoclave to withstand high pressures present in the reaction vessel. The vessel is heated
near or above the boiling point of the solvent to facilitate the decomposition of the sulfur
source.[2] If the reaction is carried out above the boiling point of the solvent, the fixed
volume of the autoclave ensures that the solvent stays liquid in supercritical state which

allows for the formation and growth of nanoparticles.

Solvent choice is critical in solvothermal synthesis, where non-water solvents with high
boiling points were chosen. This is to ensure that the reaction can be carried out safely at
high temperatures and that reaction intermediates are not hydrolyzed while reacting to

enable the formation of ternary sulfides. Solvents can favour thermodynamically stable
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structures if they interact minimally with metal ion precursors or favour metastable
structures if they form complexes with the metal ions. Ethylene glycol was used when zinc
blende or cubic-derived phases were desired,[3] while ethylenediamine was used when
wurtzite or hexagonal-derived phases were desired due to its amine complexing ability.[4]

Thiourea was used as the sulfur source.

Stoichiometric amounts of copper(ll) and another metal precursor is mixed in ethylene
glycol or ethylenediamine until they dissolve, after which thiourea is added. The separate
addition of metal precursor and thiourea is to prevent undesired reaction products before
they dissolve. The mixture is then placed in a Teflon-lined steel autoclave and placed in an
oven where the temperature is set between 120°C to 200°C for several hours for the
formation of nanoparticles. The solution is then cooled to room temperature naturally,

centrifuged and washed by ethanol, water and IPA before drying in an oven.

3.2.2 Heat-up colloidal synthesis

N

Three-neck
flask

Thermometer

Heating mantle

Figure 3.2: Schematic of heating mantle and three-neck flask for heat-up synthesis.

The second is heat-up colloidal synthesis. This involves the use of organic solvents with
organic coordinating ligands such as oleylamine or trioctylphosphine oxide for the
synthesis of nanoparticles with good phase and morphology control.[5, 6] Alternatively,
the coordinating ligands themselves are used as solvents, but in practice this has a downside

of it being difficult to remove the ligands after synthesis. This heat-up method originated
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in the hot injection method to produce monodisperse cadmium chalcogenide quantum dots
where reactants were separately heated and then injected, but where such accurate control

IS not necessary, heat-up synthesis is safer and more scalable.[5]

1-Octadecene was chosen as solvent for easier washing of nanoparticles and oleylamine
was chosen as coordinating agent as oleylamine is less toxic than trioctylphosphine
oxide.[6] 1-Dodecanethiol was used as the sulfur source due to its complexing ability
which allows for more accurate phase control.[7]

Stoichiometric amounts of copper(ll) and another metal precursor together with 1-
dodecanethiol is mixed in 1-octadecene and oleylamine in a three-neck flask, with the
solution heated to 150°C for 30 minutes under nitrogen flow to degas moisture and oxygen
before being heated to between 220°C to 250°C for about an hour for the formation of
nanoparticles. The solution is then cooled to room temperature naturally, centrifuged,
washed in hexane:ethanol mixtures for the removal of organic solvents and coordinating

agents and then washed in ethanol and IPA before drying in an oven.

3.2.3 Chapter-specific details

3.2.3.1 Chapter 4
Metal precursors used for (In, Sn, Sb, Ga, Ge, Ag, Co, Fe) are InCl3, Sn(OAc)4, Sb(OAc)s,

Ga(NOs3)s, GeBr2, Ag(NO3), Fe(acac), and Co(acac)..

e For CuzSnS3, 2.5mmol of copper(Il) acetylacetonate, 1.25mmol of tin(IV) acetate
were used.

e For Cui2SbsSiz, 3.75mmol of copper(Il) acetylacetonate, 1.25mmol of
antimony(III) acetate were used.

e For CuGaS;, 2mmol of copper(Il) acetylacetonate, 2mmol of gallium nitrate were
used.

e For CuxGeSs, 2.5mmol of copper(Il) acetylacetonate, 1.25mmol of germanium(II)
bromide were used.

e For CuAgS, 2mmol of copper(Il) acetylacetonate, 2mmol of silver nitrate were

used.
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e For CuFeS;, 2mmol of copper(Il) acetylacetonate, 2mmol of iron(III)
acetylacetonate were used.

e For CuCo2Ss, Immol of copper(Il) acetylacetonate, 2mmol of cobalt(Il)
acetylacetonate were used.

These salts were dissolved in 24ml of 1-octadecene and mixed with 3ml of oleylamine and

3ml of dodecanethiol. The mixture was then heated to 150°C for 30 minutes to degas water

and oxygen then heated to 250°C for 1h for the formation of nanoparticles. Solutions were

cooled naturally and centrifuged and washed according to the heat-up synthesis procedure

described in methods.

CulnS; and Cu3BiS; were synthesized via solvothermal reaction.

e 0.4mmol of copper(Il) chloride dihydrate, 0.4mmol of indium(IIl) chloride were
dissolved in 50ml of ethylene glycol and 0.9mmol of thiourea was then added. The
mixture was then transferred to a 120ml PTFE-lined steel autoclave, placed in an
oven and heated at 180°C for 24h.

e 4.5mmol of copper(Il) chloride dihydrate, 1.5mmol of bismuth nitrate were
dissolved in 60mol of ethylenediamine and Smmol of thiourea was then added. The
mixture was then transferred to a 120ml PTFE-lined steel autoclave, placed in an
oven and heated at 180°C for 15h.

The solution was cooled naturally and centrifuged and washed according to the

solvothermal synthesis procedure described in methods.

3.2.3.2 Chapter 5
Three Cu-Sb-S phases were synthesized following a paper by Ramasamy et al who

managed to synthesize all four Cu-Sb-S phases.[7] As heat-up method with no hot injection
was used, it was difficult to synthesize pure phase of famatinite (CuzSbS4) and hence it was
not included among the samples.
1. For CusShS3, 3.75mmol of copper(ll) acetylacetonate, 1.25mmol of antimony(l11)
acetate, 3ml of 1-dodecanethiol and 3ml of oleylamine were dissolved in 24ml of

1-octadecene in a 250ml three-neck flask and the mixture degassed under flowing
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nitrogen for 30 min at 150°C for 30min. The mixture was then heated to 220°C for
1h for the formation of nanoparticles.

2. For Cu12ShsSi13, 3.75mmol of copper(l1) acetylacetonate, 1.25mmol of antimony(111)
acetate, 3ml of 1-dodecanethiol and 3ml of oleylamine were dissolved in 24ml of
1-octadecene in a 250ml three-neck flask and the mixture degassed under flowing
nitrogen for 30 min at 150°C for 30min. The mixture was then heated to 260°C for
1h for the formation of nanoparticles.

3. For CuShSz, 2mmol of copper(ll) acetylacetonate, 2mmol of antimony(l11) acetate,
3ml of 1-dodecanethiol and 3ml of oleylamine were dissolved in 24ml of 1-
octadecene in a 250ml three-neck flask and the mixture degassed under flowing
nitrogen for 30 min at 150°C for 30min. The mixture was then heated to 250°C for

1h for the formation of nanoparticles.

The resulting solutions are then topped up to 45ml with ethanol, sonicated and centrifuged
at 10000rpm for 5 min. Then, the nanoparticles are centrifuged in ethanol for the removal
of polar impurities. Subsequently, the nanoparticles are centrifuged three times with a
hexane/ethanol mixture in 25:20, 15:30 and 5:40 ml ratios for the removal of organic

impurities.

The CuSbhS; powder is additionally immersed in 0.5M NaOH for 30min and centrifuged to
etch Sh.Ss impuirities, followed by centrifugation in deionized water to remove remaining
NaOH.

Finally, the nanoparticles are centrifuged in isopropyl alcohol and dried in an oven at 70°C

for an hour.

3.2.3.3 Chapter 6
e For Bi 0% sample, 3.75mmol of copper(ll) acetylacetonate, 1.25mmol of

antimony(l11) acetate were used.
e For Bi 33% sample, 3.75mmol of copper(ll) acetylacetonate, 0.417mmol of

antimony(l11) acetate and 0.833mmol of bismuth nitrate were used.
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e For Bi 66% sample, 3.75mmol of copper(ll) acetylacetonate, 0.833mmol of
antimony(l11) acetate and 0.417mmol of bismuth nitrate were used.
These salts were mixed in a three-neck flask and the nanoparticles were synthesized
according to the heat-up procedure at 250°C for 1h as described in the methods chapter.

The Bi 100% sample was synthesized by solvothermal route. 4.5mmol of copper(ll)
chloride, 1.5mmol of bismuth nitrate were dissolved in 60ml of ethylenediamine. 10mmol
of Thiourea was then added and dissolved and the mixture transferred to a Teflon-lined
steel autoclave and heated to 180°C for 15h according to the solvothermal procedure as

described in the methods chapter.

3.3 Electrochemical testing methods
Electrochemical testing methods include the electrochemical cell, the electrochemical
workstation and the product analysis methods. These will be covered in the following

subsections.

3.3.1 Gas diffusion electrode flow cell

HCOOH
V\ / H,0

Cu tape Catalyst

Cetech GDL280
PTFE

H,, CO

2’

CO

2

Figure 3.3: Schematic of gas diffusion electrode

27 mg of catalyst was dispersed in 2 mL of ethanol with 50 uL of Nafion ionomer solution
(5%) and sonicated for 30 min. The prepared catalyst ink was then airbrushed with an

airbrush gun (Paasche) onto a 6cm by 6cm CeTech (CT) GDL280 carbon paper.
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AEM

WE CE

Figure 3.4: Schematic of three-compartment flow cell

The electrochemical measurements were carried out in a three-compartment flow cell, with
an anion exchange membrane (Fumasep FAA-3-pk-130) and nickel foam clamped between
the catholyte and anolyte compartments and carbon paper with catalyst ink clamped
between the gas and catholyte compartments. The geometric area of the working electrode
was 1cm2. The reference electrode placed in the catholyte compartment was an AgCl
electrode filled with 3M KCI.

In electrochemical CO; reduction, three types of cells are commonly used: H-cell, flow cell
and membrane electrolyte assembly (MEA).[1, 8] These differ on two points; whether the
CO2 gas is bubbled into the electrolyte (aqueous form) or supplied in gaseous form to the
catalyst (via gas diffusion electrode), and whether the water is in liquid form or gaseous

form. These can be summarized below:

51



Experimental Methodology Chapter 3

Table 3.1: Comparison of H-cell, flow cell and MEA

H-cell Flow cell MEA
i . i 1l
Figure 3.5: Three kinds & b i & —
of electrochemical
CO2RR cell, taken from
COH,
[1]. No permission is gz:: g;-.
required  for  thesis
purposes. e nfg(’,,
1 o)
Catholyte Anolyte Cco, Catholyte Anolyte CO,H,0 Anolyte
Supported Catholyte
CO; gas Bubbled (agqueous) Gaseous (GDE) Gaseous (GDE)
Water Liquid Liquid Gaseous or from
anode

As the H-cell suffers from depletion of CO; at higher current densities, it is not desirable
for electrochemical CO> reduction as most publications now test electrochemical CO2RR
at high current densities exceeding 100mA/cm2. While the MEA is the most advanced
form of electrochemical CO- cell, there are difficulties associated when water is supplied
in gaseous form (i.e. steam) or from the anode as the gas diffusion layer has to be tightly
compressed against the ion exchange membrane for water to be supplied from the anode.

As such, the flow cell was chosen for our experiments.

Electrochemical CO- reduction can be run in alkaline (KOH solution), slightly alkaline
(KHCO:s solution) or acidic (phosphate or sulfate solution). These provide different pH
environments for the catalyst environment. While acidic solutions reduce bicarbonate
formation on the gas diffusion layer and reduce CO: crossover to the anode, they typically
enhance the competing hydrogen evolution reaction (HER).[9] At the other extreme,
alkaline solutions suppress HER and methane formation, thus increasing electrochemical
CO2RR efficiency; however, excessively high alkalinity may inhibit CO formation and
promote formate instead.[10] As KHCOz is the most commonly used electrolyte with good
pH buffering capability for electrochemical CO; reduction,[11] it was chosen as the
electrolyte for our study with its concentration fixed at 1M.
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3.3.2 Chronoamperometry

Chronoamperometry experiments were carried out with an Autolab PGSTAT204.

Electrode measurements was first compensated for 80% of iR drop with solution resistance
measured using electrochemical impedance spectroscopy (EIS). The resulting voltage was
then converted to the RHE scale using the formula:

Erue = Eagjager + 0.197 + 0.0591 x pH
Here E4g4,/44c: 1S the working potential, EOAg/ga = 0.197V is the standard potential of the
Ag/AgCI reference electrode at 25°C vs SHE and 0.0591 X pH is the pH dependent

conversion between the SHE and RHE scales.

3.3.3 Gas flow control and gas products detection

An Alicat MC-100SCCM-D mass flow controller was used to control the flow of CO> to
the gas inlet. A mass flow of 40sccm was used for all experiments. Gas products were
quantified with a gas chromatograph (Shimadzu Nexis GC-2030) equipped with a thermal
conductivity detector (TCD) and flame ionization detector (FID) with an optional

methanizer setting.

The gas chromatograph consists of three key components: the carrier gas (in this case
Argon), the column and the detector. First, the sample gas is injected into the carrier gas,
and the resulting mixture then moves through the column. Different component gases in
the sample, such as hydrogen, CO, etc move through the column at different rates due to
the interaction forces between the column and the component gases. These gases then get
detected by the detector at different times. A TCD is sensitive to all gases but only at higher
concentrations as it measures the thermal conductivity change when gases pass through,
while an FID more sensitive but can only detect hydrocarbon samples which can be burned
in a hydrogen flame.[12] As such, for low concentrations of CO, a methanizer can be added
before the FID to convert the CO to CH4 to be detected by the FID.
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3.3.4 Electrolyte flow control and liquid products detection

25ml of catholyte and 25ml of anolyte were used, pumped at a rate of 28.5ml/min. Liquid
products were quantified with a liquid chromatograph (Shimadzu LC-2030) equipped with
a UV detector and a refractive index detector (RID).

The liquid chromatograph consists of three key components: the mobile phase (in this case
2mM H3SO4), the stationary phase (column) and the detector. First, the sample liquid is
injected into the mobile phase, and the resulting mixture then moves through the stationary
phase. Different component liquids in the sample, such as HCOO™, C2HsOH, etc move
through the stationary phase at different rates due to the interaction forces between the
stationary phase and the component liquids. These liquids then get detected by the detector
at different times. An RID is sensitive to all liquids but only at higher concentrations as it
measures the refractive index change when gases pass through, while a UV detector is more

sensitive but can only detect UV-absorbent liquids.

3.3.5 Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy was used to determine the solution resistance
(Rs).

From Ohm’s law, the resistance is obtained as a function of voltage and current:

R=-—
I

However, this is only valid for an ideal resistor. The most commonly used model for an
electrode in a real electrochemical cell is the simplified Randles cell. This includes two

resistors and a capacitor in parallel to the charge transfer resistance (Rct).
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Cdi

| |

Rs I I
—_ 11 +—

Rct

Figure 3.6: Circuit diagram of simplified Randles cell

The equivalent measure of “resistance” of such a circuit is the impedance (Z), which unlike
resistance is a function of frequency of the voltage and current signals. In EIS, an AC
voltage excitation signal is applied, which generates a current with the same frequency but

with a phase shift when compared to the voltage signal:

Vv

A

Phase shift ¢

»
y

N

Figure 3.7: Phase shift of current with respect to voltage

The resulting impedance is a function of the voltage and current just like in Ohm’s law:
_ Vpsin(wt) sin(wt)
" Iysin(wt + @) Osin(wt + @)
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Where Vo and lo are the amplitudes of the voltage and current function respectively and ®

is the frequency. As a result, the impedance has an magnitude (Zo) and a phase shift ().

However, impedance actually has real and complex component, where the real component
represents resistance and the complex component represents reactance which is related to
the phase shift ¢. To take this into account, impedance can be rewritten with real and
complex components, using Euler’s relationship:

_ Ve Vo Jjo = 7 ol = 7' + 7"
The resulting Argand diagram is known as the Nyquist plot, which is a plot of Z" against
Z'. The Nyquist plot is a semicircle, where the high frequency Z'-intercept represents Rs.

Other values such as R¢t and Cqi can be obtained as in the following figure:

n
-Z w=1/R,C,

s CT

R ZI RS+R

Figure 3.8: Nyquist plot for simplified Randles cell

3.3.6 Cyclic voltammetry (CV)

In cyclic voltammetry, a moving potential sweep is applied, which scans the potential range
in one direction (cathodic or anodic), then reversed and scanned in the opposite direction.
Typical cyclic voltammegrams (in this case scanned in the cathodic, then anodic direction)

is as shown:
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Figure 3.9: CVs for reversible and irreversible reactions

In the reversible case, as the potential is scanned towards the potential of a reversible
electrochemical reaction, the current increases in the negative direction as the cathodic
electrochemical reaction happens:

At +e - A
At the redox potential of the reaction E°, the two species have equal concentration:
[A"]=[A]. Then, at the cathodic peak of the reaction, the current increases as the reaction

proceeds faster, now limited by the diffusion rate of the reacting species. As the potential
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is scanned towards even more cathodic potentials, the reaction slows down due to the

diffusion rate limitation.

As the potential is scanned back in the anodic direction, the reverse reaction happens:
A-> AT +e”
Again, the two species have equal concentration at E°, which reaches a peak as the reaction

rate increases, followed by a decrease as diffusion rate limitations set in.

As can be seen, the redox potential does not occur at either of the peaks, unlike commonly
assumed in certain papers. Instead, it occurs along the ascending portion of the peak. In the
reversible case, this occurs at approximately the potential at midpoint of the two peaks,
E12. A similar consideration also applies in the irreversible case, where the reduction
potential occurs approximately at the inflection point of the ascending portion of the peak,
Ei. Reviews on CV for the reversible and irreversible cases have been provided by Elgrishi

et al[13] and Espinoza et al[14] respectively.

3.4 Characterization methods

3.4.1 XRD

—@ @ @ @ o—

Figure 3.10: Crystal lattice and Bragg's law (Image taken from Wikipedia)
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X-ray diffraction (XRD) works by using the crystal of the material as a diffraction grating.
This is possible because the wavelength of the incoming X-rays are within the same order
of magnitude as the interplanar lattice spacing of the crystal. When monochromatic X-ray
beam hits the sample, the X-rays are reflected and the outgoing x-rays interfere.
Constructive (in-phase) interference of the outgoing X-rays by an integer factor of the
wavelength create constructive interference, giving rise to characteristic peaks in the XRD
pattern. The incident angle where these peaks form are related to the spacing of the
crystallographic planes by Bragg’s Law:
2d sinf = nA,n = 1,2,3, ...

Where d is the interplanar lattice spacing, 0 is the incident angle of the X-rays and A is the
wavelength of the X-ray.

As the symmetry of the crystal decreases, the number of symmetrically distinct planes
increases (more distinct values of d), resulting in a larger number of peaks seen in the XRD
pattern. Every material has a unique characteristic XRD pattern by virtue of the unique
interplanar spacings. In this report, the data were collected using a Panalytical X'Pert Pro
with Cu-Ka radiation operated at 40kV and 30mA.

3.4.2 FE-SEM
In field emission scanning electron microscopy (FE-SEM), the electrons serve as the

probing medium for high-resolution image. The use of electrons, which have the
wavelength 4 = % by the de Broglie equation, results in magnifications that can go as

high as a few hundreds of thousands (100,000x). This is due to the much smaller
wavelength of electrons in an SEM compared to visible light.
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electron beam

Auger Electrons (AE) Secondary Electrons (SE)
surface atomic composition topographical information (SEM)

L. Backscattered Electrons (SE)
Characteristic X-ray (EDX) atomic number and phase differences
thickness atomic composition
Continuum X-ray
Cathodoluminescence (CL) (Bremsstrahlung)
electronic states information

Inelastic Scattering

composition and bond states (EELS)

SAMPLE

Elastic Scattering

Incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
morphological information (TEM)

Figure 3.11: Electron interaction with matter (Image taken from Wikipedia)

As the electron beam is scanned across the sample, several types of images can be obtained.
The secondary electron image can be obtained from electrons that are ejected from the
surface of the sample and it is used to obtain surface morphology. The backscattered
electron image is obtained when the incoming electrons are scattered back upwards by the
nuclei of the sample when a higher accelerating voltage is used, and gives information
about the phase composition of the sample. The X-rays that are emitted when an electron
in a higher energy orbital relaxes into the vacancy formed by a knocked-out electron are
used in Energy-Dispersive X-ray spectroscopy (EDX) to obtain elemental composition of

the sample.
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The SEM images used in this report are taken from a JEOL JSM-7600F.

343 TEM

Transmission electron microscopy (TEM) is the next step up in electron microscopy above
FE-SEM, where the electrons are accelerated with higher energy (100-300kV as opposed
to 0-30kV for FE-SEM) through a very thin (<100nm) sample, which results in electrons
passing through the sample while interacting with it, giving crucial information about the
atomic arrangement in the sample. This can show the crystal grain size, existence of
amorphous regions in the sample and even the measurement of the d-spacing of the crystals
by using fast-fourier transform (FFT) and its inverse to obtain clean lattice fringes for

measurement.

Furthermore, selected area electron diffraction (SAED) can be performed on the sample
which gives information similar to XRD, but on a specific region of the sample. This is
because the de Broglie wavelength of electrons at the high accelerating voltage of the TEM
is smaller than the interatomic spacing, resulting in electrons being diffracted by the crystal
lattice which acts as a diffraction grating. As samples are commonly composed of many
crystals in different orientations, this results in a ring diffraction pattern which can then be
analyzed to get the phases and d-spacings of crystallites in the sample.

TEM analysis can be of particular importance in relating the catalyst morphology to its
performance. It can reveal the origin of increased surface area, and in the case of catalyst
reconstruction, in-situ TEM can show the evolution of the catalyst that results in increased

surface area.[15, 16]

In this report, transmission electron microscopy (TEM) was carried out using a JEOL
2100F.
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3.4.4 EDX
In Energy-dispersive X-ray spectroscopy (EDX), electrons from the SEM are used to knock
out electrons from the core levels of the atoms. This creates a vacancy, which can be filled

by an electron in a higher energy level:

M\

—L

K\

atomic nucleus

kicked-out ..
electron -~ -

radiation
energy

Figure 3.12: X-rays from electronic transitions (Image taken from Wikipedia)

As the energy gap between the two energy levels are discrete, this results in X-rays being
emitted having characteristic energies which correspond to the difference between the
higher and lower energy levels when the electron relaxes. These characteristic energies are
specific to the elements in question, which is why EDX is used to probe elemental

composition of the sample. EDX is a bulk (1-3um) characterization technique.

In this report, EDX analysis was carried out using a JEOL JSM-7600F equipped with an
INCA - XAct 10mm? X-ray detector.

3.4.5 XPS
X-ray photoelectron spectroscopy (XPS) relies on the photoelectric effect and the

characteristic binding energy levels of the atoms to identify the elements and oxidation
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state. As only photogenerated electrons from the surface layer can escape to be detected,

XPS is a surface (1-10nm) characterization technique.

In XPS, the surface of the material is irradiated with a monochromatic X-ray beam. This
causes electrons to be photoemitted with a specific kinetic energy. The relationship
between the binding energy, incoming X-ray photon energy and the kinetic energy are
given below:
Epinaing = Nf — Ekinetic = @

Where hf is the energy of the incident photon and ¢ is the work function of the material,
which is the energy loss when the photoelectron leaves the surface of the material and can
be corrected by the XPS instrument. The instrument detects the Kinetic energy of the
photoelectron and, after correcting for the work function and substituting the known
incident photon energy, outputs the binding energy spectrum of the electrons. The binding
energies which correspond to the detected photoelectron binding energies of the material

show up as peaks.

Counts
13000~ Label BE (eV) FWHM
- o— A 99.69 0.58
11000 B 100.30 0.56
— C 100.64 0.10
[ e— D 102.72 0.90
9000 e E 103.67 1.35
Il <
7000
50001
3000~
1000+
[ I I R S | B i I
06.5 103.5 100.5 97.5

Binding Energy, eV

Figure 3.13: XPS example spectrum (Image taken from Wikipedia)
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The binding energy of the electron is determined by the electron orbital of the element as
well as its chemical environment. In an electron-withdrawing environment or higher
oxidation state, the atom acquires a positive charge which makes the pull of the nucleus on
the electrons stronger, resulting in higher binding energies. In an electron-donating
environment or lower oxidation state, the reverse happens. This results in a complicated
peak structure for each elemental orbital which can be deconvoluted by simulation into
smaller peaks which represent the specific functional groups or oxidation states of the

element on the material.

In this report, the data were collected using a Kratos AXIS Supra.
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Chapter 4 Investigation on Cu-M-S as catalyst for CO>
reduction

In this chapter, Cu-M-S with nine metals M=In, Sn, Sb, Bi, Ga, Ge, Ag,
Co, Fe are screened to identify a sulfide-derived catalyst that has high
selectivity for electrochemical CO; reduction. It is found that Cu-Sb-S
produces CO with Faradaic efficiency of above 70%. Some of the
catalysts (where M=Sb, Bi, Ag) reduce in the presence of applied voltage,
while most of the other catalysts do not. Cu-Sb-S/Se sulfoselenide is then
synthesized and its electrochemical CO; reduction behaviour measured.
1t is found that the sulfoselenide Cu-Sb-S/Se produces more H, than the
sulfide Cu-Sb-S, but the electrochemical CO, performances are
otherwise very similar. This chapter concludes with Cu-Sb-S as worthy

of further study.
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4.1 Introduction

As discussed in chapters 1 and 2, copper bimetallic chalcogenides (Cu-M-S) are potential
candidates for CO2RR. Several studies have reported the activity of copper bimetallic
alloys, such as the work of Takanabe and co-workers, who reported both Cu-In and Cu-Sn
catalysts to be selective for electrochemical CO; reduction to CO.[1, 2] Copper sulfide-
derived catalysts has also been reported, such as the work by Perez-Ramirez and co-
workers who demonstrated its selectivity for electrochemical CO> reduction to HCOO™.[3]
Given the different selectivity behaviour of Cu-In, Cu-Sn and possibly other copper-based
catalysts toward CO, there is a possibility that sulfur can improve their selectivity
according to the covalency-aided mechanism outlined by Kim and co-workers.[4] Hence,
Cu-M-S derived catalysts could be a good strategy to improve the selectivity of CO or
reduced products. Given the lack of studies in this area, screening of second metal is

warranted to explore the materials space.

The choice of second metal is crucial to control the selectivity. Generally, (In, Sn, Sb)
alloys with Cu all produce CO as their major product.[1, 2, 5] Other choices of second
metal are also included to expand the screening to candidates that have the possibility of
producing reduced products. (Ga, Ge) if added in minute amounts to form an alloy with Cu
it may be able to promote reduced products.[6] Ag is also very frequently reported in
literature in “alloys” with Cu (although it is strictly speaking eutectic with Cu on the phase
diagram).[7] (Fe, Co) are rarely reported in literature as they mainly produce H», but some
reports suggest a slight increase in methane selectivity.[8] Nonetheless, in this chapter
sulfide-derived materials from all three of these categories are considered in testing their
CO; reduction behaviour. Bi mixes with Cu to produce HCOO™.[9] This was detailed in
Chapter 2.

Chalcogenides (sulfides and selenides) have been reported to contribute to CO> reduction
selectivities in different ways. Perez-Ramirez and co-workers tested both copper sulfide-
derived and copper selenide-derived catalyst in their work.[10] While both produced
mainly HCOQ", the selenide demonstrated increased H2 and CO production. In contrast,
He et al tested CdS/Se system, and found that CdS produces CO but CdSe produces H2.[11]
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The two contrasting studies, with copper chalcogenide-derived catalysts promoting
HCOOH while CdS/Se catalysts producing CO, could be due to contrasting mechanisms
of promoting *H binding for HCOO™ or *COOH binding for CO via the covalency-aided

mechanism. The covalency-aided mechanism could result in improvement of CO

selectivity.

In this chapter, Cu-M-S with 9 metals M=(In, Sn, Sb, Bi, Ga, Ge, Ag, Co, Fe) were tested.
The best performing sulfide-derived catalyst(s) are then selected and tested by replacing
some sulfur with selenium. This way, the ternary chalcogenide-derived category is

screened to find catalysts with surprising selectivities or otherwise elucidate trends in

reduction behaviour and selectivity.
4.2 Second metal trials results and discussion

4.2.1 Crystal structure of Cu-M-S
4.2.1.1 Chalcopyrite phases

a) 20 25 30 35 40 45 50 55 60 b) 20 25 30 35 40 45 50 55 60

o b b Lo o bawaa Lo a o lua Laaaa] 0 aaa | IPEPEPETE BT SRS BT | PEPETE B

CulnS, CuFeSz

Intensity (a.u.)
Intensity (a.u.)

....................................

20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
26 (°) 20 (°)

Figure 4.1: XRD of synthesized powder samples CulnS; and CuFeS2

CulnS, was prepared by solvothermal synthesis in ethylene glycol and CuFeS> was
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prepared by heat-up method. As shown in Figure 4.1, both sulfides exhibited a pure
chalcopyrite (zinc blende-derived) structure with three characteristic peaks at
approximately 28°, 46° and 55°. The produced sulfide does not exhibit any prominent

impurities in the XRD structure.

4.2.1.2 Zinc blende-derived phases and Wurtzite phases

a) b)
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
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Figure 4.2: XRD of synthesized powder samples (a) Cu2SnSs, (b) CuGaS: and (c) Cu2GeSs. H refers to the additional

wurtzite peaks not found in the zinc blende-derived structures.

As CuxSnS3, CuGaS; and CuxGeSs were produced using the heat-up method with
dodecanethiol as both sulfur source and structure-directing agent, the synthesized sulfides
are a mixture of zinc blende-derived and wurtzite structures (as dodecanethiol prefers
hexagonal structure), where there are four additional wurtzite peaks labelled as H in the
XRD graphs in Figure 4.2. Other than this mixture, Cu2SnS; appears to be pure, while

CuGaS; and CuzGes show additional CuxS roxbyite (again a hexagonal structure) impurity.

4.2.1.3 Table of phases
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The zinc blende-derived and wurtzite structures found in the XRDs are tabulated in Table

4.1:

Table 4.1: Crystal structures derived from zinc blende and wurtzite that were found in the XRD images. Images for cubic,

tetragonal and hexagonal were obtained from Wikipedia.

Zinc blende Zinc blende-derived Waurtzite
Cubic Tetragonal Monoclinic Hexagonal
(chalcopyrite)

Image

CulnS;
CuFeS;
CuzSnS;
CuGaS$;
Cu;GeS;

Z| <z <]

<| Z| <| Z| Z

<<= Z Z
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4.2.1.4 Other phases
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Figure 4.3: XRD of synthesized powder samples (a) Cu12ShaS13, (b) CusBiSs, (c) CuCo02S4 and (d) CuAgS

In Figure 4.3, Cui2Sb4S13, CusBiS3, CuCo02S4 and CuAgS, unlike the other sulfides
discussed so far, do not adopt zinc blende-derived nor wurtzite-derived phases and have
unique structures of their own. All four of them appear to be pure phase. Cu-Sb-S

nonetheless does also seem exhibit a cubic-hexagonal duality, with Cu12SbsS13 (tetrahedrite)
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being of the cubic-derived type and CuzSbSs (skinnerite) being of the hexagonal-derived
type (distorted into orthorhombic), but with a different bonding pattern than zinc blende or

wurtzite which thus confers them more complicated XRD patterns.

4.2.2 CO2RR reduction behaviour
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Figure 4.4: Electrochemical CO2 reduction behaviour of the nine Cu-M-S samples

As can be seen in Figure 4.4, the results can be split into two sets. The first set is (In, Sn,
Sb, Bi) which produce either HCOO™ or CO and the second set is (Ga, Ge, Ag, Co, Fe)
which produce nearly entirely Hz. As Cu-In, Cu-Sn and Cu-Sb alloys (without sulfur) all
produce CO as their major product, the fact that Cu-In-S and Cu-Sn-S do not, hints at a
difference in their sulfides that cause this change in behavour. H, and HCOO™ were the
major products on Cu-In-S and Cu-Sn-S (Figure 4.4), while CO was mainly observed on

Cu-Sb-S.
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4.2.3 Catalyst reduction

100
a) 6% 7% 10%
3%
20%
80 - 1 E 0
50% 45% 43%
49%
60 - 1 g
e 14%
< 14% ° 879
404 o i i %
25% 73%
204 45% il 41% 1l 43%
S
25% L Im
Cu
0 r r r r T T —
Ideal  After Ideal  After Ideal After
Ag Sb Bi
b)100
21%
80- 0, T 0, T 470 T 1 T 43%
50%| |48% 50%| |47% 50% % 50%| | 51% 50% 579,
(]
28%
60 g g g g g
S
< 12% 12% 21%
] ] [ 17% 11 17% %|] ]
40| 259 25%| | 27% ° 1 118%]| 1| 25%
52% 2%
20 40%|| g 41%|[ 4 1 g
° . 33% ° 33%| | 33% 36% S
25% 25%| | 26% 25% T v
14% L
04— . . . . . . . . . . . Cu
Ideal After Ideal After Ideal After Ideal After Ideal After Ideal After
Ga In Ge Sn Fe Co

Figure 4.5: EDX plot of the nine Cu-M-S samples (a) Samples where the sulfide reduced (b) Samples where the sulfide
did not reduce or reduced partially

As can be seen in Figure 4.5, these can be split into two categories. Cu-M-S with M
elements in Groups 11 and 15 (Cu-Ag-S, Cu-Sb-S and Cu-Bi-S) experience a reduction of
the parent sulfide with most of the sulfur becoming removed, while all other samples Cu-
(Ga, In, Ge, Sn, Fe, Co)-S exhibit either no reduction or partial reduction of the sulfide.
Comparing with post-reduction XRD in Figure A.1, Cu-Sb-S and Cu-Bi-S show reduction
to an amorphous Cu-like phase with a broad hump at 41-47°, Cu-Ge-S retains its parent
phase but has some Cu formation, while Cu-In-S, Cu-Sn-S and Cu-Co-S largely retain their

parent sulfide phases.

It can be seen that for the sulfides that reduce, the main product can be H>, CO or HCOO™.

However, for the sulfides that do not reduce or reduce partially, H, and HCOO™ are the
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main products. It is thus likely that CO is suppressed to some degree in the presence of
excess sulfur, while HCOO™ can be promoted in the presence of excess sulfur which
corroborates with existing literature where CuSy is tuned away from CO (and Cz+ products)

to HCOO™ due to the presence of sulfur as compared to Cu.[3, 12, 13]

4.2.4 Comparison with literature

There is a difference in behaviour of these sulfide-derived catalysts with respect to CuSy.
While the amount of remnant sulfur in CuSx is small, on the order of 1-10%, the product
selectivity has been seen to be tuned completely away from CO and reduced products
towards HCOQ™.[3] This is in contrast to the Cu-In-S-derived catalyst, where even with
most of the sulfur remaining it is still able to achieve about 20% Faradaic efficiency of CO.
Moreover, Cu-Sb-S-derived catalyst is able to achieve about 75% Faradaic efficiency for
CO with similar levels of sulfur (about 7%) as CuSx catalysts. Thus, the sensitivity of these
bimetallic sulfide-derived catalysts to sulfur seems to be lower than for copper sulfide-
derived catalysts. The lower selectivity of Cu-In-S compared to Cu-Sb-S could very well
be due to the non-reduction of the former sulfide vs the reduction of the latter, but more
work needs to be done to probe the surface of Cu-In-S via XPS to determine the amount of
sulfur that remains on the surface. It is possible that while sulfur remains in the bulk (as
measured by EDX), it may be relatively lower on the surface (which can be measured by

XPS).

In all of these catalysts, because the main group element does not bind well with carbon,
copper acts as the main active sites for CO» reduction to CO. Thus, it is remarkable that
CO can be produced as the only other sulfide-derived catalyst with substantial and
replicable CO selectivity is CdS.[11, 14]

Comparing the post-reduction EDX results to the standard reduction potentials of the
second metal elements[15] (Notes: SbO" is taken because Sb** data is unavailable. Co is
omitted as the oxidation state of Co in thiospinel CuCo2S4 is +2.5[16]. Cu is included in
the list because it is present in Cu-M-S):

e Ga®t + 3e” = Ga(s): -0.549V

75



Initial trials for Cu-M-S/Se Chapter 4

e In3" +3e” = In(s): -0.338V

o Fe3t +3e™ = Fe(s):-0.037V

o Sn** +4e” = sn(s): 0.021V

o Ge*t +4e” = Ge(s): 0.124V

e SbO* +2H" 4+ 3e™ = Sb(s) + H,0:0.2V

e Bi3* + 3e™ = Bi(s): 0.308V

e Cu'+e =cu(s): 0521V

o Agt+e” = Ag(s):0.799V
It can be seen that the second elements that result in the reduction of the parent bimetallic
sulfides (Sb, Bi, Ag), have more positive reduction potentials than the ones that do not
reduce (Ga, In, Fe, Sn, Ge), which is consistent with the post-reduction EDX results. The
potentials are shifted more negative in the sulfide as compared to the ion,[17] for instance
comparing Ag" and Ag>S:[15]

e AgT+ e = Ag(s): 0.799V

o Ag,S(s) + 2e™ = 2Ag(s) + $*7:-0.691V
Thus, all potentials in the original list should be considered shifted in the negative direction
in the Cu-M-S sulfides and while some sulfides reduction potentials are more negative than
the applied potential to reduce and thus stay as sulfides, others like Cu-Sb-S, Cu-Bi-S and
Cu-Ag-S, are less negative than the applied potentials, allowing them to be reduced. If -
0.69V vs SHE is converted to RHE at pH of about 8.2, it is -0.2V, which is less negative
than the experimentally applied voltage of -1V. This implies that Ag>S would also be

reduced under the conditions applied.
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4.3 Investigation on the role of chalcogen on Cu-Sh-X

4.3.1 Powder characterization
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Figure 4.6: (a) XRD and (b) EDX of powder samples of CusSh(S, Se)s

CusSb(S,Se)s was synthesized by heat-up method in a similar manner to Cu-Sb-S, with
selenium dissolved in dodecanethiol and oleylamine as selenium source. XRD in Figure
4.6 showed that tetragonal CuszSb(S, Se)s was formed, while EDX showed a slight doping
of S with Se:S ratio of 4.4:1.

4.3.2 CO2RR reduction behaviour

7



Initial trials for Cu-M-S/Se Chapter 4
1o [ Jcu [ Isb | s [ Ise
100]

11 9%
901 1?% 17% 16%
804 I T
) 1 T T
. 70-
S~ J
© 604
E 4
S 50
< 1| 89%
40+ 80% 78% 79%
30-
20-
104
1.2V 1.0V 0.8V 0.6V
V vs RHE

Figure 4.7: EDX of Cu-Sh-S/Se on carbon paper after electrochemical CO2 reduction at different voltages

EDX was taken after CO> reduction for 45 minutes, and it was found that just like Cu-Sb-

S, Cu-Sb-S/Se also reduced. However, as can be seen in Figure 4.7, the amount of S and

Se remaining was very similar even though the initial amount of selenium was much higher

than the sulfur. It was found that as voltage increases, less sulfur and selenium remained

which is expected as these are more prone to reduction as voltage becomes more negative.

However, surprisingly at -1.2V, the amount of Cu increases and amount of Sb decreases.

This has important consequences for selectivity as can be seen in the CO2RR performance

below.
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Figure 4.8: Electrochemical CO2 reduction results of Cu-Sh-S/Se and Cu-Sh-S

When the samples were reduced between -0.6V and -1.2V vs RHE, it was found that on

average the CO FE of the sulfoselenide is lower than the sulfide, while that of H> is higher

(Figure 4.8). However, at -1.2V vs RHE, the current density of H, drops, which resulted in

a decrease in FE of H; and an increase in FE for HCOO™ and CO. This can be correlated

to the decrease in Sb, indicating that Sb plays a role in the formation of H>. This matches

well with the DFT findings (in Appendix B) which found that both the C-binding site for

CO and O-binding site for HCOO™ is on Cu. It is also likely that S or Se plays a role in the

binding of *H likely together with Sb.

4.3.3 Comparison with literature

It is instructive to compare our results with the results on the Cu-S/Se and Cd-S/Se systems

which were carried out by Lopez’s group and Zeng’s group respectively.[10, 11]
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Figure 4.9: Electrochemical CO2 reduction results of CuSx, CuSex and CuTex catalysts reported by [10]. No permission

is required for thesis purposes.

On the CuSSe system, Lopez’s group found that the system reduces with only a few atomic
percent of sulfur or selenium, which is very similar to our Cu-Sb-S/Se system. As sulfur is
replaced with selenium in the Cu-S/Se, the HCOO™ FE decreases and the H> and CO FE
increases. However, the study in this chapter obtained a different trend, with a decrease in
CO FE, an increase in H> FE, and potential-dependent variation in the HCOO™ FE
(decreasing at smaller applied voltage but increasing at larger applied voltage) when

selenium was introduced into the system.
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Figure 4.10: Electrochemical COz2 reduction results of CdSxSel-x. Reproduced with permission from [11]

Indeed, the results of Cu-Sb-S/Se, despite containing Cu, is more similar to the results
obtained on the Cd-S/Se system by Zeng’s group. While Zeng’s group did not investigate
whether the cadmium chalcogenides reduced after electrochemical CO; reduction, they
obtained a decrease in CO FE and an increase in Hz FE with decreasing amounts of sulfur
and increasing amounts of selenium. Li’s group in their study of CdS used XPS to show
that the CdS in their system was not reduced after electrochemical CO> reduction. This
indicates that CdS is stable within the range of -0.7 to -1.1 V vs RHE, which corroborates
with the standard reduction potential of Cd**:
o (Cd?" +2e” = cd(s): -0.4V
This is unlike the Cu-Sb-S/Se system which easily reduces, hence making the system more

similar to Cu-S/Se with respect to reduction behaviour.

Thus, the Cu-Sb-S/Se system shares its reduction behaviour with Cu-S/Se, but its
electrochemical CO; reduction behaviour is more similar with that of Cd-S/Se. Whether
this has any implications on the differences in role of bulk sulfide/selenide on one hand
and doped sulfur/selenium on the other warrants further experimental and computational

investigation.

4.4 Conclusion
In summary, Cu-M-S samples with different M (In, Sn, Sb, Bi, Ga, Ge, Ag, Co, Fe) were
synthesized and the production of correct sulfide phases via XRD were verified. These
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were then tested as catalysts for electrochemical CO> reduction. It was found that only main
group elements of period 5 and below (In, Sn, Sb, Bi) are active for electrochemical CO>
reduction, with the rest (Ga, Ge, Ag, Co, Fe) producing hydrogen as the overwhelmingly
dominant product. EDX measurements after reduction showed that when elements in
Groups 11 and 15 (Ag, Sh, Bi) were used as the second M, the sulfides were reduced when
voltage was applied while elements in other groups showed partial or no reduction of the
sulfide. As Cu-Sb-S is the only catalyst to produce CO as the main CO2RR product, Sb
was chosen as the second element for the second part of trial tests to see if sulfoselenide
Cu-Sh-S/Se outperforms sulfide Cu-Sb-S. It was found that Cu-Sbh-S/Se produces more
hydrogen than Cu-Sb-S, which we attribute to Se interacting with Sb to promote *H
binding. Considering the results, Cu-Sb-S was for further investigation, which is reported
in Chapter 5 of this thesis. The Cu-Sh-S system comprises four phases, skinnerite CusShSs,
tetrahedrite Cu12ShsS13, chalcostibite CuSbS; and famatinite CusSbS4. The first three
phases are included in further study in chapter 5, with in-depth characterization of XRD,
SEM, EDX, XPS before and after reduction as well as Tafel, CV and other analyses.
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Chapter 5* Covalency-aided electrochemical CO:2 reduction to
CO on sulfide-derived Cu-Sb

p-block dopants like sulfur have been shown to break scaling relations
in electrocatalytic CO, reduction reaction (CO.RR) by providing
alternative binding sites with altered *CO binding energy. However,
most sulfur derived catalysts reported to date tend to produce formate or
hydrogen during CO:RR by shifting the reaction pathway away from C-
bound intermediates. In this chapter, highly selective CO production on
bimetallic Cu-Sb-S derived catalyst was discovered. The high CO
selectivity is in contrast with the individual control samples of CuSx and
SbSx that demonstrate preference towards formate product. Interestingly,
different starting phase and atomic ratio of Cu-Sb-S affects the CO:RR
selectivity. Post-catalysis characterization coupled with DFT
calculations indicate that the key enabler towards CO formation is the
substitution of Sb sites with sulfur that improves *COOH binding relative
to *CO, breaking scaling relations and facilitating subsequent CO(g)
formation. The highest CO production of FECO = 80.5% was observed
on tetrahedrite Cu-Sb-S-derived sample at -1.0 V RHE with 37.6 mA/cm2

geometric partial current density.

*This section published substantially as J. Mater. Chem. A, 2024,12, 1840-1851, DOI:
10.1039/D3TA04777F (No written permission is required from Royal Society of Chemistry for

thesis purpose.)
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5.1 Introduction

Most sulfide-derived catalysts so far have tended to produce HCOO™ as their main
electrochemical CO; reduction product. This can most prominently be seen in CuS-derived
catalysts, where the selectivity switches from CO and reduced products to HCOO™.[1-5]
This is attributed to the weakening of *CO binding by remnant surface sulfur which then
favours the other products that do not rely on C-bound intermediates, namely HCOO™ and

H,.[6-8]

However, as Kim et al has reported in a computational study on AgS-derived catalyst,
sulfur also strengthens *COOH binding on weaker *CO-binding elements, which can result
in increased CO selectivity.[9] This requires also that the amount of sulfur doping be
minute enough that *H coverage does not increase substantially to favour H, or HCOO™.[3,

7,10]

As an alternative to sulfide-doped monometallics, bimetallics with strong and weak *CO-
binding metals were considered. Cu-In, Cu-Sn and Cu-Sb were considered as there are
many stoichiometric ternary starting phases that can be exploited to control the sulfur
doping amount and doping content can be reduced as sulfur may only be stable on certain
sites.[11-13] Thus Cu-In-S, Cu-Sn-S and Cu-Sb-S were chosen and preliminarily tried for
electrochemical CO:> reduction. As only Cu-Sb-S was reduced from its parent sulfide
(Figure B.1), it was selected as the subject of this study as an S-doped bimetallic. Cu—Sb—
S is also a suitable system as there are multiple stoichiometric phases that can be exploited
to modulate the elemental ratio of the catalyst. Three Cu—Sb—S phases, skinnerite (SK;
CusSbSs), tetrahedrite (TH; Cui2SbsS13), and chalcostibite (CS; CuSbS,) were included in
this study.

In this chapter, highly selective CO production on bimetallic Cu-Sb-S derived catalyst was
discovered. The high CO selectivity is in contrast with the individual control samples of
CuSx and SbSx that demonstrate preference towards HCOO™. Different starting phase and

atomic ratio of Cu-Sb-S affects the CO2RR selectivity. Post-catalysis characterization
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coupled with DFT calculations indicate that the key enabler towards CO formation is the
substitution of Sb sites with sulfur that improves *COOH binding relative to *CO, breaking
scaling relations and facilitating subsequent CO(g) formation. The highest CO production
of FEco = 80.5% was observed on tetrahedrite Cu-Sb-S-derived sample at -1.0 V RHE with

37.6 mA/cm? geometric partial current density.

5.2 Results and discussion

5.2.1 Characterization of Cu-Sb-S phases
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Figure 5.1: XRD and SEM characterization of the samples before reduction. (a—c) SEM images of the samples SK (a),
TH (b) and CS (c) sprayed on carbon paper. (d—f) XRD images of powder samples SK (d), TH (e) and CS ().

XRD characterization confirms the identity of the respective phases (Figure 5.1D-F). Field
emission scanning electron microscopy (FE-SEM) showed distinct morphologies with
particle size in the order of SK<TH<CS (Figure 5.1A-C and Figure B.2). In terms of length,
SK showed nanoplates on the order of tens of nm, TH showed agglomerated particles about

100nm, while CS has the largest particle size at about 500nm to 1pum.
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Figure 5.2: XPS peaks of the three catalyst samples on carbon paper before reduction. a) Cu 2p peaks b) Sb 3d and O 1s

peaks.

Figure 5.3: EDX mapping of the three catalyst samples on carbon paper before reduction. a) SK b) TH c) CS.

The elemental composition of the samples using energy-dispersive X-ray spectroscopy
(EDX) and X-ray photoelectron spectroscopy (XPS) (Figures 5.2, 5.3, and 5.4) were then
analysed. The elemental composition of the samples before reduction is close to the
stoichiometric ratios, thus confirming the successful synthesis of Cu-Sb-S catalysts. XPS
analysis showed two distinct species of Cu, Sb, and S each which originate in the catalyst.
The two Cu species were attributed to major Cu*” and minor Cu?* (due to surface oxidation),
the two Sb species to major Sb** and minor Sb-O (due to surface oxidation), and the two S

species to S* and adsorbed dodecanethiol (the sulfur source used for synthesis).[14, 15]
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Figure 5.4: EDX and XPS characterization of the samples before reduction. (a) elemental composition of samples on

carbon paper. (b) XPS S 2p peaks of the samples on carbon paper.
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5.2.2 Electrochemical performance of Cu-Sh-S phases
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Figure 5.5: Electrochemical CO2RR performance of the test vs. control (Cu—Sb or sulfide) samples at —1.0 V vs. RHE.

Data for (a) faradaic efficiency and (b) current density. The electrolyte used was 1 M KHCOs. For the test samples, data

were collected from three individual experiments each, and the error bars represent the standard deviation.

The synthesized Cu-Sb-S phases were tested as catalysts by airbrushing the catalyst ink
onto a GDE and testing it in a three-compartment flow cell with 1 M KHCO3 electrolyte.
It was found that all Cu-Sb-S catalysts (SK, TH, CS) produced a substantial amount of CO

(FEco =50-70%) at —1.0 V (Figure 5.5). This is in contrast with the pure metal sulfide
control samples of CuigS and SbaS3 (characterisation in Figure B.3), where HCOO™ is the
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dominant product as also seen in Figure 5.5, in line with the literature.[ 1-3] While the CuSb
alloy also produces a fair amount of CO (FEco =40%), Cu-Sb-S catalysts significantly
outperforms CuSb alloy in terms of CO production, hence the S chalcogen may be

responsible in boosting the catalysis activity.
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Figure 5.6: Electrochemical CO2RR performance of catalysts. Data for (a) faradaic efficiency and (b) current density.
The electrolyte used was 1 M KHCOs. Data were collected from three individual experiments each, and the error bars
represent the standard deviation. The data are displayed for CO, HCOO™ and Ha.
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The Cu-Sb-S catalysts were then tested for CO; reduction in a wider potential range, from
the onset potential to —1.2 V. The full electrochemical CO2RR results are shown in Figure
5.6. It was found that FEco increases with more cathodic potentials and reach maximums
of between 60 to 80% at a potential of —1.0 to —1.2 V. These high efficiencies contrast with
FEn2 and FEncoo-, which decreased at more cathodic potentials to <30% each at —1.0 to
—1.2 V. Constant current CO,RR measurement at 200 mA cm 2 was also performed where

the catalysts retain >60% Faradaic efficiency (Figure B.4).
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Figure 5.7: Stability test of TH sample done for 24 hours at -1V vs RHE.

The TH catalyst demonstrated good stability in the range of 24 h, with stable FEco in the
60—80% range (Figure 5.7). A maximum FEco of 80.5% at an applied voltage of —1.0 V
was obtained for the TH sample, which is comparable with the literature maximums FEco

of 80-95% for Cu-Sb materials (Table 5.1).

92



Study on Cu-Sb-S Chapter 5
Table 5.1: Benchmarking against other similar catalysts in literature
Catalyst Electrolyte Potential CO partial | CO:RR Reference
(V vs. current main
RHE) density product
(mA/cm?)
Cu-Sb catalysts
CuO-Sh,0s/CB 0.1M -0.8 4.5 (6{0) [16]
Nanocomposites | KHCO;3;
(Cu:Sb of 10:1)
Sb-modified Cu | 0.1 M -1.1 4.5 CO [17]
(galvanic KHCO;
displaced)
Cu,Sb decorated | 0.1 M -0.9 6 CO [18]
Cu nanowire KHCO3
arrays
Sb-doped 0.1M -0.9 6.3 Cco [19]
Cu/Cu20 KHCO;
catalyst
Cu-Sh,03 0.1 M KCI —0.99 6.7 CcoO [20]
Sb-Cu,0O derived | 0.1 M —0.8to—1.2 | 37.3t074.0 | CO [21]
bimetallic KHCO3
catalyst
Single atom Sh 05M -0.97 150 Cco [22]
on Cu KHCOs
Sulfide-derived Cu-Sb catalyst
S-derived Cu-Sb | 1M KHCO; | -1.0 | 37.6 | co | This work
Other sulfide-derived catalysts
S-modified Cu 0.1M -0.8 Trace HCOO™ [1]
KHCO3
CdS nanorods 0.1M -1.2 27.1 Cco [23]
KHCO3

It is noted however, that the literature reports of Cu-Sb are not pristine (deposited on Cu

nanowires)[ 18] or not well-mixed (galvanic-displaced or composites)[16, 17] may not be

accurate sulfur-free reference standards to compare the study’s samples against. It may be

that if both structural control and sulfur doping are simultaneously engineered, an even

better Cu-Sb-based catalyst performance can be achieved. The best-performing TH had a

geometric partial current density of CO of about 37.6 mA cm 2 at —1.0 V in 1 M KHCO3

GDE flow cell, which is approximately seven times that of literature values of ~5 mA cm”

2 at the same voltage in 0.1 M KHCO3 H-type cells (Table 5.1). This is partially due to a

difference in cell type (GDE flow cell vs H-cell) and electrolyte concentration, thus the

increase in current density due only to the catalyst would be smaller. Current densities of
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HCOO™ and Hz at—1.0V for the TH catalyst were 5.7 mA cm™ and 6.0 mA cm™ respectively.
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Figure 5.8: Cyclic voltammograms of the three catalyst samples done in non-Faradaic region for determination of

electrochemically active surface area (ECSA). Catalysts were pre-reduced at 55mA/cm? prior to the test which was done

on a 3mm diameter glassy carbon electrode.
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Figure 5.9: Charging current densities plotted against scan rate with double layer capacitance indicated for the three Cu-

Sh-S catalysts. Catalysts were pre-reduced at 55mA/cm? prior to the test which was done on a 3mm diameter glassy

carbon electrode.

The onset potential for CO formation is —0.6 V for the Cu:Sb 3:1 phases (SK and TH) and
—0.7 V for the Cu:Sb 1:1 phase (CS). Electrochemically active surface area (ECSA)

measurements were performed on the samples at -1.0 V (Figures 5.8 and 5.9), which shows

that SK and TH have similar total current densities when normalized to the active surface
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area. The double layer capacitance showed SK>TH>>CS, which is approximately in the

reverse order compared to the particle size seen in FE-SEM.
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Figure 5.10: CO Tafel slopes of the catalysts. Catalysts were pre-reduced for 5 min at —1.0 V vs. RHE prior to the

experiment.

To investigate the kinetics of the reaction, Tafel slopes of the current density readings were
plotted in Figure 5.10. The best performing TH catalyst had a lower Tafel slope of 104
mV/dec compared to the other two catalysts which each registered 118 mV/dec. According
to the literature, an ideal Tafel slope of 120 mV/dec corresponds to an electron transfer step
as the rate-determining step: * +C0, + e~ = *C0, .[24] Conversely, an ideal Tafel slope
of 60 mV/dec corresponds to a protonation step as the rate-determining step: *CO, +
H* - *COOH. Based on the Tafel slopes, it is possible that although the electron transfer
step is the main rate-determining step, some reaction sites on the TH sample might have
better kinetics with the protonation step as the rate-determining step, resulting in better CO

Faradaic efficiency.
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5.2.3 Post-reduction characterization and remnant sulfur
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Figure 5.11: Cyclic voltammograms of the three catalyst samples done in Ar and CO2, with the catalyst reduction

potential, which was obtained from the inflection point of the derivative, indicated.
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Figure 5.12: Derivative of cyclic voltammograms of the three catalyst samples with the value of the catalyst reduction

potential indicated.

CV scans were performed on the three Cu-Sb-S phases to determine the reduction potential
of these samples (Figure 5.11). From the inflection point of the cathodic going CV first
derivative,[25, 26] the reduction potentials of the samples (—0.55, —0.60, and —0.70 V for
SK, TH, and CS respectively, Figure 5.12) were determined to be the same or more positive
than the CO2RR to CO onset (between -0.6 to -0.7 V, Figure 5.6), indicating that CO.RR

to CO occurs after the reduction process of the sulfide phases.
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Figure 5.13: EDX, XPS and XRD characterization of the samples after reduction. (a) Elemental composition of the
samples on carbon paper. (b) XPS S 2p peaks of the samples on carbon paper. (c) XRD image of the samples with 9x

loading on carbon paper. The reference peaks are that of Cu2Sh.

The observation that sulfide reduction occurs before CO2RR onset is corroborated by EDX
and XPS analyses post-reduction at —1.0 V (Figure 5.13). Drastic decrease in the S at%
was observed on all samples. Interestingly, only a small Sb at% decrease was detected. One
reason for this could be because Sb forms a stable alloy with Cu, thus it is not as easily
leached compared to S. This proposition is supported by further ICP measurements of the
electrolytes collected post reduction, showing that Sb had been leached at similar rate with

Cu (Table B.1), possibly due to surface reconstruction.[27]
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Figure 5.14: XPS peaks of the three catalyst samples on carbon paper after reduction at -1V vs RHE. a) Cu 2p peaks b)
Sb 3d and O 1s peaks
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Figure 5.15: EDX mapping of the three catalyst samples on carbon paper after reduction at -1V vs RHE. a) SK b) TH c)
CS

Post catalysis XPS (Figure 5.14) showed that Cu®" satellite peaks appeared and the
oxidized Cu** and Sb-O peaks are noticeably enlarged, while the original Sb*>* peaks at
approx. 529.5 eV completely disappeared. The presence of oxidized Cu and Sb are likely
due to surface reoxidation as the XPS measurements were done ex-situ. O presence in EDX
and XPS most likely originated from catalyst re-oxidation post-electrolysis (Figures 5.14
and 5.15). O was excluded in the elemental composition analysis due to the large variation

of oxygen content between samples.
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As a result of the drastic decrease of sulfur content in the catalysts after electrochemical
reduction, the active phase of the catalysts should thus be regarded as Cu-Sb alloys with
remnant sulfur atoms as defects. XRD results (Figure 5.13c) also showed that the dominant
crystalline phase present after reduction was CuSb, supporting the assignment of this

phase as the active surface during electrochemical CO2RR.

Taking the XRD data together with EDX and XPS in Figure 5.13, the S and Sb amounts
appear to be correlated to the crystallinity/crystallite size of the samples. CS sample with
higher Sb composition showed much smaller full-width half maximum (FWHM) peaks
compared to SK and TH. TH also shows particularly broad Cu,Sb peaks, which is proposed
to be linked to much higher S content. Post-reduction selected area electron diffraction
(SAED, Figure B.5) results showed very diffuse peaks that correspond to the XRD data.
SEM micrographs of the catalysts after reduction showed no major changes on micrometre
scale (Figure B.6), while TEM images of the catalysts after reduction (Figure B.7) showed

small crystallite size on the order of a few nm that corroborates the XRD findings above.
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Figure 5.16: Rietveld refinement of the SK sample after reduction at -1V vs RHE for 9x loading. The peak labelled C is
attributable to carbon paper. The refinement was done from 30° to 80° to exclude the carbon peak at 26.5° as well as a

peak we could not identify as either Sb or Sb20a.

Table 5.2: Parameters used in Rietveld refinement of SK sample after reduction at -1V vs RHE for 9x loading.

Phase |Wt% |[a(A) c(A) Cry |Rexp |Rwp Rp GOF
size
(nm)
CusSb 35.951 | 3.9925005 | 6.1525887 | 4.750 | 2.50 3.42 2.61 1.37
Cu 64.049 | 3.6298331 1.762

Rietveld refinement of SK detected phase segregation of Cu,Sb and Cu (Figure 5.16 and
Table 5.2). It is posited that the SK sample contains a mixture of S-doped Cu-Sb region
and S-doped Cu rich region as predicted by the phase diagram (Figure 5.17). As S-doped
Cu has been shown to prefer HCOO™ and H» production in literature, [1-5] it is expected
that SK phase shows lower CO. Conversely, TH and CS catalysts composition are closer

to the CuxSb alloy region, which imply lower S-doped Cu content. Thus, a lower Cu
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amount may be advantageous to avoid Cu phase segregation and thus suppress H, and
HCOO™. This is supported by the control experiments on Cu;sS that shows majority H»
and HCOO™ product (Figure 5.5a).

ABBREVIATION NAME
B New compound
B Cu-Sb alloy
cstb Chalcostibite
Cuss copper solid solution
cv covellite
fec face centered cubic
fm famatinite
L Liquid
td tetrahedrite
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Figure 5.17: Elemental composition of samples after reduction plotted on Cu-Sb-S phase diagram taken from Skinner et
al.[28] No permission is required for thesis purposes.

5.3 DFT calculations

Density Functional Theory (DFT) provides a theoretical framework for understanding the
structure-activity relations of Cu-Sb-S. This information can help guide the design of
experiments and catalysts for CO> reduction and improve our understanding of how these
materials work. We first determine the stability of sulfur atoms in the parent phases, i.e.,
tetrahedrite (TH), chalcostibite (CS), and skinnerite (SK) and identify the likely

contributors for improved catalytic performance.
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Post-electrochemical characterisation showed significant removal of sulfur in the three
parent phases. The TH phase retains the largest amount of S (7% from EDX; 15% from
XPS), which is about double of that in SK (3% from EDX; 16% from XPS) and in CS (2%
from EDX; 8% from XPS). The energy penalty to form a sulfur vacancy was then
calculated according to equation B.1 (Appendix Section B.2.2) in primitive cells of bulk
TH, CS and SK. This energy penalty reflects the likelihood of sulfur being retained in the
structures. It was found that the energy penalty trends as TH (5.46 eV) > CS (5.33 eV) >
SK (5.23 eV) with the sulfur being most strongly bound in the TH phase. This trend is
consistent with the experiments wherein the TH phase retains the highest percentage of

sulfur after electrochemical tests.

Characterization studies after electrochemical testing indicated that the active phase during
2e'CO2RR is tetragonal Cu.Sh of space group P4/nmm. The Cu,Sb primitive cell lattice
parameters were calculated (a = b = 3.984,c = 6.09A, & = 8 =y = 90°) and good
agreement with literature values was obtained (a = b = 4.00,c = 6.10Aa ==y =
90°).[29] Surface energies calculated for various Cu,Sb facets presented in Table B.4
indicate that (100) surface is the lowest energy facet. To simulate the catalytic active phases
of Cu-Sb-S having low sulfur content, nine active site motifs were considered (Figure B.8)
based on pristine Cu2Sb(100), with sulfur adatoms and substitutionally doped sulfur in the

topmost and next atomic layer.

Due to possibilities of S-removal, three active site motifs with copper and antimony
vacancies at the Cul, Cu2 and Sb1 sites were also considered (Figure B.8a). Hence, the
stability of sulfur-decorated and vacancy surface motifs were first investigated (Appendix
Section B.2.2). It was found that the Scus@Cu2Sb(100) is not likely to be stable during

operating conditions (Table B.2) and hence will not be considered further.

Then, the adsorption of the four key intermediates were tested: *H, *COOH, HCOO* and
*CO involved in the 2e-CO2RR (additional details in Appendix section B.2.4). By
comparing the adsorption energies on all surfaces against those on Cu.Sb(100) (Table B.3),
seven  surfaces  (Scuz@Cu2Sh(100), Scuzsh@Cu2Sh(100), Scu1/CuzSh(100),
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Scu2/CuzSh(100), Ssb1/Cu2Sh(100), Ssb2/Cu2Sb(100), Vcu2/Cu2Sb(100)) bind CO* less
strongly than both Cu (111) and Cu2Sb (100). It has been demonstrated that CO2RR
catalysts that are selective towards the 2e” products experimentally possess a *CO binding
energy that is weaker than that on Cu(111).[30] The weaker binding of *CO on the seven
surfaces will promote *CO desorption rather than further reduction to *CHO or *COH.
Since the CS, SK, and TH samples showed a high selectivity towards the 2e-CO2RR
products even at a more negative applied voltage of -1.2 V, these seven active site motifs
are more likely to be present in the catalytic active Cu-Sbh-S phases.

Table 5.3: Selectivity metrics at an operating voltage of —1.0 V. A negative (positive) value of DR1G — DR2G favours
CO (formate) formation. The DR3G is used as a descriptor to define surface hydrogenation. A negative DR3G value

favours surface hydrogenation

Surface Structure AriG /| ARG /| ARG - | ARG/
eV eV Ar2G /| eV
eV

Cu(111) -0.42 -0.28 -0.15 -1.17
Cu2Sb(100), -0.34 0.14 -0.48 -1.05
reference

Scus@Cu,Sh(100) -0.30 0.36 -0.66 -0.92
Scuzsb@Cu2Sb(100) -0.15 0.24 -0.39 -0.86
Scu1/CuzSb(100) -0.04 0.32 -0.36 -0.78
Scu2/Cu2Sb(100) -0.27 0.38 -0.65 -0.91
Ssb1/Cu2Sb(100) -0.23 0.15 -0.38 -0.94
Vcuw/Cu,Sh(100) -0.25 0.33 -0.58 -1.08
Ssp2/Cu2Sb(100) -0.71 -0.15 -0.56 -0.99

With the remaining seven active site motifs, the selectivity analysis towards CO or
HCOOH formation similar to that adopted by Tang et al was employed[31] (additional
details in Appendix Section B.2.5). Essentially, a motif that provides a larger driving force
for *COOH formation (Agr, G in Equation B.1) than for HCOO* (AR, G in Equation B.2) is
selective towards the CO pathway. If the converse is true, the active site is more selective
towards HCOOH. Another important consideration is the availability of H* for the
formation of HCOO*. This availability of H* is given by Equation B.3. One can thus use
ARr,G — AR, G as a descriptor: a negative (positive) value indicates a larger driving force
for the CO (HCOOH) pathway. The values for Ar,G, Ag,G, Ag1G — AR, G and Ag5G for
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the seven relevant active site motifs are in Table 5.3 while the values for all site motifs

considered in this work are in Table B.6.

At the operating potential of -1.0 V, all seven CuzSb-based motifs indicate that the
formation of *COOH is thermodynamically favourable. It was found that Cu,Sb(100) is
more selective towards CO formation as compared to Cu(111) due to a more negative
ARr,G — Ag,G value. Agr;G — Ag,G values on the other seven motifs are negative,
indicating that the CO pathway is thermodynamic favoured. In fact, Ag; G — Ar, G values
are more negative than CuzSb(100) on Scu@Cu2Sb(100), Scu2/Cu2Sb(100),
Vcu2/Cu2Sh(100) and Ssy2/Cu2Sb(100). The higher CO selectivity in CuzSb-based motifs
can be ascribed to a weaker H* adsorption, that leads to a more positive Ag,G value and
thus a more negative Ag; G — Ag, G value. One finds that H* adsorption is 0.12 eV weaker
on CuSh(100) than on Cu(111) and this H* adsorption strength can be further modulated
by the presence of sulfur. In fact, it was noticed that the presence of sulfur in the six S-
decorated motifs (i.e., Scus@Cu2Sb(100), Scuzss@Cu2Sh(100), Scu1/CuzSh(100),
Scu2/Cu2Sbh(100), Ssh1/Cu2Sh(100), and Ssh2/Cu2Sh(100)) further weakens *H adsorption
as compared with that on Cu>Sb(100). It is noted from adsorption data in Table B.3 that
Ssb2/Cu2Sb(100) binds HCOO™* stronger than Cu2Sb(100) while the five others motifs with
sulfur as an adatom or as a substitutional dopant in the topmost layer bind HCOO* weaker.
The simultaneous weakening of H* adsorption and HCOO¥* in turn, results in positive
Ar,G values for  Scus@CuzSb(100),  Scussb@Cu2Sbh(100),  Scu1/Cu2Sb(100),
Scu2/CuzSb(100) and Ssh1/Cu2Sb(100). On the other hand, the enhancement of HCOO*
adsorption is greater than the weakening of *H, hence giving an overall negative Az, G
value for Ssp2/Cu2Sb(100). While these seven Cu,Sh-based motifs are all selective towards
CO formation, HCOOH and H2 were also produced in the electrochemical tests. These

pathways with the Gibbs energy diagrams are rationalized in the next section.
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Figure 5.18: Free energy diagrams of four surface sites on Cu2Sb(100). The potentials are displayed for (a) —1.0V vs
RHE to represent experimental conditions and (b) 0V vs RHE to show potential determining steps (PDS). The data are
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From the seven sites shortlisted from the reactivity analysis, sulfur stability analysis
(Appendix Section B.2.2) was carried out to narrow the list down further to four surface
motifs that are most likely to be present throughout the electrochemical operation: pristine
Cu2Sb(100), Ssp1/Cu2Sh(100), Ssp2/Cu2Sh(100) and Vcy2/Cu2Sh(100). These four surface
motifs are expected to be stable at -1.0 V and adsorbs CO* weaker than Cu(111) to form
only 2e-CO2RR products. The Gibbs energy diagrams at 0 V and -1.0 V were finally plotted
to have an overview of the CO pathway (Equations B.13 — B.15), HCOOH pathway
(Equations B.16 — B.18) and hydrogen evolution reaction (HER) (Equations B.19 — B.20)
in Figure 7 respectively. The Gibbs energy diagrams for all the surface motifs considered
at 0.0 V can be found as Figure B.9. The Gibbs energy changes for the CO, HCOOH and
HER pathways at 0.0 V were tabulated in Table B.7, B.8 and B.9 respectively.

Before the CO2RR pathways are discussed, the HER performance by different surface
models were first evaluated. Pt(111) was included, which is known as the best prototypical
electrocatalyst towards HER (AG(*H) = -0.38 eV). Although all the four surface motifs
perform worse than Pt(111), the HER is exergonic at -1.0 V, which is why Hz is always

produced.

Moving to the CO pathway, it was found from the Gibbs energy diagrams at 0.0 V in Figure
7 that the potential determining step is the electrochemical hydrogenation of CO> to
*COOH for Cu2Sb(100), Ssb1, Vcuz and Sspo. This is consistent with the finding for the CO
Tafel slopes shown in Figure 5, with values close to 120 mV/dec for the three catalytic
active phases. This Tafel slope indicates that the rate determining step is an electrochemical
step, which is unlikely to be *CO desorption. At -1.0 V, the hydrogenation of CO> to
*COOH for the four motifs is exergonic. The desorption of *CO is expected to involve an

energy barrier of less than 0.10 eV that was easily overcome.

From the PEDs for the HCOOH pathway at 0.0 V, it was found that in general, the PDS
for HCOOH formation is the chemical step involving hydrogenation of CO, to form
HCOO*. The exception being Ssh2/Cu2Sh(100), on which the hydrogenation of HCOO* is
potential limiting. At -1.0 V, the HCOOH pathway on Ssp2/Cu2Sh(100) is exergonic for all
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elementary steps. This means that Ssy2/Cu>Sb(100) can produce both CO and HCOOH,
consistent with the negative values of Ag,G and Ag, G presented earlier. It was noted that
HCOOH was always produced in the electrochemical tests at -1.0 V. It was found that the
energy barrier of the potential determining step for the HCOOH pathway on pristine
Cu2Sh(100), Ssh1/Cu2Sh(100) and Vcuw2/Cu2Sh(100) surface motifs only require 0.01 eV,
0.02 eV and 0.20 eV at -1.0 V, which can be overcome at ambient conditions. Since the
pristine Cu2Sb(100) surface motif should predominate in the three samples CS, SK and TH,
such barrier can be overcome which explains why HCOOH was always produced in the
electrochemical tests at -1.0 V just like Ho.

Overall, the computational results are consistent with the experiments, which showed a
high selectivity towards the 2e-CO2RR products even at a more negative applied voltage
of -1.0 V. The results also help explain why the TH phase retains the highest percentage of
sulfur after electrochemical tests, and they provide insight into the active phase and

surfaces involved in the 2e-CO2RR process.

5.4 Conclusion

In summary, sulfide-derived Cu—Sb electrocatalysts for CO2 reduction have been studied
in a GDE-based cell. Three different Cu—Sb-S phases were synthesized by a heat-up
colloidal nanoparticle route which demonstrated different selectivity for the CO2RR with
CO as the main product. Based on elemental composition characterization after reduction,
it is shown that these different selectivity patterns were due to the different elemental
compositions when the parent phases are reduced. Less Cu minimizes phase segregation
into detrimental S-doped Cu which forms HCOO™ and H, while more sulfur disrupts
crystallinity and encourages CO formation. This is seen in the TH sample having the
highest residual sulfur and demonstrating the highest CO FE of about 80.5% at —1.0 V with
a geometric partial current density of 37.6 mA cm2. These findings run contrary to the
expectation that sulfide-derived electrocatalysts for the CO2RR encourage HCOO™, which
has been the case for most of the studies in this category so far. This study challenges this

assumption and could likely open the door to studies on other chalcogenides with surprising
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selectivity patterns and could also point the way to engineering better catalysts to produce

CO in sulfur-rich environments such as the flue gas CO2RR.[32]
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Chapter 6 Elucidating the role of Bi and Sb in the product
selectivity of Cu-M1-M2-S electrocatalysts

In this chapter, the Cu3(Sb.Bi;.)S3 system with Sb and Bi is investigated
to determine the role of the second metal in this catalyst system. While
Sb alloys well with Cu to produce CO, Bi is less miscible with Cu and
tunes it towards HCOO™ instead. Furthermore, the production of a small
amount of CHy and C,H,; when Sb is absent may be an indicator that
some amount of phase segregated Cu is induced by the presence of Bi.
HCOO™ Faradaic efficiency peaks at 0.6Bi 0.3Sb , where the H,
Faradaic efficiency increases in the 1Bi 0Sb sample. This coincides with
a decrease in Bi content in EDX characterization post-reduction. This
reveals that Bi loss in all samples is larger than Sb loss, which again

could be a result of the lower miscibility of Bi with Cu.
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6.1 Introduction

While the three metals in the fifth row of the periodic table (In, Sn, Sb) alloy with Cu to
give CO, the sixth row (Bi) can give different results, especially if compared to Sb. Cu-Bi
is known to produce HCOO™ strongly,[1, 2] possibly due to Bi’s inability to form an
intermetallic with Cu. This means that the distribution of Bi is unlikely to be regular on the
surface, while its strong preference for O-binding and HCOO™ also tunes the selectivity of
the Cu sites towards HCOO™. While most studies find HCOO™ as the main product of Cu-

Bi alloys, there are also reports of CH4 or C2H4 as the main product.[3, 4]

Reports on electrochemical CO; reduction on Cu-Bi-S include two publications on Bi—CuS
nanocrystals, which reported near-unity and 85% Faradaic efficiency respectively for
HCOO™ production, which indicates that Cu-Bi-S could be a viable strategy for promoting
HCOO™ selectivity.[5, 6]

Based on this, by varying the amount of Sb and Bi, control of the selectivity of the sulfide-
derived catalyst between CO vs HCOO™. It is hypothesized that the post-reduction XRD of
the two will be different. Specifically, while Cu forms an intermetallic alloy with Sb in the
form of CuxSb, this will not be true for Bi and it is expected to find two separate metals Cu
and Bi. This is due to the different phase diagrams of Cu-Sb and Cu-Bi as shown in Figures
6.1 and 6.2:
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Figure 6.1: Phase diagram of Cu-Sh taken from the SGTE

Figure 6.2: Phase diagram of Cu-Bi taken from the

SGTE 2014 alloy database
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Four Cu—(Sb, Bi)-S samples, 0Bi 1Sb (Cu:Sb:Bi:S of 41:14:0:45), 0.3Bi 0.6Sb
(Cu:Sb:Bi:S of 43:10:5:43), 0.6Bi 0.3Sb (Cu:Sb:Bi:S of 43:5:10:43), and 1Bi 0Sb
(Cu:Sb:Bi:S of 43:0:14:43) were included in this study. Precursors were mixed for

synthesis according to the metal ratios indicated.

6.2 Characterization of Cu-(Sb, Bi)-S catalysts
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Figure 6.3: XRD plot of the four Cu-Sh/Bi powder samples

As can be seen from the XRDs in Figure 6.3, the 0B1 1Sb and 1Bi 0Sb samples have XRD
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structures that are entirely of their respective sulfides (tetrahedrite Cui2Sb4Si3 and
wittichenite CuzBiS; respectively), while the samples with both Sb and Bi (0.3B1 0.6Sb
and 0.6Bi 0.3Sb) have structures that are intermediate of the two, which are possibly mixed
phase. The two main peaks between 28° to 32° show a progressive shift towards a lower

angle as more Bi is added as Bi has a larger ionic radius compared to Sb, which increases

the d spacing and thus decreases 260 according to the equation d =

2sin6’

co ST T i C S L)
Figure 6.4: SEM images of (a) 0.3Bi 0.6Sb, (b) 0.6Bi 0.3Sb and (c) 1Bi 0Sh powder samples
SEM images of the samples are shown in Figure 6.4. The morphology of the 0.3Bi 0.6Sb
sample features rock-like particles the size of about 400nm, while the 0.6B1 0.3Sb sample
shows flat disks also of about 400nm. However, the 1B1 0Sb sample has very large particles

about lum or above, due to the long duration of the solvothermal synthesis.
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Figure 6.5: EDX ratios of the four Cu-Sh/Bi-S powder samples
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The measured EDX elemental ratios of the samples in Figure 6.5 confirm that the Sb-Bi
ratio in the samples are approximately according to the stoichiometry of the precursor metal

salt ratios, thus confirming successful synthesis of the Cu-(Sb, Bi)-S catalysts.
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6.3 Electrochemical performance of Cu-(Sb, Bi)-S catalysts
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Figure 6.6: Electrochemical CO2RR performance of Cu-Sh/Bi samples. (a-c) Faradaic efficiencies of samples plotted
against Bi content for chronoamperometric -0.8V, -1V and -1.2V runs (d) Faradaic efficiency of samples plotted against
Bi content for chronopotentiometric 200mA runs (e-h) Partial current densities of samples plotted against applied voltage
for OBi 1Sh, 0.3Bi 0.6Sb, 0.6Bi 0.3Sb and 1Bi 0Sb samples

The electrochemical activity for CO2RR was evaluated for Cu-Sb/Bi sulfide samples with
Sb:Bi of different ratios, shown in Figure 6.6. It was found that the 0Bi 1Sb sample shows
the highest CO Faradaic efficiency of 75% at -1V, while the 0.6B1 0.3Sb sample shows the
highest HCOO™ Faradaic efficiency of 60% at -1.2V. In the 1Bi 0Sb sample, the amount of
HCOQO™ decreases while the amount of H> increases such that both are produced at

approximately similar amounts.

The unexpected behaviour of 1Bi 0Sb, which produces less HCOO™ and more H> than
anticipated, suggests an intriguing underlying process. This is explained further by the
post-reduction EDX characterization in section 6.4, where a reduced amount of Bi

contributes to this behaviour as 1Bi 0Sb has a similar Bi at% as 0.3Bi 0.6Sb.

The similarity between the 0Bi 1Sb sample and the 1Bi OSb sample is that both have
roughly equal amounts of HCOO™ and H» produced, but 0.3Bi 0.6Sb and 0.6Bi 0.3Sb
samples produce more HCOQO™ than H». This could again point to a commonality in the H>
and HCOO™ paths, with the paths diverging in the mixed samples (having both Sb and Bi).
This could indicate that the presence of both Sb and Bi has a beneficial effect on HCOO™
but not H», which could indicate stabilization of *OCHO relative to *H which favours

HCOO .[7, 8]

119



Study on Cu-Bi/Sb-S Chapter 6

QO
63-/
>

(@)
p—

cH ] = 0.3Bi 0.6Sb
74 ‘E Cf—lq4 200mA I L 14 5 CH, © 0.6Bi 0.3Sb
~ 4 1Bi0Sb
S 12 &4
> b b
2] T E E
c5 10 © (] |
3 I < <’
E=4 g £ E A
o - - 24
g3 6 ® @
e = = 14
© [o] [ ] ®
5 2 F4 0. O - -
L | i
iy | | 2 °
| l || l | . 0 -1 ; . ,
0.3Bi0.6Sb  0.6Bi0.3Sh 1Bi 0Sb 1.2 1.1 -1
Sample V vs RHE

Figure 6.7: (a) Faradaic efficiency of CHa4 and C2Ha of samples for chronopotentiometric 200mA runs. (b) Partial current

density of CH4 of samples for chronoamperometric -1V and -1.2V runs

Unlike 0Bi 1Sb and the Cu-Sb-S system, when Bi is added, it is observed that at potentials
more negative than -1V vs RHE, CHy is produced for the samples. Additionally, for the
applied 200mA experiments, it is further observed that the 1Bi 0Sb sample also produces
C2H4. The results are shown in Figure 6.7. It is likely that when Bi is added, some amount
of Cu (with possibly minute amount of Bi) is formed which then serves as the active site
for CH4 formation.[3] At an applied current of 200mA, it is possible that enough Cu phase
segregates that CoHa can be produced on 1Bi 0Sb. The formation of reduced products thus
possibly points to a certain amount of Cu formation (with possibly minute Bi) as reduced
products are generally produced on Cu with no S and possibly minimal Bi. It is likely that
if sulfur was completely absent in the catalysts, more CH4 would be produced, as Goddard
and co-workers reported a copper-bismuth catalyst that is able to produce CH4 with a

Faradaic efficiency of 70.6% at —1.2 V vs RHE.[3]
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6.4 Post-reduction characterization
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Figure 6.8: Post-reduction XRD of Cu-Sb/Bi S samples on carbon paper. The broad hump in the XRDs at 40-47° is

marked with asterisks.

XRD of the samples on carbon paper taken after electrochemical CO> reduction in Figure
6.8 show a conversion to metallic phase with some CuxO present, indicating post-CO2RR
reoxidation of samples. Unexpectedly and contrary to hypothesis at the beginning of the
chapter, the phase after reduction is a broad hump found between a 26 of 40-47°, even for
the fully Cu-Bi-S sample, which indicates that instead of clear phase segregation between
Cu and Bi as is expected from their phase diagram, they form an amorphous or minimally

crystalline phase (with unclear miscibility) with the same hump as the other samples.
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Figure 6.9: SEM images of (a) 0.3Bi 0.6Sb, (b) 0.6Bi 0.3Sb and (c) 1Bi 0Sh samples on carbon paper after reduction

Figure 6.9 shows the SEM images of the samples on carbon paper after reduction. The
morphology of the 0.3Bi 0.6Sb and 0.6Bi1 0.3Sb samples did not change by much, only that
the phase seems to have changed and along with it minor surface changes (for eg, the disks
in 0.6Bi 0.3Sb have become more rounded), with the particle size being largely the same.
However, 1Bi 0Sb seems to have undergone a more drastic morphology change, with the
particles now having been broken up into much smaller particles that are closer in size to
0.3Bi 0.6Sb and 0.6Bi 0.3Sb. This could indicate an increased instability of the 1Bi 0Sb

reduced alloy which resulted in more drastic reconstruction.
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Figure 6.10: EDX ratios of the four Cu-Sh/Bi-S powder samples after reduction

EDX analysis of the catalysts post-reduction at -1V in Figure 6.10 (compared against ideal

compositions calculated from stoichiometry e.g. Cui2Sb4Si3 for OBi 1Sb and Cu3BiS; for
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1Bi 0Sb) reveals that from 0Bi 1Sb to 1Bi 0Sb, while antimony content decreases linearly
as according to stoichiometry, the bismuth content changes from stoichiometry. It peaks at
9% in the 0.6Bi 0.3Sb sample and then decreases to 3% in the 1Bi 0OSb sample. The
decrease in antimony correlates with the decrease in CO production, consistent with the
notion that CO production only happens on Cu-Sb alloy. The maximum amount of HCOO™
is produced with the 0.6B1 0.3Sb sample, which also has the highest Bi content. Thus,
HCOQO™ production can be seen to be correlated with Bi content. Plots of CO FE against
Sb, as well as HCOO™ FE against Bi, are shown in Figure 6.11:
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Figure 6.11: Plot of (a) CO FE against Sh at% and (b) HCOO- FE against Bi at%

More insight can be gained by comparing the CO,RR results and the EDX results for 0.3B1
0.6Sb and 1Bi OSb, which has similar amount of Bi but with Sb replaced by Cu.
Electrochemical CO2RR results show that the amount of HCOO™ is largely similar, but CO
production in 0.3Bi 0.6Sb is replaced with H» production in 1Bi 0Sb. This indicates that

Sb facilitates CO formation but replacing it with Cu results in increased H> production.

Tabulating the Sb/Cu and Bi/Cu ratios:

Table 6.1: Table of Sb/Cu vs Bi/Cu, EDX vs ideal

Sample Sb/Cu EDX Sb/Cu ideal Bi/Cu EDX Bi/Cu ideal
0Bi 1Sb 0.272 0.333 0 0

0.3Bi 0.6Sb 0.197 0.222 0.047 0.111

0.6Bi 0.3Sb 0.148 0.111 0.121 0.222

1Bi 0Sb 0 0 0.034 0.333
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In table 6.1, the ideal ratios are taken from the ratios of the elements in the sulfide synthesis.
As can be seen, the Sb/Cu ratios are quite close to ideal even after CO2RR, which implies
minimal Sb loss relative to Cu. However, the Bi/Cu ratios are very far from the ideal,
ranging from one tenth to one half of the ideal ratio. In other words, the majority of Bi is
lost. Instead of the phase segregation of Bi and Cu, what the results show is a large loss of

Bi and a small amount of Bi possibly being incorporated into Cu or phase segregated.

6.5 Comparison with literature

Table 6.2 compares with the literature for Cu-Bi and Cu-Bi-S catalysts:
Table 6.2: Cu-Bi catalysts reported in literature

Catalyst Electrolyte Potential Faradaic CO:RR Reference
(V vs. efficiency of | main
RHE) main product
product
Cu-Bi catalysts
Cu-Bi bimetallic | 0.5 M -0.93 95% HCOO™ [1]
microspheres NaHCOs
Lattice- Not —-0.69 95% HCOO™ [2]
dislocated Bi mentioned
nanowires on Cu
foam
Cu nanowire 05M -0.86 87% HCOO~ [9]
bridged Bi KHCO3
nanosheet arrays
Amorphous 05M -1.0 94.7% HCOO~ [10]
bimetallic Cu-Bi | KHCO3
MOF derived 0.5M KHCO3 | -0.77 100% HCOO™ [11]
bimetallic CuBi
Cu-Bi dendrites | 0.1M KHCO3; | -0.9 90% HCOO- [12]
Cu-Bi 05M -1.2 70.6% CH4 [3]
Nanoalloys KHCO3
Bi single atoms | 0.1 M 400mAcm=2 | 60% CoH4 [4]
anchored on KHCO3
CuO
Cu-Bi bimetallic | 1M KOH N/A Multiple Tunable [13]
aerogels products
Cu/Bi MOF 0.5M KHCOs | N/A Multiple Ethanol and | [14]
products methanol
Cu-Bi-S catalysts
Bi—Cu,S 0.1M -1.2 Near unity HCOO~ [5]
nanocrystals KHCO;
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Bi/CuyxSy 05M -0.8t0-1.2 Over 85% HCOO~ [6]
heterointerfaces | KHCOs3

As can be seen from Table 6.2, the majority product for bimetallic Cu-Bi catalysts is
HCOO™. However, as Cu becomes dominant (>85%), reduced products get produced as
seen in the last four Cu-Bi papers in Table 6.2. While the amount of reduced products
that were obtained in this chapter were not as high, it is likely that this may be due to
sulfur suppressing these products in favour of HCOO™ which is very similar to the
phenomenon on pure Cu. Thus, there are hints that this system, despite being amorphous,
may at least be partially phase-segregated. The highest HCOO™ FE reached by the 0.6Bi
0.3Sh sample, which was about 70%, is lower than the literature, indicating that further
work needs to be done to optimize the Bi:Sb ratio between 66% and 100% to increase the
HCOO™ Faradaic efficiency.

6.6 Discussion on CO vs HCOO™ selectivity

The difference in selectivity between Cu-Sb and Cu-Bi catalysts is likely due to the
solubility of Sb in Cu to form an alloy Cu,Sb. On one hand, Cu-In, Cu-Sn and Cu-Sb
form alloys as discussed in Section 2.5.1. This means that the C-binding of Cu is
weakened by the alloying In, Sn or Sb which tunes it towards CO instead of reduced
products (CoHa, CHa, etc), while the HCOO™ selectivity of In, Sn or Sb is reduced due to
the presence of Cu. This results in CO as the main product with some amount of HCOO™
as the secondary product.

However, Bi is not soluble in Cu. This means that its preference for O-binding likely
dominates and suppresses formation of CO or reduced products on Cu atoms due to the
preference for O-binding on neighbouring Bi atoms.[11]

This is likely the main reason for the difference observed in the sulfide-derived catalysts
as well, but because both Cu-Sh-S (specifically derived from the tetrahedrite phase) and
Cu-Bi-S reduce to form a more or less amorphous catalyst there is not enough evidence
to support this. TEM-EDX or XPS may be necessary to discern whether Bi and Sb have a

solubility difference in the amorphous catalyst during reaction.
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6.7 Conclusion

The substitution of Sb with Bi in Cu-Sb-S was studied to investigate the change in catalyst
performance and behaviour. Three samples with increasing Bi content, 0.3B1 0.6Sb, 0.6B1
0.3Sb and wittichenite 1Bi 0Sb were synthesized. Including tetrahedrite 0Bi 1Sb in the
results, the four samples were compared. It is seen that increasing amounts of Bi after
reduction correlates with increasing HCOO™, while decreasing amounts of Sb after
reduction correlates with decreasing CO. H> production in the pure OBi 1Sb and 1Bi 0Sb
samples closely tracks HCOO™ production, with the two deviating in the samples
containing both Sb and Bi (0.3Bi 0.6Sb and 0.6Bi 0.3Sb). Post-reduction XRD shows a
broad hump which may indicate that Bi may be mixed to some extent with Cu and Sb,
despite the phase diagram showing complete immiscibility with Cu. The highest HCOO™ -
performing catalyst is 0.6Bi 0.3Sb with a HCOO™ FE of 70% at an applied geometric
current density of 200mA. This is lower than Cu-Bi bimetallic alloys in literature, which

may be increased by optimizing the Bi:Sb ratio to be between 66% and 100%.
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Chapter 7 Conclusions and Recommendations

This chapter concludes the thesis with a discussion of the lessons derived
from the study; namely that sulfur is not generally desirable in
electrochemical CO, reduction catalysts. Recommendations such as to
use sulfides in photoelectrochemical CO; reduction, or to use trimetallics
in electrochemical CO; reduction, are raised. The importance of in-situ

characterization is also mentioned.
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7.1 Summary of study and findings

This study focuses on Cu-M-chalcogenides (sulfides and selenides) for electrochemical
CO2 reduction by using a second metal to tune binding, with sulfur to impart a degree of
covalency to improve selectivity. Generally, sulfides seem to promote HCOO™ and block
the CO-pathway which is a necessary intermediate to both CO and reduced products.[1]
This is primarily seen on copper sulfide-derived catalysts.[2-4] Chapter 1 highlighted the
hypotheses and scope of this thesis. The hope of this study was that the addition of the
second metal can yield surprising results which allow the CO-pathway and thus produce
CO or reduced products. The second goal of this study was also to look for trends in the
choice of second metal and the electrochemical CO2RR performance of the bimetallic
chalcogenides. Chapter 2 discusses the mechanism of CO: reduction, catalyst
reconstruction, background of existing two-element catalysts for electrochemical CO-
reduction and elucidated the scope of study of three-element bimetallic chalcogenide

catalysts.

Chapter 4 starts the study by choosing 9 metals as the second metal for the catalysts. (In,
Sn, Sb) are shown by literature to alloy with Cu to produce CO which could have some CO
selectivity also in the sulfide form. (Bi) with Cu is shown by literature to produce HCOO™.
Cu-(Ga, Ge, Ag, Co, Fe)-S were tested to to widen the search to other metals that do not
demonstrate good selectivities when alloyed with Cu but were nonetheless included in case
it led to surprising results. It is found that the first group demonstrated decent promising
results for further investigation, especially Sb as Cu-Sh-S showed good CO selectivity. The
other two groups of elements did not show significant CO2RR activity. This could be due
to optimal d-band alignment for the fifth row main group elements and favourable alloying
with Cu to form intermetallic compounds, both of which can synergize well with Cu for
optimal binding. However, for (In, Sn), due to lack of reduction of the parent sulfide, excess
sulfur possibly results in excess *H bound on the surface which then yields either HCOO™
or Ha. The second half of the chapter contrasts S vs Se in the Cu-Sb-S/Se system. Se
produced more H> byproduct than S in line with literature results for other chalcogenide-

derived catalysts, which also has different interactions with Cu and Sb (notably, Sb is less
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stable at higher voltages with Se), but does not provide any selectivity advantages over S.

Sulfur was thus chosen as the better performing chalcogenide.

Chapter 5 focuses on an in-depth study of the Cu-Sb-S system. Three starting phases were
synthesized: skinnerite (SK, CusSbhSs), tetrahedrite (TH, Cu12Sh4S13) and chalcostibite
(CuSbSy). It is found that they have different CO selectivities with TH the most selective
at about 75-80%. It is also found that like copper sulfide-derived catalysts in the literature,
Cu-Sb-S reduces in the presence of an applied voltage to become S-doped Cu>Sbh. Phase
segregation in the SK sample was found to result in lower CO selectivity as more
byproducts HCOO™ and H were produced from segregated S-doped Cu. Higher S content
(and lower Sb content) in TH can be correlated to lowered crystallinity which may explain
the improved CO selectivity in TH. Cu-Sb-S is the only other sulfide-derived catalyst other
than CdS to consistently produce CO as most sulfide-derived catalysts (such as In-S, Sn-S,
Bi-S) produce HCOO".

Experiments are followed up in Chapter 6 where Sb is substituted with Bi. One crucial
difference between Bi and Sb with respect to Cu is that it does not form an intermetallic
alloy with Cu. Thus, while Cu.Sb is formed when Cu-Sh-S reduces, it was not expected
that CuxBi would form. This results in phase segregated S-doped Cu and S-doped Bi, the
latter of which drives selectivity to HCOO™. However, more byproduct H> was obtained

than expected, likely because of the presence of S-doped Cu.

7.2 Evaluation of study with hypotheses

It is found that the choice to prioritize Cu-In, Cu-Sn and Cu-Sb to search for CO-selective
materials was a success as Cu-Sb-S indeed did demonstrate CO selectivity despite the
general tendency for sulfides to produce HCOO™. However, Cu-In and Cu-Sn have low
CO-selectivities, which is found to be due to the excess sulfur present due to the parent
sulfide not reducing, which also confirms the hypothesis that CO selectivity is only
improved when the parent sulfide reduces. However, while not included in the hypothesis,
it was hoped to also find reduced products among other Cu-M-S as well, which was not
found for second M=Ga, Ge, Ag, Fe, Co elements. This could be due to two factors:
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1) the stoichiometric limitations of sulfides which do not allow us to dope in smaller
amounts

2) the general difficulty of getting CuS-derived catalysts to produce CO

In bimetallic catalysts, the strategy to produce reduced products is to have a majority of Cu
(about 90%) coupled with doping of other metals (Pd, Au, Zn, In, Sn, Sh, Al, Ga, Ge,
etc).[5] This means that the Cu does the heavy work of binding the intermediates with the
second metal only tuning that binding so that Cu binds the CO optimally. This is unlikely
on CusS because CusS already does not produce CO due to incorrect binding, so this strategy

is very difficult to work on sulfide-derived catalysts.

7.3 Future work

Three areas of future work may be possible to continue with the current study. One is to
understand why some sulfide-derived materials (CdS, Cu-Sb-S) produce CO but other
sulfide-derived materials (InS, SnS, CusS, etc) produce HCOO™. This can be done via in-
situ experiments such as infrared spectroscopy (IR), Raman techniques to probe the
concentration of intermediates on the catalyst surface. Two is to investigate how well Cu-
M-S sulfides (M=In, Sn, Sb, Bi) work when used as photoabsorbers in
photoelectrochemical (PEC) cells as some of these materials have favourable band gaps. It
is possible that because of the different dynamics of PEC systems would result in a different

selectivity profile.

7.3.1 In-situ IR or Raman

In-situ IR or Raman offers excellent opportunities to study the catalyst intermediates on
the surface and correlate these to intermediate binding and product formation, which is
important in studying the dependence of product formation, such as CO and HCOQO™, on
intermediates such as *COOH, *CO, *OCHO (via the C-H bond), *H and *OH.

Adsorbed intermediates can be probed via in-situ IR and Raman spectroscopy,[6-8] while

in-situ XAS can be used to probe the catalyst oxidation state during reaction.[9, 10] These
techniques require the use of specially designed cells that enable the probing signals to
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reach the catalyst and then the detector with minimum attenuation in the cell or

electrolyte.[11]

7.3.2 PEC CO:2 reduction

The four materials singled out in this thesis for electrochemical CO- reduction are Cu-In-
S, Cu-Sn-S, Cu-Sb-S and Cu-Bi-S. However, these four materials are also decent materials
for photoabsorbers (more precisely, photocathodes) for photoelectrochemical cells,[12, 13]
thus these materials can also be used in photoelectrochemical CO2 reduction.[14] It is
possible that these materials can behave as both photoabsorbers as well as catalysts since
they contain Cu as well as main group elements, both of which are excellent reaction sites
for electrochemical CO> reduction. The possibilities are large because they can be paired
with a CdS layer for better charge separation,[15] or further paired with cocatalysts such
as Cu, Zn or N-doped carbon which can then act as more efficient catalysts for the PEC

system.[16]

Moreover, the applied voltage during PEC CO2 reduction is much smaller, at about -0.2V
vs RHE. What this means is that the sulfides are more stable to reduction under PEC
conditions than electrochemical conditions, and because light rather than electricity is the
main driving force, the product selectivities may be different even without cocatalysts or
n-type layers. PEC CO- systems have demonstrated good performance for production of

CHys or other reduced products as reported in literature.[17, 18]

7.3.3 Trimetallics for COz2 reduction

Trimetallics are a better opportunity for three-element catalysts that can perform
electrochemical CO reduction. This is because sulfides restrict the stoichiometry of metal
elements to fixed ratios in the sulfide (where the ratios may not be the same as the metal
alloys which perform optimally under electrochemical conditions) and also because excess
sulfur could be detrimental to the system, favouring the formation of HCOO™ or H; instead

of CO or reduced products.
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An in-depth DFT screening by Abild-Pedersen and co-workers identified a number of
alloys, which they classify into heavy binding (Fe, Co, Ni, Pd, Pt), Cu, and light binding
(Zn, Ag, Au, Al, Ga, In, Si, Ge, Sn, Pb, As, Sb, Bi).[5] So far, for the heavy binding metals,
only Pd has shown good activity alloying with Cu for electrochemical CO> reduction.

Considering only Cu-bimetallics and Pd-bimetallics, the following list can be obtained:

Table 7.1: Pd-bimetallics and Cu-bimetallics identified by Abild-Pedersen et al for electrochemical CO2 reduction

Pd-bimetallics Cu-bimetallics
Cu-Pd
Pd-Zn Cu-Zn
Pd-Au Cu-Au
Cu-Ga
Pd-Ge Cu-Ge
Pd-In Cu-In
Pd-Sn Cu-Sn
Pd-Pb Cu-Pb
Pd-As

Specifically, pick a heavy CO-binding metal Pd (as it is the only metal to the left of Cu that
can work as an electrochemical CO> reduction catalyst), pick Cu, and pick a light CO-
binding metal in the main group. This way, a trimetallic can be formed with two levers of
tuning (Pd on one hand and the light binding metal on the other) which may result in better
selectivities for reduced products such as ethylene, ethanol, acetic acid, methane, etc. The
trimetallic composition should be majority Cu with smaller amount of the other two metals.
From Table 7.1 (with addition of Al or Sb as these are also viable and removing Pb or As

as they are toxic), 8 possible trimetallics are recommended:
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Table 7.2: Cu-Pd-M trimetallics that are recommended to try for CO2 reduction as future work

Third element CO-biased Third element HCOO™ | Third element Hz-biased
biased

Cu-Pd-Zn Cu-Pd-In Cu-Pd-Al

Cu-Pd-Au Cu-Pd-Sn Cu-Pd-Ga
Cu-Pd-Sb Cu-Pd-Ge

The first possible group is (Cu-Pd-Zn, Cu-Pd-Au), which are composed entirely of
transition metals and as such feature a more precise tuning of binding energies with a bias
towards CO. Careful tuning to ensure that Zn or Au are not too excessive is necessary to
avoid excess CO formation, but increased *CO concentration on the surface is beneficial
because it can lead to increased Faradaic efficiency of reduced products such as ethylene
or perhaps oxygenates like ethanol and acetic acid. A two-way tuning is possible to tune
Cu sites to be bind CO more strongly (Pd) or more weakly (Zn and Au) to create optimal

conditions for tuning Cu selectivity toward reduced products like ethylene or ethanol.

The second possible group is (Cu-Pd-In, Cu-Pd-Sn and Cu-Pd-Sb). This group features a
main-group element producing HCOO™ on its own as the third metal, but as already noted
in literature review, these three elements alloy with Cu to form CO-selective catalysts. Thus,
the concept becomes similar to the first group, but this group also has the possibility of
producing HCOO™ as a by-product. This means that the dynamics of this group is likely to
be different than the first group, but again a two-way tuning is possible between the heavy
CO-binding side (Pd) and weak CO-binding side (Cu-In, Cu-Sn, Cu-Sb).

The third possible group is (Cu-Pd-Al, Cu-Pd-Ga and Cu-Pd-Ge). The third element in this
group prefers to produce Hz on their own, but some reports in literature have observed
increased formation of C2H4 (with Al) and CH4 (with Ga) when these elements are alloyed
with Cu. This category needs the most care when used because too much third element can
result in excess Hz production. These systems likely work by increasing the surface
concentration of *H, which may have beneficial effects on reduced products formation due

to easier subsequent protonation of *CxHy intermediates.
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7.3.4 In situ TEM and role of morphology

The current work focused mainly on catalyst composition on performance and there was
less emphasis on morphology due to the lack of in situ TEM. However, morphology is
important as mentioned in chapters 2 and 3, and in situ TEM is proposed to be carried out
as future work for Cu-M catalysts as the alloys can have different morphologies which may
change during the reaction, segregating or combining together with different exposed facets
or even amorphous surfaces (which was also seen in the XRD in chapters 5 and 6). These
can play a key role in selectivity (as seen in amorphous TH being better than crystalline

SK or CS in chapter 5) and as such warrants further investigation.

From our results, it appears that small crystallite size (with more grain boundaries) or more
amorphous phase may be beneficial for Cu-M based catalysts. Dopant elements such as
chalcogenides or other non-metal or non-soluble elements may induce such changes by
disrupting crystallites and making them smaller or more amorphous. In-situ TEM
investigation on such materials can provide more clues as to the design of alloys and dopant
elements in catalysts to improve their selectivity, activity and performance for

electrochemical CO» reduction.

7.3.5 Stability and selectivity relationship of chalcogenide-derived catalysts

As chalcogenide-derived catalysts may not be very stable due to tendency of the
chalcogenide (sulfur, selenium, etc) to leave, it is necessary to investigate the evolution of
the catalyst and how this evolution affects the selectivity of the catalyst. This would involve
the testing of different samples of the same catalyst over different periods of time and
characterizing those catalysts to correlate the selectivity changes over time with the catalyst

morphology and composition.
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APPENDIX A (for chapter 4)
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Figure A.1: a) Post-reduction XRD of Cu-Sh-S and Cu-Bi-S, showing a broad hump at 41-47° which is similar to the
main peak of Cu(111) b) Post-reduction XRD of Cu-Ge-S showing the three peak structure of the original Cu-Ge-S but
with an additional Cu(111) peak. c) Post-reduction XRDs of Cu-In-S, Cu-Sn-S and Cu-Co-S samples which contain the

peaks of the original sulfide phases.
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APPENDIX B (for chapter 5)

Section B.1: Experimental data
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Figure B.1: a) Faradaic efficiency at -1V vs RHE and b-d) XRDs after reduction of Cu-In-S, Cu-Sn-S and Cu-Sh-S

samples. The reference peaks for Cu-In-S are of cubic CulnSg, the reference peaks for Cu-Sn-S are of cubic and hexagonal

Cu2SnSs, while the reference peaks for Cu-Sbh-S are of Cu2Sh
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Figure B.3: XRD peaks of reference samples. Electrodeposited a) CusSb and powder b) Cu1.sS c) Sh2S3
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Figure B.4: Electrochemical CO: reduction of the three samples in applied constant 200mA cm2 current density. To
accommodate the high current density, carbon black at half of the weight of the catalyst was added to the catalyst inks in

the middle of sonication prior to spraying on carbon paper.
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Table B.1: ICP results of electrolyte for 9x loading samples used for XRD.

[Cu] [Sb]
Sample name (bpb) (bpb)
SK 16.8 75.8

TH 14.1 19.6

CS 16.9 12.6

Figure B.5: SAED images of samples scraped off carbon paper after reduction at -1V vs RHE, with the main peak of
Cu(111) or Cu2Sb (112) indicated. a) SK b) TH ¢) CS

CS
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Figure B.7: TEM images of samples scraped off carbon paper after reduction at -1V vs RHE. a) SK low magnification
b) TH low magnification ¢) CS low magnification d)SK high magnification €) TH high magnification f) CS high

magnification
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Section B.2: DFT calculations

B.2.1 Atomic structures of sulfur-decorated Cu2Sb(100) systems

Scu3/Cu,Sb(100) Scua/Cu,Sb(100) Ss2/Cu,Sb(100)
Figure B.8: Adsorption and substitutional sites for a S atom considered. (a) The clean pristine Cu2Sb(100) surface
showing all symmetry inequivalent substitutional sites for a sulfur atom dopant. Note that Cul, Cu2 and Sb1 sites in the
topmost atomic layer while Cu3, Cu4 and Sh2 sites are in the next atomic layer, giving a total of six possible sites. (b)

The three various adsorption configurations for a sulfur adatom on the bridge, threefold-Cus and fourfold CusSh sites,
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respectively. (c) The six substitutional sulfur atom dopant cases. The subscript in each notation denotes the adsorption

or substitutional sites for a S atom.

B.2.2 Sulfur Stability Analysis
The energy penalty (AE) of forming a sulfur vacancy in each primitive cell of TH, CS and SK is
calculated using equation B.1.

AE = Efinal — Einitial — Es(g) (Equation B.1)
where Ejniia1 and Efpna refer to the electronic energy of the primitive cell of a parent phase with
and without a single S atom vacancy respectively, and Egg)refers to the electronic energy of a
single S atom in the gas phase.

The stability of Cu and Sb point defects mentioned in the main text was evaluated using the
formation energy (AformE), Which is defined in equation B.2.

AtormE = Egefect — Ecu,sb(100) + sEs(g) + NcuLfce—cucs) T MsbEtri-sb(s) (Equation B.2)
where Egefect, and Ecy,sb100 refer to the electronic energy of the configuration of interest and the
pristine CuzSb(100) surface. Eg(q), Efcc—cu(s) @Nd Etri—sb(s) refer to the electronic energy of a
single gas-phase S atom, Cu atom in the bulk primitive face-centered cubic crystal (space group:
Fm3m), and an Sb atom in the bulk primitive trigonal crystal (space group: R3m), respectively. ng,
ney and ngy represent the number of S, Cu and Sb atoms removed or added to the system. Positive
(negative) integers implying atoms added (removed).

To gauge the stability of sulfur doped systems, the desorption energy to form H,S (AEy,s) is used
as a stability metric, which is calculated using equation B.3.

AEy,s = E. + En,sg) — Es* — En,(g) (Equation B.3)
where E., Ey,s(g) and Ey, ) represent the electronic energy of the surface site, an isolated H»S
molecule and an isolated H> molecule, respectively. In the equation used for calculating AEy,s ,

the E, for S adatoms refers to the electronic energy of Cu,Sb (100). For the S dopant in the topmost

atomic layer, E, refers to the electronic energy of Cu,Sb (100) containing an S atom vacancy.

Figure B.8(b) shows three different adsorption sites for a sulfur adatom: (1) Cu-Sb bridge site
(Scusb@Cu,Sb(100)), (2) threefold Cu-Cu-Cu hollow site (Scus@Cu2Sh(100)) and the (3) fourfold
Cu-Cu-Cu-Sb hollow site (Scussb@Cu2Sh(100)). Substitutionally doped sulfur is considered in the
two topmost atomic layers, giving a total of six symmetrical inequivalent doping configurations as
portrayed in Figure B.8(c). These configurations are labelled as Cul, Cu2 and Sb1 in the topmost

atomic layer and Cu3, Cu4 and Sb2 in the next atomic layer. The stability of the S atoms in the
145



Appendix

systems was evaluated with the formation energy (Ao E) and the desorption energy of S as H2S
(AEy,s) according to equations S2 and S3 respectively as tabulated in Table S3.

With S adatom on the hollow site of Cu(111) (abbreviated as Scus@Cu(111)) as the reference
system (AEy,s = +1.14 eV), we compared the stability of the various sulfur modified sites. This is
because prior experimental and computational studies have indicated that S* remains stable on Cu
(111) under CO2RR working potentials from -0.6 V to -0.8 V vs RHE.[1] All three S adatom
configurations on Cu,Sh are less stable than S adatoms on Cu(111). Hence S adatoms are less likely
to adsorb on CuSh(100) during the operating condition of -1.0 eV. Since AEy,s for
Scusb@Cu2Sb(100) is at least around 0.6 eV more positive than that for the other two adsorption
configuration, Scuss@Cu,Sb(100) was not considered in further analyses. The S atom
substitutionally doped at the copper sites in the topmost atomic layer (i.e., Scu1/Cu.Sb(100),
Scu2/CuzSh(100)) also showed poorer stability than S* on Cu (111). However, S substituting at the
Sb site in topmost atomic layer (i.e. Ssp/Cu,Sh(100)) is more stable than Sc,is@Cu(111)by 0.59 eV.

Table B.2. Formation energies of the sulfur-decorated (A¢orm Es*) and vacancy (AgormEV) Surface motifs and desorption

energies of the sulfur in sulfur-decorated systems as HzS (AEy,s).

AtormEswv eV | AEy,s eV

Scus@Cu(111), -4.60 +1.14
reference

Scusn@Cu,Sbh(100) | -3.80 +0.34
Scus@Cu2Sb(100) -4.46 +1.00
Scuzsb@Cu2Sh(100) | -4.39 +0.93
Scu/Cu,Sb(100) -4.45 +0.79
Scu2/Cu2Sb(100) -4.11 +0.80
Ssp1/Cu2Sb(100) -4.14 +1.73
Scua/Cu2Sb(100) -2.66 -0.99
Scua/ Cu,Sb(100) -3.25 -0.05
Ssp2/Cu2Sb(100) -3.34 +0.93
Vcur/CuzSb(100) -0.20 -
Vcu2/CuzSb(100) +0.16 -
Vsp1/Cu2Sb(100) +1.05 -

When an S atom desorbs from the surface as H.S, it inevitably leaves behind a vacancy. For instance,
the S atom in Scu1/Cu,Sb(100) desorbs as H»S leaving a Vcu/Cu,Sh(100) vacancy structure.
Correspondingly, Scu2/Cu2Sb(100) forms the Vcy2/Cu.Sh(100) structure and Ssy1/Cu.Sb(100) forms

the Vsp. The formation energy of the three vacancy sites trend as Vcu/Cu.Sb(100) >
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Vcw/CupSh(100) > Vspi/CupSh(100), with the formation of Vcui/Cu,Sb(100) being most
thermodynamically favoured. We also predict that Vs»1/Cu2Sb(100) is unlikely to form, since
Ssu1/Cu2Sb(100) is predicted to be stable during operating conditions and the A¢, . Ev Value for
Vsp1 at least 1.0 eV more positive than that for V¢,i/Cu2Sb(100) and Vcu2/Cu2Sb(100). Hence, we
include Vcu/CuzSb(100) and Vcyw2/Cu2Sb(100) in our analysis of selectivity and reactivity trends
towards 2e-CO;RR. As a limiting case of a restructured surface, we also consider the Cu,Sb(101)
stepped surface.

For the substitutionally doped sulfur in the second atomic layer (Scys/CuzSb(100), Scua/Cu.Sh(100)
and Ssp2/Cu2Sb(100)) to desorb as H»S, the sulfur atom must first diffuse through the solid to the
surface before it can be hydrogenated. The vacancy is thus created in the topmost layer. For a fair
comparison of AEy,s, we assume the most stable Vcu1/Cu.Sb(100) as the vacancy structure after
H.S desorption. While the three configurations gave AEy,s values that are less positive than
Scuis@Cu(111), the S atom must first diffuse through the solid to the surface before it can be
hydrogenated. This diffusion process is likely activated, hence S atoms in the second atomic layer

could be kinetically stabilised during the operating conditions.

B.2.3 Additional Computational Details on the Computational Hydrogen Electrode
Approach

The catalytic activity of the surface models was analysed using the computational hydrogen
electrode approach[2], in which the electrochemical potential of a proton—electron pair, g(H* + e7),
is related to the chemical potential of H, at ambient conditions (278.25 K, 1 atm, 0 V), uy,, and the

operating potential vs. RHE, U, according to equation B.4:
1
At tem) = - H, (278.15K,1atm,0V) — eU (Equation B. 4)
where e is the elementary charge. The potential-dependent Gibbs energy change (A.G (U)) for any
reaction can be estimated using equation B.5:

A.G(U) = AE,, + AEzp + A f Cp dT + TAS + AEyy, — nel (Equation B.5)

where AEzp is the change in zero-point energy, A [ C,, dT is the change in enthalpic temperature

correction, T is the temperature, AS is the entropy change, AE,; is the solvation energy and n is
the number of electrons transferred. We adopted the value of these terms as already evaluated in
Tang et al. [3] as tabulated in Table B.4.
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We evaluated the catalytic performance in two parts. We studied the selectivity towards
electrocatalytic CO or formate formation pathways. We then analysed trends in electrochemical
barriers from the free energy diagrams.

B.2.4 Adsorption metrics analysis

The adsorption energies of CO; reduction reaction intermediates like H* (A, 4sGy+), HCOO*
(A2dsGHcoo*) COOH* (A,4sGcoon+) and CO* (A,4sGco+) Were calculated using Hz, H.O and CO;
as reference states for H-, O- and C-containing species as shown in equations B.6 — B.9. To
minimize the error in the gas phase energy calculations using the PBE functional as reported by
Peterson et al., we corrected the Gibbs energy of CO, CO2, H, and H,0 by -0.51, +0.13, -0.08 and
0.06 eV, respectively.[4]

As such, the potential dependent adsorption Gibbs energies of H*, HCOO*, COOH* and CO* are
given by equations B.6 — B.9:

1
DaasGur (U) = Gy- — 5 Gu, = G, +el (Equation B. 6)
1 .
AaasGucoor(U) = Geoons — Geo, — G, —G. +eU (Equation B.7)
1
AaasGeoonr (U) = Gucoor — Geo, — G, —G. +eU (Equation B. 8)
AadsGCO* (U) = Gco* + GHZO - GCOZ - GHZ -G, + 2eU (Equation B. 9)

The 11 models that were considered further besides the reference Cu,Sb(100) are the two S
adatom structures, (i) Scuis@Cu2Sh(100) and (ii) Scussp@Cu2Sb(100); three structures with S as a
dopant in the topmost atomic layer, (iii) Scu1/Cu2Sh(100), (iv) Scu2/Cu2Sb(100) and (v)
Ssu1/CuzSh(100), three structures with S as a dopant in the second topmost atomic layer, (vi)
Scus/CuzSh(100), (Vii) Scua/Cu2Sb(100) and (viii) Ssp2/Cu2Sbh(100), two vacancy structures, (ix)
Vcui/CuzSh(100) and (X) Veu2/Cu2Sbh(100) and lastly (xi) Cu.Sb(101).

Table B.3. Adsorption Gibbs energy for key intermediates i.e., H*, COOH*, HCOO* and CO¥*, involved in 2e-CO2RR

Surface Structure A,4sGy+/ eV A,dasGeoonr/ ALdasGHcoo / A,4sGco+ / €V
eV eV

Cu(111) -0.17 0.58 -0.45 0.17
Cu2Sb(100), -0.05 0.66 0.09 0.17
reference

Scus@Cu2Sb(100) | 0.08 0.70 0.44 0.21
Scuzsb@Cu2Sb(100) | 0.14 0.85 0.38 0.31
Scu/Cu2Sb(100) 0.22 0.96 0.54 0.43
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Scu2/Cu,Sb(100) | 0.09 0.73 0.47 0.19
Sen/Cu,Sb(100) | 0.06 0.77 0.21 0.18
Vcu/CuSh(100) | 0.02 -0.22 0.14 0.11
Vcw/Cu,Sh(100) | -0.08 0.75 0.25 0.21
Scus/CU2Sh(100) | -0.20 0.12 -0.24 0.06
Scus/CU,Sb(100) | -0.20 0.58 -0.27 -0.26
Sena/Cu,Sb(100) | 0.01 0.29 -0.14 0.28
Cu,Sb(101) -0.84 0.50 -0.50 -0.05

The adsorption Gibbs energy is calculated using DFT-derived electronic energies and the
correction terms in Table B.4. Values which are in bold and italics are more positive than that of
the reference Cu,Sh(100).

We determined the most stable adsorption sites of H*, COOH*, HCOO* and CO* on all Cu,Shb-
based structures with the adsorption energies shown in Table B.2. The Cu-Cu bridge site is the
most stable adsorption site for H* and CO*. COOH* and HCOO* adopted #%(C,0) and #%(0,0)
adsorption configurations on two adjacent Cu atoms. These adsorption configurations are shown
in Figure SB.9. We first compare adsorption energies of reaction intermediates on our reference
surface, Cu,Sb(100), against that on a prototypical CO;RR catalyst, Cu(111). We note that
alloying of Sh into Cu as Cu,Sb(100) results in negligible change in CO* adsorption strength
while the adsorption strength of H*, COOH* and HCOO* decreases.
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Figure B.9. Adsorption configurations of the key intermediates i.e., (a) *H, (b) *COOH, (c) HCOO* and (d) *CO,
involved in 2e-CO2RR.

We then compare the adsorption energies on all surfaces in Table B.2 against those on
CuzSh(100). Note that values bolded and italicized are more positive than the corresponding ones
for Cu,Sb(100). than the reference surface, Cu,Sb(100). Similar adsorption configurations of
intermediates are obtained across sulfur-modified Cu sites, Cu vacancies, and Cu,Sb(101). From
Table B.2, one can dichotomize the set of surface models into two group in terms of adsorption
energies. Generally, sulfur as an adatom or as a substitutional dopant in the topmost layer and in
vacancy structures weakened the binding strength of the adsorbates relative to Cu.Sb(100). Sulfur
dopants in the second atomic layer and Cu,Sb (101) enhanced the binding of adsorbates relative
to Cu,Sb(100). More importantly, eight surfaces, i.e., Scuis@Cu,Sh(100), Scyzsb@Cu.Sb(100),
Scu1/Cu2Sb(100), Scu2/Cu2Sh(100), Ssb1/Cu2Sb(100), Ssp2/Cu2Sh(100), Vew/Cu2Sh(100) bind CO*
less strongly than both Cu (111) and Cu,Sb (100). It has been demonstrated that CO2RR catalysts
that are selective towards the 2e products experimentally possess a CO* binding energy that is
weaker than that on Cu(111). [3, 5]
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The weaker binding of CO* on the eight surfaces will promote CO* desorption rather than
further reduction to CHO* or COH*. Since the CS, SK and TH samples showed a high selectivity
towards the 2e-CO:RR products even at a more negative applied voltage of -1.2 V, these eight
active site motifs are more likely to be present in the catalytic active Cu-Sb-S phases.

B.2.5 2e- CO2RR and HER catalytic activity analysis
We adopted a similar approach by Tang et al. to evaluate the selectivity of the 2e-CO2RR products
(i.e., CO and HCOOH).[3] It has been well-accepted that the formation of COOH* occurs via the
electrochemical hydrogenation of a CO,. The driving force for COOH* formation as a function of
the applied potential is given by A,4sGcoon+(U) as in equation B.10:

AR1G(CO,(g) + *+ HY + e~ > COOH*) = AugsGcoon (V) (Equation B. 10)
HCOO* occurs from the chemical step involving CO; and H*, whose formation is unaffected by
the applied potential and is governed by equation B.11:

Ag,G(CO,(g) + H* » HCO0*) = AGycoor(U) — AGy- (V) (Equation B.11)
Equation B.12 is also required to describe the availability of H* for the formation of HCOO*:
ApsG(x+ HT + e~ - H*) = AGy-(U) (Equation B.12)

Essentially, a product is more selective at a specific operating potential if the thermodynamic
driving force to produce the relevant intermediate (COOH* or HCOO*) from the reactant species
is larger. One can then use Ag; G — Ag, G as a descriptor for determining the selectivity of a given
active site motif towards either CO or formate. A more negative (positive) value indicates a larger
driving force for the CO (formate) pathway.

To plot the potential energy diagrams, the 2e-CO2RR pathway forming CO considered is given by
B.13 — B.15 while that forming formate as HCOOH is given by B.16 — B.18:

CO,(g) + *x+(H" +e™) » COOH* (Ac16) (Equation B. 13)
COOH* + (H* +e7) » CO* + H,0 (A¢,6) (Equation B. 14)
CO* - CO+ * (Ac3G) (Equation B. 15)
*+(Ht +e7) » H* (Ap,6) (Equation B. 16)
CO, + H* » HCOO™* (AR, G) (Equation B.17)
HCOO* + (H* + e™) —» HCOOH + * (Ap3G) (Equation B. 18)
In addition, hydrogen evolution reaction (HER) is considered to proceed via B.19 — B.20:
*+(H* +e7) > H* (A1 6) (Equation B.19)
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H*+ (H* +e7) » Hy + x (Ay,G6) (Equation B. 20)
The Gibbs energy changes for the CO, formate and HER pathways at 0.0 V are given in Table B.4,
B.5 and B.6 respectively.

B.2.6 Other DFT data

Table B.4: DFT-calculated surface energies. The description of the orthogonal, asymmetric slabs of different Cu2Sh
facets encompassing only the primitive surface cell used in terms of slab thickness, constraints on the slab, lateral lattice

parameters (a and b), surface area per primitive surface cell and surface energy.

Termina- | Total no N_o. of Surface | Surface

Facet : ' fixed alA blA Area/ | energy/
tion of layers | R g

ayers Jm

(100) Cu,Sb 6 2 3.98 6.09 24.12 2.38
(110) Cu,Sb 6 2 5.63 6.09 34.28 2.48
(110) Cu 6 2 5.63 6.09 24.28 2.44
(101) Cu,Sb 9 3 7.28 3.98 28.95 2.67
(001) Cu,Sb 9 3 3.97 3.97 15.76 3.28

Table B.5. Gas-phase and adsorbate Gibbs energy correction. Contributions to the Gibbs energy of gas-phase and
adsorbate species from zero-point energy (Ez), enthalpic temperature correction (JCpdT), entropic contribution (—TS)

and solvation correction involved in 2e-CO2RR pathway.

Species Eze / eV [C,dT / eV —-TS/eV Esol / €V
(6{0) 0.13 0.09 -0.67 -
CO, 0.31 0.10 -0.67 -
HCOOH 0.90 0.11 -0.99 -

H; 0.27 0.09 -0.44 -
H.O 0.57 0.10 -0.67 -
HCOO* 0.61 0.06 -0.12 0.00
COOH* 0.62 0.09 -0.17 -0.25
H* 0.13 0.01 -0.02 0.00
CO* 0.17 0.07 -0.16 -0.10

Table B.6. Selectivity metrics at operating voltage of -1.0 V for Cu(111) and all 12 CuzSb-based surface motifs. Ag;G
and Ar, G govern the driving force for COOH* and HCOO* formation respectively. A positive (negative) value of
Ar1G — AR, G would favour CO (formate). The Ar;G is used as a descriptor to define surface hydrogenation. A negative
Agr3G value favours surface hydrogenation.

Surface Structure Ar1G / eV ARG/ eV ARriG - ARG / eV Ar3G / eV
Cu(111) -0.42 -0.28 -0.15 -1.17
Cu,Sb(100) -0.34 0.14 -0.48 -1.05
Scus@Cu,Sh(100) -0.30 0.36 -0.66 -0.92
)SCUssb@CU2Sb(1OO -0.15 0.24 -0.39 0.86
Scu/Cu,Sb(100) -0.04 0.32 -0.36 -0.78
Scu2/Cu,Sb(100) -0.27 0.38 -0.65 -0.91
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Ssb1/CU,Sh(100) -0.23 0.15 -0.38 -0.94
Scus/Cu,Sb(100) -0.88 -0.03 -0.85 -1.20
Scus/ Cu,Sb(100) -0.42 -0.08 -0.35 -1.20
Ssno/ Cu,Sh(100) -0.71 -0.15 -0.56 -0.99
Vcu/Cu,Sb(100) 1.22 0.13 -1.34 -0.98
Vcuwe/Cu,Sb(100) -0.25 0.33 -0.58 -1.08
Cu,Sb(101) -0.50 0.34 -0.84 -1.84
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Figure B.10: Free energy diagrams of all three reaction pathways at 0V
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Table B.7. Gibbs energy change for each elementary step considered in equations B.13 — B.15 for the 2e-CO2RR CO

pathway at 0.0 V. The Gibbs energy changes at any applied potential can be calculated, in principle, using the

computational hydrogen electrode approach.

Surface Structure Ac1G eV AcrG eV Ac3G eV
Cu(111) 0.79 -0.73 0.06
CuzSb(100) 0.57 -0.50 0.05
Scuz@CuzSb(100) 0.61 -0.51 0.02
)SCu3Sb@CUZSb(1OO 0.76 -0.56 0.08
Scu1/Cu,Sb(100) 0.87 -0.55 -0.21
Scu2/Cu,Sb(100) 0.64 -0.56 0.04
Ssp1/Cu2Sb(100) 0.68 -0.60 0.04
Scus/Cu2Sb(100) 0.03 -0.08 0.17
Scua/Cu,Sb(100) 0.49 -0.86 0.49
Ssp2/Cu,Sb(100) 0.20 -0.03 -0.05
Vcu1/Cu2Sb(100) -0.31 0.31 0.11
Vcu2/Cu2Sb(100) 0.66 -0.56 0.02
CuzSb(101) 0.41 -0.58 0.28

Table B.8. Gibbs energy change for each elementary step considered in equations B.16 — B.18 for the 2e-CO2RR formate

pathway 0.0 V. The Gibbs energy changes at any applied potential can be calculated, in principle, using the computational

hydrogen electrode approach.

Surface Structure Ap1G eV Ap, G/ eV Ap3G/ eV
Cu(111) -0.13 0.44 0.07
Cu,Sh(100) -0.01 0.01 0.24
Scus@Cu2Sh(100) 0.12 0.23 -0.11
Scuzsh@Cu2Sb(100) 0.18 0.11 -0.05
Scu1/Cu2Sb(100) 0.26 0.19 -0.21
Scu2/Cu2Sb(100) 0.13 0.25 -0.14
Ssb1/Cu2Sb(100) 0.10 0.02 0.12
Scus/Cu,Sb(100) -0.16 -0.16 0.57
Scu4/Cu,Sb(100) -0.16 -0.21 0.60
Ssb2/Cu2Sb(100) 0.05 -0.28 0.47
Vcu/Cu2Sb(100) 0.06 0.00 0.19
Vcu2/CuzSh(100) -0.04 0.20 0.08
Cu,Sh(101) -0.80 0.21 0.83

Table B.9. Gibbs energy change for each elementary step considered in equations B.19 — B.20 for the HER pathway 0.0

V. The Gibbs energy changes at any applied potential can be calculated, in principle, using the computational hydrogen

electrode approach.

Surface Structure Ay G/ eV Ay G/ eV
Cu(111) -0.13 0.13
Cu,Sb(100) -0.01 0.01
Scus@Cu2Sh(100) 0.12 -0.12
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Scuzsb@Cu2Sb(100 0.18 -0.18
)

Scu1/Cu,Sh(100) 0.26 -0.26
Scu2/Cu,Sh(100) 0.13 -0.13
Ssb1/Cu,Sb(100) 0.10 -0.10
Scus/Cu,Sb(100) -0.16 0.16
Scua/Cu,Sh(100) -0.16 0.16
Ssb2/Cu,Sh(100) 0.05 -0.05
Vcur/Cu,Sb(100) 0.06 -0.06
Vcu2/CupSb(100) -0.04 0.04
Cu,Sb(101) -0.80 0.80
Pt(111) -0.46 0.46
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