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Abstract

The advancement of carbon dioxide (CO;) electroreduction technology is crucial for address-
ing climate change by transforming CO; into valuable chemicals and fuels. eCO2RR offers a
route to decarbonise energy requirements for industries where energy-dense molecules are
typically used to provide energy, such as aviation and domestic heating. However, developing
catalysts that afford selectivity towards multi-carbon products is still the focus of much re-
search. With longer reduction pathways requiring more electrons, multi-carbon products are
still hard to produce at significant rates. Furthermore, degradation of the gas diffusion elec-
trode is an issue under the electrochemical conditions for CO; electroreduction. Flooding of
the gas diffusion electrode reduces the availability of CO; at the ideal triple phase reaction
centres and hence the selectivity towards carbonaceous products reduces and hydrogen evo-
lution (HER) increases. This thesis presents research on the optimization of gas diffusion elec-
trodes for CO; electroreduction, focusing on the effects of bimetallic catalyst selectivity and

hydrophobicity.

The hypothesis of this work was the addition of gold with the Cu;0 catalyst would have a
higher faradaic efficiency for multi-carbon products. The catalytic performance of Au-Cu,0
bimetallic catalysts in gas diffusion electrodes was evaluated and it showed enhanced selec-
tivity for CO; reduction to ethanol and propanol when compared to the Cu,O catalyst. The
research found that the presence of gold in the catalyst composition significantly influences
the reaction pathway by facilitating CO insertion and dimerization, leading to a higher selec-

tivity for C2+ oxygenates over ethylene.



Chapter 4 presents the work on Au decorated Cu,O microparticles via electrodeposition were
observed to produce higher faradaic efficiency of longer chain alcohols compared to Cu.O
microparticles, however the overall rate of production of carbonaceous products decreased.
The rate of ethanol and propanol production increased by 2 and 4.5 nmol s cm™ respectively
with the AuCu,0 compared to Cu,0. Overall the inclusion of gold in the catalytic layer resulted
in higher *CO concentration which favoured high length carbon products. Faradaic efficiency
of hydrogen was marginally lower at 16% faradaic efficiency with AuCu,O with respect to

Cux0.

In exploring the role of hydrophobicity, the impact of modifying gas diffusion layers with hy-
drophobic additives was assessed. Nanoporous carbon particles, functionalized with
polyfluoroaromatic compounds, were employed aiming to enhance CO; diffusion whilst main-
taining hydrophobicity. The hypothesis of this work was that the use of polyfluorophenyl car-
bons as an additive in the catalyst layer would prevent flooding in the gas diffusion electrode.
Initial results indicate that these hydrophobic substrates improve the faradaic efficiency for
carbon monoxide production with Ag catalysts. However, the durability of hydrophobicity un-
der electrochemical conditions poses a challenge, as the effectiveness of these additives de-

creases over time, affecting the overall stability and efficiency of the CO; reduction process.

The hydrophobicity of nanoporous carbon particles functionalised with fluorophenyl mole-
cules was measured with capacitance in different potential windows and compared to na-
noporous carbons absent of functionalisation. It was found that the capacitance per mass was
2.69 F/g of PhFsCIC with respect to a capacitance per mass of 10.92 F/g of CIC. When a more
negative potential window was applied, the capacitance of PhFsCIC per mass increased to 6.8

F/g for the PhFsCIC, providing evidence for electrowetting of PhFsCIC.



PhFsCIC was utilised as a hydrophobic additive in the catalyst layer with Ag particles and the
ratio of CO/H; was measured. At 5 min, the ratio of CO/H; faradaic efficiency was 50, showing
preference of CO; electroreduction with respect to HER. However, under longer electrochem-
ical conditions, the CO/H; faradaic efficiency ratio lowered to 3 at 22 min, indicating electro-
lyte intrusion. This is in agreement with the capacitance studies conducted to measure hydro-
phobicity, whereby hydrophobicity of PhFsCIC decreases significantly under electrochemical

conditions.
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Nomenclature

List of Main Abbreviations

BET

BSE

CL

CO2RR

Ccv

DFT

DLS

ECSA

EDXS

GC

GDE

GDL

GHG

HER

IPCC

Brunauer—Emmett—Teller

Back scatter electron

Catalyst layer

CO; electroreduction reaction

Cyclic voltammetry

Density functional theory

Dynamic Light Scattering

Potential

Electrochemical surface area

Energy-dispersive X-ray spectroscopy

Gas chromatography

Gas diffusion electrode

Gas diffusion layer

Greenhouse gases

Hydrogen evolution reaction

lon chromatography

Intergovernmental Panel on Climate Change
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MD

MPL

MPS

NA

NP

P2X

RHE

RWGS

SEM

WCA

Molecular dynamics

Microporous layer

Macroporous substrate

n sin(a)

Nanoparticles

Power-to-X

Reversible hydrogen electrode

Reverse water gas shift

Scanning electron microscopy

Water contact angle
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deposited via galvanic replacement (a), photo deposition (b), or electrodeposition (c). To
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subsequently detected via GC. Liquid products remain in the electrolyte (see inset). To
prevent electrolyte to flooding the reactor and decreasing gas permittivity of the gas diffusion
layer, a microporous layer is deposited in between this layer and the catalyst. (a) An efficient
operation of the microporous layer prevents any flooding and no electrolyte reaches the gas
diffusion layer. (b) A partial flooding causes a reduction in the CO2 reaction gas flux, reducing
the product yield. (c) Significant flooding prevents an efficient operation of the gas diffusion
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glassy carbon electrode, post-polish with the shaft wrapped in paraffin film..................... 138
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A) The first measurement is a CV at different scan rates (10mV/s — 140 mV/s) in 0.1M KOH,
with a Hg/HgO in 1M KOH reference electrode with a graphite counter electrode. The
electrolyte was degassed with argon. The CV window was 0.4 — 0.7 V vs. RHE and the starting
potential was 0.55 V vs. RHE. B) The second step was a chronoamperometry at 0.05 V vs. RHE
applied for 1500 s. This was conducted to mimic more negative potentials used in eCO2RR,
however without applying potential lower than 0 V vs. RHE to avoid the evolution of H;
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measurement was CVs at different scan rates like step 1, however at a lower potential range
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Figure 5-5 (next page) a) CVs within the 0.4-0.7 V vs. RHE window for CIC85 material drop cast
onto a glassy carbon electrode from a water-based ink with an additive of Nafion. The scan
rate varies from 10 mV/s to 140 mV/s overall. The reference electrode was a mercury based
RE-61AP and counter electrode was a graphite electrode. The electrolyte was degassed with
argon and was 0.1 M KOH. B) The current value of the CVs displayed in a) of this figure were
extracted at 0.52 V vs. RHE and their absolute value was plotted. Both the forward (blue) and
backward (orange) sweep is shown. A linear equation is used to fit this data, wherey = ax + c.
The gradient is presented for both the forward and backward sweep. The R? values are shown
to evaluate fit quality. C) The CVs of the PhFsCIC85 material are shown here with the same
experimental conditions as discussed for a). D) The current values were extracted at 0.52 V
vs. RHE from Figure C). E) The calculated values of capacitance per mass are shown.
Capacitance is calculated as an average of the forward and backward gradient values, shown
as a in Figure b and d. The mass used was the total mass of the material used (CIC85 = 11.58
mg, PhFsCIC85 = 11.73 mg) divided by the amount of catalyst ink pipetted onto the glassy

carbon electrode (28 mL) as ratio of the total amount of catalyst ink (1.4 mL). .................. 142

Figure 5-6 (next page) a) CVs in different potential windows (0.0-0.4 V vs. RHE and 0.4 - 0.7 V
vs. RHE) for the same CIC85 sample are shown. The scanrates vary from 10mV/s top 140 mV/s.
The 0.4-0.7 V vs. RHE window CVs were conducted first. Then a chronoamperometry
measurement at 0.05V vs. RHE was done. Then the 0-0.4 V vs. RHE window CVs were
performed. The current is divided by mass of the material deposited onto the glassy carbon
electrode (11.58 mg divided by 28 uL of catalyst ink deposited from the overall volume of
catalyst ink created 1.4 mL). B) CVs in different potentials windows for the PhFsCIC85 material.

C) Capacitance per mass in the 0.4-0.7 V vs. RHE and 0.0 — 0.4 V vs. RHE window. These values
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were calculated by extracting the current values at 0.52V vs. RHE and plotting them against
their respective scanrates. The gradient of the linear fit represents the capacitance. This value
was then divided by the mass of the material deposited onto the glassy carbon electrode. D)

The capacitance per mass of the PhFsCIC85..........ccoociiiiiiiciiiie e e e 144

Figure 5-7 Capacitance per mass of PhFsCIC85 sample. The capacitances were calculated by
running CVs at different scan rates in 0.1M KOH in the different potential windows. The
sample was tested in 0.4-0.7 window, 0.0-0.4 window and 0.4-0.7 window again. The blue

represents the 0.4-0.7 window and the 0.0 — 0.4 window is represented in red.................. 146

Figure 5-8 The capacitance per mass of PhFsCIC85 sample in different electrolytes: a) 0.1 M
KOH with RE-61AP reference electrode and graphite counter electrode. b) 0.5 M HCl with an
Ag/AgCl reference electrode and graphite counter electrode. Also shown on the secondary

axis (right hand side) is the ratio of the 0.0-0.4/0.4-0.7 V vs. RHE window capacitance per

Figure 5-9 Percentage of surface wetted of the PhFsCIC85 and CIC85 material as calculated by

using surface area calculated from BET. The BET values are extracted from literature.®! ...149

Figure 5-10 Droplet of water (5 uL) on the disc of a PhFsCIC85 on a glassy carbon electrode.

Contact angles are given in Table 5-1. ... e e e 150

Figure 5-11 Image of PhFsCIC85 disc on glassy carbon electrode broken under the force of

placing a droplet of water on the SUrface. ..., 151

Figure 5-12 Contact angle images of 3 different 5 mL droplets of water on a CIC85 disc. ...152
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Figure 5-13 Profilometer data of CIC85 disc (cross-sections taken across 1 disc, rotated by 120°
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SEM imaging was employed to observe whether morphological changes to the

PhFsCIC85 occurred

A film of PhFsCIC85 was studied under SEM, as shown in Figure 5-14.. In all previous work
related to capacitance measurements, a 5 cm glassy carbon rod electrode was the electrode
upon which all the films were drop-casted onto. In order for the films to be imaged in the SEM
equipment, the glassy carbon rod was swapped for glassy carbon discs that were 0.5 cm in
length and are electrically contacted within the electrode holder as seen in Figure 5-14a). The
different architecture of the electrode (i.e. the rubber seal between the glassy carbon
electrode and the plastic body of the holder and the plastic body itself) caused the electrolyte
and air to behave differently to the surface of the PhFsCIC85 film. Therefore, an air bubble
formed on the surface of the electrode which could be seen in Figure 5-15a) and is highlighted
by a blue ring in in Figure 5-16 d) and in Figure 5-17e). The air bubble could not be replaced
with electrolyte due to the highly hydrophobic character of the film and experiments were
conducted regardless. But, overall, this provided an opportunity to measure SEM on a sample,
which contained areas that had been in contact with electrolyte and undergone
electrochemical testing, and a “clean” area in the centre of the film which had not. It was

possible to image the surfaces of both areas and perform EDS. .......ccoooveiiiviieeieeicccnnnen, 153

Figure 5-14 a) image of PhFsCIC85 film on glassy carbon electrode in electrode holder b) SEM
image of the PhFsCIC85 disc post-electrochemical testing with a back scatter electron

detector, with 5.0 kV accelerating voltage c¢) SEM image with secondary electrode detector d)
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same image as a) but the air bubble on the surface of the electrode is circled in blue, e) same

image as b) however with a blue sketch where the air bubble sat during electrochemistry
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Figure 5-25 a) Capacitance per mass calculations of films made from a water based film with
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Figure 6-1 Permeance-performance relationship of PFPE. Data of CO2RR catalysed on copper
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1

Introduction

In this chapter we will discuss the fundamental research objective that this thesis will discuss.

1.1 Motivation: The Challenges of Climate Change

Since the Industrial Revolution, the concentration of CO; in the atmosphere has significantly
increased due to emissions from fossil fuels and changes in land use, mainly deforestation.!
As illustrated in Figure 2.1, the CO, concentration in the atmosphere has risen from approxi-
mately 278 parts per million (ppm) in 1740 to 417 ppm in 2022.2 The rise in CO, and other
greenhouse gases (GHG), including methane and nitrous oxide, has resulted in higher average
temperatures, sea temperatures, more frequent and severe extreme weather events, rising

sea levels, and reduced glacial ice volume, among other environmental impacts. 3 Climate

change will cause significant environmental and social damage globally.
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Atmospheric CO; over industrial Countries
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Figure 1-1 The calculated CO; concentration from ice cores pre-1950, and atmospheric measurements

post-1950. Adapted from Beck et al.*
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Figure 1-2 Spectrum of radiation measured by satellite, Nimbus 3 IRIS. >
The Greenhouse Effect is a physical phenomenon whereby CO, and other gases cause the
Earth to heat up. ® Figure 2-2 illustrates how the Earth re-emits solar radiation it has absorbed

as black body radiation, represented by the dotted lines. A satellite recorded the radiation

that reaches the outer atmosphere and shows a drop in emission at specific wavelengths. The
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solid line represents the recorded emission spectra, while the dotted lines show the black
body radiation at specified temperatures. The spectra significantly deviate from the dotted
lines at certain wavelengths due to the absorption of those wavelengths by gases such as
water vapour, carbon dioxide, and ozone. These gases absorb the electromagnetic spectrum
and then re-emit it in all directions, including towards the lower atmosphere and the Earth’s

surface, resulting in heating. ®

Greenhouse gases increase radiative forcing, which in turn increases the average global tem-
perature. The effects of this warming are being measured today. The Sixth Assessment Report
of the International Panel on Climate Change (IPCC) provides evidence of the physical changes
that can be observed today as a result of 1.1 degrees C of global surface warming in 2011-
2020 compared to 1850-1900.2 These include glacial retreat not seen for 2,000 years, the last
decade being warmer than any period in about 125,000 years, and sea levels rising faster than
in any previous century for 3,000 years. In addition to these existing environmental changes,
it is believed that further warming could trigger tipping points.? Tipping points are positive
feedbacks that contribute to higher levels of greenhouse gas emissions, such as permafrost

thawing or forest dieback.

Environmental impacts have global social consequences. Floods, droughts and crop shortages
are predicted to increase as global temperatures rise. Reducing greenhouse gas (GHG) emis-
sions is therefore a key objective. To limit global warming to 1.5 degrees Celsius, GHG emis-

sions would need to be reduced by 43% by 2030 from 2019 levels.3
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1.1.1 Climate-carbon cycle

The release of anthropogenic carbon dioxide into the atmosphere occurs as part of intercon-
nected geophysical Earth processes. The carbon cycle is one of the Earth's systems where the

net total of carbon is zero between the carbon allocations to land, sea and atmosphere.

Bim = Epos + Eryc — (Garm + Socean + SLanp) (1-1)

Understanding the different responses of carbon sinks is critical to understanding how an-
thropogenic CO; emissions led to atmospheric CO; concentrations. This is illustrated in equa-
tion 1. Currently, land and ocean carbon sinks have absorbed 53% of carbon emissions. When
considering the equation used by the Global Carbon Project to calculate the carbon budget,
the equation does not include anthropogenic carbon removal (which does not include land-
based carbon removal such as afforestation) because the magnitude of carbon removal is a
million times smaller than any other fluxes. Therefore, the current technological implemen-

tation of carbon removal has a negligible impact on carbon dioxide concentrations.

1.1.2 Renewable Energy

The global approach to reducing current CO, emissions has been to generate electricity using

renewable energy technologies instead of burning fossil fuels.

However, with the introduction of renewable energy sources, such as wind and solar, issues
related to the supply of electricity occur. Unpredictability and asynchronicity of generation

with respect to energy consumption and inability to control the scale of generation compared
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to traditional fossil fuels. These issues need to be addressed to ensure that energy needs can

be met from renewable sources.

Specifically in the UK, the carbon intensity of electricity from the grid has decreased from 485
g to 261 g of CO, produced per kilowatt-hour (kWh) from 2000 to 2022.” Many factors con-
tributed to the reduction of carbon intensity of electricity. These include: the switch from coal
to gas combustion, the introduction of offshore wind, the maintenance of nuclear power and
the introduction of residential and commercial solar photovoltaics. However significant chal-
lenges remain if the UK is to achieve its target of cutting emissions by 78% by 2035 compared
to 1990 levels.® The demand for electricity is predicted to double due to the up take of electric
powered vehicles and 7 out of the 8 of the UK’s current nuclear power plants are due to be

phased out by 2030.°

Despite the decarbonisation of electricity, not all energy-intensive lifestyle processes are easy
to electrify. Domestic transport, which uses on liquid hydrocarbons, was responsible for 27%
of greenhouse gas (GHG) emissions in the UK.1® Heating of homes and commercial buildings
is also a huge contributor to GHG emissions, due to the legacy of natural gas-fired boilers. In

2017, 92% of residential homes in the UK used a natural gas-fired boiler.!

Globally, the production of concrete results in significant carbon emissions, contributing to
8% of the world’s CO; emissions.'2 Hence lots of processes of human activity result in the net

emission of CO; to the atmosphere.

Looking at the main sources of greenhouse gas emissions, transport accounted for one fifth

of global CO; emissions in 2016.** One method of reducing greenhouse gas emissions from
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transport is to electrify road vehicles, aviation and shipping. However, a major obstacle for
vehicles, such as trucks and aircraft, is that the specific energy required is much higher than
the specific energy of today's batteries. After energy losses throughout the aircraft, the useful
specific energy of jet fuel is 4,500 Wh/kg. This compares with 250 Wh/kg for a state-of-the-

art battery.*

One avenue to address decarbonisation of transport is the use of Power-to-X (P2X) technol-
ogy to enable the production of chemicals and fuels with a low carbon intensity. P2X technol-
ogy enables the decarbonisation of hard-to-electrify industries, grid stability and seasonal en-
ergy storage.'®> P2X uses excess renewable electricity to convert abundant molecules to en-

ergy carriers, such as water to hydrogen and CO;to CO.

1.1.3 Applications of CO; reduction

CO; is a potential energy vector with surplus renewable energy, CO2 can be converted into

several different molecules that can be used in fuel cells.

1.2 Conversion of CO> to fuel

Within the last 100 years, many geopolitical events have stimulated research of CO; conver-
sion, whilst the interest in CO> conversion has inversely trended with availability of oil.% For
example, from circa. 1955 — 1970, oil supply was plentiful and hence interest in CO, conver-
sion to fuel was marginal outside of academic groups. However, during the decades of the
1970s and 1980s, the 1973 oil crisis and forecast of dwindling oil reserves motivated re-
search.” Within more recent years, the determination to find alternative sources to fossil fuel

derived fuels and the concern to find less carbon intensive avenues for generating fuels and
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chemical feedstocks is driven by alarm of climate change, fossil fuel reserves and national

energy security.1”1®

1.2.1 Thermocatalytic gas-phase CO; conversion

CO; can be reacted with more reduced molecules than itself at high temperatures in the pres-
ence of catalysts to convert it into molecules that are useful chemical feedstocks, such as
syngas. It requires reactants, such as hydrogen or methane, and high-temperature reaction

conditions.

Gas-phase CO; conversion is an attractive route for large point source carbon dioxide emitters
(e.g., cement manufacturers, steel plants) to convert their CO; into industrially relevant chem-
ical feedstocks.’® However, there are significant hurdles with current catalysts. Noble metal
catalysts are suitable for CO; methanation, RWGS reaction and methane reforming, but have
limited availability and high cost. Transition metal catalysts offer an alternative but are subject

to carbon deposition and sintering.

Table 1-1 Common thermocatalytic reactions of CO, conversions.

Molecule Reaction Name Reaction Reference
Methane CO, methanation Sa- COy+4H; > CHs+2H,0AH= 20
batier -165 kJ mol™?

Carbon monoxide Reverse water gas CO2;+H;¢>CO+H,0AH=41 2

shift k) mol™

Syngas Dry reforming of me- CO; + CH4 ¢>2CO +2H, AH= %2
thane 247.3 k) mol-1

Methanol or liquid Fischer Tropsch nCO +2nH; > —(CH3),—+nH,0 23

products
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Arecent development in the industrial implementation of dry reforming of methane is Linde's
DRYREFTM, a commercial plant for reforming methane?* with both steam and CO,. BASF's
SYNSPIRE novel nickel oxide catalyst is designed to withstand the coking process and there-
fore has an expected lifetime of 5-8 years.?> However, dry methane reforming and these other
processes still require high temperature and pressure operating conditions (850°C and 20-40

bar).

Thermocatalytic reactions are easy to scale up, but certain reactions, such as RWGS, may be
limited by thermodynamic equilibrium and therefore the reaction requires a higher temper-

ature to achieve single-pass conversion.?2?’

The hydrogen required for CO; conversion via hydrogenation, such as RWGS, is predominantly
generated by fossil fuels. In addition, thermocatalytic conversion of CO; requires significant
energy input also provided by the burning of fossil fuels within an engine. Hence 5 of the
thermocatalytic conversions of CO; via hydrogenation (3 direct processes of CO; to CO, CH3OH
and CH4 and 2 indirect processes of CO; via CO intermediate to CH3OH and CH4) have been

found to emit more CO, than it coverts when fossil fuel derived H; is used.?®

1.2.2 Photocatalytic CO, conversion

One method of photocatalysis of liquid phase CO; is to use a wide band gap semiconductor
such as TiO2, where an electron is promoted from the valence band to the conduction band
by the interaction of a short wavelength photon, creating an electron-hole pair.?° The electron

can be used as a reducing agent. However, the band gap of titanium is so large that only



Conversion of CO2 to fuel 35

photons with a wavelength of less than 380 nm can provide the energy required to promote
electrons. One technique to overcome this problem is to dope semiconductors with non-me-

tallic elements to introduce more filled orbitals and reduce the energy gap required.

Photocatalysis of CO; is difficult to achieve because CO; is a stable molecule and therefore
requires significant energy to drive the reaction, which very few photocatalytic materials can
provide. Finding an architecture of material(s) that can combine the role of photoexcitation
of an electron and surface catalysis of an adsorbed CO; is very difficult, especially in reasona-

ble quantities. It is difficult to reduce CO; at significant rates in the photocatalytic process.

1.2.3 Electrochemical CO; conversion

The electrochemical reduction of CO; (eCO2RR) occurs when external voltage is applied to an
electrode in the presence of CO; in an electrochemical cell. Utilising electrical energy, CO2 can
be converted into several carbonaceous products, such as carbon monoxide and formate, as
well as longer chain molecules, such as ethylene and ethanol.3° Central to this technology is
the role of electrocatalysts, which dictate the selectivity, rate and overpotential of the reac-
tion. The electrochemical reaction can be conducted at atmospheric pressure and room tem-
perature. This set-up can be compared to electrochemical reduction of water to hydrogen
(HER) in an electrolyser. HER occurs simultaneously during eCO2RR at the cathode in aqueous

electrolytes as a parasitic reaction because it more facile than the CO> reduction.3?

Equations 1 to 7 show the reactions and thermodynamic potentials of the common products.
The Ep values close to OV vs. RHE suggest that the reactions can occur at low potentials vs.

RHE. However, the multiple electron transfer and intermediate activation energies require
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high overpotentials to achieve high rates and faradaic efficiencies. By definition, C2+ products
have more carbons within the molecule than C1 products. Per molecule of product, more
electrons are required for C2 products. Each electron is thought to be added step-wise, hence
C2 products have more intermediates which results in higher onset potentials to produce
them. Furthermore, oxygenate products (such as alcohols and acids) are dissolved within the

electrolyte and hence will require further energy and equipment to separate and isolate.??

Standard Thermodynamic Potentials of common products:

CO, + 2e + H* = HCO; Ep =-0.02 V vs. RHE (1)

CO, +2e + 2H* = CO + H,0 Eo = -0.10 V vs. RHE (2)

CO, + 8e™ + 8H* > CHa + 2H,0 Eo = 0.03 V vs. RHE (3)

2C0, + 12e + 12H* > CHa + 4H,0 Eo = 0.08 V vs. RHE (4)
2C0; + 12e" + 12H* - CH3CH,0H + 3H,0 Eo = 0.09 V vs. RHE (5)
3C0; + 18e” + 18H* - CH3CH2CH,0H + 5H,0 Eg = 0.21 V vs. RHE (6)

2H* +2e" - Hy Eo = 0.00 V vs. RHE (7)
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1.3 Copper catalysts for eCO2RR

The use of catalysts is essential to afford selectivity, lower overpotential and overcome kinetic
limitations for these multi-carbon products.33 Copper-based electrocatalysts have been stud-
ied extensively due to their appropriate binding energy and coordination to form multi-car-
bon products, such as ethylene, as reported first in literature by Hori.3* Copper is the only

metal that is capable of the selectivity to multi-carbon products.?®

Au Ag Zn Pd Ga

Figure 1-3 Electrocatalytic metals grouped by the main product evolved during eCO2RR.

However, many barriers remain; the copper catalysts are not selective to one product, HER
occurs still, the overpotential required is high and kinetically the process is slow. Research has
focused on morphology, particle size, grain boundaries of copper to address the current limi-

tations for eCO2RR.36-39

1.3.1 Oxide-derived copper

Oxide-derived Cu (OD Cu) represents a research avenue for copper-based electrocatalysts,
offering unique catalytic environments with the potential to enhance catalytic activity to-

wards multi-carbon products. For example, Mistry et al. treated Cu foils with oxygen plasma,
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thereby creating a CuOy layer rich in Cu*. The presence of stable Cu* species has been shown

to promote CO—CO dimerization, leading to enhanced selectivity towards C, products.*°

The presence of residual subsurface oxygen has been demonstrated to alter the electronic
structure of Cu, increasing its affinity for CO; and CO intermediates. For example, Ren et al.
electrochemically deposited Cu,O layers onto Cu, which underwent in situ reduction, achiev-

ing an FE of 38.79% for ethylene and 9.01% for ethanol at -0.99 V vs. RHE.*!

The demonstration of low energy *CO dimerization was attributed to high grain boundary
concentration.*? OD Cu was found to be an effective catalyst for C2+ due to the high concen-
tration of stepped surfaces and edges that are formed during the reduction to the active cat-
alyst form during reduction. These sites have low coordination number and increase the *CO
adsorption strength which enables the build-up of large coverage of CHxO intermediates

which can dimerise to C2+ products.*

OD-Cu interacts differently with alkali cations, which affects CO, adsorption and local pH bal-
ance, leading to better product selectivity. Li et al. annealed Cu foil to create a Cu,0 layer,
achieving an FE of 46.7% for CO at -0.35 V vs. RHE. The annealing process led to the modifica-
tion of Cu’s surface interactions with the electrolyte, thereby enhancing CO selectivity over

HER.43

1.3.2 Particle size effects for C2 selectivity

Research highlights the effects of nanoparticle size on CO; reduction performance, demon-
strating that particle size directly influences the reactivity of catalyst materials. This influence

arises from a significant increase in the surface to bulk atom ratio as particle size decreases,
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leading to larger surface curvature, lower average coordination of surface atoms due to more
undercoordinated sites**, perturbed electronic structures, and oftentimes increased reactiv-

ity®.

The impact of size-activity relation of Cu nanoparticles towards hydrocarbon selectivity of
eCO2RR has been studied in narrow nanoparticle size distribution of 15 nm and less. Under 5
nm, the production rate towards hydrocarbons decreases whilst production rate towards car-
bon monoxide and hydrogen increase.3” Furthermore, in multiple studies copper nanoparti-
cles have been observed to aggregate®® and become less well-defined in shape*” under elec-

trochemical conditions.

1.3.3 Surface facets

Cu(100) surfaces predominantly form ethylene (C;H4), along with smaller amounts of me-
thane (CH4), whereas Cu(110) and Cu(111) surfaces favour the formation of CHs4 with very
limited amounts of C;H4.%® This suggests that different crystal facets exhibit distinct catalytic
activities and selectivities, likely due to variations in atomic arrangements and electronic

structures that affect the adsorption and activation of reactants and intermediates.

Further investigation into the role of undercoordinated sites, such as steps and kinks, reveals
their significant impact on product selectivity. Cu(100) surfaces with (111) or (110) steps have
been linked to increased selectivity towards alcohols and a higher propensity for C;H4 for-
mation over CH4.4%°0 These structural features promote multicarbon product formation. This
suggests that engineering Cu surfaces with an optimal arrangement of (100) facets and step
sites could enhance selectivity towards desired C2+ products, such as ethylene and other ox-

ygenated compounds.
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1.3.4 Scaling relationship limitation

There is a linear relationship between the binding energy of different intermediates within a
pathway to a product, hence reducing the binding energy of one intermediate reduces the
binding energy of the other intermediate and then the intermediate desorbs and the pathway
is no longer viable.”! In the case of C2 products such as ethylene and ethanol, the *C,0; and
*OH binding energies have been used to explain the trend in the limiting potentials of nine

transition metals for the reduction of carbon monoxide to ethylene or ethanol.>?

As demonstrated in Figure 1-4a, the *COOH binding energy varies depending on the metal
and that demonstrates a “volcano” relationship with the reduction rate for carbon monoxide.
Whereby, the optimum binding energy for the highest rate of reaction (the top of the volcano)
is a binding energy in the middle of the range of binding energies. In the case of the highest

reduction rate to CO, Au has the optimum binding energy.

Multi-carbon products are formed from CO; that is reduced to CO* and then reduced further.
However the optimum binding energy is different again for the rate-limiting step for the in-
termediate for multi-carbon products, as seen in Figure 1-4b where Cu sits atop the apex of
the pyramid. Hence the difficulty of binding energy engineering for multi-carbon products
when the metals with the optimum binding energy for the CO intermediate and the multi-
carbon intermediates are not the same. However this observation could provide good evi-

dence to pursuit bimetallic catalysts for multi-carbon products from CO; reduction.
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oxide of polycrystalline transition metals at -0.9 V vs. RHE14 (b) Activity volcano for flat(111) and

stepped(211) transition metal surfaces as a function of CO binding energy.>*

1.4 Bimetallic catalysts for eCO2RR

A bimetallic approach is one that aims to alter the binding energy of the surface atoms in
order to alter the selectivity®. There is a lower reduction potential of CO, on Au compared
with Cu®, hence with the inclusion of gold there is the opportunity to have more facile CO;
reduction to CO. Where Cu selectively produces hydrocarbons, Au has good selectivity to-
wards CO°’. Au demonstrates a lower overpotential to CO compared with Cu, hence shows a
higher current density for the reaction. Importantly, CO is the key intermediate of multi-car-
bon products, and it could be transferred through a spill-over motion from Au to Cu, hence

aiding facile carbon-carbon coupling.

The pathway to form multi-carbon products occurs via a carbon monoxide intermediate.
Whilst the formation of a carbon monoxide product/intermediate occurs via a carboxyl inter-

mediate (*COOH) through bonding of the catalyst surface to the carbon or oxygen atom of
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the CO2 molecule and proton and electron transfer. Norskov et al*3 proposed volcano plots of
the partial current density of CO and the *COOH binding energy. Au is found to be at the top
of apex of the pyramid showing that the *COOH binding energy to influence the activity to-
wards carbon monoxide. In contrast, Cu is found to have a larger *COOH binding energy and

lower carbon monoxide partial current density.

Whilst when considering the binding energy of the *CO intermediate, Cu is found to be at the
apex of the pyramid of *C) binding energy and log (current) of CO; electroreduction. Further-
more, when plotting CO partial current density, Au and Ag have a lower partial current density

due to a lower *CO coverage.

Much research has been focused on the experimental investigation of the effect of Cu-Au
bimetallic catalysts on CO2 electroreduction. Several studies have investigated Au-Cu cata-
lysts at low overpotentials and found that the inclusion of Cu can reduce the need for gold, a
precious metal, while still maintaining high faradaic efficiencies for CO. Many different
nanostructures of Au-Cu catalysts have been investigated; such as Au/Cu nanospheres>?, Au-
Cu nanoparticles dispersed on multi-walled carbon nanotubes®®, nanoporous AusCu alloy®°.
Nanostructuring of Au-Cu bimetallic catalysts was used as a tool to offset the loss of faradaic
efficiency towards CO that occurs due to the partial replacement of gold with copper due to
it being a precious metal. These studies all use Au-Cu to be selective towards carbon monox-
ide by optimising the *COOH intermediate and weakening the *CO adsorption through elec-
tronic modification by alloying. However none of them are selective towards multi-carbon

products at the operational overpotential and experimental conditions of the CO2RR.
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One study set out to remove the impact of nanostructuring by synthesising planar uniform
thin films of gold and copper alloys. Liu and et al. found that pure copper was found to be the
most effective for C-C coupling but produced a broad distribution of products, such as eth-
ylene, ethanol, carbon monoxide and methane. At low gold content, AuiCugs still favoured C-
C coupling but with reduced efficiency for ethylene and ethanol production. The gold reduced
the binding strength of CO on the Cu surface, leading to CO production being favoured over

C2+ products.®?

Another key factor investigated was the impact of lattice strain that occurs as a result of al-
loying gold and copper in nanoparticles. Au-Cu nanoparticles demonstrated high faradaic ef-
ficiency for CO at low overpotentials, improving on the performance of both pure gold and
copper. The lattice strain measured in the Au-Cu alloy nanoparticles alters the electronic

structure which improves the activity and selectivity for CO production.®?

Heterojunctions were concluded to be the defining factor for notable faradaic efficiency of
ethanol at relatively low overpotential in neutral aqgueous media (63.1% FE of CO at -0.76 V
vs. RHE in 0.1 M KHCO:3). In the same study, AuCu alloy did not show selectivity towards eth-
anol in the same conditions. It is believed that there was selective activation of reaction in-
termediates at the interface between Au and Cu in the heterojunction, while the alloy exhib-
ited broader product distributions, including less desired products like methane. The hetero-
junction’s design ensures optimal electronic interaction between the two metals, making the
catalyst more effective than a homogenous AuCu alloy where the unique electronic structures

of each metal become averaged out.®3
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Alternatively, one study created a wrinkled morphology of gold film and deposited Cu nano-
particles and found it to show optimal selectivity towards ethylene and ethanol over a wrin-
kled copper film. This improvement is believed to be the result of tandem catalysis whereby
gold primarily facilitates the CO; reduction to CO due to its ability to stabilise CO intermedi-
ates and enhance CO desorption. Then copper acts as the secondary catalytic site, promoting

C-C coupling reaction producing C2+ products.®

Tandem catalysis is also referred to by a study whereby Au nanoparticles are evenly dispersed
on Cuz0 nanowires. The Au component aid in CO formation and coverage on Cu, whilst also
suppressing hydrogen evolution. The interaction between gold and copper can modify the
electronic effect of the copper site to lower the hydrogen binding strength and make it less

likely for copper to facilitate hydrogen evolution.®>

Cu20 nanocubes were decorated with Au nanoparticles in a study which highlighted that low
Au loadings improve C-C coupling, while higher Au loadings primarily promote CO production
and suppress C2+ formation. It was found that CuAu alloy formation occurs during the CO2RR

dynamically as a result of the reaction conditions.5®

Structural variations have been explored for C2+ product selectivity, in the form of Au-Cu
core-shell nanoparticles. Monzo et al. (2024) decorated a gold core with copper shells of var-
ying thickness. The paper reports that 7-8 layers of copper on gold nanoparticles favoured the
formation of ethylene whilst thicker copper layers led to higher selectivity for methane. In
contrast to the tandem catalysis in the studies discussed above, the catalytic reactions are

mostly limited to the copper shell. However, it is thought that when the copper shell is
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relatively thin, intermediate products, such as CO, can diffuse through the copper surface to
the gold core where CO desorption occurs more readily due to the lower binding energy of

CO on gold compared to copper.®’

In summary, research on Cu-Au bimetallic catalysts for CO, electroreduction highlights the
promising potential of these materials to improve selectivity and efficiency in the production
of valuable carbon-based products such as CO and C2+ compounds. Studies have shown that
the incorporation of copper into gold catalysts can reduce the need for precious metals while
maintaining high faradaic efficiencies for CO, particularly at low overpotentials. The various
nanostructures, including nanoparticles, alloys and thin films, each offer unique advantages
in terms of electronic interactions and lattice strain that can optimise catalyst performance.
In addition, novel designs such as heterojunctions and tandem catalysis have shown improved
selectivity for desired products such as ethanol and ethylene. These findings underscore the
importance of structural and compositional engineering in developing efficient bimetallic cat-

alysts for multi-carbon products.

1.4.1 Gas diffusion electrodes

A gas diffusion electrode (GDE) plays a valuable role in eCO2RR as it allows CO; to diffuse into
the catalyst layer, as opposed to saturating the electrolyte with CO,. Including the catalyst
layer, GDE have 3 components; the catalyst layer, the microporous substrate and a mi-
croporous layer.®® The macroporous layer is responsible for the mechanical strength and elec-
trical contact between the electrode and the current collector, enables the transport of CO;
gas through its porous network and can be coated with a hydrophobic polymer to ensure

hydrophobicity. The role of the microporous layer is to increase the area of electrical contact
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between the catalyst layer and the macroporous layer and to further enhance hydrophobicity.
These two layers do not have a clear interface as the microporous layer is composed of carbon
nanoparticles that are smaller than the macroporous layer, so some nanoparticles enter the
macroporous layer and form an interstitial zone. Typically, these gas diffusion layers have
been manufactured for the fuel cell industry and are therefore commercially available, but
they typically degrade under eCO2RR conditions.®® After exposure to the high current densi-
ties and alkali solute that the GDE is exposed to, the hydrophobic nature of the GDE prior to

the reaction has become hydrophilic.

1.4.2 Stability issues

A stability issue of GDEs is the intrusion of electrolyte into the GDE which reduces the pore
space available for CO; transport and hence reduces the product selectivity of carbonaceous
products relative to the hydrogen evolution reaction’®. It also increases the distance of diffu-
sion of CO; through electrolyte which increases the probability that CO; will react with -OH to
form carbonate or bicarbonate aqueous species. The solubility of these salts in aqueous elec-
trolyte is low and hence in the eCO2RR gas diffusion conditions, where water evaporates
these salts precipitate in the pores of the GDE. Due to their hygroscopic nature, they draw in
electrolyte via capillary forces and increase electrolyte intrusion’. To counteract this detri-
mental effect, hydrophobic materials, such as PTFE, are sprayed onto carbon-based GDEs but
over time this degrades under the cathodic current and furthermore, PTFE has unfavourably
low conductivity and itself occupies pore space 7°. At present, this phenomenon is affecting
the stability of the GDE, reducing the selectivity of the reaction and hence there is opportunity

to engineer solutions to prevent the flooding of the gas diffusion electrode.
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Figure 1-5 Optical microscope images of a gas diffusion layer at different points throughout the reac-

tion.”?

1.4.3 Additives in catalyst layer

Existing efforts to reduce flooding through the use of additives in the catalyst layer have in-
cluded functionalising carbon black with fluorine-terminating molecules’3, incorporating PTFE
nanoparticles into the catalyst layer’#’® and the use of hydrophobized nanofibers’’. As a sup-
plementary approach, there has been work to fabricate GDEs that outperform commercially
available GDEs, for example the use of PTFE binders on a carbon fibre skeleton with the ad-
hesion of a PTFE macroporous layer which was found to operate for 103h (16 times longer
than a commercial GDE)’®. However, it has been suggested by one group that the traditional
GDE design ‘may not be resistant to flooding during CO; reduction’’? and hence other groups
have redesigned the GDE entirely, such as the use of a completely non-conductive GDE com-

bined with a network of silver wires as the catalyst layer 7°.
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1.4.4 Characterisation of Electrode Flooding

Different characterisation tools are available to study electrode flooding in fuel cells and elec-
trolysers. Various experimental techniques have been employed to investigate flooding
mechanisms, enabling insight into spatial distribution, transport dynamics and electrochemi-
cal impact of water accumulation. Among the most widely used methods, electrochemical
impedance spectroscopy (EIS) is a powerful diagnostic tool that enables the identification of
flooding-related transport resistances by analysing frequency-dependent impedance re-
sponses. Ren et al (2019) used EIS to diagnose water failures in proton-exchange membrane
fuel cells by analysing zero-phase ohmic resistance and fixed low-frequency impedance. The
study showed that an increase in the low-frequency arc radius was an indicator of liquid water
accumulation in the gas diffusion layer which leads to flooding. 8 Similarly, a drastic increases
was observed in the low-frequency resistance in EIS measurements, indicating flooding in
PEMFCs.2182 While EIS provides valuable in situ electrochemical insights, it lacks direct spatial
resolution and requires complementary imaging techniques for a more comprehensive un-

derstanding of water accumulation.

In contrast, X-ray Tomographic Microscopy (XTM) allows researchers to capture real-time 3D
images of liquid water distribution, providing a spatially resolved assessment of flooding dy-
namics. X-ray tomographic microscopy analysis was conducted on laser-performated GDLs in
CO; electrolysis. The XTM visualised and quantified water transport mechanisms in the GDLs,
distinguishing between water accumulation, redistribution and drainage pathways.®3The
same researchers then used XTM to study the performance of microporous layers within

PEMFCs and found operando XTM imaging provided direct, three-dimensional visualisation
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of how liquid water formed and moved within porous layers. The operando imaging enabled
tracking of water accumulation and removal over time, particularly during the first minute of
operation. XTM also found that at low humidity, water was primarily transported as vapour,
whilst at high humidity and current density, liquid water accumulation increased at the cata-

lyst layer / microporous layer interface and in the gas diffusion layer.34

In addition to EIS and XTM, other techniques such as neutron imaging, energy dispersive X-
ray spectroscopy (EDX) and inductively coupled plasma mass spectroscopy (ICP-MS) have
been employed to investigate flooding phenomena. EDX and ICP-MS provide chemical in-
sights into electrolyte retention and ion migration associated with flooding events. Kong et
al. 2022 found cracks in the MPL played a key role in electrolyte management, preventing
flooding-related performance degradation in GDEs used for CO, electrolysis. EDX provided
gualitative insights into potassium distribution, confirming flooding severity in non-cracked
GDEs and effective drainage through cracks. ICP-MS quantitatively assessed electrolyte reten-

tion, demonstrating that higher crack density correlated with reduced flooding effects.®>

Electrode flooding remains a key challenge in fuel cells and electrolysers, with various tech-
niques used to characterize water accumulation and transport. EIS identifies flooding-related
transport resistances, while XTM provides real-time 3D visualization of water distribution.
EDX and ICP-MS further reveal how structural modifications, such as cracks in the mi-

croporous layer, impact water retention.

1.4.5 Catalyst engineering

A different approach towards tuning hydrophobicity in the GDE is through modifications to

the catalyst species, for example the engineering of hydrophobic needle structure of Cu?.
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One approach is the surface functionalisation of the catalyst: the surface of a Cu catalyst was
modified with toluene molecules®’. Through molecular dynamic (MD) simulations and DFT-
based structure optimisation, the intermolecular spacing between the toluene molecules was
calculated to be 5.1A . This was believed to be the critical factor in creating a micro-channel
between the catalyst surface and the bulk electrolyte to enable high CO; concentration and
low electrolyte wetting. The use of polymer ligands grafted to the surface of Au NPs which
was stated to promote water clustering and create a hydrophobic microenvironment that led

to improvement in GDE performance®®.

1.5 Aim and Objectives

In the following, the aims and objectives of this research will be discussed.

1.5.1 Aims

The aim of this research is to understand the limits of selectivity and stability of heterogene-
ous electrocatalysts in gas diffusion electrodes for CO; electroreduction for multi-carbon

products.

1.5.2 Objectives

(1) Synthesize and Characterize Bimetallic Electrocatalysts: Develop and optimize Au-Cu;0
bimetallic catalysts for gas diffusion electrodes, leveraging the synergistic effects ob-
served between gold and copper oxide to enhance the selectivity towards ethylene, eth-
anol, and propanol production. Characterize the catalysts using a range of techniques,

including scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
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(2)

(3)

(4)

(EDXS), to understand the relationship between catalyst morphology, composition, and
performance in CO; electroreduction. Test different deposition techniques of Au on Cu,O
to optimise CO selectivity.

Evaluate the Performance of Modified Gas Diffusion Electrodes: Conduct comprehen-
sive electrochemical testing of gas diffusion electrodes, modified with bimetallic catalysts
and hydrophobic additives, in CO; electroreduction. Focus on measuring selectivity to-
wards multi-carbon products, faradaic efficiency, and electrode stability over extended
operational periods. Analyse the role of catalyst composition, electrode structure, and
hydrophobicity in optimizing the performance and longevity of the electrodes.

Improve Electrode Hydrophobicity: Incorporate hydrophobic materials, such as nanopo-
rous carbon particles functionalized with polyfluoroaromatic compounds, into the gas
diffusion electrodes to mitigate flooding and enhance CO; transport to the catalytic sites.
Assess the durability of hydrophobicity under electrochemical conditions and its effect
on the selectivity and stability of the CO, reduction process.

Investigate the Mechanisms of Enhanced Catalytic Selectivity: Utilize the findings from
catalytic performance evaluations to delve deeper into the mechanisms underlying the
observed selectivity towards multi-carbon products. Study the interaction between gold
and copper oxide in the bimetallic catalyst and the influence of hydrophobic additives on
the microenvironment at the catalytic sites, contributing to a more nuanced understand-

ing of CO; electroreduction pathways.
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2

Fundamentals & Methods

In this Chapter, we will discuss the experimental setup as well as different techniques that

were employed through the course of this thesis.

2.1.1 Equilibrium Electrochemistry

If there is an electrode and an electrolyte containing redox active species, then the electrode
has a potential ¢,,,, as does the electrolyte, ¢p;. Hence the difference between the ¢,, and ¢
gives the potential difference A¢,, /s across the electrode interface as shown in equation (2-

1).

Ad)m/s = ¢m— s (2-1)

The equilibrium depends on the ratio of the activity of the oxidised and reduced species (a,;
and a,4), Which is proportional to the ratio between the concentrations [oxi] and [red]. The

equilibrium constant of the reaction is given in the following equation:

K = Aoxi _ [OXi] 2.2
h Ored - [red] ( - )

The Gibbs free energy of a reaction describes the Gibbs free energy of a system, where R =

gas constant, T = temperature (Kelvin), K = rate constant.
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AG = AG° + RT -In(K) (2-3)

AG = —zFE (2-4)

Nernst found that the equilibrium potential could be defined as follows:

E=E%+ ElnM (2-5)
zF [R]

Measurement of the working potential requires the use of a third electrode to define the
potential difference between the electrode and the electrolyte, rather than measuring the
potential difference between the working electrode - electrolyte and counter electrode - elec-
trolyte potentials. The reference electrode possesses a constant and defined potential against
which the working electrode can be measured. The electrochemical scale uses the water re-

duction reaction under standard conditions (pressure H, = 1 bar, pH =0, a(H*) = 1).

2.1.2 Interfacial Electron Transfer

Before a redox reaction of a redox active species can take place at an electrode, several pro-
cesses must take place. The redox species must diffuse from the bulk electrolyte to the sur-
face, which is governed by mass transport. Potential chemical reactions such as protonisation,
dimerisation or catalytic decomposition can then take place. The reaction is then adsorbed
onto the electrode and the redox reaction can occur. A reverse pattern of events can then
occur for the redox species post-electro redox event, where the species desorbs, becomes

available for chemical reactions and diffuses back into the bulk. The electrochemical rate is
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determined by the slowest step of the above processes, which is referred to as the rate-de-

termining step.

The term mass transport limited is used to describe an electrochemical reaction where the
rate determining step is the movement of species from the bulk to the surface or vice versa.
When mass transport is faster than electron transfer, and electron transfer is the rate deter-

mining step, the reaction is described as electron transfer limited.

The current associated with the process is an indicator of the reaction rate and this can be
estimated using the equation (2-6) where i = current density, k = rate constant, [Csurf] = con-
centration of species at the surface, z = number of electrons transferred per redox reaction

and F = Faraday’s constant.

i =k [Cours] - 2F (2-6)

This net current can be divided into its contributing oxidation and reduction currents, defined
as the oxidation current and the reduction current. At equilibrium, the current contributions
are equal and therefore the potential difference between the electrolyte and the electrode is
0 V. The potential difference of an electrochemical system in a cell when no external potential

bias is applied is called the open circuit voltage.
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In|il

Tafel Region Tafel Region

Figure 2-1 An example tafel plot, showing both oxidative and reductive tavel regions and the ex-

change current density ip when a = 0.5.

2.1.3 Butler-Volmer equation

The Butler-Volmer equation describes the relationship that can be derived between the nat-
ural logarithm of the current and the overpotential. Overpotential is the difference between
the reduction potential and the potential at which the redox occurs. This derivation is found

by taking the net current flow as given by:

i = FA(ko[R]o — kolO]o) (2-7)
. —aFn
krea = k exp (T (2-8)
o (1-a)Fny
kox = k exp (T) (2-9)
_ RTl ] RT1 ] (2-10)
n= —zlnip - —=lni

where a = transfer coefficient and i, is the exchange current.
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The Tafel plot is when the natural logarithm of the current is plotted against the overpotential,
as shown in Figure 2-1. In the linear regions of the plot, only the cathodic or anodic process is
responsible for the current because the overpotential is far from the equilibrium potential.
The region between the two regions of the graph is where the current has contributions from
both the anodic and cathodic current. By rearranging equation (2-10) above, the slope of the

Tafel plot can be used to find the value of a.

2.1.4 Mass transport and diffusion layers

In Section 2.1.2, the kinetics of the reaction was discussed as being determined by the rate
determining step, which could be mass transport or electron transfer in nature. In the case of
rapid electron transfer, the study of mass transport effects provides insight into the reaction

rate.

Different types of mass transport can occur and these include: diffusion, convection and mi-

gration.

Diffusion is the result of an increase in entropy, whereby areas of high particle concentration
move to areas of low concentration to create a more homogeneous distribution. Further-
more, the rate of this process is determined by the difference between the high and low con-
centration at a given coordinate. This was mathematically defined by Fick for species "B" in
the equation below:

d[B]
7B T ox

j= (2-11)

where j = diffusion flux, [B] = concentration of B. Dgis a diffusion constant known as the diffu-

sion coefficient, the value of which is specific to the identity of B.
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Fick's second law of diffusion can be used to predict changes in the concentration of electro-

active material near the surface of an electrode.??

o8] _ |, (918]
= o5 )

Convection is movement due to a mechanical force in a solution. One type of convection is
due to thermal variation or density difference within the solution, both of which can be gen-
erated in situ as a result of the electrochemical reaction. The reaction may be exo- or endo-
thermal and/or the redox product may have a different density to the reactant. Alternatively,
convection can be externally controlled by gas bubbling, stirring or pumping. If this convection
method follows a well-defined behaviour, then the flow can be described quantitatively, and

mass transport can be predicted.
(2-13)

where v, = velocity.

Migration is the term used to describe the movement of species due to electrostatic forces.
Due to the presence of an electric field at the electrode/electrolyte interface, charged species
in the interfacial region experience an electrostatic force that causes them to move either
closer to or further away from the electrode/electrolyte interface.

d¢

= 2-14
T ( )

jm _u[B]

where jm = migration flux, u = ionic mobility and the electric field, a_¢'
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2.1.5 Linear and cyclic voltammetry

Experimentally, lots of information can be obtained by perturbing an electrochemical system
with an external bias. Voltametric methods use the application of a potential that is continu-
ously changed in steps at a known rate and measure the current response of the system. This
can be done in one direction, known as linear sweep voltammetry, starting at E1 and ending

at E> with a scan rate vs and sweep time t.

In an electrochemical system with redox active species, current is measured when the poten-
tial sweep reaches a potential high enough to induce electron transfer. As the magnitude of
E increases during the sweep, the oxidation rate constant, kox, increases and hence the cur-
rent increases exponentially with potential. However, at a certain E, the current reaches a
maximum and then decreases. This is due to the dependence of the current at this point on
[Ao], the surface concentration of the reactant, Ao, which is being consumed at a rate greater
than that which can be replenished by mass transport from the bulk to the surface. The max-
imum current is called the peak current, ip. The current after iy is proportional to the mass

transport of Ag in the depletion zone around the electrode.

Regarding the potential position of Ep, for reversible reactions the potential position is inde-

pendent of the sweep rate. Whereas for irreversible reactions the E, shifts.

The magnitude of i increases with scan rate for both reversible and irreversible cases. If the
scan rate is higher than there is less electrolysis over time, the depletion of A near the elec-
trode is reduced, resulting in a thinner diffusion layer and a steeper concentration gradient.

The higher flux results in a higher ip.
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In cyclic voltammetry, the potential is scanned in both directions, resulting in a triangular
waveform of the potential. The reverse scan causes the potential to approach the equilibrium
potential of the redox species and, due to the high concentration of product from the forward
scan, the current increases in the opposite direction. The kinetics for the reverse scan redox

become more favourable as the potential becomes more positive.

The position of the Epred and Epox are separated by 59 mV at 25°C and are independent of the

scan rate.

2.1.6 Chrono- Methods

Chronoampemetric electrolysis is carried out by applying a constant potential against a set
time at which the current is measured. When the potential is increased to a value at which
electrolysis occurs, a large current is detected over time due to the lack of concentration de-

pletion. Depletion occurs over time.

In the absence of redox-active species when studying chargeable materials, an instantaneous
large current spike is observed when a chronoamperometric potential is applied. This is due
to the movement of ions in the solution responding to the shift in the electric field, which in

turn causes a shift in the electric field in the electrode.

2.2 Product Analysis Techniques

2.2.1 Gas chromatography (GC)

Gas chromatography is a method of identifying gases and quantifying their concentration in

a sample. GC consists of a column lined with a material called the stationary phase. As the
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mobile phase moves through the column, it interacts differently with the stationary phase
depending on its affinity for the material, so that different gases pass through the column at
different times. A gas arrives at the detector at a certain time after the start of injection,
known as the elution time. At the detector the amount of gas present produces a signal pro-
portional to the size of the peak area. A calibration curve for the GC can be established by
injecting samples of different known concentrations and plotting the resulting peak area
against concentration. The slope of this calibration curve then allows an unknown gas con-

centration to be calculated from its peak area.

2.2.2 Gas chromatography for liquid products

Liquid products can also be analysed by gas chromatography, but the raw sample is in liquid
rather than gas form. It is therefore vaporised in the gas chromatography equipment so that
itis in the same state as the carrier gas and both the vaporised sample and the carrier gas can

move together through the column as a mobile phase.

2.2.3 lon chromatography (IC)

lon chromatography uses the same physical technique as gas chromatography but separates
and quantifies ions in solution. The mobile phase in ion chromatography is the sample con-
taining ions or polar molecules and aqueous/organic media, which is pumped through a col-
umn containing the stationary phase. The different affinities of the ions for the stationary
phase result in separation. The detector records the conductivity associated with the eluted
sample to produce a quantifiable peak area. Similar to GC, a calibration curve can be gener-
ated. Due to the various techniques used to reduce the effects of pH and the result of dis-

solved carbon dioxide in the eluent, there is often a deviation in the baseline for peaks.



62 Fundamentals & Methods

Therefore, it is usually more appropriate to apply a quadratic curve fit to the calibration curve

data due to the above-mentioned effects that cause deviation from a linear trend.

2.3 Catalyst preparation

2.3.1 Copper microparticle synthesis

Cu20 microparticles were synthesised by a hydrothermal method and chemical reduction of
copper acetate (Sigma Aldrich, 99.8%) with glucose (anhydrous, Sigma Aldrich) as previously

published.®® The ratio of water (ml): ethanol (ml): ethylene glycol (ml) used was 10:50:20.

The microparticles were washed in ethanol and water before separation by centrifugation

(6000rpm, 30min). The particles were then dried under Schlenk conditions at 80°C for 48 h.

A more detailed description of the synthesis is given below as the reaction conditions were
found to impact particle size. In a contained round bottom flask, the solution did not have as
much contact with air as in an open beaker. In a round bottom flask, evidence of Cu nanopar-
ticles were observed. The sample exhibited a plasmon resonance peak associated with Cu
nanoparticles when studied with UV-Vis spectroscopy. The aim of the synthesis was to pro-
duce Cu0 microparticles, hence the synthesis conditions were altered to achieve this, as de-

scribed below.

2 ml of DI water, 20 ml of ethylene glycol and 50 ml of ethanol were mixed with a stirrer bar
in an open 150 ml beaker to form a solution. (Initially only 2 ml of water was added, so that
the reagents (potassium hydroxide and glucose) could be added as aqueous solutions to min-

imise large concentration gradients of reagents). 1.0 g of copper acetate hydrate was added
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to this solution. Stirring continued but no heat was used. It was found that the copper acetate
could be slow to dissolve in this solution, hence the stirring could be left for up to an hour. A
watch glass was used to cover the beaker during this time with the aim to minimise any evap-
oration. Once the copper acetate was fully dissolved, the watch glass was removed the solu-
tion was then heated to 70°C whilst stirring continued. Once the solution had reached 70°C,
then 5 ml of 7M aqueous NaOH solution was added drop-wise. Then 3 ml of 2.22 M D-glucose
aqueous solution was added. Both these solutions had previously been sonicated to encour-
age their total dissolution in water. The solution is then left to heat at 70°C whilst continuing
to stir for 30 minutes. After 30 minutes, the hot plate is turned off and the reaction beaker is

left to cool on top of the hot plate. After that the Cu,0 is washed as mentioned above.

2.3.2 Colloid imprinted carbon synthesis via templating

Carbon pitch was cryogenically ball milled for 30 min and cooled with dry ice. Colloidal silica
(80 nm) was then dried in an oven at 80° for 12 h. The carbon pitch and dried silica were then
ball milled together. The mixture was then heated at ramped intervals to imprint the carbon
around the silica and to carbonise the carbon species within the mixture. The resulting mix-
ture was removed by refluxing with 1M KOH to dissolve the silica. The solid imprinted carbon

was then washed.

2.3.3 Functionalisation of nanoporous carbon particles with pentafluorophenyl moie-

ties

Colloid imprinted carbon (CIC) was functionalised with pentafluoroaniline to form a mono-

layer of pentafluorophenyl carbon. 1.0 g CIC-85 powder (CIC powder with 85 nm pore size),
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6.0 g pentafluoroaniline were mixed in 250 ml of acetonitrile under N> and then 3.9 mg amyl

nitrite was added dropwise.

Glassware (round bottom flask(rbf), stirrer bar and bottom of condenser) was cleaned with
piranha solution. The CIC and pentafluoroaniline were added to the rbf which was sealed with
a septum. An outlet needle was inserted into the septum before inserting the gas flow of Na.
Then acetonitrile was added to the rbf. The reaction mixture was then sonicated to prevent
agglomeration by sitting the base of the rbf in a sonicator. The amyl nitrate was then added

dropwise with syringe through the septum.

A reflux system was then set-up, using a bubbler connected to the outlet to prevent any back
suction when the system cools down after the reflux to maintain an oxygen and moisture-free
environment. The reaction mixture was then refluxed for 24 hours under N> environment at

82°C.

After the reflux, the resulting solid is filtered off with vacuum. Polyethersulfone filter paper

(Sartorius) of 0.2 um. The filtered solid was washed four times with acetonitrile.

For the final washing, Soxhlet extraction was performed with acetonitrile. The solid was
folded tightly into 24 cm filter paper (Whatman, Type 5) and tucked into a cellulose thimble

that was then repeatedly washed with acetonitrile.

The powder was then dried in an oven in air at 50°C.The filter paper from the Soxhlet was

sonicated in acetonitrile to remove any further solid from the paper.
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BET measurements, performed by Lee Stevens at Nottingham University, were used to meas-
ure the difference in surface area per gram of the material pre and post functionalisation. The
results were shown in the table below It was found that the BET specific area decreased by
10.4%. In prior work, the Birss group found that their CIC-85 underwent a specific area reduc-

tion of 12.6%.°1

Table 2 Surface area characteristic of as-synthesised and functionalised CIC-85 powder.

Sample BET specific area (m2/g)
CIC-85 148.5
CIC-85-PhFs 133.0

2.3.4 Ink preparation

The gas diffusion electrodes (GDE) were prepared by spraying catalyst ink onto the gas diffu-
sion layer (H2315 12 C6, Freudenberg). The catalyst ink was prepared by dispersing 10 mg cm-
2 Cu20 microparticles in 100 pL cm™ isopropanol and 17 puL cm™ (Nafion suspension, 5 wt%,
Sigma Aldrich). The ink was sonicated for 20 min when the microparticles are added to iso-

propanol and for a further 15 min when the Nafion binder is added.
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2.4 Catalyst Characterization

2.4.1 Scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry

(EDXS)

The SEM is a technique used to produce magnified images of a material. This is achieved by
scanning a beam of electrons across the surface of a material and recording the emission of
high energy backscattered electrons and low energy secondary electrons. By scanning and
measuring the change in emitted electrons from a sample, the structure, morphology, com-

position and electronic information of a sample can be mapped onto an image.

Scanning electron microscopy is a technique that provides a higher resolution of a sample
surface than an optical microscope because the wavelength of an electron accelerated below
kV has a shorter wavelength than visible light. The Rayleigh criterion dictates a maximum res-

olution of

d, = 0.61A/NA (2-15)

where d = minimum resolvable resolution, A = wavelength of illumination, NA = n sin(a) is the
numerical aperture®2. Hence, the smaller the wavelength the smaller the minimum resolvable
resolution will be. The wavelength of an electron accelerated at a high potential, e.g., 20 kV,

is 9 picometres (although this is limited by spherical aberration).

The focused electron beam interacts with the sample. There are two types of electrons that
can escape from the surface of the sample: backscattered electrons, which are high energy

electrons, and secondary electrons, which are electrons with energies below ~ 20eV.
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Figure 2-2. a) Scheme of SEM set-up b) Incident electron beam and its result on the sample.®

Backscattered Electron (BSE) is an elastic scattering event; therefore no energy is lost from
the electron. The number of electrons backscattered increases with the average atomic num-
ber of the target, so an image produced using the BSE imaging mode will show the chemical

contrast of the sample.*

Secondary electrons (SE) are produced by an inelastic event where the electron loses energy
to valence electrons in the sample. Secondary electrons are low energy and must be gener-
ated close to the surface to escape. When using the SE imaging mode, changes in surface
height due to topography are imaged as a raised surface due to a greater proportion of the

electron beam interaction volume.

Chemical analysis can also be performed using SEM when incoming electrons remove a core
electron from the atom, leaving a vacancy. The ionised atom can return to the ground state
by emitting X-rays or Auger electrons. Since atomic energy levels are quantized, the X-ray

energy can be used as a 'fingerprint' to detect different elemental ratios.>®
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2.4.2 Powder X-Ray Diffraction (PXRD)

X-ray diffraction uses the physical phenomenon of diffraction to produce a diffraction pattern
that is unique to the crystal structure of a crystalline powder. X-rays interfere as they interact
with the regular spacings between atoms, which are comparable in width to the wavelength
of an x-ray.’® In powder x-ray diffraction, specific lattice planes of the crystal produce corre-
sponding cones of interference. The detector moves in an arc of 20 relative to the powder
and measures the intensity of the diffracted X-rays.”” The intensity of the counts plotted
against 20 produces the diffraction pattern unique to the crystal structure of the powder.
From the diffraction pattern, the peak position and peak intensities can be obtained, revealing

the identity, phases and crystallite size of the crystalline powder.

2.4.3 Contact Angle Measurements

Contact angle measurements are a measure of the hydrophobicity of a surface by placing a
drop of known volume on the surface of a material and using an infrared camera to take a
photograph which is then analysed by software to calculate the left and right angles of the
curve of the drop against the line of the surface. The angle depends on the hydrophobicity
and roughness of the surface.?® The more these characteristics of a material increase, the less
of the droplet's surface area will touch the material, resulting in a more pronounced droplet

'standing off' the surface.
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2.5 CO2 electrolysis set-up

2.5.1 Gas diffusion electrode cell design

The CO; electrolysis was conducted within a 3D printed acrylic cell as shown in Figure 2-3.

Bofig
IS

202

Figure 2-3 3D drawing of 3D printed acrylic pieces designed by Hang Xiang.

2.5.2 CO; electrolysis reaction

The flow rate of CO2 (BOC 99.99%) was controlled at 50 sccm by a digital flow meter (Bronk-
horst EL-FLOW® Select Mass Flow Meter). 1M KOH and 5M KOH (Sigma Aldrich, 90% reagent

grade) electrolyte was used for the catholyte and anolyte respectively. HgO / Hg (RE-61AP,
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BASI, 1M KOH) was used as the reference electrode and platinum plated titanium mesh with
a dimension of 4 cm? was used as the anode. Before each eCO2RR, the cell parts were soaked

in 0.5M HClI solution and then cleaned with DI water.

The anode and cathode chamber were separated by a cation exchange membrane (Fumapem
F-950, Fuel Cell Store) which was activated by putting the membrane sample in an aqueous

5 vol% H,S04 solution at 80°C for at least 12 hours. Before rinsing with demineralised water.

All electrochemical reactions and measurements were performed using a potentiostat

(Metrohm Autolab PGSTAT128N).

A peristaltic pump (120U/DM2, Watson Marlow) was used to circulate fresh catholyte from a
reservoir to maintain local pH. The liquid product sample was removed from the reservoir.
The flow rate was controlled at 10 ml min during the reaction. The total catholyte volume

was 35 ml. The anolyte was not circulated.
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3

Characterization of Hierarchically Structured Cu,0 Micro-

particles with Gold Deposition

Ella Fidment, Eileen Yu, Elizabeth Gibson

The BET surface area measurements were performed by Lee Stevens.

Abstract

This chapter covers detailed characterization of Cu,0 microparticles for electrochemical CO;

reduction reaction (eCO2RR), with an emphasis on modifying Cu20 through gold deposition.

Nanocrystalline Cu,O microparticles were synthesised as the catalytically active material for
CO; electroreduction and deposited via spray onto carbon paper to create the gas diffusion
electrode (GDE). The crystallite size of the Cu,0 was found to average at 7 nm using the Sher-
rer equation. Novel research was conducted with different deposition techniques (electro-,
photo-) to create a bimetallic Au/Cu,0 GDE. Characterisation methods (XRD, SEM, EDX) have
been employed to observe the influence of the deposition conditions on the bimetallic mate-
rials. The overpotential of the AuCu;0 in CO; saturated 1M KOH electrolyte was observed to

be reduced by ~50 mV with respect to Cu;0.
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3.1 Introduction

Copper oxide (Cu20) microparticles deposited onto gas diffusion electrodes were investi-
gated herein for electrocatalytic CO; reduction, either as synthesized or modified with gold
deposition. A structural and electrochemical analysis of the synthesized Cu;0 microparticles
was first performed. Subsequently, several different gold deposition techniques (photodepo-
sition, electrodeposition, galvanostatic exchange) were investigated to attempt to optimize
the synthesis routine. The amount of product and selectivity of the catalyst were then quan-
tified to obtain a better understanding of how such Cu/Au bimetallic catalysts could present

a viable strategy for efficient and selective long-chain carbon product electrocatalysis.

3.2 Results and Discussion

Cuprous oxide microparticles were synthesized by a wet chemical synthesis method and de-
posited onto a gas diffusion electrode as discussed in Section 2.3. Briefly, microparticles were
fabricated via a hydrothermal synthesis route whereby copper acetate was employed as the
source of copper and glucose functioned as the reducing agent as presented in literature®
and deposited onto a GDE via spray deposition. Subsequently, a structural characterization
was first performed to ensure successful synthesis, and then the electrocatalytic performance
for both Cu;0 and Au-modified Cu,O catalysts was evaluated. Details on the synthesis of both

Cu20 and the Au-modified species are given in Section 3.4.
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3.2.1 Cuy0 catalyst characterisation

The following section describes the benchmark characterisation of the Cu,0 electrocatalysts
that will enable comparison for gold modified Cu,O samples’ characterisation in Section

3.2.2.2.

3.2.1.1 Structural characterization of Cuz0.
Following the synthesis of cuprous oxide microparticles, powder x-ray diffraction (PXRD)
measurements were performed. The resulting diffractogram is shown in Error! Reference

source not found..

Several distinct peaks are visible that describe the different crystal lattices of the Cu,O micro-
particles (110, 111, 200, 220, 311). The diffraction pattern 26 = 29.8°, 36.7°, 42.5°, 61.7° cor-
respond to the (110), (111), (200) and (220) planes, respectively, for Cu,0 (ICDD file no. 96-
900-7498). Only cuprite material was detected by the PXRD and no other Cu species, such as

metallic or Cu(ll) oxide was detected.

The full width at half maximum (FWHM) of the peaks were large and hence it was believed
the Cu,0 particles could be nanocrystalline. To confirm this, the Scherrer equation was used
to calculate crystallite size of the Cu,0 particles. The 3 most intense peaks were chosen, and

the crystallite size was calculated via:

_ 094 x A (3-1)
s B cosO
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where A represents wavelength of X-ray radiation, G, represents the grain size, 8 is the angle

of diffraction and f is the full width half maximum.23 The result of the calculation is given in

Table 3-1 below.
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Figure 3-1a) The raw XRD data (blue Ii.ne) with an estimated backgréund (gree‘n dashed iine) and the resulting
background-corrected data (red line). (b) Background-corrected data (blue line) fitted with the XRD model curve
(red dashed line), showing the alignment of the experimental peaks with the fitted model.(c) Residual plot indi-
cating the difference between the background-corrected data and the model fit, highlighting deviations and

noise in the fit.The residuals show some degree of periodicity, particularly around certain 28 values.
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Table 3-1: Peak properties of selected peaks of the PXRD measurement of Cu,0 microparticles. The
respective diffractogram is shown in Figure 3-1. The FWHM standard used was the (111) peak of a

silicon standard.

Peaks phases | Peak Posi- FWHM of FWHM of FWHM of Size (nm)
tion (°20) Cu;0 peaks | Standard (as | CuzO stand-
°20 °20) ard (as °20)
111 36.45 1.086 0.1335 0.9525 8.79
020 42.4 1.14 0.1335 1.006 8.47
022 61.44 1.47 0.1335 1.337 6.92

From calculations of the three peaks in Table 3-1, the crystallite size was estimated to range

in size from 6.92 to 8.79 nm. This is within the range of the crystallite size of reported
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Figure 3-2. SEM images of Cu,0 powder at different magnifications. The degree of magnification is
shown at the bottom left. All images are acquired with the InLens detector. (a) A single Cu,0 micro-
particle. (b-d) The Cu,0 microparticle shown in (a) at increasing magnifications. Particle ensemble
of Cu,0 microparticles. The structure of the particle becomes evident, indicating that the particle
consists of an agglomeration of smaller particles. (e-f) Particle agglomerates on a larger scale and
(g-h) particle ensemble of Cu,0 microparticles.

literature. °° From this analysis, it suggests that the Cu,O microparticles can be classed as

nanocrystalline. 1% Previous literature states that nanocrystalline materials have a high
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volume of grain boundaries compared to polycrystalline materials and hence the properties

of a nanocrystalline material can vary from that of a polycrystalline material. 19

To study the shape, size and morphology of the synthesised Cu,0 microparticles, scanning
electron microscopy (SEM) was employed. Synthesised Cu,0 powder was loaded onto carbon
tape and the results of the SEM study are shown in Figure 3-2. In Figure 3-2 a, in the centre
of the SEM image is a single particle of Cu0. It is semi-spherical in shape and has a diameter
of approximately 700 nm. At the highest magnification in Figure 3-2 d, the particle surface is
observed to be porous and uneven. There are multiple holes visible on the surface of the
particle all less than 20 nm in width. The SEM images in Figure 3-2 c-d illustrates that the 700
nm particle resembles smaller individual particles that have agglomerated to form the larger
particle. Furthermore, distinct and grouped nanoparticles can be seen attached to the surface
of the significantly larger microparticle, creating a rough and highly decorated particle. Figure
3-2 e and 3-2 f are SEM images of more amorphously shaped particles that also exhibit the
signs of agglomeration. Furthermore, voids are visible within the particle, increasing overall

surface area. In Figure 3-2g, a field of particles can be observed at a magnification on the
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order of micrometres. In this image, the particle morphology is approximately consistent

through all particles. In Figure 3-2h the SEM exhibits how particles cluster as a powder.

Note that it is difficult to extract an average particle size from SEM since only a few individual
particles are studied. Additionally, there could be a size bias towards larger particles due to
SEM magnification limitations. Hence, the particles were also studied under a light micro-

scope(Figure 3-3) to assess maximum particle size on larger length scale compared to SEM

Figure 3-3. Image of Cu,0 powder performed with a light microscope. The scale bar in this image
shows the micrometer scale in increments of 10 um. While darker areas result from Cu,O micropar-
ticles, brighter areas are caused by no particle coverage.
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images in Figure 3-2 g. In Figure 3-3, ultimately, no particles larger than 10 micrometres were

observed.
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Figure 3-4. Dynamic light scattering (DLS) was used to calculate average particle density and zeta
potential (mV) of Cu,0 in a water suspension. The red, green and blue line show the first, second
and third run respectively of both the measurements. (a) Size distribution by intensity of Cu,0 mi-
croparticles measured in an suspension of water by dynamic light scattering (DLS). The statistical
analysis is shown in the Table 3-2. (b) Zeta potential distribution of the Cu20 in water suspension.
Dynamic light scattering was used to determine a quantitative assessment of particle size. The
measurements shown in Figure 3-4 revealed that there is not a continuous size distribution
of particles, but two discrete peaks as shown in Figure 3-4a. In this figure, the peak with the

greatest intensity that represents most of the particles shows a distribution of particle size

from 70 nm to 1500 nm. Nanoparticles are classified as having a dimension between 1-100
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102-104 3nd hence the

nm whilst particles greater than 100 nm are classed as microparticles
classification of the Cu,0 material as microparticles in this study is in line with the findings of
the DLS study. The peak with the smaller intensity shows that particle sizes of 2750 nm to
6500 nm were measured. No particles less than 70 nm were recorded; hence this suggests
that a small percentage of the particles of Cu,0 are below 100 nm. Statistical analysis of the
data, shown in Table 3-2, found that the average diameter of the particles of Peak 1 was 398.5
nm and is accountable for 98% of all particle intensity. Hence most of the particles are sub-
micrometre particles. The average diameter of the particles within the size range of Peak 2 is

5500 nm, accounting for 2% of particle intensity. These particles were not observed when

studying the Cu,0 material under the light microscope.

The surface area of the particles was measured by Brunauer-Emmett-Teller isoterms (BET). A
BET surface of 217.7 m?/g was measured, which is higher than values reported in literature of
approximately 50 m?/g.%° Reason for this might be slightly different experimental conditions,
e.g., the synthesis in this thesis was performed in contact with air, which could serve as an
oxidizing agent. It is not clear in the literature report, whether the synthesis was performed

in inert gas conditions or in contact with air, or whether solvents were degassed.

Zeta potential was also measured for the Cu,0 microparticles with the purpose of identifying
potential electrostatic interaction between the Cu,0 surface and reactant salts used for fur-
ther modification, such as subsequent gold deposition with chloroplatinic acid (HAuCls) that
will be discussed in detail in Section 3.2.2. It was found that the zeta potential of the Cu;0
microparticles was approximately -30.4 mV, which is close to the range of literature reports

of zeta potentials for cupric oxide nanoparticles (ranging from -20.6 to -24.6 mV).105106
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Overall, the goal was to create a copper-based material that would be appropriate for elec-
trocatalytic CO; reduction (eCO2RR). Microparticles was chosen as the target size particle as
previous literature has found that Cu nanoparticles show an increase in selectivity towards
carbon monoxide and hydrogen and decrease in selectivity to hydrocarbons as their size de-
creases from 15 nm to 2 nm. 3’ Instead, the research approach utilised microparticles assem-
bled by nanoparticles with nanocrystalline character. This led to the formation of a multi-scale
structure of Cu;0 material where both favourable aspects of the nano- and micro- structure

are present for electrocatalysis.

Table 3-2. Particle size average and standard deviation calculated by dynamic light scattering. The sta-
tistical analysis was conducted of the raw data shown in Figure 3-4.

Average diameter % intensity Standard deviation
(nm) of diameter (nm)
Peak 1 398.5 97.9 220.8
Peak 2 5493 2.1 214.2

Cu(l) was the target oxidation state of copper material as previous research found that oxide-
derived copper electrocatalytic material was found to outperform metallic-origin copper in
eCO2RR. %197 The above characterisation has identified the synthesised material as pure Cu0

in the form of nanocrystalline microparticles.
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3.2.1.2 Electrochemical characterization of Cu,O.
Next, an electrochemical study was performed to characterise the properties of Cu;0 further

and understand the ability of the material to perform electrocatalytic CO; reduction.

10
9
y=0.089x +1.495 @
8
g
§ .
< :
3 6
Fry
@ 5 4
c I
S
o 4
g
pu ¢
s 3
(@]
2
1
0
0 20 40 60 80 100

Scan rate (mV/s)

Figure 3-5 Determination of double-layer capacitance for Cu,0 GDE in 0.1M HCIQg4, reference electrode:

Ag/AgCl.

Firstly, the electrochemical surface area (ECSA) of the Cu;0 samples were calculated to be
able to normalise their catalytic activity to ECSA. Double layer capacitance measurements
were conducted by measuring the current density during CVs at different scan rates in 0.1M
HClO4 as shown in Figure 3-5 and Figure 3-6. Stainless steel was used to measure the capaci-
tance of an ideal smooth surface: i.e., one that demonstrates the capacitance value of a per-

fectly smooth surface and finds the capacitance value with that specific electrolyte concen-

tration.
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Figure 3-6 CVs for the determination of double-layer capacitance for Cu,O GDE in 0.1M HCIO,, ref-
erence electrode: Ag/AgCl

Table 3-3 Calculation for Cu,0 sample by comparison to ideally smooth stainless steel

Stainless steel Cu0
Geometric area (cm?) 2 2
Double layer capacitance 0.0235 0.089
Roughness factor 1 3.78

Actual surface area (cm?) 2 7.56
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0.1M HCIO4 was used to create a reducing environment under reductive potential to cause

188 \which can lead to non-

Cu20 to reduce to metallic Cu. Cu;0 has low intrinsic conductivity
ideal capacitive behaviour, which can lead to in accurate double layer capacitance measure-
ments.1%%10% Hence the Cu,0 was converted to Cu to perform the ECSA measurements. How-
ever an issue with this electrochemical reduction is that the process of reducing Cu,0 to Cu
could have changed its surface area. However, Cu20 happens in-situ during CO; electroreduc-
tion in 1M KOH, hence it would have been more synonymous with experimental conditions

to perform these ECSA measurements in 1M KOH. Using BET could have provided an alterna-

tive method for measuring surface area of the Cu,O without having to reduce it.

The potential used extends into the HER window, demonstrated by the faradaic currentin the
region between -0.18 V vs. RHE and -0.38 V vs. RHE. Ideally the CV window should have been
reduced to avoid the HER window as variation in ion concentration alter the dielectric prop-

erties and ionic mobility, affecting the Cdl measurement.1°

To understand the stability of Cu2O microparticles at various potentials, cyclic voltammetry

measurements were performed either in nitrogen saturated 1M KOH electrolyte to investi
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Figure 3-7 CV measurements of Cu20 microparticles. Three cycles were measured at a scan rate of
50 mV/s. (a) CV was performed in a nitrogen saturated 1M KOH aqueous electrolyte. (b) CV was per-
formed in a CO2 saturated electrolyte.

gate redox events under inert conditions or in CO; saturated 1M KOH electrolyte to investi-
gate redox events under conditions comparable to the electrocatalytic CO; reduction condi-
tions. In Figure 3-7a, the starting voltage was 0.6 V vs. RHE and scanned in the positive direc-
tion as shown by the arrows. Cycle 1 exhibits peaks that vary from those in cycle 2 and 3. In
cycle 2 and 3, one can clearly observe two anodic peaks at around +0.31 V vs. RHE and +0.55
V vs. RHE related to the oxidation of Cu(0)/Cu(l) and Cu(l)/Cu(ll) and a significant anodic peak
at 1.1V vs. RHE corresponding to Cu(OH); formation. ! There are cathodic peaks in cycle 1 at
-0.64 V vs. RHE and -0.79 V vs. RHE in cycle 2 and 3 that could be attributed to the reduction

of Cu(OH); . Also, the shift in potential of the peak
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Figure 3-8. Chronoamperometric CO; reduction measurement at -1.17 V vs. RHE. (a) Current density of
6 samples during the 1-hour eCO2RR experiment. The geometric surface area of the samples was 2 cm?.
(b) Charge density of the samples during the 1-hour experiment. Sampling 1, 2 and 3 happened at 5,
31 and 57 min respectively. (c) XRD measurement of a sample before and after eCO2RR. The sample
was synthesised before synthesis refinement as described in Section 2.3.1. Hence the synthesis resulted
in a mixed Cu/Cu,0 sample as can be observed. In the post-reaction sample, the ratio of Cu has in-
creased relative to Cu,0. performed under analogous conditions as the measurement of Cu,0 samples

shown in 3-7 but directly before and after a chronoamperometric CO, reduction measurement.

at 1.41 V vs. RHE of cycle 1 to 1.05 V vs. RHE in cycle 3 is observed in the same direction for

the shift seen of the peak of 0.64V vs. RHE in cycle 1 to 0.79V in cycle 3. In Figure 3-7b, upon
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Figure 3-9. Electrodeposition of Au from HAuCl, onto Cu,0 microparticles on a gas diffusion membrane.
(a) CV measurements of the Cu20 catalyst in an electrolyte with (red) or without (blue) HAuCl,. In pres-
ence of HAuCl,, an additional redox peak becomes visible (inset). (b) Electrodeposition of Au using a
chrono amperometric measurement at a potential of -0.1 V vs. Ag/AgCl. After an initial current drop,
an approximately steady state current response of -2.2 mA could be observed.

the addition of CO; there is absence of the anodic peak associated with Cu(OH); and the as-
sociated cathodic peaks in Figure 3-7a which hence could be attributed to the reduction of
Cu(OH),. Also, the CV shape remains the same during cycle 2 and 3 demonstrating stability of
the material under these electrochemical conditions. The onset potential of the hydrogen
evolution reaction in Figure 3-7a and b is -0.28 V vs. RHE and reaches the same magnitude of
current density at 60 mA/cm?. CO; purging will in 1M KOH will likely enable the reaction be-
tween hydroxide ions and agqueous CO, which will drop the pH. This change in pH was not
measured and hence was not taken into account when plotting the CV in Figure 3-7b. The

shift in pH could provide justification for the change in peak position.
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To measure eCO2RR catalyst performance a steady-state potential was applied (-1.17 V vs.
RHE) for 1 h across all samples that is more negative than the reduction potential of CO,. -
1.17 V vs RHE was chosen due to it being being an effective operating potential for achieving
a large current density (~100 mA/cm?) whilst generating a high faradaic efficiency for carbo-
naceous products, specifically C2 products. The respective current response is monitored
against time and shown in Figure 3-8a, hence calling this measurement chronoamperometric.
To obtain a reliable result, the measurement was performed with different samples 5 times.
A slight variation of current density response can be observed, ranging between -50 and -120
mA/cm?. This is in the range of reported current densities for Cuz0. 35 Furthermore, small
current spikes can be observed, that most likely result from product gas bubble evolution on
the catalyst surface. Note that throughout the measurement, the current response remains
approximately stable, which indicates a good catalyst stability. This also becomes evident
when looking at the accumulated charge over time (see Figure 3-8b). An approximately linear

increase in charge was observed, indicating a constant current.

3.2.2 Au-Cuy0 catalyst characterisation

In the following, the modification of the Cu,0 catalysts is discussed when functionalized with
gold. Firstly, the different gold deposition techniques are discussed and then the investigation

the gold modified catalysts, both structurally and electrochemically.

3.2.2.1 Gold deposition technique
In the next step, gold-deposited samples of Cu,0 microparticles were fabricated as described
in the Methods section. The Cu,0 samples were modified further with the deposition of me-

tallic gold onto the Cu;O0 itself. Different techniques were used to apply gold to the sample,
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such as galvanic replacement, photo-deposition and electrodeposition. The techniques utilise
different driving forces (electrical, chemical and photo-) to cause a gold salt ([AuCls]) present
in the electrolyte to precipitate metallic gold particles onto the surface of the Cu,0 electrode.
The reaction is a 3-electron reduction of Au3* as reported in the literature for depositing gold

nanoparticles.'® The reduction reaction is shown as follows:

[AuCl,]” + 3e~ — Au + 4Cl~ E°=1.0V (3-2)

where E° is the respective standard potential of HAuCls.1* The corresponding oxidation re-

action depends on the deposition technique.

Galvanostatic replacement can produce versatile nanostructures by utilizing the oxidation re-
action of the substrate catalyst.' In case of copper, the standard potentials range from -0.34
V in basic conditions and 0.20 V in acidic conditions to 0.34 and 0.52 V.116118 Respective re-

action equations are given in the following:

Cu,0 + H,0 + 2e~ — 2Cu + 20H" E°=-036V (33)
Cu,0 +2H* + 1/2 0, — 2Cu?* + 20H™ E°=0.20V (3-4)
Cu?* + 2¢~ — Cu E° =034V (3-5)

Cut + e= — Cu E°=0.52V (3-6)

Crucially, all standard potentials are more negative than the [AuCls]/Au standard potential,
which causes the formation of Au nanoparticles. Since the experiment was performed under

slightly acidic conditions due to the addition of acidic HAuCls and Cu,O microparticles are
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present, equation 3-4 occurs most likely. The evolved Cu?* is present as aqueous ions the
electrolyte. No blue colour was seen in the electrolyte. A description of the synthesis is given

in Section 3.4.2.

Photodeposition utilizes light irradiation to produce excitons in a photoactive material, that
in return can provide photogenerated electrons if photogenerated holes are quenched by a
sacrificial electron donor.!19120 Hole quenching has to occur on a faster time scale than exci-
ton recombination (which is the process of recombination of photogenerated electrons with
holes) since otherwise no photocurrent will be produced. Here, a 100 W Xe lamp was utilized
as the light source, and methanol was used as the sacrificial electron donor to quench photo-

generated holes. The pH of the solution was controlled by adding NH4OH.

In case of electrodeposition, the reduction agent providing electrons is the potentiostat con-
nected as part of the experimental set-up. To evaluate the redox potential of HAuCls under
respective reaction conditions with Cu,0 as the catalyst, an electrochemical study was con-
ducted with cyclic voltammetry measurements, as shown in Figure 3-9a. When looking at the
measurement without HAuCls, the typical CV shape of Cu,0 microparticles becomes evident,
with a respective water reduction (HER) onset potential of ca. -0.3 V vs. Ag/AgCl (see Figure
3-9a). However, when adding HAuCls to the solution, two additional peaks become evident at
0 and 0.1 V vs. Ag/AgCl, corresponding to a respective redox potential of 0.05 V vs. Ag/AgCl
for the Au reduction reaction (see equation (3-2)). Hence, it can be deduced that Cu,0 was
capable of the electrochemical reduction of HAuCls. Furthermore, a potential for the chrono-
amperometric (CA) electrodeposition of Au was chosen to be more negative than 0 V and
more positive than the water reduction onset of 0.3 V. Thus, -0.1 V vs. Ag/AgCl was chosen as

applied potential for CA and the corresponding electrodeposition experiment is shown in
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Figure 3-9. An initial current of -30 mA is observed, that rapidly drops within the first 30 sec
of the measurement and stabilizes at a current of ca. -2.2 mA. The first initial current drop
likely occurs due to double layer capacitance (the rectangular shape at potentials where no
catalytic reaction should occurs (e.g., between +0.2 and +0.3 V vs. Ag/AgCl) is caused by dou-
ble layer charging) but more strongly due to formation of the diffusion layers of product and
reactant — a behaviour described by the Cottrell equation. The steady state current that sub-
sequently develops can be linked to the electrocatalytic reduction of HAuCl, and hence the
amount ny, [mol] of Au deposited onto Cu20 can be controlled via the duration of the CA

experiment:

I1(t) dt
Nyy[mol] = fZ—F (3-7)

where the charge is obtained from integrating current I over measurement duration , F is the
Faraday’s constant, and z is the number of transferred electrons during the HAuCl4 reduction
reaction (3 electrons). A CA electrodeposition time was chosen so that 1 wt% of Au in respect

to the Cu0 GDE was deposited. The required time was 4.4 min.

3.2.2.2 Structural characterization of Au-Cu,0.

To ensure successful deposition of Au onto the Cu,O catalyst, a material character analysis
was performed. PXRD of the samples were measured, as shown in Figure 3-10 for an exem-
plary sample that used galvanostatic exchange to deposit gold. The diffraction pattern 26 =
29.8°, 36.7°, 42.5°, 61.7° correspond to the (110), (111), (200) and (220) planes, respectively,

for Cu,0 (ICDD file no. 96-900-7498). This suggests that Cu.0 is present in the samples, as
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Figure 3-10. PXRD of Au-Cu,0 synthesised by galvanic exchange of Cu20 with [AuCls]". Peaks corre-
sponding to Cu;0, Cu, and Au are color-coded with orange, green, and yellow, respectively. Ele-

mental copper is resulting from the redox reaction during galvanic exchange.

expected from the synthesis. Furthermore, the other peaks at 26 = 38.2°, 44.3°, 64.7° corre-
spond to the (111), (220) and (220) planes, respectively for Au (ICDD file no. 96-900-8464).
This indicates that gold was indeed deposited onto the catalyst. The diffraction pattern at 26
=43.2° and 50.9° are attributed to the (1 1 1), (2 0 0) of the Cu structure (ICDD No. 96-901-
2044). The peak at 20 = 25.4° is the diffraction response from the carbon paper material and
the peak at 20 = 182° is due to the Nafion binder used in the catalyst ink. There are no peaks

for CuO suggesting that Cu,O was not oxidised to CuO in any detectible quantities by XRD.
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From this analysis, it can be concluded that gold was deposited, and the Cu,0O catalyst was

not chemically modified in significant quantities.

Next, SEM was used to study the morphology of Au-Cu,0 composite materials. In Figure 3-11,
the SEM image shows that the structure is generally homogenous through the entire imaged
section. EDX was simultaneously performed to understand the composition of the catalyst
and to attempt to quantify the amount of deposited gold. EDX was measured in three differ-
ent spots and the result of the study is shown in Table 3-4. The EDX shows the presence of
copper to oxygen as approximately 2:1 which corresponds to the atomic ratio of Cu;0. The
ratio of Au to Cu was 5:95. The presence of carbon, oxygen, and fluorine observed in the EDX
can be attributed to the presence of Nafion, (chemical formula, C;HF130sS . CoF4 )21 in the
catalyst ink used to formulate the catalyst layer. However, sulfur is not detected in the EDX,

possibly due to its small atomic ratio in the chemical formula. Chlorine is also detected in low

Figure 3-11 SEM image at 500X magnification of as-prepared photodeposited Au-Cu,O samples.

The measurement was performed with a secondary electron detector.

atomic percentage, however its variation across the 3 points studied with EDX correlates with
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that of the Au, which is deposited from HAuCl,. It suggests that both gold and Cl are both
deposited in an approximate 2:1 ratio. However, the identity and involvement of chlorine in

the sample is unknown.

Table 3-4. EDX results of photodeposited Au-Cu,0. The average of 3 points on the sample is shown.

Element (shell) Mean Atomic % Standard deviation Standard deviation
as a % of atomic %

C (K) 21.78667 0.45 2%
0 (K) 20.14 0.94 5%
F (K) 17.14333 0.75 4%
cl (K) 0.783333 0.25 32%
Cu (K) 38.23333 0.69 2%

Au (M) 1.916667 0.72 38%
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Figure 3-12. CV analysis of various catalyst samples. CV measurements are performed in 1 M KOH elec-
trolyte at a scanrate of 50 mV/s. (a) Cu20 samples are measured in an electrolyte degassed with N, or
CO;. (b) AuCu,0 samples are measured in an electrolyte degassed with N, or CO,. (c) Comparison of
Cu,0 and AuCu,0 samples when measured in an CO, degassed electrolyte. (d) Comparison of Cu,0 and

AuCu,0 samples when measured in an N, degassed electrolyte.

We can conclude that gold was deposited onto the sample and that the Cu;0 catalyst is still

present.
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3.2.2.3 Electrochemical characterization of Au-Cu20

We proceed to perform an electrochemical analysis on the Au-Cu;0 samples. Cyclic voltam-
metry was performed in both N2 and CO; saturated electrolytes to gain understanding of the
electrochemical processes of gold modified Cu;0 samples within the 1M KOH electrolyte in
the potential window of -1 to +1.6 V vs. RHE. It was important to ensure that the electrochem-
ical signature of Cu,0, which was discussed in Section 4.2.1.2, had not been modified during

gold deposition. Results of the CV analysis are shown in Figure 3-12.

In Figure 3-12a, the CV scans of Cu;0 samples are shown, when measured in N; and CO; at-
mosphere. The resulting scan shape was comparable to the measurement discussed in Figure
4.5, with a clear water reduction current onset evident at a potential of approximately -0.3 V
vs. RHE (note that small deviations occurred between peak shape and position compared to
measurements shown in Figure 3-7, which were explained with slight deviations in the sample
preparation routine). Note that this onset is similar for both respective measurements under
N2 and CO; atmosphere, underlining that most of the reductive current results from water

reduction.

Next, CV measurements were performed under similar conditions with Au-Cu,O fabricated
via electrodeposition. Results are shown in Figure 3-12b. Importantly, both for N, and CO;
saturated electrolyte the shape looks very similar compared to Cu,0 samples (Figure 3-12a),
with an electrocatalytic reductive current onset at a potential of ca. -0.2 to -0.3 V vs. RHE.
Furthermore, respective reduction peaks of Cu(ll) to Cu(l) and Cu(l) to Cu(0) can be observed
at 0.5 V vs. RHE and -0.1 V vs. RHE. Respective oxidation peaks of Cu(0) to Cu(l) and Cu(l) to
Cu(ll) are located at 0.75 V vs. RHE and 1.2 V vs. RHE. This underlines that the electrochemical

signature of Au-Cu;0 samples does not deviate significantly from Cu;0 samples and hence
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the catalytic modification in performance can be attributed to either a slightly different sam-
ple morphology or the impact of deposited Au nanoparticles modifying electrocatalytic per-

formance.

To allow an easier comparison between the magnitudes of electrocatalytic reductive currents,
measurements of Cu,0 and Au-Cu,0 were plotted in the same plot in a N; atmosphere (Figure
3-12c) and CO; atmosphere (Figure 3-12d). For both cases, a significantly larger current by a
factor of ca. 2 can be observed more negative than the electrocatalytic reductive current on-
set. This might indicate onto an enhanced electrocatalytic performance and thus underline
that Au indeed modifies the electrochemical performance. Note also that under CO; atmos-
phere, the reduction peaks are shifted slightly negative by around 0.1 to 0.2 V for the Au-Cu,0
sample when compared to the Cu;O sample. Possible reasons include a slight deviation in

local pH due to the larger electrocatalytic performance of the HER.

A calculation of the overpotential via the tafel analysis was challenging due to the multiple
redox events present. The overpotential of the AuCu;0 in CO; saturated 1M KOH electrolyte

was observed to shift by ~50 mV with respect to Cu;0.
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Figure 3-13 a) CV of N, saturated 1M KOH at 50 mV/s of Cu,0 and galvanic replacement (GR) AuCu,0,
photodeposited (PD) AuCu,0 and electrodeposited (ED) AuCu,0. The third cycle of the CV is shown
here. B) magnified section of CV shown in a). Specifically showing OH.qs peaks in the region of 0.25 to

0.4V vs. RHE.

Previous research found that the adsorption of hydroxyl ions on different Cu crystal planes
resulted in individual, separate anodic peaks.'?> More recent work has used this electrochem-
ical signal to quantify the ratio of (100), (110), (111) facets on the surface of Cu nanowires!?3
and on the surface of electrochemically reduced CuO nanosheets!?* In this research, CVs were
conducted on each Cu;0 and AuCu20 in N; saturated electrolyte of 1M KOH. Hence, the ca-

thodic current reduces the Cu;0 to Cu. The OHaqgs on the Cu surfaces of all the samples can be



Characterization of Hierarchically Structured Cu20 Microparticles with Gold

100 Deposition
(a) (b)
'300 T T T T —] 20 T T T T
—— galvanostatic replacement . = =
~ | —— photodeposition | N | £ £ )
£ 250 electrodeposition g =100 £ g
9 = 2 -
To00f | 2 2 < 80t .
£ 5 - =
>~
Z-150r | 3 @ 3 - Z -60r .
& &
©°
£ 100 R e e o 4or 1
> .50f 1 2 20t %
@] O £
8
0 1 1 1 1 O % 1 1 1
0 20 40 40 0 20 40 60
Time (min) Time (min)

Figure 3-14 Chronoamperometry measurement of the different deposition techniques of Au-Cu,0. a)

Current density against time b) charge density against time

observed in Figure 3-13a). The peaks for the adsorption of OH were at ~0.27, ~0.33, ~0.38 V
vs. RHE for (100), (110) and (111). The relative intensities of the OHags signals at (100), (110),
and (111) were similar in terms of current density, indicating the polycrystalline surface char-
acteristics of the Cu,0 microparticles. There was consideration as whether the deposition of
Au would happen with a specificity to a certain facet that would result in the reduction of a
peak intensity. However, there is no stark difference between peak intensity of the Cu,0 and
AuCu;0. This could be due to the low percentage of gold deposited. It would have been better
to have done this CV within a more limited potential window, for example, maximum poten-
tial at 0.6 V vs. RHE to prevent bulk oxidation of Cu. Furthermore, the scan rate could have

been altered to observe the peaks more clearly.

Next, a chronoamperometric experiment was performed with Au-Cu;0 under electrocatalytic

CO; reduction conditions. In Figure 3-14a, the current density of the Au-Cu,0 is presented for
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samples deposited via galvanostatic replacement, photodeposition, or electrodeposition, as
discussed in Section 3.2.2.1. The current densities of all samples are consistent across the
reaction duration of 1 h. When compared with the current densities of the Cu,0 samples, the
current densities are similar in magnitude. Moreover, no significant difference can be ob-
served for samples where gold was deposited via the different techniques. This becomes even
more evident when looking at the utilised charge in Figure 3-14 b and indicates that the rate
of faradaic reactions of Au-Cu;0 are similar to that of the Cu.0 samples, independent of gold
deposition method. It further enables t directly compare the faradaic efficiencies and selec-
tivity of the Cu0 and Au-Cu;0 catalysts without attributing the differences to current density

variation.
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3.2.3 Characterisation of Galvanic Replacement AuCu,0
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Figure 3-15 a) PXRD of Au-Cu,0 synthesised by galvanic exchange of Cu20 with [AuCl,]". Peaks corre-
sponding to Cu,0, Cu, and Au are color-coded with orange, green, and yellow, respectively. Elemental
copper is resulting from the redox reaction during galvanic exchange.b) SEM image of the surface of

the of the GR AuCu,0. c) CV of GR AuCuz0 in N, environment in 1M KOH with a scan rate of 50 mV/s.

The PXRD as shown in Figure 3-15a) was discussed in Section 3.2.2.2. It shows the presence
of gold as well as Cu,0 and Cu. However, the EDX results shown in Table 7 find no oxygen
present, which would be expected if Cu,0 was present. The different findings in these two
characterisation techniques could be due to the different penetration depths of PXRD and

EDX.PXRD has penetration depths of micrometers to millimteres, whilst EDX is more surface
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sensitive, with penetration depths of nanometers to micrometers. These findings suggest that
the bulk of the electrocatalyst varies from the surface where galvanic replacement occurred

and it is unlikely any Cu;0 remains.

Table 5 EDX of the GR AuCu,0 sample

Element Weight % Atomic
F 2.87 22.40
Cu 2.84 6.63
Au 94.29 70.97

3.2.3.1 Comparison of GR AuCu;0 and Cu,O
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Figure 3-16 a) CV of Cu,0 in N, environment in 1M KOH with a scan rate of 50 mV/s.
b) CV of GR AuCu,0 in N; environment in 1M KOH with a scan rate of 50 mV/s.

In Figure 3-16, the CVs of Cu;0 and GR Au Cu,0 are compared. Cux0 sample has higher abso-
lute current densities indicating greater redox activity. This could potentially be related to less
Cu in the AuCu;0 sample, if the redox activity is related to copper. The broad reduction peak

around -0.6 to -0.8 V vs RHE is associated with the reduction of copper oxides to metallic
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copper. The peak is shifted towards more positive potentials in the GR AuCu,0 sample, indi-

cating that the presence of gold modifies the electrochemical behaviour of the reduction.

In Table 6, the EDX of Cu;0 shows oxygen is present, however in an ideal, pure Cu,0 sample,
you would expect a higher percentage of oxygen than what was found. This indicates an im-

pure sample of mixed Cu and Cu;0.

Table 6 EDX of the Cu,0 sample

Element Weight % Atomic %
OK 5.09 16.70
FK 2.55 7.05

CuK 92.36 76.25

3.3 Conclusion

In this chapter, Cu;0 catalysts for electrochemical CO; reduction were investigated. Three
different gold deposition methods were analysed: galvanostatic replacement, photodeposi-
tion, and electrodeposition. Structural characterization underlined that the methods lead to
a homogeneous deposition of gold. The overpotential of the AuCu,0 in CO; saturated 1M
KOH electrolyte was observed to shift by ~50 mV with respect to Cu;0. This was an indicator
that AuCu20 would perform with high current density and hence these catalysts were taken

forward to measure their product selectivity of which data is shown in the next chapter.
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3.4 Experimental Methods

3.4.1 Cuy0 Catalyst Synthesis and Film Preparation

Cu20 microparticles were synthesised by hydrolyzation and chemical reduction of copper ac-
etate (Sigma Aldrich, 99.8%) with glucose (anhydrous, Sigma Aldrich) as previously published
(Zhang et al., 2012). The ratio of water(mL):ethanol(mL) used was 10:70. The microparticles
were washed in ethanol and water before being separated via centrifugation (6000 rpm, 30

min). The particles were then dried under Schlenk conditions at 80°C for 48 h.

3.4.2 Gas Diffusion Electrode preparation

The gas diffusion electrodes (GDE) were prepared by spraying catalyst ink on to the gas diffu-
sion layer (H2315 12 C6, Freudenberg). The catalyst ink was prepared by dispersing 10 mg cm-
2 Cu20 microparticles within 100 pL cm™ of isopropanol and 17 pL cm (Nafion suspension, 5
wt%, Sigma Aldrich). The ink is sonicated for 20 min upon the addition of the microparticles
to isopropanol and then a further 15 min when the Nafion binder is added. The ink is then

sprayed onto the commercial gas diffusion layer that is heated on a hotplate at 45°C.

3.4.3 Au Deposition on Cu,0 GDEs

Electrodeposition was chosen to reduce gold onto a Cu,0-GDE by running chronoamperom-
etry for a Cu,0-GDE in a solution of HAuCl,4 to reduce Au3* to metallic gold on the surface of
the Cu;0 GDE. The electrochemical set-up was a 3-electrode cell, with Cu,O GDE as working
electrode, a Pt wire as counter electrode, and an Ag/AgCl reference electrode. The electrolyte
was 2 mM HAuCls in 1M KCI (aqg). CV and CA measurements were performed with an Autolab

potentiostat. Different optimizations were carried out to optimize the experiment: Different
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counter electrode sizes were employed to prevent current limitations. An anion exchange
membrane was employed with an adapted H-cell that had the ability to sandwich a mem-

brane between the anolyte and catholyte.

Photodeposition was performed by submerging a prepared Cu;O GDE in 2mM HAuCls in a
small beaker with a diameter of 4 cm?. The volume of the 2 mM HAuCls solution used was 13
ml. 0.200 ml of methanol was used as a sacrificial electron donor. The samples were then
illuminated with 0.1% light intensity filtered 100 W xenon lamp (Newport) for 30 minutes.

The sample was then washed with DI water and then dried in the oven at 70°C for 3 hours.

Galvanic exchange of gold and Cu,0 was performed by dissolving 0.175 g of HAuCls in 50 ml
of water to produce a solution of ~0.01 M HAuCl4. Prepared Cu;0 gas diffusion electrodes as
described in Section 3.4.2 were submerged in 10 ml of solution for 1, 3, 5 and 10 minutes
respectively. The sample was then removed and gently submerged in water before being re-

moved and placed in an oven to dry at 70°C for 3 hours.
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4

Evaluation of catalytic selectivity for eCO2RR of Hierarchi-

cally Structured Cu,0 Microparticles with Gold Deposition

Ella Fidment, Eileen Yu, Elizabeth Gibson, Preetam Sharma

Abstract

The electrochemical conversion of carbon dioxide (CO;) into value-added multi-carbon prod-
ucts represents a promising avenue for sustainable chemical synthesis. Key to advancing this
technology is the development of catalysts capable of enhancing the production rate of
higher-value compounds, typically multi-carbon molecules. This research found that Au-Cu,O
catalysts exhibit a superior production rate for oxygenate products, ethanol and propanol,
with respect to Cux0. Conversely, CuO catalysts demonstrate a higher production rate for
ethylene, showcasing the intrinsic catalytic activity of copper oxide. This difference in produc-
tion rates for ethylene and oxygenate products is believed to stem from the degree of *CO
surface coverage, which previous studies1 have found that at low CO coverage the ethylene
pathway is kinetically favoured and at high coverage the oxygenate pathway is favoured. Au
is employed to enable facile *CO production, hence the Au-Cu;0 has high *CO coverage pro-

moting the oxygenate pathway.
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4.1 Introduction

The choice for the use of 1M KOH as the catholyte in the gas diffusion electrode flow cell for
the catalyst testing was with the aim of reducing the activity for HER.16 It also reduces the

onset potential difference between CO and C2H4.%°

The work to deposit Au onto Cu;0 is inspired by the Indium-CuxO work researched by Hang
Xiang, supervised by Eileen Yu.'?’ Their work utilised electroless spontaneous precipitation of
a cell set-up whereby the electrodeposition of In(OH)s; onto the Cu;0 electrode was driven by
the oxidation of the anode of indium. Indium was found to be selective towards formate by
Hori3* Inspired by deposition onto Cu species, gold was chosen because of its selectivity to-
wards carbon monoxide. However, a different deposition technique was required to deposit
gold onto Cu;0 as it has a very high oxidation potential, hence the anode potential would not
be able to drive the electroless spontaneous reaction as was the case with indium. Hence
different reduction methods were explored with different anodes and gold in solution with

different reducing agents.
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4.2 Results and Discussion
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Figure 4-1 Faradaic efficiencies of Cu,0 samples. Sampling at 5, 31 and 57 min into the reaction,
potential at -1.17 V vs. RHE, reference electrode RE-61AP, Pt mesh as the counter electrode, Nafion
membrane (Fumapem F-950), the catholyte used was 1M KOH, the anolyte was 5M KOH. (a) Liquid
product analysis for Cu20 GDE samples via LC. Only ethanol was detected for sampling times at 31

and 57 mins. (b) Overall faradaic efficiency of Cu20 sample with GC, IC and LC analysis products.

4.2.1 Evaluation of Cu,0 GDE catalyst for eCO2RR

Samples of Cu,0 gas diffusion electrodes were tested intially to establish the faradaic efficien-
cies of the products evolved. The deposition techniques and characterisation are discussed in
detail in Chapter 4. To evaluate the catalyst performance towards different gaseous and liquid
CO; reduction products, both evolved gases and electrolyte were sampled, and the amount
of products was analysed by means of gas chromatography and ion chromatography. This
sampling was performed at 5, 31, and 57 mins. The frequency of sampling times was deter-
mined by the most frequent intervals that could be used with the gas chromatography
method which required time to run and for the column to cool down after a run. The details
of product characterization are given in the Methods section and in Section 4.4. The resulting

faradaic efficiency (FE) is shown in Figure 4-3.
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A significant and consistent FE can be observed for hydrogen, carbon monoxide, ethylene and
formate independent of duration of the experiment. This underlines that both hydrogen and
carbon monoxide were evolved as well as the multi-carbon product, ethylene. Alternatively,
much smaller FE are observed for both methane and propylene, sometimes neither of these
products were detected at all. This result is to be expected, since these products require a

longer reaction pathway.'?® No ethane was detected at any stage during the reaction.

When evaluating the standard deviation amongst the different products, it can be observed
that the standard deviation of formate is significantly higher than any of the other products,
indicating a larger experimental error. This could be due to the difference in methodology of
analysis between liquid (IC and GC detection) and gas (GC detection) phase products. Liquid-
phase products are dissolved in the electrolyte which is circulated between the cell and elec-
trolyte reservoir via peristaltic pumps. A sample of electrolyte is taken at a duration of 5, 31
or 57 min from the reservoir and analysed. There is an assumption that the concentration of
the liquid products is homogenous in the electrolyte due to mixing when the peristaltic pump
circulates the electrolyte between the reservoir and electrochemical cell. However, the stand-
ard deviation of the faradaic efficiency of the formate would suggest that the concentration
of formate is not equal throughout the electrolyte. As seen in Figure 4-4, the standard devia-
tion of the formate decreases over longer durations. As the formate concentration accumu-
lates in the electrolyte over the duration of the reaction and hence with higher formate con-
centration and longer duration of mixing, the homogeneity of the formate in the electrolyte

improves over time.
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Figure 4-2. Partial faradaic efficiency of the electrochemical reduction experiment of Cu,0 gas diffusion
electrodes. Gaseous products were measured by gas chromatography (hydrogen (H,), carbon monox-
ide (CO), methane (CH4), ethane (C,Hs), ethylene (CaH4), propylene (CsHg)) and ionic products measured
by ionic chromatography (formate (CHO;)). The coloured bars show mean values and the error bars
show standard deviation calculated from 5 samples. The inset shows a zoom of small faradaic values

for the different sampling durations. The eCO2RR was conducted at at-1.17 V vs. RHE and 1M KOH was

used as the catholyte.

The alcohol products (methanol, ethanol and n-propanol) were investigated with GC. Unfor-
tunately, due to complications in the infrastructure it was difficult to perform enough meas-
urements for an error calculation and hence only one experiment is shown in Figure 4-1a.
Only ethanol was detected at sampling times of 31 and 57 min. Interestingly, longer eCO2RR
durations produced a higher faradaic efficiency for ethanol production, which might either
result from improving catalytic efficiency, or more likely from experimental limitations, such

as detection limit and/or inhomogeneous mixing.

Figure 4-1b shows the total faradaic efficiency as calculated from all detection methods of a
single Cu;0 sample. Ethanol increases in faradaic efficiency. No methanol or n-propanol was
detected. The products do not add up to 100% faradaic efficiency as theoretically they should

if all current measured during the chronoamperometric measurement is utilized for product
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formation. Likely, the missing faradaic efficiency results from either errors in product analysis
or possible side reactions such as Cu(l) reduction to metallic copper. The detection protocol

for liquid products has the largest error as demonstrated by the large standard deviation of
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Figure 4-3. Stacked bar charts of faradaic efficiencies measured for Au-Cu,0 samples where gold was
deposited via galvanostatic replacement (a), photodeposition (b), or electrodeposition (c).The eCO2RR

was conducted at at-1.17 V vs. RHE and 1M KOH was used as the catholyte.
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Figure 4-4 Faradaic efficiencies of different Au-Cu,0 samples during eCO2RR at -1.1 V vs. RHE, refer-
ence electrode used is RE-61AP, counter electrode was Pt mesh. Catholyte used was 1M KOH. Insets
shows trace products i.e. those with less than 0.5% faradaic efficiencies. Gold was deposited via gal-
vanic replacement (a), photo deposition (b), or electrodeposition (c). To ensure accurate results, for
(a) and (b) the error bars show a standard deviation calculated from 5 measurements and the bars
show the average result. The eCO2RR was conducted at at -1.17 V vs. RHE and 1M KOH was used as
the catholyte.

the liquid-phase product. Hence, it is likely to account for the less than 100% faradaic efficien-

cies.
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An improvement in set-up would be to encourage more mixing in the catholyte chamber
and/or the electrolyte reservoir to observe whether more homogenous concentrations of lig-
uid products can be achieved and hence lower the standard deviation between different sam-
ples. This could be achieved by a stirring bar in the reservoir chamber and/or catholyte cham-
ber. Alternatively, the catholyte chamber could be redesigned with different geometries to
create different flow dynamics to encourage mixing, such as the use of a turbulence flow pro-

moter.12°

4.2.2 Evaluation of AuCu,0O GDE catalyst for eCO2RR

The product selectivity data is then used as benchmark to subsequently quantify the enhance-
ment of gold as a cocatalyst. The faradaic efficiencies of respective gaseous and liquid prod-
ucts were calculated via GC and IC. To ensure accurate results, the measurement was re-
peated 5 times. Note that due to experimental limitations, GC of liquid products could only
be performed on a smaller data set and is thus not shown here. Individual bars of the gaseous
products of the Au-Cu;0 samples are shown for gold deposited via: galvanostatic replacement

(Figure 4-4 a)), photodeposition (Figure 4-4b)), and electrodeposition (Figure 4-4c)). When
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Figure 4-5. Normalised Faradaic Efficiency. Only products of the C2 pathway are shown (see red
pathway in Error! Reference source not found.) and normalized to 100%. Two catalysts are shown,
Cu,0 without (a) and with (b) electrodeposited gold. The eCO2RR was conducted at at -1.17 V vs.
RHE and 1M KOH was used as the catholyte.

the faradaic efficiencies of Au-Cu,O were compared with Cu,0O samples, several noticeable
differences became evident. A significant decrease of faradaic efficiency of ethylene was ob-
served, from 28% in the Cu;0 sample to 18% in the electrodeposited Au-Cu;0 sample. The
amount of propylene detected increased from 0.25% in the Cu;0 sample to 0.5% in the Au-
Cuz0. The trace amounts of methane detected from the Cu,O sample were not present in the
Au-Cu,0 sample. Instead, trace amounts of ethane were detected in the electrodeposited Au-
Cu20 sample whereas no ethane was detected for the Cu,0 sample. The deviations indicate
a product distribution towards longer chain carbon products. The most significant amounts

of ethane was observed for the electrodeposited gold sample.
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Figure 4-6 The C2+ pathways from a *CO adsorbed intermediate. The red pathway shows the steps to
ethylene, ethanol and n-propanol. The rate determining step is the coupling of the *CO with another

*CO.ZOl

In Figure 4-3, the stacked bar chart shows the total faradaic efficiency. This includes liquid
products measured via GC, that could be performed for these measurements. Notably, the
largest amount of longer chain carbon products (ethanol, n-propanol) was observed for elec-
trodeposited Au-Cu;0 samples, indicating that Au aids in the formation of longer chain prod-
ucts. In contrast, no n-propanol, a C3 oxygenate, was evolved via the Cu,0 sample. The n-
propanol pathway is shown in Figure 4-6 (red) and involves the intermediate ethylene, which

is produced in significant quantities both by Cu,0 and Au-CuO catalysts.

Interestingly, methanol was only produced by the photodeposited Au-Cu,0 sample (see Fig-
ure 4-3b) with a faradaic efficiency of 1.5% and 2.0% after 31 min and 57 min, respectively.

No methanol was produced by the Cu,O sample or the electrodeposited Au-Cuz0. This
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indicates that the pathway for methanol may be unique to the photodeposited Au-Cu;0, pos-
sibly due to the morphology or quantity of deposited gold. An increase in methanol produc-
tion is also seen with Cu-Au alloy nanostructured catalysts when compared to metallic cop-

per 130

To conclude, these results suggest that the presence of gold does enable CO insertion leading
to a bifurcation of the reaction pathway. Also, for all Au-Cu,0 samples at 5 min sampling,
there was no formation of ethanol or propanol. This indicates that this is not an instantaneous
process upon the application of potential at the start of the chronoamperometry. A time-

dependent process may be required, such as *CO coverage.

Figure 4-5 compares the normalised faradaic efficiencies of the Cu,0 sample and the AuCu;0.
It shows the different ratio of products from the n-propanol formation pathway (ethylene,
ethanol, n-propanol) shown in Figure 4-6 (red pathway). The data is normalised to 100% to
allow an easier comparison of product distribution and not product quantities. Cu,0 sample
shows a 100% normalised FE to ethylene at 5 min, as does the Au-Cu;0 sample. At 31 min,
ethanol was produced in the presence of Cu,0 electrocatalyst in an ethylene:alcohol ratio of
93:7, whereas the AuCu;0 sample produced both ethanol and n-propanol in an ethylene:al-
cohol ratio of 3:2. At 57 min, the ratio of ethylene:alcohol for Au-Cu,0 changed to 1:1, demon-
strating a high FE of the C2 and C3 alcohols (ethanol and n-propanol). In contrast, for the Cu,O
sample, the ratio of ethylene:alcohol was at 9:1 at 57 min, indicating a much higher prefer-
ence to the ethylene pathway in the presence of Cu,0. This experimental data supports the

idea that *CO insertion becomes more favourable in the presence of Au in the sample.
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Figure 4-7 Production rate of products of CO2 reduction of Cu20 and Au-Cu20 sample (electrode-
posited). The products are all those included in the red pathway of Figure 4-6, including the common
intermediate carbon monoxide. The eCO2RR was conducted at at-1.17 V vs. RHE and 1M KOH was

used as the catholyte.

DFT calculations suggest that higher CO coverage lowers the activation barrier for CO dimer-
ization, which is considered the rate-determining step. 13! However, when the reaction path-
way bifurcates towards ethylene or ethanol, higher CO coverage favours the formation of
oxygenated products. Consequently, increased CO coverage on a catalyst surface reduces the

faradaic efficiency of ethylene in favour of ethanol. 12>

This trend is reflected in the production rates of C,+ products. As shown in Figure 4-7, Cu,0O
exhibits a higher ethylene production rate than electrodeposited Au-Cu,0, whereas Au-Cu,0
has a higher production rate of oxygenated products such as propanol and ethanol. These
results align with previous findings that higher *CO coverage enhances selectivity toward ox-

ygenated products over ethylene.
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Further work could be conducted to confirm that higher *CO coverage is occurring on the Au-
Cu,0 surface with respect to Cu;0. For example, surface enhanced infrared absorption spec-
troscopy (SEIRAS) is sensitive to C-O containing adsorbates.?3? With this technique, *CO has

been confirmed as a common intermediate.133

In Figure 4-7, the production rate of carbon monoxide of the Au-Cu,0 sample is lower than
that of the Cu,0. Despite the presence of Au which has a preference towards CO, the low
production rate of carbon monoxide indicates that some carbon monoxide produced is uti-
lised in the production of longer chain carbon products. This is consistent with the findings of
Strasser et al.13* who reported on selectivity differences found due to CO,/CO co-feeds. How-
ever, they found an enhancement in ethylene production rate with the inclusion of CO gas in
the gas feed. They concluded that there were separate catalyst sites for CO, and CO mole-
cules, which could enable an increase in production of ethylene. This is inconsistent with the
findings in this study. However, the previous study did not report the production of any oxy-
genated C2+ products. This could be due to the influence of the electrolyte used, (0.1M KHCO3

at pH = 6.8) and the H-cell.

In this research, acetate was not tested for. Acetate is formed during CO electroreduction
when hydroxide ions can react with intermediates,'3* as shown in the blue pathway in Figure
4-6. In the case of CO; electroreduction, the reaction between CO; and hydroxide ions mini-
mises the concentration of hydroxide ions available to react and form acetate. However, for
completeness it would have been useful to confirm that acetate was not present with ion

chromatography.
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4.2.3 Comparison of product selectivity of GR AuCu,0 and Cu,0
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Figure 4-8 Comparison of faradaic efficiencies of a) Cu,0 and b) GR AuCu,0

In Section 3.2.3.1, the characterisation of Cu,0 and GR AuCu;0 were discussed. EDX found
the atomic percentage of gold to be 71% in the GR AuCu,0 and 22.4% of Cu. Whereas in the
Cu20 sample, the atomic percentage of copper was 76% and the atomic percentage of oxygen
was 16.7%. The faradaic efficiencies towards formate was higher in the GR AuCu;0 than Cu,0.
As shown in Figure 4-6, the pathway to formate is via a CO insertion from a *CH; adsorbate.
Hence as gold favours facile CO production, it is plausible that with high *CO concentration
pathways with *CO insertion steps will in turn be favoured. However due to the reduced avail-

ability of copper due to the presence of gold, there is less ethylene produced as the activity
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of *CO coupling will be lower. Hence why the faradaic efficiency for ethylene is greater for

the sample of Cu,0.

The faradaic efficiency for the parasitic reaction of hydrogen evolution (HER) is lower for the
GR AuCu,0 sample than the Cu;O. This is likely again due to the higher content of gold and
lower content of copper in the GR AuCu;0. The lower hydrogen evolution on gold compared
to copper is primarily due to its weak hydrogen adsorption energy, higher overpotential, and

less favourable electronic structure for HER.13°
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Figure 4-9 Chronoamperometry of a flooding sample of Cu;0 at -1.17 V vs. RHE in 1M KOH. The
flooding events can be seen with the significant deviation in current.

The measurement shown in Figure 4-9 exemplifies flooding that was observed when running
samples for longer than 1 h. A significant decrease in the magnitude of current was observed

due to the loss of availability of the reactant CO, when pores within the catalyst layer became
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flooded. Due to this observed instability in the gas diffusion electrodes, research was initiated

to prevent the flooding of the gas diffusion electrodes.

4.3 Conclusion

The chapter discusses the evaluation of catalytic selectivity for the electrochemical CO; re-
duction reaction (eCO2RR) using hierarchically structured Cu>0 microparticles with gold dep-
osition. The research found that Au-Cu;0O catalysts show superior production rates for oxy-
genate products like ethanol and propanol compared to Cu,O alone, which is better at pro-
ducing ethylene. This difference is attributed to the degree of *CO surface coverage, with Au

facilitating higher *CO coverage and promoting the oxygenate pathway.

The chapter concludes with suggestions for further research to confirm these findings, high-
lighting the potential of bimetallic catalysts in improving the production rates of the eCO2RR

towards valuable multi-carbon products.

4.4 Experimental & Methods

4.4.1 Cu,0 Catalyst Synthesis and Film Preparation

Cu20 microparticles were synthesised by hydrolyzation and chemical reduction of copper ac-
etate (Sigma Aldrich, 99.8%) with glucose (anhydrous, Sigma Aldrich) as previously pub-
lished.'3¢ The ratio of water(mL):ethanol(mL) was 10:70. The microparticles were washed in
ethanol and water before being separated via centrifugation (6000 rpm, 30 min). The particles

were then dried under Schlenk conditions at 80°C for 48 h.



Experimental & Methods 123

4.4.2 Gas Diffusion Cell Setup

The gas diffusion electrodes (GDE) were prepared by spraying catalyst ink on to the gas diffu-
sion layer (H2315 12 C6, Freudenberg). The catalyst ink was prepared by dispersing 10 mg cm"
2 Cu20 microparticles within 100 uL cm of isopropanol and 17 pL cm™ (Nafion suspension,
5 wt%, Sigma Aldrich). The ink was sonicated for 20 min upon the addition of the microparti-
cles to isopropanol and then a further 15 min when the Nafion binder was added. The ink was

then sprayed onto the commercial gas diffusion layer that was heated on a hotplate at 45°C.

4.4.3 Au Deposition on Cu,0 GDEs

Electrodeposition was chosen to reduce gold onto a Cu,0-GDE by running chronoamperom-
etry for a Cu,0-GDE in a solution of HAuCls to reduce Au?* to metallic gold on the surface of
the Cu,0 GDE. The electrochemical set-up was a 3-electrode cell, with Cu,O GDE as working
electrode, a Pt wire as counter electrode, and an Ag/AgCl reference electrode. The electrolyte
was 2 mM HAuCls in 1M KCI (aqg). CV and CA measurements were performed with an Autolab
potentiostat. Different optimizations were carried out to optimize the experiment: Different
counter electrode sizes were employed to prevent current limitations. An anion exchange
membrane was employed with an adapted H-cell that had the ability to sandwich a mem-

brane between the anolyte and catholyte.

Photodeposition was performed with a 100 W xenon lamp with a 2 mM HAuCl4 solution and
with methanol as sacrificial electron donor. The pH was controlled via the addition of

NH4OH(aq), as reported in literature.
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4.4.4 Product analysis

The products of the eCO2RR experiments were analysed via various techniques (GC and IC)
as discussed in the Methods section. To calculate the faradaic efficiency, the average applied
current during the electrocatalytic experiment was required. This was obtained by calculating

the mean of current over the respective measurement time.

Gas Products (GC). Gaseous products (hydrogen (Hz), carbon monoxide (CO), methane (CHa),
ethane (C2He), ethylene (C;Ha), propylene (CsHe)) were investigated via gas chromatography
(Shimadzu Nexis GC-2030, ShinCarbon Micropacked Column) that was connected to the gas
side of the measurement cell. To quantify the product areas measured by the GC, a calibration
gas mixture was measured prior to the experiments. The amount of a specific product in the

gas stream x,, gc[ppm] can be calculated as follows:

agc

Xp,GcC [ppm] = " CsTD (4-1)

QAgc,sTp

where ag( is the measured GC area of a specific product gas, asc srp is the measured GC area
of the standard gas for that product, and cgrp is the concentration of product in the standard
gas mixture. To calculate the product formation rate R, ¢, the amount of product x,, had to

multiplied by the GC injection gas flow rate F:

= " CsTp (4-2)

R [mOl] _ xp,GC ' FGC
p,GC
S Vin



Experimental & Methods 125

where 1}, is the molar volume of gas at standard conditions (V},, = 22.41/mol at 0°C and
101.325 kPa). Utilizing Farad’s equation, the product formation current L, ;- can be calcu-

lated:

Ip,GC [A] = Rp,GC "z F (4-3)
where F is Faraday’s constant (F = 96,485.332 C/mol). The amount of transferred elec-
trons to reach the respective product during electrochemical reduction starting from CO; is
given with z. This value was extracted from literature and is given in Table 4-1. With this, the
partial faradaic efficiency of a product FE, ;¢ can be calculated by comparing I, ;¢ to the

measured electrochemical current at the chosen potential Iocpem:

Ly cc

FEp,GC[%] = (4-4)

echem

This faradaic efficiency can be related to a specific product in the sampling gas stream and
hence is not an overall faradaic efficiency of the experiment. To quantify all gaseous products,

this calculation has to be performed for every individual product.

Table 4-1. Amount of transferred electrons z during eCO2RR to produce respective gaseous products

from the reactant CO,. Products from the gas phase were analysed via GC.

Product Amount of transferred electrons z Reference

Hydrogen (H2) 2 128

Carbon monoxide (CO) 2 128
Methane (CH4) 8 137
Ethane (CzHs) 14 137

Ethylene (C2Ha) 12 137
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Propylene (CsHg) 18 138

Liquid products Besides gaseous products, the eCO2RR experiment also produced liquid
products that the electrolyte was sampled at different stages of the reaction for measure-
ments. Products (methanol (CH40OH), ethanol (C;HsOH), n-propanol (Cs3H70H)) were investi-
gated via gas chromatography (Shimadzu Nexis GC-2030, DB-Wax column). The details of this
technique are discussed in the methods section. Importantly and in contrast to the GC analy-
sis technique discussed above, this measurement did not provide a rate at a specific meas-
urement time, but rather a product concentration that resulted from the accumulated prod-
uct in the reactor after the measurement. Thus, when sampling, GC provided a product con-
centration x,, c¢ 1, [ppm]. With knowledge of the reactor volume V the molar amount of prod-

uct my, geip [mol] produced during the reaction can be calculated:

Mp,Lc

Lygcip [A] = ;2 F (4-6)
xp,LC 1
Mp,6c1p [Mol] = 1,000 .M_p "V (4-5)

where M, [g/mol] is the molar mass of the respective product. Note that this equation re-
quires equal densities of solvent (i.e., water) and product, which is reasonable since the prod-

uct concentration is very low.



Experimental & Methods 127

100 T T T

I~ o~ o
o o o
T T T

IC response (a.u.)

N
o
T

O | | |
0 500 1000 1500 2000
Concentration of formate (ppm)

Figure 4-9. Calibration curve of the ion chromatograph for formate concentration measurements. Five
test solutions (aqueous 1M NaOH with respective formate concentration, ranging from 125 to
2,000 ppm) were measured and a linear fit was performed on the IC response results, leading to a slope

and respective IC calibration coefficient of 0.0445.

An average product formation current, I, ;¢ 1, can now be calculated via the farad equation:

Mp,Lc
t

Iy e [A] = z-F (4-7)

where t is the duration of the experiment. The amount of transferred electrons z per reduc-
tion reaction are extracted from literature and given in Error! Reference source not found. 4-
1. This calculation requires a constant product formation, which is a reasonable assumption.
Analogous to the analysis of the GC data, the average partial faradaic efficiency FE}, ;¢ 1, can

be calculated from the average product formation current:
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o1 _ pecw
FEpccip [%] = 77— (4-8)
Iechem

lonic products (IP) The liquid products were furthermore analysed with ion chromatography
(Eco IC, Metrohm) to extract the concentration of formate (HCO;) that was produced during
the reaction. The details of this technique are discussed in the methods section. Analogous to
the liquid products analysis, this technique operates in batch mode as sampling occurs at the

end of the reaction.

The sensitivity of the ion chromatograph was measured by obtaining a calibration curve with
stock solutions consisting of an aqueous 1M NaOH solution that contained different amounts
of formate. The results of the calibration curve are shown in Figure 4-9 and yield a calibration

factor CF;c[1/ppm].

Using this calibration coefficient, the molar amount of product m,, ;c [mol] can be calculated

from the IC value of the sample x,, ;¢ as follows:

Xp.Ic 1 1
Myic [mol] = 2= ——-—.V (4-9)

where M,, is the molar mass of formate. Analogous to GC measurements, the average product

formation current [, ;- can be calculated as follows:

z-F (4-10)
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The amount of transferred electrons during the electrochemical reduction reaction are ex-
tracted from literature. The partial faradaic efficiency of formate production can be calculated

via:

I ,IC
FEpic [%] = =2 (4-11)

echem

Overall faradaic efficiency. To quantify the overall faradaic efficiency of the experiment, the

sum of all partial faradaic efficiencies must be calculated:

FE [%] = z FEpgas’GC + Z FEpliquideC + FEpformate’IC (4-12)

Pgas Pliquid
All gaseous products quantified via GC are given with p,4s and all liquid products quantified
via GC are given with py;q,,iq. Since there is only one product of IC analysis; the IC product is
termed prormate- NOte that ideally if all electrons of the electrochemical experiment are uti-
lized for CO; reduction product formation, the overall faradaic efficiency should reach 100%.
Experimental limitations as well as unwanted side reactions (such as catalyst degradation)
may reduce the overall faradaic efficiency to below 100%. This is discussed further in the re-

sults discussion of this chapter.
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5

Using capacitance as a measure to investigate wettability
of nanoporous carbon particles surface functionalised with

polyfluoroaromatics for eCO2RR

Ella Fidment, Viola Birss, Eileen Yu, Elizabeth Gibson

Abstract

This research delves into the differential hydrophobicity performance of functionalized colloid
imprinted carbon materials under varying electrochemical potentials. The focus is on their
applications in analogous electrochemical carbon dioxide reduction reaction conditions
(eCO2RR). Employing cyclic voltammetry and chronoamperometry, the study thoroughly
evaluates these materials in different potential windows. The results reveal a distinct varia-
tion in hydrophobicity between CIC85 and PhFsCIC85, specifically at positive potential win-
dows near their open circuit potential (OCP). A key finding is the observed variation in the
hydrophobicity of PhFsCIC85, which exhibits notable changes in behaviour at different poten-

tials, highlighting the material's dynamic response to electrochemical conditions. This study
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Figure 5-1. Concept of flooding affecting a gas diffusion electrode. The cathode consists of a gas
diffusion layer, which allows the reaction gas CO; to diffuse to the active material, i.e., copper parti-
cles. At the same time the product gases diffuse through the layer and are subsequently detected
via GC. Liquid products remain in the electrolyte (see inset). To prevent electrolyte to flooding the
reactor and decreasing gas permittivity of the gas diffusion layer, a microporous layer is deposited
in between this layer and the catalyst. (a) An efficient operation of the microporous layer prevents
any flooding and no electrolyte reaches the gas diffusion layer. (b) A partial flooding causes a reduc-
tion in the CO; reaction gas flux, reducing the product yield. (c) Significant flooding prevents an effi-

cient operation of the gas diffusion layer.

provides essential insights into the influence of electrochemical environments on the hydro-
phobic characteristics of fluorinated aromatic molecules bonded on nanoporous carbons, of-

fering valuable implications for optimizing their performance in eCO2RR.
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5.1 Introduction

A significant advance in the technology for eCO2RR was the use of a gas diffusion electrode
(GDE) set-up at the cathode side of the electrolyser. A GDE is made up of 2 layers: the gas
diffusion layer (GDL) and the catalyst layer (CL).13° The gas diffusion layer is itself typically
formed of two layers: a macroporous substrate (MPS) and a microporous layer (MPL). The
role of the GDL is to transport reactant and product gases between the gas chamber and the
catalyst layer, as well as conducting electrons to and from the catalyst layer.®® Typically the
MPS is made of conductive carbon fibre or titanium foam!%® and provides mechanical
strength, conductivity and macropores for gas transport. There is a triple phase interface at
the catalyst layer where the catalyst is the solid phase, the electrolyte is the liquid phase
(providing a source of protons for the reaction), and the reactant CO; is the gaseous

phase.141,142

The GDE’s value is that it significantly improves the availability of CO; at triple phase reaction
site as shown in Figure 5-1. Prior to the use of gas diffusion electrodes, H-cells were used for
eCO2RR research. In a H-cell set-up, CO; would be dissolved in the electrolyte. However, CO;
has poor solubility in aqueous solvents and at higher alkalinities it reacts with hydroxide ions

to form carbonate species,’® as shown below in Equation 1-3.
CO, () = CO; (aq) (1)
CO3 (aq) + OH™ (qq) = HCO3 (4q) (2)

HCO?T(QQ) + OH_(GQ) = CO?%an) + HZOl (3)
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Furthermore, gas diffusion electrodes improve CO; availability and mass transport to the tri-
ple phase interphase, as well as mass transport of the gaseous products. Overall, this helps

increase reaction rate, leading to higher current densities.'#3

A stability issue of GDEs is the intrusion of electrolyte into the GDL due to electro-osmosis.”?
This detrimental process reduces the pore space available for CO; transport and hence, re-
duces the product selectivity of carbonaceous products relative to the hydrogen evolution
reaction.”® When pores of the microporous layer become blocked, CO, must diffuse through
electrolyte to reach the catalyst layer. This increases the probability that CO; will react with -
OH- to form carbonate or bicarbonate aqueous species. The solubility of these salts in aque-
ous electrolyte is low. Thus, in the eCO2RR gas diffusion conditions, water evaporates and
these salts precipitate in the pores of the GDL. Due to their hygroscopic nature, they draw in
electrolyte via capillary forces and increase electrolyte intrusion.”* To counteract this detri-
mental effect, hydrophobic materials such as PTFE are sprayed onto carbon-based GDLs, but
over time this degrades under the cathodic current. Furthermore, PTFE has unfavourably low
conductivity and itself occupies pore space.”® At present, this phenomena is affecting the sta-
bility of the GDL, reducing the selectivity of the reaction and hence there is opportunity to

engineer solutions to prevent the flooding of the gas diffusion electrode.

Catastrophic flooding is common'** and can happen within an hour of operation of the GDE.
Water droplets, which form as a result of flooding, can be imaged with an optical micro-

scope.”?
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Nafion is a cationic ionomer formed of perfluorovinyl ether groups terminated by sulfonate
groups bonded to a PTFE backbone.* Nafion is the standard binder used in the catalyst layer
and hence its use is widespread throughout the CO; electroreduction GDE research field with
at least 39 papers published in the last 5 years.?4¢148 However, beyond CO; electroreduction,
Nafion is used in gas diffusion electrodes for proton-exchange membrane fuel cells
(PEMFC),'*° sensors,0 and catalysis of environmental pollutants.*>! Therefore, the number
of literature published regarding Nafion and gas diffusion electrodes totals almost 1000 pa-
pers. Nafion can increase hydrophobicity of the catalyst layer due to the hydrophobic groups
of the backbone chain®? but has also been found to increase proton availability via a shuttle
mechanism by the sulphonate groups.'>>>* Small variation in Nafion content in the catalyst
has been found to alter selectivity of Ag catalyst from carbon monoxide to formate.'>> Whilst
the optimal amount of Nafion was found to be dependent on the amount of catalyst loading
and the GDL used, too much binder would block the pores of the GDL and reduce the availa-
bility of CO,.1°® Using aprotic, organic solvents can alter the polymerisation and agglomeration
of Nafion within the catalyst layer.'>” Alternatively, some groups have used Nafion as a sepa-
rate film on the catalyst layer to create a hydrophobic covering that is capable of limiting HER
and promoting CO; reduction to CO.%8 A key achievement in the research field was the spray-
casting of Nafion over catalyst layer to extend the triple phase boundary to enable the reduc-
tion of CO; to ethylene at 45% faradaic efficiency with a current density of 1300 mA cm?.1>°
Recent modelling work has found that Nafion-coated electrodes possess a higher surface area

charge density, which can help promote C2H4 production.1¢®
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500 nm

Figure 5-2 SEM image of the CIC-85 with secondary electron detector

In this work, the wettability of uniform nanoporous carbon particles was investigated electro-
chemically with the overall goal of using these particles within the catalyst layer of a gas dif-
fusion electrode to increase the degree of hydrophobicity within the catalyst layer. Subse-
guently, the carbon particles were functionalised with a hydrophobic molecule to form a hy-
drophobic monolayer and their wettability was again measured electrochemically. Professor
Viola Birss and her group developed a method for the synthesis and functionalisation of the
colloid imprinted carbons(CICs).16! Their work had previously demonstrated the CIC’s use in

fuel cells, where humidity plays a key role, 162163

In this chapter, the method typically used to calculate electrochemical surface area (ECSA)
has been optimised for these materials, It enables a correlation of ECSA to the electrowetta-
bility of these materials, providing insight into their suitability for GDEs. The notable findings

of this research was the difference in capacitance at high potential windows of the CIC85 and
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the PhFsCIC85, providing quantifiable surface area difference between two materials that are
structurally the same but have different hydrophobicities. This quantifiable surface area also
corresponds well to the measured BET area, enabling a calculation of percentage of surface
area that was wetted. After the application of a chronoamperometric bias at 0.025 V vs. RHE,
capacitance was measured at a lower potential window of 0.0-0.4 V vs. RHE. A substantial
increase in capacitance was observed for the PhFsCIC85, indicating a presumed decline in hy-
drophobicity due to electrowetting. Potential explanations for this behaviour were examined

and are presented below.
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5.2 Results and Discussions

5.2.1 Experimental Design

Colloid imprinted carbons (CICs) were synthesised via silica templating as described in Meth-
ods 2.3.2. Silica particles serve as a templating agent for the carbon pitch and subsequently

are dissolved. Hence, the size of the silica dictates the nanopore size of the carbon material.

Figure 5-3 a) Glassware set-up, involving a cell with angled glass outlets close to the base of the cell,
an RHE reference electrode set-up in 0.1M KOH B) angled view of the front of the glassy carbon

electrode, post-polish with the shaft wrapped in paraffin film.

Silica particles with 85 nm diameter were used and the colloid imprinted carbon has corre-
sponding nanopores of 85 nm and is referred to as CIC-85. The synthesis method produces

particles of CICs with uniform pores of 85 nm as is evidenced in Figure 5-2.

The selection of a nanopore size of 85 nm of the CICs was deliberate, aiming to ensure a ho-

mogeneous functionalization of the nanopore surfaces. Previous research by the Birss group
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has successfully synthesized CICs with smaller nanopores (down to specifically 22 nm) for ap-
plications in fuel cells.1®* However, it was observed that steric hindrance posed a challenge,
impeding the access of reactant molecules for subsequent functionalization within the 22 nm
pores. Consequently, with the objective of maximizing the inner surface area functionalization
of these CICs, a nanopore size of 85 nm was purposefully chosen and synthesized. The func-
tionalisation of the CIC85 occurred via in situ diazonium reduction reaction with pentafluoro-
phenylaniline as described in Methods 2.3.3 to create a modified CIC material. Henceforth, it

will be referred to as PhFs-CIC85.

To enable the study of the hydrophobic properties of the CICs, an experimental set-up and
electrochemical procedure was designed. A piece of glassware was designed and made to
have 3 angled glass inlets for the working electrode, reference electrode and counter elec-
trode. This was to enable the glassy carbon electrode and the CIC film to be angled almost
vertically within the electrolyte. If any gas bubbles exist or are formed in-situ electrochemi-
cally, they will be able to leave a vertical surface more easily. Furthermore, it enables the

reference electrode to sit extremely close to the working electrode to minimise the iR drop.

A simple experiment was devised by drop-casting ink containing CIC, Nafion and water onto
a glassy carbon rod and measuring the capacitance within different potential windows both
pre and post chronoamperometry. During eCO2RR experiments, the catalyst layer is depos-
ited on commercial GDL via spray deposition. The morphology of the GDL is very rough and
hence possesses a high electrochemical surface area that could also contribute to the meas-
ured capacitance in scanrate dependent CVs of the carbon particles. Hence, a smooth glassy

carbon electrode surface was chosen to provide a smooth surface.
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Figure 5-4 Potential versus time representation of the electrochemical testing for capacitance. A)
The first measurement is a CV at different scan rates (10mV/s — 140 mV/s) in 0.1M KOH, with a
Hg/HgO in 1M KOH reference electrode with a graphite counter electrode. The electrolyte was de-
gassed with argon. The CV window was 0.4 — 0.7 V vs. RHE and the starting potential was 0.55 V vs.
RHE. B) The second step was a chronoamperometry at 0.05 V vs. RHE applied for 1500 s. This was
conducted to mimic more negative potentials used in eCO2RR, however without applying potential
lower than 0V vs. RHE to avoid the evolution of H, bubbles due to water splitting which could disrupt
the measurements. C) Third and final measurement was CVs at different scan rates like step 1, how-

ever at a lower potential range (0.0-0.4V vs. RHE).

The shaft of the glassy carbon rod was wrapped in paraffin film and similar ECSA measure-
ments were undertaken to verify that the shaft was not in contact with the electrolyte. A
graphite counter electrode was chosen instead of a metal counter electrode to prevent the

possibility of metal contamination on the working electrode.

The aim of the research was to study the performance of these materials under conditions
identical, if not similar to eCO2RR conditions. Nafion was used as the binder within the film,
as it typically is used during the catalyst layer for eCO2RR. The electrolyte chosen for these
studies was 0.1M KOH because 1M KOH is used in the eCO2RR experiments referred to earlier
in this thesis. A lower concentration of 0.1M KOH was used in this work due to the reactivity

of high concentrations of KOH with glass over extended periods of time.16>
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Various parameters in the cyclic voltammetry measurements were adjusted to enhance the
precision of capacitance measurements for the examined materials. Detailed guidance for
this optimisation process was provided in the paper by Morales and Risch (2021).1%¢ For ex-
ample, the “potential window” (i.e. the difference between the maximum and minimum po-
tential applied during the cyclic voltammetry) was widened. This modification was under-
taken to accommodate potential delays in the current response of the sample, particularly

when high scan rates are employed due to the elevated resistance.

Secondly, the potential windows of the cyclic voltammetric and chronoamperometric meas-
urements were dictated by the electrolyte stability window of 0.1 M KOH. To ensure all rec-
orded current of the samples were from non-faradaic contributions only, all measurements
were kept above 0 V vs. RHE. The potential was calculated from pH and respective standard

potential of the reference electrode (Hg/HgO in 1M KOH, RE-61AP).

The electrochemical measurement protocol involved 3 separate electrochemical measure-
ments as shown in Figure 5-4: CVs at multiple scan rates at a high potential window, chrono-
amperometric measurements, and CVs at multiple scan rates at a low potential window. Ul-

timately, the aim was to probe the capacitance behaviour at different potentials.

The first measurement was a cyclic voltammetry at a high potential window (0.4-0.7 V vs.
RHE) at different scan rates (10 mV/s — 500 mV/s). This potential window was chosen as 0.7
V vs. RHE was situated in between the measured open circuit potential (OCP) of CIC85 film
and the PhFsCIC85 at 0.8 V vs. RHE and 0.6 V vs. RHE, respectively. Hence, this potential win-

dow was chosen as it was close to the OCP of both materials and at the same time not too
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high to cause oxidation of water, while still balancing the requirement of a large potential

window.

The next electrochemical procedure was a chronoamperometric measurement that simu-
lated the application of more negative potentials for eCO2RR. The working potential applied
to the bimetallic catalysts in Chapter 4 of this thesis was -1.17 V vs. RHE. However, the reduc-

tion of water occurs at 0 V vs. RHE. Hence, to avoid the evolution of hydrogen gas that could

Figure 5-5 (next page) a) CVs within the 0.4-0.7 V vs. RHE window for CIC85 material drop cast onto
a glassy carbon electrode from a water-based ink with an additive of Nafion. The scan rate varies
from 10 mV/s to 140 mV/s overall. The reference electrode was a mercury based RE-61AP and coun-
ter electrode was a graphite electrode. The electrolyte was degassed with argon and was 0.1 M KOH.
B) The current value of the CVs displayed in a) of this figure were extracted at 0.52 V vs. RHE and
their absolute value was plotted. Both the forward (blue) and backward (orange) sweep is shown. A
linear equation is used to fit this data, where y = ax + c. The gradient is presented for both the
forward and backward sweep. The R? values are shown to evaluate fit quality. C) The CVs of the
PhFsCIC85 material are shown here with the same experimental conditions as discussed for a). D)
The current values were extracted at 0.52 V vs. RHE from Figure C). E) The calculated values of ca-
pacitance per mass are shown. Capacitance is calculated as an average of the forward and backward
gradient values, shown as a in Figure b and d. The mass used was the total mass of the material used
(CIC85 = 11.58 mg, PhFsCIC85 = 11.73 mg) divided by the amount of catalyst ink pipetted onto the

glassy carbon electrode (28 mL) as ratio of the total amount of catalyst ink (1.4 mL).
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The final measurement was another cyclic voltammetry at different scan rates (10 mV/s — 500
mV/s) at a low potential window (-0.4 V vs. RHE). The aim here was to remain within a similar
potential window as the chronoamperometric measurement, while still being able to meas-

ure capacitance.

5.2.2 Capacitance measurements on CIC85 and PhFsCIC85

CIC85 and PhFsCIC85 show different capacitances in a positive potential window

In the positive potential window of 0.4 — 0.7 V vs. RHE, the current per mass was higher for
CIC85 than PhFsCIC85, as shown in Figure 5-6 a) and c). Figure 5-6 b) and d) shows the analysis
and fitting of the electrochemical surface area from Figure 5-6 a) and c). The capacitance per
mass of CIC85 is approximately 4 times greater than that of the PhFsCIC85. This aligns with
the expectation that despite the materials having similar surface areas as calculated from BET,
PhFsCIC85is more hydrophobic due to the monolayer of PhF5, which results in less wetting

and lower measured electrochemical surface areas.

Figure 5-6 (next page) a) CVs in different potential windows (0.0-0.4 V vs. RHE and 0.4 — 0.7 V vs.
RHE) for the same CIC85 sample are shown. The scanrates vary from 10mV/s top 140 mV/s. The 0.4-
0.7 V vs. RHE window CVs were conducted first. Then a chronoamperometry measurement at 0.05V
vs. RHE was done. Then the 0-0.4 V vs. RHE window CVs were performed. The current is divided by
mass of the material deposited onto the glassy carbon electrode (11.58 mg divided by 28 uL of cat-
alyst ink deposited from the overall volume of catalyst ink created 1.4 mL). B) CVs in different po-
tentials windows for the PhFsCIC85 material. C) Capacitance per mass in the 0.4-0.7 V vs. RHE and
0.0-0.4 V vs. RHE window. These values were calculated by extracting the current values at 0.52V
vs. RHE and plotting them against their respective scanrates. The gradient of the linear fit represents
the capacitance. This value was then divided by the mass of the material deposited onto the glassy

carbon electrode. D) The capacitance per mass of the PhFsCIC85.
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In lower potential windows, PhFsCIC85 capacitance increases notably

In Figure 5-6 c) and d), the capacitance per mass is shown. Compared to CIC85, the capaci-
tance per mass of PhFsCIC85 sample doubles from 0.4-0.7 V vs. RHE to 0.0-0.4 V vs. RHE. The
electrochemical surface area has thus doubled and it indicates a change in the sample in some
respect. It could suggest that the hydrophobicity has decreased, or that the sample’s mor-
phology has changed through cracking of the sample film. This could be due to swelling and/or
movement of Nafion when in contact with water and under potential bias.®” If Nafion

changes or moves, it could cause cracks in the film.
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The capacitance per mass of CIC85 decreases from 10.92 to 9.42 F/g, which could represent
real-term decrease in ECSA or alternatively could be due to the sample resistance increase at
high scan rates, which cause deviation from the linear relationship between the scan rate and
capacitance magnitude. The shape of the CVs in the 0.4-0.7 V vs. RHE window approach the
shape of a rectangle with slightly curved corners at minima and maxima potential, whereas
the shape of the CIC85 CVs in the 0.0-0.4 V vs. RHE window resembles a ‘leaf’. The leaf shape
is the result of the high scan rate leading to large resistance to ionic conductivity which has
been previously modelled®® and observed during electrical double layer experiments with
other porous carbon materials.’®®170 This phenomenon is non-linear with scan rate as a

greater effect happens at large scan rates.

A~ O~ oo o
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Figure 5-7 Capacitance per mass of PhFsCIC85 sample. The capacitances were calculated by running

CVs at different scan rates in 0.1M KOH in the different potential windows. The sample was tested in
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0.4-0.7 window, 0.0-0.4 window and 0.4-0.7 window again. The blue represents the 0.4-0.7 window

and the 0.0 — 0.4 window is represented in red.

The increase in capacitance for PhFsCIC85 sample is irreversible

During measurements, when a sample underwent capacitance measurements in the 0.4-0.7
V vs. RHE window, the 0.0-0.4 V vs. RHE window, and finally the 0.4-0.7 vs. RHE window, the
measured capacitance was high. This indicated that the process causing the increase in ca-
pacitance was irreversible. The capacitance measured in the 0.4-0.7 V vs. RHE repeat window
was not as high as in the 0.0-0.4 V vs. RHE window. This could be due to a reduction in wetting
at less biased (i.e., closer to the OCP) potentials with less electro-wetting force. This however,
suggested that the process was partially irreversible. Alternatively, due to the resistance of
the electrical double layer at fast scan rates, the currents generated in the less biased poten-

tial window could have been lower.
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Figure 5-8 The capacitance per mass of PhFsCIC85 sample in different electrolytes: a) 0.1 M KOH with

RE-61AP reference electrode and graphite counter electrode. b) 0.5 M HCl with an Ag/AgCl reference
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electrode and graphite counter electrode. Also shown on the secondary axis (right hand side) is the

ratio of the 0.0-0.4/0.4-0.7 V vs. RHE window capacitance per mass.

In 0.5 M HCI, the capacitance of PhFsCIC85 capacitance exhibits a comparatively smaller

increase than in 0.1 M KOH

The capacitance of the PhFsCIC85 sample was also trialled in 0.5 M HCI. From Figure 5-8, the
capacitance of the PhFsCIC85 sample in 0.5M was found to be higher in the 0.4 —0.7 V vs. RHE
window compared with the sample in 0.1M KOH electrolyte. However, the ratio of the 0.0 —
0.4 V vs. RHE window to the 0.4-0.7 V vs. RHE window is lower for the 0.5 M HCl sample
compared to the 0.1M KOH electrolyte sample. The difference could arise from the different
concentration of ions in solution: 0.5 M chloride ions and 0.1 M potassium ions. The concen-
tration of potassium hydroxide of 0.1 M was chosen to be used as the standard because high
concentrations of hydroxide solutions can react with glass over time.%> A high concentration

of HCl was used to reduce the ionic resistance of the electrochemical cell.
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Figure 5-9 Percentage of surface wetted of the PhFsCIC85 and CIC85 material as calculated by using

surface area calculated from BET. The BET values are extracted from literature.*!

To try to establish whether the capacitance measured by the technique outlined in this chap-
ter produced data that was relevant to other physically quantified characteristics of the car-
bon material, a comparison was made between the surface area of the CIC85 and PhFsCIC85
measured by Brunauer—-Emmett—Teller (BET) theory. The surface area calculated by the ca-
pacitance experiments. It was found that the percentage of surface wetted of PhFsCIC85 in-
creased from 9% to 38% when going from the positive to negative potential window. Note
that the percentage of CIC85 surface area remained constant from the positive to negative

potential window.

5.2.3 Contact angle measurements

Contact angle measurements were trialled as a measure of hydrophobicity

After the capacitance measurements, work was conducted with other characterisation meth-
ods to attempt to measure the changes in hydrophobicity with alternative techniques to con-

firm our findings. Firstly, contact angle measurements were conducted to measure the
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hydrophobicity of the drop-cast carbon discs. Water (5 mL) was dropped onto the disc and
the contact angle was measured. In Figure 5-10, an image of the contact angle measurement

is shown.

Figure 5-10 Droplet of water (5 uL) on the disc of a PhFsCIC85 on a glassy carbon electrode. Contact

angles are given in Table 5-1.

Table 5-1 Contact angle measurements of Figure 5-10.

Left Right Average

Contact angle (degrees) 141.4 143.2 142.3

With the contact angle measurement, the contact angle of the water droplet to the PhFsCIC85
disc surface is high (see contact angles in Table 5-1). Superhydrophobic surfaces are those
with a water contact angle (WCA) greater than 150 degrees.'’* Hence the disc of PhFsCIC85
has a WCA approaching that of a superhydrophobic surface. However, the above discussed

hypotheses suggests that following the chronoamperometry and negative potential window
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CVs, the hydrophobicity of the PhFsCIC85 disc is lowered and should have a lower WCA after
the electrochemical testing. However, as visible in Figure 5-11 the pressure of a water droplet
sat on the surface of the PhFsCIC85 disc post-electrochemical characterisation would make it
crumble into pieces, which would then float around in the water. Ultimately the PhFsCIC85
disc had experienced a number of harsh conditions of wetting, electrochemical bias cycling,
1M KOH electrolyte, and drying. Hence, it was not stable enough to be tested again. Alterna-
tively, the electrochemical testing had caused physical changes in the film itself that resulted
in the increase in capacitance and also caused the break-up of the film upon the application

of water.

Figure 5-11 Image of PhFsCIC85 disc on glassy carbon electrode broken under the force of placing a

droplet of water on the surface.

Contact angle measurements were also conducted on CIC85 films as shown in Figure 5-12.
The droplets on the film measured WCAs from 132° to 142.7°. The large variation in WCAs
could be the result of variability in the film’s morphology. Hence a profilometer was used to

measured the variation in profile, as shown in Figure 5-13. The obtained profilometer data
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results from one film measured at 3 different angles. The profilometer data shows that the
height of the film is often highest at the edge of the film and that the profile of the film overall

is spiky and jagged.

Figure 5-12 Contact angle images of 3 different 5 mL droplets of water on a CIC85 disc.

Table 5-2 Contact angle data of measurements displayed pictorially in Figure 5-12 on a CIC85 disc

Left Right Average
Droplet 1 132.9 137.6 135.2
Droplet 2 138.7 139.2 141.8
Droplet 3 142.7 141.8 142.3

Considering that the maximum average value of WCA of the CIC85 film is 142.3°, which is
equivalent to that of the PhFsCIC85 film and close to the literature value of superhydrophobic
surfaces, and that CIC85 is well-established as a hydrophilic material due to its terminal car-
bon-oxygen bonding suggests that the morphology and porosity of the CIC85 is contributing
to its highly hydrophobic character towards a water droplet on its surface. Numerous studies

have found that the combination of both nanometer and microscale scale roughness
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contributes to the hydrophobicity of a material.}”> The micrometer roughness is shown by the
profilometer in Figure 5-13, and the SEM images of CIC85 show that the 85 nm terminal holes
in the carbon scaffold of the material cause the nanometer roughness. Hence, as a surface
the CIC85 exhibits relatively low wettability when measured by a contact angle. However, as
a film submerged in 1M KOH electrolyte and subject to electrochemical bias capacitance test-
ing, the material exhibits poor hydrophobicity. It could be concluded that contact angle meas-
urements are not a helpful measurement in elucidating the hydrophobic character of a film

in agueous electrolyte under potential bias.
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Figure 5-13 Profilometer data of CIC85 disc (cross-sections taken across 1 disc, rotated by 120° for

each profile)

SEM imaging was employed to observe whether morphological changes to the

PhFsCIC85 occurred

A film of PhFsCIC85 was studied under SEM, as shown in Error! Reference source not found..
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Figure 5-14 a) image of PhFsCIC85 film on glassy carbon electrode in electrode holder b) SEM image
of the PhFsCIC85 disc post-electrochemical testing with a back scatter electron detector, with 5.0 kV
accelerating voltage c) SEM image with secondary electrode detector d) same image as a) but the
air bubble on the surface of the electrode is circled in blue, e) same image as b) however with a blue

sketch where the air bubble sat during electrochemistry

In all previous work related to capacitance measurements, a 5 cm glassy carbon rod electrode
was the electrode upon which all the films were drop-casted onto. In order for the films to be
imaged in the SEM equipment, the glassy carbon rod was swapped for glassy carbon discs
that were 0.5 cm in length and are electrically contacted within the electrode holder as seen
in Figure 5-14a). The different architecture of the electrode (i.e. the rubber seal between the
glassy carbon electrode and the plastic body of the holder and the plastic body itself) caused
the electrolyte and air to behave differently to the surface of the PhFsCIC85 film. Therefore,

an air bubble formed on the surface of the electrode which could be seen in Figure 5-15a) and
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is highlighted by a blue ring in in Figure 5-16 d) and in Figure 5-17e). The air bubble could not
be replaced with electrolyte due to the highly hydrophobic character of the film and experi-
ments were conducted regardless. But, overall, this provided an opportunity to measure SEM
on a sample, which contained areas that had been in contact with electrolyte and undergone
electrochemical testing, and a “clean” area in the centre of the film which had not. It was

possible to image the surfaces of both areas and perform EDS.

Figure 5-18 a) SEM image of a clean area of PhFsCIC85 with back scatter detector, b) SEM image of an

area with electrolyte contact with a back scatter detector

In Figure 5-19 b), the PhFsCIC85 film is imaged with a back scatter electron detector. There-
fore, the variation of brightness of the image is due to the different atomic number (Z) num-
bers of the elements present. The contrast between the elements presents elucidates the
cracks present in the film. The white rectangle at the top of the image is tape that was used
to help orient to the position of the clean area. Carbon has the smallest Z number of all the
other known elements present in this sample and has therefore the lowest amount of scat-
tering. Hence, it appears the darkest. The colour is largely darker in the centre, whilst the area

around it is lighter, indicating heavier elements than carbon.
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In Figure 5-20c) the same film is imaged with a secondary electron detector and hence the
variation in brightness shows the topography of the sample. There is less variation in this im-

age compared with Figure 5-21b), with the cracks appearing less pronounced.

Figure 5-18a) and Figure 5-18 b) show the “clean” area and the area of electrolyte contact of
PhFsCIC85, respectively. There are more visible cracks in the area with electrolyte contact,
which could be generated in-situ during electrochemical conditions. However, no quantitative

crack counting across multiple sites was undertaken due to time constraints with the SEM.

Figure 5-22 a) SEM image of a clean area of PhFsCIC85. Image taken with a secondary with a second-
ary electron detector b) SEM image of an area of electrolyte contact. Image taken with a secondary

electrode detector

In Figure 5-22 a) and b), SEM images on the order of scale of the 85 nm pores of the PhFsCIC85
material were imaged to observe any morphological changes that could have happened on
this magnitude of scale. From these images, it can be concluded that there is no visible differ-

ence.
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Figure 5-23 a) SEM on a boundary area where spectrum 1 of electrolyte area and spectrum 2 of clean

area were taken for EDS were taken. B) spectrum 1 and c) spectrum 2

Table 5-3 Percentage of elements present in the spectrums of EDS as shown in Figure 5-23

Label C (0] F Na Si S cl K Total
Spectrum 1 81.80 4.88 11.31 0.14 0.28 0.06 1.53 100.00
Spectrum 2 88.38 10.86 | 0.24 0.22 0.22 0.09 100.00

In Figure 5-23 a), a SEM image of the boundary area is shown, where both the electrolyte
contact area can be seen in the top left and the “clean” area can be seen in the bottom half.
Similarly to Figure 5-18, more cracks can be observed in the electrolyte contact area. EDS was
performed on the areas indicated and the spectrums are presented in Figure 5-23 b) and in
Figure 5-23 c). In the area, which has come into contact with electrolyte, potassium and oxy-
gen are present in the spectrum. Both elements can not be observed in the spectrum of the
clean area. This indicates the presence of salts of KOH on the sample. The elements present
due to Nafion, sulfur and fluorine are present in both samples. However potentially oxygen

groups should have been observed in Spectrum 2 due to the presence of sulphonic groups
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and the oxygen backbone. Silicon is present in small quantities due to the silica used during

the synthesis process of the CIC.
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Figure 5-24 Drawing of the polymer structure of a) Nafion b) PTFE and c¢) PVDF

5.2.4 Hydrophobicity of different ionomers

With no significant signs for the dramatic change in hydrophobicity exhibited by the
PhFsCIC85 films when studied by SEM, research was done to investigate the performance of
the film when the ionomer Nafion was replaced with a different ionomer. PTFE was selected
not to be tested against Nafion, as PTFE does not dissolve in solution and requires tempera-
tures of 300°C to melt. Instead, the synonymous polymer poly(vinyldene fluoride) (PVDF) was
chosen, which is soluble in the organic solvent N,N-Dimethylacetamide (DMA). As in shown
in Figure 5-24b) and c), instead of a repeated monomer of two CF, moieties, the PVDF mono-
mer has one CH; and one CF,. PVDF shows greater wettability than PTFE, but is less wettable
than non-fluorinated compounds.t’3 PVDF has fewer component monomers compared with
Nafion, which contains perfluorether side chains ending with sulfonic acid groups.??! Unlike

PVDF or PTFE, Nafion is also capable of ion conduction, such as protons.'’* As a comparison,
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Figure 5-25 a) Capacitance per mass calculations of films made from a water based film with Nafion
as a binder, DMA based film with Nafion as a binder and a DMA based film with PVDF as a binder. B,
C and D show the respective samples in the positive potential window. E, F and G show the samples

under negative potential windows and H, | and j show the low potential window CVs.

Nafion is also soluble in DMA. Hence, both ionomers can be compared within a film drop-cast

from a solution.
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In Figure 5-25 a), capacitance comparisons can be observed of PhFsCIC85 with different bind-
ers: Nafion ionomers in water, Nafion ionomers in DMA, and PVDF in DMA. It was found that
in the positive potential window the capacitance of the films decreases respectively. The re-
spective CVs at different scan rates to calculate the capacitance are shown in Figure 5-25b-d).
The CVd measured at a positive and negative potential window are shown Figure 5-25 e-g)
and h-j), respectively. The capacitance (Figure 5-25 a)) was calculated from the negative po-
tential range. A difference in capacitance of the samples, which both use Nafion but in differ-
ent solvents (water and DMA), can be observed. However, the difference is not significantly
and therefore there is no accounting for variation between samples for further measure-
ments. An explanation for the observed variations could result from the use of different sol-
vents, which could cause Nafion to arrange itself differently within the film. This is since
Nafion has both hydrophilic parts of the backbone and terminal groups and also hydrophobic

domains.17?

When comparing PVDF and Nafion, Nafion has CF, moieties as well as perfloroether groups
and sulfonic acid groups. In absence of the perfluoroether groups and sulfonic groups when
PVDF is employed, one could expect to obtain a more hydrophobic film with lower capaci-
tance. However, the opposite trend was observed in Figure 5-25 a), where PVDF and
PhFsCIC85 film had significantly higher capacitance than the Nafion sample. One explanation
could result from the structure: In a beta crystalline structure, where fluorine and hydrogen

atoms sit on opposite edges of a carbon backbone, a permanent dipole exists.'”® In the
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presence of bias, the PVDF could exhibit piezoelectric effects that cause the film to crack and

enable water to infiltrate throughout the film.

Despite this, the research provides evidence for the hypothesis that the ionomer plays a
strong role in dictating the hydrophobicity and capacitance of the film. Furthermore, it raises
guestions about how ionomers react to potential bias under electrochemical conditions and
how the ionomer arrange themselves within the film in response to the hydrophobic mono-
layer of PhFs on the carbon surface. Further investigation could be undertaken by studying
the electrochemical impedance of these films and films of only the ionomer to study the con-

ductivity of these ionomers in 1M KOH at different potentials.

5.2.5 Further discussion points

Recent research has demonstrated that a decrease in electrolyte concentration resulted in a
highly asymmetric dependence of the apparent contact angle (CA), denoted as 6, on the ap-
plied potential (E) compared to the potential of zero charge (Epz).'”” When considering the
position of the Ey;c of the CIC and PhFsCIC85, the CIC85 was found to have a higher OCP than
PhFsCIC85 of ca. 0.8 V vs. RHE compared to ca. 0.6 V vs. RHE, respectively. Hence, when ap-
plying potential biases in the region of 0.0-0.4 V vs. RHE, the value of (Ey.c — E) is greater for
the CIC85 than PhFsCIC85. Whether this has any impact on the wetting would require further

experiments in different potential ranges than were conducted in this research.

Furthermore, the increase seen by the Dryfe group of electrowetting with higher alkali metal
ion concentration in electrolyte!’” would suggest that within the local electrolyte regime of a
GDE where a significant increase in pH is observed due to the high concentration of hydroxide

ions, a larger increase in electrowetting could be expected because of this.
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This research was conducted based upon the assumption that the PhFs groups are hydropho-
bic and prevent wettability, however the wetting that we see at lower potentials could be due
to a reduction in hydrophobicity of the PhFs group. C-F bonds exhibit hydrophobic properties
due to the low polarizability of the C-F bond, since fluorine is small and the electron cloud is
highly attracted.'’® Hence, this means that the C-F bond does not form temporary dipoles
easily and therefore does not easily participate in van der Waals interactions with water. How-
ever, consideration should be taken to estimate how aromatic C-F bonds could change char-
acter when covalently bonded to a carbon electrode under potential bias. The effect of po-
tential on functional groups bonded to electrodes has been researched in the field of organic
catalysis’® but the electro-inductive effect for electrowetting/hydrophobic surfaces has not
been researched. The molecular synonym of this effect was first explored by Hammett in
1937, where electronic properties of a molecule can be altered with the substitution of an
electron withdrawing group or electron donating group. Hence, when an electron donating
group is substituted onto an aromatic ring para to a fluorine substituent, the C-F bond is
lengthened. 18 Hence, potentially a synonymous effect of the electron donating nature of an
electrode bonded in the para position to a C-F bond could have a similar effect. This could be
the case for the C-F bonds in the PhFs group bonded to the CIC85. One could suggest that the
hydrophobic functional group which is chemically bonded to the electrode could itself be-

come electrowetted.

Further research in this area could be to test molecules that are actively designed to prevent

electronic coupling between the carbon surface and the molecules. This could potentially be
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achieved through the use of a linker group between PhFs and the carbon surface. The mole-
cule would be similar to pentafluorophenyl aniline, but include a phenyl spacer group in be-
tween the pentafluorophenyl group and the aniline group with the aniline group attached at
either the meta- or ortho- position. This would enable the diazonium reduction reaction to
still take place as aryl groups form stable diazonium ions and hence the linker group must be
an aryl group to enable surface functionalisation to happen via this reaction. If surface func-
tionalisation is possible with this molecule, then with the phenyl linker group attached ortho-
or meta to the carbon surface then delocalisation effects from the carbon would be disrupted.

However, steric hindrances may cause issues if the ortho- position is used.

Further work could be dedicated to understanding the influence of Nafion on the hydropho-
bicity performance of the CIC85 and PhFsCIC85 films. Nafion swells when it absorbs water!8?
altering its mechanical properties. Nafion will also arrange itself differently in the presence of
hydrophobic and hydrophilic particles.®? Through the use of a scanning electrochemical mi-
croscope — atomic force microscope (SECM-ATM),*®3 it could be possible to measure the

mechanoelectrochemical properties of Nafion.

5.3 Conclusion

In this study, an electrochemical protocol encompassing cyclic voltammetry and chronoam-
perometry was successfully established to elucidate the electrowetting behaviour of CIC85
and PhFsCIC85 materials. Employing structurally uniform carbon materials as the basis of this
investigation, the research was able to distinctly attribute variations in capacitance to differ-
ential electrowetting properties of the materials governed by PhFs groups. Specifically, at pos-

itive potential windows, proximal to the open circuit potential (OCP) of both materials, a
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marked contrast in electrowetting was evident. Here, CIC85 demonstrated significantly en-

hanced wetting in comparison to PhFsCIC85.

The study's investigation into the PhFsCIC85 material revealed critical insights into its electro-
wetting properties. Notably, PhFsCIC85 exhibited a significant increase in capacitance in lower
potential windows compared to the higher potential window and pre-chronoamperometry,
suggesting a notable change in the material's properties, potentially due to decreased hydro-
phobicity or morphological alterations. The irreversible nature of this capacitance increase,
as observed in cyclic voltammetry measurements, implies a permanent alteration in the ma-

terial's surface characteristics under specific electrochemical conditions.

This research highlights the importance of investigating hydrophobicity at different potentials
due to the impact of electrowetting. Furthermore, other characterisation techniques typically
used to measure hydrophobicity of surfaces, such as contact angle measurements proved to

be ineffective for this research.

The research opens avenues for further investigation, particularly in understanding the elec-
tro-inductive effects of molecules on electrodes properties, such as hydrophobicity and sta-

bility.
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Application of nanoporous carbon particles surface func-
tionalised with polyfluoroaromatics as hydrophobic addi-

tives for eCO2RR

Ella Fidment, Preetam Sharma, Viola Birss, Eileen Yu, Elizabeth Gibson

The research in Figure 6-4 and Figure 6-5 was performed by Preetam Sharma.

Abstract

To investigate the impact of porosity and hydrophobicity of the catalyst layer on the selectiv-
ity of CO; electroreduction on Ag particles, nanoporous carbon particles and hydrophobic na-
noporous carbon particles were used as an additive in the catalyst layer. The results indicate
that higher porosity and hydrophobicity increase the ratio of CO/H,. However, due to the
eCO2RR conditions, the hydrophobicity of the additives change under the influence of nega-
tive potential bias, leading to a decrease in the ratio of CO/H,. This is consistent with the
findings in Chapter 5, which suggest that the hydrophobicity of PhFsCIC85 decreases under

negative potential bias in 1M KOH.
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6.1 Introduction

Additives in the catalyst layer of gas diffusion electrodes of CO; electroreduction have been
used to improve gas transport, ionic conductivity, hydrophobicity’®> and other properties that
are believed to enhance CO; electroreduction. For example, the use of polymers with intrinsic
microporosity (PIMs) within the gas diffusion electrode has been studied. The use of a
0.01 mg/cm? PIM layer atop of the catalyst layer was found to increase the activity, selectivity

and stability of a copper gas diffusion electrode for ethylene production.'®*

Engineering porosity within the catalyst layer has been researched with different approaches.
Additive manufacturing was employed whereby a laser powder bed fusion machine was used
to selectively melt Cu powder. Catalyst layers with porosity of from below 1 um to 30 um
were synthesised with different pore network layouts. They found that the different types of

pore networks had a large influence on product distribution.8

In contrast, research has been dedicated to investigating the impact of porosity in the gas
diffusion layer. A fluoropolymer gas diffusion layer was developed from UV curing of mono-
mers to form a homogenous porous perfluoropolyether.8 Different curing conditions and
monomer ratios enabled tuneable porosity of which the gas permeation was measured. This
was then correlated with the faradaic efficiencies when copper nanoparticles were used as a
catalyst layer, as shown in Figure 6-1. At low CO, permeance, there is a notable loss in CO

faradaic efficiency when compared higher CO; permeance.
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Figure 6-1 Permeance-performance relationship of PFPE. Data of CO2RR catalysed on copper nanopar-

ticle catalyst layer, 1M KHCO3 and a CO; inlet flow rate of 50 sccm. Adapted from Wicks et al.28

Porosity of the catalyst layer has mainly been investigated by engineering porosity of the cat-
alyst material itself, such as the thermal shock synthesis of CusBi nanofoam,'®’ Cu,0 nano-
flowers*® and ultrasound-assisted synthesis of Cu oxides.'® Porosity of the catalyst materials
are reduced by the addition of an ionomer. After ionomer infiltration, the pore volume of Ag
foam synthesised via pulsed hydrogen bubble templation was found to reduce by 50% com-
pared to the as-synthesised material.°° However the use of the ionomer is believed to create
a hydrophobic microenvironment within the electrode structure, improving mass transport

and enabling higher current densities.

Modelling has been conducted studying how different parameters of the catalyst layer, such
as hydrophobicity, loading, porosity and electrolyte flow rate, affect the performance of the
gas diffusion electrode. They predicted that doubling the porosity of a wetted catalyst layer
in a gas diffusion electrode can significantly improve the current density due to enhanced gas
transport. Higher porosity reduces the mass transport limitations that typically inhibit reac-
tant and product transport, thereby improving reaction kinetics and leading to higher current

densities.1!
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Figure 6-2 Capacitance per mass for Cu,0, CIC85, PhFsCIC85, Cu,0 CIC85 and Cu,OPhFsCIC85 sam-
ples. The samples either contained 11.28 mg of materials or 50:50 ratio of the materials (i.e. 5.6 mg
of each material) in the catalyst ink. These inks were dropcast onto the glassy carbon electrode and
underwent the CV. Positive window (0.4 — 0.7 V vs. RHE) and negative window (0.0 — 0.4 V vs RHE).
The capacitances were calculated by conducting CVs within each potential window at scan rates
between 10 mV/s to 140 mv/s, increasing in 10 mV/s intervals. In a set-up illustrated in Figure 5-3a),
the material was drop cast onto a GCE. The reference electrode was a mecury based RE-61AP and
the counter electrode was a graphite electrode. The electrolyte was always degassed with argon
and the electrolyte was 0.1M KOH. The magnitude of current was extracted at 0.52 V vs RHE for the
positive window and at 0.22 V vs RHE for the negative window. Capacitance was calculated, taking

an average of the forward and backward scan direction of current.

6.2 Results and Discussions

6.2.1 Capacitance of Cu0 and CIC85 / PhFsCIC85 samples

Samples of CIC85 and Cu;0 show high capacitance in both potential windows, whereas

samples of Cu;0 PhFsCIC85 show high capacitance in low potential window
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In Figure 6-2, the capacitance per mass of the Cu,O was low when it was measured by CVs in
the potential window 0.4 —0.7 V vs. RHE. From the previous work done on Cu;0, it was known
that within the 0.4-0.7 V vs. RHE window there would be no redox events for the Cuz0. The
capacitance of Cu;0 was believed to be low due to its low conductivity as a metal oxide.'*?
Post chronoamperometry at 0.025 V vs. RHE led to the reduction of Cu,0 to Cu. In the 0.0 —

0.4 V vs. RHE potential window, the capacitance of Cu,0 increased and was measured at al-

most 2 F/g.

Cu20 CIC85 PhF5CIC85

-0.05

Charge passed (Coloumb)

-0.15

Figure 6-3 Charge passed during the chronoamperometric measurement at 0.025 V vs. RHE in 0.1 M

KOH for 15 min.

When studying the capacitance of the composite samples (Cu;OCIC85 and Cu;OPhFsCIC85),
in the 0.4-0.7 V vs. RHE, the capacitance was much greater for the Cu,OCIC85 compared with
Cu,0PhFsCIC85. In the negative window on the other hand, the capacitance values of the two

samples are similar.
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Overall, it indicates a similar trend to the outcomes of the previous chapter’s finding whereby
PhFsCIC85 sample is not able to maintain its hydrophobicity at low potential windows. In the
presence of Cu,0, PhFsCIC85 also does not maintain the hydrophobicity in general for the

sample.
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Figure 6-3 a) Scan rate dependent CVs of fresh commercial carbon paper B) scan rate dependent
CVs of commercial carbon paper after a chronoamperometry measurement of 0.025 V vs. RHE for
15 min in 0.1 M KOH with RE-61AP reference electrode and a graphite counter electrode. C) scan

rate analysis of current values shown in B

When looking at the overall charge passed in the chronoamperometry in Error! Reference
source not found., the Cu;0 sample has more charge passed than the CIC85 and PhFsCIC85
sample. During the chronoamperometry at 0.025 V vs. RHE, the Cu,0 sample is reduced to Cu
in a faradaic process. Hence, the number of electrons passed is related to the amount of Cu,0

available to be reduced. Whilst it is believed that no significant faradaic charge is passed for
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Figure 6-4 Normalised faradaic efficiencies of Ag, Ag-CIC, AgPhFsCIC (1:1 ratio) and AgPhFsCIC (3.5:1
ratio of Ag:PhF5 performed at -1.15 V vs. RHE in 1M KOH.

the CIC85 and PhFsCIC85, only non-faradaic double layer charging occurs. Hence, less charge

is attributed to this process for both the CIC85 and PhFsCIC85.
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In Figure 6-3 CVs of commercial carbon paper used for gas diffusion electrodes are shown. A
significant redox peak can be observed at 0.4 V vs. RHE during the 10 and 20 mV/s scan rate
CVs. This is likely due to the carbon paper oxidising during storage and hence the surface oxide

groups are being reduced upon the anodic sweep.

In Figure 6-3 b) post chronoamperometry, the capacitance is higher than in Figure 6-4 a). The
reduction peaks at ~ 0.45 V vs RHE in Figure 6-4 a) in the CVs with a scan rate of 10 mV /s and
20 mV/s are the result of reduction of surface oxides that have formed due to the commercial

carbon paper being in contact with air prior to their use.1°31%4

6.2.2 Ag and PhFsCIC85 samples trialled for eCO2RR

Ag catalyst with CIC and PhF5CIC additive trialled for eCO2RR at -1.15 V vs. RHE

Ag was employed as the catalytic material for these experiments because it is selective to-
wards carbon monoxide and hydrogen only. Hence, the product evaluation is simpler. The
eCO2RR measurements were performed at -1.15 V vs. RHE in 1M KOH and were performed

until the gas diffusion electrode floods.

At 5 min, the Ag sample showed a normalised faradaic efficiency of carbon monoxide of ~70%.
The Ag-CIC sample showed a normalised faradaic efficiency of carbon monoxide of ~80%. The
Ag-CIC_PhF5-1:1 sample showed a faradaic efficiency of carbon monoxide of ~90%, whilst the
higher ratio sample, Ag-CIC_PhF5-1:3.5, showed a faradaic efficiency of ~98%. At the begin-
ning of the reaction, the inclusion of the CIC improves the faradaic efficiency of carbon mon-
oxide. It is further improved in the presence of PhFsCIC particles and increases with a higher

ratio of the particles. This could be due to the enhancement of availability of CO;
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concentration at the surface of the catalyst particles because of the porous interconnected
networks within the CICs. The further improvement of faradaic efficiency of carbon monoxide
in the presence of the PhFsCIC particles could be due to improved hydrophobic character of
the catalyst layer, which leads to less hydrogen evolution that is in competition with CO; re-

duction.

However, within 22 min of the reaction duration, the faradaic efficiencies of carbon monoxide
of the PhFsCIC samples have significantly decreased. This suggests that the hydrophobic en-
vironment believed to be a result of the hydrophobic PhFsCIC is not sustained throughout the
reaction. This finding is in agreement with the findings of Chapter 5 that shows quantitatively
that the hydrophobicity of the PhFsCIC decreases under negative potential windows. This is
observed in the eCO2RR conditions, where hydrophobicity is believed to be inversely corre-

lated with the faradaic efficiency of carbon monoxide.
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Figure 6-5 Current density of the samples: Ag, Ag-CIC, Ag-CIC-PF5 (1:1) and Ag-CIC-PF5-3.5 over
time.
Further to the hydrophobicity loss, the PhFsCIC samples was stable for only 3000 s. However,
upon observation the catalyst layer appears to have poor adhesion to the carbon paper of the

microporous layer.

Whilst both samples of Ag and Ag-CIC were able to run for 10000 s, at 120 min the AgCIC had
a lower current density than the Ag sample and a lower CO/H; ratio. This is in contrast to the
result at 5 min, where the Ag-CIC sample had a higher CO/H; ratio than the Ag sample. Hence,
the AgCIC sample showed greater variation of product selectivity and current density. From
initial CV testing of the CIC samples, faradaic current attributed to HER was observed for the

CIC material. Thus, potentially the CIC could be a catalytic site for HER.

A critical consideration surrounding the contents of Nafion is that the ratio of Nafion to total
material remained the same in each sample. However, the materials have different hydro-
phobic characters. If there is a tendency of Nafion to interact more strongly with hydrophilic

materials, such as Ag particles, compared with hydrophobic particles, then the samples with
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hydrophobic materials could have higher amounts of Nafion in the ink. This could change the
amount of Nafion surrounding Ag particles in the catalyst layer. With differences in Nafion
arrangements and/or Nafion interaction with Ag, different faradaic efficiencies have been ob-
served in studies.!®> Further experiments could be conducted, whereby the Nafion amount
stays constant with respect to the catalyst material only. This could test the hypothesis of

whether the variation in Nafion could affect faradaic selectivity towards carbon monoxide.

6.3 Conclusion

This chapter examines the selectivity of gas diffusion electrodes composed of catalyst, Ag par-
ticles and additives in the catalyst layer, i.e. porous carbon particles and functionalised carbon
particles. The results indicate that CIC and PhFsCIC85 additive give high CO/H; selectivity at
the beginning of the reaction. This could be due to their high porosity, which allows optimal
mass transport of CO; to the catalyst sites. PhFsCIC85 and Ag show the highest CO selectivity
at 5 min into the reaction, indicating that increasing the hydrophobicity of the catalyst layer
also improves the selectivity of CO over H,. However, during the course of the reaction, the
CO/H; ratio decreases for all samples with additives, indicating that the optimum conditions
are not stable under eCO2RR conditions. This is consistent with the findings in Chapter 5,
which suggest that the hydrophobicity of PhFsCIC85 decreases under negative potential bias

in 1M KOH.
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Conclusion

eCO2RR offers a route to decarbonise energy requirements for industries where chemical en-
ergy is typically used to provide energy, such as aviation and domestic heating. However, de-
veloping catalysts that afford selectivity towards multi-carbon products is still the focus of
much research. With longer reduction pathways requiring more electrons, multi-carbon prod-
ucts are still hard to produce at significant rates. Furthermore, degradation of the gas diffu-
sion electrode is an issue under the electrochemical conditions for CO, electroreduction.
Flooding of the gas diffusion electrode reduces the availability of CO, to the ideal triple phase
reaction centres and hence the selectivity towards carbonaceous products reduces and HER

increases. The research in this thesis set out to investigate both these issues.

(1) Au decorated Cu,0 microparticles via electrodeposition were observed to produce
higher faradaic efficiency of longer chain alcohols compared to Cu;0 microparticles,
however the overall rate of production of carbonaceous products decreased. The rate
of ethanol and propanol production increased by 2 and 4.5 nmol s* cm respectively
with the AuCu,0 compared to Cu,0. Overall the inclusion of gold in the catalytic layer

resulted in higher *CO concentration which favoured high length carbon products.
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(2)

(3)

Faradaic efficiency of hydrogen was marginally lower at 16% with AuCu;0 with respect
to Cu,0.

The hydrophobicity of nanoporous carbon particles functionalised with fluorophenyl
molecules were measured with capacitance in different potential windows and com-
pared to nanoporous carbons absent of functionalisation. It was found that the capac-
itance per mass was 2.69 F/g of PhFsCIC with respect to a capacitance per mass of
10.92 F/g of CIC. When a more negative potential window was applied, the capaci-
tance of PhFsCIC per mass increased to 6.8 F/g for the PhFsCIC, providing evidence for
electrowetting of PhFsCIC.

PhFsCIC was utilised as a hydrophobic additive in the catalyst layer with Ag particles
and the ratio of CO/H, was measured. At 5 min, the ratio of CO/H; faradaic efficiency
was 50, showing preference of CO; electroreduction with respect to HER. However,
under longer electrochemical conditions, the CO/H; faradaic efficiency ratio lowered
to 3 at 22 min, indicating electrolyte intrusion. This is in agreement with the capaci-
tance studies conducted to measure hydrophobicity, whereby hydrophobicity of

PhFsCIC decreases significantly under electrochemical conditions.

The research thesis on CO; electroreduction in gas diffusion electrode setups presents signif-

icant findings regarding bimetallic selectivity and hydrophobicity. The conclusion drawn from

Chapter 3 highlighted that adding Au to Cu,0 bimetallic catalysts enhances selectivity for CO;

reduction. Chapter 4 further elaborated on this by showing that gold enables CO insertion,

leading to a bifurcation of the reaction pathway and a preference for producing ethanol and
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n-propanol over ethylene in Au-Cu,0 samples, indicating a time-dependent process for *CO

coverage and the influence of CO dimerization on product distribution.

In terms of hydrophobicity, Chapter 5 discussed modifications to cyclic voltammetry to ac-
commodate potential delays due to elevated resistance, highlighting the importance of elec-
trolyte stability and non-faradaic contributions in measurements. Chapter 6 explored the use
of nanoporous carbon particles functionalized with polyfluoroaromatics as hydrophobic sub-
strates, indicating that these additives could enhance the availability of CO; at the catalyst
surface and, initially, improve faradaic efficiency for carbon monoxide. However, the hydro-
phobic environment was not sustained throughout the reaction, suggesting a decrease in hy-
drophobicity under negative potential windows and affecting the faradaic efficiency and sta-

bility negatively.

Together, these findings underscore the importance of bimetallic catalyst composition and
hydrophobic additives in improving the selectivity and efficiency of CO; electroreduction pro-

cesses, with a note on the temporal and environmental stability of these enhancements.
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Future outlook

This research targeted these obstacles through the use of a secondary metal on Cu,0 with
selectivity towards carbon monoxide. Further work could be dedicated to in-situ characteri-
sation of intermediates, such as surface enhanced infrared absorption spectroscopy (SEIRAS)
is sensitive to C-O containing adsorbates. 132 With this technique, *CO has been confirmed as
a common intermediate. 133 With SEIRAS, it would be expected that a higher concentration of

*CO would be seen in AuCu,0 when compared to Cu:0.

One issue of the eCO2RR cell set-up is limits to detection of products that are produced at
low rates and are diluted in the electrolyte. The electrolyte circulation through the set-up can
be improved to increase the accuracy of formate. This could be achieved by using a smaller
volume of catholyte circulating, hence it will be likely that homogeneity of analytes can be
achieved over a shorter period of time. Alternatively, a stirrer bar could be used in the catho-
lyte vessel that is connected to the electrochemical cell to ensure that is constantly mixed and
has uniform homogeneity. A more interesting study would be to have a stirrer bar within the
catholyte itself, which could affect the fluid pressure within the catholyte chamber and impact
carbonate concentration, gas pressure, catalyst layer — diffusion medium interface position

within the gas diffusion electrode.
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Modelling of electrochemical reduction of CO; to CO in a gas diffusion electrode could be used
to indicate physical parameters that could inform optimisation of the Au-Cu,O catalyst layer
(for example, parameters such as catalyst thickness and electrolyte flow rate). Wessling et al.

provided a study of porous electrodes within GDE properties for CO; reduction.®®

In this work, a mixture of multicarbon products were evolved through the use of a bimetallic
catalyst. Research avenues examining altering the pathway favourability towards one product
could be explored. For example, the use of organic molecules attached to copper surfaces

which stabilise *CO atop intermediate, favouring the pathway to ethylene. **’

With regards to stability work with the use of fluorophenyl functionalised nanoporous carbon
particles as an additive for the catalyst layer, future work could serve to investigate the role
of the Nafion in the hydrophobicity change that occurs during the gas diffusion electrode un-
der electrochemical conditions. Using in-situ AFM mapping could be done on the location of
Nafion to observe how that changes under electrochemical conditions, such as the work by
Hiesgen et al.!®® One could observe how the Nafion self-assembles in different solvents of
catalyst ink and how it arranges regarding the catalyst particles and additives, such as the
study of Nafion structures due to solvent.’®® Solvents of different polarity, such as water or
benzene, could result in different orientations of Nafion within the catalyst ink. If the additives
used have different surface charge to the catalyst particles, they are likely to have a different
interaction between the different Nafion groups. More specifically, the ester group in the
backbone could hydrogen bond to any oxygen atoms on the surface of Cu,0, whereas the C-

F bonds of the Nafion are likely to sit more closely to the PhFs groups on carbon particles.
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Overall, eCO2RR offers a desirable avenue for the generation of fuels and chemical feed-
stocks. With an increase in environmental tipping points observed within the last 5 years, the
motivation to upscale eCO2RR has never been stronger. Issues remain however with selectiv-
ity. Improvements in catalyst design have often seen a larger span of products instead of
higher efficiency towards one product, such as ethylene. Furthermore, stability continues to
be an issue and further work is required on this area to reach 10,000+ hours required for

commercial viability.2%
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