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Abstract

The selective and efficient electrochemical reduction of carbon dioxide (CO2) to car-

bonaceous fuels poses a promising method of energy storage, as well as providing a

crucial method of recycling otherwise waste products following the burning of hydro-

carbon fuels. The use of atmospherically abundant CO2 as a chemical feed-stock in

the formation of fuels aids not only in reducing the build up of harmful greenhouse

gasses, but also in producing fuels compatible with existing infrastructure such as

within the transport and aviation sectors.

To make this dream of green hydrocarbon fuels a reality however, the field of

electrochemical CO2 reduction must first overcome a number of crucial challenges to

produce carbonaceous fuels at a scale that is both energy and cost efficient for use

on an industrial scale. Some of the key challenges limiting the use of electrochemical

CO2 reduction electrodes beyond laboratory scale include low electrocatalyst selec-

tivity, high overpotentials for initial activation steps, and poor reduction activity

resulting from the limited transfer of charge throughout the electrode material.

Cu-based electrocatalyst materials have consistently been shown to reduce CO2

to produce carbonaceous products at relatively mild overpotentials and mild current

densities when compared with other transition metals [1–6]. Cu electrodes however,

have often been shown to produce a mixture of reduction products at activity levels

not currently economically viable for use on an industrial scale, with a great pro-

portion of the charge transferred across the electrocatalytic surface being leached to

fuel the competing hydrogen evolution reaction.

To overcome these key challenges, numerous methods have been explored over

the years, including surface engineering of Cu, such as the production of oxide-

derived (OD-) electrodes to produce larger catalytic surface areas to facilitate the

transfer of charge, as well as the formation of bi-metallic Cu-based composites to

limit the influence of HER. The addition of non-noble metals such as In and Sn

with Cu in particular, has demonstrated a clear suppression of HER in favour of

the formation of lower order carbonaceous products such as carbon monoxide and

formate.

Herein, we provide a thorough examination of Cu2O/In and Cu2O/Sn elec-

trodes, overcoming key limitations in the often low current densities observed by
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such electrocatalyst materials through cutting-edge optimisation techniques, exam-

ining highly novel tri-metallic electrode materials via both experimental and com-

putational methods.

The following thesis begins with a brief outline of the key concepts within the

field of electrochemical CO2 reduction, as well as outlining the underlying principles

behind density functional theory (DFT) simulations implemented throughout the

PhD project. The subsequent chapter provides an overview of the key challenges

facing the electrochemical CO2 research community, highlighting some of the more

key published works of recent years. The 3rd chapter then describes the various

experimental methods used throughout the project, including the underlying prin-

ciples of key characterisation methods such as EDS and XPS. Chapters 4 and 5

examine the properties of cutting-edge Cu2O/In/Pt electrocatalytic systems from

computational, and experimental perspectives, respectively. This thesis then fur-

ther extends its examination of electrocatalyst systems to characterise Cu2O/Sn

and novel Cu2O/Sn/Pt electrodes produced via electrochemical spontaneous pre-

cipitation (ESP) methods, before finally examining the crucial role of chloride ions

in the activity optimisation of electrochemical systems.

Specifically, chapter 4 develops upon prior analysis, examining the effect of mono-

atomically Pt doped CuIn surface, and sub-surface structures, observing facet de-

pendent mechanisms in the alteration of adsorption energies for key intermediates

in both the HER and CO2RR. Chapter 5 examines the electrochemical performance

of synthesized Cu2O/In/Pt electrodes at a range of deposition depths, revealing

drastic improvements in electrocatalyst activity through sub-surface Pt deposition,

in addition to novel approaches incorporating Pt within the gas diffusion layer of

the electrode itself to promote charge transfer. Chapter 6 outlines progress made

in examining the effect of Pt doping on bi-metallic electrocatalysts produced using

earth-abundant materials, presenting current characterisation data produced exam-

ining Cu2O/Sn and novel Cu2O/Sn/Pt electrodes prior to electrochemical testing.

Finally, chapter 7 highlights the crucial influence of Cl ions when present at the

electroactive surface of Cu-based electrodes, providing clear improvements in elec-

trochemical activity through improved charge transfer mechanisms.

This thesis provides an overview of novel tri-metallic electrocatalyst designs, pro-
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viding insight into possible future avenues within the field of electrocatalyst design

through the incorporation of highly conductive Pt metal centres beneath the elec-

troactive surface. Experimental results, supported by DFT studies herein, outline

possible methods of tailoring electrocatalyst activity with Pt incorporation, and

uncover mechanisms toward tailoring CO and H binding energies through defect

manufacturing using tri-metallic electrocatalytic complexes, providing facile meth-

ods of drastic activity enhancement of prior electrode designs.
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Chapter 1

Introduction and background

1.1 Fossil Fuel Consumption and Developing a Carbon-

Neutral Cycle

Fossil fuels form the cornerstone of industrial and economic growth globally, account-

ing for over 76% of the world’s total energy consumption as of 2022 [23]. Dwindling

fuel reserves and mounting environmental damage as a result of burning fossil fu-

els demonstrate the need to move beyond our global dependence on non-renewable

sources of energy. As of 2020, estimated coal reserves were reported to be 1074

billion tonnes [24], with the entirety of North America reportedly containing the

largest remaining reserves at 23.9%. Similarly, the remaining oil is estimated at

1,572 billion barrels as of 2022 [25] and only around 187 trillion cubic meters of

natural gas as of 2019 [26]. Based on global consumption levels as of 2020 and the

remaining supply of fossil fuels at that time, it is estimated that only 57 years, 49

years and 139 years of oil, natural gas and coal are remaining, respectively, as shown

in figure 1.1 [7].

The burning of such large quantities of fossil fuels, particularly in the trans-

port sector, has resulted in the uncontrolled release of CO2 into the atmosphere,

significantly contributing toward climate change and global warming, endangering

both nature and humanity [8, 27–30]. This realisation has led to considerable ef-

forts being made to transition from fossil fuels toward low carbon and renewable

sources of energy (decarbonisation) such as biofuels, hydroelectric power, solar,

wind, geothermal, marine energy and nuclear energy [23]. Whilst some low carbon

energy sources such as nuclear and hydroelectric energy are being implemented on a

large scale [23,31], most sources of low carbon or renewable energy, such as solar and

wind, have been unable to achieve this due to intermittent operating times and are

incapable of consistently meeting global energy demands in their current state [32].
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Figure 1.1: Estimated remaining years of fossil fuel reserves left based on known

reserves and consumption levels in 2020 [7].

A key method in tackling this inherent intermittancy is through the conversion of

otherwise surplus energy into a medium which is both portable and storable so that

it may be implemented wherever and whenever it is needed, much like fossil fuels

are used today [8, 33–39]. CO2 reduction poses an attractive method of converting

said energy. By using the abundant greenhouse gas CO2 to produce carbonaceous

fuels compatible with existing infrastructure it effectively forms a carbon neutral

cycle for the production of hydrocarbons.

This chemical recycling of CO2 proposes the use of electrical energy from renew-

able sources to fuel an electrochemical process to produce alcohol and hydrocarbon

products, effectively converting the previously wasted surplus energy generated from

solar, wind, and other renewable sources into a storable medium [40]. This process

additionally requires the use of carbon capture technology in order to siphon waste

CO2 from the atmosphere, as well as natural and industrial processes. Through this

combination of carbon capture and CO2 conversion from renewable energy, the elec-

trochemical reduction of CO2 aims to mimic the natural process of photosynthesis
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(i.e. artificial photosynthesis) [8, 32]. Thus, by this process of artificial photosyn-

thesis, atmospheric levels of CO2 can be managed and maintained by implementing

CO2 as an inexhaustible carbon source, thereby producing carbon neutral fuels.

An added bonus of recycling CO2 via electrochemical reduction is that the fuels

produced are highly compatible with existing technology which would otherwise be

powered by fossil fuels, with most only requiring minor modifications [33,41–43].

If implemented properly, the introduction of a carbon neutral cycle could see

a drastic change in the fight against climate change. With proper use, a recycled

CO2 could provide an energy dense and renewable replacement for fossil fuels via

the re-purposing of harmful greenhouse gasses. In addition to this, the use of CO2

reduction technology could provide a method of long-term energy storage of surplus

energy from renewable sources, effectively managing the inherent intermittency of

renewables.

1.2 Carbon Capture

In order to reduce the impact of climate change, carbon capture techniques of CO2

have been introduced such as adsorption and membrane separation [44, 45]. From

2019 there were 17 operating carbon storage and capture projects across the globe,

accounting for 31.5 Mt of CO2 being captured annually [46]. CO2 can be captured

from a number of sources such as sea water, car exhausts and power plants, however

the most economical source of CO2 for carbon capture are industrial plants such as

in the manufacture of chemicals, due to their high concentrations of CO2 (>80%)

within the flue gas [21,47], where the cost of obtaining CO2 can be as little as $34.80

per tonne as outlined in a 2022 review by Hong [48]. By comparison, the average

cost of CO2 extraction from seawater was estimated to be around $1422 per tonne

as of 2020 [49] and CO2 capture from air costing in the range of $94 to $232 [50],

values still not considered practical when considering using CO2 for fuel synthesis.

Table 1.1 below, adapted from [21], provides an overview of Stationary sources of

CO2 for carbon carbon capture as their respective yields of CO2.

3



Table 1.1: Global Annual emissions of stationary CO2 sources emitting more than

0.1 Mt CO2 per year, adapted from [21].
Process CO2 % Volume Emissions (MtCO2/yr.)

Power Coal 12-15 7984

Natural Gas 7-10 752

Oil 8 654

Cement Production 20 932

Refineries 3-13 798

Integrated Steel Mills 15 630

Petrochemical Industry Ethylene 12 258

Ammonia: Process 100 113

Ammonia: Fuel Combustion 8 5

Ethylene Oxide 100 3

CO2 from Biomass and Bioenergy Bioenergy 3-8 73

Fermentation 100 17.6

1.3 Electrochemical CO2 Reduction

Though some progress has been made in the capture and storage of CO2 to combat

climate change, the true potential of this greenhouse gas can be realised through

electrochemical reduction. The electrochemical reduction of CO2 provides a cutting-

edge method of converting and recycling captured CO2 to value added chemicals and

fuels, a thorough discussion of which is covered in chapter 2.

The electrochemical reduction of CO2 to fuels, in particular, poses a particularly

noteworthy method of CO2 recycling, as low order hydrocarbons can be produced

under both ambient temperature and pressure, directly converting electricity gen-

erated from renewable sources into carbonaceous products, able to store otherwise

wasted energy in energy dense chemical bonds [51–54]. Following a 2008 review by

Hori et al. [52], it was found that among transition metals, Cu provided the great-

est proportion of multi-carbon products under reaction conditions such as ethylene

(C2H4) and ethanol (C2H5OH), leading to its prolific use as a base material for the

majority of future electrocatalyst designs aimed to reduce CO2 to fuels [11, 55–59].

Though much success has been observed following Hori’s review of electrocatalyst

materials, the modern field of electrochemical CO2 reduction has remained limited

to laboratory scale, with modern electrocatalysts still limited by a number of crucial

factors which hinder their use on an industrial scale. Chief among these challenges
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are: The electrocatalyst selectivity, wherein the formation of higher order hydrocar-

bons is hindered both by a complex, branching reaction pathway, along with strong

competition from the more kinetically favourable hydrogen evolution reaction; elec-

trocatalyst stability, wherein novel catalyst materials and cells have been unable

to maintain consistent performance over more prolonged periods of time [60, 61];

and low electrochemical activity, resulting in low turn-over frequencies for desired

reaction products.

A key method, found to strongly alter the electrochemical selectivity of electro-

catalysts toward more exclusively producing a specific reduction product, such as

CO or C2H4, lies in the alteration of surface characteristics of the electrocatalyst

itself. By tailoring surface structures toward a given crystal facet of Cu, for example,

the selectivity of CO2 reduction products can be greatly influenced. In a study by

De Gregorio et al., for example, [62], it was demonstrated how the formation of C2H4

is more selectively produced on the (100) facet of Cu, whereas H2 was notably pro-

duced as a more major product for both the (111), and for nanoparticle structures.

The tailoring of experimental electrocatalysts toward a given crystal facet however,

can often prove a difficult task, with experimental systems often being prone to

producing defects, previously linked toward their formation of active sites selective

toward the competing HER [6]. The addition of additional metal centres, either as

a method of blocking potential HER active sites [6], or to better stabilise CO2 reac-

tion intermediates to promote C-C coupling [11,63], have been offered as a common

alternative to the surface engineering of pure Cu electrodes, often resulting in highly

desirable faradaic efficiencies (FE’s), producing high selectivity electrocatalysts able

to effectively suppress HER [56,64–66].

Though FE’s of >90% toward carbonaceous products, such as those observed

for Cu/Sn and Cu/In electrocatalysts, are highly desirable, they often have been

shown to fall short of the >200 mAcm�2 current densities required for their use

within industrial processes [54]. This has often been attributed to the reduced

number of active sites at the electrode surface as a result of the incorporation of

additional metal centres beyond Cu, however the vital role of In and Sn in the

suppression of HER cannot be overlooked for the vital role it has shown to play in

enhancing Cu-based electrodes toward selective CO formation. It appears logical
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then, that to further optimise high selectivity Cu/In and Cu/Sn electrodes, novel

approaches must be introduced to further enhance their catalytic activity to produce

electrochemical CO2 reduction electrodes desirable to industry. It is with this in

mind that we examine alternative methods of activity enhancement within Cu-based

electrodes, examining the role of high conductivity metals within the gas diffusion

layer (GDL), as well as the crucial role of chloride ions, often shown to provide

drastic improvements in the activity of Ag-based electrodes [67, 68], on Cu-based

materials.

The following sections provide an overview of some of the basic scientific prin-

ciples concerning the electrochemical reduction of CO2 discussed throughout the

thesis.

1.3.1 Thermodynamics of CO2 Reduction

From a thermodynamic stand point, the Gibbs free energy can be used to calculate

the maximum reversible work which may be performed by a thermodynamic system.

When a systems shifts from an initial state to its final state, the change in Gibbs free

energy is equal to the work done by the system to its surroundings, minus the the

work of pressure forces [69]. It can therefore be said that the spontaneity of a given

reaction can be measured by the negative change in Gibbs free energy [70]. Gibbs

free energy however, is a complex function of pressure and temperature, making it

difficult to precisely control the spontaneity of a reaction [71]. In electrochemistry

however, the Gibbs free energy (�G) can be controlled precisely using an applied

potential, as shown below.

�G = ��FEcell (1.1)

Here, � represents the number of electrons transferred in the electrochemical reac-

tion, F is the Faraday constant and Ecell is the standard cell potential.

Using equation 1.1, the standard potentials for CO2 reduction to common CO2RR

products can be calculated, as shown in table 1.2. Here the thermodynamic cell po-

tential indicates the minimum energy requirement for a given product [58].
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Table 1.2: Standard Potentials of common CO2RR products, adapted from [58].
Reaction E0 [V vs. RHE] Product

CO2 + 2H+ + 2e� ! HCOOH(aq) �0:12 Formic acid

CO2 + 2H+ + 2e� ! CO(g) +H2O �0:10 Carbon Monoxide

CO2 + 6H+ + 6e� ! C3HOH(aq) +H2O 0:03 Methanol

CO2 + 4H+ + 4e� ! C(s) + 2H2O 0:21 Graphite

CO2 + 8H+ + 8e� ! CH4(g) + 2H2O 0:17 Methane

2CO2 + 2H+ + 2e� ! (COOH)2(g)) +H2O �0:47 Oxalic Acid

2CO2 + 8H+ + 8e� ! CH3COOH(aq) + 2H2O 0:11 Acetic Acid

2CO2 + 10H+ + 10e� ! CH3CHO(aq) + 3H2O 0:06 Acetaldehyde

2CO2 + 12H+ + 12e� ! C2H5OH(aq) + 3H2O 0:09 Ethanol

2CO2 + 12H+ + 12e� ! C2H4(g) + 4H2O 0:08 Ethylene

2CO2 + 14H+ + 14e� ! C2H6(g) + 4H2O 0:14 Ethane

3CO2 + 16H+ + 16e� ! C2H5CHO(aq) + 5H2O 0:09 Propionaldehyde

3CO2 + 18H+ + 18e� ! C3H7OH(aq) + 5H20 0:10 Propanol

1.3.2 Faradaic Efficiency (FE)

Faradaic efficiency (FE), by its definition, measures the product selectivity of a reac-

tion. This is of particular importance when examining the CO2RR due to the wide

range of reaction pathways which are available. FE defines the percentage yield of a

product by the percentage of the total number of electrons used in the formation of

that specific product. In practice, FE is calculated as the quantity of charge used in

the formation of the product of interest divided by the total charge passed through

the electrochemical cell, as shown below.

"Faradaic =
Qn

Qtotal
=

�nF
Qtotal

(1.2)

Here Qn is the charge consumed for producing a specific product of interest, Qtotal

is the total charge passed through the cell, � is the total number of electrons trans-

ferred in the electrochemical process as outlined in table 1.2, n is the number of moles

of the desired product and F is the Faraday’s constant (96485 Cmol�1 [72]. The FE

itself can be strongly influenced by any given catalyst. A 2008 paper by Hori, for

example, [52] demonstrated the wide variation in FE for a range of transition and

post-transition metal catalysts. From his work it was shown that the most selec-
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tive electrocatalyst for the production of hydrocarbons (CH4, C2H4, C2H6, etc) was

copper (Cu), however, as shown in chapter 2, the selectivity of modern day electro-

catalysts require further refinement in order to produce desired products selectively

enough for CO2RR cells to be effectively used in industry.

1.3.3 Current Density (j) and Partial Current Density (jn

Current density (j), the current per unit surface area of the working electrode,

provides an effective method of measuring the rate of a given reaction. Similarly,

partial current density (jn) of a given product (n) provides a direct measure of the

formation rate of a specific product of interest. This is calculated by multiplying

the total current density by the FE of desired product in question

jn = j � FE: (1.3)

1.3.4 Overpotential (�)

In order to drive a reaction, a certain amount of additional energy can be expected

beyond the purely thermodynamic minimum. Overpotential (�), is a measure of

this additionally supplied energy. For an electrochemical reaction, overpotential

is defined as the difference between the thermodynamically determined reduction

potential and the potential at which the reaction is experimentally observed [72].

Overpotential is often used to refer to the difference between the applied electrode

potential and the equilibrium potential.

1.3.5 Energy Efficiency(EE)

Energy efficiency (EE) is defined as the ration of useful energy output to the total

energy input, defined as

"energy =
E0

E0 + �
� FE (1.4)

where E0 is the standard potential and � represents the overpotential. It can be

seen from equation 1.4 that in order to obtain a high energy efficiency requires both

a low value of � and a high FE [72].
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1.4 Computational Methods

The following section outlines the basic principles and concepts behind the compu-

tational methods employed throughout the PhD project, providing a brief overview

of the scientific rationale behind density functional theory (DFT) methods.

1.4.1 The Electronic Schrödinger Equation

In quantum mechanics (QM), the Schrödinger equation defines the properties of

wave and wave-like systems such as electrons. Due to their low mass, there is no

way of describing electron behaviour qualitatively using classical mechanics [73].

With an increasing number of particles, the complexity of the quantum mechanical

system in question grows rapidly. Consider, for example, a system of N-particles

interacting with each other via the Coulomb potential in the presence of an external

potential vext(~r), the system can be defined as
(

�
1
2
r2 +

X

i

vext(~ri) +
X

i>j

1
rij

)

	(~r1; ~r2; : : : ; ~rN) = E	(~r1; ~r2; : : : ; ~rN); (1.5)

where the first term represents the kinetic energy of the system, the second term

represents the interaction with the external potential and the third term represents

the inter-particle interaction for equation 1.5 respectively. One main issue in solving

equation 1.5 comes from the complications caused by the electron-electron interac-

tion as neighbouring electrons will naturally repel one another. This effect should

be reflected in each wave function 	(~r1; ~r2; : : : ; ~rN) in addition each wave function

displaying antisymmetry with its counterparts. These are known as the Coulomb-

Pauli correlations between electrons. Unfortunately it still remains impossible to

calculate an exact solution to this problem. Despite this however, various methods

have been developed to produce approximate solutions. One of the more histori-

cally significant being Hartree-Fock (HF); a method which forms the foundations of

density functional theory (DFT).

1.4.2 The Variational Principle

A key principle in HF and many other computational methods, is the variational

principle. It forms the foundations of how to find the ground-state solutions of a
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given system from initial estimations. For example, the exact ground state wave

function minimizes the expectation of the Hamiltonian Ĥ

E0 = min	
h	jĤj	i

	j	
: (1.6)

Any guess made, provided it is not the exact value of the ground state energy, will

always provide an upper bound of said ground state energy. Imagine, for example,

we start with a trial wave function 	 which can be expanded in the complete basis

of exact solutions for a chosen Hamiltonian

	 =
X

i

ci�i (1.7)

where

Ĥ�i = Ei�i: (1.8)

Under the condition that the trial wave function can be normalised, i.e.

h	j	i =
X

i

c2
i = 1: (1.9)

The expectation value of the energy for the trial wave function therefore becomes

E = h	jĤj	i =
X

i

jc2
i jEi: (1.10)

Since E0 is the lowest energy eigenvalue of Ĥ, Ei > Ei by its definition. Since jcij2 is

positive, equation 1.10 thus proves that for any trial wave function Ei > E0, thereby

proving the variational principle.

1.4.3 Hartree-Fock Theory

One key component to HF theory stems from the Born-Oppenheimer approximation,

where the coupling between nuclei and electronic motion is neglected [73]. This

allows for the electronic portion of the system to be solved with the nuclear positions

as set parameters, resulting in a potential energy surface (PES). Here the majority

of computational effort is directed towards solving the Schrödinger equation for a

given set of nuclear coordinates.

Due to the complexity of the many electron system, elaborate computational

methods are required to represent it. A simple method of simplification however can
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be introduced through independent-particle models, where the motion of a single

electron is considered to be independent of the dynamics of all other electrons [73].

For the HF method, this is described by each electron corresponding to an orbital

and the total wave function being given as a product of all orbitals. Due to the

antisymmetry of the system (i.e. a change of sign when interchanging any two

electrons), the orbitals are conventionally arranged in a Slater determinant [74].

	HF (x1; x2; : : : ; xN) =
1
p
N !

���������������

	1(x1) 	1(x2) : : : 	1(xN)
...

...
...

	i(x1) 	i(x2) : : : 	i(xN)
...

...
...

	N(x1) 	N(x2) : : : 	N(xN)

���������������

(1.11)

where 	i(x) is defined as the product of both position �i and spin �i like so

	i(x) = �i(~r)�i(�): (1.12)

Here ~r and ~� are the spatial and spin coordinates respectively. The spatial orbitals in

question are those which obey the variational principle and minimize the expectation

value of the Hamiltonian with respect to the Slater determinant

X

i

Z
�iy(~r)(�

1
2
r2)�i(~r)d~r +

Z
�(~r)vext(~r)d~r) +

1
2

Z Z
�(~r)�(~r0)
j~r � ~r0j

d~rd~r0

�
1
2

X

i;j(�ijj�j)

Z Z
�iy(~r)�j(~r)�jy(~r0)�i(~r0)

j~r � ~r0j
d~rd~r0; (1.13)

where �i is the spin of the ith orbital. From left to right each term of equation

1.13 refers to: the kinetic energy, the external potential, the coulomb energy of the

electrons and the exchange energy due to Pauli correlations, respectively. It should

be noted however that the self-interaction term is contained within the exchange

energy, separating it from the Coulomb energy term.

By minimising equation 1.13 with respect to the orbitals leads to the HF equation

for the ith orbital
(

�
1
2
r2 + vext(~r) +

Z
�(~r0)
j~r � ~r0j

d~r0
)

�i(~r)�
X

(�j jj�i)

Z Z
�j(~r)�jy(~r0)�i(~r0)

j~r � ~r0j
d~r0 = �i�i(~r);

(1.14)
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where �i is the Lagrange multiplier which maintains the orthonormality of the elec-

tron orbitals. The HF equation itself is solved through a self-consistent approach,

using the minimization over a sum of N-particle Slater determinants to produce

a value for the ground-state energy. Due to the large number of Slater determi-

nants involved with increasing particle number, the HF method rapidly becomes

computationally expensive and is often limited to smaller systems of particles.

1.4.4 Kohn-Sham System

A common theme in modern DFT is to replace an interacting system with a far

simpler system of non-interacting particles where density is the basic variable of

the simplified system. Earlier methods such as those proposed by Thomas and

Fermi [75, 76] as well as Hohenberg and Kohn [77] rigorously proved that density

can be used as a basic variable in calculating the properties of a given system,

however neither method provides a framework for how this might be implemented

in an effective manner. The Kohn-Sham (KS) method [78] achieves this however by

constructing an auxiliary system of non-interacting quasi-particles with the same

density as the true interacting problem.

By assuming that such a system exists, we assume that there exists a single

particle potential vs(~r) which, when applied to the non-interacting system, gives the

same ground-state density as that of the interacting system.

From the Hohenberg-Kohn theorem, the total energy for the interacting system

can be written

E[�] = T [�] + V [�] +
Z
vext(~r)�(~r)d3r (1.15)

where T [�] and V [�] are the kinetic energy and coulomb potential functionals re-

spectively and vext(~r) is the external potential. It should be noted that the nuclear-

nuclear interaction has been omitted for clarity, however this term should be in-

cluded in any practical application. The Born-Oppenheimer approximation is used

also, therefore the nuclear kinetic energy operator is neglected.

As both the interacting and non-interacting are assumed to have the same den-

sity, both the non-interacting kinetic energy (Ts[�]) and the Hartree energy (EH [�])
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can be added and subtracted from equation 1.15 to give

E[�] = Ts[�] + EH [�] + fT [�]� Ts[�] + V [�]� Eh[�]g+
Z
vext(~r)�(~r)d3r (1.16)

E[�] = Ts[�] + EH [�] + Exc[�] +
Z
vext(~r)�(~r)d3r (1.17)

where

Exc[�] = T [�]� Ts[�] + V [�]� Eh[�] (1.18)

is the exchange correlation energy.

The exchange correlation energy functional Exc[�] is a universal functional, with

no dependence on the external potential of the system. T [�] � Ts[�], the kinetic

energy difference between systems, forms the kinetic contribution to the correlation

whilst V [�] � EH [�] consists of both the electrostatic and Hartree contributions to

the correlation. As Exc[�] itself contains all the quantum many-body effects vital

to the system, it is safe to believe that the true exchange correlation functional

will likely be highly complex, but is often approximated relatively well by simple

functionals.

The Hartree energy EH [�] is the classical electrostatic energy for a charge distri-

bution �(~r) defined as

EH [�] =
1
2

Z Z
�(~r)�(~r0)
j~r � ~r0j

d3rd3r0: (1.19)

The non-interacting kinetic energy Ts[�] is evaluated from single-particle wave func-

tions,

Ts[�] =
X

i

1
2
h	[�]jp2

2j	[�]i = �
X

i

1
2

Z
	�(~r)r2	i(~r)d3r; (1.20)

and the density �(~r) and particle count N of the non-interacting system are calcu-

lated as

�(~r) =
occX

i

j	i(~r)j2; (1.21)

and

N =
Z
�(~r)d3r; (1.22)

respectively.

With all major parameters defined, it is now possible to construct a procedure

for examining the single particle wave functions. Firstly, by introducing chemical
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potential � to constrain the number of particles, as well as a Lagrange multiplier �ij

in order to maintain the orthonormality of the wave functions. The functional to be

minimized is then

E � �N �
X

ij

�ij(h	ij	ji � �ij): (1.23)

By minimizing equation 1.23 with respect to 	�(~r) gives

�E � �N
�	�i (~r)

=
�Ts[�]
�	�i (~r)

+ vs(~r)	i(~r)� �	i �
X

j

�ij	j(~r) = 0; (1.24)

where

vs(~r) =
Z

�(~r0)
j~r � ~r0j

d3r0 + vxc(~r) + vext(~r): (1.25)

For any application of equation 1.24, the wave function 	i(~r) is expanded in terms

of a set of basis functions to give a diagonalized matrix.

The standard procedure for using a Kohn-Sham method then goes as follows:

1. Estimate the density of the system in question.

2. Calculate the Hamiltonian using equation 1.25 in the chosen basis, then diag-

onalize to uncover the wave functions and band energies.

3. Fill states with N fermionic particles and determine which of the states are

occupied in the system.

4. Construct a new destiny from the wave functions of the occupied states gath-

ered in steps 2 and 3.

5. Combine input and output densities to maintain the stability of the system.

6. Repeat the process from step 2 until the density converges.

1.4.5 Density Functional Theory

In this section we will describe the density functional of the ground state. The

ground-state energy appears, at first glance, to be both a functional of potential

v(~r) and the number of particles (see equation 1.22). Hohenburg and Kohn [77]

demonstrated however that "there exists a one-to-one mapping between the density

and the external potential". This concept is simple to prove as if two densities corre-

sponding to two different potentials are equal �(~r; v) = �0(~r; v0), then the potentials
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v and v0 will differ only by the addition of a constant. By building a correspondence

between the external potential and the ground-state density such as this, energy and

other physical observables can then be expressed as a functional of the ground-state

density alone.

By assuming the ground-state to be non-degenerate, and that v(~r) � v0(~r) 6= c

(constant), Hohenberg and Kohn showed that the corresponding wave functions

can’t be identical 	 6= 	0. The proof of this can be found by first assuming that

as v 6= v0, that the ground-state densities for both systems are the same. The

ground-state energy corresponding to v therefore becomes

E = h	jĤvj	i < h	0jĤvj	0i

= h	0jĤv0j	0i+
Z
fv(~r)� v0(~r)g �(~r)d3r

= E 0 +
Z
fv(~r)� v0(~r)g �(~r)d3r; (1.26)

where equation 1.26 obeys the variational principle as 	 is the ground-state wave

function of the Hamiltonian corresponding to the external potential v. Similarly, for

the ground state energy E 0 of v0 is

E 0 = h	0jĤv0 j	0i < h	jĤv0 j	i

= h	jĤvj	i+
Z
fv0(~r)� v(~r)g �(~r)d3r

= E +
Z
fv0(~r)� v(~r)g �(~r)d3r: (1.27)

By adding these equations together however gives E + E 0 < E 0 + E, which due to

this contradiction proves our assumption to be false. Hence, two potentials differing

by more than an additive constant will not share the same ground-state density. It

must therefore be possible to invert the relation �(~r) = �[v(~r)] () v(~r) = v[�(~r)]

and express the total energy uniquely as a functional of density alone.

This forms the first of the two theorems devised by Hohenberg and Kohn which

define the energy density functional. The second equation of which helps to define

the equation for the density itself.

The second theorem of DFT states that for the functional

E[�] = F [�] +
Z
v(~r)�(~r)d3r; (1.28)
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the total energy reaches a minimum value at the ground-state energy of the system.

By recasting the wave functional variational principle in terms of density, the the-

orem for the energy density can be proven. By considering a system of N-particles

subject to potential v. It can be assumed that the system will have a non-degenerate

ground-state 	 with a corresponding density �(~r). For a functional F [�] defined by

F [�] = h	jT̂ + V̂eej	i (1.29)

which, in accordance with equation 1.27 is a unique functional of density as 	 is

a functional of density �(~r). By similar convention, one can also define the energy

functional for any other ground-state �0(~r),

E[�0] = F [�0] +
Z
v(~r)�0(~r)d3r: (1.30)

Assuming 	0 to be the ground-state related to a separate external potential v0 having

density �0(~r). The traditional Rayleigh-Ritz functional can therefore be written for

	0 as

Ev[	0] � h	0jĤvj	0i = h	0jT̂ + V̂eej	0i+
Z
v(~r)�0(~r)d3r (1.31)

where, due to the variational principle, 	0 will have a lower value for the exact

ground-state wave function 	 than any other wave function due to the assumption

of non-degeneracy. Therefore, by the variational principle

Ev[	0] = h	0jT̂ + V̂eej	0i+ h	0jv̂j	0i

= F [�0]
Z
v(~r)�0(~r)d3r

> Ev[	] = F [�] +
Z
v(~r)�(~r)d3r: (1.32)

The equation 1.32 then recovers the desired solution

Ev[�0] > Ev[�]: (1.33)

By assuming the energy functional to be differentiable leads to the following expres-

sion

�fEv[�]� �[
Z
�(~r)d~r �N ]g = 0; (1.34)

which forms the Euler-Lagrange equation of density

� =
�Ev[�]
��(~r)

= v(~r) +
�F [�]
�(~r)

: (1.35)
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Based upon the previous definition of functionals outlined in this section, it becomes

clear that the minimum energy value is that of the ground-state, and that the

associated minimized density can be correctly mapped to that of the ground-state

of the system for a given potential v.

In order to properly utilise DFT beyond the previous derivations, a close ap-

proximation of the exchange-correlation energy functional must be implemented.

Various approximations have been developed and implemented following the pio-

neering work of Kohn and Sham in 1965 [78], including LDA, GGA or meta-GGAs,

providing local and semi-local approximations. The following section outlines some

of the fundamental principles of commonly implemented exchange-correlation (XC)

functionals used for the the calculation of electronic structures including; atoms,

molecules and bulk surfaces.

1.4.6 Common Exchange Correlation Functionals

Though a variety of exchange correlation (XC) functionals are commonly imple-

mented when performing DFT calculations, most commonly used in condensed mat-

ter physics are, historically, the local density approximation (LDA) [79, 80], and in

more recent years, the generalised gradient approximation (GGA) [59, 81–83]. In

both cases however, the functional acts as an estimate of the disparity in energy

between both the interacting and non-interacting systems. Each functional then

calculates the correlation of the system as an enhancement over exchange, given as

EXC =
Z
�(~r)vx(~r)FXC(:::)d3r; (1.36)

Where FXC describes the enhancement of the functional, the parameters of which

are dictated by the type of functional used to simulate a system.

For the case of the LDA functional, the system considers only local functionals

of the density.

ELDA
XC [�] =

Z
f(�(~r))d3r (1.37)

Within the limit of a homogeneous electron gas, the LDA functional has been

designed to be exact. The exchange contribution of the functional can therefore be

calculated by evaluating the Fock exchange integral
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EX [ ] = �
1
2

X

�

X

i;j2OCC

Z Z  �i�(~r) �j�(~r0) i�(~r0) j�(~r)
j~r � ~r0j

(1.38)

for a uniform electron gas of density �. By then assuming, for equation 1.37 a point

~r exists within the uniform electron gas, recovers the expression for the exchange

energy in the case of the LDA functional

ELDA
X [�] = �

3
4

�
3
�

� 1
3
Z
�(~r)

4
3d3r (1.39)

more complete derivations of which can be seen in [84,85].

The correlation energy ELDA
C [�] however is a far more complicated case, as EC [�]

is not known exactly, and remains a difficult many-body problem even for the case

of a homogeneous interacting electron gas. Whilst most early approximations were

based in perturbation theory [86, 87], they were soon replaced by more accurate

functionals with their foundations in quantum Monté Carlo (QMC) [81,88,89]. Most

however, show a similar degree of accuracy to the first QMC approximation for the

correlation functional published by Ceperley and Alder [88].

Another commonly used approximation for the exchange correlation function

is through the generalised gradient approximation (GGA) approach. Here EXC

considers the exchange correlation energy to varying in accordance with density

gradients, calculating EXC via

EGGA
XC [�] =

Z
�(~r)"X(~r)FXC(�"(~r); �#(~r); jr�"j; jr�#j)d3r (1.40)

In practice, it is often found that GGA functionals out-perform LDA when cal-

culating inter-atomic bond lengths and lattice constants. Though many GGA func-

tionals exist, the most commonly used is Perdew-Burke-Enzerhof (PBE) [90], or

one of its many variations, such as PBEsol [91] and revPBE [92]. It is often owing

to these advantages that GGA functionals are often employed within DFT studies

of electrochemical systems, providing a balance between computational cost and

accuracy of results.
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1.5 Thesis Focus and Outline

As the effects of climate change become ever more prominent across the globe, the

need to achieve net-zero carbon emissions grows ever more apparent. The electro-

chemical reduction of CO2 provides a highly effective method of aiding in meeting

this goal through sequestering waste CO2 collected from industrial processes via

carbon capture. By converting otherwise harmful greenhouse gases to carbonaceous

fuels, an effective method of energy storage may be developed, mitigating the lim-

itations of intermittent renewable technologies, storing otherwise wasted power in

energy dense chemical bonds [22, 51, 93]. Electrochemical CO2 furthermore reduces

the need for costly fuel imports, reducing the need for international transit of oil

and gas, thereby also preventing the greenhouse emissions which would be produced

as a result. As of 2021, the UK imported approximately 38% of its fuel sources [94],

with 24.1% of its oil imports being brought in from Russia [95]. The current global

political climate has raised considerable concerns for UK residents on the country’s

ongoing dependence on imported fuels, with 53% of the public on average stating

they were very concerned in a 2022 poll [96]. Though great progress has been made

in improving the performance of electrocatalysts over recent years, the details of

which are discussed in further depth in chapter 2, considerable work is still required

to produce selective, active, and stable electrocatalysts capable of producing multi-

carbon products [97].

It has long been recognised that copper electrodes offer the highest yields for

multi-carbon compounds of all transition metals [52]. It is for this reason that Cu

is often used as the foundation for the design of CO2 reduction catalysts to multi-

carbon products. Cu electrodes however, have often proven limited by a number

of factors, including low long term stability, low selectivity toward a specific car-

bonaceous product, and limited electrochemical activity toward the formation of a

desired CO2RR product, such as alcohols or fuels. To achieve electrocatalysts viable

for use on an industrial scale, it has been suggested that electrocatalysts must meet

a criteria of >90% FE, and >200 mAcm�2 current density toward the formation of a

given production under reduction conditions, such as CO [54]. It is with this criteria

of both high selectivity and activity, that the thesis outlined herein has aimed to

take steps toward achieving, with the goal of producing electrocatalysts both highly
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selective and active in the formation of carbonaceous products over the competing

hydrogen evolution reaction.

The effect of altering Cu electrode performance through the inclusion of an ad-

ditional metal centre has seen considerable interest due to its simple method of

enhancing electrocatalyst selectivity toward a desired product. Most notable among

these bi-metallic electrocatalysts are Cu2O/In, and Cu2O/Sn, which have demon-

strated drastic improvements in their selectivity, demonstrating a more preferential

formation of CO over HER when compared with Cu [5, 6, 64, 65, 98]. Due to such

incredible documented performance, Cu2O/Sn and Cu2O/In electrodes were consid-

ered as an ideal base material to provide further electrode optimisation. It should be

noted however that though Cu2O/Sn and Cu2O/In electrocatalyst materials have

demonstrated remarkable selectivity, this has been observed to come at the cost

of a weakened binding of the CO intermediate, largely producing CO at the cata-

lyst surface as a result. Furthermore, Cu2O/In and Cu2O/Sn electrodes have often

demonstrated only mild activity toward CO2 reduction, often resulting from a more

limited number of active sites due to the reduced surface area of Cu following the

inclusion of additional metal centres.

With such limitations so clearly defined, this thesis was conceptualised to develop

novel approaches in overcoming such challenges, and examine methods of improv-

ing both the stability of the CO intermediate at the electrode surface, in addition

to providing a method of improving observed current densities for Cu2O/In and

Cu2O/Sn electrodes under reaction conditions. Though often overlooked for use in

the electrochemical reduction of CO2 due to its noted over-binding of the CO inter-

mediate [11, 52], the incorporation of additional Pt metal centres within Cu2O/In,

and Cu2O/Sn electrodes was examined precisely for its strong binding of CO, as

well as its remarkably high conductivity in relation to both Cu2O electrode bulk

layers, as well as the carbon paper GDL on which it was deposited, respectively. By

introducing a third metal centre able to stabilise CO beneath the electrode surface,

it was anticipated that the binding energy of carbonaceous intermediates could be

tailored to improve the likelihood of the formation of C-C coupling at the electrode

surface. In addition to this, the incorporation of high conductivity metals, such

as Pt, within the GDL of the electrode could enhance charge transfer, improving
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the efficiency of the catalytic cell as a whole and providing a more readily available

supply of electrons to improve electrode activity.

From the time this thesis has been produced, the production of novel tri-metallic

electrodes has only just begun to see notable interest, with many works pertaining

to it being associated with the oxygen evolution reaction and HER [99–101]. Within

the field of CO2 reduction however, few tri-metallic electrode materials have been

examined [102, 103], with little research being shown particularly for the case of

Cu2O/In/Pt electrodes, providing an exciting avenue of cutting-edge research ex-

amining highly novel electrode materials.

Following an examination of tri-metallic systems, we examined further methods

of activity enhancement within Cu-based electrocatalysts. Based on the observed

improves seen for Ag electrodes in the presence of Cl� ions [67, 104, 105], it was

believed that a similar improvement in both catalytic activity, and overpotential,

may be observed when applying a similar approach to Cu-based materials. With

only few works demonstrating the effect of chloride on Cu-based surfaces [106,107],

it was anticipated its discussion would shed light on further methods of electrochem-

ical activity enhancement, aimed to provide a more universal method of electrode

activity enhancement for use with current generation electrocatalytic materials.

The contents of the thesis are briefly described below. It should be noted however

that chapter 2 has previously been published as a review of CO2 reduction catalysts,

and therefore has been presented in its original published format. Chapter 5, addi-

tionally has been included in much the same format as the submitted manuscript,

however includes additional optimisation steps to provide a more complete picture

of the experimental work conducted throughout the PhD project with Cu2O/In/Pt

materials, as well as a more in-depth look into the reasoning and rationale behind

the decisions made with regard to the research methods covered within.

� Chapter 2 provides an overview of the field of electrocatalysis, examining in

further detail both its ongoing challenges, and providing further clarity as to

the motivation for the PhD project.

� Chapter 3 outlines the various synthesis methods and analytical tools employed

in manufacturing and testing electrocatalysts throughout the PhD project,

briefly describing their underlying principles and key roles in each case.
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� Chapter 4 explores the morphological and electronic effects of tri-metallic elec-

trocatalysts on an atomistic scale through DFT driven studies in the formation

of key reduction products from CO2

� Chapter 5 examines the effect of sub-surface Pt deposition, producing Cu2O/In/Pt

electrocatalysts with tuneable activity with Pt deposition depth.

� Chapter 6 examines preliminary work into the characterisation of state-of-the-

art Cu2O/Sn/Pt electrodes produced using facile electrochemical spontaneous

precipitation (ESP) methods, examining the universality of the implementa-

tion of Pt coatings within electrode bulk layers and within the gas diffusion

layer.

� Chapter 7 discusses ongoing work, highlighting the key role of Cl ions on Cu-

based electrode surfaces, examining their role in enhancing the electrochemical

activity of CO2 reduction electrocatalysts.

� Chapter 8 summarised the major findings of the PhD project, providing a

perspective of future research to further develop selective, stable and active

CO2 reduction catalysts.
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Chapter 2

Literature Review

2.1 Introduction

Fossil fuels form the cornerstone of industrial and economic growth globally, ac-

counting for over 87% of the world’s total energy consumption [7, 23]. Dwindling

fuel reserves and mounting environmental damage as a result of burning fossil fu-

els demonstrate the need to move beyond our global dependence on non-renewable

sources of energy. As of 2015, the remaining oil and natural gas reserves were esti-

mated at 1697.6 billion barrels and 186.9 trillion cubic meters respectively. Based

on global consumption levels as of 2015 and the remaining supply of fossil fuels at

that time, it was estimated that around 50 years of oil and gas remain [7].

The burning of such large quantities of fossil fuels, particularly in the trans-

port sector, has resulted in the uncontrolled release of CO2 into the atmosphere,

significantly contributing toward climate change [8, 27, 28]. This realisation has led

to considerable efforts being made to transition from fossil fuels toward low car-

bon and renewable alternatives such as biofuels, hydroelectric power, solar, wind,

geothermal, and nuclear energy [23]. Whilst some low carbon energy sources such

as nuclear and hydroelectric energy are being implemented on a large scale [23],

most alternatives to fossil fuels, such as solar and wind, have been unable to achieve

this due to intermittent operating times and are incapable of consistently meeting

global energy demands in their current state [32]. A key method in tackling this

inherent intermittancy is through the conversion of otherwise surplus energy into a

medium which is both portable and storable so that it may be implemented wher-

ever and whenever it is needed, much like fossil fuels are used today [8, 33–36,108].

CO2 reduction poses an attractive method of converting said energy. By using the

abundant greenhouse gas CO2 to produce carbonaceous fuels compatible with ex-

isting infrastructure it effectively forms a carbon neutral cycle for the production
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of hydrocarbons [109–111]. An example of such a cycle as this can be observed in

figure 2.1.

Figure 2.1: The "carbon neutral cycle". Here atmospheric CO2 is captured and

reduced to form synthetic hydrocarbons in the order of C1 to C3 chains, adapted

from [8].

By implementing carbon capture technology to siphon waste CO2 from the at-

mosphere, as well as natural and industrial processes. CO2 reduction aims to mimic

the natural process of photosynthesis (i.e. "artificial photosynthesis") [8, 32], effec-

tively managing atmospheric levels of CO2 whilst providing a carbon neutral source

of fuels. An added bonus of recycling CO2 via electrochemical reduction is that the

synthetic hydrocarbon fuels produced have the potential to be highly compatible

with existing technology which would otherwise be powered by fossil fuels, making

it an attractive method of decarbonisation within fuel-intensive industries such as

aviation and shipping, where the use of recycled hydrocarbon fuels can provide a

more energy dense alternative to hydrogen or batteries. [33, 42,112].

It is for these reasons that the electrochemical reduction of CO2 has begun to see

notable interest within the field of electrochemistry [22,112–115]. The electrochem-

ical reduction of CO2 however is still an emerging technology. There are significant
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challenges to current electrocatalyst performance, including: issues regarding energy

efficiency, reaction selectivity both between CO2 reduction (CO2RR) products and

with the competing hydrogen evolution reaction (HER), as well as overall conversion

rate. Before carbonaceous fuels produced via the reduction of CO2 can be consid-

ered as a viable method of energy storage, each of these challenges must first be

addressed [22].

A 2008 review by Hori [116] examined many elemental metal catalysts in terms

of their overall catalytic performance and product selectivity. Since then, consid-

erable work has been conducted into improving the activity and selectivity of re-

duction products. A overview of some of the most active electrocatalysts selective

towards specific products can be observed in table 1. Despite the stability of the

CO2 molecule [117], it can be reduced to simple products requiring only a 2-electron

transfer process such as CO and HCOOH with low overpotential and high Faradaic

efficiency. For larger products requiring higher numbers of electron transfers how-

ever, such as ethylene or alcohols, markedly higher overpotentials and lower selec-

tivities among CO2RR products are observed [22].

The aim of this literature review is to examine and discuss some of the history of

electrochemical CO2 reduction, as well as its more recent advances, to provide the

reader with an overview of the field itself. Through this, this review aims to provide

a sense of where the field has come from, as well as how it maybe further develop

in the future [113, 114, 118, 119]. Among the topics discussed within this chapter

are: the CO2 reaction processes; including initial activation, catalyst design; both

past and present, and finally the use of computational methods to improve our

fundamental understanding of the CO2 reduction reaction (CO2RR).

2.2 CO2 Reaction Conditions

2.2.1 Methods of CO2 Reduction

Broadly speaking, the various methods of CO2 reduction can be classified in the

following four categories: thermochemical, biochemical, photochemical and electro-

chemical reduction. Thermochemical CO2 reduction methods have been in use for

a number of years, an example of which is the formation of methanol using CO2
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Table 2.1: Highly active electrocatalysts selective toward specific CO2RR products

[22]
CO2RR Electrocatalyst Faradaic Overpotential (V) jtotal(mA cm�2 Electrolyte Ref.

product efficiency (%) (CO2 saturated)

HCOOH Pb 97.4 -1.19 V 5.0 0.1 M KHCO3 [120]

Sn 88.4 -1.04 V 5.0 0.1 M KHCO3 [120]

Pd nanoparticles/C 99 -0.15 V 2.4-7.0 2.8 M KHCO3 [121]

Pd70Pt30 nanoparticles/C 90 -0.36 V 4.0-7.5 0.2 M PO3�
4 buffer [122]

CO Au 87.1 -0.64 V 5 0.1 M KHCO3 [120]

Au nanoparticles 97 -0.58 V 3.49�0.61 0.1 M KHCO3 [123]

OD-Au nanoparticles >96 -0.25 V 2-4 0.5 M NaHCO3 [12]

Ag 94 -0.99 V � 5 0.1 M KHCO3 [124]

CH4 Cu poly 40.4 -1.34 V � 7 0.1 M KHCO3 [125]

Cu(210) 64 -1.29 V 5 0.1 M KHCO3 [126]

C2H4 Cu poly 26 -1.13 V 1-2 0.1 M KHCO3 [125]

O2 plasma-treated Cu 60 -0.98 V � 15 0.1 M KHCO3 [127]

Cu-halide 60.5-79.5 -2.11 V 46.1-39.2 3 M KBr [128]

Graphite/carbon NPs/Cu/PTEE 70 -0.63 V 75-100 7 M KOH [129]

CH3OH PtxZn nano-alloys/C 81.4 -0.90 V � 3 0.1 M NaHCO3 [130]

Co nanoparticles 71.4 -0.90 V 4 0.1 M NaHCO3 [131]

C2H5OH Cu poly 9.8 -1.14 V � 0:6 0.1 M KHCO3 [125]

Cu2O 9-16 -1.08 V 30-35 0.1 M KHCO3 [132]

CuO nanoparticles 36.1 N/A � 11:7 0.2 MKI [133]

Cu/CNS 63 -1.29 V 2 0.1 M KHCO3 [134]

and H2 chemical feed-stocks under a catalyst typically composed of Cu/ZnO/AlO3.

This process, similar to the current industrial method for the formation of methanol

from syngas [8, 135–138], requires high temperatures and pressures of around 220

to 330 �C and 50 to 100 atm respectively [137, 138]. Similarly, at lower pressures,

CO2 and H2 can be used as reactants to form hydrocarbons using Fischer-Tropsch

style catalysts, albeit at still elevated temperatures [139,140]. Consequently, due to

the high temperatures and pressures required, thermochemical reduction methods

require a near constant source of power to maintain such conditions, limiting their

use with renewable technologies such as solar power and wind due to their inherent

intermittency. Additionally, the high temperatures and pressures involved result in

higher equipment costs and operating expenses. Biochemical methods commonly

employ the use of enzymes or autotrophic organisms in order to capture and con-

vert CO2 into complex products [93,141]. Photochemical methods, by contrast, use

photo- and electrocatalysts in order to mimic natural photosynthesis by both split-

ting water and reducing CO2 using sunlight to drive the reaction process [142–144].
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By convention, research in both biochemical and photochemical reduction methods

aim to use sunlight as a near unlimited source of energy to convert CO2 to energy

dense fuels under ambient conditions. A limitation of this however is that such

methods neglect the use of other renewable energy sources.

Electrochemical reduction methods, unlike biochemical and photochemical meth-

ods, are not limited to a single renewable energy source, and with the use of a well

suited electrocatalyst, are capable of effectively reducing CO2 under ambient condi-

tions [112, 145]. Due to this, electrochemical methods can be easily adapted to be

used in conjunction with almost any renewable energy source, particularly as most

renewables are used to generate electrical energy. Additionally, high energy efficien-

cies observed at mild reaction conditions make electrochemical reduction methods

an attractive avenue for the reduction of CO2 to fuels, particularly for use with

de-centralised systems such as community micro-grids [146,147].

Jian et al, for example, reduced CO2 to C2 carbonaceous products with an overall

selectivity of 69% through the development of Granular protruded irregular Cu2O

nanoparticle electrocatalysts, producing primarily ethylene and ethanol via the re-

duction process [148]. Another such example is that of Sumit et al, who reduced

CO2 to CO in an alkaline flow electrolyzer with an energy efficiency of 64% using

an Au electrode [149]. Such values of efficiency rival that of the hydrogen evolution

reaction (HER) using a Pt catalyst in alkaline electrolyte [150].

2.2.2 The Activation of CO2

Formed through the combustion of organic matter, CO2 is a particularly stable

molecule [117,151]. Due to this, it is kinetically challenging to convert CO2 to prod-

ucts due to the high activation energy required for the reduction process [109,152].

The single electron reduction of CO2 to CO�2 has been shown to have a high ther-

modynamic potential of Eo=-1.90V versus the standard hydrogen electrode (SHE)

in aqueous media (pH=7) [12, 153–155]. This initial activation step is critical as it

forms the rate limiting step of the CO2RR [114]. The coordination of this interme-

diate additionally determines the whether the CO2 molecule will be reduced to CO

or formate following the transfer of 2 electrons [156]. For example, post-transition

metals selective toward the formation of formic acid, such as Pb [157], Sn [158],
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Bi [159,160] and In [161] prefer to bind CO2 via oxygen. Transition metals such as

Cu [162] and Ag [163] however prefer to bind via carbon, resulting in the production

of CO. Bagger et al. [164] however, suggests an alternative. For Cu surfaces they

demonstrate how oxygen bonded HCOO* is stabilised more effectively than carbon

bonded COOH*, suggesting a possible oxygen-bound pathway. In addition to this,

they suggest the formation of formic acid to be related to the relative standing of

the binding energies of H and COOH*. This was supported by the lack of exper-

imental evidence showing a lack of HCOO* surface saturation prior to the onset

of HER, despite adsorption energy values suggesting an earlier onset of HCOO*

production [165–168].

Selectivity of the reaction pathway towards products such as this can be further

improved using the appropriate catalyst [120,122]. It should be noted however, that

the choice of material alone does not solely dictate product selectivity. One clear

example of this was shown in a recent work by Scholten et al. [169] which demon-

strated how highly ordered single-crystal (100) and (111) Cu surfaces produced

mainly hydrogen. By contrast, it was found that only through the introduction of

surface defects such as with etching and plasma pre-treatment methods that signif-

icant amounts of hydrocarbons were produced. When considering the activation of

CO2, the following 4 equations govern the reactions taking place

�+ CO2 +H+ + e� !� COOH (2.1)

�+ CO2 +H+ + e� !� OCHO (2.2)

�+ CO2 + e� !� CO�2 (2.3)

�+H+ + 2e� !� H� (2.4)

where * denotes a binding site on the catalyst surface. Here �COOH is considered to

likely be the be intermediate for CO formation and �OCHO the likely intermediate

in the formation of formic acid for transition and post-transition metals [170].

A 2017 work by Adrien et al. [171], postulates that the reaction takes place

in agreement with previous literature, however with subtle changes. Rather than

following only the concerted proton-electron transfer (CPET) reactions as shown

in equations 2.1 and 2.2, the CO2RR could instead follow a combination of both

a CPET reaction and sequential proton-electron transfer (SPET). For the SPET
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reaction, the single reaction step depicted in equation 2.1 instead takes place as a

2-step process consisting of the initial activation of CO2 as shown in equation 2.3,

followed by
�CO�2 +H+ !� COOH: (2.5)

From here the formation of CO can be described by a subsequent CPET reaction

of COOH, as described in equation 2.6, resulting in the formation of both adsorbed

CO and water.

�COOH +H+ + e� !� CO +H2O (2.6)

It was suggested in the same work by Adrien et al. that the conditions affecting

the ratio of CPET to SPET reactions were tied to the local pH in the vicinity of the

catalyst surface. In the vicinity of pH 3 for example, it was found that the SPET

pathway became competitive with CPET, in agreement with experimental results,

which saw a dramatic increase in the faradaic efficiency toward CO production.

This pH dependence of CO2 reduction pathways, and possibly differing pH depen-

dence compared to the competing hydrogen evolution reaction (HER) was used to

explain the strong pH dependence of product selectivity for graphite-immobilized

CO-protoporphyrin, where H2 was observed as the main reduction product at pH

1, and CO as the main product at pH 3 [172,173]. This pH dependence of reaction

products is further agreed upon by Koper [174], who suggested that due to the na-

ture of this pH dependence, an optimal pH for desired reaction products must be

attainable, with a suitable catalyst. The pH dependent, decoupled proton-electron

reaction pathways however, Koper explained, are more prevalent if the interaction

between the catalyst and intermediates is weak, as CPET reactions dominate where

catalyst-intermediate interactions are strong, resulting in a low pH dependence of

reaction products. Not only have reaction conditions been shown to be sensitive

toward electrolyte pH, but also to the nature of the electrolyte used. Monteiro et

al. [175] for example, demonstrated how a lack of metal ions prevents the formation

of CO on Cu surfaces. Their work highlighted the crucial importance of short-range

electrostatic interactions between the electrolyte and catalytic surface in promoting

CO2RR.

For the formation of formate and formic acid, a similar situation is observed, par-
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ticularly for molecular catalysts such as Rh, In and Sn metalloprotoporphyrins which

were reported to produce formic acid selectively in 0.1 M K2HPO4 electrolyte [176].

It should be noted however that the formation of formate using an Rh protopor-

phyrin is only capable at elevated pressures [52], with Rh ordinarily producing H2

as the main product under ambient conditions [177]. Density functional theory

(DFT) studies into molecular catalysts such as those mentioned previously showed

a strong pH dependence on the formation of formic acid [178]. Here it was found

that within a strongly acidic electrolyte the HER is favourable, following the same

reaction path as outlined in equation 2.4. This result was in strong agreement with

the literature [179, 180]. From the production of an anionic hydride as shown in

equation 2.4, the anion binds to the carbon atom of CO2 like so

CO2 +H� ! HCOO�: (2.7)

The subsequent stability of the HCOO� intermediate can then dictate the forma-

tion of either CO or HCOOH. Discussion of this hydride dependent reaction pathway

has been further examined for a range of catalysts observed to produce formic acid

among their reaction products. Such catalysts include copper-hydride nanostruc-

tures [181], palladium electrodes [121], and in solution [182].

When considering equations 2.3 and 2.4, as opposed to equations 2.1 and 2.2,

the pH sensitivities resulting from the charge of key intermediates suggests the

another challenge when designing and implementing an electrochemical cell. For

CO2 reduction, this challenge is ensuring an optimal local and system-wide pH for

the production of desired products. This is true in particular for reduction products

formed following a 2-electron transfer such as CO and HCOOH. The formation of

larger and more energy dense products from the CO2RR is however another desired

result within the field of electrochemistry. As such, the following section shall cover

some works published in this regard.

2.2.3 Formation of Multi-Carbon Compounds

In order to form larger and more energy rich products such as hydrocarbons and

alcohols, CO2 reaction intermediates must undergo additional reaction steps requir-

ing the transfer of multiple electrons. Due to the added complexity of the reaction,
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a clear drop in selectivity can be observed for C2 and greater products when com-

pared with the production of simpler products such as CO and formate which require

fewer reaction steps. As well as this, notably higher overpotentials can also be re-

quired [113]. Figure 2.2 illustrates some of the proposed reaction pathways to larger

and more complex products following the formation of CO.

Figure 2.2: Molecular reaction pathway diagram of the electrochemical reduction of

CO2 (left) and CO (right) to larger products. Adapted from [9,10].

It should be noted that following the initial activation of the CO2 molecule, the

standard reduction potentials for sequential reaction steps under ambient conditions

are relatively low. Even for the formation of large molecules such as ethanol and

propanol, reduction potentials are of the order of � �0:5V [183]. Whilst this would

suggest the formation of hydrocarbons and alcohols would not be much more ener-

getically demanding than the formation of formate or CO, the formation of larger

hydrocarbons have been shown to be kinetically challenging [183, 184]. This is due

to the reaction kinetics involved in transferring large numbers of electrons, as well

as the large structures of multiple carbon products involved in the reaction.

The formation of C2+ and greater products such as propane and butane from

the CO2RR is of particular interest due to the greater energy density provided

by these products. Copper, and copper-based catalysts have been shown as being
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almost exclusively capable of providing the necessary conditions to form carbon-

carbon bonds at significant current densities [116, 162]. Copper demonstrates an

intermediate adsorption energy for CO, providing more favourable conditions for

the formation of C-C bonds. Metals with higher binding energies, such as Pt, Ni, Fe

and Ti, for example, show a greater selectivity toward hydrogen over CO formation

[116, 185, 186]. Such metals ere previously shown to demonstrate a tight binding of

adsorbed *CO, believed to inhibit the desorbtion of carbonaceous products, limiting

their formation over H2 formation. At more negative potentials at which *CO could

be reacted off from the active surface however, the formation of hydrocarbons was

observed [187]. It should be noted however that the tight binding of *CO results

in a poisoning of the electrocatalyst, increasing HER onset potentials beyond those

observed for CO2 free systems [11]. an increase in observed HER onset potentials in

a CO2 rich environment due to the poisoning of active sites by adsorbed *CO. By

contrast, metals such as Au, Ag and Zn, which exhibit a lower adsorption energy,

produce mainly CO as the intermediate desorbs from the catalyst surface before

further reactions can take place [120, 188–190]. A more complete picture of the

binding energies for Cu with various reaction intermediates can be observed in figure

2.3.

A small number of other catalyst designs have been proposed including NiGa,

PdAu, NiP and N-doped carbon catalysts which have been capable of producing C2

and greater products, however none have been able to do this as efficiently as copper

as of yet [191–194]. Recently, notable developments in improving the selectivity

of copper catalysts toward C2 products have been observed in a number of ways.

Examples of this include altering the catalyst surface structure, such as through

high-surface-area oxide-derived (OD) copper, as well as by altering the electrolyte

composition and by employing organic films on copper [3, 129,195,196].

Another point of interest in the formation of C2 and greater products is the

possibility of liquid products. Liquid fuels provide both a higher energy density

and greater economic value, as well as a simpler method of storage [197]. Due to

this, the study of the reaction pathway from CO2 to the most typically produced

liquid fuels from the CO2RR such as ethanol have been subject to a plethora of

theoretical [198–202] and experimental studies [126,145,203–206].
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Figure 2.3: Adsorption energy scaling. A proposed pathway for the reduction of

CO2 to CH4 for a metal surface is shown at the top of the image and the adsorption

energies of bound intermediates on the fcc (face-centred cubic)(211) facet are shown

on the two lower figures. (More tightly bound adsorbates correspond to more nega-

tive binding energies.) The adsorption energies of adsorbates bound to the surface

by carbon (pictured left) and by oxygen (pictured right) are correlated and plotted

against the binding energy of key intermediates CO and OH respectively. Adapted

from [11].

From prior experimental studies, two pathways for ethylene production have

been observed. The first takes place mainly on Cu (111) at high overpotential

using a shared intermediate with methane, and the second on Cu (100) at lower

overpotential which does not yield methane as a product [205]. The second method

also differs from the first in that it is pH independent. It forms carbon-carbon bonds

through the formation of a CO dimer from adsorbed surface materials, as opposed to

individual transfers of protons and electrons [9,52,162,207]. As a consequence of this,

the production of ethylene is favoured on the face-centred cubic (fcc) (100) facet as

local pH can be optimised toward CO formation over the HER with no impact on the

selectivity of C2 products. The formation of ethylene using the fcc (100) facet is in

stark contrast with the formation of methane from copper electrodes which has been

33



observed to be most actively produced on the fcc (211) facet [120, 208]. Numerous

experimental [145,203] and theoretical works [198–200] however confirm the different

reaction pathways taken when producing either ethylene or methane. Such works

demonstrate drastic differences in the reaction conditions required to form larger

hydrocarbons over smaller products. Based on results from DFT calculations, it is

believed that at more negative potentials the dimerisation of CO is replaced by a

more favourable reaction based on the coupling of *CO and *CHO. The reaction

between these intermediates is believed to be due to the lower activation energy of

the latter reaction [200,209]. DFT calculations additionally confirm the tendency for

CO dimerisation to be favoured on Cu (100) facets. Furthermore, DFT calculations

provide additional insights into C-C bond formation in this case, such that the

CO dimer is energetically favoured in the presence of a water layer, a local electric

field and in the presence of alkali cations [199, 201]. This pH sensitivity has been

attributed to the rate-determining step in the formation of C-C bonds involving a

decoupled proton-electron transfer. This hypothesis is based on a combination of

both DFT calculations and experimental data [198].

A recent report by Perez-Gallent et al. [210] observed the formation of a hy-

drogenated CO-dimer (OCCOH) intermediate during CO reduction using Fourier

transform infrared spectroscopy at low overpotentials in LiOH solutions. All results

for this work were supported with DFT calculations. In agreement with previous lit-

erature, the formation of CO dimers was structurally sensitive; only being observed

on the fcc (100) facet. Thus it was concluded, in agreement with prior works, that

the formation of the dimer was favoured both thermodynamically and kinetically on

Cu (100) compared to Cu (111) [199,205].

Whilst the effect of adding certain organic layers to copper catalysts such as

pyridium [195] or triazole [3] is yet to be fully understood, studies have suggested

the modification of copper with such layers results in an enhanced selectivity toward

the production of C2 products. Currently however, this effect is believed to possibly

be due to local pH effects caused by the presence of such organic materials. One

recent study by Hoang et al [3] for example, reported faradaic efficiencies for the

production of C2H4 and C2H5OH reaching approximately 60 and 25% respectively

for a cathode potential of -0.7 V vs RHE. The same study also reported a total

34



current density of � �300 mAcm�2, one of the highest catalytic activities at low

potential reported to date.

Despite the volume of research published into possible reaction pathways towards

the formation of C-C bonds however, current faradaic efficiencies for the formation of

C3 products such as propane and propanol remain relatively low [157,211]. Previous

studies have suggested that by promoting a high selectivity toward the formation of

C2, the right conditions to produce C3 or larger products could be achieved. The

current understanding of the reaction mechanisms towards the formation of propane

and larger hydrocarbons however, is still unclear. Due to the large number of elec-

tron transfers involved, developing a clear picture of a reaction pathway would be

a time-consuming and difficult process. An alternative method of examining C3

however, as shown by Bagger et al. [59] could use descriptors for product distribu-

tion on specific facets to categorise reaction products by comparing coordination

number distribution and the binding energies of intermediates. Currently however,

researchers propose either the further use of CO as a reaction intermediate, or the

formation of C-C bonds between C1 and C2 intermediates [125, 212, 213]. Current

research also seems to suggest a likely intermediate toward C3 being formed through

the coupling of CO and C2H4 precursors [214,215] A 2019 study by Wang et al. [211]

reported the highest Faradaic efficiency to date for the formation of propanol of

33�1% with a cathodic energy conversion efficiency of 21% for metal-doped copper

catalysts. Due to the increased energy density and ease of storage of liquid fuels,

a greater understanding of the reaction mechanisms required to form C-C bonds in

order to produce larger hydrocarbon and alcohol products could prove revolutionary

in improving the commercial viability of the electrochemical reduction of CO2.

2.3 Optimising Catalyst Structure for the Forma-

tion of Fuels

Following Hori’s review in 2008 [52], the development of catalysts has seen drastic

improvement. From his results it was found, as previously stated, that copper most

effectively produces fuels from the electrochemical reduction of CO2 (see table 2).

Among the metals tested, it was found consistently that the formation of CO
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Table 2.2: Faradaic yields in CO2 reduction on fcc metal electrodes for experiments

at 5mA cm�2 current density in a 0.1M KHCO3 buffer at 18.5oC. Adapted from

Peterson et al. 2012 [11].

V vs hydrocarbons/

electrode RHE organics CO HCOOH H2 total

Ni -1.09 2.1 0.0 1.4 88.9 92.4

Cu -1.05 72.3 1.3 9.4 20.5 103.5

Pd -0.81 2.9 28.3 2.8 26.2 60.2

Ag -0.98 0.0 81.5 0.8 12.4 94.6

Pt -0.68 0.0 0.0 0.1 95.7 95.8

Au -0.75 0.0 87.1 0.7 10.2 98.0

from the CO2RR occurred on face centred cubic (fcc) transition metal lattices [52,

216, 217], suggesting a strong dependence on the surface morphology on overall

product selectivity. Due to this, considerable work has been conducted aimed toward

optimising catalyst surface structure to produce an electrocatalyst highly selective

toward a given CO2RR product, whilst minimising the effect of the competing HER.

Studies have included the alloying of surface materials [5,6,98,119,218], production

of nanoparticles [109, 158, 219] as well as an Ag "nano-coral" structure prepared

by an oxide-reduction method in the presence of chloride anions in an aqueous

medium [104].

2.3.1 Bi-Metallic Alloy Catalysts

With regards to alloy catalysts, the introduction of hetero-atoms to form bi-metallic

alloys allows for both the structural and electronic properties of the catalyst to

be altered due to the interaction between the two elements involved. For exam-

ple, one study using Ru-Pd catalysts saw in increase in the selectivity of formic

acid production from 70% at �0.7 V for pure Pd catalysts to 90% at �1.1 V vs.

NHE [4]. Similarly, a 2015 work by Rasul et al. [5] saw a dramatic improvement in

the selectivity of CO production through the introduction of In hetero-atoms into
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an oxide-derived copper catalyst structure. Here a total Faradaic efficiency of 95%

at �0.7 V vs. RHE was observed, higher than values observed for either Cu or

In separately. It was suggested in this study that the enhanced Faradaic efficiency

toward the production of CO was due to the suppression of the HER through struc-

ture changes. These changes were believed to have been caused by the preferential

binding sites of In within the Cu lattice, based on the high overpotentials observed

for HER for In in comparison with copper. Figure 2.4 demonstrates the preferential

binding sites of In within the Cu lattice based on calculations in a follow-up paper

by Jedidi et al. [6] demonstrating the preference for In atoms to replace Cu atoms

in positions of low coordination such as defects and the fcc (211) facet step-site.

Figure 2.4: Side views of (a) Cu (100), (b) Cu (111) and (c) Cu (211) with a single

In atom replacing the first layer (1ML) and second layer (2ML). The energies relative

to the pure Cu lattice (pictured left) are presented. (d) Top view of bulk Cu11In9.

Adapted from [6].
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2.3.2 Nanoparticles

An alternative approach to optimising catalyst selectivity through morphological

changes is the fabrication of nanostructures such as nanoparticle and nano-coral

structures. The size of metal nanoparticles has been reported to have a strong

influence on both the activity and selectivity of CO2 reduction catalysts [220–222].

For example, a 2014 study by Reske et al. [222] on Cu nanoparticles 2-15 nm in

diameter found that for nanoparticles below 5 nm the formation of hydrocarbons

such as methane and ethylene were suppressed, resulting in an enhanced selectivity

toward CO and H2 formation. Such changes in selectivity were attributed to higher

concentrations of low-coordinated surface sites, resulting in stronger chemisorption,

as well as boosted catalytic activity. A similar study on the size dependency of

Au nanoparticles on catalytic activity in the range �1-8 nm observed a similar

trend [223]. On the other hand, for Ag, Pd and Sn nanoparticles, a volcano effect

can be observed [221, 224, 225]. For Ag nanoparticles for example, CO2 reduction

current first increased as particle size decreased to 5 nm, below which the reduction

current then began to decrease [224]. This volcano effect was suggested to have

been related to the binding energy of key intermediates in relation to particle size,

however convolution effects may have been at play due to the experiments taking

place in ionic liquid electrolyte as opposed to aqueous media.

2.3.3 Oxide-Derived Electrocatalysts

Another method of surface morphology engineering has been observed through the

oxidation and subsequent reduction of bulk metal catalysts in order to improve cat-

alytic activity [12, 166, 208, 226–228]. Studies on oxide-derived metal catalysts such

as Cu, Au and Sn have demonstrated an enhanced density of active sites through the

modification of surface structures, leading to improved overpotentials observed for

CO2RR [12, 166, 226]. In a 2012 work by Li et al. [208] conducted on oxide-derived

copper (Cu2O) electrodes observed a coarse surface structure consisting of nanowires,

with the reduction activity being strongly dependent on the initial thickness of the

Cu2O layer. The primary products observed from the examined Cu2O catalysts

were formate and CO, produced at both enhanced selectivity and activity. Based

on the observed Tafel slope for Cu2O catalysts, a similar reaction mechanism could
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be suggested as bulk Cu for the formation of products based on the formation of an

activated CO2 molecule, as observed in equation 2.3, as the rate-determining step.

Due to the study focusing on the comparison of geometrical surface area, it would

be difficult to conclude as to whether or not the activity of individual catalytic sites

was improved without further characterisation with regards to the electrochemically

active surface area, as catalytic surface areas have been shown to drastically affect

electrochemical activity through the greater abundance of active sites. Therefore

it would be difficult to confirm if such effects were the result of the electrocatalyst

composition, or whether this would simply be a result of the increased abundance

of active sites due to increased surface area as a result of thinner Cu2O nanowires.

A 2020 work by Jiang et al, for example, demonstrated notable improvements in

both activity and selectivity via the surface roughening of Cu foils via plasma pre-

treatment methods to increase electrocatalytic active surface areas. In this work,

it was suggested by the author that both enhanced selectivity and activity of Cu-

based electrodes resulted largely from surface roughening effects, as opposed to the

plasma composition used to roughen active surfaces, with C2+ product selectivity

values rising to approximately 60% following 20 minutes pre-treatment using O2 and

Ar plasma [229].

Conversely, for oxide-derived Au, it was found that, as opposed to the nanowire

morphology observed for Cu, oxide-derived Au formed a thick layer (�1�m) of

nanoparticles [12]. Similarly to oxide-derived Cu, an enhanced faradaic efficiency

was, at lower potential, observed for oxide-derived Au when compared with the

performance of the bulk metal. This increase in both selectivity and activity was

attributed to to a higher stability of the reaction intermediate (see figure 2.5). For

Au nanoparticles, the enhanced activity has been directly correlated to the density

of grain boundaries resulting from the oxidation-reduction step [230,231].

Oxygen plasma activation has been found to be another form of pre-treatment

which results in drastically enhanced CO2RR activity [127, 232]. Following plasma

treatment, the surfaces of oxide-derived metal catalysts were suggested to be defect

rich. For plasma treated Cu, both the enhanced reactivity and selectivity have been

attributed to the presence of Cu+ ions and subsurface oxygen. A 2016 work by Eilert

et al. [233] suggested that the involvement of subsurface oxygen lead to increased
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Figure 2.5: FEs for CO and HCO�2 production on oxide-derived Au and polycrys-

talline Au electrodes at various potentials between -0.2 and -0.5 V in 0.5 M NaHCO3,

pH 7.2. The dashed line indicates the CO equilibrium potential. Adapted from [12].

CO binding energies, primarily in the vicinity of grain boundaries. It was believed

this was due to its influence on the electronic structure of the catalyst, reducing

�-repulsion. Here �-repulsion refers to the repulsive term of the Lennard-Jones

potential, defined as

V (r) = 4�
���

r

�12
�
��
r

�6
�

(2.8)

where V (r) is the potential energy of two interacting particles subject to a distance

r from each other, � is the dispersion energy of the system, and � refers to the

distance at which the potential energy V is zero. Here the repulsive term of equation

2.8,
h
4�
��
r

�12
i

defines the repulsive force of interacting particles due to their close

proximity, and refers to the �-repulsion of the interacting system. An alternative

explanation is that the presence of subsurface oxygen enhances CO2RR activity
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by facilitating neutral and charged Cu sites, resulting in in chemisorbed CO2 in

the presence of water [234]. Studies using DFT calculations agree that interstitial

oxygen is stable on the Cu fcc (111) surface, unlike the fcc (211) facet, and are

capable of improving surface binding of CO2 [235]. Cavalca et al further supports this

hypothesis [236], demonstrating stable sub-surface oxygen present on Cu surfaces

for up to 1 hour at �1:15 V vs Reversible hydrogen electrode (RHE). It was further

suggested that the presence of subsurface oxygen withdrew charge from the copper

sp- and d-bands, selectively enhancing the binding energy of CO. Recent DFT-based

work however disputes this, suggesting it unlikely for subsurface oxygen to remain

stable at the negative potentials at which CO2RR takes place due to their low

diffusion barriers [237]. A 2018 work by Lum and Ager [238] conducted using 18O

labelling similarly concluded that subsurface oxides should indeed be unstable under

CO2RR conditions. Additionally, theoretical work has shown that subsurface oxygen

is not a prerequisite for CO2 adsorption [239] and coordinatively unsaturated Cu

atoms promote C-C bond formation [147,201,240,241]. Furthermore, a 2018 work by

Fields et al [237] demonstrated how, from thermodynamic and kinetic perspective,

subsurface oxygen should have a negligible effect on the activity of crystalline Cu

under reducing potentials.

In short, the role of subsurface oxygen within OD electrocatalysts remains a

controversial topic with, as yet, no single agreed solution. Reliable methods capable

of measuring, with a certain degree of accuracy, the electrochemically active surface

area of metal electrodes [242,243] will be of paramount importance in once and for

all, resolving this ongoing debate of effective surface area effects.

2.4 Computational Methods

Whilst the implementation of Density functional theory (DFT) calculations on the

electrode surface can be a complicated affair, a considerable amount of effort has

been put into improving models. A recent comprehensive review of such works was

produced by Rendòn-Calle et al. [244]. Here we provide a brief review of some

of the more fundamental approaches and issues regarding current computational

models, in addition to advances in calculating the kinetics of electrochemical steps,
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structure-sensitive screening, ion effects, and machine learning.

2.4.1 Kinetic and Thermodynamic Models

Estimations of catalytic activities based on theoretical calculations have, in recent

years, provided fast and increasingly accurate results [245]. By employing DFT

and the computational hydrogen electrode model (CHE), calculations can be per-

formed on an atomic scale. This opens up the possibility of screening many novel

electrochemical materials and active sites from a thermochemical perspective [246].

The CHE model can be seen discussed in greater detail in section 2.4.2 however the

model has seen widespread use since its creation [247–249].

Through the use of such methods, it has been made feasible to examine possible

lowest-overpotential pathways from CO to various C1 and C2 products including

ethylene, acetaldehyde and ethanol. For any given reaction pathway, the limiting

potential UL is the electrode potential at which all steps are exergonic, i.e. the

change in Gibbs energy �G is always negative. UL can be found as the inverse of

the largest reaction energy (�GL) [11].

UL =
��GL

e
(2.9)

The first DFT-based studies detailing mechanisms to C1 species were proposed by

Nørskov et al [250]. By analysing adsorption energies for Cu (100) surfaces, they

concluded the lowest energy pathway to be CO2  � COOH  � CO  � CHO  �

CH2O  � CH3O  CH4 +� O  � OH  H2O. Using this mechanism, Durand et

al [251] calculated the Gibbs free energies of each reaction intermediate on various

Cu facets. Their work found that adsorbates were more easily stabilised on the (211)

facet, followed by (100) and (111), in line with simple coordination rules [252–255].

Further studies have since expanded upon this work by examining further Cu facets

[256], as well as other transition metals and alloys [257–259].

CO2RR screening techniques based on scaling relations assuming a single mech-

anism for all facets and materials however can be further improved [244, 260, 261].

Further information on this can be found in section 2.4.3. Nie et al [202, 262], for

example, examined the activation barriers for every possible transition state from

CO2 to methane. Based upon their findings, it was discovered that for the Cu (111)
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facet, �CO is more favourably hydrogenated to �COH rather than �CHO, support-

ing work performed by Hussain et al [263]. The pathway continues from here as
�COH !� CH !� CH2 !� CH3 ! CH4. A later work by Luo et al [264] fur-

ther supports this, demonstrating how unlike the (111) facet, Cu (100) kinetically

favours the �CHO pathway over �COH, suggesting a structure-sensitive mechanism

dictated by elementary-step kinetics.

Beyond methane formation, thermodynamic studies into the formation of C2

products such as ethylene (C2H4) and ethanol (C2H6O) have been explored ther-

modynamically by Calle-Vallejo and Koper [198]. In their work, the electrochemical

reduction of CO (CORR) was studied on Cu (100), considering �CO dimerization

as the believed first step toward ethylene, acetaldehyde and ethanol [265]. The elec-

troreduction of CO is contained within CO2RR, forming a rate limiting step in most

CO2RR reduction processes. The square sites of the Cu (100) facet exhibit strong

stabilisation of �CO dimers, helping to explain the Cu (100) facet’s preference for

ethylene production, whereas step sites tune the product selectivity towards ethanol

production [265]. Cheng et al [240], supports this hypothesis, suggesting in their

work that Cu structures with stepped square sites show enhanced selectivity and

catalytic activity toward C2 reaction products. Garza et al [209] further expanded

upon these studies, proposing reaction pathways for all reported C2 products from

CORR (ethylene, ethanol, acetaldehyde, ethylene glycol, glycolaldehyde, glyoxal,

and acetate) on both Cu (100) and Cu (111) facets.

The activation energies for C-C bond formation on Cu in vacuum were deter-

mined by Montoya et al [266]. From their work it was found that kinetic barriers

depend on the degree of hydrogenation of adsorbates. It was concluded that �CO

dimerization is kinetically unfavourable in a vacuum. An initial protonation step

of �CO followed by the dimerization of �CHO molecules however, was agreed to be

more favourable by comparison. In subsequent work however demonstrated that

water-solvated cations stabilize �CO dimers, thus making �CO  � CO coupling

feasible under CORR conditions, particularly on Cu (100) facets [199].

A key challenge currently facing researchers within catalysis is the formation of

multiple C-C bonds, forming C3 and greater products such as n-propanol. Due to the

increasing kinetic barriers faced due to the increased complexity of the n-propanol
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molecule, faradaic efficiencies for C3 products currently remain at consistently low

values around 10-13% [214, 267] for n-propanol. Small quantities of other C3 prod-

ucts such as allyl alcohol, acetone, propylene and propane have additionally been

observed at low Faradaic efficiencies of < 3% [125,267]. Rui et al suggests that the

coupling mechanism for multi-carbon products follows a "polymerisation" scheme

of adsorbed CO that obeys the Flory-Schulz distribution [268].

Initial works by Hori performed under strictly galvanostatic conditions (�5

mAcm�2, E=�1:1 V vs NHE) gave a faradaic efficiency of 4.2% [165, 269]. Un-

der such extreme conditions, Rahaman et al explains how poor selectivity is a direct

result of high overpotentials lowering the required kinetic activation barriers for a

variety of competing hydrogenation and C-C coupling processes, particularly those

involving �CO [165,267]. Since then, many strategies aiming to improve product se-

lectivity of CO2RR have often followed the path of reducing required overpotentials.

In his 2017 work Rahaman demonstrates how the addition of a thin oxide "skin"

on catalytic surfaces which can be later reduced under CO2RR conditions [270,271]

can reduce the required overpotentials for C-C bond formation [267]. Such reduc-

tions are achieved through the formation of low-coordinated sites from the precursor

species, resulting in improved stabilisation of chemisorbed *CO:�
2 radical anions, as

well as *CO [118]. Such methods were applied to form Cu meshes using annealing

and electrodeposition methods to produce catalysts capable of producing n-propanol

at 13.1% FE at -1.0 V vs RHE.

Ebaid et al [272] supports this hypothesis, suggesting surface roughness to be a

strong indicator of catalyst performance, as higher surface roughness was attributed

to high population of under-coordinated sites. Among the various methods used to

roughen catalyst surfaces, the reduction of Cu2O [147,273,274] and Cu3N [275] have

been shown to be the most effective methods of achieving high selectivity toward

C2+ products.

C3 product selectivity however, remains a issue in virtually all Cu-based cat-

alysts [272, 275–278]. Whilst surface roughening methods have shown a drastic

improvement in C3 production, the lack of a controlled or regimented method of

surface roughening limits the extent to which structure and activity relationships

can be investigated for CO2RR performance.

44



2.4.2 The Computational Hydrogen Electrode (CHE) Model

The CHE model is commonly used in the simulation of electrocatalytic systems [246].

It involves the posteriori correction of standard constant charge, allowing for the

electrode potential to be taken into account [279]. When utilised in combination

with DFT calculations, CHE can provide a picture of the possible reaction path-

ways and the potentials at which the redox reactions take place [11, 198, 280]. By

approximating the equilibrium between protons and electrons with hydrogen, CHE

avoids the explicit treatment of the solvated particles like so

1
2
H2(g) $ H+ + e�: (2.10)

The chemical potential of a proton-electron pair can therefore be written

1
2
�H2 = �(H++e�) (2.11)

where �x is the chemical potential of species x. For a reductive process, the Gibbs

free energy G can be related to the electrode potential U as

�G = �eU (2.12)

thus providing a consistent evaluation of Gibbs energy for all species involved. It

should be noted here that e is the positive (+) electron charge. The hydrogenation

of CO, �CO + H+ + e� !� CHO for example, can, for a given potential U , be

written

�G�CO��CHO = ��CHO � �CO �
1
2
�H2 + eU: (2.13)

Additionally, through the combination of CHE and DFT calculations, one can

gain insight into the coverage of surface species at specific pH using a Pourbaix

diagram [281]. Works using a combination of both Pourbaix diagrams and CHE can

also be found throughout electrochemistry literature [282,283].

Typically, CHE methods incorporate only CPET steps, however a recent study by

Göttle and Koper [171] introduced a method, based on first-principles calculations

of acid-base equilibrium constants, which incorporates decoupled proton-electron

transfer pathways. Through this, the sequential proton-electron transfer (SPET)

pathways can be estimated and provide a computational understanding of pH effects

observed experimentally for molecular, metal and oxide-derived catalysts [118, 284,
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285]. This method has seen use, for example, in rationalising the experimentally

determined pH dependence of CO2 reduction on immobilized cobalt protoporphyrins

[172].

2.4.3 Scaling Relations

Scaling relations, i.e. linear correlations between adsorption energies of adsor-

bates [286], are effective in simplifying DFT-based catalytic models. Through their

implementation, scaling relations may impose additional constraints toward further

optimising current electrocatalysts. Due to this, scaling relations have been stud-

ied extensively [287–289]. Recent works have examined the possibility of breaking

scaling relations [201, 290, 291], however breaking such relations has proven to be

difficult to achieve experimentally. In order to effectively break scaling relations,

one must first stabilise one intermediate with respect to the others. For example,

Li et al. [201] explained in their 2014 work how the preference for the producing

C2 products over methane on Cu (100) facets was due to the breaking of scaling

relations. They suggest the scaling relations between bound CO and �C2O2 on the

facet are broken due strong ensemble effects observed during the dimerization step.

For CO2RR, a number of methods have been discussed within the literature with re-

gards to breaking scaling relations. Alloying, addition of promoters, tethering, the

introduction of p-block dopants and creation of low-coordination sites are among

some of the strategies which have been suggested throughout the literature [11,292].

As well as this, some other methods of note are; the alteration of adsorbate solvation

via modification of the electrolyte composition/ dielectric constant [11, 292], strain

effects [293], the study of transition-metal-free catalysts [283] and the anchoring of

active ligands on active sites [294].

Conversely, recent studies have shown, based on scaling-relation-based volcano

plots, that whilst a single mechanism is operative on all materials and facets [11,292],

the CO2RR itself is highly sensitive to both structure and material, as previously

discussed.
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2.4.4 Effect of Structure and pH

pH, structural sensitivity and ion effects are all interconnected during CO2RR, the

interplay of their effects altering reaction mechanisms. Observed onset potentials,

faradaic efficiencies and product distributions have been shown to be not only de-

pendant on the chosen catalyst material [118,295,296], but also on its surface struc-

ture [126,205]. Typically however, studies based on scaling relation screenings only

consider a single reaction mechanism [11, 292, 297]. A work by Calle-Vallejo and

Koper [261] however showed that metal- and structure-sensitive bifurcating path-

ways can be incorporated into screening routines using scaling relations. It should

be noted however that breaking scaling relations between �CO and �CHO may lead

to enhanced CO2RR electrocatalysis [11,292].

In addition to this, it has been observed that both electrolyte pH and local

pH effects play an important role in the CO2RR mechanism. When modelling

a system, successive proton-coupled electron transfers are often assumed to take

place at every step of the reaction process, so as to enable the use of the CHE

model [280]. It should be noted however that the CHE model cannot capture pH

effects as the adsorption energies of all intermediates shift proportionally. This

problem becomes most apparent when analyzing the CORR due to the strong pH

and structure dependent features of the CO intermediate. For example, for pristine

Cu, whilst ethylene is produced most commonly on the fcc (100) terrace site, CO

and methane are more preferentially produced on the fcc (111) facet, both with a

strong dependence on pH [295, 298]. A report by Hori [9] suggests the disparity

between pH responses indicate that the rate-limiting step of CORR to CH4 involves

proton-coupled electron transfers, making the study of CO2RR and CORR to CH4

suitable for CHE models. The formation of C2H4 however does not include such

reactions, and should be analyzed cautiously.

In a 1991 work by Murata et al. [299], it was shown that the production of multi-

carbon species could be enhanced through the use of alkaline cations. The selectivity

toward C2H4, for example, can be increased by the inclusion of larger cations as their

smaller hydration spheres better favour adsorption on cathodic surfaces, yielding

more positive potential values. Singh et al. [300] explained cation effects based on

the pka values for their hydrolysis. The larger CO2 concentrations near the cathode
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and lower local pH observed with increasing cation size both being satisfactorily

explaining cation effects for the CO2RR but not those observed for the CORR.

When factoring-in cation effects into computational models, cation effects may

be included implicitly or explicitly. For example, one study by Chen et al. [301]

used an implicit method of modelling cation effects, applying a general electric field

as opposed to individual point charges. The electric field then interacts with adsor-

bates, modifying the adsorption energies depending on the on the dipole moment

of a given species [302]. Conversely, Akhade et al. [303], used an explicit model of

cation effects in combination with DFT calculations to account for the impact of

adsorbed and co-adsorbed I� and K+ ion, on �CO protonation. Through this work

it was found that K� improves �CO and �CHO binding over �COH, improving the

selectivity toward the �CHO pathway. By contrast, I� weakens the binding energy

of �CO, �COH and �CHO, resulting in an improved selectivity toward the forma-

tion CO as the primary reduction product. In later works, it was suggested that

specific halide adsorption on Cu may occur at negative electrode potentials [264].

As a consequence of this, it was found that the specific adsorption of Cl�, Br�,

and I� affect the CO2RR. A 2016 work by Vaela et al. [106] supports these results.

Their experimental observations showing a 3.5 times higher selectivity toward CO

production using Br� as opposed to Cl�, as well as I� favouring the reduction of

CO to methane over CO desorption. Perez-Gallent et al. [210] presented a joint

computational-experimental study on the impact of cation effects on CORR. Using

an explicit model, it was observed that hydrogenation of monomers was particularly

more difficult than that of dimers. This was attributed to the fact that cations

stabilize C2 adsorbates but not C1 intermediates. This discovery could explain why

C2H4 exhibits earlier onset potentials than CH4 [210].

2.4.5 Machine Learning

Computational works fully based upon DFT calculations for CO2RR providing a

comprehensive amount of detail for the catalytic activity of materials. Such works

however are often computationally expensive. In addition to the study of scaling

relations, machine learning algorithms offer an alternative approach toward elec-

trocatalyst selection and design. By using an extensive library of preexisting data
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from previous research, trends within previously documented results are detected

and examined during an initial "training phase". Following this, provided suitable

descriptors have been selected, a process of statistical analyses can be used to pre-

dict, within a degree of accuracy, new materials selective toward a desired product

without performing new DFT calculations [304,305].

One such machine learning framework, for example, was presented by Ulissi et

al [306]. Through this framework, they examined numerous configurations and ac-

tive sites on intermetallic compounds. The results of their method explained the ac-

tivity of certain NiGa sites and suggested the need for a composition-, configuration-

and structure-sensitive methods to speed up the discovery of new catalytic materials.

Research conducted by Jiang et al used genetic algorithms to find stable solid-liquid

interfaces on Cu to account for solvation effects when modelling CORR [307]. Sim-

ilarly, Xin et al used a neural network-based chemisorption model in tandem with

scaling relations to predict CO2RR to C2 reaction products on (100)� terminated

catalysts [308]. One such work by Zhong et al [97], developed a machine learn-

ing accelerated, high-throughput DFT framework allowing for new materials to be

screened ab-initio. Through this particular work, Zhong et al discovered a promis-

ing bi-metallic CuAl compound with near optimal CO adsorption energy (�0.67 eV)

with an observed faradaic efficiency of �80% with a partial current density of 600

mAcm�2.

Despite the tremendous potential of machine-learning algorithms, their predic-

tive capabilities depend largely on the size and quality of the training dataset, as

well as the descriptor of choice. For example, assuming a single mechanism for all

materials, datasets made of unrelaxed calculations and similar simplifications can

lead to incorrect predictions [305].

To summarise, significant progress has been made in the development of com-

putational models, however a number of challenges must be overcome in order to

develop more accurate screening routines for the design of CO2 and CO reduction

materials [260].
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2.5 Summary

The reduction of CO2 to multi-carbon products such as hydrocarbons consists of

multiple complex reaction steps involving many shared intermediates depending on

the desired reaction product. In recent decades, a significant amount of progress has

been made regarding the design of highly active or selective electrocatalysts, partic-

ularly for the formation of CO and formate. For the formation of larger products

involving multiple carbon atoms such as ethylene however, a greater understanding

of the reaction mechanisms is required. In particular, improving understanding of

key areas such as the effect of the electrode surface morphology on product selec-

tivity, sub-surface structure as well as the effect of local pH. Now, due to a lack of

effective probes able to examine quantities outside macroscopic equilibria, a combi-

nation of both experimental and computational methods could provide the key to

developing a greater understanding of the reaction phenomena taking place. In terms

of computational modelling of electrocatalysts, one possible method of improving

the understanding of a system could be through combining numerous theoretical

models to develop beyond the specific cases which certain models are tuned toward.

This would require both a more standardised approach toward future experimental

setups, as well as a conscious effort to develop future computational models beyond

merely the surface characteristics of potential catalyst designs. Even after 35 years

of research, there is still much work to be done, particularly in the development of

catalysts more selective toward the production of liquid fuels. The "one-pot" syn-

thesis of chemicals from waste CO2 however, particularly fuels, represents a useful

and potentially game-changing method of moving toward a carbon neutral future

with minimal impact on existing infrastructure.
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Chapter 3

Experimental Methods

3.1 Introduction

All experimental work carried out the PhD project, and the underlying principles

used therein, is presented within this chapter. Experimental work has been divided

into 3 key sections. The first section outlines the key techniques for both chemical

and electrocatalyst synthesis, followed then by a brief description of the basic princi-

ples of the characterisation methods implemented. The chapter then concludes with

an overview of the fundamental methods and principles used throughout the project

to examine the electrochemical properties of electrocatalyst materials discussed in

later chapters.

3.2 Electrocatalyst Fabrication

3.2.1 Hydrothermal Synthesis of Cuprous Oxide

Cuprous oxide powder was initially synthesized based on the hydrothermal methods

outlined in a 2018 article by Aziz [309]. Cu2O was produced by first dissolving 270

mg copper acetate monohydrate (C4H6CuO4.H2O, Sigma Aldrich, CAS No: 6046-

93-1, >98%) in 6.75 ml de-ionised (DI) water at room temperature by vigorous

stirring (800 rpm). Separately, 48.6 mg D(+)-glucose (C6H12O6, Merck, CAS No:

50-99-7) and 0.45 g polyvinylpyrrolidone (PVP, (C6H9NO)n, average mol wt 40000,

Sigma Aldrich, CAS No: 9003-39-8) was dissolved in 13.5 ml DI water before stirring

the latter solution into the former. Following this, 90 mg sodium hydroxide (NaOH,

Merck, CAS No:1310-73-2) was dissolved in 2.25 ml of DI water and added drop-wise

to the main solution.

Once the NaOH was fully dissolved, the 22.5 ml solution was transferred to a

45 ml teflon-lined, stainless-steel autoclave (Parr instrument company Model 4744
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General Purpose Acid Digestion Vessel, 45 ml), filling the autoclave up to half its

maximum capacity to ensure safe operation. The autoclave was then loaded into a

chemical oven pre-heated to 180oC and maintained at a constant temperature for

24 hours. During synthesis, the following reaction

Cu(CH3COO)2 + 2H2O ! Cu(OH)2 + 2CH3COOH

CH2OH(CHOH)4CHO+2Cu(OH)2 ! CH2OH(CHOH)4COOH+Cu2O+H2O:

(3.1)

Following synthesis, the solution was purified via centrifuging at 5000 rpm with

alternating washes of DI water/ethanol solutions for 3 cycles. Powders were then

obtained via freeze-drying for a period of 24 hours using a Christ Alpha 2-4 LDplus

freeze drier. Throughout the drying process, a constant temperature and tempera-

ture of -30oC and 0.37 mbar was maintained to ensure sublimation.

3.2.2 Preparation of Oxide-Derived (OD) Cu Electrocata-

lysts

Electrodes were prepared using commercial-grade cuprous oxide (Cu2O) (Sigma-

Aldrich, � 99:99%) deposited on 2:5x2:5 cm carbon paper gas-diffusion electrode

support (GDE) (H2315 I2 C6, Freudenberg). Cu-based catalytic ink was prepared

using 30 mg Cu2O dispersed within a 400 �l solution of isopropanol before adding

66 �l nafion perflurated resin (Sigma-Aldrich, 5%Wt.) drop-wise to the solution.

The solution was then subsequently sonicated for 10 minutes at room temperature.

Cu-based ink was then deposited via painting up to a recommended loading of �5

mgcm�2, producing an active area of 2 cm2, suggested in the literature to provide an

optimal loading depth in terms of both electrocatalytic activity and selectivity [18].

Catalysts were dried between the painting of each layer at (60oC 1-3 minutes) and

subsequently weighed until achieving the desired loading. It should be noted however

that despite the weighing of each electrode following the painting of each additional

Cu2O layer, the loading of the produced catalysts were observed to vary between

4.75 and 5.25mgcm�2. Loading values were based solely on the observed weigh

values, replicating the method of prior work [18].
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3.2.3 Electro-deposition of Surface In

In/Cu2O and In/Cu2O/Pt/Cu2O/C composite electrocatalysts, referred to here as

Cu2O/In and Cu2O/In/Pt for simplicity, were prepared using a facile ESP method,

adapting previously published methods [65]. Samples were prepared by injecting an

acidified solution (pH 1.72) of 0.05 M In2(SO4)3 (Thermo-Scientific, 99.99%) and

0.4 M citric acid (Sigma-Aldrich, �99.5%), into an in-house designed deposition

cell, as shown in figure 3.2. As-prepared Cu2O electrodes were used as the cathode

material, and In foil indium foil (Advent Research Materials, 99.999%) as the anode.

The two electrodes were then connected via a 2
 resistance cable, enabling the flow

of charge for a total of 25 minutes, as demonstrated by figure 3.1.

Figure 3.1: ESP deposition of In on Cu2O/Pt/Cu2O electrodes (pictured left) and

layered structure of Cu2O/Pt/Cu2O electrocatalysts (pictured right).

Due to the low quantities observed following ESP deposition, an alternative

method was introduced, incorporating In on Cu2O/Pt surfaces via electro-deposition

at a fixed current of 0.06 A, with gradually increasing potentials ranging from 0.05 V

to 1.3 V as a result of the electroplating process. Electro-deposition was conducted

for 35 minutes using indium foil (Advent Research Materials, 99.999%) as the anode

material and Cu2O electrodes prepared as stated previously as the cathode material.
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The same solution of 0.05 M In2(SO4)3 (Thermo-Scientific, 99.99%) and 0.4 M citric

acid (Sigma-Aldrich, �99.5%) was implemented due to its previous success noted in

the literature [6]. For each method, In was deposited via a 2-electrode cell as shown

in figure 3.2.

Figure 3.2: 2-electrode custom deposition cell.

3.2.4 Synthesis of Cu2O/In/Pt Electrocatalysts

To produce distinct sub-surface platinum regions, Pt was sputtered using Quorum

Q150R ES sputtering machine at selected depths of 8, 5 and 2 �m from the active

surface in layers of 10 nm thickness each. Deposition depth was calculated based

on Cu loading weight, in which the approximate depth corresponded to a respective

mass of Cu deposited on the catalyst surface (e.g: 8 �m = 0 mgcm�2 Cu, 5 �m =

2 mgcm�2 Cu and 2 �m = 4 mgcm�2 Cu). In each case, Cu2O was deposited as

previously described up to the desired sputtering loading value before depositing Pt,

then subsequently weighed and painted up to a total loading of �5 mgcm�2 before

depositing In.
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Figure 3.3: Conceptual tri-metallic Cu2O/In/Pt electrocatalyst design, with in-

cluded Pt sputtering depths.

3.2.5 Deposition of Sn on OD-Cu and Cu2O/Pt Electrodes

via Electrochemical Spontaneous Precipitation (ESP)

Methods

Similarly to the process described in section 3.2.3, the deposition of Sn on Cu-

based electrodes was examined based on the ESP methods outlined in [56]. Here

Sn was deposited using the 2-electrode cell, as shown in figure 3.2. Sn foil (Advent

Research Materials, 99.95%) was used as the anode material, with the as-prepared

Cu-based electrodes being used as the cathode. An acidic (pH 0.92) solution of 0.01

M SnCl4 (Sigma Aldrich, 99.995%) and 0.05 M citric acid (Sigma-Aldrich, �99.5%).

Electrodes were connected via a 2
 resistance cable, enabling the flow of charge for

a total of 25 minutes.

3.3 Basic Principles of Implemented Characterisa-

tion Techniques

3.3.1 Scanning Electron Microscopy (SEM)

Electron microscopy, much like optical microscopy, is an effective method of produc-

ing high resolution images of micro- and nano-scale morphological features of any

given sample. Images in this case are produced via the use of a focused electron

beam, which interacts with the surface atoms of a given sample, causing the excited

atoms to emit various forms of radiation, as shown in figure 3.4, whereupon both

the position and intensity of the radiation is then detected and used to form an im-

age. For topographical images, secondary electrons (SE) are used due to both their
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short travel distance to the detector from the surface, as well as their relatively low

energies [310].

Figure 3.4: Example of SEM incident electron beam interaction with a given sample,

and the possible radiation emitted [13].

Electrocatalysts examined throughout this project were examined using a Tescan

MIRA 3 scanning electron microscope, featuring a high brightness Schottky emitter

to produce high resolution images with minimal noise. For the examination of elec-

trocatalytic surfaces, a combination of secondary electrons (SE), and back-scattered

electrons (BSE), were examined at a working distance of 10 mm at an accelerating

beam voltage of 6 kV. Beam spot size was minimised in all cases to examine sharp

topographical features. Samples were cut into sections 1�1 cm and immobilised

on 12.5 mm diameter aluminium studs using carbon adhesive discs. Prepared sam-

ples were subsequently screwed in place to ensure high stability when examining
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electrocatalyst morphology under high magnification.

3.3.2 Energy Dispersive X-ray Spectroscopy (EDS)

EDS analysis provides a key role in determining the elemental composition of a given

material. EDS, much the same as SEM, uses a focused electron beam to interact

with a sample and collect data based on the emitted radiation, as shown in figure

3.4. By detecting X-rays originating from the sample, the EDS detector can confirm

the existence of atoms present in the material due to the characteristic energy values

which occur due to the varying electronic structure of each element [310].

The Tescan MIRA 3 scanning electron microscope is also fitted with EDS func-

tionality from Oxford instruments (X-Max), enabling further analysis of electrocat-

alyst surfaces. Throughout the PhD project EDS data was collected at a working

distance of 15mm using an accelerating beam voltage of 6 kV, ensuring a high res-

olution was maintained when producing EDS mapping data. To ensure minimal

background noise, EDS was performed under dark conditions.

3.3.3 Transmission Electron Microscopy (TEM)

Similar to scanning electron microscopy in that sample topology may be analysed,

transmission electron microscopy however provides higher resolution images of nano-

scale features (down to�0.2 nm). This provides the user with a method of examining

the crystalline nature of material, and its composition, at high magnification. A

typical TEM operates in much the same way as an SEM in that it uses a focused

electron beam within a vacuum chamber to excite atoms within the sample, and

analyse the position and energy of detected electrons. A key difference however,

lies in their operating potentials. Whilst an SEM will typically operate with an

accelerating voltage of � 5-20 kV, the TEM applies far higher potentials of the

order of around 100-400 kV. Another key difference lies in the method of detection

of the electrons. Where an SEM will rely on the detection of emitted electrons from

excited surface atoms, the electrons of the TEM pass through the sample, producing

a projected image of the sample’s crystallographic structure based on the diffraction,

as defined by Bragg’s law
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n� = 2dsin(�) (3.2)

where n is the diffraction order, � the wavelength of the incident electron beam,

d the inter-atomic distance between crystal layers, and � the angle of the incident

beam to that of the crystal plane, as shown in figure 3.5.

Figure 3.5: Graphical example of Bragg’s law [14,15].

TEM analysis was performed using Hitachi HT7800 120 kV transmission electron

microscope compatible with cryo capabilities using an EMSIS CMOS Xarosa camera.

In each case, samples were prepared by initially removing the electrocatalyst material

from the carbon paper GDL using a scalpel blade and submerging the extracted

powder in a 0.5 ml solution of DI. Powders were then extracted using a pipette

and deposited on 300 mesh 3.05 mm diameter copper support grid (Agar Scientific,

AGG2300C).

3.3.4 X-Ray Diffraction (XRD)

XRD offers a valuable technique in the characterisation of the crystal structure of

various compounds [311]. By emitting incident X-rays toward samples at specific
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angles, crystal properties can be determined based on Bragg’s law of diffraction [15].

Here incident X-rays are diffracted by the crystal structure, producing characteristic

intensity peaks due to the constructive interference of the diffracted rays as they

become reflected from the 1st, 2nd and 3rd atomic layers, as demonstrated in figure

3.5. As the scanning angle � is changed, XRD can examine the various crystal

facets and compounds present on the surface, producing a clear picture of surface

composition when combined with other characterisation methods such as EDS and

SEM.

Throughout the project, XRD was performed using a Rigaku SmartLab SE

equipped with Cu X-ray tube (Cu–K�1; �=0.15406 nm, K�2; �=0.15444 nm) oper-

ated at 40 kV and 50 mA, and a 4-bounce Ge (220) monochromator. All scans were

produced using a Bragg-Brentano configuration, scanning at a rate of 5 o per minute.

Prior to examination, samples were cut into 0.5�0.7 mm sections and stabilised on

25�75 mm glass slides using double sided tape.

3.3.5 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a highly versatile and valuable technique for the examination of surface

characteristics, including chemical composition and their corresponding electronic

states [16]. XPS examines samples by harnessing the photoelectric effect. It does

this by bombarding samples with X-rays, exciting surface atoms which emit char-

acteristic photoelectrons based on their binding energy, calculated via equation 3.3.

EKE = h� �W (3.3)

Here EKE is the kinetic energy of the emitted photoelectron, W is the the min-

imum energy required to remove an electron from the surface of the material, h is

the Planck constant, and � is the frequency of the incident X-ray. By examining

these characteristic energies, XPS can build an intensity profile as shown in figure

3.6.

XPS was performed using a Kratos Axis Nova XPS spectrometer equipped with

a K-Alpha line X-Ray source (225 W) over an area of approximately 300Ö700 �m.

Samples in each case were handled using tweezers cleaned using propanol and ad-

hered to the sample platin via 3M scotch tape. In each case samples were pumped
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Figure 3.6: XPS examination of a silicon wafer. a) Graphical example of photelec-

tric effect for emission of photoelectrons and Auger electrons produced during XPS

analysis. b) Intensity profile following XPS analysis, adapted from [16].

down overnight to reach the required pressure for analysis.

3.3.6 Raman Spectroscopy

Raman Spectroscopy provides a method of analysing the vibrational modes of molecules,

providing insight into the surface chemistry of a given material [312]. Raman uses a

monochromatic laser to interact with a sample’s molecular structure, determining its

composition based on the subsequent changes in energy of the photons due to their

interaction with the vibrational modes of the sample. Raman relies on the inelastic

scattering of photons, known as Raman scattering, therefore the more prominent

elastic interactions, known as Rayleigh scattering, are filtered before detection as

Rayleigh scattered photons will be detected as showing the same energy level as the

emitted beam.

The remaining Raman scattered photons are separated into Stokes and Anti-

Stokes components. Stokes photons are detected with a lower energy than the

incident beam, indicating energy being absorbed by the interacting electron, causing

it to relax to a higher energy state than before. For Anti-Stokes components of the

spectrum the reverse holds true. Here photons are detected with a higher energy

than the incident beam, with interacting electrons in this case once again returning

to their previous electronic ground state [313], as outlined in figure 3.7.

The intensity of the Stokes component is often higher than that of the Anti-
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Figure 3.7: Energy level diagram of components involved in Raman spectroscopy

characterisation techniques [17]

Stokes, due to the maximum probability of electrons in the ground vibrational level.

Thus the Stokes response is more commonly considered when performing Raman

spectroscopy and is plotted between the intensity of a scattered photon vs the dif-

ference in frequency between incident and emitted photons [314].

To ensure accurate results, Raman spectroscopy was performed using Horiba

labRAM 300 Raman spectroscope equipped with an Olympus BX40 optical micro-

scope. Scans were performed using a 633.8 nm laser source with aperture value of

0.25 mm at 10� magnification across a static range of 50-3500 cm�1. Samples were

handled in each case using propanol washed tweezers and stabilised using double

sided tape on 25�75 mm glass slides.
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3.4 Electrochemical Measurements

All electrochemical experiments and measurements were conducted at ambient tem-

perature and pressure using a potentiostat (Metrohm AutoLab PGSTAT302N) and

examined using Metrohm Nova 2 software [315]. The flow rate of CO2 (BOC, 99.9%)

was maintained throughout at a constant rate of 15 ml min�1 using a gas flow me-

ter (Omega FT-062-09-GL-VN). 1.0 M KOH solution (Thermo Scientific, 85%) was

employed throughout both as catholyte and anolyte. In each case, a 3-electrode

gas-diffusion electrode (GDE) system, shown in figure 3.8 was employed using an

Hg/HgO alkaline reference electrode (RE-61AP, Basi, 1.0 M NaOH, 0.098 V vs SHE)

and Pt wire as the counter electrode (Sigma-Aldrich, 7.5 cm). All applied poten-

tials reported were converted to the reversible hydrogen electrode (vs RHE), unless

otherwise stated. RHE values were obtained in each case based on the recorded pH

value of the electrolyte, converted using the following

ERHE = EHg=HgO + 0:098 + (0:0591� pH) (3.4)

where 0.098 applies to the standard half-cell potential of the Hg/HgO reference

electrode, EHg=HgO is the recorded potential of the cell, and ERHE is the converted

reversible hydrogen electrode (RHE) value of the potential.

Figure 3.8: 3-electrode GDE carbon dioxide reduction cell, 3D printed on site, pro-

duced using designs presented in [18].
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In order to supply a constant supply of fresh catholyte to the cell, a peristaltic

pump, designed in-house using smart digital 30 A PwM DC motor remote speed

control unit equipped with 4 Gikfun 12 V peristaltic liquid pump dosing pumps,

was employed. Its use both ensured homogeneous local pH throughout, as well as

to continually remove liquid products, maintaining reaction equilibrium. The flow

rate of anolyte and catholyte was maintained throughout at 2 ml min�1, with cath-

ode and anode chambers being connected to their own individual pumping circuit

respectively.

3.4.1 Cyclic Voltammtery (CV)

Cyclic voltammetry holds a key role in the examination of the electrochemical prop-

erties of a given catalyst [19, 316]. By varying the working electrode potential over

time, the various experimental onset potentials can be determined for various ox-

idation and reduction reactions taking place within the electrochemical cell. This

information can then be used to help describe how thermodynamically and kineti-

cally favourable a given reaction such as CO2R or HER may be based on its deviation

from standard reduction potentials [183,184]. This information is collected by plot-

ting current versus the applied potential. The resulting plot will produce distinct

peaks due to changes in reactant concentrations based on the induced shift from its

equilibrium. For example, consider figure 3.9. Here as the potential is swept nega-

tively from point A to point D, Fc+ is reduced at the electrode to Fc, as a result,

the concentration of Fc+ decreases. By point C, the reduction of Fc+ begins to

become limited due to mass transport as the surface coverage of Fc on the electrode

begins to slow the reduction rate of Fc+. Consequently, the reaction rate begins to

slow as a result, producing a lower current. Upon reaching point D the potential is

reversed, causing Fc to be oxidised to Fc+, reducing the concentration of Fc at the

electrode surface.

The observed peaks can then provide information on these changes in concen-

tration subject to the Nernst equation

E = Eo0 +
RT
nF

ln
�
CO(t)
CR(t)

�
: (3.5)

Here E is the cell potential, Eo0 is the standard cell potential, R is the universal
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Figure 3.9: A–G) Concentration profiles for Fc+ (blue) and Fc (green) as a function

of the distance from the electrode (d) at varying points during cyclic voltammetry

scan. H) Voltammogram example considering the reversible reduction of a Fc+ to Fc.

I) Applied potential as a function of time for cyclic voltammetry experiment outlined

in H, with the initial, switching, and end potentials denoted by points A, D, and G,

respectively [19].

gas constant where R = 8:314 JK�1 mol�1, T is the temperature in Kelvin, n is the

number of electrons transferred throughout the reaction, F is the Faraday constant

F = 96485:332 Cmol�1, and finally CO(t) and CR(t) are the oxidant and reductant

concentrations on the electrode surface, respectively.

Throughout the project, CV experiments were carried out in three cycles in a

potential range of -1.5 to 0.5 V with a scan rate of 50 mVs�1 to explore initial

electrochemical behaviour of the working electrode.

3.4.2 Chronoamperometry (CA)

CA measurements allow for the examination of the electrochemical activity and

stability of electrodes. By measuring electrode performance over a set period of time

at a fixed potential, changes in current can be recorded across the electrochemical

cell. These changes can provide key information on the effectiveness of catalyst

materials in transferring electrons to reaction intermediates, as well as highlighting

the long-term performance of electrodes. The recorded current readings can be
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related to surface coverage of reactant on the electrode via the Cottrell equation

I =
nFAC

p
D

p
t�

; (3.6)

where I is the recorded current, n is the number of electrons transferred, F is

the Faraday constant F = 96485:332 Cmol�1, A is the active area of the electrode,

C is the concentration of the analyte in molcm�3, D is the diffusion coefficient of

the given species in cm2s�1, and t is the time in seconds.

CO2RR was carried out throughout this project via chronoamperometry, with

electrical current values being recorded at a given potential over 1 hour in each case.

Current values were then standardised against the working electrode surface area (2

cm2) to calculate current density (j) values.

3.4.3 Gas Chromatography (GC)

Gas chromatography is a key technique in the analysis of reduction products. The

basic principle of GC analysis involves the volatilization of samples in a heated

inlet or gas injector [317]. The injected sample is then separated into individual

components using specifically prepared columns housed in a temperature controlled

oven. Typically, samples are driven through the GC via a carrier gas (usually an

inert or nonreactive gas such as helium, argon or nitrogen) known as a mobile phase.

Separation of each component occurs as components move from this mobile phase

to the stationary phase, usually a coating on the interior lining of the column. As

sample components within the stationary phase will then elute at different times

before entering single or multiple detectors, producing characteristic peaks based on

their elution times.

Due to the often low selectivity of CO2 reduction catalysts, the separation and

analysis of reduction products via GC analysis is vital in the examination of product

concentrations and their respective Faradaic efficiencies.

GC analysis was performed using a Shimazu Tracera GC-2010 gas chromato-

graph, equipped with flame ionisation- (FID) and thermal conductivity detectors

(TCD). A ShinCarbon ST micropacked column 80/100 (Restek) was used to quan-

tify concentrations of permanent gasses and light hydrocarbons present following

CO2 reduction. Samples were stored using air-tight gas bags (Hunan BKMAM, 0.2
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Figure 3.10: Diagram of typical GC apparatus [20].

L), with gaseous products being extracted from gas bags and injected into the GC

using a gas-tight syringe (Hamilton 1000 series, 1 ml) immediately before analy-

sis. Gaseous concentrations were derived via comparison with 5000 ppm Propylene

7 gas mix gas (Boc, propylene 5000 ppm, ethane 5000 ppm, ethylene 5000 ppm,

methane 5000 ppm, carbon monoxide 10,000 ppm, hydrogen 10,000 ppm, carbon

dioxide balance).

3.4.4 Ion Chromatography (IC)

Similarly to gas chromatography, ion chromatography is commonly used in the field

of electrochemistry for the purposes of separating and quantifying electrochemical

reaction products. The key difference in their implementation being that while GC

analysis is commonly used for gaseous samples and solutions which can be vaporised,

IC analysis is typically used for detecting liquid products. Typically this is achieved

by the separation of ions and polar molecules within a sample based on their affinity

to an ion exchanger [318]. Similarly to GC analysis, ion chromatography uses a

column lined with a stationary phase for the separation of compounds, and a mobile

phase, in this case a liquid, to drive the desired sample through the chromatograph,

toward a detector [319].

The presence of volatile fatty acids (VFA), including formic acid, were analysed
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quantitatively using Eco IC (Metrohm) ion chromatograph equipped with Metrohm

6.1005.200 column throughout the PhD project. Samples were filtered prior to anal-

ysis using Fisherbrand non-sterile PTFE syringe filters (13 mm membrane diameter,

0.45 �m pore size) to remove any particulates that may have collected within the

extracted electrolyte during experimentation. 2 �l of filtered solution was deposited

in a sample vial and diluted using 1.8 �l of DI water. Concentrations were then

compared against a formate standard (Sigma-Aldrich, 1000 mg/l � 5 mg/l to derive

formate concentrations.

3.4.5 Electrical Impedance Spectroscopy (EIS)

EIS offers a method of investigating kinetic and mechanistic effects present in elec-

trochemical systems [320]. By applying a sinusoidal signal (ac voltage or current)

over a wide frequency range, the sinusoidal response can be monitored and recorded

to analyse the system. For example, by plotting the reactance of a given system

versus the resistance, the subsequent Nyquist plot could be used to examine the

stability of the system in question. This is particularly useful in the field of electro-

catalysis, in which the viability of electrocatalysts up to an industrial scale strongly

rely on their ongoing stability with continued use.

EIS measurements were conducted across a frequency range of 0.01-10,000 Hz at

a potential of -0.6 V vs RHE.

3.5 Summary

Herein we have presented the various characterisation and experimental methods

implemented throughout the PhD project. The fabrication methods presented high-

light the progress made from the initial stages of the project and aim to guide the

reader through the scientific rational implemented in producing results within the

project period. Synthesis methods were developed and altered in light of both time

constraints and poor In deposition values, resulting in the use of electro-deposition

methods using commercial Cu2O as the most viable option for the production of

of both Cu2O/In and Cu2O/In/Pt composite electrocatalysts. All characterisation

methods presented herein were implemented to assess compositional and morpho-
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logical changes brought on at the various composite electrocatalyst layers through

the deposition of In, Pt, and Sn, the results of which can be observed in the chap-

ters to follow. Such characterisation was deemed instrumental as the impact of

both atomic composition and surface morphology has often been shown to dras-

tically impact electrocatalyst performance. Finally, the use of all electrochemical

analysis methods presented within the chapter were chosen with the express pur-

pose of assessing the selectivity, activity, and stability of all electrocatalyst materials

examined.
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Chapter 4

DFT Driven Mechanistic Studies in

Multi-Metallic Effects on the CO2

Reduction Pathway for Tri-Metallic

Electrocatalyst Designs.

4.1 Abstract

The field of electrocatalysis has long searched for a method of producing highly active

electrocatalysts, selective toward the formation of carbonaceous products following

the reduction of CO2 in aqueous media. Chief among these methods has been the

surface engineering of Cu [5,321,322]. The incorporation of additional metal centres

at the Cu electrode surface, such as In and Sn in particular, has seen considerable

attention in the development of Cu-based electrodes able to combat key challenges

in catalyst selectivity. By introducing additional metal centres known to disfavour

hydrogen adsorption, it was suggested that a greater selectivity toward CO formation

may be obtained. This was suggested to be due to In and Sn atoms blocking HER

active sites, such as defect and step sites [51,56,65,323]. Cu/In and Cu/Sn electrodes

however, have been shown to be limited to primarily form CO due to a reduced

binding strength of carbonaceous intermediates at the electrode surface.

By contrast, the incorporation of Pt at the surface of Cu electrodes has demon-

strated high over-binding of CO at the electrode surface, often resulting in high

HER selectivity [11, 324, 325]. By combining highly hydrophobic bimetallic electro-

catalyst materials with Pt and Cu, we examine the possibility of synergistic surface

effects on CO2 reduction catalysts, examining the possibility of better stabilising

CO intermediates at high CO2 selectivity electrode surfaces.
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In this study, we examine, through DFT driven methods, atomistic effects of

single atom doping on state-of-the-art Cu/In/Pt tri-metallic electrocatalysts, devel-

oping upon prior pioneering research [5, 6]. Through the single atom doping of Pt

on previously optimised In-modified Cu structure, we report a structure dependent

modification of Cu/In. Through the sub-surface deposition of Pt on flat (100) sur-

faces, we observed more favourable adsorption energies for that of hydrogen, with the

opposite occurring in the case of Pt placed at the base of (211) step sites. Through

density of states (DOS) analysis of Cu/In/Pt interfacial structures, we observe min-

imal impact of Pt through electronic effects, however observe drastic contributions

when interspersed evenly within CuInPt bulk structures.

4.2 Introduction

Considerable time and effort has been spent in tackling the ongoing impact of climate

change. Though alternative renewable sources of both electricity and heat have

seen incredible development and widespread use, a key issue remains in that much

of modern day infrastructure is dependent on the use of hydrocarbon based fuels

as a source of power. The prospect of green hydrocarbon production through the

recycling of CO2 via electrochemical CO2 reduction poses an attractive method of

recycling greenhouse emissions as an energy storage medium [326].

The use of copper in particular is well documented for its ability to electrochemi-

cally reduce CO2 to hydrocarbons and value added chemicals [165,327–329]. Despite

this, the reduction of CO2 is met by several challenges in the formation of hydrocar-

bon fuels at an industrial level including, low product selectivity, activity instability

during long term use [22, 51]. Most chiefly examined among such challenges is the

issue of product selectivity, which occurs as a result of 2 key factors, the first of

which being the competing hydrogen evolution reaction (HER) which occurs at the

electrode at similar equilibrium potentials to key CO2 reduction intermediates [330].

The second factor arises due to the complex branching pathway in the formation of

hydrocarbons, with the formation of simple molecules such as methane requiring 8

electron transfers. Efforts to overcome these barriers involve the surface engineering

of Cu electrode surfaces to simultaneously block HER active sites, whilst stabilising
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adsorbed CO2 intermediates to form higher order products [5, 6, 11, 331].

Drastic changes in selectivity have previously been observed via the formation of

composite electrocatalyst materials through the addition of metals such as In and

Sn at the electroactive surface of Cu-based catalysts [56, 323, 332, 333], achieving

Faradaic efficiencies toward CO2 reduction of >90%. Cu/In and Cu/Sn electrocat-

alysts however, are often limited by a weakened binding of CO which results in its

desorption from the electrode surface before additional electron transfers can take

place, resulting in CO as the majority product. By contrast, Pt has been shown to

possess considerably strong CO adsorption strength [11], which causes the molecule

to over-bind on the electrode surface, blocking CO2R active sites, resulting in im-

proved HER selectivity. By incorporating both In and Pt within Cu lattices, it is

believed that the binding of CO may be altered to improve electrocatalyst perfor-

mance, whilst simultaneously suppressing HER.

Through the use of DFT driven methods, we provide insight of Cu/In/Pt elec-

trodes at an atomic level, examining surface dependent variations in adsorption

energies through the examination of Pt modified Cu/In lattices, developing upon

prior Cu/In models which highlighted key mechanisms in HER suppression through

In doping [5,6]. Through the rigorous tailoring of individual active sites, we uncover

key changes in adsorption strength through induced strain and lattice mismatch ef-

fects. Finally, we examine the bulk electronic properties of novel Cu/In/Pt lattices

and interfaces, to uncover the possibility of electronic promoter effects as a result of

Pt incorporation within Cu/In lattices. The computational results presented herein

provide a screening mechanism toward examining the affinity of Cu/In/Pt electro-

catalysts toward HER and CO2R, respectively, guiding future experimental designs

through observed changes in adsorption energy observed for both H and CO.

4.3 Computational Methods

Density functional theory based electronic structure calculations were implemented

using VASP code [334–336] using the revised Perdew-Burke-Ernzerhof (revPBE)

exchange-correlation functional. Plane-wave basis sets [280] with a kinetic energy

cutoff of 500 eV describe the valence electrons of the system: 11 electrons of Cu
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(3d104s1), 3 of In (5s25p1) and 10 of Pt (5d96s1). 0.1 eV smearing of the Fermi level

was implemented in calculations, as well as (4� 4� 1) k-points to describe surface

structures. Core electrons were replaced by projector augmented wave (PAW) pseu-

dopotentials [6, 337,338]. Relaxation of atomic positions within supercells occurred

until achieving an energy difference of <0.01 eV Å�1.

To ensure computational accuracy, periodic boundary conditions were introduced

for all examined atomic configurations in the x,y and z planes in the case of bulk

structures, and in the in-plane (x and y) directions for the case of surface structures.

In order to ensure the energy of simulated structures achieved a value close to

the global minima, ionic relaxations were performed with fixed lattice parameters.

This ensured the positions of individual ions could shift into a relaxed position

within a fixed area of examined supercells. Though it should be stated that greater

computational accuracy can be obtained by allowing experimental supercells to relax

in the in-plane directions, the lattice parameters in this case were fixed in order to

strike a balance between both computational accuracy and the computational cost

of each ionic relaxation calculation.

To ensure accurately converging results at a viable computational cost, conver-

gence tests were performed at a range of kinetic energy cut-off values to examine the

lowest energy cut-off value with the greatest degree of accuracy. Any wave function

with DFT simulations can be described as a superposition of an infinite number of

plane waves. Computational constrains however, force a limit on such an expansion

within a specified threshold [339]. A balance must therefore be made between the

computational cost of each simulation with the required degree of accuracy, with

any cut-off value providing some small error in the determination of the total en-

ergy of any given system. Conversion tests were therefore performed for each facet

of Cu (100, 111 and 211), as well as sample facets of single atom doped Cu/In,

and Cu/In/Pt surfaces, as shown in Figure 4.1. Convergence test results indicate

a general trend of negligible change between Cu and mono-atomically doped Cu

composite materials, suggesting an identical cut-off energy may be used for each

material. In general, results suggest a cut-off energy of 500 eV to be an acceptable

choice when simulating each Cu facet, as is consistent with the literature [6], with

energy cut-off values varying from the ground state by an average of -0.017 eV, well
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within acceptable limits. Though energy convergence studies suggest no key change

through the inclusion of single atoms of In and Pt, results suggest a facet dependent

variation in the extent of simulated errors, particularly below 500 eV. This likely

occurs as a result of the varying number of atoms tested for each facet, with larger

errors being compounded as additional atoms are examined within the simulation.

Figure 4.1: Energy convergence tests for examined electrocatalyst surfaces. a) Com-

parison of Cu (100), (111), and (211) facets. Comparison of Cu and single-atom

doped Cu/In and Cu/In/Pt for b) (100), c) (111) and d) (211) facets with varying

energy cutoff value, respectively.

The (100), (111) and (211) crystal facets of Cu were modelled as slabs consisting

of 3 atomic layers (4 in the case of the 100 facet) in a (3 � 3) supercell with a 12

Å vacuum perpendicular to the surface. Supercells were modelled in this manner to

better replicate prior results reported by Jedidi et al and expand upon their work

through the inclusion of Pt [6]. Previous studies have shed light on the preferred

local binding of In on Cu surfaces [5,6], by implementing a similar approach, single

73



atoms of Cu were replaced by In for their most preferable binding on (100), (111)

and (211) facets, before then repeating the process for the case of Pt, calculating

the local binding preference of Pt by replacing an additional atom of Cu within the

2nd monolayer of atomically doped Cu/In surfaces.

The electronic energy of specific atoms was calculated when considering the

energy of the following free molecules; graphene for C atoms (e.g. C = 1
4C4), 1

2H2

for H atoms, and H2O�H2 for O atoms.

4.4 Results and Discussion

4.4.1 Electronic Structure of Cu/In/Pt

By developing upon prior methods [5,6], stable configurations of single-atom doping

of In on Cu surfaces were examined via a manual optimisation method. This method

was performed via the simulation of various Cu crystal surfaces [(100), (111) and

(211) facets] wherein a single atom of Cu was replaced by In at varying positions.

By doing so, the most stable configurations of In-modified Cu could be examined

as a precursor to the addition of Pt. Stable configurations were highlighted via an

observed minimisation in replacement energy (Esub), calculated from the change in

energy observed from the following

Cun + In = Cun�1In+ Cu: (4.1)

where Cun is the pure Cu surface, Cun�1In, the In-modified Cu surface, and Cu

and In represent the energy of individual Cu and In atoms, calculated as the atomic

fraction of reference bulk structures.

The chosen crystal facets provided a wide range of potential active sites for In

to influence electrocatalytic behaviour, with the (100) and (111) facets providing

regular, flat surfaces of 3-fold and 4-fold binding sites, respectively. The (211) facet,

by contrast, provided a model of defect and edge sites due to the observed step in

the lattice plane observed at the surface level. By optimising In replacement over a

range of crystal planes in this manner, the stability of In was checked against a wide

range of surface features and atomic densities, allowing for a thorough examination

of its potential effect on CO2RR and HER reaction mechanisms.
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The values of Esub for the various facets, shown in Figure 4.2, can be seen to

demonstrate a clear preference for the replacement of Cu with In on surface sites,

with a difference of over 1 eV in substitution energy between the 1st (1ML) and 2nd

monolayers (2ML) for all considered configurations.

Figure 4.2: Change in free energy due to In doping on Cu surfaces in relation to

undoped Cu, calculated using VASP software. Here a single atom of Cu (orange) is

replaced with In (pink) to demonstrate preferential In binding sites on the a) (100),

b) (111) and c) (211) Cu facets. d) Top-down view of Cu11In9 hexagonal unit cell

developed from prior studies [5, 6].

When comparing the substitution of In on Cu surfaces, it can be seen that In

appears to most favourably bind to the ridge of the step site of the (211) facet, with

Esub = 0.32 eV. By contrast, substitution energy values appear increase for (100)

and (111) surfaces, suggesting In preferentially replaces Cu in regions where Cu is

less densely packed such as at defects sites. One reason for this is likely due to the

larger atomic radii of In (1.42 Å) compared with that of Cu (1.32 Å). This would

further explain why In replaces Cu in a more stable configuration at the surface level

(1ML), as sub-surface layers (2ML) result in In being more densely packed within
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the electrode structure.

Though the (211) facet demonstrates remarkable stability for In replacement,

the (100) and (111) facets show relatively little change in replacement energy by

comparison with each other. Both for the case of the 1ML and 2ML, only a slight

change of up to 0.03 eV was observed, with the (111) facet demonstrating slightly

more stable configurations than that of the (100) facet. Such values were comparable

to the similar case of In replacement on the flat, surface region of the (211) facet,

suggesting a near negligible effect on surface stability for In-modified Cu surfaces on

flat surfaces regardless of 3-fold or 4-fold binding. This would indicate that while

In will initially replace Cu at defect sites, its replacement of Cu on ordered surface

structures is not facet dependent.

By using the substitution energy as a precursor, mono-atomically doped Cu/In/Pt

structures were examined using previously examined Cu/In structures with the low-

est substitution energies corresponding to their most stable configurations for the

(100), (111) and (211) facets shown in Figure 4.2. Though not a true representation

of the experimental system, the examination of Pt binding in this manner sheds

light on local effects for the case of 3 interacting metal centres, examining both the

total effect on surface stability, as well as local charge effects on the adsorption of

key intermediates.

Here individual Pt atoms were introduced into previously studied Cu/In struc-

tures, replacing Cu in the second monolayer (2ML) of the most stable Cu/In con-

figurations for the (100), (111) and (211) facets, as well as replacing surface Cu

(1ML) on similar structures. Similarly as for the case of In-modified Cu surfaces,

this method was employed to examine difference in performance between both sur-

face, and sub-surface Pt deposition in terms of surface stability, but additionally

provided a method of examining possible surface and sub-surface electronic effects

on electrode selectivity resulting from Pt incorporation. For each case, the energy

of substitution (Esub) was calculated as the energy of substitution of the reaction:

Cun�1In+ Pt = Cun�2InPt+ Cu (4.2)

where the value of Cun�1In in the case of each facet was taken to be the

most stable configuration of Cu/In, with the least increase in substitution energy.
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Cun�2InPt here represents the Pt-modified Cu/In structure, as shown in Figure

4.3. Finally, Pt and Cu represent individual atoms of Cu and Pt, the energy values

of which were obtained as an atomic fraction of simulated bulk structures.

Similarly to the case of In replacement, Pt substitution appears most preferable

primarily on surface regions, however changes in substitution energy show only a

slight change when Pt is moved from the first monolayer to the second, with replace-

ment energy values increasing by a maximum of 0.48 eV from that of In-modified

Cu. By comparison with Figure 4.2, this would seem to suggest the replacement of

Cu with Pt produces more stable surface configurations than those produced via the

replacement of Cu with In in similar locations. Such variations are likely due to the

smaller atomic radius of Pt (1.36 Å) compared with In, whereby its incorporation

within lattice structures results in a reduced lattice mismatch than would occur for

In replacement in a similar region.

In terms of minimal energy change, Pt is shown to preferentially replace Cu at

the base of the (211) step site ridge, with a minimal change of 0.15 eV from that

of Cu/In. Similarly, low changes in energy values are observed for the (111) facet,

obtaining a minimal value of 0.16 eV for the case of Pt neighbouring In. Conversely,

substitution energies appear to reach their highest values on the first monolayer

when placed next to In neighbouring Cu for the case of the (100) facet, and on the

ridge of the (211) facet, displaying substitution energies of 0.46 eV and 0.36 eV,

respectively. Such values appear to suggest Pt preferentially replaces Cu in regions

neighbouring In, likely due to its middling atomic radius when compared with that

of Cu and In.

By neighbouring In, it appears to produce more stable configurations by localis-

ing lattice mismatch effects, resulting in a more homogeneous Cu structure overall

than if Pt were to replace Cu at a greater distance from In atoms. This effect ap-

pears most prominently in regions of high Cu co-ordination such as on the 4-fold

binding site of the (111) facet. By neighbouring In in ordered regions such as this, it

suggests that by producing local defect sites through Pt doping, low co-ordination

regions of Cu are produced, providing a more suitable region for the doping of Cu

with additional metal centres, such as In and Pt, to occur. This could addition-

ally account for reduced energy changes observed where Pt is doped within the 2nd
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monolayer, with one dopant producing defects to support the replacement of the

other through the engineering of localised region of low Cu co-ordination.

Figure 4.3: Change in free energy due to Pt doping on Cu/In surfaces calculated

using VASP software. Here a single atom of Cu (orange) is replaced with Pt (grey)

to demonstrate preferential Pt binding sites on the a) (100), b) (111) and c) (211)

Cu/In facets.

4.4.2 H and CO Adsorption on Mono-Atomically Doped Cu

Surfaces

Based on the trends observed in Figures 4.2 and 4.3, suggesting In preferentially

replaces Cu in regions of poor co-ordination, as demonstrated by the low substitution

energies on the ridge of the (211) step site, the impact of mono-atomically doped

Cu was examined to understand the impact of single In atoms on the adsorption of
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key reaction intermediates. The primary focus of the study was on both (100) and

(211) facets for In-modified Cu, and Pt-modified Cu/In. This was chosen to examine

the adsorption preference of key CO2R and HER intermediates both at flat, regular

surface structures, as well as at defect sites. The facets in question were additionally

selected to compare and contrast the behaviour of the surfaces which consistently

demonstrated the highest [(211) facet], and lowest [(100) facet], stability.

The examination of facet dependent mechanisms toward multi-carbon products

has seen considerable progress [340–343]. These studies have confirmed the surface

dependent nature of the formation of specific CO2 reduction products. In particular,

it has often been shown that both the flat (100) facet, as well as stepped surfaces

such as the (211) facet provide a more favourable environment for the formation

of multi-carbon compounds such as C2H4 and C2H5OH [198, 244, 265]. The (111)

facet however, has often been shown to more favourably produce CH4 as its major

product [147].

Figure 4.4: Comparison of relative hydrogen adsorption energies on optimised Cu

as well as single-atom modified Cu/In and Cu/In/Pt surfaces. Energy values shown

in the Figure demonstrate �E, the electronic energy of the system minus that of

the clean slab, calculated as �EH = Eslab+H � Eslab � EH , where EH = EH2
2 .

Results shown in Figure 4.4 demonstrate a similar trend to reported results [6],

suggesting H adsorption to most likely occur around the stepped site of the (211)

lattice, displaying a more favourable negative adsorption energy of -0.16 eV when
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present inside the hollow of the 3-fold binding site on Cu. As values for the (100)

facet show consistently more positive adsorption energies, this could suggest that H

binding is most likely to occur on or near poorly coordinated regions such as kinks,

steps and defects. When Cu is replaced with In however, the adsorption energy is

shown to shift to a far more positive value (+0.29 eV), suggesting H will more likely

avoid interacting with In. This further supports the literature on the adsorption

habits of Cu/In structures, supporting the notion that In possesses a low affinity for

H adsorption, which often results in poor HER activity on In electrodes [344–346].

The adsorption of H was further examined on Cu/In/Pt surfaces. In each case,

the most stable configuration of Cu/In/Pt was selected from the (100) and (211)

facets examined in Figure 4.3. Due to the increased complexity of the system, a

greater number of configurations and active sites were investigated, as can be seen

in Figure 4.4.

Results appear to indicate a number of changes are introduced through the mono-

atomic doping of Pt on previously studied Cu/In systems. Pt-modified Cu/In (100)

surfaces, for example, demonstrate an improved binding of hydrogen when H adsorbs

on surface Pt. This trend is consistent with the published literature [11, 347, 348],

wherein Pt has often demonstrated a strong affinity toward HER, producing high

concentrations of hydrogen over carbonaceous products such as CO and C2H4, sup-

porting the notion that Pt can easily adsorb hydrogen at the electroactive surface.

This improved adsorption appears to persist even for the case of Pt neighbouring In

on the (100) surface, displaying a favourable H adsorption energy of -0.16 eV.

Due to the vastly more negative adsorption energy observed for H on Pt, this

would appear to suggest that In demonstrates no major impact on Pt’s high HER

affinity. It could therefore be said that the impact of In on the adsorption of H on

tri-metallic electrodes is limited to morphological effects based on its position on

the surface, as opposed to electronic effects, such as promoter effects introduced by

its proximity to Pt and Cu atoms. This appears largely consistent with studies of

Cu/In electrodes, which previously indicated the role of In on bi-metallic electrodes

to be that of a poison for HER active sites [5, 6] whilst posing a negligible impact

on the electronic properties of the Cu bulk.

Similarly to that of In, the impact of Pt doping at the electrode surface appears
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to show little impact on the adsorption of H atoms not otherwise adsorbed on

Pt itself. For H adsorbed on surface Pt atoms on the (100) facet, the resulting

adsorption energy is notably more negative than for both values obtained for pure

Cu, as well as for Cu sites on the Cu/In/Pt surface, demonstrating an observed

difference of -0.15 eV from even the most favourable site on the pure Cu (100)

surface. For H adsorbed on neighbouring Cu sites however, the observed adsorption

energy demonstrates only a slight change from that of pure Cu, with only a slight

decrease of -0.02 eV. This would suggest the improved binding of H is limited only

to local Pt regions, rather than providing a general improvement in H adsorption

to neighbouring Cu atoms. This can be observed by a similar trend in adsorption

energies for H adsorbed on Cu sites for both Cu/In/Pt and pure Cu.

Similarly, the adsorption of H remains strongly rejected from In despite the

presence of Pt, with In active sites consistently demonstrating adsorption energies

of >+0.50 eV regardless of Pt positioning. This would therefore suggest Pt dop-

ing demonstrates a limited impact on H adsorption through local electronic effects

through. It could rather be stated that observed changes in HER selectivity are

likely the result of the presence of surface Pt and its strong affinity toward hydro-

gen formation under electrolysis conditions as opposed to any observed electronic

changes in either Cu or In.

By contrast, the effect of Pt doping on neighbouring Cu atoms appears more

prominent for the case of sub-surface replacement of Cu with Pt. Here it can be

observed that for H adsorbed on Cu atoms above the Pt doping region, the ad-

sorption energy becomes strengthened, with 2-fold binding sites demonstrating an

improvement from +0.07 eV to -0.02 eV for the case of Cu/In/Pt. Such changes

likely occur due to the tensile strain placed on the Cu atoms by the deformation of

the local lattice structure due to Pt doping.

This effect of strain has previously been shown to introduce notable changes

in adsorption energies [349–351], with its effects often being rationalised via the

d-band model [352]. This effect of strain likely accounts for the weakening of H

adsorption on Cu/In/Pt (211) surfaces, with Pt positioned beneath the ridge site of

the lattice influencing the system through the compressive strain on neighbouring

Cu, restructuring the neighbouring step site into a flatter, more well coordinated
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region of Cu. Similarly, the compression of Pt by neighbouring Cu beneath the (211)

step site appears to affect H adsorption, resulting in a 0 eV binding energy for the

(211) facet, as compared to the (100) adsorption energy of -0.15 eV observed.

Overall, results appear to indicate a surface dependent mechanism of tailoring

H adsorption, whereby local morphological effects can influence the impact of HER

on electrocatalyst surfaces through via atomistic properties and local strain effects.

Following the examination of H adsorption on modified Cu/In/Pt surfaces, the

adsorption of CO was similarly examined on identical crystal structures of Pt mod-

ified Cu/In. The adsorption of CO has previously been shown to be a key, rate-

limiting step in the formation of carbonaceous products through CO2 reduction

[155, 185], following which each subsequent reaction step toward larger carbona-

ceous products has been observed to be more energetically favourable following the

initial reduction of CO2.

By examining CO2R at the rate-limiting step, we aimed to examine surface

dependent mechanisms in the formation of electrochemical CO2 reduction products

introduced through localised Pt doping. Here pure Cu (100) and (211) structures

were compared with that of single-atom doped Cu/In and Cu/In/Pt surfaces, as

shown in Figure 4.5.

CO demonstrates a clear trend in being energetically unfavoured on Cu (CO

does not adsorb on Cu) in the absence of an applied potential, consistent with prior

studies [6,251]. Within this framework however, adsorption of CO is less unfavoured

on the (211) step site (+0.86 to +0.92 eV) to that of the flat (100) facet (+1.00 to

+1.03 eV). The adsorption of CO additionally shows little change at similar active

sites despite the inclusion of In, with step site adsorption shifting from +0.86 eV to

+0.85 eV. The adsorption of CO on In however, appears highly unfavourable, with

CO adsorption shown to be +1.61 eV for the case of Cu/In.

Similarly to the case of H adsorption on Cu/In/Pt (100) surfaces, CO appears

more favourably adsorbed on surface Pt, with observed adsorption energies reach-

ing as low as +0.41 eV, up to 0.59 eV lower than that of the most favourable Cu

sites. This once again demonstrates firm agreement with the cited literature, as Pt

has often demonstrated a strong binding of CO molecules during adsorption, often

resulting in the over-binding of CO, resulting in Pt’s high selectivity toward HER
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Figure 4.5: Comparison of relative CO adsorption energies on optimised Cu as well

as single-atom modified Cu/In and Cu/In/Pt surfaces. Energy values shown in the

Figure demonstrate �E, the electronic energy of the system minus that of the clean

slab, calculated as �ECO = Eslab+CO�Eslab�ECO, where ECO = EC
4 �EH2O�EH2).

under potential [11,97]. This improved binding of CO however, once again does not

extend beyond individual Pt atoms, with neighbouring Cu atoms demonstrating

adsorption energies on a similar scale to that of pure Cu. For the case of the (211)

facet, a similar weakening of the binding energy of CO is observed, similar to the

effect observed for that of H.

This effect appears similar to that observed for H adsorption previously. Here it

appears likely that CO adsorption is influenced due to compressional effects intro-

duced by the addition of a larger metal centre at the base of the step site, narrowing

the inter-atomic distance of neighbouring atoms. The resulting effect of this appears

to be an observed downward shift of the d-band centre further from the Fermi en-

ergy [349]. The effect of Pt incorporation in regions neighbouring In additionally

appears to provide little effect on its unfavourable adsorption of CO, further sup-

porting evidence that the effect of Pt on the system is likely limited to predominantly

morphological effects for cases in which adsorbates are not directly adsorbed on Pt.

It should however be noted that the impact of electronic effects from neighbouring

Pt atoms can not be ignored. Though results would suggest a larger role due to in-

duced strain, this could provide an interesting future avenue of research to examine
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the interplay between both electronic and morphological effects, and to what degree

each may prove more prominent in affecting adsorption behaviour under particular

circumstances.

Overall, results suggest that Pt may be used to directly impact modified Cu/In

surfaces, however its effect on adsorption is chiefly linked to its location within the

lattice. Surface Pt demonstrates stronger binding of both H and CO, however the

alteration of Cu binding energies are observed only to occur for cases in which Pt

atoms actively impose strain on the system.

The location of Pt plays a key role in dictating the shift in adsorption, with sub-

surface Pt on the (100) facet having been shown to improve H adsorption through

induced tensile stress. This effect however was not observed to play a strong role on

the effect of CO adsorption.

By contrast, Pt incorporation at the foot of step sites, both on or beneath the

surface, resulted in a weakening of both CO and H. This was likely due to com-

pressive stress resulting from the mismatch in atomic radius, pressing neighbouring

Cu outward and against neighbouring Cu, as opposed to lifting and separating Cu

atoms as was the case for Pt deposited within the 2ML of the (100) facet.

4.4.3 Electronic Structure of Cu/In/Pt Electrodes via DOS

Calculations

Though mono-atomically doped Cu can prove an effective tool in examining precise

adsorption effects on given active sites through the incorporation of additional metal

centres, a broader overview of the electronic properties of catalytic surfaces can be

examined through the examination of their respective DOS. Herein we examine the

effects of both In and Pt incorporation on Cu surfaces.

For the case of Cu/In, a bulk structure of Cu11In9 was examined, due to its similar

surface atomic percentage (45%) to that of highly selective bimetallic electrocatalysts

cited in the literature [5, 6, 65]. This additionally served as a key method to verify

the accuracy of simulations against prior studies [5,6]. For the case of Cu/In/Pt, two

theoretical structures were devised, the first of which being a BCC crystal structure

derived from AFLOWLIB archival structures consisting of an equal concentration

of Cu, In and Pt metal centres [353–355]. Secondly, an interfacial Cu/In/Pt (100)

84



surface was devised by simulating Cu/In/Pt as a system of nanowires with 12 Å

vacuum perpendicular to the surface.

Bulk structures were examined using a dense (8� 8� 8) K point grid, with the

Cu/In/Pt interface being examined using a (8�8�1) K point mesh to avoid surface

interaction between projected layers. Such structures, pictured in Figure 4.6, were

examined to highlight both the electronic effects imposed by Pt when integrated

throughout the bulk of Cu/In electrocatalysts, as well as to simulate sub-surface

deposited Pt on Cu/In electrodes.

Though the former describes an extreme case of interfacial layers difficult to

manufacture experimentally, it may provide a molecular scale model of interfacial

systems, highlighting electronic effects produced as a result of the formation of

interfacial layers.

Figure 4.6: Density of states of Cu, Cu11In9, in addition to CuInPt bulk and

Cu/In/Pt interfacial surfaces (left) with their corresponding geometries (right).

In each case, projections of the s, p and d-orbitals were examined in comparison

to the complete DOS of the system in question. For the case of Cu11In9, it can be

observed that the total DOS is primarily formed as a result of the d-orbitals of Cu,

with In playing no major role in the electronic properties of Cu11In9. This likely

because the d-band of Cu is completely filled and its d-band centre is placed well

below the Fermi-level, resulting in little effect due to In incorporation [356, 357].
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The d-band edge for the case of Cu11In9 however, demonstrates a notable shift to

a lower energy state, as well as a narrowing of the total DOS by approximately

1 eV. This most likely occurs as a result of a lowering of the number of Cu-Cu

bonds present within the electrocatalyst material rather than prominent electronic

effects derived from the In atoms themselves [6]. DOS results for Cu11In9 supports

the hypothesis that In has only a minor impact on the electronic properties of the

bimetallic electrocatalyst, with any observed changes in performance occurring as

a result of the modification of active sites through topological effects, such as by

obscuring active sites.

A similar pattern can be seen for the case of the Cu/In/Pt interfacial structure,

whereby the total DOS appears to be largely dominated by the d-orbitals of Cu.

It should be noted however that for the case of the Cu/In/Pt interface, no major

shift in the d-band edge, nor in the narrowing of the total DOS is observed. This is

possibly largely due to the increased proportion of Cu to both Pt and In beneath the

interfacial layer, resulting in an electronic structure more strongly mimicking that

of pure Cu than Cu11In9. It could be inferred from such results that small quantities

of Pt therefore demonstrate little influence on the electronic properties of Cu/In/Pt

electrodes.

Additionally, due to the regular distribution of Pt as an interfacial layer, it

appears likely that an ordered structure is produced, with minimal strain imposed

to influence the performance of the surface layer of Cu/In when compared with the

single atom doped Cu/In/Pt cases previously examined. The effect of Pt rather,

appears most prominently for CuInPt bulk systems, with Pt largely contributing

toward the formation of the d-band edge.

Pt incorporation ordinarily influences Cu through an up-shift in the d-band edge,

resulting in enhanced binding energy of reaction intermediates such as hydrogen,

often resulting in CuPt electrodes being implemented for HER [358]. The incorpo-

ration of In within the bulk however, appears to produce a similar effect as that

observed for Cu11In9, with the d-band edge experiencing a slight down-shift as a

result of the lower concentration of Cu-Cu, Pt-Pt, and Cu-Pt bonds. It could there-

fore be concluded that by optimising Cu, In and Pt ratios within such structures,

that the d-band may be tuned to a middling binding energy more effective for the
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formation of C-C bonds during CO2 reduction.

Preliminary work was additionally undertaken examining variations along the

pathway to ethanol and ethylene, as outlined by Calle-Vallejo et al [198]. By consid-

ering the C2 pathway from the initial adsorption of CO dimers, the reaction process

was examined for both the formation of C2H4 and CH3CH2OH. In each case, en-

ergy variations between adsorbed species were calculated via adsorption energies

observed on the Cu (100) facet. Adsorption energy calculations were performed for

3 � 2 Cu (100) supercells in each case, consisting of 3 atomic layers, with 19 Å

vacuum perpendicular to the active surface. The adsorption energies in question

were calculated as

�E = E�C2O2�xHn�2x + xEH2O � E� � 2ECO �
n
2
EH2 (4.3)

where each reaction step was calculated with respect to CO* and the number of

transferred electrons as

�+ 2CO + n(H+ + E�)! �C2O2�xHn�2x + xH2O: (4.4)

DFT calculations were outlined using the revised Perdew-Burke-Ernzerhof (revPBE)

exchange-correlation functional. Plane-wave basis sets [280] with a kinetic energy

cutoff of 500 eV were used to describe the valence electrons of the system. 0.1 eV

smearing of the Fermi level was implemented in calculations, as well as (4� 6� 1)

k-points to describe Cu structures. Core electrons were replaced by projector aug-

mented wave (PAW) pseudopotentials [6, 337, 338]. Relaxation of atomic positions

within tested geometries occurred until achieving an energy difference of >0.01 eV

Å�1 in each case.

Results shown in Figure 4.7 indicate a clear downhill pathway following the ad-

sorption of CO dimers, reinforcing the hypothesis of Calle-Vallejo that the greatest

barrier toward higher order hydrocarbon formation from CO adsorption is the ini-

tial coupling of carbon atoms. The subsequent protonation of adsorbed *OCCO

describes an energetically favourable process toward the formation of C2 hydro-

carbons and alcohols, suggesting the adsorbed CO dimer to be stabilised on the

Cu (100) facet. Surprisingly, results suggest the formation of ethanol to be more

energetically favourable than that of C2H4, suggesting the more selective conver-
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Figure 4.7: DFT Analysis of adsorption energies toward the formation of multi-carbon

compounds on Cu (100) surfaces.

sion of CO2 to alcohols over higher order hydrocarbons on Cu. The formation

of C2H4 has often proven more favourable under reaction conditions than that of

C2H5OH [198, 359, 360], the selective formation of C2H5OH over that of C2H4 has

however, been shown to be linked to the stabilisation of the CH2CHO intermedi-

ate, with C2H5OH having been demonstrated to be more preferably produced where

CH2CHO is stabilised at the electrode surface [361]. Thus, the preference toward

C2H5OH likely occurs in this case due to the strong stabilisation of CH2CHO ob-

served on the Cu (100) facet.

This variation from previously published results by Calle-Vallejo [198], therefore

suggests an avenue of interesting further study, with the role of the CH2CHO in-

termediate stabilisation suggesting a method of selectivity manipulation by better

understand how this intermediate adsorbs to the electrode surface, for example, if it
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may be further stabilised through the use oxyphilic dopant materials or active sites

to more securely maintain CH2CHO’s presence at the electrode surface.

4.5 Summary

DFT simulation of mono-atomically doped Cu/In surfaces suggested the introduc-

tion of small quantities of In suppressed HER by their preferential replacement of

Cu at regions of low Cu co-ordination such as defect and step sites, effectively re-

ducing the number of available active sites for the promotion of HER with only a

slight reduction in the overall binding energy of CO.

By incorporating individual atoms of Pt on optimised single atom doped Cu/In

surfaces, we uncovered structure sensitive adsorption effects as a result of locally

induced strain due to the formation of point and lattice defects. Here it was found

that by incorporating individual atoms of Pt beneath the Cu/In (100) surface, the

induced tensile strain would improve hydrogen adsorption, whilst similar placement

both at the base of the (211) step site, and beneath the surface of the (211) facet,

would result in the opposite. Overall results suggested the adsorption of CO follows

a similar trend to that of H in terms of variations in adsorption energy through

Pt incorporation. This appeared to suggest a strong link between both HER and

CO2R active sites, suggesting CO adsorption can be tuned through the engineering

of defect and step sites on the (100) facet, improving adsorption at the cost of an

observed improvement in H adsorption from similar active sites.

Furthermore, we examined the density of states (DOS) effects of In doping by

comparing the DOS of Cu, Cu11In9 and CuInPt bulk, as well as examining interfa-

cial Cu/In/Pt structures. Here the projection of s, p and d orbitals of Cu and In

indicated the total DOS is dominated by the d-orbitals of Cu for the case of Cu11In9

and the Cu/In/Pt interface, whilst CuInPt bulks demonstrated a strong influence

from Pt incorporation on the positioning of the d-band edge.

Results strongly suggest that for the case of Cu/In electrocatalysts, Cu remains

as the predominant material driving CO2RR, with In effectively acting as a poi-

son, blocking active sites, inhibiting HER at the cost of a slight reduction in the

binding energy of CO, resulting in its formation as the major reduction product.
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By extension, results appear to suggest that the inclusion of Pt within Cu/In/Pt

surfaces may be used as a method of electrode optimisation through tailored defect

engineering within sub-surface regions. In general however, results indicate the use

of Pt remains more effective in improving the selectivity of HER over CO2R, with

Pt continuing to demonstrate more favourable H adsorption both when placed atop

the surface, and when tailoring the binding of Cu when used to produce poorly

coordinated Cu regions when placed beneath the electrode surface.
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Chapter 5

Strategic Design of Tri-Metallic

Structure Electrocatalysts for

Prompting Enhanced Charge

Transfer Effects in the

Electrochemical Reduction of CO2

5.1 Abstract

The lack of availability of efficient, selective, and stable electrocatalysts is a major

hindrance to the scalability of the CO2 reduction processes. The use of Cu with

Indium (In) and Tin (Sn) to form bimetallic composite electrocatalyst materials has

been shown, from our pioneering work, to greatly improve selectivity of CO2 reduc-

tion through changes in morphology and electronic structure [5,6,56]. Such changes

were a result of the suppression of the HER, whilst showing only a slight weakening

of the adsorption energy of CO. Due to the mild poisoning of active sights through

In incorporation however, CuIn electrodes have previously demonstrated only mild

current densities. By incorporating highly conductive Pt within the electrode back

contact GDL, we aim to develop upon prior electrocatalyst designs by overcoming

this key limitation of electrode activity. Herein, we report a pioneering study into the

dynamics of cutting-edge tri-metallic electrocatalysts, providing activity enhanced

electrodes through Pt incorporation. Experimental results demonstrate how the

incorporation of nano-thickness interfacial Pt layers within the catalyst bulk pro-

vide a facile method of activity control within a given range. Using a Pt-enriched

GDE layer, current densities up to -204 mAcm�2 at -1.5 V vs RHE were observed,
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demonstrating a 183% improvement in electrocatalyst activity over that of Cu2/In.

Pt deposition within 2 �m of the electroactive surface additionally demonstrates

highly consistent partial current densities for CO2 reduction products over a 24

hour period, suggesting Pt incorporation to provide minimal reduction in electrode

stability with prolonged use. The study herein provides a cutting-edge method of

enhancing electrocatalytic performance of previous Cu2O/In electrocatalyst designs

through tailored, sub-surface Pt layer deposition.

5.2 Introduction

The looming impact of climate change has, for many years, posed one of the greatest

threats to modern society. The resulting greenhouse gasses produced via the burning

of dwindling fossil fuel supplies to meet global energy demands have resulted in

the release of extreme quantities of CO2 into the atmosphere [362]. According to

a 2023 report by the International Energy Agency (IEA), global CO2 emissions

amounted to approximately 36.8 Gt in 2022, increasing by 0.3 Gt from the previous

year [363]. With such large quantities of CO2 being continuously pumped into the

atmosphere, global atmospheric CO2 are predicted to rise considerably, with a 2022

atmospheric CO2 concentrations reaching 417.3 ppm [362], and predictions set to

see CO2 levels to continue to rise throughout the next few years. With such bleak

future predictions for the global environment, the need for action against climate

change has become increasingly clear. Though clear progress has been made in

the development of more effective carbon capture, there remains the issue of both

storing and implementing captured CO2 in a way that will limit the release of

greenhouse gasses back into the atmosphere. The reduction of CO2 via photo-

thermo, and electro-chemical methods could provide a core role in the fight against

climate change due to its ability to produce a cyclical carbon economy, through

which captured CO2 may be recycled for use as a hydrocarbon fuel feedstock to

power current infrastructure. Additionally, the implementation of CO2 reduction

fuel cells in tandem with renewable technologies could provide a method of storing

otherwise waste energy produced by renewables at off-peak times in the form of

portable and energy-dense chemical bonds.
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In recent years, the reduction of CO2 via electrochemical methods, in partic-

ular, has begun to see notable interest within the field of electrochemistry due to

its ability to reduce CO2 to fuels and value-added chemicals under ambient condi-

tions [22,112–115]. The electrochemical reduction of CO2 however is still an emerg-

ing technology which has yet to be implemented regularly on an industrial scale.

Significant challenges currently limit electrochemical CO2 reduction to lab-scale op-

eration including, issues regarding energy efficiency of the electrochemical fuel cells,

limited reaction selectivity both between CO2 reduction (CO2R) products and with

the competing hydrogen evolution reaction (HER), as well as overall CO2 conversion

rates. In most cases, such issues arise as a result of the material properties of the

cathodic electrocatalyst material, thus before carbonaceous fuels produced via the

reduction of CO2 can be considered as a viable method of energy storage, each of

these challenges must first be addressed [22,51].

A key method in the development of next-generation electrocatalysts is in the

incorporation of additional metal centres on Cu-based electrocatalyst surfaces [1–6].

Each material in turn come with their own merits and sustainable issues. In order to

upscale electrochemical CO2 reduction to be a cost-effective process, the combina-

tion of multiple non-noble metal bimetallic electrocatalysts such as Cu/In [5,6,364]

and Cu/Sn [56, 64, 98] have been seen to offer a practical solution in implementing

electrocatalysts on an industrial scale. Cu/In and Cu/Sn electrocatalysts in par-

ticular have been shown previously to drastically suppress HER in favour of CO.

Hang et al. [65] for example, demonstrated a composite, bimetallic Cu/In electro-

catalyst capable of producing greater than 90% Faradaic efficiency (FE) toward

CO formation, with only �5% of the total FE being leeched by competing HER.

By comparison with prior works examining non-doped oxide derived Cu (OD-Cu)

electrocatalysts, this demonstrates a considerable improvement in the suppression

of HER, with OD-Cu having been shown to produce upwards from 46% hydrogen

under similar operating conditions, drastically hindering the selective formation of

carbonaceous products such as CO [18,365].

Cu/In-based electrocatalysts however, are often hindered by both their low bind-

ing energy of CO and mild activity which often hinders their effectiveness in pro-

ducing multi-carbon compounds at industry relevant current densities. The key
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reasoning behind this has been linked to the inclusion of In, whereby In incorpora-

tion results in both the slight reduction in the adsorption strength of CO, as well as

a reduction in the number of surface active sites, resulting in an overall reduced per-

formance in both the selectivity toward higher-order products, and electrocatalytic

activity, respectively [6].

By limiting the overall number of active sites at the electrode surface, the incor-

poration of In at the surface of Cu-based electrocatalysts limits charge transfer at

the electrode surface. The remarkable ability of Cu/In electrodes to suppress HER

however is unprecedented, and tackles one of the major hindrances in developing

electrodes selective toward CO2R. It was therefore concluded that a novel approach

to improved charge transfer could therefore be address beneath the electrode surface

rather than at the electroactive surface.

Though often overlooked for use in electrochemical CO2 reduction due to its

high selectivity toward hydrogen [120] as a result of CO over-binding [11, 97, 260],

Pt was selected for use in improving electrocatalytic activity of Cu2O/In electrodes

due to its remarkably high conductivity (9:43 � 106 Sm�1) in comparison to both

the oxide electrocatalyst material, and the carbon paper GDL. By incorporating

high-conductivity materials such as Pt beneath the electrode surface, particularly

at points of high resistance such as at the gas diffusion layer, it was anticipated

that electrocatalytic activity would be greatly enhanced through the more efficient

transfer of charge, resulting in an electrode material both active and selective toward

CO2R.

Herein we examine the effect of Pt deposition beneath the electroactive surface

of Cu2O/In electrodes and present a cutting-edge, activity enhanced tri-metallic

electrode through tailored Pt deposition depth. Through electrochemical analysis,

we examine novel electrodes in terms of their applications to overcome key chal-

lenges within the field of electrocatalysis, examining their performance in terms of

3 key factors: selectivity, activity, and stability. From the results presented herein,

we demonstrate a universal method of activity enhancement over previous electro-

catalyst designs through Pt incorporation within the GDL, moving one step closer

toward producing CO2 reduction electrocatalysts viable for use on an industrial

scale.
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5.3 Experiment Optimisation

5.3.1 Preparation of Cu2O/In/Pt Electrodes

Initially, Cu2O powders were synthesized through a hydrothermal method, as out-

lined in section 3.2.1. Powders extracted following synthesis demonstrate similar

XRD profiles to that of commercial Cu2O, as shown in figure 5.1, with peaks in

each case largely matching those of Cu2O. SEM images of synthesized Cu2O show

the formation of octohedral Cu2O structures following hydrothemral synthesis, with

octohedral faces observed to be up to 6 �m across.

By contrast, commercial Cu2O shows more angular and irregular features, with

grain sizes reaching up to 27.5 �m across. It should be noted however, that the

average grain size observed for commercial Cu2O appears to be far smaller than

this, with most grains reaching only up to around 7.5 �m across.

Despite the observed success of the hydrothermal synthesis of Cu2O, commercial

Cu2O was selected for the synthesis of Cu2O/In, and Cu2/In/Pt electrocatalysts,

due to the low product yields observed for synthesized powders for the time taken to

produce it. The synthesis process produced on average, only 80 mg of Cu2O over a

period of several days, resulting in only enough Cu2O to produce up to 4 electrodes

under ideal conditions. Commercial Cu2O, by contrast, was readily available and

provided an ample feedstock through which electrocatalysts could be produced in

an efficient and timely manner.

5.3.2 Electrochemical Analysis

The key role of both electrolyte species and pH has been well documented in its

effect on CO2 reduction electrocatalysts [171–175]. Due to this, a necessary step to

optimise the operating conditions within the fuel cell was taken via the examination

of Cu2O/In/Pt electrodes under various electrolytes and pH’s. A series of four

electrolyte solutions were prepared: 0.1 M KHCO3 (pH 8.55), 0.5 M KHCO3 (pH

9.04), 0.1 M KOH (pH 13.02), and 1.0 M KOH (pH 13.78).

To examine their effect thoroughly on Cu2O/In/Pt electrodes, electrocatalysts

were prepared at various Pt deposition depths (8, 7 5, 3 and 2 �m), with Pt being

depositing via sputtering at a thickness of 10 nm, as outlined in figure 3.3. For all
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Figure 5.1: Comparison of cuprous oxide powders for use in Cu2O/In/Pt electrodes.

a) SEM image of hydrothermally synthesized Cu2O, b) corresponding XRD spectra for

synthesized powders, c) SEM image of commercial Cu2O (Sigma-Aldrich, � 99:99%),

and d) XRD spectra observed for commercial Cu2O.

electrodes examined in this case, In was deposited via an electrochemical sponta-

neous precipitation (ESP) method, as outlined in section 3.2.3. Each electrode was

examined via cyclic voltammetry within a potential range of -2.0 to 0.5 V vs RHE,

with a scan rate of 50 mVs�1 in each case. Electrodes were examined in both N2 and

CO2 saturated atmospheres to examine initial electrochemical behaviour under both

inert and reaction conditions, maintaining fixed gas flow rates as mentioned previ-

ously. Results shown in figure 5.2 demonstrate the observed voltammetry profiles of

each electrode following 3 cycles under experimental conditions described above.
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Figure 5.2: Cyclic voltammetry profiles of novel ESP prepared Cu2O/In/Pt elec-

trodes, prepared at various depths of 8, 7, 5, 3 and 2 �m Pt deposition. a) Reduction

profile of first 3 cycles for 8 �m deposited Pt on Cu2O/In/Pt electrocatalysts in N2

atmosphere in 1.0 M KOH electrolyte, a) Reduction profile of first 3 cycles for 8

�m deposited Pt on Cu2O/In/Pt electrocatalysts in CO2 atmosphere in 1.0 M KOH

electrolyte. CVs were examined in N2 saturated atmosphere for a) 0.1 M KHCO3,

b) 0.5 M KHCO3, c) 0.1 M KOH, and d) 1.0 M KOH electrolytes. Additionally, CV

experiments were performed under CO2 atmosphere for e) 0.1 M KHCO3, f) 0.5 M

KHCO3, g) 0.1 M KOH, and h) 1.0 M KOH.

In terms of activity, it can be seen that more alkaline electrolyte, such as 1.0

M KOH consistently results in drastically improved catalytic activity regardless of
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Pt sputtering depth, gaseous environment, or applied potential, with 1.0 M KOH

demonstrating up to a 10� higher current density than weaker alkaline electrolyte so-

lutions. This would appear to suggest 1.0 M KOH to be the most suitable electrolyte

of those examined for use in electrochemical testing, providing a more optimised and

active electrochemical system able to achieve activity levels more effective for use

on an industrial scale.

Surprisingly, Cu2O/In/Pt electrodes appear to demonstrate a relationship be-

tween both Pt deposition depth, and pH, whereby Cu2O/In/Pt electrodes in which

Pt is deposited nearer the base of the electrode, i.e. at 7 and 8 �m, demonstrate a

more rapid increase in current density than their counterparts as the alkalinity of the

electrolyte solution increases. This could likely be the result of a more conductive

interface between the electrode GDL and the fuel cell current collector, resulting in

the more efficient transfer of charge. When introduced to a more alkaline electrolyte,

it appears likely that higher conductivity electrodes such as 7 and 8 �m Cu2O/In/Pt,

demonstrate a greater degree of enhancement through both an increased concentra-

tion in positive charge carriers within the electrolyte, coupled with a more efficient

supply of negative charge carriers from the external power source. This would ad-

ditionally suggest why 5 �m Cu2O/In/Pt electrodes appear to perform poorest, as

Pt is deposited closest to the centre of the electrode, where any probable impact on

surface characteristics, or on the overall conductivity of the electrode back contact

are most reduced.

Due to the high current densities observed following pH optimisation tests, 1.0 M

KOH solution (Thermo Scientific, 85%) was employed throughout both as catholyte

and anolyte. In each case, a 3-electrode gas-diffusion electrode (GDE) system based

on previously published designs [18] was 3D printed in-house and employed using

an Hg/HgO alkaline reference electrode (RE-61AP, Basi, 1.0 M NaOH, 0.098 V vs.

SHE) and Pt wire as the counter electrode (Sigma-Aldrich, 7.5 cm). All applied

potentials reported were converted to the reversible hydrogen electrode (vs RHE),

unless otherwise stated. The incorporation of a GDE electrochemical cell was pri-

marily implemented due to the drastic improvements in catalyst activity as a result

of improved CO2 coverage, with the design posed having previously demonstrated

drastic improvements in current density of 200 mAcm�2 at mild potentials of -1.17
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V vs RHE. To ensure a clear separation of cathodic and anode chambers, a cation

exchange membrane (CEM) (Fumapem, F-950), minimising recombination reactions

to form CO2 from previously reduced products under potential.

Initially, electrochemical experiments were performed in a static electrolyte sys-

tem in order to minimise kinetic forces which may have otherwise resulted in the

forced removal of adsorbed species from the electrode surface. By limiting exter-

nal factors it was believed carbonaceous intermediates could be housed in a more

stable environment for the formation of higher order products such as ethylene and

ethanol. A key limitation of this strategy however can be observed in figure 5.3,

in which sudden losses in current were observed between 20-25 minutes under con-

tinuous operation when performing initial tests using ESP deposited Cu2O/In/Pt

5�m electrodes at -1.25 V vs RHE in 0.1 M KHCO3 electrolyte. Pt depth, elec-

trolyte concentration, and applied potential in this case were selected as arbitrary

values to first examine the electrochemical cell performance in a static electrolyte

configuration.

Figure 5.3: Chronoamperometry results for ESP deposited Cu2O/In/Pt electrodes

with a Pt sputtering depth of 5�m from the electroactive surface. CA was performed

at a constant voltage of -1.25 V vs RHE for a period of 1 hour in 0.1 M KHCO3

electrolyte.
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This sudden decrease in current was believed to be due to a combination of charge

carrier depletion across the cell, as well as the growth of a capacative double-layer

developing at the electrode, vastly limiting the transfer of charge from the electrode

surface into the cell. This resulted in a drastic loss in cell activity as the migration

of charge carriers became less favourable over time.

Prior studies however, have demonstrated considerably higher stability for both

Cu-based and Cu/In electrodes [5,60,65,366,367], with most designs demonstrating

stable current densities for periods of several hours. Due to the low stability observed

in a static electrochemical cell, it was suggested that the GDE system employed

could be further optimised to provide valuable long-term stability data through the

incorporation of a continuous, fresh supply of electrolyte throughout electrochemical

experimentation.

This constant supply of fresh catholyte was provided to the cell via a peristaltic

pump, designed in-house using smart digital 30 A PwM DC motor remote speed

control unit equipped with 4 Gikfun 12 V peristaltic liquid pump dosing pumps,

was employed. Its use both ensured homogeneous local pH throughout, as well as

to continually remove liquid products, maintaining reaction equilibrium through a

continuous supply of fresh electrolyte.

5.3.3 Electrochemical Spontaneous Precipitation of In

In was initially deposited on each electrode via Electrochemical Spontaneous Pre-

cipitation (ESP) as shown in figure 3.1. This method provided a facile method of

In doping and had previously demonstrated considerably high CO selectivity [65].

SEM images of ESP deposited Cu2O/In/Pt 2 �m Pt electrodes shown in figure 5.4

demonstrate a clear change in surface morphology following ESP. The large, angular

micro-grains of Cu2O, up to 13.5 �m across, appear to restructure during the ESP

process, shifting toward densely packed clusters of spherical micro-particles � 1 �m

in diameter.

Morphological changes are likely the result of the reduction and restructuring

of Cu2O under potential, as was previously observed within Hang et al’s work [65].

EDS spectra however indicates that for an identical deposition time as was proposed

within the literature, a significantly lower surface coverage of In is observed, with a
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In-Cu ratio of 0.045 following 25 minutes deposition, resulting in 1/10th the value

cited in the literature. A DFT study by Jedidi et al. [6] indicated the preference

for In to deposit on Cu surfaces in regions of low coordination. Given the large

grain size observed for the produced Cu2O prior to ESP, this suggests that lower In

concentrations could be due to a more limited number of defect sites, thus resulting

in a less nurturing environment for In deposition on the OD-Cu surface during the

deposition process. Similarly, XRD results shown in figure 5.4 supports EDS results,

displaying only Cu2O and CuO peaks, with no clear presence of In observed across

the electrocatalytic surface.

Due to the low In concentrations observed, the method of deposition was altered

to provide a greater current by which to facilitate the transfer of In ions to the

electrode surface. Electro-deposition was thus employed as an alternative method,

as outlined in section 3.2.3.

5.4 Results and Discussion

5.4.1 Characterisation of Tri-Metallic Electrocatalysts

To examine the potential impact of Pt at various depths beneath the electroactive

surface, Cu2O/In/Pt electrodes were prepared at a range of Pt depths of 2, 5 and

8 �m. In each case, Pt was deposited via sputtering up to a thickness of 10 nm as

shown in figure 3.3.

EDS images shown in figure 5.5 confirm the presence of Pt following deposition

through the observed formation of an even coverage of ultra-thin Pt layers when

deposited both at the GDL (8 �m). Similarly, the formation of a Pt layer can be

observed on Cu2O (2 �m) post-sputtering, indicating the successful incorporation

of within the electrode.

For the case of Pt sputtered on Cu2O, atomic ratios of Pt-Cu were recorded at

0.79, with EDS mapping data showing Pt evenly covering Cu2O features. This sug-

gests the detected Cu signals to likely be the result of electron penetration through

the Pt layer into the uppermost layers of the OD-Cu bulk. Similarly, deposition of

Pt onto the GDL shows a similarly even coverage of Pt, with no major changes to

the porosity of the layer. With no major changes observed in the morphology of the
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Figure 5.4: Characterisation of ESP deposited In on Cu2O/Pt 2 �m electrodes.

a) SEM image of ESP deposited Cu2O/In/Pt 2 �m electrode post-deposition, b)

EDS mapping of observed elements, c) EDS atomic spectra and d) XRD spectra for

Cu2O/In/Pt (ESP) 2 �m electrodes.

electrode in each case, this suggests the use of ultra-thin Pt layers primarily influ-

ence the electrocatalyst through electronic effects rather than through any induced

structural effects resulting from defect engineering.

To further examine the morphology of Cu2O/Pt-based electrodes, TEM analysis

was performed to examine the the geometry of the catalyst bulk. By examining the

sub-surface and bulk characteristics of Cu2O/Pt electrodes at a nanometer scale,

the morphological characteristics of Cu2O/Pt electrodes, not observable by SEM,
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Figure 5.5: Pre- and post-Pt sputtering characterisation on carbon paper GDL and

Cu2O surfaces. a) Pre-deposition SEM image of the GDL, b) EDS spectra and c)

EDS mapping of pre-Pt deposition electrode surface. d) Post-deposition SEM image

of the GDL taken prior to further OD-Cu deposition (8 �m), and its corresponding

e) EDS spectra and f) EDS map. g) Pre-deposition SEM image of the OD-Cu

electrode, h) EDS spectra and i) EDS map of pre-Pt deposition electrode surface. j)

Post-deposition SEM image of the Cu2O/In/Pt electrode taken at the Pt interfacial

layer prior to further OD-Cu deposition (2 �m) and subsequent In deposition, and

its corresponding k) EDS spectra and l) EDS map.

were investigated.

Images shown in figure 5.6 reveal what were believed to be Cu2O micro-structures

to be an aggregate of nanoparticles, indicating a nanoscale porous structure within

the electrode bulk. This would suggest high surface area electrodes are produced

using Cu2O as a precursor, suggesting highly active electrocatalyst materials may
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Figure 5.6: Transmission Electron Microscopy (TEM) images for Cu2O/Pt electrodes.

be produced by including nanoparticle aggregates such as this, within their design.

TEM images presented in figure 5.6 could additionally provide an indication

of the nanoscale morphology of Cu and Pt at the Pt deposited interface. Such

observations however, would remain inconclusive without the use of EDS in the

characterisation of TEM results to confirm the exact elemental composition of the

electrode in each case. The EDS analysis of tri-metallic electrodes at such a small

resolution such as this however, poses an attractive method of analysing the surface

and bulk properties of Cu2O/In/Pt electrocatalysts.

To minimise the impact of HER on the selectivity of produced electrodes, In was

electro-deposited at the active surface region prior to electrochemical experimen-

tation. Electro-deposition has proven to be a highly reliable method of producing

bi-metallic composite electrocatalysts [6, 368–370]. Due to its widespread use and

104



Figure 5.7: Comparison of Cu2O/In/Pt 2 �m electrodes pre- and post In electroplat-

ing. a) SEM image of pre-electroplated electroactive surface region, b) EDS map of

observed elements pre-electroplating, c) pre-electroplated EDS spectra, and d) pre-

indium deposited XRD spectra. e) SEM image of post-electroplated Cu2O/In/Pt,

f) post-electroplated EDS map, g) EDS spectra of post-In deposited Cu2O/In/Pt,

and h) XRD spectra following In deposition.

simplicity of its deposition method, the electro-deposition of In was introduced as a

reliable method of In deposition.

The results of electro-deposition of In on Cu2O/Pt electrodes for the case of 2

�m Pt can be observed in figure 5.7. SEM images shown in figure 5.7 indicate a

clear alteration of electrode surface topology following In deposition. The sharp,

angular micro-grains of deposited Cu2O prior to deposition appear largely replaced

by smooth, irregular surface structures, likely produced through surface restructur-

ing effects during the In deposition process as a result of both In adhesion and the

reduction of Cu2O under potential.

EDS mapping data shows similar distribution regions for both Cu and O across

the surface, indicating the catalytic surface to primarily be composed of copper oxide

groups. This oxidised copper is likely Cu2O due to the high ratio of copper to oxygen

observed in figure 5.7, as well as the strong Cu2O signals observed via XRD both pre-

and post-deposition. EDS results further show that In, for the most part, deposits
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evenly across the Cu2O surface, though demonstrates stronger signals near ridge-like

regions where the electrode surface forms micro-folds and crevasses. Additionally,

following the electro-deposition process, In-Cu ratios demonstrate an approximate

atomic ratio of 0.44, strongly consistent with previous studies which demonstrated

CO selectivity of >90% [65]. Whilst this could suggest a high probability of HER

suppression in favour of CO2R, it should also be noted that the use of atomic ratios

in this manner can be subject to a number of factors which influence changes in the

observed atomic ratio, such as the varying topology of the electrocatalyst surface,

and the penetration depth of the electrons during scanning. None the less, this

method was employed to provide a guide as to the success of the deposition process

to ensure both Cu and In were observed at the electroactive surface. EDS spectra

in figure 5.7 additionally indicated no sign of Pt present on the electrode surface

both before and after In deposition, implying any observed changes in performance

would be driven by the surface characteristics of Cu2O/In, enhanced by interactions

with Pt bulk layers.

X-ray diffraction (XRD) results of Cu2O/In/Pt with 2 �m Pt appear to support

this hypothesis, showing no significant presence of Pt following the reduction of the

catalyst during the electroplating process, instead detecting almost exclusively Cu

and Cu-oxide groups. This further suggests that Pt has limited interaction with

adsorbates at the surface, but rather influences the electrocatalyst from sub-surface

and bulk regions through charge-transfer effects. XRD results additionally support

the idea of surface recombination during electroplating as a result of the reduction of

Cu2O, with post-deposition spectra demonstrating clear Cu signals associated with

the (111) and (200) facets. Pre-deposition XRD spectra however, demonstrates no

signals for pure Cu, suggesting a clear reduction of Cu-oxide species under potential.

Due to the observed changes in morphology likely linked to the reduction of Cu-

oxides at the electrode surface, SEM images were collected both prior to, and post

catalysis. The collection of such images allowed for a clear examination of possible

recombination effects resulting from long-term use of Cu2O/In/Pt electrodes under

potential. Post-catalysis images of Cu2O/In/Pt 2 �m Pt shown in figure 5.8 demon-

strate a considerable change in surface morphology, indicating clear alterations in

surface characteristics following prolonged use.
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Figure 5.8: SEM images of CuInPt 2 �m electrodes pre- and post-catalysis.

Following 24 hours of continuous operation at -1.5 V vs RHE in 1.0 M KOH

electrolyte Micro-spindle protrusions up to 3 �m in length can be observed, indi-

cating clear surface restructuring effects as a result of Cu2O/In/Pt electrodes being

subjected to long-term CO2RR conditions. Observed changes in surface roughness

resulting from micro-spindle formation likely result in a greater overall surface area,

likely accounting for the gradual increase in electrocatalyst activity through the for-

mation of additional active sites. This gradual increase in surface roughness could

also account for increases in HER over prolonged use, with high-surface area elec-

trodes providing a greater quantity of low-coordination active sites demonstrated

previously to promote HER [222].

Due to the drastic changes in surface morphology observed following CO2R,

XPS analysis methods were employed to examine possible changes in the chemical

composition of the electrode surface, the results of which can be seen in figure 5.9.

XPS analysis of the electrode shows a distinct change in the oxidation state of

the electrode surface following the deposition of In. Prior to deposition, Cu2O/Pt

shows a strong Cu2+ satellite peak associated with the presence of CuO located at

942.3 eV [371,372], further supporting evidence of the reduction of Cu oxides under

potential.
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Figure 5.9: High-resolution XPS spectrum of Cu2p for Cu2O/Pt 2 �m (top),

Cu2O/In/Pt 2 �m (pre-electrocatalysis) (middle), and Cu2O/In/Pt 2 �m (Post-

electrocatalysis) (bottom). In3d XPS spectra examined for Cu2O/In/Pt 2 �m (pre-

electrocatalysis) (top), and Cu2O/In/Pt 2 �m (Post-electrocatalysis) (bottom).

Peak fitting of Cu2O/Pt spectra additionally detects the presence of Cu2O/ Cu at

933.2 eV [373,374] broadened by a neighbouring CuO peak located at 936.2 eV [375].

Following the electro-deposition of In however, CuO signals appear notably reduced

in comparison with that of Cu2O/Cu, suggesting a reduced OD-Cu surface being

produced during the deposition process. This reduction can further be observed to

a lesser extent when examining Cu2O/In/Pt electrodes following electrocatalysis,

indicating possible changes in surface structure during the reduction process as OD-

Cu shifts toward a lower oxidation state. This would seem to suggest that the

observed changes in surface roughness are indeed linked to the reduction of Cu-

oxides following its exposure to CO2R conditions.

Following on from the examination of changes in Cu oxidation states, XPS anal-

ysis was employed to examine In surface composition both prior to-, and post-

catalysis. Though undetectable via XRD, x-ray photoelectron spectroscopy (XPS)

spectra in figure 5.9 confirms its presence on the surface of Cu2O/In/Pt following

deposition due to distinct photoelectronic peaks in the In3d spectrum. Analysis of

the 445.7 eV peak was assigned to that of the In3d5=2 peak of In2O3. A secondary
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peak assigned to In2O3 in the In3d5=2 region, was also observed at 447 eV following

peak fitting [376,377].

Post-electrocatalysis results following 24 hours continuous operation at -1.5 V vs

RHE in 1.0 M KOH electrolyte additionally show a notable shift in the observed In

peaks, with In2S3 shifting toward a lower binding energy of 445 eV, believed to be

that of In(OH)3 [378,379]. This shift likely occurs as a result of interactions between

the In2O3 deposits and water within the electrolyte solution [380].

To further analyse the surface structure of Cu2O/Pt and Cu2O/In/Pt tri-metallic

electrocatalysts, Raman spectroscopy experiments were performed examining elec-

trodes prepared with a Pt deposition depth of 2 �m in each case. Raman spectra

shown in figure 5.10 consistently demonstrate a combination of CuO and Cu2O

peaks, with no observed signals for In following their respective processes, consis-

tent with XRD results. More prominent CuO peaks observed at 270, 325, and 610

cm�1 [381,382], would suggest the surface of Cu2O/Pt-based electrodes to primarily

consist of Cu oxides, in agreement with characterisation results. Samples examined

via Raman spectroscopy however, consistently demonstrate a higher oxidation state

of Cu than those observed via XRD and XPS. Though one explanation could lie

in the presence of CuO being prominent in Cu2O/Pt, and Cu2O/In/Pt electrocat-

alysts, the contrast between Raman spectra and previous characterisation results

would suggest other factors at play, with an increased presence of CuO likely being

linked to the oxidation of samples when exposed to moisture or air.

Figure 5.10: Observed Raman spectra for a) Cu2O/Pt 2 �m, b) Cu2O/In/Pt 2 �m

pre- and c) post-electrocatalysis.

The samples in question were exported for external analysis, with results re-
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turning some 4-5 weeks after their fabrication. Thus it could be suggested that

Cu2O/Pt, and Cu2O/In/Pt electrodes oxidise rapidly when not submerged in elec-

trolyte. The consistent trend in CuO to Cu2O peaks observed for Cu2O/Pt, as well

as Cu2O/In/Pt pre- and post-electrocatalysis, would further suggest this to be the

case, as under electrodeposition, and CO2R conditions, it has been shown via XPS,

that Cu oxides reduce under the applied potentials in each case. Thus the high

concentrations of CuO observed must occur from conditions not arising from the

deposition or reaction processes under potential.

Though inconclusive in their characterisation of electrodes immediately following

their fabrication or implementation, Raman results presented herein shed light on

the long-term stability of Cu2O/Pt and Cu2O/In/Pt electrodes, suggesting their

usage may be prolonged by avoiding unnecessary contact with the open air when

not in use.

5.4.2 Electrochemical Performance of Cu2O/In/Pt

Cu2O/In/Pt prepared at a range of Pt deposition depths (8 �m, 5 �m and 2 �m), as

well as the precursor Cu2O and Cu2O/In catalysts, were examined via electrochemi-

cal CO2 reduction over a range of potentials (-0.5 to -1.5 V vs RHE). Catalysts were

produced in this manner based on prior work examining optimal catalyst loading

depth of Cu2O, with 8 �m depths of Cu2O having been shown to strike an important

balance between high Cu coverage, whilst ensuring a limited blockage of the flow of

CO2 to the electroactive surface [18]. To facilitate the CO2RR, a 3-electrode GDE

cell was used with 1 M KOH electrolyte (pH 13.92) based on the success of prior

studies [18,65]. This combination of both GDE cells and highly alkaline electrolyte

help to facilitate improved mass transport of CO2, improving general reaction ki-

netics. [298,383]

To assess possible changes in electrochemical performance, each electrode was

examined using cyclic voltammetry (CV), investigating each electrocatalyst under

both N2 and CO2 enriched atmospheres, with gasses being bubbled through the

GDE cell at rates of 20 ml min�1 and 15 ml min�1, respectively. CV experiments

were performed across a potential range of 0.5 to -1.5 V vs RHE.

CV results appear to demonstrate a general improvement in catalytic activ-
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Figure 5.11: Cyclic voltammetry profiles of Cu2O/In/Pt electrodes at varying Pt

sputtering depth under a) N2 and b) CO2 atmospheres. Additionally, chronoam-

perometry results for Cu2O/In/Pt electrodes with varying Pt deposition depth at

varying potentials versus RHE c) -0.5 V, d) -0.75 V, e) -1.0 V, f) -1.25 V and g) -1.5

V, respectively.

ity for Cu2O/In/Pt electrodes when compared with Cu2O/In. For both the case

of N2 and CO2 enriched atmospheres, Cu2O/In/Pt electrodes demonstrate a clear

improvement in observed current densities over that of Cu2O/In, achieving values

comparable to that of OD-Cu for the case of 8 �m deposited Pt Cu2O/In/Pt. Upon

closer examination, a clear trend can be observed relating Pt deposition depth to

observed current densities. In each case, catalysts demonstrated a gradual increase

in current density as Pt was deposited closer to the base of the electrode, i.e: 8 �m
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> 5 �m > 2 �m > Cu2O/In. This would suggest Pt is therefore most effective in

improving electrocatalyst activity when deposited closer to the base of the electrode,

as opposed to near the active surface. Due to its distance from the electroactive sur-

face for the case of 8 �m deposited Cu2O/In/Pt, this would suggest Pt influences the

electrode through bulk charge transfer effects, as opposed to influencing adsorption

characteristics. Due to a similar trend observed for the observed onset potentials of

Cu2O/In/Pt electrodes to that of Cu2O/In and OD-Cu, this would likely appear to

be the case. It should be noted however that one key difference observed between

Cu2O/In and Cu2O/In/Pt electrodes is that of the reduction peaks observed during

experimentation. Prominent in both cases, though more pronounced when con-

ducting scans in N2 atmosphere, the reduction peaks of Cu2O/In/Pt electrodes are

considerably larger than for that of their counterparts. Such changes are likely the

result of enhanced HER activity, with greater quantities of hydrogen being produced

as charge transfer is more greatly improved across the electrocatalyst.

To assess both the stability and activity of produced electrodes, in addition to

their overall effectiveness in reducing CO2 in aqueous media, Cu2O/In/Pt electrodes

were examined via chronoamperometry. To compare changes in electrode perfor-

mance, OD-Cu and Cu2O/In standards were examined under identical conditions.

Each electrocatalyst was tested across a potential range of -0.5 V vs RHE to -1.5

V vs RHE under ambient temperature and pressure. Each catalyst was tested for 1

hour at each potential before increasing the potential by a step of -0.25 V, resulting

in each electrode being examined for a total of 5 hours. Prior to each step increase

of potential, electrolyte was purged from the electrochemical cell for analysis, and a

fresh supply of 1.0 M KOH was provided to both anode and cathode chambers to

ensure a ready supply of charge carriers within the CO2 reduction cell. Regardless

of both potential, and Pt deposition depth, Cu2O/In/Pt electrodes demonstrated

generally stable current densities for 5 hours across the various potentials, as shown

in figure 5.11. At more negative potentials (> -1.25 V vs RHE) however, a grad-

ual increase in current density can be observed for 8 �m deposited Cu2O/In/Pt.

Due to both the large current densities observed for 8 �m Cu2O/In/Pt, and the

previously observed surface restructuring effects observed for produced electrodes

under potential, it appears highly probable that such increases occur as a result
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of the formation of a greater number of active sites under CO2 reduction condi-

tions, with more negative potentials seemingly driving the restructuring process at

an accelerated rate.

Based on the general trend of recorded CA results, it seems to suggest, despite

the added complexity of the electrocatalyst, that tri-metallic electrodes offer highly

stable operation across a wide potential window. Furthermore, a consistent trend in

enhanced activity of Cu2O/In/Pt electrodes over Cu2O/In above -1.5 V vs RHE was

observed. In particular, Cu2O/In/Pt electrocatalysts for which Pt was deposited

at 8 �m below the electrode surface, i.e. interspersed within the carbon paper

backing, consistently exhibit the greatest current densities, achieving -204 mAcm�2

at -1.5 V vs RHE. This increased catalytic activity likely suggests Pt enhances charge

transfer even when deposited within the catalyst bulk, with the most prominent

effects occurring where Pt is deposited on the GDL. This appears to strongly agree

with CV results, supporting the idea of enhanced electrode performance through Pt

incorporation within the GDL.

EIS results shown in figure 5.12, appear to agree with this hypothesis. By ex-

amining each electrode material at -0.6 V vs RHE, the obtained impedance spectra

demonstrates a clear trend through the incorporation of Pt. By depositing Pt within

the GDL, Cu2O/In/Pt electrocatalysts demonstrated a notable decrease in cell re-

sistance, likely a result of a reduced internal resistance of the electrocatalyst through

the inclusion of Pt, resulting in improved charge transfer throughout the electrode.

Though this effect could still be observed to a certain degree with both 5 �m

and 2 �m Cu2O/In/Pt electrodes, its potency compared with that of the 8 �m case

appears reduced, resulting in both increased reactance, as well as a larger solution

resistance. Such changes are likely due to a reduced contact between the deposited

Pt layers and the GDL, resulting in an EIS profile similar to that of Cu.

During chronoamperometry, gaseous and liquid products were collected as out-

lined previously to examine the effect of Pt incorporation on electrode product

selectivity. In each case, gaseous products were collected from 40 minutes into each

CA experiment for a total of 20 minutes and stored in air-tight gas bags (Hunan

BKMAM, 0.2L). Liquid products were collected following experimentation by drain-

ing the post-reduction electrolyte for analysis.
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Figure 5.12: a) Observed average current densities observed for OD-Cu, Cu2O/In,

and Cu2O/In/Pt electrodes following 1 hour continuous operation at varying poten-

tial, and b) Electrical Impedance Spectroscopy of OD-Cu, Cu2O/In and Cu2O/In/Pt

electrocatalysts with varying Pt sputtering depth, recorded at -0.6 V vs RHE. Nor-

malised Faradaic efficiencies for Cu2O/In/Pt electrocatalysts at various potentials

c) -0.5 V, d) -0.75 V, e) -1.0 V, f) -1.25 V, and g) -1.5 V vs RHE.

Results obtained for the electrochemical reduction of CO2 using Cu2O/In/Pt

electrodes following electrolysis demonstrate a notable decrease in HER selectivity

at -0.5 V vs RHE when compared with OD-Cu. HER selectivity decreased from

31.5% for OD-Cu, down to 9.2% for the case of Cu2O/In/Pt 8 �m, demonstrating

a similarly low selectivity toward HER as that of Cu2O/In (8.1%) at the same
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potential. This decrease in HER was accompanied by a drastic increase in CO

formation, selectively producing CO with a FE of 85.9% at low potentials. At more

negative potentials however, CO selectivity decreased in favour of hydrogen, and

carbonaceous products such as methane and ethylene. The overall selectivity of the

Cu2O/In/Pt electrodes beyond -0.5 V vs RHE appears to generally reflect that of

OD-Cu. Results show no major increase in the formation of multi-carbon products,

suggesting a negligible impact of Pt on product selectivity when placed further than

2 �m from the electrode surface. A 2013 work by Reske et al. [384] supports this

hypothesis, suggesting Pt requires a distance of < 15 nm from the electrode surface

through which it can tune C2+ product selectivity.

Examination of Cu2O/In/Pt electrode FEs shown in figure 5.12 however, appear

to demonstrate a gradual reduction in HER as Pt was deposited at more shallow

depths within the catalyst bulk. By comparison with both observed current densi-

ties and EIS data, this would suggest improved charge transfer could also provide

one possible explanation of the observed trend in increased H2 formation for 8 �m

Cu2O/In/Pt electrodes when compared with that of 2 �m and 5 �m. Though Pt

appears to offer no direct impact on product selectivity, the knock-on effect of its im-

proved electrode activity could account for such increases in HER selectivity. HER

has often been observed to be more kinetically favourable than CO2RR [58], with

theoretical equilibrium potentials for HER occurring at 0 V vs RHE as opposed

to -0.10 V for CO formation. Due to such properties, it seems probable that with

increased charge transfer through Pt doping, the formation of H2 is subsequently

enhanced to a greater extent than the formation of less kinetically favourable prod-

ucts.

By comparison with SEM results, this could also suggest increased HER selec-

tivity occurs as a result of micro-spindle formation, with greater charge transfer

likely facilitating a more rapid reduction of OD-Cu at the electrode surface to form

a greater volume of hydrophilic active sites, resulting in greater hydrogen selectivity.

Such high CO selectivity at low potentials however appears surprising, and suggests

an interesting area of further study to confirm the reasoning behind such changes.

Beyond observed trends in hydrogen formation, C2H4 selectivity was also ob-

served to decrease on Cu2O/In/Pt electrodes when compared with OD-Cu, in-
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stead producing small quantities of CH4, particularly at more negative potentials.

This increase in CH4 formation is likely a result of the more negative potentials

induced [162]. The formation of CH4 has also previously been demonstrated to

preferentially form on tightly bound Cu (111) crystal facets, particularly at more

negative potentials [385]. By contrast, C2H4 has been shown to preferentially form

on both flat Cu(100) facets, as well as step sites such as on the (110) facet. This

could suggest the formation of CH4 on Cu2O/In/Pt electrodes could also be due to

an increased proportion of (111) facets present on the surface.

Prior studies in Cu2O/In electrocatalysts have often demonstrated high suppres-

sion of HER in favour of CO formation by blocking HER active sites [6,65]. Results

shown in figure 5.12 however demonstrate a considerable drop in performance below

-0.5V vs RHE. SEM images in figure 5.8 demonstrate a considerable change in the

electrocatalytic surface structure following CO2 reduction, suggesting this increase

in HER may come as a result of an altered surface structure. HER has previously

been demonstrated to preferentially occur at regions of low Cu co-ordination [6,386].

As the structure of Cu2O/In/Pt electrodes changes to form higher surface area

micro-spindles, it may also increase the proportion of defect sites present on the the

electrode surface.

To examine the prolonged performance of Cu2O/In/Pt, stability tests were per-

formed for the case of �2 �m Pt depth over a period of 24 hours at -1.5 V vs RHE,

with gaseous and liquid products being extracted on an hourly basis for analysis.

Results shown in figure 5.13 show the 3-point average of the partial current densities

of gaseous and liquid products collected throughout the experiment.

Over 24 hours continuous use, Cu2O/In/Pt shows remarkable stability despite

the incorporation of 3 metal centres, reducing CO2 with an observed average current

density of -113 mAcm�2 throughout. During stability testing, the observed total

current density can be seen to gradually increase over the full 24 hours, from an

initial value of -104 mAcm�2 to -120 mAcm�2. During this time, HER partial

current densities demonstrate a similar trend, increasing from -47.1 mAcm�2 within

the first 3 hours to -60.9 mAcm�2 by the final stages of the experiment.

By contrast, partial current densities for CO2 reduction demonstrate a near

constant performance, with the observed partial current density of CO beginning
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Figure 5.13: Chronoamperometry profile of 2 �m Pt depth Cu2O/In/Pt electrode

over 24 hours active use at -1.5 V vs RHE in 1 M KOH electrolyte.

at -43.6 mAcm�2 and ending at -44.2 mAcm�2. It should be noted however that

CO partial current densities demonstrated a gradual increase within the first 9

hours of operation, achieving a peak partial current density of -72.7 mAcm�2 before

gradually decreasing over the following 15 hours. HER formation appears to be

inversely proportional to this trend, gradually being suppressed over 9 hours before

reaching a minimum current density of -21.8 mAcm�2 and demonstrating a gradual

increase in partial current density from that point onward.

Such trends would suggest complex mechanistic effects taking place throughout

the long-term operation of the electrocatalyst. Due to the lack of impact of Pt on

surface characteristics and selectivity, as demonstrated previously, this would im-

ply that changes selectivity during the 24 hour period are limited to electronic and

morphological effects introduced by Cu and In. Examination of post-use XPS data

indicates a gradual reduction of the OD-Cu layer, whilst post-catalysis SEM images

show a clear restructuring of the electrode surface to form high surface area micro-

spindles. This would seem to suggest then that the restructuring of the electrode

under potential, driven by the reduction of Cu oxides, results in the gradual forma-
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tion of a greater number of active sites, accounting for the gradual increase in current

density. Changes in selectivity then likely occur as a result of this restructuring, as

prior studies have previously observed strong ties between the selectivity of H2 and

CO formation with increased surface area and number of defect sites [222]. It ap-

pears likely then, that as the active surface area is initially increased, CO formation

is largely promoted, with In ensuring HER remains suppressed, with more prolonged

use however, HER increases as a result of the gradual growth of Cu micro-spindles,

spreading the protective In layer thinner, gradually reducing its effectiveness as more

Cu rich defect sites are produced highly active toward H2 formation. Cu2O/In/Pt

electrodes therefore indicate a stable activity over 24 hours, though demonstrate a

gradual shift in product selectivity as OD-Cu reduces under potential to produce a

greater proportion of HER active sites.

Unlike H2 production, the formation of C2+ products remains at a near constant

partial current density of -4.45 mAcm�2 throughout. This low current density is

likely a result of the surface properties of Cu2O/In/Pt, which strongly mimic its

Cu2O/In counterpart. Prior studies by Rasul et al [5] and Xiang et al [65] have

demonstrated a preference for Cu2O/In electrodes to form CO over C2+ products.

This has previously been attributed to the nature of the CO* intermediate. CO*

dimerization is the rate-determining step in the formation of C2+ products [198,

199, 202, 203, 387]. CO formation rather, occurs as a result of the desorption of the

bound CO* intermediate. This would seem to indicate a reduced binding energy of

CO*, preventing the formation of C-C bonds at an appreciable rate. This further

suggests a limited interaction by Pt on catalytic surface activity, as Pt has previously

demonstrated strong CO binding, often resulting in the poisoning of the electrode,

producing predominantly H2 [11].

5.5 Summary

Novel tri-metallic Cu2O/In/Pt electrodes examined based on Pt deposition depth

within the electrode. Results demonstrate improved current densities of -204 mAcm�2

due to improved charge transfer through Pt incorporation within GDE layers. This

incorporation of Pt within the GDE overcomes a key limitation in prior Cu2O/In
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electrodes, increasing overall catalytic activity by 183%. Tri-metallic electrodes

demonstrate no clear increase in the selectivity toward C2+ products, however demon-

strate a tuneable HER selectivity range as a result of tailored charge transfer ef-

fects with Pt deposition depth. This likely suggests a limited interaction between

Pt and the active Cu2O/In surface in terms of tuning CO* binding energies, but

rather influences the system through sub-surface electronic and charge transfer ef-

fects. Additionally, despite the increased complexity of the electrocatalytic system,

Cu2O/In/Pt electrodes demonstrate remarkable stability over a 24 hour period, with

a gradual increase in catalytic activity observed as a result of surface restructuring

effects under potential.

The incorporation of interfacial Pt layers within prior electrocatalyst designs

provides an interesting area of study, both in terms of examining changes in their

electrochemical behaviour, as well as further optimising the catalytic performance to

provide cost-effective methods of CO2 recycling to value-added chemicals and fuels

from green house gasses. By incorporating high-conductivity GDE contact layers,

future electrocatalyst designs may move one step closer in terms of meeting the

required activity, selectivity, and stability goals required to produce industry-grade

CO2 reduction catalysts capable of producing value added chemicals and fuels. Fur-

ther development of this work could include the examination of Pt within nano-scale

depths from the electrode surface to examine more prominent electrochemical effects

at the active surface, as well as examining the resulting impact of Pt incorporation

within high surface area electrodes incorporating nano-particle structures due to

their high selectivity toward multi-carbon products [388].
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Chapter 6

Characterisation of State of the Art

Cu2O/Sn/Pt Electrocatalysts

Produced via Facile Electrochemical

Spontaneous Precipitation Methods.

6.1 Abstract

The use of earth abundant elements such as copper and tin as electrocatalyst materi-

als poses a cost-effective method of electrochemically reducing CO2 at high selectiv-

ity. Prior works however, have demonstrated a tendency for Cu/Sn to be limited to

primarily producing CO at mild current densities. Herein we examine a facile elec-

trochemical spontaneous precipitation (ESP) method of Sn deposition on Cu-based

electrode surfaces for use as a base material in the formation of novel tri-metallic

electrodes. Via simple and cost-effective methods, we produce herein state-of-the-

art Cu2O/Sn/Pt electrocatalysts designed to reduce CO2 at high current densities

through the incorporation of interfacial Pt layers. Furthermore, we investigate and

characterise the surface characteristics of novel Cu2O/Sn/Pt tri-metallic electrocata-

lysts via XPS and SEM analysis in preparation for electrochemical experimentation.

Results reveal a distinct reshaping of the electrocatalyst active region following 25

minutes ESP deposition, producing high surface area, porous, micro-coral struc-

tures, suggesting improvements in electrochemical activity through the cultivation

of active sites through the reduction of Cu2O. This study demonstrates a novel ap-

proach toward electrocatalyst design through the incorporation of earth-abundant

materials in partnership with sub-surface Pt.
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6.2 Introduction

CO2 has been described as one of the major contributors toward the ongoing climate

crisis, with growing atmospheric concentrations expected to raise global sea levels as

a direct impact of increased global temperatures. CO2 capture at emission sources,

followed by its conversion to chemicals and fuels can provide an effective method of

developing a carbon neutral cycle [389] able to halt the advance of climate change

through the recycling of greenhouse gasses for use in modern infrastructure. The

electrochemical reduction of CO2 in particular provides one of the most promising

methods of achieving this goal, able to produce valuable chemicals and fuels direct

from CO2 and water under ambient pressure and temperature [58, 390]. By incor-

porating electrical energy produced via renewable sources such as solar and wind,

the electrochemical reduction of CO2 can provide a sustainable and environmentally

friendly method of producing green hydrocarbons from captured CO2.

Several issues however limit the effectiveness of the electrochemical reduction

of CO2, including low current densities due to limited charge transfer and reaction

kinetics, low product selectivity resulting from strong competition with hydrogen

formation under potential (HER), and poor long-term stability as a result of surface

recombination effects [391,392].

Herein we address key issues of selectivity and activity through the examina-

tion of the surface characteristics of novel electrocatalysts, developed using earth

abundant metals such as Cu and Sn, produced via electrochemical spontaneous pre-

cipitation (ESP) methods. Furthermore, We develop upon Cu2O/Sn electrodes to

examine, via XPS, the surface composition of novel Cu2O/Sn/Pt electrodes devel-

oped to further optimise catalyst activity through the incorporation of high conduc-

tivity Pt layers beneath the electroactive surface.

Cu2O/Sn electrodes have previously demonstrated considerably high selectivity

toward CO2 reduction products [98, 393], most notably the formation of CO and

formate. Our previous works in particular, have demonstrated CO FEs of >90%

[56,393]. Our most recent work, for example, achieved remarkable FEs of 92% toward

CO at 120 mAcm�2 for an applied potential of -1.13 V vs RHE, demonstrating a clear

reduction in hydrogen formation in favour of lower order carbonaceous products [56].

The formation of CO at high selectivities such as this, provides a promising method
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of producing high quantities of chemical feedstock for use in the Fischer-Tropsch

style process to produce hydrocarbon fuels compatible with modern infrastructure

[394, 395]. At mild current densities however, the use of Cu2O/Sn electrodes at an

industrial scale prove limited due to the mild current densities produced, limiting

the charge transfer efficiency of the electrochemical reduction process.

Previous studies, as discussed in chapter 5, have demonstrated a novel approach

to addressing this key challenge, demonstrating a notable improvement in current

density through the incorporation of a nano-scale Pt layer beneath the electrocat-

alytic surface. Herein we provide an overview of preliminary work performed to

examine further the universality of Pt incorporation within tri-metallic electrocata-

lysts and examine its effectiveness in improving charge transfer within electrochem-

ical CO2 reduction systems. By comparing the effectiveness of Pt incorporation

within tri-metallic systems produced via ESP methods, we aim to shed light on

the degree in which this simple method of electrode optimisation may improve ob-

served current densities when applied to previously documented electrode materials

produced via facile and cost-effective means.

The use of electrochemical spontaneous precipitation has been demonstrated to

provide a simple and scalable method of depositing additional metal centres on

the surface of Cu-based electrodes [56, 65]. Herein we implement ESP deposition

methods, and examine their use in the synthesis and characterisation of cutting-

edge Cu2O/Sn/Pt electrodes.

It should be noted however that the following is preliminary work and does

not reflect the complete characterisation of Cu2O/Sn/Pt systems, but rather the

progress made during the PhD project to examine the surface characteristics of

Cu2O/Sn/Pt electrocatalysts in preparation for their electrochemical evaluation.

6.3 Results and Discussion

As part of ongoing experimental work examining the impact of Pt incorporation

across a range of previous Cu alloy electrocatalysts, novel Cu2O/Sn/Pt electrodes

were produced to compare with their Cu2O/In/Pt counterparts discussed in chapter

5.
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OD Cu electrodes were produced as a base using commercial grade cuprous oxide

(Sigma-Aldrich, � 99:99%), prepared in a solution of nafion and isopropanol and

deposited on a carbon paper GDE layer as outlined in section 3.2.2. Electrodes were

prepared, producing an active area of 2 cm2 for use in electrochemical experiments.

Additionally, Pt was deposited via sputtering up to a thickness of 10 nm as

described in section 3.2.4. Though a full range of Pt loading depths was to be ex-

amined for electrochemical experiments (8-2 �m), characterisation was performed

predominantly for Cu2O/Sn/Pt electrodes at 2 �m Pt deposition depth when ex-

amining the electrocatalyst surface, to maintain a homogeneous approach as that

taken in chapter 5.

Cu2O/Sn, and Cu2O/Sn/Pt electrocatalysts were prepared via an electrochem-

ical spontaneous precipitation (ESP) method, as outlined in section 3.2.5. Here Sn

foil was introduced as an anode material with the OD-Cu, and Cu2O/Pt electrodes

being used as the cathode in a 2-electrode cell, respectively. To facilitate the reac-

tion, an acidified solution of 0.01 M SnCl4 and 0.05 M citric acid was introduced to

be used as the charge carrying electrolyte, with the each electrode being connected

via a 2 
 cable for a total of 25 minutes to allow the transfer of charge throughout

the ESP deposition process.

In previous works [56], the mechanism of ESP was described based on the stan-

dard reduction potentials for both Cu and Sn species, it is believed the reaction

taking place at the Sn anode (E0 = �0:13 V) can be described like so

Sn! Sn2+: (6.1)

By contrast, the cathodic reaction, taking place at the OD-Cu electrode surface

(E0 = 0.463 V) can be described by the following

Cu2O + 2e� + 2H+ ! 2Cu+H2O: (6.2)

The subsequent reaction for the deposition of Sn at the electrode surface can

therefore be attributed to the precipitation of the SnCl4 in water, resulting in the

transfer of Sn4+ ions to the OD-Cu surface.

SEM images of pre- and post-Sn deposition shown in figure 6.1 demonstrate the

typical changes in the surface profile following 25 minutes ESP deposition observable
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Figure 6.1: SEM images for Cu2O/Sn electrodes pre- and post-ESP deposition. a)

SEM image of OD-Cu electrodes, b) EDS map spectra of OD-Cu, c) SEM image of

Cu2O/Sn electrodes post-deposition, and d) EDS map of Cu2O/Sn electrocatalysts

following ESP deposition.

on a nano-scale. Here it can be observed the ESP process results in an improved

active surface area with the formation of micro-coral structures, producing a highly

porous complex at the electrode surface. This increase in surface area likely occurs

as a result of the reduction of Cu oxide groups during the deposition process to form

pore-like holes at the active surface.

Previous works have often highlighted the importance of high surface area in

improving the activity of Cu-based electrodes [196,227], suggesting a likely improved

124



activity of the electrocatalyst surface through Cu reduction following ESP.

EDS results indicate a even coverage of Sn within observed micro-coral struc-

tures, achieving an apparent atomic ratio of Sn to Cu of 0.54. By comparison with

prior studies [56] this suggests the correct ratio of Sn to Cu to ensure the forma-

tion of CO over formate, securing the possibility of highly selective electrocatalyst

materials toward CO2R over HER. It should be noted however that due to both

the penetration depth of the electrons, and the rough surface structure, that such

apparent ratios may likely be subject to variation across the electrocatalytic surface.

Whilst subject to change however, the value here is used as an approximate guide

to compare the success of the ESP method mentioned herein with prior works. By

obtaining an approximate atomic ratio similar to that of prior research, the reprod-

ucability of ESP deposition methods in this form are supported, further suggesting

their use as a simple and consistent method of producing multi-metallic electrocat-

alyst materials using copper and earth abundant materials.

Furthermore, EDS mapping shown in figure 6.1 demonstrate a clear tendency

for Sn to deposit in regions of high Cu concentration, whilst being observed only

sparingly in regions of high fluorine concentration. This would indicate the successful

adsorption of Sn at the electrode surface, as opposed to its binding to the nafion

binding agent, resulting in a coverage of ultra-thin Sn atop the active OD-Cu surface.

Sn additionally appears to follow a similar trend to that observed for In in chapter

5, with Sn appearing to bind to the OD-Cu surface at edges and grain boundaries.

This is likely due to the larger atomic radii of Sn (1.72 Å) when compared with that

of Cu (1.32 Å). By examining the tendency for larger metal centres to bond with Cu

surfaces at regions of low co-ordination, discussed in chapter 4, could likely account

for the observed preference for Sn to bind at edge sites. This could likely suggest the

observed preference for both Cu2O/Sn and Cu2O/In electrodes to selectively produce

CO over hydrogen and larger hydrocarbon products, with Sn similarly replacing

HER active sites in a manner similar to that of In. A thorough examination of such

binding site preferences, such as through DFT driven methods could therefore prove

an interesting area of study in examining the molecular behaviour in this regard.

XRD spectra shown in figure 6.2 shows primarily signals associated with Cu

and CuxO species on Cu2O/Sn surfaces following ESP. Though no Sn signals are
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Figure 6.2: Characterisation of Cu2O/Sn electrodes pre- and post-ESP deposition.

a) EDS spectra of OD-Cu electrodes, b) XRD peaks of OD-Cu, c) EDS spectra of

Cu2O/Sn electrodes post-deposition, and d) XRD peaks of Cu2O/Sn electrocatalysts

following ESP deposition.

observed, XRD results support the hypothesis that the electrode surface is reduced

during the deposition process, with strong pure Cu signals being observed following

ESP. The reduction of cuprous oxide species at the electrode surface could therefore

account for the observed change in surface porosity following ESP deposition, with

surface restructuring occurring as a result of the changing oxide concentration at

the electrode surface.
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Figure 6.3: high-resolution XPS spectrum of Cu2p (left) for Cu2O/Pt 2 �m (top),

and Cu2O/Sn/Pt 2 �m (bottom). Sn3d XPS spectra examined for Cu2O/Sn/Pt 2

�m (right).

Though no Sn signals were observed via XRD, the presence of Sn was confirmed

both via EDS shown in figure 6.2 and via XPS, as shown in figure 6.3. XPS results

carried out for Cu2O/Sn/Pt electrocatalysts prepared at 2 �m Pt deposition depth,

reveal a layer of SnO2 present on the electrode surface, as confirmed by distinct peaks

observed at 487.7 eV and 496 eV within the Sn3d region associated with the Sn3d3=2

and Sn3d5=2, respectively [396]. This further supports prior published results [56],

indicating the facile and reproducible nature of the ESP process for depositing Sn

on Cu.

XPS data additionally confirms the reduction of Cu on the electroactive surface.

Examination of the Cu2p spectra of Cu2O/Pt and Cu2O/Sn/Pt shows a clear re-

duction in the peak area of CuO signals in favour of Cu2O/Cu, with a distinct lack

of Cu2+ satellite signals characteristic of CuO observed following ESP. This further

supports XRD data, suggesting the OD-Cu surface is reduced during the ESP de-

position process, with the inclusion of Pt layers up to 2 �m beneath the electrode

surface having no major impact on the deposition process. The observed reduction

of Cu2O via XPS further supports the hypothesis that the reduction of cuprous oxide

during ESP deposition strongly contributes toward the observed increased surface

area, with the reduced Cu species recombining to form the basis for the Cu2O/Sn

micro-coral structures observed via SEM.
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Figure 6.4: Observed Raman spectra for a) Cu2O/Pt 2 �m and b) Cu2O/Sn/Pt 2

�m electrodes.

To further analyse the surface structure of Cu2O/Pt and Cu2O/Sn/Pt tri-metallic

electrocatalysts, Raman spectroscopy experiments were performed examining elec-

trodes prepared with a Pt deposition depth of 2 �m in each case. Similarly to

Raman results observed in chapter 5, Raman spectra for Cu2O/Sn/Pt demonstrates

prominent CuO peaks observed at 270, 325, and 610 cm�1 [381,382], with only mild

signals detected for Cu2O at 152 cm�1.

Despite the ESP deposition of Sn, no Sn signals were observed, and no notable

change in Raman shift was detected, suggesting no major changes in Cu bond length

following the addition of Sn. The lack of Sn detection would further suggest only low

quantities on Sn to be present at the electrode surface, consistent with XRD and EDS

results. It should be noted however that high concentrations of observed CuO once

again likely occured as a result of prolonged exposure of the electrocatalyst materials

to air prior to their characterisation via Raman spectroscopy, further supporting

the notion that Cu2O is highly susceptible to oxidation toward the formation of

CuO when not under CO2R conditions. Curiously, the intensity of CuO peaks in

relation to those of Cu2O appears to increase following the ESP deposition of Sn.

By comparing Raman spectra with SEM images pre- and post- Sn deposition, it

could be suggested that this larger CuO ratio arises from the morphological changes

introduced during the ESP deposition process, providing a larger surface area for

ambient O2 to interact with the electrode.

128



6.4 Summary

The alloying of Cu with non-noble metals has previously presented a highly attrac-

tive method of selectively reducing CO2 electrochemically [6, 56, 65, 397–399]. By

combining OD-Cu surfaces with metal centres capable of suppressing HER such as

In and Sn, a drastic improvement in the selectivity toward carbonaceous compounds

is observed. Through the incorporation of high conductivity metal centres within

the GDL such as Pt, the electrode activity may be further improved through a

reduced charge transfer resistance through the electrode material.

Herein we have presented ongoing experimental work characterising Cu2O/Sn

and novel Cu2O/Sn/Pt electrodes produced via a facile ESP deposition method,

designed to produce highly active electrocatalysts highly selective toward the for-

mation of lower order carbonaceous products such as CO and formate.

Characterisation results indicate ESP deposition over 25 minutes results in a

distinct restructuring of Cu2O at the electroactive surface. Following Sn deposition,

the electrocatalyst surface is reshaped into a porous, high surface area, micro-coral

structure anticipated to improve catalytic activity through the increased number

of active sites at the electrode surface. By comparing XRD and XPS results with

observed SEM mapping data, it appears likely the formation of the micro-coral

structures observed occur as a result of the reduction of surface Cu2O under potential

to form SnO2 coated CuxO regions, increasing the size of the electrocatalyst active

surface region whilst inhibiting HER through the addition of ultra-thin regions of

Sn.
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Chapter 7

Enhancing CO2 Electroreduction on

Cu Electrodes in the Presence of

Chloride

7.1 Abstract

The electrochemical reduction of CO2 poses an incredible opportunity to recycle

otherwise harmful greenhouse gasses. Current generation electrocatalysts however,

are limited by both the large overpotentials required to activate CO2, as well as

their limited activity due to the complex reaction mechanisms involved. The role of

Cl� ions have long demonstrated a strong promotional effect in this regard on noble

metal electrodes such as Ag and Au. Herein we provide insight into the preliminary

stages of pioneering work examining the role of Cl in enhancing the electrochemical

performance of Cu-based electrocatalysts. Through a simple drop casting method,

we demonstrate an over 200% enhancement in observed current densities of Cu2O

electrodes when depositing small quantities of SnCl4 at the electrode surface. Fur-

thermore, we highlight a notable drop in observed overpotentials for both CO2R

and HER, believed to be linked to the presence of Cl� ions. Such results suggest

a crucial role in the use of Cl� ions in further optimising electrocatalyst behaviour

to achieve current densities more suitable for up-scaled use on an industrial scale.

The work presented herein, conducted in partnership with Dr Sankeerthana Bel-

lamkonda, provides an overview of the preliminary stages of their pioneering work

within the field of electrocatalysis, examining the crucial role of metal ions in the

enhanced performance of CO2 reduction electrocatalysts.
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7.2 Introduction

Concerns about global warming and a potential energy crisis have motivated the

quest for new methods for turning CO2, a notorious greenhouse gas emitted by

the combustion of fossil fuels, back into fuels or other value-added molecules. One

appealing approach for achieving a carbon-neutral energy cycle is to power electro-

chemical CO2 reduction using renewable energy sources [40, 51, 400, 401]. Electro-

chemical CO2 reduction reactions however, face substantial energy barriers due to

the strong chemical inertness of CO2 molecules, as well as the related multi-electron

transfer processes involved. High-performance electrocatalysts are necessary to ex-

pedite slow reaction kinetics and better facilitate the CO2 reduction reaction. Metals

(such as Au, Ag, Cu, Zn, and Sn) [56,65,402–404], metal oxides (such as SnO2 and

CuO) [405, 406], as well as heteroatom-doped carbons (such as nitrogen-doped car-

bon nanotubes and carbon nanofibers) [407,408] have all been found to be catalyti-

cally active for CO2 electroreduction. Despite significant progress, steering reaction

paths towards desirable products and reducing reaction overpotentials remains a sig-

nificant problem, necessitating the development of improved electrocatalysts with

higher product selectivity and catalytic activity.

One of the well-known strategies for improving CO2ER performance is to modify

a catalyst surface using functional additives [5,56,97]. This can be done by directly

modifying the electrical characteristics of the catalyst surface or indirectly by af-

fecting binding strengths via adsorbate-adsorbate interactions. Kim et al. [409], for

instance, demonstrated reduced overpotential and enhanced CO selectivity of Ag

nanoparticles on carbon substrates using different anchoring agents. They proposed

that the improved CO selectivity resulted from the anchoring agent’s localised un-

paired electron at the surface state of Ag. Furthermore, Au surfaces functionalized

with imidazolium ion and thiol-tethered ligands have been explored for their ability

to control CO2ER product selectivity [410].

The adsorption of anions on metal catalysts have previously been shown to im-

prove electrochemical CO2R performance. Many studies have shown that in the

presence of chloride anions in particular, greater CO selectivity can be attained

while HER is suppressed [104, 411]. Cho et al [410], for example, revealed that

Cl� adsorbed Au electrodes have four times the CO selectivity at -0.39 V as bare
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Au. They studied the function of adsorbed Cl� on the Au surface in CO2 electro-

chemical reduction conditions, examining anion effects in terms of both activity and

selectivity, from both a computational and experimental perspective.

In addition to this, Zn-based catalysts have been extensively explored in Cl�

anion-containing electrolytes [412–415]. The general hypothesis in regards to such

studies is in agreement that increased CO Faradaic efficiency stems from the ad-

sorption of chloride anions on the electrode surface, which preferentially facilitates

electron transfer from CO2 to intermediates and enhances selectivity toward CO for-

mation. Furthermore, adsorbed halide anions on the Cu surface have been demon-

strated to aid electron transport at the interface by rapidly stabilising the adsorbed

CO2RR intermediates [416–418]. While functionalizing Ag and Au with various ad-

ditions has been found to benefit CO2RR catalytic activity, the effect of adsorbed

anions on Cu surfaces using SnCl4 precursor and their significance in CO2ER per-

formance has not yet been explored in considerable detail.

Within this chapter, we demonstrate the role of adsorbed Cl� anions on Cu/Sn

surfaces for the electrochemical CO2 reduction reaction. All work provided herein

was produced as part of a joint effort. All graphical data provided has been analysed

by Dr Bellamkonda as part of their upcoming work and is presented in the format

representative of their upcoming manuscript.

Herein, we investigate via experimental means, the effects of adsorbed Cl� on the

activity of Cu2O electrocatalysts by drop casting SnCl4 on clean Cu2O electrodes

to form Cu/Sn electrochemically active surfaces.

7.3 Experimental Methods

7.3.1 Materials Preparation

Electrodes were prepared by depositing a solution of Cu2O powder, nafion pre-

flurated resin and isopropanol on a carbon paper gas diffusion layer (GDL) back

plate, as outlined in section 3.2.2, producing electrodes with an enclosed working

area of 2 cm�2. To prepare Cu/Sn electrodes, 65 �l of SnCl4.5H2O (Merck, 98%,

CAS No:10026-06-9) was deposited on prepared Cu2O via drop casting dried under

ambient conditions.
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7.4 Results and Discussion

The Cu2O/SnCl4 GDE electrodes were fabricated by drop casting 65 �l of SnCl4.5H2O

liquid on pre-prepared Cu2O GDE electrodes. For clarity of results, drop cast

Cu/Sn electrodes were named as CTC-65. Examples of the pre-depostion Cu2O,

pre-electrolysed CTC-65 and post CO2 electrolysed CTC-65 electrodes are shown

in Figure 7.1. It can be seen from figure 7.1 that post-deposition, the electrode

composition is drastically altered, wherein the brick-red Cu2O electrode appears to

turn stark white after drop casting. This change in colour is most likely the result

of the successful addition of chloride at the electrode surface, likely in the form of

CuCl due its low solubility in water.

Figure 7.1: Photographs of the appearance of Cu2O and CTC-65 and post CO2

electrolysed CTC-65 coated on gas diffusion layer (GDL) electrodes.

In order to both confirm the presence of both tin and chlorine at the electro-

catalyst surface, as well as to find the key crystal facets of the prepared CTC-65

electrodes, XRD characterization was performed to examine the electrode prior to

electrochemical experimentation. Figure 7.2 demonstrates the typically observed

XRD patterns of CTC-65 prior to its use under electrochemical CO2 reduction con-

ditions.

The XRD profiles of CTC-65 are provided in Figure 7.2. By comparison with

the XRD profiles of Cu2O shown in figure 5.1, it can be observed that following

the deposition of SnCl4 on Cu2O, the peaks corresponding to both the (111) and

(200) planes of Cu2O are substantially diminished. In addition to this, the charac-
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Figure 7.2: A) Powder XRD patterns and B) Raman signals of CTC-65 electrodes

recorded at room temperature. C) CV polarization curves of Cu2O and CTC-65

electrodes scanned from potential range of -2.0 to +0.5 V vs RHE with a 50 mV

s�1 scan rate under N2 and CO2 flow in 1.0 M KOH electrolyte, and D) cyclic

voltammogram of CTC-65 under N2 flow.

teristic (111) and (200) peaks of Cu2O can be seen to have shifted from 36.48o and

42.55o to 35.86o and 40.16o, respectively following SnCl4 deposition, with all other

observed Cu2O signals no longer being detected. This would appear to demonstrate

that the surface exposure of Cu2O layer is largely decreased due to the addition of

SnCl4.5H2O layers at the electroactive surface of the electrode. Furthermore, the

shift in the peaks appears to suggest the possibility of an interaction between Cu2O

and both Cl and Sn. This hypothesis comes in accordance with the appearance

of additional sharp peaks related to the mixed phases of SnCl2.2H2O, Sn(OH)Cl,

Sn�2(OH)2O, CuCl and Cu2(OH)3Cl detected at the electrode surface.

These structural transformations are further confirmed via Raman spectroscopy
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analysis, as shown in Figure 7.2. Based on the Raman results obtained, the forma-

tion of Cu-Cl, Sn-OH-Cl, and Cu-OH-Cl bonds on the surface of CTC-65 electrode

can clearly be observed. The results from powder XRD and Raman strongly suggest

that chemical transformations occurred on the surface of the Cu2O electrocatalyst

following the drop casting of SnCl4.5H2O solution. A possible explanation for this

observed phenomena could be due to the hygroscopic nature of SnCl4.5H2O. Due

to its ability to attract water molecules under ambient conditions, SnCl4.5H2O may

have rapidly reacted with nearby H2O molecules upon contact, resulting in the for-

mation of hydroxychloride, metal chloride, and metal hydroxides.

To explore the electrochemical properties of the Cu2O and CTC-65 electrodes,

cyclic voltammetry was employed using a 3-electrode system, as described in section

3.4. Cyclic voltammograms of both Cu2O and CTC-65 were recorded using 1.0 M

KOH electrolyte in a potential range of -2.0 V to +0.5 V vs RHE with a scan rate

of 50 mV s�1. For the case of CTC-65, reduction peaks were observed at +0.34,

-0.05, and -0.26 V vs RHE, assigned to the reduction of Cu+/Cu, Sn2+/Sn, and

Sn4+/Sn2+, respectively. During the reverse scan, oxidation peaks were observed

at +0.01, and +0.37 V vs RHE, associated with the oxidation of Sn/Sn2+ and

Cu+/Cu2+, respectively. When compared with the voltammetry profile for the Cu2O

surface in figure 7.2C, a clear positive shift in reduction peaks can be observed. This

shift likely occurs as a result of the interaction of Cl� ions with the Cu2O electrode

itself.

As demonstrated by the CV curves collected for both Cu2O and CTC-65 elec-

trodes in CO2- and N2-saturated electrolyte (Figure 7.2), CTC-65 appears to exhibit

a drastically improved current density than Cu2O GDE, achieving over double the

observed activity over Cu2O. This would likely suggest CTC-65 electrodes provide

a far more active electrode surface both under neutral and CO2 reduction condi-

tions, providing a more favourable environment for the formation of carbonaceous

products through the electrochemical reduction of greenhouse gasses.

When scanned towards negative potentials, a reduced current was observed, as-

sociated with two competing processes: the hydrogen evolution reaction (HER) and

the CO2 reduction reaction (CO2RR). Figure 7.2 shows that by adding SnCl4 to

Cu2O considerably boosted the overall reduction activity of the CTC-65 electrocat-
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alyst through the incorporation of Sn and Cl� ions. In comparison to the Cu2O

electrocatalyst examined, a limiting of the reduction process was observed at low

overpotentials, resulting in a delay in the onset reduction potential. Above -0.7 V vs

RHE however, a significant rise in current was observed. This observation may imply

that the addition of Cl� suppresses certain reduction processes occurring at lower

overpotentials, such as HER, but may further enhances other reduction activities

known to occur at greater overpotential, such as CO2RR.

7.5 Summary

The incorporation of Cl� ions was shown to demonstrate a marked improvement

in electrochemical activity over that of Cu2O. By incorporating small quantities of

SnCl4.5H2O solution (65 �l) on Cu-based electroactive surfaces, observed current

densities were shown to improve by over 200%.

By implementing simple drop casting methods, Cu/Cl/Sn electrodes were pro-

duced highly active toward reduction processes, with the inclusion of both Sn4+ and

Cl� ions at the electrode surface demonstrating definitive XRD and Raman peaks

under ambient conditions. The incorporation of Cl� ions was additionally suggested

to result in a mild decrease in observed overpotentials for both HER and CO2R, with

cyclic voltammetry profiles suggesting the enhanced performance of CTC-65 elec-

trodes toward the formation of carbonaceous products over hydrogen formation, as

observed by significant increases in current over -0.7 V vs RHE.

CTC-65 produced electrodes further indicate highly active surface regions even

under N2 enriched atmospheres, suggesting a key role in the use of Cl� ions toward

the enhanced activity and efficiency of electrodes for use in the electrochemical

reduction of CO2.

By comparison between both XRD, Raman, and CV profiles, it could be fur-

ther suggested that the inclusion of small quantities of Cl� at the electrode surface,

electrochemical performance may be drastically improved. This could further sug-

gest grounds for further study, examining optimal Cl� loading on Cu2O electrode

surfaces and the extent to which this may most effectively improve CO2 reduction

conditions.
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Chapter 8

Conclusion and Outlook

8.1 Conclusion

The presented PhD thesis focuses on the development of novel electrocatalyst sys-

tems focusing primarily on the CO2 reduction reaction. This project has been

completed using a combination of experimental and computational approaches to

examine bulk and surface properties of cutting-edge Cu2O/In/Pt and Cu2O/Sn/Pt

electrodes, examining the impact of Pt in mitigating key issues within the field of

electrocatalysis. In addition to this, the activity enhancing effects of chloride ions

at Cu-based surfaces, deposited via the drop casting of SnCl4.5H2O. Following the

investigation of such materials it has become abundantly clear that the electrochem-

ical reduction of CO2 remains a vital field of study in combating climate change,

with numerous avenues still available to further enhance the performance and se-

lectivity of future generation electrocatalysts. Herein we have demonstrated drastic

improvements in the catalytic activity through facile deposition methods, demon-

strating an up to 200% improvement in the activity of Cu2O through the inclusion

of chloride ions alone. Although the goal of higher order hydrocarbon formation,

particularly liquid products via a one-pot synthesis, remains elusive, the production

of highly selective and active electrocatalysts provides a great stride forward in the

development of an electrocatalyst material viable for use in industry. By producing

CO, in addition to low order hydrocarbons at high current densities, Cu2O/In/Pt,

in addition to chloride-modified Cu-based electrodes, provide a promising method

of reducing waste CO2 collected via carbon capture, for use in both further indus-

trial processes, and the formation of liquid fuels via Fischer-Tropsch style processes.

Through methods such as this, the formation of greener hydrocarbon fuels for use

within the transport sector, and additionally as a long term energy storage medium,

can be made a more viable future reality.
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The extensive, peer-reviewed, literature review of the current scope of electro-

chemical CO2 reduction research outlined in chapter 2, demonstrates the importance

of electrochemical CO2 reduction to the field of modern electrochemistry, discussing

the volume of work directed toward overcoming the key challenges faced within the

field. The three main sections of the review are as follows: 1) the current under-

standing within the scientific community as to the optimal reaction conditions for

the reduction of CO2 to valuable compounds; 2) an overview of current advances

and challenges related to optimising reaction conditions using Cu-based electrodes,

and finally; 3) a close look at the computational methods implemented in examin-

ing the atomistic effects of CO2RR conditions, and an examination of key activity

descriptors uncovered through close examination of nano-scale surface features and

properties. Through the discussion presented therein, it can be observed the crucial

need for enhanced selectivity, activity, and stability of modern electrocatalysts, all at

moderate overpotentials, as well as the vital need to better understand the complex

reaction mechanisms involved in the reduction of CO2 to key products. With such

great volumes of work, and such great strides being made within the field of study,

this highlights both the importance of the study of the electrochemical reduction of

CO2 through its recognition by the scientific community, as well as the complexity

and scale of the challenges it faces in developing commercially viable electrodes.

DFT calculations performed in Chapter 4 examined variations in adsorption

energy of key intermediates toward HER and CO2R through mono-atomically doped

CuInPt surfaces. This study was conducted in part due to the ongoing impact of

the COVID, with DFT methods providing a key method for examining the inter-

atomic interaction between adsorbates and the electroactive surface [11, 244]. The

use of computational methods as a screening mechanism to examine the surface and

sub-surface performance of Pt within CuInPt electrodes, allowed for a clear focus to

be established in examining the selectivity alterations of tri-metallic systems alone.

To ensure an accurate methodology, the study began by aiming to reproduce

the research methods previously published within the group for the examination of

CuIn electrodes [5, 6]. This work was then adapted and expanded upon to include

an additional metal centre of Pt, allowing for changes in adsorption energy of key

intermediates to be clearly compared and contrasted against Cu and CuIn. By
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developing upon prior reported In-modified Cu surfaces, it was shown that the role

of In at the electrode surface restricts HER through the blockage of key H active

sites. Through its preferential replacement of Cu at regions of low Cu coordination,

In was shown to produce regions of less favourable H adsorption over that of pure

Cu, consistent with prior studies [5, 6].

By developing upon previous methods used to examine CuIn electrodes, an ad-

ditional atom of Cu was replaced on In-modified Cu surfaces at both the surface

(1ML), and sub-surface (2ML) levels. This provided an atomisitic perspective of

the interplay between individual metal centres, allowing for changes in adsorption

energy to be examined for a wide range of active sites. The resulting effect of Pt

incorporation revealed structure dependent changes in adsorption energy through

its incorporation both at surface and sub-surface levels. Sub-surface Pt on the Cu

(100) facet, for example, appeared to influence Cu surface atoms though induced

tensile strain, resulting in the formation of surface defects as a result of the pro-

duced lattice mismatch. By contrast, Pt placed at the base of step sites produced

an opposing effect, with the larger atomic radius of Pt compressing neighbouring

Cu atoms at the base of the (211) step. This resulted in an observed reduction in

the stability of H adsorption on the (211) facet when compared with Cu surfaces

modified only by In.

Observed CO adsorption energies followed a similar trend, though to a lesser

extent, suggesting the incorporation of Pt at surface and sub-surface regions of

CuIn could indeed alter selectivity through tuning adsorption energies. This effect

however, appears to be more potent for HER than for CO2R, suggesting HER to be

more greatly impacted by catalyst morphology than the early stages of CO2RR. DOS

results indicated the impact of Pt is most prominent where strain effects are more

prevalent, such as for the case of CuInPt bulk structures, suggesting Pt influences

CuIn compounds more effectively through its generation of defect sites as opposed

to purely electronic promoter effects, altering adsorption energies to a greater extent

through changes in morphology as opposed to electronic properties.

The computational results presented herein demonstrate the clear preference

of Pt toward HER over the CO2RR. This remains consistent with prior works,

suggesting the role of Pt is poorly suited for the selectivity control of CuInPt toward
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CO2 reduction. Rather, it is via induced strain effects on Cu atoms themselves which

may better stabilise CO to promote C-C coupling. Results would therefore indicate

electrode selectivity is tuned most effectively through the surface engineering of

Cu, with observed shifts in selectivity occurring as a result of the incorporation

of additional metal centres likely being a result of the average of the selectivity of

the metal centres present at the electroactive surface. The strategic use of dopant

metals such as In and Sn however can limit HER through their blockage of HER

active sites. The results of this chapter however, would appear to indicate a strong

link between the stabilisation of CO, as well as HER, suggesting the blockage of

such sites may additionally limit the formation of higher order hydrocarbons.

The results presented within this chapter provide novel insight into the nature of

both Cu surface engineering, in addition to the dynamics of cutting-edge tri-metallic

electrodes. Through a rigorous examination of surface active site adsorption ener-

gies, further light has been shed on the complex interplay between the morphological

and electronic properties of CO2 reduction electrocatalysts, highlighting future areas

of selectivity control toward CO stabilisation through tailored strain effects.

Due to the suggested increase in HER selectivity with Pt incorporation at the

electroactive surface, attention was then turned toward the use of Pt to combat

another key issue presented by Cu/In electrodes, that of its limited activity. To

examine possible enhancements in electrochemical activity, Cu2O/In/Pt electrodes

were developed by the sub-surface deposition of Pt on OD-Cu electrocatalysts. This

was achieved via the sputtering of Pt at selected depths of approximately 2, 5 and 8

�m, calculated via catalyst weight and the density of the Cu2O ink applied, beneath

the electroactive surface. Surface In layers were then deposited via electro-deposition

as outlined in section 3.2.4.

The effect of Pt deposition was clearly observed when deposited at a 8 �m

depth, on the surface of the GDE layer, resulting in drastic improvements in current

density through improved charge transfer. The resulting Pt deposition achieved

current densities of -204 mAcm�2 at -1.5 V vs RHE, demonstrating an improvement

in activity of 183% over that of Cu2O/In. This increase in activity came with little

impact on the product selectivity of Cu2O/In/Pt electrodes from that of Cu2O/In,

suggesting the incorporation of high conductivity materials such as Pt within the
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GDE layer could provide a universal method of improving electrocatalytic activity.

Additionally, Cu2O/In/Pt electrodes demonstrated remarkable stability over a 24

hour period, suggesting the increased complexity of the electrocatalyst does not

drastically impact performance over a prolonged period. Overall, changes resulting

from Pt incorporation within Cu2O/In electrodes indicate a possible method of

improving electrocatalyst performance toward more economically viable activities.

The inclusion of Pt presented within this chapter therefore demonstrates a facile

method of activity enhancement within current generation electrocatalysts. By in-

corporating small quantities of highly conductivity material within the GDL of elec-

trocatalysts, current density may be enhanced through the more efficient transfer

of charge. This discovery would suggest the clear need for highly conductive and

porous GDL materials, in addition to a highly optimised electrocatalytically active

surface region. By improving the efficiency of electron transfer throughout the elec-

trochemical cell itself, a more viable and active generation of electrocatalyst may

be produced. The results presented herein provide a simple and attractive avenue

of electrocatalyst optimisation, with future avenues, such as introducing cheaper or

more conductive materials within the GDL providing just one way in which cheap,

active, and selective electrocatalysts may be produced.

The thesis continues with an investigation of ongoing work examining the depo-

sition of Sn on Cu electrodes via ESP, in addition to the characterisation of novel

Cu2O/Sn/Pt tri-metallic electrocatalysts via XPS. EDS and SEM results revealed a

distinct change in surface morphology following ESP deposition over a period of 25

minutes, with the formation of highly porous micro-coral formations replacing flat,

poly-crystalline OD-Cu. XPS results appeared to indicate morphological changes

were likely the result of recombination effects due to the reduction of CuxO species

under potential, resulting in high surface area Cu-based electrodes coated in ultra-

thin SnO2 layers. The incorporation of Pt beneath the electrode surface was shown

to have little impact on the surface properties of Cu2O/Sn/Pt, nor possessing any

notable impact on the ESP deposition process, suggesting its incorporation within

the GDE layer to pose no notable influence on the reproducability of previously

documented ESP deposited Cu2O/Sn electrode results. Additionally, the inclusion

of Pt within 2 �m of the electroactive surface demonstrated no observable change
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in either morphology or chemical composition, with no Pt features being observed.

Results would therefore suggest the incorporation of Pt via sputtering does not

leach to the electrode surface, despite the use of ESP deposition methods of addi-

tional metal centres, even for the extreme case of 2 �m deposited Pt on Cu2O/Sn/Pt.

This would therefore add credence to the use of Pt as an activity enhancement aid in

the development of tri-metallic electrodes such as this. The use of Pt could therefore

be suggested to be more universal in its use in this fashion with previous generation

electrocatalytic materials, suggesting a possible "one size fits all" method of activ-

ity enhancement. It should be noted however, that without electrochemical results

observed for Cu2O/Sn/Pt that this hypothesis remains inconclusive, however the

lack of surface Pt would indicate minimal impact on electrochemical selectivity, and

warrants further research to verify this claim.

Finally, to examine the role of Cl ions on Cu-based electrocatalytic surfaces,

cyclic voltammetry experiments, alongside XRD and Raman characterisation exper-

iments, were performed to examine the altered surface properties of Cu2O electrodes

following the deposition of SnCl4.5H2;O labelled CTC-65. Due to the observed im-

provement in electrochemical activity following Pt incorporation within the GDL of

Cu2O/In/Pt electrodes, it had been demonstrated that further optimisation could

be made to current generation electrocatalysts. The use of chloride ions has previ-

ously demonstrated an incredible ability to improve charge transfer throughout the

electrochemical cell, drastically improving CO2RR activity. Thus, it was believed

the examination of chloride ions at the electroactive surface of Cu-based materials

could provide an additional method of activity enhancement through facile methods.

Characterisation results indicated the rapid binding of a number of Cl based

compounds to Cu following drop casting, producing a number of signals highlight-

ing the presence of CuCl and Cu2(OH)3Cl, as well as the presence of SnO groups

at the electrode surface. Despite reduced XRD peaks observed for Cu2O follow-

ing deposition, cyclic voltammetry results indicated a drastic increase in observed

current densities when compared with Cu2O at identical potentials. Such changes

were strongly believed to be linked to the presence of Cl ions at the electrocata-

lyst surface, likely facilitating improved electron transfer mechanisms. In addition

to this, a slight decrease was observed in overpotentials, strongly supporting sim-
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ilar trends observed for other electrocatalytic materials examined in the presence

of Cl ions in the literature. This would suggest the role of Cl ions on Cu-based

electrodes hold a crucial role in overcoming key limitations in regards to the overall

efficiency of electrochemical CO2 reduction electrodes, and could hold a key method

of further optimising lab-scale electrode performance, aiding in the development of

electrocatalysts capable of being implemented on an industrial scale.

Results therefore suggest the inclusion of chloride to provide a pivotal role in im-

proving the electrochemical activity of Cu-based electrodes, strongly mirroring its

impact on Ag electrocatalysts. This could therefore suggest a key role of chloride,

much like Pt doped GDLs, in a widespread method of electrochemical activity en-

hancement for the CO2 reduction reaction. Through simple drop-casting methods,

the activity of current generation electrocatalysts could be improved dramatically.

This thesis, entitled Designing the Materials for Production of Tailored and Sus-

tainable Fuels from Waste CO2 and Water, develops upon pioneering research, pro-

viding insight into the impact of introducing additional metal centres at sub-surface

and bulk regions beneath prior bi-metallic electrocatalyst designs, both via exper-

imental and computational perspectives, in addition to the examination of anion

effects at the surface of Cu-based electrodes. Herein we have highlighted numerous

noteworthy scientific insights, both into the morphological influence of adsorption

energies, as well as a number of methods of activity enhancement methods for the

improved charge transfer throughout current generation electrocatalyst materials.

The experimental and computational studies presented herein provide simple and

effective methods of electrocatalyst optimisation methods, and develop cutting-edge

electrocatalyst materials, stable, selective, and active toward the formation of CO

via the electrochemical reduction of CO2 previously undocumented at the time of

the approval of the PhD project. It is firmly believed the results presented herein

provide crucial insight into the development of future cutting-edge electrocatalyst

materials through the implementation of the research results presented herein.
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8.2 Future Work

Research, by its nature, is forever an ongoing process exploring new possibilities and

discoveries in any given scientific field. The drive to provide an ever-clearer picture of

one of the many avenues open to develop ever more effective CO2 reduction catalyst

has lead to numerous methods of analysis. Herein we present a brief overview of

possible future directions of research beyond the work presented prior.

DFT results presented in chapter 4 demonstrate the clear importance of strain

effects on the adsorption of key intermediates. By expanding upon the work pre-

sented herein through tailored ranges of induced strain, the relationship between

CO and H binding strength on Cu-based surfaces may be examined [57, 419, 420].

Such studies could potentially provide a clearer understanding of the atomistic ef-

fects influencing the stabilisation of carbonaceous intermediates. By comparing the

impact of such strain effects between the adsorption of H and CO, it may be possible

to examine the engineering of active sites selective toward CO2R over HER.

Results presented within chapter 4 additionally demonstrated the role of DFT

in examining preferential pathways toward given products. The results presented

herein are believed to provide interesting results through the observed preference ob-

served for the formation of ethanol over ethylene, assigned to the stabilisation of the

adsorbed CH2CHO intermediate. Further investigation of such results could prove

fruitful in examining varying facet and active site adsorption of reaction intermedi-

ates toward the formation of C2 products, providing a more thorough picture as to

how adsorbed carbon-based species evolve on the electrode surface. Most studies in

this area, have often focused on the reaction mechanism, comparing the free energy

of reaction intermediates [198, 215], thus the calculation of Gibbs free energies for

facet specific cases of carbonaceous adsorption would prove prudent in capturing an

accurate picture of energy variations between reaction steps. Such approaches could

be expanded upon, not only by Cu morphology and site preference, but as a com-

putational screening tool to examine potential novel materials and their selectivity

toward higher order hydrocarbons.

Beyond the work presented above, we believe future directions for the research

presented within this PhD thesis could additionally include the examination of tri-

metallic electrodes incorporating Pt coated GDEs with high C2+ selectivity elec-
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trodes such as CuAg [421] or AlCu alloys [97]. By incorporating a high conductivity

GDL into previous electrocatalysts shown to produce C2+ compounds in high con-

centration, the effect of improved charge transfer could be examined on the formation

of multi-carbon products, and assess the universality of Pt coated GDEs, as well

as other cheaper alternative high-conductivity materials, as a method of improving

electrocatalyst activity toward a commercially viable level.

Following the examination of Pt layers within Cu2O/In/Pt electrodes, a future

step could include the synthesis of CuInPt bulk alloy electrodes as presented in fig-

ure 4.6. The experimental analysis of such materials could aid in the understanding

of the induced strain effects placed on Cu by the incorporation of two additional

metal centres throughout the electrode, and the resulting impact this may introduce

on the selectivity of CuInPt electrodes produced in such a manner. Following an

examination such as this, the optimisation of CuInPt bulk electrodes could addi-

tionally be expanded upon through an experimental comparison of varying surface

compositions. Cu nanostructures in particular have demonstrated considerably al-

tered electrocatalytic performance over that of poly-crystalline Cu [125, 132–134].

Through the manufacture of high surface area alloy nano-structures such as CuIn

nanoparticles and nanowires on Pt-coated GDEs, the performance of tri-metallic

electrodes may be further optimised to promote high selectivity CO formation at

moderate to high activity levels.

Finally, the role of chloride examined within chapter 7, has demonstrated con-

siderable improvements in CO2R activity. The current scope of the thesis however,

remains constrained to examining such effects only on Cu2O electrodes. An en-

ticing avenue of future research therefore could likely include the examination of

the role of chloride on cutting-edge electrocatalysts, including bi- and tri-metallic

alloy materials, and the role it may play in influencing both catalyst activity and

selectivity.

The examination of the electrochemical reduction of CO2 remains an attractive

field of study, with great future potential in reducing the impact of climate change.

Herein we have provided only a small selection of possible future avenues of research

linked to the research presented within. The field at large however, remains full of

a vast array of future avenues of research and discovery, with many challenges still
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to face in the formation of value added chemicals and fuels at an industrial, and

economically viable, scale.
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Appendix A

Gas Chromatograms of Key Figures

Figure A.1: Gas chromatogram of Cu2O/In electrocatalyst products following 1 hour

operation at -0.5 V vs RHE. Results are separated via their respective detectors,

a) FID for the detection of carbonaceous products, and b) TCD results for the

detection of H2.
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Figure A.2: Gas chromatogram of Cu2O/In/Pt 5 �m electrocatalyst products fol-

lowing 1 hour operation at -0.5 V vs RHE. Results are separated via their respective

detectors, a) FID for the detection of carbonaceous products, and b) TCD results

for the detection of H2.

Figure A.3: Gas chromatogram of Cu2O/In/Pt 2 �m electrocatalyst products fol-

lowing 1 hour operation at -0.5 V vs RHE. Results are separated via their respective

detectors, a) FID for the detection of carbonaceous products, and b) TCD results

for the detection of H2.
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