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Abstract

In this work, a convenient method for preparing cupric and cuprous oxide thin
films from a common sol-gel approach is described. The method consists in
depositing a thin film of a copper nitrate precursor embedded in a hydroxypropyl
cellulose matrix followed by calcination at 500°C. It was found that cupric oxide
(CuO) thin films were produced if the calcination step was carried in air, while
cuprous oxide (Cuz0) thin films were predominantly produced if the calcination was
carried under a constant-flow rate nitrogen stream. Interestingly, the Cu,O films
were shown to be doped with carbon and nitrogen atoms, with the dopant
concentration being related to the nitrogen flow rate used during the calcination
step. Importantly, the doping induces a decrease in band gap to lower values than
the 2.2 eV benchmark for intrinsic Cu;O. The conductive properties of the doped
Cu20 remained in line with literature values as long as doping was kept minimal. The
deposition method of such films is compatible with conductive transparent oxide for
application to photo-electroreduction of CO,. These thins films were shown to be
unstable in electrocatalytic conditions, so a mesoporous gas diffusion polymeric
membrane was design to serve as a stabilizing layer. This membrane was self-
assembled in to a porous “honeycomb” shape utilizing the breath figure method and
is made of a copolymer blend of polymethylmethacrylate (PMMA) and poly-4-
vinylpyridine (P4VP) in a ratio of 80:20 between the two polymers. The P4VP present
on the polymer grants hydrophobicity to the membrane when unprotonated and
hydrophilicity when protonated. With this membrane, not only we stabilised our thin
film electrodes but also shifted the selectivity towards carbon monoxide (~80%) and
supress the hydrogen evolution reaction (HER). This copolymer was further tested as
a surface modifier by being applied as a mesoporous membrane and as a thin film to
known copper and silver foils electrodes, causing greater hydrogen suppression as a
thin film and greatly increasing the production of C,+ products in copper foil, with a

selectivity change towards ethylene.






Fabio VIEIRA

Résumé

Dans cette thése, une méthode pratique pour préparer des films minces
d’oxyde cuivrique et cuivreux a partir d'une approche sol-gel est décrite. Le procédé
consiste a déposer un film mince d'un précurseur de nitrate de cuivre incorporé dans
une matrice d’hydroxypropylcellulose suivi d’une calcination a 500°C. Il a été
constaté que la composition des couches minces était principalement d’origine
cuivrique si I'étape de calcination était effectuée dans l'air, tandis que des couches
minces étaient principalement d’origine cuivreux (Cuz0O) si la calcination était
effectuée sous un flux d’azote a débit constant. Fait intéressant, il a été démontré
que les films de Cu,O étaient dopés avec des atomes de carbone et d’azote, la
concentration de dopant étant liée au débit d’'azote utilisé pendant I'étape de
calcination. Il est important de noter que le dopage induit une diminution de
I’énergie de bande interdite, “band gap", a des valeurs inférieures a la littérature de
2,2 eV pour le Cuz0 intrinséque. L'impact du dopage sur les propriétés conductrices
des couches de Cu,0) est peu significatif. La résistivité des films reste similaire aux
valeurs reportées dans la littérature tant que le dopage est léger. La méthode de
dépot de tels films est compatible avec certains oxydes transparents conducteurs,
particulierement l'oxide d’étain dope a l'indium (ITO) pour application a la photo-
électroréduction du CO.. Ces films minces se sont révélés instables dans des
conditions électrocatalytiques, de sorte qu’'une membrane polymeére mésoporeuse de
diffusion de gaz a été congue pour servir de couche stabilisatrice. Cette membrane a
été auto-assemblée en une forme poreuse en “honeycomb" en utilisant le “Breath
Figure method" et est faite d'un mélange de copolymeéres de polyméthacrylate de
méthyle (PMMA) et de poly-4-vinylpyridine (P4VP) dans un rapport de 80:20 entre
les deux polymeéres. Le P4VP présent sur le polymeére accorde de I’hydrophobicité a la
membrane lorsqu’elle n'est pas protonée et de I’hydrophilie lorsqu’elle est protonée.
Avec cette membrane, nous avons non seulement stabilisé nos électrodes a couche
mince, mais nous avons également déplacé la sélectivité vers le monoxyde de
carbone (~80%) et supprimé la réaction de dégagement de I'hydrogene (HER). Ce
copolymere a ensuite été testé comme modificateur de surface en étant appliqué
comme membrane mésoporeuse et comme film mince sur des électrodes connues de

feuilles de cuivre et d‘argent, provoquant une plus grande suppression de
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I'hnydrogene en tant que film mince et augmentant considérablement la production de
produits C,:+ dans les feuilles de cuivre, avec un changement de sélectivité vers

I’éthyléne.
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Motivation

The continuous use of fossil fuels is causing rampant emissions of greenhouse
gases to the atmosphere, threatening earth’s ecosystems by changing the global
climate. Whilst clean fuel alternatives such as solar, wind and hydro are being
studied, the atmosphere contains serious concentration levels of greenhouse gases.

Amongst these gases, the biggest issue is carbon dioxide (CO.).

In order to reduce the levels of CO; in the atmosphere, there are several

possible pathways:

e The use of clean energy, such as solar, wind or nuclear instead of

depending on the burning of fossil fuels;

e The development of CO, capture technologies to capture it from the
atmosphere or in factory chimneys;

e Converting CO; to other value added chemicals, that can then be
used as fuels or as feedstock for the chemical industry.

This work focus on the understanding of CO; electroreduction and the creation
of a simple, low cost and scalable electrode easily fabricated at an industrial scale.
Such an electrode can be fabricated and implemented quickly and would be a great
asset in the fight against global warming.

Reduce Lower CO, Converting CO, to other
Global atmospheric value added products
Warming concentration

using electrochemistry

Designing a simple, low

cost, scalable electrode
using sol-gel chemistry

Figure I. Diagram representing the motivation behind the work.
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List of acronyms and chemical formulas

AFM Atomic force microscopy

AES Auger electron spectroscopy

Ci Single carbon products

C2+ Multiple carbon products

CA Chronoamperometry

CO2RR CO; reduction reaction

Ccv Cyclic voltammetry

DCM Dichloromethane

DMF Dimethylformamide

e’ Electron

Eg Band gap

ETPT Electron transfer and proton transfer
FE Faradaic efficiency

GC-MS Gas chromatographer and mass spectrometer
h Planck's constant

HER Hydrogen evolution reaction

J Current Density

LSV Linear sweep voltammetry
NMR Nuclear magnetic resonance
P4VvVP Poly (4-vinylpyridine)

PCET Proton-coupled electron transfer

PEC Photoelectrochemical
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PMMA Poly (methyl methacrylate)

PTET Proton transfer and electron transfer
SEC Size exclusion chromatography
SEM Scanning electron microscopy

uv Ultraviolet

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

a Absorption coefficient

n Overpotential

v Frequency (Hz)
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1 - Introduction

The current energy situation has been, for several years now, a source of
constant and growing discussions, conflicts, questions and concerns. A question that
arises is “how to meet a growing energy demand, while limiting the environmental
impact of the production and use of this energy, without reducing our standard of
living (or even improving that of the inhabitants of developing countries)?” and the

scientific community could help with the answer.

The continuous use of fossil fuels is causing rampant emissions of greenhouse
gases to the atmosphere, threatening earth’s ecosystems by changing the global
climate. Stopping this change and stabilizing the climate is critical for the future of
humanity, as Rockstrém et al. already alerted for in 2009!. Whilst clean fuel
alternatives such as solar, wind and hydro are being studied, these technologies
suffer from issues of intermittency and baseload power? and, in the meantime, the
atmosphere has still serious concentration levels of greenhouse gases, being carbon
dioxide (CO) a large part of it, as seen in Figure 1-12. This is a matter of great
concern as CO, emissions have continuously increased over the last century and

nowadays are reaching unsustainable levels3.

1 ¥ . ) O 10O OO Cur World
(zlobal greenhouse gas emissions by gas uror
Greenhouse gas emissions are converted to carbon diexide-equivalents (CO,eq) by multiplving each gas by its
wo-vear “global warming potential value: the amount of warming one tonne of the gas would create relative e .,
ane tonne of CO, over # 1woo-vear timescale, This breakdown is shown Tor 2onh, 3

Carbon dioxide (CO,)

74,

CurWorkSinDataorg arid da ks § <t theworlt

Figure 1-1. Share of gases involve in greenhouse emissions. From Climate Watch, the World
Resources Institute (2016).

Therefore, a swift conversion from a carbon-intense society to a carbon-free
society is a must. To achieve such as goal, a series of social and regulatory changes
need to occur simultaneously with large technological improvements. One of those

technological improvements could be artificial photosynthesis. Artificial
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photosynthesis is a man-made attempt at replicating the natural process of the same
name, entailing the harvest of solar energy and the application of that energy in the
electrochemical catalysis of CO; to value added hydrocarbons in an aqueous
medium. Moreover, these hydrocarbons being formed from CO; would be the equal
to the ones manufactured from fossil fuels, an overhaul of the storage and transport
infrastructure would not be necessary. Concluding, artificial photosynthesis produces
clean fuels while reducing the atmospheric concentration of greenhouse gases,
becoming a very attractive technology for the future, making extensive research

necessary to understand this technology and adapt it to everyday life*-®.

Through the work described in this manuscript, we will seek to find a simple
and low-cost synthesis of copper oxide-based electrodes for the electro- and
photoelectroreduction of CO.. First, after an introduction to the topic and an
overview of the methodologies used in this work, the synthesis of CuO and Cu;0 thin
films via blade coating and annealing techniques for the electroreduction of CO; is
presented. Thereafter, a mesoporous hydrophobic membrane acting as a protecting
and selectivity changing layer for the electrode is analysed. Lastly, an overall
evaluation of the work is provided and the future uses of this technology is

discussed.

1.1 (Photo)Electrocatalysis

A catalyst is a material that intervenes in a chemical reaction and changes the
reaction rate without being chemically changed or consumed. Electrocatalysts, in
particular, are catalysts that enhanced the rate of electrochemical reactions
occurring on its surface. They are classified in two categories: homogenous, when
catalyst and reactants share the same phase, and heterogeneous, when catalyst and
reactant are in distinct phases, making the reaction take place in the interface
between the two. The electrocatalytic reactions manage the interaction amongst
chemical change and electrical energy. Electrochemical reactions are always divided
in two half reactions, one at the anode where a species donates electrons and

oxidizes and one at the cathode where a species accepts electrons and reduces 7.
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An electrocatalyst behaviour towards certain reactions is influenced by a
myriad of parameters, such as surface roughness, electrode morphology, adsorption
sites, pH of the solution, oxidation state, etc. Figuring out how all of these
parameters affect the reaction is therefore a very important step in order to create

an effective and efficient catalyst’-°.

Photocatalysis of CO. reduction to liquid fuels is a fundamental aspect of
artificial photosynthesis, making the harvest of solar energy part of the same
process as the catalysis of the molecule. Photocatalysis is analogous to
electrocatalysis, with the variance that while in electrocatalysis the reaction is driven
by applying a voltage bias between the cathode and the anode, in photocatalysis a
semiconducting photocathode drives the chemical reaction by generating electron-
holes pairs when expose to light”1°-2, For heterogeneous photocatalysis, the usual
catalysts are semiconductors and transition metal oxides which, unlike metals that
possess continuous electronic states, have a disparity between the energy levels of
the valence band and the energy levels of the conduction band. This disparity in
energy is known has bandgap and for an electron to pass from the valence band to
the conduction band the bandgap has to be overcome via the absorption of incident
high-energy photons with energy larger than the band gap. These excited electrons
in the conduction band are then able to migrate to the surface and take part in

reduction reactions’-13,

A photoelectrochemical (PEC) catalytic system integrates both photo and
electroreduction, allowing the use of external voltage that optimizes the migration
and aggregation of the photogenerated electron-hole pairs, suppressing their

recombination rate °/7:10-16,

1.2 CO2 Electrocatalysis

CO: is a highly stable molecule and is usually inert in most conditions’°*”, Yet,
by applying a potential difference between two electrodes in a device known as
electrolyzer, water oxidation occurs at the anode releasing protons and electrons
that are consumed in the cathode, resulting in the reduction of CO; through the CO;

reduction reaction (CO2RR) to different products, as shown below’.
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CO2+2H*+2e° 2> CO+H20 E°=-0.10 V vs. RHE
CO2+2H*+2e- = HCOzH E°=-0.20 V vs. RHE
CO; +4H*+4e° > H,LCO + H,0 E°=-0.07 V vs. RHE
CO; + 6H*+ 6e° = CH3OH + H,0 E°=0.02 Vvs. RHE
CO; +8H*+8e” = CHas+ 2H,0 E°=0.17 V vs. RHE
2C0O, + 12H*+ 12e- = CH3CH,0H + 3H,0 E°=0.09 V vs. RHE
2C0O, + 12H* + 12e- = CyHa + 4H0 E°=0.08 V vs. RHE

While at the anode water is being oxidize to produce protons and oxygen:

2H, 0 > O +4H*+4e

The electron and proton can be transferred to the same acceptor or can go to
two distinct ones and the transfer can occur in one or two successive steps, with the
help of a reaction intermediate. When we have a two steps transfers, the mechanism
is denoted as sequential. There are two types of sequential mechanism: electron
then proton transfer (ETPT) or proton then electron transfer (PTET). When the two
transfers occur simultaneously the mechanism is known as coupled and the reaction
is known as proton-coupled electron transfer (PCET)’. In Figure 1-2 all this transfer

mechanisms are on display.
AH+B — A +BH*

N
A* + BH* A* + BH*

Figure 1-2. Diagram of the three possible pathways for a electron-proton transfer, with the PTEP
pathway in purple, the ETPT pathway in orange and the PCET pathway in red.

From a thermodynamic point of view, reactions involving the transfer of
several electrons and protons are more favourable (i.e. occur at less negative
potentials). In contrast, the transfer of a large number of these particles is
unfavourable from a kinetics point of view 7*81°, and may actually turn out to be
limiting. In @ homogeneous medium, a reaction is described as having a low kinetic

constant. This signifies that if the reaction takes place at one electrode, when we
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apply a potential that is equal to the standard potential of the reaction we would
observe a current density of zero. This is due to the fact that the reaction includes
intermediary steps or transition states that are highly energetic and involve
significant geometry changes, despite the reaction as a whole being
thermodynamically "more favourable" than the single-electron reduction. Henceforth,
to conduct the reaction the applied potential has to be higher (in absolute value)
than the standard potential of the reaction. This excess potential is known as

overpotential, n810.12.19,

Let’'s now consider using a catalyst for the reaction. The catalyst does not
have an impact on the balance equation and, thus, the equilibrium constant is left
unchanged. However, it influences the kinetics of the reaction by stabilizing
transition states, coordinating CO. and helping geometry changes, which in turn
causes a drop on overpotential and makes the reaction more energetically efficient.

Therefore, the catalyst choice is crucial for CO; electroreduction.

1.3 Choosing a catalyst

A variety of electrocatalysts for the CO2RR have been discovered, each
producing distinct reduction products?®-?4, Transition metals are frequently utilised in
CO2RR and are grouped according to their product selectivity. The selectivity is
primarily determined by the initial method in which CO; is reduced on the metal
surface?>~?’, The initial method of CO. reduction on the metal surface is the primary
factor that determines selectivity. The first group contains metals that selectively
form formic acid, such as Hg, Pb, In and Sn. These metals facilitate the formation of
formic acid since they show very poor binding with both hydrogen and CO, making
the intermediates having a weak adsorption on the surface and, consequently,
causing them to be unable to break the C-O bond of the CO,, facilitating the

formation of formic acid.

The second group pertains to the CO-producing metals, with Au, Ag and Zn as
the major metals. These metals are selective for CO, conversion to CO due to their
weak binding energies for CO, which prevents the further reduction of the CO to

hydrocarbons, aldehydes and alcohols. Hansel et al.?® proposed a model that
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proposes how the binding energies of the reaction intermediates can be used to
describe the trends in catalytic activity. Using this model, considering that the
pathway for CO is through the adsorbed intermediates *COOH and *CO, we see that

these metals are able to stabilize *COOH in their surface without overstabilizing *CO.

In the third group metals such as Pd, Ni, Pt, Ti Rh, Ir, Fe and Ru, capable of
reducing H. at low potentials. The high selectivity towards H; is due to the very high
bonding energy that these metals have, which results in reduction of CO, to CO on
their surface and the subsequent poisoning of the surface with the newly formed CO,

that blocks further reductions and makes the H, the main product of the reaction.

Outside of these groups, Cu is a unique metal. Since Hori’s work in 1989 and
19942°:30 copper (Cu) became a very attractive material for electrodes. Cu is the
only metal capable of reaching complex reduction products, as hydrocarbons and
alcohols while maintaining satisfactory activity and efficiency during the reaction3°-32,
Jaramillo et al.33 has observed the production of 16 distinct products: besides the
common ones such as CO, methane, ethylene, formate, ethanol and propanol, minor
products as allyl alcohol, acetaldehyde, propionaldehyde, methanol, glycolaldehyde,
ethylene glycol, acetone, acetate and hydroxy acetone were also detected with low
efficiencies, as shown in Figure 1-3. Cu has these capabilities due, in part, to the
suitable binding energy to both *H and *CO, resulting in sufficient resident time for
the *CO intermediate to couple with other nearby intermediates, leading to the
further dimerization or protonation of *CO to produce hydrocarbons and alcohols.
Although this binding with *H is crucial in the protonation of the intermediates, it
also makes the suppression of H; evolution in monometallic Cu extremely difficult.
Nevertheless, Cu’s ability to form complex CO. reduction products has brought forth
an academic effort to fully understand it34-3°. Various experimental and theoretical
studies have proposed mechanisms for Cu’s catalytic performance for CO, reduction.
Yet, a comprehensive mechanism is still under great discussion®3>4%-42, For instance,
Literature describes that ethylene and methanol follow two distinct pathways*?® while
both having CO has the key intermediate in the reaction?°-3!. The production of
ethylene was found to be pH independent, inferring that the rate-determining step
does not involve a proton transfer?®:3144, Yet, since the reaction shows dependency
on potential, an electron transfer must be occurring. A C-C coupling of two adsorbed

CO molecules through a reductive dimerization has been suggested as the rate-
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determining step for the reaction conversion into valuable molecules has emerged as
a field of intensive investigation, with the aim of ultimately developing scalable
technologies for making fuels using renewable sources of energy*%#!, Contrastingly,
on the case of methane production, pH has been found to be a factor, implying that
a proton and electron transfer must occur in the rate-determining step3'#4. The
pathway for this reaction was suggested by Hori, which put forward that the
methane formation is due to adsorbed COH3!. This example shows that, although in
a first view two reaction have the same key intermediate, with a more in-depth

analysis we see that the reaction mechanisms for both are distinct.
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Figure 1-3.-Binding energies of the intermediates (H* and CO*) for different metal catalysts (left).
Reproduced from Bagger et al.?2. Current efficiency in function of potential for each reaction product of a
copper catalyst. Reproduced from Jaramillo et al.33.

1.4 Copper, a very prolific catalyst

Copper has been popular since thousands of years ago. At first, it was alluring
due to the ability to use its metallic form directly, without requiring extraction from
an ore. Copper is also an element that is in high abundance in the surface of the
earth’s crust, making it easy to mine and very inexpensive. Other metals, like Au,

cost more than 10000 times the cost of copper. This high abundance and low price
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gives copper a very attractive aura, generating interest on its use in many scientific
fields. One of those fields with a big interest in copper is the electrochemical, that
has been using copper as a catalyst for electrochemical reduction of gases, mainly
CO2*. In the last decade, copper catalysts in many forms (metallic, bimetallic, oxide-
derived) have shown great catalytic performance in a diverse range of selectivity
7,9,12,16-18,20,25-27,31,36,41,46-50  Thjs gelectivity range can be explained in diverse
manners, as experimental conditions or material specific conditions, like synthesis of
the material, dimensional structure, surface roughness and the oxidation state of the
Cu all have an impact in the final products of catalysis. Consequently, all these
results need to be compared under certain experimental conditions to be able to

determine which factors truly influence the Cu-based electrodes selectivity?’.

1.5 Single metal-phase copper

Looking back at the previous section, we noted that single metal-phase copper
differs from other elemental metals in the catalytic products. As other metals such as
Ag, Au, Ni, Zn, etc. mostly form hydrogen, carbon monoxide, formic acid and other
two electron transfer products in normal electrocatalytic conditions, metallic Cu has
shown his ability to produce more complex products, like hydrocarbons, due to its
surface having a suitable CO* adsorption energy?*. Consequently, single metal-phase
copper is of great interest to be used as catalyst. However, its poor selectivity
towards a single product becomes a huge hurdle to overcome. To better understand

the behaviour of the single metal-phase copper we will take a look at nanostructures.

One of the most common strategies to improve the activity of an
electrocatalyst is changing its morphology. There are various nanostructures of
interest separated by their dimensions, there is zero-dimensional (0D), one-
dimensional (1D), two-dimensional (2D) and three-dimensional nanostructures
(3D)%6°1°2,  The variation of dimensions of the catalyst has been shown to greatly
impact the catalytic process, with Loiudice et al.>® studying copper nanocrystals with
sizes of 24, 44 and 63 nm. They found that the electrode with 44 nm exhibits the
best CO. reduction activity and has more selectivity towards products with two or

more carbon atoms (C;+). Many other such studies have been performed in recent



Fabio VIEIRA

years?6:27:54-56 - However, this approach doesn’t come without its own drawback,

which is a reduction of the overall overpotential for the CO, electroreduction®26:41,57,

Another strategy that is currently under study in the electrocatalytic
community is phase engineering. By controlling the crystalline structure of the
copper, changes in the catalytic activity of the materials are detected’26:58:5°, In
2011, Durant et al®® applied DFT calculations to determine that Cu(211) has lower
theoretical overpotential for the reduction of CO, to methane and carbon monoxide
than Cu(100). Thus, it seems that undercoordinated sites perform better for this
reaction. Continuing in DFT calculations, Liu et al.®* have calculated the barriers
between intermediates for CO reduction, adding microkinetic calculations for the
reaction rate. They chose CO instead of CO, due to CO being a key intermediate in
CO. reduction to complex products. According to these calculations, Cu(211)
presents an activity several orders of magnitude higher than that of Cu(100), which
in turn presents an activity several orders higher than Cu(111). Nevertheless, when
comparing these calculations with experimental data a disparity between the two
appear. Hori et al.®263 used a series of Cu single crystals to reduce CO; only
observing a difference in activity between Cu(111) and Cu(100) and little to no
difference between Cu(100) and many other different facets. Hahn et al.®* also
compared the activity of Cu(111), Cu(100) and Cu(751) and the activity of the three
were similar. A possible explanation for the disparity between theory and
experimental data could be the quality of the electrodes used experimentally. Even
though single crystals are accurately cut to represent a chosen surface orientation.
Some degree of imperfection is unavoidable®>%, Even if experimentally there is no
significant difference between planar and stepped surfaces, we can draw some
deductions about product distribution. Oxygenates seem to be connected to many of
the stepped surfaces while certain orientations show suppression of single carbon

products (C:) and higher selectivity for C;.,52-4,

1.6 Cu-based catalysts

We just saw that metallic Cu, despite its uniqueness regarding other metals,
still have a lot of drawbacks to overcome. It has the ability to further reduce CO;

past HCOO and CO but does so with high overpotential and very poor selectivity.
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Two other key strategies to improve the activity of Cu are the use of bimetallic alloys

and the use of oxide-derived Cu catalysts.

1.6.1 Bimetallic Cu catalysts

When other guest elements are added to a copper catalyst, it can have a
significant impact on the electronic structure of the material. This is a concept that
has been proposed through theoretical analysis of the d-band center. This analysis
suggests that these changes in the electronic structure can lead to variations in the
binding strength of intermediates that are adsorbed on the surface of the
catalyst?0.2526,67-71 " Thijs means that the chemical reactions taking place on the
surface of the catalyst can be affected by the presence of these guest elements, and
can result in different outcomes. Overall, it is important to consider the potential
effects of incorporating additional elements into a copper catalyst when developing
or optimizing catalytic processes. Copper-based bimetallic catalysts are then of great
interest, as the combinations between Cu and different elements can greatly
influence the catalytic activity via modification of the structure of the catalyst, the
existence of different active sites active for distinct intermediates and causing a

strain effect on the Cul7:20:25.26,

Combining Cu with a metal that mostly produces H;, like Pd, Pt, Fe or Ni,
seems to facilitate the protonation process, boosting the reduction of CO to CH4 and
of C;Hs to CoHe. The combination of Cu with this group of metals also affect the

catalytic performance positively?>:26:72.73,

Combining Cu and formate-producing metals, such as In and Sn, results in a
bimetallic catalyst with selectivity towards CO and HCOO-", suppressing both the
hydrogen evolution and the formation of products requiring more than a 2 electron

transfer2s:26.52,74,75

Combining Cu with metals specialised in CO, as Au, Ag and Zn, show mostly
enhanced CO production when compared to Cu alone. Nevertheless, with these

bimetallic catalysts, activity towards C.+ products is also present?>26:28:39,50,76,77,

To finish, with a few notable exceptions, most bimetallic materials cause an

increase in selectivity towards H. or 2 electron transfer products, when directly
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compared to copper. A better understanding of Cu electrodes is crucial in designing
bimetallic catalysts for the formation of products involving more than two electron

transfers>8.78-80,

1.6.2 Cu oxide catalysts

One of the most popular methods to improve the activity and selectivity of
copper is by manipulating its oxidation state. Literature shows that the modification
of oxidation states is extremely beneficial to the production of C,+ products!®:34:58:80-
89, The addition of oxygen atoms to a copper catalyst can have a notable impact on
its electronic structure and, as a result, enhance its catalytic performance. This was
first discovered by Hori et al.3!, who found that copper oxide materials have a larger
surface area than pure copper. They proposed that the removal of oxygen molecules
during the catalytic reduction of CO, creates a porous and inhomogeneous structure
on the surface of the electrode, which is responsible for the improvement in catalytic
activity. As more research has been conducted on copper and its oxides, it has been
revealed that this rough topographic surface can also lead to an increase in defect
density and pH changes on the surface. Additionally, the formation of low-
coordination edges, steps, and active grain boundaries has been observed, further

contributing to the enhancement of catalytic performance34°°.

The synthesis of these electrodes also has a critical impact on their
performance. The electrodes grown from anodically oxidised foils and CuO films
show better selectivity towards C,.. Contrarily, the bulk of the studies on copper
oxide grown by annealing reveal very little C,.+ formation®!. This behaviour can be
explained by the different electrochemical surface areas of the electrodes
synthesised by the two methodologies. Due to the low solubility of CO, in water, CO;
reduction in aqueous electrolytes is extremely dependent on the mass transport of
CO: to the catalyst surface’. This means that materials with higher electrochemical
surface areas are more limited by the CO, mass transport than planar catalysts,
because the CO; is depleted faster due to the higher activity per geometric surface
area. As annealed copper oxides show generally more roughness at their surface,
they will reach mass transport limitations faster, shifting their selectivity towards H;

due to the scarcity of CO;, explaining their low selectivity towards C,: products.



Fabio VIEIRA

1.7 Surface Modification

Whilst these copper oxide catalysts show great performance in terms of
activity and selectivity, their stability under electrochemical conditions is a cause of
concern and their controlled synthesis remains an issue to this day®2. The use of
polymeric protective layers on top of the catalyst surface is a possible solution for
the stability issue and, at the same time, improving the selectivity and catalytic
performance of the catalyst by using hydrophobicity to supress the hydrogen

evolution reaction (HER)?®3-103,

Surface modification plays a crucial role in adjusting the electronic structure of
metal atoms on the surface of materials, resulting in changes in the adsorption and
desorption energies of CO2RR intermediates. This, in turn, can significantly enhance
catalytic performance, including catalytic activity, selectivity, and stability. Therefore,
rational surface modification strategies can be employed to improve the overall
catalytic performance of both homo and heterogeneous catalysts for CO; reduction
reactions®499,100,104-122 - Eqr example, Wakerley et al.'®® have shown how controlling
the hydrophobicity of the catalyst leads to a drastic increase in selectivity towards
CO2RR. They achieve these results by coating their dendritic copper electrode with
long-chain alkanethiols, which have very high hydrophobicity. This coating results in
a decrease of water/electrolyte reaching the active surface, causing more CO;

concentration and thus, an increase on the activity towards CO; reduction.

Self-assembled polymers with a hydrophobic honeycomb structure, i.e.
micron-sized porosity, are a new and exciting category of materials that have been
gaining a lot of attention in recent years!?3-132, These materials are made up of
(co)polymer chains that have the ability to spontaneously self-assemble into a
uniqgue honeycomb-like structure. Structural!3® and chemical!?* bio-inspired
honeycomb films can be created by combination of the directed self-assembly of
block copolymers in “breath figure” BF templating. The breath figure method is well
known as a versatile and fast, i.e. less than a minute, self-assembly process to

hierarchically structured film as synthetic bio-inspired diatom frustules?4.
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The breath figure method involves applying a solution of polymer onto a
substrate, such as a glass or silicon wafer. The substrate is then exposed to a humid
environment, which causes water droplets to form on the surface of the polymer
film. These water droplets act as a template for the formation of air-filled pores in

the polymer film, resulting in a regular honeycomb-like structure.

This concept was developed to enhance the intrinsic hydrophobicity of polymer
films. Indeed, by reducing the surface of film contact with water, a Cassie-Baxter
regime appears, like a fakir effect, where the water droplet keeps on top of the film
without wettability of the pores!3!. By using a pH sensitive block copolymer, a
hydrophobic/hydrophilic transition can be addressed also called Cassie-
Baxter/Wenzel transtion!3133, Thus, this transition allows the water droplet to wet

through the film until the substrate as the pores are interconnected?!3+.
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Figure 1-4. SEM images of PolyStyrene PS film: top view (left) and cross-section (right).
Reproduced from Billon et al.34,

Then, the hydrophobic/hydrophilic properties of the polymer film could be
used to create a unique environment that can further trigger the efficiency and
selectivity of catalytic reactions. Indeed, the hydrophobic nature of the film can help
to exclude water and other polar molecules from the catalytic site, leading to

improved selectivity and catalytic efficiency®4°6,100-102,111,135-137

In this document, we will focus on the development of a stabilizing
mesoporous hydrophobic polymeric membrane grown via the breath figure
method!?3-126 as a stabilizer for thin film CuO and Cu.O catalysts on a transparent

glass/ITO substrate for (photo)electrochemical applications.
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2 - Experimental Techniques

This Chapter describes the experimental procedures and the characterisation
techniques utilised for the synthesis and characterization of copper-based thin film
electrodes for the electrochemical reduction of CO,. First and foremost, the
characterization techniques (optical, structural, electrical, etc) are briefly explained,
followed by a description of all the synthetics methodologies which were performed
during the PhD and finally the experimental setup for performing electrocatalysis is

described.

2.1 Characterisation Techniques

2.1.1 Atomic force microscopy

Atomic force microscopy (AFM) is a high-resolution imaging technique that is
used to obtain detailed images of surfaces at the atomic and molecular scales. AFM
works by scanning a small probe across the surface of a sample, measuring the

forces between the probe and the sample.

The probe used in AFM is typically a small cantilever with a sharp tip at one
end. As the tip is scanned across the surface of the sample, it moves up and down in
response to the forces between the tip and the atoms or molecules on the sample's
surface. These movements are detected by a laser beam that is reflected off the

back of the cantilever and onto a detector!38,

This technique can be used in various modes depending on the properties of
the sample and the characterisation that the user wants. AFM can be used to
measure the flatness/roughness of a surface, can be used to measure mechanical
properties, such as the Young’s modulus, can be used to see phase distribution of
the sample or can measure electronic properties. This makes AFM a very versatile
and useful characterization technique. We utilized AFM to analyse the phase

distribution of a copolymer.

In this work, AFM characterization was achieved using a MultiMode 8 Atomic

Force Microscope from Bruker.
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2.1.2 UV-visible spectroscopy

UV-visible spectroscopy is a technique that is used to study the absorption of
ultraviolet (UV) and visible light by molecules. It is based on the principle that
molecules can absorb specific wavelengths of light, and that this absorption is

characteristic of the particular molecule being studied.

In UV-visible spectroscopy, a sample is irradiated with a beam of UV or visible
light, and the amount of light absorbed at each wavelength is measured. The
resulting absorption spectrum is a plot of absorption (as a percentage of the incident

light) versus wavelength!°,

There are two main types of UV-visible spectroscopy: absorption spectroscopy
and transmission spectroscopy. In absorption spectroscopy, the light is passed
through the sample and the amount of light absorbed is measured. In transmission
spectroscopy, the light is transmitted through the sample and the amount of light

transmitted is measured.

UV-visible spectroscopy is a widely used technique in many fields, including
chemistry, biology, and material science. It is particularly useful for studying the
electronic structure of molecules and for identifying unknown compounds. We used it
for characterising the change in light absorption of copper oxide thin films prepared

in different conditions.

The UV-Vis-NIR absorption spectra presented in this work were recorded with a
double-beam Cary 5000 UV-Vis-NIR spectrophotometer in steps of 2 nm in the range
300-1500 nm using a 1 mm thick quartz substrate.

2.1.3 Calculation of the optical bandgap via the Tauc plot

The Tauc plot is a graphical representation of the absorption coefficient (a) of
a material as a function of the energy of the absorbed photon. The absorption
coefficient is a measure of the ability of a material to absorb light, and is related to

the density of electronic states in the material4%141,

The Tauc plot is used to determine the optical bandgap of a material, which

is the energy range in a material’s electronic band structure in which no electronic
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states are available for occupation. In other words, the optical bandgap is the energy
required to excite an electron from the valence band to the conduction band, where
it can participate in electrical conduction!#%141  In this work, the use of the Tauc plot

allowed us to calculated the bandgaps of several copper oxide thin films.

To create a Tauc plot, the absorption coefficient of a material is plotted on the
y-axis and the energy of the absorbed photon is plotted on the x-axis, using the
Tauc equation shown in Equation 2-1. The slope of the plot in the high-absorption
region is proportional to the square of the bandgap. This allows the bandgap to be
determined by measuring the slope of the Tauc plot at a particular absorption

coefficient.
(ahv)? = A(hv — E)
Equation 2-1 - Tauc Equation

2.1.4 Contact angle measurements

The contact angle is a measure of the wetting properties of a liquid on a solid
surface. It is the angle formed between the liquid-solid interface and the liquid-vapor

interface.

The contact angle is determined by the balance of forces at the three-phase
contact line where the liquid, solid, and vapour meet. These forces include the

surface tension of the liquid and the solid-liquid and solid-vapour interfacial energies.

The hydrophilicity/hydrophobicity of a material’s surface can be characterised
via the measurement of the contact angle between a droplet (of a given solvent) and

the surface, as shown in Figure 2-1142,

Contact angle > 902

Contact angle < 302

_c—

Hydrophilic Surface Hydrophobic Surface

Figure 2-1. Behaviour of a water droplet on top of a hydrophilic (left) and hydrophobic (right)
surface.



Fabio VIEIRA

When the surface is strongly hydrophilic, the liquid (considering water) is
strongly attracted to it, causing the droplet to spread out and lower its contact angle
(usually lower than 309°). A surface showing contact angles from 30° to 89° are still
classified as hydrophilic, with their hydrophilicity weakening with the increase of the

angle. A hydrophobic surface is classified as having a contact angle of 90° or above.

The contact angle is an important property in many practical applications,
such as in the design of microfluidic devices and in the development of coatings and
surface treatments. It is also a useful measure of the wettability of a solid surface

and can be used to predict the behaviour of liquids on that surface.

In this work, contact angle measurements were performed using an optical
device which allowed the determination of the contact angle of a water or electrolyte
droplet with the surface. Each measurement was repeated three times to lessen the
error of the measurement. Using this methodology, we were able to characterize the

hydrophobicity of a copolymer at different pH conditions.

2.1.5 Nuclear Magnetic Resonance (H) Spectroscopy

NMR stands for Nuclear Magnetic Resonance. It is a powerful
spectroscopic technique that is used to study the structure and dynamics of
molecules. In NMR, the magnetic properties of atomic nuclei are used to study the

molecular structure and dynamics of a substance!#3.

The technique is based on the fact that certain atomic nuclei, such as those of
hydrogen, have a magnetic moment and are therefore sensitive to magnetic fields.
When these nuclei are placed in a strong magnetic field, they align with the field,

just like a compass needle aligns itself with the Earth's magnetic field.

When the sample is exposed to a specific type of radio frequency (RF)
radiation, the nuclei absorb energy and flip their alignment from being parallel to the
magnetic field to being anti-parallel. This process, called resonance, is associated
with a specific frequency that is characteristic of the particular type of nucleus being
studied.

By measuring the absorption of RF energy, it is possible to determine the

chemical shifts of the various types of nuclei present in the sample, which can be
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used to deduce the structure of the molecule. NMR is a non-invasive technique and
can be used to study a wide range of substances, including liquids, solids, and gases.
With NMR, it is possible to determine the structure of a compound and, with the use
of a known molar amount of an easily identifying standard as comparison, it is
possible to quantify the samples measured. In this work, NMR was utilized for the
characterization of a copolymer, allowing for the distribution of the monomers in the

structure.

'H (400 MHz) NMR spectra were recorded using a Bruker Ascend 400 at

ambient temperature using deuterated solvents.

2.1.6 X-ray diffraction

X-ray diffraction (XRD) is a technique used to determine the atomic and
molecular structure of a material. It is based on the diffraction of X-rays by the
atoms in a sample, which produces a pattern of peaks in the diffracted X-ray
intensity as a function of diffraction angle. The positions and intensities of these
peaks can be used to identify the phases present in the sample, as well as their

relative proportions, crystal structure, and other physical properties.

Bragg's law is a principle in X-ray crystallography that explains how X-rays
interact with the atoms in a crystal lattice to produce a pattern of diffracted X-rays.
According to Bragg's law, when a beam of X-rays is directed at a crystal lattice, the
X-rays will be scattered by the atoms in the lattice in such a way that they will
interfere with each other. The intensity of the diffracted X-rays will depend on the

angle of incidence of the X-rays and the spacing between the atoms in the lattice!44.
The law can be expressed mathematically as:
nA = 2dsin 6

Equation 2-2 - Bragg’s law.

where n is an integer representing the diffraction order, A is the wavelength of the X-
rays, d is the distance between the planes of atoms in the crystal lattice and 0 is the

angle between the incident X-ray beam and the plane of the crystal lattice!4.
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This equation shows that only certain wavelengths of X-rays will be diffracted
by the crystal lattice at a particular angle. By analysing the pattern of diffracted X-
rays, it is possible to determine the arrangement of atoms in the crystal lattice and

thereby obtain information about the structure of the crystalt44.

XRD is a non-destructive technique, which means that it can be used to
analyze samples without damaging them. It is widely used in a variety of fields,
including materials science, geology, and chemistry, to study the structural

properties of solids, powders, thin films, and other materials.

To perform XRD characterization, a sample is typically placed in a specialised
instrument called an X-ray diffractometer, which generates a beam of X-rays and
measures the diffracted intensity as a function of angle. The sample is typically
rotated in order to measure the diffraction pattern at a range of angles. The
diffraction pattern is then analysed using software to determine the phases present

in the sample and other structural informationi*4,

XRD characterization was executed on a Bruker D2 Phaser powder
diffractometer with a Cu Ka radiation source with a wavelength of 1.5406 A. XRD
patterns were recorded in a 10° to 80° 206 with a 0.021 step and a 0.05 s counting
time per step. DIFFRAC.EVA software was used to identify the phases and crystallite

sizes of copper oxide thin films.

2.1.7 Scanning electron microscopy

Scanning electron microscopy (SEM) is a technique used to visualize the
surface of a sample at high magnification. It works by scanning the surface of the
sample with a beam of electrons and measuring the electrons that are emitted from

the surface.

In a scanning electron microscope, a focused beam of high-energy electrons is
scanned over the surface of a sample. The electrons in the beam interact with the
atoms in the sample, causing some of them to be emitted from the surface
(secondary electrons). These emitted electrons can be detected and used to build up

an image of the surface of the sample!#>,
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SEM allows for high-resolution imaging of the surface of a sample and can be
used to obtain detailed information about the topography, composition, and
morphology of the sample. It is often used in a variety of fields, including materials

science, biology, and geology, to study the microstructure of samples.

In addition to imaging, SEM can also be used for analytical purposes. By
measuring the energy of the emitted electrons, it is possible to determine the
elemental composition of the sample. This is known as energy-dispersive Xx-ray
spectroscopy (EDS) or energy-dispersive x-ray microanalysis (EDX) or Auger

electron spectroscopy (AES).

SEM was conducted with a Hirox SH-3000 microscope with an accelerated
voltage of 25kV. A thin layer of gold was deposited on top of the samples to ensure

conductivity.

2.1.8 Auger electron spectroscopy

Auger electron spectroscopy (AES) is a technique used to analyse the chemical
composition of a sample at the surface. It works by measuring the energy of the
electrons emitted from the surface of the sample when it is bombarded with a beam

of high-energy electrons.

The process begins when a beam of high-energy electrons is directed at the
surface of the sample. When an electron in the sample is hit by one of these high-
energy electrons, it can be ejected from the surface. As the ejected electron leaves
the sample, it may collide with another atom in the sample. This collision can
transfer energy to the second atom, causing it to be excited to a higher energy state.
When this second atom returns to its ground state, it can emit an electron with a
characteristic energy. This emitted electron is known as an Auger electron. The
energy of the Auger electron is specific to the element that emitted it, so by
measuring the energy of the Auger electrons, it is possible to determine the

elemental composition of the surface of the sample!“®.

In this work, AES was employed to evaluate the oxidation state of copper
oxide thin films. In order to analyse if the oxidation state was constant through the

film, after analysing the surface, the film was subjected to a few minutes of low



Fabio VIEIRA

energy ion etching and subsequently characterised. This was repeated until silicon

from the substrate was detected.

AES analysis was done using a JEOL JAMP 9500 F Auger spectrometer (JEOL
Ltd, Tokyo, Japan) equipped with a Schottky Field Emission gun and a hemi-spherical
analyser coupled with a high dynamic multichannel detector.

2.1.9 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a scientific technique used to
analyse the chemical composition and electronic structure of materials. It is a type of
spectroscopy, which allows studying of the interaction between matter and

electromagnetic radiation.

In XPS, a material is irradiated with a beam of X-rays, and the energy of the
X-rays is used to excite the electrons in the material. The excited electrons are then
emitted from the surface of the material and are detected by a spectrometer. The
energy of the emitted electrons is measured, and this information is used to

determine the elemental composition and electronic structure of the material'4e.

XPS is a widely used analytical technique in the fields of materials science,
chemistry, and physics. It is often used to study the surface of materials, and it is
particularly useful for analysing thin films and coatings. This technique was applied in
this work to determine the atomic surface distribution and the surface oxidation state

of copper oxide thin films.

XPS analysis was performed on a Thermo K-alpha spectrometer with a 120
mm mean radius Hemispherical Analyzer (HAS) and a microfocussed
monochromated radiation (Al Ka,1486.6 eV, microspot continuously variable from 30
to 400 um diameter) operating under UHV conditions (residual pressure of 1 x 10~°

mbar).
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2.1.10 Conductivity measurements

The 4-probe technique is a method for measuring the electrical conductivity of
a material that involves using four electrodes to pass a current through the material

and measuring the voltage drop across it.

The material to be measured is placed between two pairs of electrodes, which
one pair (the “drive” electrodes) has a current passing through it and the other pair
(the “sense” electrodes) record the voltage drop across the material. Using Ohm'’s
law (V=RI), the resistance of the material can be calculated, which in turn can be

converted to conductivity (conductivity is the inverse of resistance).

The 4-probe technique is commonly used to measure the conductivity of
materials that have a low resistivity, such as metals and alloys. It is more accurate
than other methods, such as the 2-probe technique, because it eliminates the effects

of contact resistance between the electrodes and the material being tested.

2.1.11 Size exclusion chromatography

Size exclusion chromatography (SEC) is a characterization technique that
separates molecules by size as they pass through a resin-packed column. This resin
is composed by porous beads that can selectivity exclude molecules based on their
size (hydrodynamic radius) when a mobile phase transports the molecules through
the column. The molecules with a larger hydrodynamic radius travel through the
column quicker than the small ones, which are slowed down by the beads!*’. Using
an external calibration with known molecular weight standards, the retention time

can be related to the molecular weight of the analyte.

SEC characterization was performed with THF as eluent (flow rate 1.0 mL
min—1) at 30°C. The SEC has a Viscotek VE 5200 automatic injector, a precolumn,
two columns (Styragels HR 5E and 4E (7.8 ft, 300 mm)) and 4 detectors: UV—visible
spectrophotometer (Viscotek VE 3210), a Multiangle Light Scattering detector (Wyatt
Heleos II), a viscosimeter (Wyatt Viscostar II) and a refractive index detector

(Viscotek VE 3580). Polystyrene standards were used to determine the dispersity of
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the polymers. Polymer samples were prepared at 5 g/L and filtered through 0.45 pm
PTFE filters.

2.1.12 Electrochemical characterizations

All electrochemical characterizations were performed on an “homemade”
electrochemical setup. This setup consists of a three-electrode electrochemical glass
cell, using a working electrode, a platinum wire as a counter electrode and an
Ag/AgCl electrode as reference. The counter electrode is placed in a bridge tube to
separate the products produced in its surface from the products produced by the
working electrode. The electrolyte used was potassium bicarbonate with a molar
concentration of 0.5M and the same volume of electrolyte was used in every
experiment (40 ml). The gases used in the experiments (N, CO;) are bubbled into
the cell through a solenoid valve, which allows precise control of the start and stop of
the bubbling and the flow of gas is controlled by a mass flow controller. At the cell’s
outlet, a pressure gauge is mounted in order to provide for precise monitoring (and
regulation) of the cell’s inner pressure. This pressure gauge is then connected to two
solenoid valves, one that serves as an evacuation valve and opens to the outside of
the system, used when purging the system with a large volume of gas and as a
failsafe if the pressure reaches a threshold. The second solenoid valve opens to a gas
chromatographer (GC) (GCMS-QP2010-plus, Shimadzu) sample gas loop maintained
under constant vacuum. The valves, potentiostat, and gas-sampling events are
controlled via a proprietary automated system that ensures that a sample of the gas
in the headspace of the cell is transferred to the GC-sample loop and subsequently
injected into the GC column at selected intervals. This sample is always transferred
at a fixed cell pressure (regularised by the solenoid valve at the gas inlet of the cell),
assuring the volume of gas transferred remains the same in between experiments.

This setup can be seen in Figure 2-2.
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Figure 2-2. Photograph of the electrochemical setup used for the experiments. From left to right,
there are mass flow controllers, the electrochemical cell and the GC-MS apparatus.

Quantification of gases using this system was performed by comparing the
experimental results with an external standard calibration curve. This calibration
curve was constructed from sampling the headspace of the cell, which contained
known molar amounts of standard gases (H., CO, CH4, C;H4 and Ci;Hs), in the exact

same conditions as during experimental activity.

2.1.12.1  Cyclic voltammetry

Cyclic voltammetry (CV) is a type of electrochemical analysis that is used to
study the electrochemical behaviour of redox (reduction-oxidation) reactions. It
involves the application of a series of cyclic potentials to an electrochemical cell, in
which the potential of the working electrode is varied in a controlled way with

respect to a reference electrode.

In a typical CV experiment, the potential is swept back and forth between two
limits (known as the upper and lower potential limits) at a fixed scan rate. During

the forward sweep, the potential is increased linearly, and the current is measured.
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During the reverse sweep, the potential is decreased linearly, and the current is

measured again. The resulting plot is known as a cyclic voltammogram’.

The resulting current-potential curve, known as the voltammogram, provides
information about the kinetics and thermodynamics of the redox reactions taking
place at the electrode surface, as well as the nature of the species involved in the
reactions. By varying the scan rate, i.e. the speed at which the potential varies, it is
possible to observe reactions with different kinetics. CV is widely used in the study of
electrocatalysis, corrosion, and electrosynthesis, as well as in the development of

electrochemical sensors and energy storage devices.

All of electrochemical tests were performed in a 3-electrode single chamber
cell with the anode, a platinum wire, contained in a bridge tube. The cell was filled
with 40 mL of 0.1 M KHCO3 aqueous solution as electrolyte. The reference electrode
was a Ag/AgCl electrode (saturated KCl solution). A potentiostat PGSTAT 204,
regulated via the Metroohm Autolab software, was used to apply the potential

between the working and the reference electrode.

2.1.12.2 Linear sweep voltammetry

Linear sweep voltammetry (LSV) is a type of electrochemical analysis in which
the potential of an electrochemical cell is varied linearly with time, while the resulting
current is measured. It is similar to cyclic voltammetry (CV), but in LSV, the
potential is varied in a continuous, linear fashion rather than in a series of cyclic

steps.

In an LSV experiment, a potential waveform is applied to the working
electrode of the electrochemical cell, and the resulting current is measured. The
waveform typically consists of a linear ramp of increasing or decreasing potential,

which is applied to the working electrode over a set period of time.

The resulting current-potential curve, known as the voltammogram, provides
information about the kinetics and thermodynamics of the redox reactions taking
place at the electrode surface, as well as the nature of the species involved in the
reactions. However, as opposed to CV, the experiment is limited solely to the study

of a cathodic (reduction) or anodic (oxidation) process. LSV is commonly used in the
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study of electrocatalysis, corrosion, and electrosynthesis, as well as in the
development of electrochemical sensors and energy storage devices. We applied it to

determine the potential range at which our electrocatalysts were active for CO2RR.

All of electrochemical tests were performed in a 3-electrode single chamber
cell with the anode, a platinum wire, contained in a bridge tube. The cell was filled
with 40 mL of 0.1 M KHCO3 aqueous solution as electrolyte. The reference electrode
was a Ag/AgCl electrode (saturated KCl solution). A potentiostat PGSTAT 204,
regulated via the Metroohm Autolab software, was used to apply the potential

between the working and the reference electrode.

2.1.12.3 Chronoamperometry

Chronoamperometry (CA) is an electrochemical technique that allows the
determination of the changes a current undergoes over time in a system. With this
technique, a constant potential is applied between the working electrode and the
counter, which results in a current which is monitored over time. This continuous
measurement of the current provides information on the rate of electron transfer at
the electrode-electrolyte interface, which can be used to study the kinetics of
electrochemical reactions, evaluate the surface area and distribution of reactants and
products, and determine the rate of mass transport of reactants and products in the
solution. The information obtained from chronoamperometry can also be used to
optimize the performance of electrochemical devices, such as batteries and fuel
cells’. This technique was used heavily in this work for performing electroreduction of

CO; at a constant potential.

All of electrochemical tests were performed in a 3-electrode single chamber
cell with the anode, a platinum wire, contained in a bridge tube. The cell was filled
with 40 mL of 0.1 M KHCO3 aqueous solution as electrolyte. The reference electrode
was an Ag/AgCl electrode (saturated KCI solution). A potentiostat PGSTAT 204,
regulated via the Metroohm Autolab software, was used to apply the potential

between the working and the reference electrode.
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2.2 Synthetic techniques

2.2.1 Blade coating

In this technique, a doctor blade is used to spread a liquid precursor material
onto a substrate. The doctor blade is a flat, straight edge tool made of a material
that is compatible with the precursor material. It is typically made of metal or plastic
and has a thickness of a few hundred microns. The precursor material is poured onto
the substrate and the doctor blade is dragged across the surface of the substrate. As
the doctor blade moves, it spreads the material into a thin, uniform layer. The
thickness of the layer is determined by the gap between the blade and the substrate
and by the linear velocity of the moving blade. There are blades with fixed gap and

adjustable blades which allow the fine tuning of this gap.

The doctor blade deposition technique is a simple and cost-effective method
for depositing thin films of materials. It can be used to deposit a wide range of
materials, including metals, semiconductors, and insulators. However, the technique
has some limitations, including the need for a flat and smooth substrate surface and

the possibility of introducing defects or impurities during the deposition process.

In this work, doctor blade coating was used as part of the synthesis of copper
oxide thin films on top of glass/ITO substrates. A copper oxide precursor solubilised
in a solution of dimethylformamide (DMF) and hydroxypropyl cellulose was coated on
the substrates using this methodology and was further calcined at 500°C to form

copper oxide.

2.2.2 Dip Coating

Dip coating is a technique used to apply a thin film of material onto a
substrate by immersing the substrate into a liquid solution of the material, and then
slowly withdrawing it from the solution. After the coating, the resulting film can be

further treated using various techniques, such as baking.

Dip coating is a simple and low-cost technique for applying thin films to a
substrate. It can be used to coat a wide range of materials, including metals,

polymers, ceramics, and composites. It is particularly useful for applications where
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the substrate has a complex shape or when a large area needs to be coated.
However, dip coating has some limitations, such as limited control over the thickness

and uniformity of the coating, and difficulties in coating very thin films.

In this work, this technique was performed in order to deposit thin polymeric

films on top of electrodes for CO; electrocatalysis.

2.2.3 Spin coating

Spin coating is a process used to apply thin layers of material onto a
substrate, such as a wafer or a glass slide. It is typically used in the semiconductor,
electronics, and optoelectronics industries to deposit thin films of various materials,

such as metals, polymers, and ceramics, onto substrates.

In a spin coating process, a substrate is placed on a spinning platform, and a
small amount of coating material is deposited onto the center of the substrate. As
the platform rotates, the coating material is spread evenly over the surface of the
substrate by centrifugal force. The thickness of the coating can be controlled by
adjusting the speed and acceleration of the spinning platform, the amount of coating

material applied, and the viscosity of the coating material.

Spin coating is a simple and efficient technique that allows for the rapid
deposition of uniform, thin layers of material onto a substrate. It is widely used in
the manufacturing of electronic devices, such as smartphones, laptops, and tablets,
as well as in the production of solar cells and optoelectronic devices. Spin coating is
also commonly used in research and development to coat various materials onto

substrates for various applications, such as sensors, batteries, and catalysts.

In this work, thin polymeric and thin titanium dioxide (TiO;) films were

deposited on top of the desired substrates

2.2.4 Breath figure method

The breath figure methodology is a simple and versatile technique for creating

honeycomb-structured mesoporous polymeric films. It is based on the evaporation of
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a volatile hydrophobic organic solution of polymer carried out in a high humidity

environment.

The breath figure method is typically carried out as follows: a solution of a
polymer is prepared in a volatile hydrophobic solvent. The solution is then dropped
onto a clean surface, such as a glass slide, a silicon wafer, or a metallic film. As the
solvent evaporates, water droplets condense on the surface, forming a regular
pattern. The size and spacing of the droplets depend on various factors, such as the
concentration of the solution, the volatility of the solvent, and the temperature and

humidity of the environment!23.124.127,

After the droplets have formed, the solution is left to dry completely. The
resulting pattern of holes left behind by the droplets can be used as a template for
the deposition of other materials, such as metals or semiconductors, to create
ordered arrays of micro- and nanostructures or can be used in order to create

ordered mesoporous gas diffusion membranes!23124.127,

The breath figure method has several advantages over other techniques for
creating ordered structures, such as lithography. It is simple and requires only basic
equipment, making it an attractive option for researchers and industry. The resulting
patterns can be easily tuned by adjusting the conditions of the process, and a wide

range of materials can be used.

In this work, a polymeric gas diffusion membrane was synthesised on top of

copper oxide electrodes for the electrocatalysis of CO,.
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Figure 2-3. Schematic depiction of the breath figure methodology.
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3 - Narrow band gap cuprous/cupric oxide thin
films prepared via sol-gel methods for the
electrochemical reduction of CO2

3.1 Introduction

Greenhouse gas emissions, particularly those of CO,, are hitting alarming
levels. Over the past decades, great efforts have been made by the scientific
community to design new systems and new catalysts to electrochemically reduce
CO: into potential feedstock to be reused in a so-called circular economy.!48-1>4 In
this respect, gaseous and liquid C,+ products are highly desirable due to the high
demand associated with such products and the ease of storage.!®> Among the
inorganic catalysts available to efficiently perform the CO;RR electrochemically,
copper has proved to be arguably the best alternative despite the inherent lack of
selectivity for one or the other adduct.197:110.156-163 Indeed, the selectivity of copper is
tunable to some extent using nanostructured forms of metallic coppert®4-168 or using
copper oxide precursors with a different micro or mesostructure,84:169-182,182-184,184-130_
In the latter case, both cuprous and cupric oxide (Cu.O and CuO) have been
employed. Both precursors benefit from bang gaps well centered in the visible part of
the solar spectrum (~2.2 eV and ~1.4 eV) and strong extinction coefficient. This
adds the ability to inject an electron into the LUMO band of CO, upon absorption of a
photon, the «catalyst acting concomitantly as a photocatalyst and an
electrocatalyst.17>181,184,188,190 Recent studies on Cu;O have demonstrated that the
catalytic activity of such precursors is acquired via the in-situ reduction of the oxide,
at least superficially, forming a nanostructured Cu (0) active surface.!82/183.186 The
increase in selectivity of such catalysts, compared to bare copper, is therefore
attributed to the nanostructure of the Cu (0) active layer acquired from the
CuO/Cu0 precursor and the presence of oxygen vacancies. The case of cupric oxide
(Cu0) is somewhat similar, and although the direct reduction to Cu (0) from copper
(II) is not favoured according to Pourbaix’s diagram, local proton concentrations can

drive the reduction of CuO to Cu (0) via CuxO. As a result, the catalytic activity is
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again predominantly attributed to Cu(0).177'”7 Additional to these mechanistic
features, the catalytic selectivity of the CuO is generally poor unless it is doped or
functionalised with different metallic dopants, 16°:170,172,175,176,176,178,180,181 gor grganic

dopants. 18!

Based on these early reports, herein we describe the fabrication of cuprous
oxide (Cu20) and cupric oxide (CuO) thin films using a facile sol-gel method in air or
under a controlled atmosphere of nitrogen gas. The method allows for the selective
formation of thin films of any of the two types of oxides directly on top of conducting
transparent electrodes, such as Indium tin oxide, via the deposition of a copper
nitrate precursor. The versatility of the sol-gel approach allowed the fabrication of
thin films of CuO containing various types of metal dopants. Interestingly, it was
found that the cuprous oxide (Cu;O) produced using this method possessed a
significantly narrower band gap than that of intrinsic Cu,O. This was later
rationalised by the presence of a high concentration of carbon and nitrogen dopants.
Furthermore, the CuO and Cu,O films were characterised by (X-Ray diffraction) XRD,
XPS (X-Ray photoelectron spectroscopy) and SEM/Auger emission spectroscopy
(AES). Finally, preliminary CO; reduction showed some selectivity for forming carbon

monoxide (CO) in an aqueous electrolyte at a reasonably low over-potential.

3.2 Results and discussion

3.2.1 Background

CuO and Cux0O thin films are often produced from Cu metal using chemical
vapour deposition techniques such as reactive sputtering or physical vapour
deposition.191-193  However, due to the growing interest in copper oxides for
applications to the electroreduction of CO,, new methods have recently been
reported. Available work on the production of CuO and Cu;O catalysts for CO;
reduction most often involves either the preparation of CuO/Cu,0 nanoparticles via
hydrothermal or sol-gel methods and their subsequent deposition onto conductive
electrodes,173175176188  the anodization of Cu sheets to be directly used as

electrodes, 180181 or the electrodeposition from copper precursors.18419419 Nonetheless,
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CuO and Cu0 thin films fabricated directly from sol-gel methods have experienced a
recent rise in popularity. Indeed, the ease of fabrication and the ability to produce
thick textured films with a high surface area render the latter method very attractive
for electrocatalytic applications. This method differs from those expounded above in
that the precursors are directly deposited on top of a substrate of choice and
subsequently treated thermally, forming oxide films in direct contact with the
substrate. The sintering effect of the sol-gel process confers a high degree of
structural integrity to the film and enhanced current conduction properties due to

intimate grain-to-grain contact.

Hence several reports on the formation of either CuO or CuxO thin films from
soluble precursors have appeared recently in the literature. Some used copper
chloride (CuCl) as a precursor,17819%197 or copper acetate,198 however, copper nitrate
Cu(NO3), seems to have reached consensus as the preferred copper
source.173176186199200 Indeed, contrary to CuCl, copper nitrate is known to be a very
stable source of copper ions, highly soluble in aqueous solutions and organic solvents
to some extent. The precursor undergoes clean transformation to CuO above 300°C,
giving off NO, gas as a by-product. The reaction proceeds through a Cu(OH):
intermediate when carried out in an aqueous medium. It has been shown to produce
CuO crystallites ranging from a few tenths of nanometers to several microns in size,
with shapes varying from rods and needles to sheets or flake-like. The lower
oxidation state of the copper oxide, Cu.0O, is however, more difficult to synthesise
from a sol-gel approach since copper (I) tends to naturally oxidise to its Cu (II)
counterpart under the high-temperature oxidative conditions used to produce CuO.
The formation of Cu.O via wet deposition techniques has shown to be possible,
however, the process is generally carried out in two steps. They involve either the
previous formation of Cu (0), which is selectively oxidised to Cu>O under mild
conditions, 18 or via the formation of CuO which is subsequently selectively reduced
under specific conditions.19¢ Alternatively, Cu.O has been prepared as thin films by
sol-gel methods from a copper (II) precursor in the presence of a reducing agent
(e.g. glucose).201202 The fabrication of the CuO and Cu;O films described herein was,
therefore, inspired by the above work, and based on a copper precursor being
calcined at high temperature, typically above 300°C, in air or under a stream of

nitrogen gas to yield either cupric or cuprous oxide selectively.
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3.2.2 CuO and Cu20 film fabrication

Due to the difficulty associated with the fabrication of thick and homogeneous
films of CuO using the aforementioned methods, we developed a procedure where
copper nitrate (Cu(NOs).) is dissolved in DMF containing high molecular weight
hydroxypropyl cellulose as an additive. The increase in viscosity provided by the
cellulosic derivative allows forming thick and homogeneous films of the copper
precursor on glass or ITO substrates, using either blade or spin coating. Moreover,
the viscosity can be tuned to suit one or the other technique by simply varying the
concentration of the cellulose derivative. Since the copper oxide described here are
to be applied to CO; photo-electroreduction, thick films are desirable to maximise
catalytic activity. Therefore, blade coating of a concentrated solution of Cu(NOs); and
cellulose precursor were used (See Annex A for details). After deposition of the
precursors’ layer, the film is dried at 80°C leaving a film of Cu(NO3). with residual
DMF embedded in the cellulose matrix, which is readily pyrolyzed during a
subsequent calcination step (500°C), leaving homogeneous films whose composition
is exclusively CuO (see below) when carried out in air. The CuO film is, therefore,
conveniently doped with metals by adding know amounts of metal salts to the sol-gel
precursor solution, e.g. Zinc acetate (ZnAc), cerium nitrate (CeNO3) or silver nitrate
(AgNO3), which will form CuO films with the corresponding metal. Interestingly
however, when the calcination of the Cu-precursor film is carried out under a steady
stream of nitrogen gas in an air-tight quartz tube, Cu.O is formed instead of CuO.
Although surprising at first glance, the formation of the lower oxidation state
analogue is rationalised from the lesser availability of O, during the calcination and

the reducing nature of the cellulose precursor and in the presence of N..

Interestingly the absorption properties of the CuO films are significantly
changed with respect to literature descriptions of Cu,O films, displaying a very dark
colour even in the case of very thin films (100 nm). N-doping was initially suspected
to be responsible for such an apparent decrease in bandgap, however, no nitrogen
atoms were detected by XPS (see below). Instead, it was found that, depending on
the N»-stream flow rate, a large quantity of carbon remains embedded in the Cu;0
films as a result of the incomplete pyrolysis of the hydroxypropyl cellulose matrix.

The thorough analysis of these films is expounded below, showing that the
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composition of the films is consistent with the presence of an amorphous form of
elemental carbon, as observed in a recent report on carbon-supported CuO
electrodes.198 Interestingly, the amount of residual carbon in the Cu;O films highly
depended on the flow rate used during the high-temperature calcination step (see

below).

3.2.3 X-ray diffraction characterisation

The structural characterisation of the produced CuO and Cu;O films was first
carried out by X-Ray diffraction (XRD) on a benchtop diffractometer. Figure 3-1a
show the XRD diffractograms of all doped and un-doped samples whose fabrication
procedure implied a calcination step in air. The characteristic diffraction pattern of
the monoclinic tenorite CuO crystalline phase confirms the presence of exclusive CuO

fraction in the bulk of the films.

However, diffractograms of films calcined in N, displayed the characteristic
cubic cuprite Cu;O crystalline phase (Figure 3-1b). The crystallite sizes calculated
using the Scherrer method range from 10 nm to 20 nm for both types of oxides
(Figure 3-1). The latter parameter was calculated using the Bruker XRD processing
software, Diffrac Plus, after the background was corrected using the diffractogram of

a blank substrate identical to those on which the copper oxides were deposited.
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Figure 3-1 - a) stacked diffractograms of 5% doped and undoped CuO thin films deposited on glass
slides; b) stacked diffractograms of CuO thin films deposited on glass slides. The background was
corrected against a diffractogram of a blank glass substrate to subtract the typical amorphous broad
diffraction peak of the glass.
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The size of the crystallites is relatively modest; however, it is consistent with typical
values reported for CuO and Cu0 thin films. Importantly, the diffractograms do not
show detectable amounts of crystalline adducts of metallic copper (Cu(0)).
Additionally, the metallic dopants are crystalline enough to be detected as their
respective oxides in the case of cerium and silver. However, no crystalline fraction of
ZnO was detected on the corresponding Zn-doped CuO films’ diffractogram. In the
latter case, the metal oxide alloy is not seen to affect the CuO phase to a significant
extent either, as seen by the diffractogram corresponding to pristine CuO. The Cu;0
samples follow a similar trend in that their diffractograms do not show any significant
difference from expected Cu,O cuprite phases (Figure 3-1b). Interestingly, the
diffractograms of the Cu,O films calcined at different N>-flow rates show somewhat
different crystalline features with respect to one another. As seen in Figure 3-1b,
their respective crystalline volume varies significantly with increasing N, flow rate.
Importantly, a very broad peak of semi-amorphous material at 26=17°, attributed to
elemental carbon, is apparent from the samples calcined at a 60 mL/min and 80
mL/min Nx-flow rate. The peak assignment was made a priori based on earlier
reports,198 nevertheless, it was later unambiguously confirmed by XPS and SEM/AES
characterisation (see below). The amount of carbon is seen to be particularly
elevated in films processed at medium N»-flow rates (60 mL/min), as evidenced by
the intensity of the peak. Interestingly, the intensity of the corresponding peak is
much lower in samples calcined at 80 mL/min and non-existent in samples calcined
at a low flow rate (40 mL/min). Moreover, a concomitant decrease in overall
crystalline volume from both the Cu,O fraction and carbon fraction is observed upon
increasing the N, flow rate up to a point where the film calcined under an Nx-flow
rate above 60 mL/min can virtually be considered amorphous. The presence of
carbon is readily rationalised by the fact that the final pyrolysis step in the formation
of the oxide is carried out under a controlled inert atmosphere where O; is not
present in other than trace amounts in the reaction chamber. Indeed, under such
oxygen-depleted conditions, the carbon-based matrix (hydroxypropyl cellulose) is
not expected to fully oxidise to CO; as for the CuO films. Thus, the carbon backbone
of the former cellulose additive remains embedded in the metallic oxide films as

elemental carbon.
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3.2.4 Scanning electron microscopy/ Auger emission spectroscopy

(SEM/AES)

To assess the impact of the dopants on the films’ surface morphology, we
carried out low-resolution SEM imaging (Figure 3-2). Although unexpected from the
crystalline properties of the films, i.e. small crystallite sizes, most of the copper
oxide films studied herein showed a relatively high degree of roughness with peak-
to-peak values averaging microns in some cases. This trend is in line with previous
work on copper oxide thin films prepared via sol-gel methods. However, in our case,
the surface’s roughness shows to be dependent on the nature of the element with
which the film is doped. Indeed Zn-doped samples are seen as texture-less on an
average SEM magnification, while the texture gradually increases when moving to
undoped, Ag-doped to Ce-doped (Figure 3-2). To further investigate the
composition of the bulk of the film, we carried out SEM-AES imaging on the Cu.O
films, where ion etching with argon plasma was used to penetrate through the film’s
depth. High resolution SEM micrographs and their corresponding Auger spectra are
shown in Figure 3-3. The surface morphology of the films calcined at 60 and 80
mL/min N flow rate shows an increase in roughness with increasing flow rate.
Indeed, SEM micrographs of Figure 3-3a, 3b and 3c show a net increase in
protrusion density per unit area, reaching a somewhat overwhelming roughness in
the case of films calcined at 80 mL/min, with particle sizes approaching microns in
size. Interestingly, this increase is not linked to an increase in crystallinity—quite the
contrary since the crystalline volume is seen to decrease with increasing flow rate.
Therefore, the increase in roughness is likely linked to an increase in the kinetics of
oxide formation, inducing fast precipitation of largely amorphous Cu,O particles.
Interestingly, these textured surfaces are reminiscent of previously reported work on

copper oxide films made via sol-gel methods.18219

Importantly, the Auger spectra confirm that elemental carbon is present in
significant amounts throughout the bulk of the films and that its distribution is rather
homogeneous across the thickness of the layer. Indeed, after an initial low energy
ion etching event for removal of adventitious carbon and oxygen species (usually
present on the surface of most air exposed samples) the relative distribution of the

main elements, i.e. C, Cu, O, remains nearly identical in each sample, even after
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several ion etching events (Figure 3-5). The distribution of carbon through the bulk
of the samples shows a very similar trend to the results obtained from XRD. A large
amount of carbon remains in the bulk when the films are calcined under a higher
flow rate (60 and 80 mL/min), while carbon is present in much lower amounts in the

samples calcined at 40 mL/min.

Figure 3-2. Low resolution scanning electron micrographs of cupric oxide films a) undoped; b)
doped with cerium c) doped with zinc d) doped with silver.

Noteworthy, the latter films show the incorporation of significant amounts of
nitrogen atoms in addition to carbon atoms. This can be rationalised by the presence
of a large excess of N, during the Cu.O formation, which likely intercalates as a
dopant in the CuxO structure, as seen in other methods of Cu,O formation (Figure
3-3g).181203 SEM images show, however, that the surface of the films fabricated
under a 40 mL/min N; flow rate is rather inhomogeneous, with protrusions in the
range of a few tens of nanometers in diameter scattered along the surface. A semi-
quantitative composition analysis based on experimental spectra peak deconvolution
using external references (Cu, CuO and Cu;0O) was carried out (see SI). Data
confirms that the latter films are mostly composed of pure Cu,O species, with CuO
present only in trace amounts. Additionally, it shows that the concentration of copper

is higher with respect to the carbon atoms within the protrusions.
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Figure 3-3. High resolution SEM imaging of thin films of Cu20 calcined at different N2 flow rates a)
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Figure 3-5. Auger spectra of Cu;O 80ml/min before and after etching of the film surface by 3
events of ion milling (1 min at 2kV).

The latter methodology was applied to the films made at a higher flow rate,
showing that the copper fraction remains predominantly of cuprous oxide (Cuy0)
nature, however, a substantial amount of CuO is accounted for (Figure 3-6).
Although counter-intuitive at first glance, greater amounts of CuO in higher-flowrate
samples can be rationalised by the availability of oxygen atoms from the
hydroxypropyl cellulose organic matrix. The pyrolysis of the latter oxygen-rich
molecule is found to be incomplete with an increasing N> flow rate, leaving an excess
of oxygen atoms to be included in the copper oxide structure. Concomitant to the
increase in CuO relative to Cu;0, a stark increase in carbon content is also observed.
This is particularly the case for samples calcined at 60 mL/min, where carbon is now
the dominant element in the film, confirming the data from XRD. A similar rationale
for the presence of CuO can be applied in this case, whereby the high carbon content
underpins the evidence of incomplete combustion of the cellulosic matrix under a
higher N, flow rate. As this fraction of CuO is not detected by XRD and is only
present in significant amounts in the 60 and 80mL/min films, i.e. containing a larger
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amount of carbon, it can be assumed that this species is embedded in the carbon

matrix in an amorphous state.
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Figure 3-6. Determination of the oxidation state of the copper present in the a) 40mi/min, b) 60
mi/min, c) 80 ml/min and d) CuO films via semi-quantitative composition analysis based on
experimental spectra peak deconvolution.

3.2.5 X-Ray photoelectron spectroscopy

To shine light on the nature of the films’ surface, XPS characterisation was
utilised. The XPS spectra complement the analysis from the SEM-AES
characterisation, although limiting the analysis to the very few top atomic layers of
the film. This comes with a significant drawback in that native surface oxidation,
which is readily expected for such types of copper oxide materials, renders the
composition ratio between the two types of oxides unrepresentative of the bulk of
the materials. However, XPS provides accurate quantification of the absolute
elemental composition of the films. As such, the satellite Auger bands characteristic

of both Cu(II) et Cu(I) species are present in all the samples of either CuO or Cu;0.
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Furthermore, no electron emission from Cu(0) is detected either, confirming
that the surface of the catalyst is composed solely of Cu(II) and Cu(I) species
(Figure 3-7a).
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Figure 3-7. XPS spectra of CuO and CuxO thin films a) showing the Cu and Cu 2+ Auger
satellites emission peaks with CuO peaks in red, Cu,O peaks in blue and Cu(OH); peaks in orange;
b) showing the C-O and C=0 emission peaks.

In the case of the sample calcined at 60mL/min, no characteristic peak of CuO
was detected, however the peak characteristic of copper hydroxide (Cu(OH);) is
present. The presence of Cu(OH). presumably stems from the remainder of the
hydroxypropyl cellulose matrix or from the reaction of CuO with surface-bound water
molecules. Indeed, CuO is known to readily dissolve in mild acidic aqueous

conditions, forming the corresponding Cu (II) salt.

For the sample calcined at 80mL/min, CuO is the only species detected, in
contrast with SEM-AES results which shows a majority of Cu,O in the bulk of the
film. This indicates that partial pyrolysis of the hydroxypropyl cellulose matrix
provides the Cu.O film with enough oxygen to form a very thin layer of pure CuO on

the surface of the film.
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Figure 3-8 show the Oxygen and Cu LMM emission peaks for the CuO and
Cu20 films. Analysing the shape of the peaks, it's possible to infer the oxidation state
of the copper. For CuO and Cu.O 80 ml/min, the copper is at oxidation state +2
(Cu0O), while for Cu;O 40 ml/min the major oxidation state is +2 (CuO) but the
oxidation state +1 (Cuz0) is also present. In the case of Cu,O 60 ml/min, the
oxidation state is +1 (Cux0). It is important to note that XPS is a surface analysis
tech and the composition of the bulk film may differ, so a SEM-EDS analysis was

performed to analyse the bulk composition of the films.
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Figure 3-8. XPS spectra of CuO and Cu30 thin films showing the Cu LMM (left) and the oxygen 1S
(right) emission peaks.

Table 3-1 summarises the relative composition of the elements in all the films
characterised, confirming that a large amount of carbon is present in both oxides,

corroborating the data from XRD and SEM-AES. Additionally, emission peaks with a
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binding energy corresponding to characteristic C-O and C=0 bonds are also detected
in the XPS spectra, evidence of incomplete pyrolysis of the cellulose matrix. Figure
3-7b shows the characteristic emission peaks of the Cl1s electrons with their
characteristic C-O and C=0 signature. These adducts likely account for a significant
fraction of the total elements as seen by the mismatch between Cu and O elements
in the fractional composition analysis (Table 3-1). The mismatch is more
predominant for the films of Cu.O calcined under high N; flow rates (e.g. Table 3-1,
line 3), where the amount of oxygen is over 6-fold higher than that of Cu. Overall,
these values are consistent with the trend observed by XRD. That is, Cu>O films
calcined under a high N, flow rate are seen to contain a large proportion of carbon
with respect to the copper and oxygen content, while those calcined at 40mL/min
have a lesser amount of carbon compared to copper and oxygen. The ratio of Cu to C

in the latter case is in a similar range to that of CuO films.

Table 3-1. Elements molar fraction of CuO and Cu20 films determined by XPS

C 0 Cu N

Cuo 7.4 49 35

Cu,0 (40ml/min) 21 41 31
Cu,0 (60 mL/min) 66 22 3.4 2.2
Cu,0 (80ml/min) 53 29 5.4 2.3

3.2.6 UV-Vis and conductivity characterisation

Stark similarities in light absorption properties of the cuprous and cupric oxide
films prompted us to carry out an in-depth characterisation of their absorption and
electrical properties. That is, both types of oxides show a dark brown to black
colouring. Although this is expected for CuO, regular Cu,O was expected to have an
absorption onset well shifted towards higher energy wavelengths, usually appearing
reddish when deposited as thin films as a result of a significantly wider band gap
than that of CuO (2.2ev vs 1.4eV, respectively). To verify that the light absorption
properties of the Cu,O films were linked to a significant decrease in band gap, the
absorption spectra of the films were recorded in the UV-visible range, and the
effective band gap was calculated via a Tauc plot (Figure A 8 to Figure A 11). The
absorption spectra and Tauc plots for the two types of oxides are shown in Figure

3-9. The UV-Vis spectra confirm the visual similarity between the two types of
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oxides, and the Tauc plot further confirms that the Cu.O underwent a very significant
decrease in band gap (Table 3-2). Although doped Cu,O layers with wider or
narrower band gap than intrinsic Cu,O have been described in the literature, such a
stark decrease is quite unique for Cuz0. The rationale behind this apparent decrease

is likely the result of heavy carbon and nitrogen doping.

Due to the potential applications in photogeneration devices (e.g.
photovoltaics) of such a narrow band gap Cu:0O, it is essential to assess the impact of
the alloy distribution on the electrical conductivity of the films. For that purpose, a
home-built Van der Paw apparatus was used to measure surface conductivity with a
four probes setup. As expected, the heavily doped Cu.O (60 and 80 mL/min Nx-flow
rate) showed a conductivity value about two orders of magnitude lower than its more
lightly doped analogue (40 mL/min Nx-flow rate). Nevertheless, the conductivity is
comparable to available values from the literature for solution-processed Cu.O
(Table 3-2).204-206 The conductivity reaches 2.28 S/cm for samples calcined at 40
mL/in, which is remarkable since it stands in the same range as CuO films. Overall,
this data shows that carbon doping has a strong impact on the band gap of Cuz0, as
well as on the electrical conductivity. However, a compromise between dopant
concentration and reasonably high electrical conductivity can be found, as

exemplified by the samples calcined at a 40 mL/min flow rate.
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Figure 3-9. (a) Absorbance spectra and (b) Tauc plot of the CuO and CuO films deposited on
quartz substrates.
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Table 3-2. Bandgap, conductivity and ratio between Cu(I) and Cu(II) for each of the copper
oxide films.

Conductivity Optical band gap Cu (1)/Cu (1)
(S/m) (eV) relative ratio (%)
CuO 6.25 1.35 41/59
Cu,O (40ml/min) 2.28 1.19 97/3
Cu,0 (60 mL/min) 0.026 1.34 33/67
Cu,0 (80ml/min) 0.015, 1.64 63/37

3.2.7 Electrochemical reduction of CO>

The ability of the different copper oxides to catalyse the CO. reduction
reaction was assessed. To do so, the films were deposited on indium tin oxide (ITO)
substrates in identical conditions as above. The choice of ITO for that purpose was
motivated by the future goal of applying our films to the photo-electroreduction of
CO;, hence the necessity of a transparent and conductive substrate. Fluorine doped
tin oxide (FTO) substrates were also considered but ITO showed better performance.
Therefore, ITO substrates of a nominal 15 ohm/sq sheet resistance were used for
this purpose. A preliminary study was carried out to verify that the temperature used
during the calcination step had no detrimental effect on the conductivity of the
substrate. A significant drop in sheet resistance was observed upon calcination at
500°C. Nonetheless, the final sheet resistance remained sufficiently low for
electrochemical experiments, with a value reaching about 159 ohms/sq (Table S2).
Additional to the electrical properties of the substrates, a linear sweep voltammetry
(LSV) towards negative potentials in a three electrodes cell set up in the conditions
used for the CO2RR allowed establishing the experimental range under which ITO
substrates are stable during the electrochemical experiment. Voltammograms
indicate that reduction voltages up to about -0.90 V (vs RHE) could be used.
However more negative potentials have a direct impact on the integrity of the ITO
layer, which is seen to reduce to In(0) or Sn(0) species as evidenced by the resulting
metallic lustre (Figure Al).
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A subsequent LSV experiment with an ITO substrate on top of which a CuO
layer was deposited confirmed that the ITO layer is compatible with CuO as a
catalyst in that the onset of reduction in a KHCOs (0.5 M) solution is significantly
lower than the reduction potential of ITO. Indeed, Figure A 2 to Figure A 5 show
the LSV of undoped CuO and CuxO in N>-degassed and CO,-saturated electrolytes. A
faradic current at voltages as low as -0.40V (vs RHE) was observed in both cases.
Additionally, the latter experiment indicates, due to the increase in current, an
explicit reducing catalytic activity, presumably of H,O or CO;, which are the
predominant species in solution. Therefore, the subsequent quantification of the
electrocatalytic activity of the copper oxide layers towards the CO,RR was carried at

reduction potentials ranging from -1.0 to -0.60V vs RHE in KHCOs near pH 7.

With these preliminary parameters established, we then carried out constant
potential chronoamperometry experiments to evaluate the rate at which the catalysis
reaction occurs. Experiments at -0.60V vs RHE show a low reaction rate, with current
densities around 1 mA/cm?, while the main product of catalysis is H,. The rate
increases significantly, however, under more negative electrical potentials, with
currents reaching values of 2.2 mA/cm?. However, the copper oxide films showed a
strong tendency to delaminate in the very early stages of the catalytic process under
electrolysis at potentials below -0.50V vs RHE. This effect is evidenced by the stark
decrease in current density recorded in all chronoamperometry experiments, as seen
in Figure 3-10 (black curve). This effect is likely the result of water molecules
diffusing through the copper oxide layer and being subsequently reduced to H; at the
ITO/copper oxide interface. The production of gas at the interface would therefore be
the reason for the film delaminating. Additionally, the structural modification of the
catalyst surface under electrolytic conditions is expected to significantly weaken the
binding interaction between the film and the ITO surface (Van der Waals or
electrostatic). Further evidence for the process to be electrochemically triggered is
that no delamination occurs in a similar time frame when the film is left in the
electrolyte with no electrical potential applied. To circumvent this setback, a thin
layer of TiO, was intercalated between the ITO and CuO (Figure A 7), however, with
no significant improvement. Nonetheless, the electroreduction reaction was
quantified via head-space gas chromatography and the total faradic efficiency was

calculated. Figure 3-10b shows the faradic efficiency and the product distribution for
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the three main catalyst types studied herein for chronoamperometry experiments
carried out at -0.60V (vs RHE) for the longest time before delamination occurred. As
seen in Figure 3-10a, delamination occurred within seconds of the process’s initiation
in the case of CuO, as evidenced by the fast current drop. Cuprous oxide films
proved more robust, with delamination occurring later than 300 seconds after the
electrolysis had begun. Despite these limitations, quantification after a short
electrolysis time showed a nearly quantitative total faradic efficiency for all catalyst
types. However, the selectivity of the CO2RR is overwhelmingly shifted towards Ha,

although a modest quantity of CO could be detected.
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Figure 3-10. a) Chronoamperograms of CO;, reduction experiments carried out with the three
types of copper oxide films at -0.6 V (vs RHE) for 5 minutes in 0.5 M KHCOs; b) Faradic efficiencies of
the corresponding experiments calculated from the quantification of the electrochemical cell head
space and from the expected quantity of produced from the electrical charge passed through the
catalyst during the experiment.

3.3 Conclusion

To conclude, we have developed a convenient sol-gel method to prepare both
cupric and cuprous oxide from a single precursor by controlling the gaseous
atmosphere of the pyrolysis step. That is, carrying out the pyrolysis step under a
saturated atmosphere of N, has a reducing effect on the copper precursor, forming
Cuz0 exclusively. We additionally demonstrated that under the latter conditions, the

Cux0 is doped with significant amounts of carbon resulting from the incomplete
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pyrolysis of the cellulosic additive used during the film deposition. The extent of
doping has been shown to be linked to the N, flow rate used in the pyrolysis step.
Nitrogen is also seen to dope the Cu;O film when a low N flow rate is used,
presumably from nitrogen atoms coming from the nitrate precursor counter ion.
Importantly, carbon doping has a significant impact on the band gap of the Cu.O
films, decreasing it from a standard experimental value above 2 eV to a value in the
same range as that of CuO (1.3 eV). This is a unique feature which is expected to
have an impact on the photocatalytic properties of these films. The electrical
properties of the films were characterised, showing a decrease in conductivity with
increasing carbon doping concentration. However, the conductivity of lightly C-doped
Cu.0 was only slightly lower than that of CuO. Early electrochemical catalytic activity
towards CO; reduction was characterised by chronoamperometry and quantification
of the gaseous products. Results showed very similar activity for all three copper
oxide types studied, showing modest carbon monoxide (CO) faradic efficiencies. The
latter study was somewhat hampered by the fact that the films showed a marked
tendency to delaminate upon electrolytic conditions at potentials above - 0.50V vs

RHE. A solution for the delamination is shown is the next chapter.
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4 Hydrophobic mesoporous copolymer layer
for tuning the selectivity of CO2RR

4.1 Introduction

Despite late breakthrough discoveries in the field of CO; catalysis, the
mechanistic implications underlying the formation of the different CO;-reduction
adducts on the catalyst surface are still not well understood. For example, the
formation of hydrocarbons from metallic surfaces arise from a common metal-
bonded carbonyl intermediate which undergoes successive dimerization and/or
hydrogenation steps. The affinity of each of the intermediates for the metal, as well
as the kinetics of each step are a key determinant of the reaction’s selectivity. These
late considerations indicate that high selectivity towards single products would
therefore require the subtle modification of the surface of the catalyst at the atomic
level rather than the nanoscopic level. Indeed, early strategies have included the
synthesis of binary or ternary metal alloys, which have shown to have a great impact
on the CO. selectivity!’.21,3898,165,167,197  However, since metal alloys consist of
segregated domains of crystalline metal entities, an intimate heterogeneous metal-
metal contact in which reaction intermediates are allowed to shift metal centers, can
only be found at grain boundaries. Therefore, the catalytic properties of the alloy are

often difficult to control.

Recent reports have shown that interactions of the above-mentioned
intermediates with the catalyst can be tuned via the adsorption of organic molecules
on the catalyst surface itself. Results showed that either elemental carbon, small
molecules or polymers can have a strong impact on the selectivity of the CO2RR
from a metallic or oxide-based catalyst. Indeed, the functionalization of catalysts
surfaces with small molecules known for their activity in the reduction of CO, has
recently attracted considerable interest. Molecules such as secondary amines, whose
CO2-reduction capability have long been known, have been used to functionalize
copper or silver catalyst’s surfaces!’:1>>207-209 " pyridine, or carbenes derivatives, in
particular, have shown to shift the selectivity of metal-based catalysts to a significant

eXtent96’210_212.
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Second to these small molecule alternatives, polymers have been recently
investigated as an additive to be deposited on top of the active catalyst surface to
mediate the selectivity of the CO2RR73:93:°4,96,99,101,102,135,213 = pgolymers, contrary to
small molecules can be deposited as thin layers on top of the catalyst surface,
therefore mediating the diffusion of gases in and out of the catalyst surface. The
hydrophobicity of this polymers is extremely important, as recent studies have
shown that hydrophobicity can have a big impact on the selectivity for CO2RR by
limiting the concentration of water at the catalyst surface and improving the CO;

concentration94:99-103,111,136

Hydrophobic honeycomb self-assembled polymers are a new class of materials
that are attracting a lot of attention'23-132, They are made up of polymer chains that
have the ability to self-assemble into a honeycomb-like structure. This structure is
achieved through the breath figure method. This method involves the use of a
polymer solution that is applied to a substrate, typically a glass or silicon wafer. The
substrate is then exposed to a humid environment, which causes water droplets to
form on the surface of the polymer film. These droplets act as a template for the
formation of air-filled pores in the polymer film, which results in a regular
honeycomb-like structure. The hydrophobic nature of these polymer films provides a

unique environment that can improve the selectivity and efficiency of catalytic
reaction594’96’100_102’111’135_137.

These films can also be defined by their hydrophobic/hydrophilic switching
properties and have been used for bioadhesion and tunable wettability applications.
As examples of bioadhesion applications, Li et al.}?® in 2023 have introduced
didodecyl selenide in the structure of a ordered honeycomb film to not only improved
the biocompatibility but also in order to control the hydrophobicity/hydrophilicity of
the film via redox reactions while Yin et al.'3? prepared highly ordered porous
honeycomb-like films with a hydrophilic CO,-sensitive melamine derivate that acts as
a wettability switch triggered by CO., which allows to change the cell adhesion
properties of the film. Moreover, a hydrophobic/hydrophilic transition can be
triggered by using well-designed block copolymer based on a pH-sensitive block, as
seen in the works of Marcasuzaa et al*3! and Escalé et al'33. Both these works show
that the formation honeycomb structured film from a copolymer containing a pH

sensitive block, Poly 4-VinylPiridine (P4VP) in these examples, results in a pH-
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triggered wettability (hydrophobic when above the pKa of the P4VP, otherwise
hydrophilic).

Herein, we aim at studying the extent to which the diffusion of the gases
though a (co)polymer layer has an impact on the selectivity of metallic and metal
oxide catalysts, particularly copper oxide type catalysts. As seen in Chapter 3,
copper oxide thin film catalysts suffer from stability issues, delaminating from the
substrate during electrocatalysis. For the purpose of not only tuning the selectivity
of these catalysts but also ensure their long-term stability under electrochemical
conditions, we describe the synthesis of methacrylate-block-vinyl pyridine
copolymers, and their impact of the CO2RR selectivity on CuO, Cu;0, Cu and Ag
catalyst. We assessed the impact of gas diffusion to the catalyst by comparing the
selectivity of the above-mentioned catalyst to which either a micrometer thick
mesoporous layer of PolyMethylMethAcrylate-block-Poly-4-VinylPyridine (PMMA-b-
P4VP) or a continuous nanometer thick layer of the same block copolymer. The
selectivity of the catalyst-polymer systems was linked to a myriad of physical
parameters such as porosity, hydrophobicity, reaction pH and layer thickness in
order to draw a clear trend and identify the key factors dictating the shift in
selectivity. We put particular focus of copper oxides catalysts deposited on
transparent conductive oxide glass substrates since mesoporous (PMMA-b-P4VP)
layers were additionally found to have a dramatic impact on the structural stability of
the catalyst layer. Overall, we found that both hydrophobicity and the gas diffusion
properties through the copolymer layer play a major role in mediating the selectivity
of the CO2RR. We found that both parameters can be tuned to a significant extent to
favour one or the other CO2RR adduct.

4.2 Results and discussion

4.2.1 Fabrication of PMMA-5-P4VP

The study described herein originates from the aim of using polymer
membranes to protect copper oxide catalysts for the CO2RR. Indeed, we found that
copper oxide thin films deposited from sol-gel methods on transparent conducting

electrodes were prone to delamination under electrochemically reducing conditions
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(Chapter 3 3 of this work). Therefore, we originally focused on developing
mesoporous copolymer films deposited on top of the catalyst surface, using the so-
called “breath figure” approach to tackle this setback!?3-12>, Such approach consists
in creating a highly arranged network of micrometer-sized pores throughout the
polymer cross section during the deposition step. The process relies on the controlled
self-assembly of water droplets on top of the polymer film during the formation of
the film from wet techniques such as drop casting or spin coating. The condensing
micrometer-sized droplets arising from the cooling of the film upon the evaporation
of the highly volatile solvents used in the process arrange in a hexagonal close-
packed fashion, imprinting their shape onto the polymer surface and through the
bulk of the layer if the latter is thick enough to accommodate large voids. The
method is known to be tolerant to a wide range of polymer structures and molecular
weights insofar as the polymer structure has a sufficiently high degree of
hydrophobicity. Therefore, polystyrene or PMMA backbones have become the
benchmark for forming porous films via a “breath-figure” approach. A deriving block
copolymer of the latter two structures have been shown to provide the necessary
hydrophobicity to form the porous network, while being able to add key functionality
to the final porous film. As such, we envisioned the synthesis of a PMMA-b-P4VP
copolymer in which the amphoteric character of the pyridine group allowed tuning
the hydrophobicity properties of the catalyst environment after the copolymer film is
deposited on the catalyst surface. The effect of hydrophobicity on the catalyst
performance was assessed by varying the pH of the CO2RR conditions. Additionally,
the concentration of the casting solution could be tuned in a way to produce
copolymer membranes with a wide range of pore sizes. Finally, the effect of the
porous copolymer layer on the -catalyst performance was compared to the
performance of a dense thin copolymer film of identical chemical composition as the
latter. The copolymer layers were tested on three types of catalysts, namely copper
oxide (CuO and Cu;0) fabricated via sol-gel methods and deposited on top of

transparent conductive electrodes, silver foil and copper foil.

The synthesis of the copolymer was carried out via a nitroxide-mediated
controlled polymerization. A first PMMA block temporarily terminated by the resulting
SG1 radical from the initiation step, was synthesised. The reaction was carried at

relatively high concentration in DMF, in a 0.7:100 initiator: monomer ratio. The
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temperature and reaction time were optimised to yield a PMMA block of
approximately 32000 Da (see Annex B for SEC characterization). After purification
by precipitation, the PMMA block was reinitiated in the presence of a quantity of 4VP
monomer as to incorporate a P4VP block, leading to a final ratio of PMMA:P4PV of
78:22 and a final molar mass of 40000 Da. The latter ratio was deemed optimum to
grant a high enough solubility in a volatile solvent such as dichloromethane or
chloroform and high degree of hydrophobicity. The exact ratio between each block
was determined accurately by 'H NMR (Figure 4-2), while the final molar mass and
degree of polymerization were determined via analytical SEC against a polystyrene

standard calibration (Annex B).
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Figure 4-1. a) Schematic depiction of the synthetic route to the PMMA-b-P4VP copolymer. b) schematic
depiction of the breath figure approach to porous polymer membranes
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Figure 4-2. 'H NMR spectra of the copolymer in CDCl3.

The film forming properties of the copolymer were subsequently evaluated on
CuO and Cu;0 thin film catalysts in order to assess the compatibility of the method
with the rather rough surface of the catalyst, as well as to assess the impact on the
catalyst lifetime. The fabrication of CuO and Cu,O films is described elsewhere, in
brief, a copper salt precursor is deposited via blade coating on top of indium tin
oxide substrates, and subsequently heat-treated at 500°C. The formation of the
copolymer membrane on top of the catalyst surface was carried out by placing the
substrate in a closed vessel with a water vapour-saturated atmosphere (>90%
humidity) at room temperature. A constant volume of a solution of copolymer in
CHCIs was drop-cast on top of the substrate, and the solvent was left to evaporate
over a 10 min timeframe. A white layer results from the drying process,
characteristic of the porous nature of the film. On the other hand, a colourless layer
is generally characteristic of the copolymer forming a dense layer. Interestingly, the
pore size, and therefore the overall porosity, could be tuned to some extent, by
varying the concentration of the PMMA-b-P4VP copolymer used for casting the
membranes. It was found that a range between 2.5 g/L and 8 g/L is the stable range
for pore size, since at the ends of this range the copolymer membranes fail in
protecting the copper oxide thin films from delamination. Optical microscope

photographs of intermediate porosity membranes (~1.66 pm) were recorded
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showing a nearly perfect hexagonal arrangement of the pores throughout the surface
(Figure 4-3).

Importantly, scanning electron micrographs display multiple layers of
micrometer-sized pores along the membrane’s cross section, opposed to the
archetypical membranes fabricated via the “breath figure” approach (Figure 4-5).
As seen in Figure 4-5b foam-like membranes form, however quite importantly, the
spherical interconnected voids show a significant number of openings within the
interconnections, whose size is in the range of a few tenth of nanometers (red
arrows). This feature is capital to the expected function of the membrane as to allow
gases to diffuse to and from the catalyst surface through the membrane layer.
Images of membranes resulting from employing extreme conditions of
concentrations are shown in Figure 4-5. As shown in Figure 4-4, highly dilute
solutions of copolymer yield poorly resolved pores, i.e. small non-interconnected
pores, while concentrated solutions of copolymer yield an inhomogeneous pores
arrangement with pores unevenly scattered throughout the surface and a “stickier”
film. Due to this structural and morphological analysis, the ideal concentration for
the formation of the mesoporous membrane was determined to be 6 mg/ml, with an

average surface pore size of 1.66 pym.

Figure 4-3. Optical microscope imaging of a (a) intermediate porosity (~1.66um) membrane and
(b) a zoom in of it.
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Figure 4-5. SEM micrographs of an intermediate porosity (~1.66um) membrane in (a) top view
and in (b) a 60° tilt.

Figure 4-4. SEM imaging of copolymer membrane with average pore size of (a) 0.86 um) and (b) 3.17 um.

Table 4-1 summarizes the extent to which the pore size can be varied, and
the corresponding effect on the contact angle formed by a drop of water in contact
with the copolymer film. The small variation of contact angle with respect to the
change in porosity indicates that the hydrophobicity of the film remains nearly
constant in this range of porosities.

Table 4-1. Impact of concentration of copolymer on the average pore size, contact angle and
electrochemical performance

CoPo Concentration (mg/ml) 5 6 7 8
Average Pore Size (um) 1.17 1.66 2.02 3.17
Contact Angle (°) 99.1 101.8 93.1 94.0

-58 -
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The impact of the copolymer membranes on the stability and activity of the
CO: reduction catalysts were first assessed on copper oxide. The extent to which the
membrane protects against delamination was first assessed via linear sweep
voltammetry in N;- and CO;-saturated bicarbonate solution and secondly via
controlled potential chronoamperometry in a CO,-saturated bicarbonate solution, as
shown in Figure 4-6. Further quantification of the adducts formed during the
experiments allowed assessing the impact of the copolymer on the CO2RR
selectivity. Stability assays carried out on typical CuO and Cu;O showed that the
membranes were extremely efficient in extending the lifetime of the catalyst layers.
Indeed, the mere presence of the copolymer membrane on top of the copper oxide
catalyst thin film rendered the latter completely stable against delamination over a
long period of time (typically hours), and over a wide range of electrolysis potentials.
Figure 4-6b) shows typical chronoamperogram carried out at a potential of -0.75 V
vs RHE, in which the CuO catalyst underwent sustained electrolytic conditions for 2
hours without notable decrease in rate. This stark increase in stability is apparent
from the stable electrolysis current, showing no significant decrease over time. A
very similar trend is followed by ITO substrates with Cu20 catalysts films, as well as
with thermally evaporated thin layers (150 nm) of metal catalysts on top of ITO,
such as Gold. The metal was shown to delaminate almost instantly when no
copolymer membrane is present on top of it, while the gold thin film remains in close
contact with the ITO surface throughout the electrolysis when the copolymer
membrane is present. The impact of pore size was swiftly investigated by depositing
membranes layers on top of identical CuO substrates. The pore size, and therefore
the overall porosity, could be tuned to some extent, by varying the concentration of
the PMMA-b-P4VP copolymer used for casting the membranes, as shown previously
in Table 4-1. It was found that a range between 2.5 g/L and 8 g/L is the stable
range for pore size, since at the ends of this range the copolymer membranes fails in
protecting the copper oxide thin films and suffers delamination. The quantification of
the CO2RR was carried out in identical conditions of time, applied potential, and
electrolyte compositions as in earlier experiments (See Annex A for more

information).

Table 4-2 reports the faradaic efficiencies of H, and CO for different pore

sizes, corresponding to the average size of the pores measure by top-view SEM
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images. The table shows a clear trend where the selectivity shifts towards CO upon
increasing pore size, reaching a sweet spot at average pore size of 2 microns. The
selectivity towards CO decreases for porosity values above 2 microns. Due to the
more uniform morphology and the greater current density achieved by the
membrane with average pore size of 1.66 microns, this was the one selected to

continue to be study.
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Figure 4-6. (a) Linear sweep voltammetries conducted with a 100 mV scanrate in a azote or a CO;
saturated electrolyte of 0.5 M KHCO3 and (b) chronoamperometries of substrates with and without the
polymeric membrane on top conducted at -0.75 V vs RHE.

Further quantification of the reduction adducts from the electrolysis cell head-
space showed, to our surprise, a drastic shift in selectivity with respect to
experiments carried out without the copolymer membrane. Indeed, while bare
copper oxide produced an overwhelming amount of H, when covered with a thick,
porous membrane as that of Figure 4-5, the selectivity of the reaction shifts
towards CO to a great extent. Quite surprisingly, a shift in selectivity of a very
similar magnitude was observed on all different types of copper oxide thin films
tested in this study, namely, CuO, Cu;O, carbon dopped-Cu,O. The structural
characteristics of each type of oxide is described in detail in Chapter 3,
nevertheless, Figure 4-7 shows that all three types of oxides yield mostly H, under
electrocatalytic conditions (-0.75 V vs RHE) in CO;, while they produce mostly CO

when protected with the porous membrane. The fact that the final CO:H. ratio is
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very similar in all cases is evidence that the shift in selectivity can be attributed to

the porous membrane.

The trend observed herein corroborates the assumption according to which the
selectivity towards carbon-based adducts is a consequence of the copolymer playing
an active role in mediating the kinetics of both competing CO2RR and hydrogen
evolution reaction (HER). It seems however that the mediating effect is not linked to
the energetics of the chemical process, since there is no expected change in intrinsic
physical properties of the copolymer with respect to the pore size. This is further
confirmed by contact angle measurements carried out on the membranes described
above, confirming that hydrophobicity of the layer is seen virtually constant

regardless of the average pore size.

Table 4-2. Influence of pore size on selectivity.

CoPo Concentration (mg/ml) 2.5 5 6 7 8
Average Pore Size (um) 0.86 1.17 1.66 2.02 3.17
Current Density (mA/cm?) 3.33 1.29 2.25 1.36 0.71
H2 F.E. (%) 49.23 40.59 68.72 34.06 38.6
Co F.E. (%) 20.09 33.82 13.11 40.49 14.34
CH4 F.E. (%0) 0 0 0 0 0
C2+ F.E. (%) 0 0 0 0 0
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Figure 4-7. a) histogram depicting the faradic efficiency of CuO, lightly-doped (carbon) Cu20 and
heavily doped (carbon) Cu20. a) bare copper oxide films on ITO; b) copper oxide films on ITO with a
top copolymer membrane deposited via the breath figure approach performed at -0.75 V (vs RHE) in
0.5 M KHCO:3.
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Interestingly, the shift in selectivity is not instantaneous, as it requires several
minutes of continuous electrolysis to reach the optimum CO:H; ratio. Figure 4-8
shows that the catalyst/polymer system reach equilibrium after two
chronoamperometry cycles carried out at -0.75V (vs RHE) for 30 min each, with a
final (CO:H;) ratio of H.:CO close to 1:4. This behaviour is similar for both types of
oxides, however, the shift is more obvious for CuO species, which produces very
little CO during the first run, rather than Cu,O which produces an already significant
amount from the first run. Based on our earlier studies on copper oxide catalyst
(Chapter 3) and evidence from the corresponding chronoamperogram, it arises that
the cycling effect is likely the result of a morphological or structural change of the
copper oxide thin films, explaining the slight difference in behaviour observed when
comparing CuO with Cu;0. This indicates a reduction to Cu (O) at the surface, which

is faster when starting from Cu (I) than from Cu (II).
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Figure 4-8. Histograms depicting the shift in selectivity upon cycling both CuO (a) and Cu;0O
(c) catalyst via chronoamperometry experiments and their respective chronoamperogram (30
min.) in KHCO3 (0.5M) at -0.75 V (vs RHE).
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4.2.2 Electrochemical pH study

To see if the protonation state and/or the wettability of the copolymer had an
impact on how the copolymer shifts the electrode selectivity from H; towards CO,
CuO thin film electrodes with a PMMA-b-P4VP mesoporous layer on top (6 mg/ml)
were used on electrocatalytic reactions at -0.75 V vs RHE for 30 minutes. These
reactions occurred the various potassium buffer electrolytes with pH ranging from
2.7 to 8.0. As we see by the selectivity evolution from acidic to neutral pH in Figure
4-9, at 4.1 and bellow the major product is Hz, with only small traces of CO being
detected. When we started to move to less acidic pH (5.5), the selectivity shifted to
equal parts H, and CO and when we reached pH 8.0, which is very similar to the pH
of the potassium bicarbonate used as electrolyte throughout the rest of the
experiments, we observed the same selectivity behaviour. With this study, it can be
concluded that the hydrophobicity of the copolymer is necessary for the selectivity
shift. It is also important to note that there was no delamination in the more acidic
mediums, showing that the protective function of the copolymer was not lost. In
Figure 4-10 it is displayed how the copolymer layer changes its visual properties
(goes from being white to being transparent) when in contact with a solution with a
pH bellow its pKa. This happens due to the fact that when the copolymer goes from
being hydrophobic to hydrophilic the aqueous solution permeates through it whilst
when it is hydrophobic there is no water permeation and thus there is no colour
change. This is confirmed by the change in wettability observed in Figure B 11 and
Figure B 12, that shows that the contact angles vary from 101.8° at pH 7.0 to
82.0° at pH 4.14 to 68.9° at pH 2.0. In 2021, Marcasuzaa et al.!3! have shown this
behaviour with a very similar copolymer (P(MMA-stat-S)-b-P4VP) that they analyse
by sweeping the pH from 10 to 1 and observe a transition from a Cassie-Baxter
model towards a model considering a partial water penetration into the pores below
the P4VP pKa.
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Figure 4-9. pH influence in the selectivity of CuO thin film electrodes with a PMMA-b-P4VP
mesoporous layer on top. Experience performed at -0.75 V (vs RHE) in 0.5 M KHCOs.
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Figure 4-10. Electrode with a drop of a) pH 2.7 and with a drop of b) pH 8.0.

4.2.3 Effects of the membrane on different substrates

To confirm that the cycling effect is due to our copper electrode and to
evaluate the real role of the honeycomb PMMA-b-P4VP film as gas diffusion, the
copolymer was tested on different electrodes (copper and silver foil). These
electrodes are fairly well known and were used on electrocatalytic tests with and
without a copolymer layer on top. These electrocatalytic tests were performed for 10
minutes on a potential range varying from -0.6 to -1.4 V vs RHE in the case of silver
foil and varying from -0.6 to -1.2 V vs RHE for copper foil. This disparity between
ranges is due to limits on the gas quantification system, as copper foil at -1.4 V vs
RHE was producing a volume of gas products that were much higher that the highest
amount we had calibrated for. All these tests were repeated at least three times with

different electrodes to guarantee their reproducibility.
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Starting with the copper foil electrodes, before electrocatalytic testing or
copolymer deposition they were subjected to two distinct cleanings. Part of the
cooper foils were mechanically polished and afterwards washed with milig water,
acetone and isopropanol while the rest of the copper foil substrates were just
subjected to the same solvent washing without any type of surface polishing. In
Figure 4-11 the selectivity of these two different subtracts, with and without the

mesoporous copolymer film on top is shown.

100 100
a) I+, [ co I cH, [ C.H, I C.H, b) -, [ co MlcH, I CH, Il CH,

With Polymer

53
£
=
S
a
s
3
=
=

Without Polymer
SN With Polymer

F.E. (%)
F.E. (%)

-0.6 0.8 -1.0 -1.2 -0.6 -0.8 -1.0 -1.2
Potential (V vs RHE) Potential (V vs RHE)

Figure 4-11. Selectivity with and without copolymer of a) washed and b) mechanically polished
copper foils.

Analysing the performance of bare copper foil in terms of selectivity, it is
observed that the copper foil that was only washed presents an overall lower
selectivity for hydrogen production when compared to its polished counterpart but
also a stronger activity towards CO2RR products, specially at the higher potential
point (-1.2 V vs RHE), with the bare polished copper foil barely show any activity
towards CO; reduction. When the copolymer is added to the electrodes, a major shift
in behaviour is observed, showing the real potential applications of this mesoporous
copolymer as a hydrogen suppressor and selectivity changer. In the case of washed
copper foil, the copolymer improves the selectivity for CO2RR across the entire
potential range as it does also for the polished copper foil. Moreover, while for the
washed copper the H; selectivity in most cases improves, for the polished copper it is
suppressed to half in most points. Also, at the highest point, the improvement of the

selectivity for CO2RR is very significative, showing a more than 2-fold increase for
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the washed copper foil and a very impressive 10-fold improvement for the polished
copper, with a very high selectivity (~30% of the overall faradaic efficiency) for
ethylene. One important reason for the change in activity of the two distinctly
prepared copper foils can be explained to a failure to remove a passivation oxide
layer on top of the copper foil just by washing it, whilst by mechanically polishing it
we guarantee that such layers are gone. It is also important to consider that the
overall faradaic efficiency of all these substrates are far from 100%. This disparity
between charge and products can be explained by the production of liquid products,
like formate or acetate, that were seen in the electrolyte at the end of the

experiment but unfortunately were not quantified.

With silver foil electrodes, the same approach was applied, with the exception of the
manual polishing. Silver foil electrodes were cleaned by solvent washing and tested
with and without the mesoporous membrane on top, with the performance of these
electrodes being showcased in Figure 4-12. The results observed with silver foil
seems to contribute to the idea that just by washing the substrate without any kind
of chemical or mechanical polishing, the activity is much weaker for both hydrogen
evolution and CO2RR in the whole potential range, despite the lack of testing
mechanically polished silver foils to really prove this theory (due unfortunately to a
lack of time). From comparing the performance with and without the copolymer on
top of the electrode, observe from this study was the improvement in CO selectivity
(mostly between -1.0 and -1.2 V vs RHE) that the copolymer provided. These are
similar results as seen previously in the copper oxide thin films and the copper foils
and confirms that a mesoporous PMMA-b-P4VP gas diffusion membrane on top of an
electrode for CO. electroreduction shifts the selectivity towards the reduction of CO
and causes HER suppression in most of the electrodes tested, excluding the silver

and copper foil that were not subject to a throughout cleaning of their surface.



Fabio VIEIRA

100

%
I co

80

F.E. (%)

40

\| With Polymer

Without Polymer

20

-0.6 -0.8 -1.0 -1.2 -1.4
Potential (V vs RHE)

Figure 4-12. Selectivity of silver foil electrodes with and without copolymer.

4.3 Continuous film vs mesoporous membrane

A question left unanswered was the real impact of the morphology of the
copolymer. Was a thick mesoporous gas diffusion layer necessary or a thin
nanometric film of PMMA-b-P4VP would be as effective? Indeed, our group recently
described the ability of a continuous film, as a functional coating, to tune the
selectivity of molecular catalyst deposited onto a GDL, from H. to CO in water-based

electrolyte?!4.

To answer this question, deep coating of PMMA-b-P4VP was performed in
order to deposit on the thin CuO/Cu;0O films and in silver foil. Four different film
theoretical (See Annex B) thickness were tested: 7, 22, 49 and 70 nanometers. The
thickness was controlled with the concentration of copolymer on dichloromethane

(DCM) and on the withdrawal speed of the substrate from the solution.

When we moved for electrocatalysis, it was clear that as a continuous film the
copolymer membrane did not retain its protective aspect and every CuO and Cu.O
thin film tested with the four different copolymer thicknesses delaminate almost
instantaneously, making it impossible to test. On the other hand, since the silver foil
has no stability issues and doesn’t require the protective properties of the
mesoporous copolymer, the study with it could proceed. Figure 4-13 shows the
faradaic efficiencies achieved by the four different electrodes for 10 minutes

electrocatalysis under a potential bias ranging from -0.6 to -1.2 V vs RHE.
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Figure 4-13. Selectivity (left) and current density (right) of silver foil electrodes with thin
copolymer films (7, 22, 49 and 70 nm) on top.

This electrocatalytic characterization show that a low bias (-0.6 V vs RHE) the
major product is H, for all the electrodes but as the bias is increased the selectivity
shifts from H; to CO in all cases except for the electrode with a copolymeric thin film
with 70 nm of thickness. This result show that the copolymer can be used as a thin
layer, with best performance at a thickness of 7 nm, for reducing HER and
promoting, for the case of silver electrodes, CO production. Looking at the behaviour
observed with a 70 nm thick layer brought the conclusion that there is a maximum
thickness when using the PMMA-b-P4VP copolymer as a thin film for shifting
electrocatalysis from HER to CO2RR. This maximum limit could be explained by the
thickness of the copolymer layer not allowing for the diffusion of CO, to the surface
of the silver. There is also a huge increase in current density for the 70 nm electrode
when compared to the others, which points to the Poly-4-VinylPyridine chains in the
copolymer protonating and acting as proton exchange from the electrolyte to the
electrodes surface. AFM characterization of the 7 nm, 22nm and 70 nm thick thin
films was conducted (since the 22 nm and 49 nm had the same performance, the 49
nm thick film was excluded from this characterization) in order to observe if
microphase segregation was occurring between the two polymeric block of the
copolymer, creating in theory domains in the morphology of columns/cylinders,
which would guarantee chains of P4VP going from the electrolyte to the surface,
ensuring an open proton exchange nano-channel!30215216 when the P4VP is

protonated (pH bellow its pKa). The results of the characterization are shown in
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Figure 4-14 and it is observed that microphase separation occurs for all the
thicknesses. With the 7 nm thickness showing cylindrical morphology in parallel with
the surface, i.e. in-the-plane, therefore not creating channels of P4VP through the
film, while the 22 and 70 nm show cylindrical structures as well but now
perpendicular to the surface, i.e. out-of-the-plane, creating such conductive nano-
channels. These findings support the high current seen in Figure 4-15, as these
P4VP cylinders acting as proton exchange membranes by protonation of the pyridine
in a potassium buffer electrolyte of pH 2.7, promoting HER. It is also notable the
increase in faradaic efficiency and overall hydrogen production, which lead to the
inability to reach a applied potential over -0.95V vs RHE due to limitations of the
potentiostat (maximum applied bias between the working and the counter was

achieved).
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Figure 4-14. AFM imaging of the copolymer thin films with 7 nm a) and d), 22 nm b) and e) and
70 nm c) and f) thicknesses.
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Figure 4-15. Selectivity (left) and current density (right) of silver foil electrodes with thin
copolymer films (7, 22) on top at pH 2.7.

To close all these studies, it is presented in Figure 4-16 a comparison
between the bare silver foil electrode, the silver foil electrode with a 7 nm thick film
of our PMMA-b-P4VP and the silver foil electrode with a mesoporous layer of the
same copolymer. Amongst the three, the electrode that presents the best selectivity
towards CO is the thin film one, although the mesoporous one also presents better
CO2RR performance when compared to the blank one and it is the one that produces

the most methane of all.
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Figure 4-16. Faradaic efficiency of bare silver foil vs silver foil with the polymeric mesoporous gas
diffusion layer on top vs silver foil with a 7nm copolymer continuous 7 nm thick film.
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4.4 Conclusion

To conclude, a PMMA-b-P4VP block copolymer with a ratio of 78:22 has been
developed as a protective layer for copper oxide thin film electrodes. This protective
layer was created via the breath figure methodology, which allowed for a
mesoporous polymeric layer that has tunable porosity. PMMA and P4VP were chosen
as the monomers due to the fact that a block copolymer of the two would be eligible
for the breath figure method and the copolymer would be hydrophobic. Afterwards,
it was demonstrated that this layer not only protected the copper oxide thin films
from delamination during electrocatalysis but also significantly altered the product
selectivity of the electrocatalysis. With this copolymer on top of the electrodes CO
was nearly 80% of the products observed, with differs with the results showed in
Chapter 3 of the bare electrodes, that were almost only producing H,. After seeing
these results, a deeper study of the copolymer was conducted using different
substrates (copper and silver foils) and again with the addiction of the copolymer, as
a mesoporous layer on top of the electrodes, a shift on the selectivity towards
CO2RR and suppression of HER was observed. The copolymer was lastly tested as a
thin film instead of a mesoporous layer and better results for CO2RR were observed
but these thin films lost their protective capacity and when applied to the copper
oxide electrodes delamination was not prevented. Nevertheless, these continuous
films were used with silver electrodes and not only better results were achieved in
terms of CO selectivity in neutral pH but the copolymer presents an extreme shift in
selectivity towards HER at pH 2.7 due to the self-assembly of proton exchange nano-
channels of P4VP. To conclude, this copolymer can be applied as a thin film to stable
electrocatalysts to modify their selectivity during CO; electrocatalysis and can be
applied as a mesoporous layer to unstable electrodes, not only to perform as a

selectivity tuner but also to act as a stabilizing layer.
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5 Final remarks and future outlook

The body of work presented in this Thesis has demonstrated a simple
synthesis of copper oxide thin films that can be applied to electrocatalysts for the
CO2RR. These copper oxide oxidation state can be tuned by changing the calcination
atmosphere (CuO in air and Cuz0 in N;) and can be easily alloyed to form bimetallic
oxide films. Within this work we also studied the use of a block copolymer of PMMA
and P4VP as a tunable mesoporous top layer of the electrodes that can protect and
shift their selectivity towards CO2RR (performing HER suppression) and as a thin film
which as the same properties of its mesoporous counterpart except for the protective

aspect.

In Chapter 2, a brief description of the synthetic and characterization
methodologies applied over the course of the Thesis work was provided, giving an

insight on each technique used.

In Chapter 3, the synthesis of the copper oxide electrodes is explained in
detail, describing the simple and cost-effective synthesis process and the thorough
characterization performed to understand the mechanisms responsible for the
formation of the CuO and Cu;O. The chapter shows a sol-gel method that can
produce both cupric and cuprous oxide from a single precursor by controlling the
atmosphere during pyrolysis (CuO in air and CuxO in N). Interestingly, varying the
flow of nitrogen during the pyrolysis results in Cu;O films with different
characteristics. The resulting films show no doping (CuO) to significant doping (Cu;0)
of carbon and nitrogen, which affects their band gap, electrical properties, and
photocatalytic activity. However, the films tend to delaminate under certain
electrolytic conditions, which limits their use in electrochemical catalysis. The study
found that all three types of copper oxide exhibited similar activity towards CO2

reduction, with modest CO faradic efficiencies, before delamination.

In Chapter 4, we discuss the use of a PMMA-b-P4VP block copolymer as a
protective layer for copper oxide thin film electrodes. The breath figure methodology
was used to create a mesoporous polymeric layer that is tunable in porosity. The
protective layer not only prevented delamination of the copper oxide thin films during

electrocatalysis but also significantly altered the product selectivity of the
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electrocatalysis towards CO, as opposed to H, which was the main product without it.
Further studies were conducted on copper and silver foils, which showed a shift
towards CO2RR and suppression of HER with the addition of the copolymer as a
mesoporous layer on top of the electrodes. The copolymer was also tested as a thin
film instead of a mesoporous layer, which showed better results for CO2RR but the
thin films lost their protective capacity when applied to the copper oxide electrodes,
resulting in delamination during electrocatalysis. Overall, the copolymer can be
applied as a thin film to stable electrocatalysts to modify their selectivity towards
CO2RR and suppress HER, and can be applied as a mesoporous layer to unstable
electrodes to not only perform as a selectivity tuner but also act as a stabilizing layer

to prevent delamination.

The assembly of a laboratory with capacity to carry out electrocatalytic
reactions and measure the products of such reactions was a significant part of the
PhD work, as the team had to work together in order to have a working and
optimised setup. On this basis, the PhD student assisted others in setting up of an
automatic cell to GC-MS system that can perform electro and photoelectrocatalysis in
a cell with a direct connection to the GC-MS apparatus, which guarantees a very high
degree of accuracy for the detection of products. This setup is described with more
detail in Chapter 2. This work marks the first PhD thesis of the INTERMAT group.

5.1 Future outlook

In the future, these findings could and should be applied in CO, and water
reduction, via photo, electro or photoelectrocatalysis. The copper oxide thin films
describe in this work were fabricated on ITO substrates for use in photocatalysis,
which unfortunately was not carried out by this work due to time constraints, and
therefore we believe it should the electrodes should be tested under those
conditions. These films also show electric and optical properties that indicate a

potential for photovoltaic applications.

Another study that shows great potential is the bimetallic copper-metal (Ag,
Ce, Zn) oxide alloys, which were showed to be easily fabricated but were not tested
for catalytic performance. As seen in similar studies in literature, the addition of
other metallic centers to our copper oxide electrode could shift the selectivity

towards C,+ products.
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The PMMA-b-P4VP block copolymer has been describe as working as a
selectivity tuner and a proton exchange layer. This copolymer or other with similar
behaviour and characteristics should be studied more in depth for various
applications in electrochemistry, from being used as part of the electrode for water
splitting or for CO2RR to potentially being used as a cell membrane or as a binder for
the electrode materials. It is our opinion that this area of study can make a big
impact on the field of CO; catalysis and therefore is the most critical topic to further

investigate.
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Annex A - Supplementary Information of
Chapter 3

Experimental Section

Materials

Indium thin oxide (ITO)-coated glass substrates with 15Q were acquired from
Xinyan technology Ltd. The copper (II) nitrate (Cu(NO3)2.3H20), Zinc nitrate
(Zn(NO3)2.6H20), Cerium (III) nitrate, (Ce(NOs3)..6H;0), Silver nitrate (AgNOs) and
hydroxypropyl cellulose (Mw ~370,000) were purchase from Sigma-Aldrich and used

without further purification.
Substrate Cleaning

The glass-ITO substrates were cleaned in various ultra-sonic baths of 15 min
each, being a bath in milli-q water, the second in acetone and the final one in
isopropanol. After this cleaning, the substrates are subjected to a UV-ozone 30

minutes treatment right before being used.
Electrodes fabrication via blade coating

Preparation of a solution of DMF and hydroxypropyl cellulose (iPrcel) (best
results were shown for 1.396g of iPrcel for 25 ml of DMF in previous studies). The
solution was stirred until it reached homogeneity and then Cu(NOs). was dissolved
on a small volume of the previous solution, with a concentration of 60 mg/ml. This
solution was drop cast onto the ITO substrate using the doctor blade methodology.
The films obtained were dried at 80°C after a small amount of the film was removed
from the substrate using DMF in order to have a contact in the electrode. Lastly, the
films were annealed at 500°C for 1 hour, with a slow heating ramp (2 °C/min) under

either air or N, atmosphere.

Table A 1 shows the optimum parameters found for the formation of the
CuxO films. Many iterations of these parameters were tested, and the ones shown

have wielded the best results with a high degree of reproducibility. Height of the
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blade was tested from 50 to 500 uym, the concentration of hydroxypropyl cellulose
was tested in a range from 50 to 100 mg/mlpvwr while the amount of Cu(NO3)..3H>0

ranged from 20 to 100 mg/mlpwmr.

Table A 1. Optimised parameters used on the formation of the Cu(NO3); films

Film Hydroxypropyl Cu(NOs3)2.3Hz0 Metal Blade Deposition Annealing
cellulose concentration dopantwt  Height Temperature Temperature
concentration percentage (nm) . (°C)
(mg/mlDMF) (mg/mlDMF) (OA)) ( C)
Cu,O 70 60 - 250 70 500
Cu,O- 70 60 2.5/5/7.5/10 250 70 500
CeO;
Cu,O- 70 60 2.5/5/7.5/10 250 70 500
ZnO
Cu,O- 70 60 2.5/5/7.5/10 250 70 500
AgO
Characterization

Surface Analysis

SEM was conducted with a Hirox SH-3000 microscope with an accelerated
voltage of 25kV. A thin layer of gold was deposited on top of the samples to assure

their conductivity.

SEM-AES analysis was done using a JEOL JAMP 9500 F Auger spectrometer
(JEOL Ltd, Tokyo, Japan) equipped with a Schottky Field Emission gun and a hemi-
spherical analyser coupled with a high dynamic multichannel detector. Notably,
Auger spatial resolution is about 10-30 nm with a probing depth of about 2-7 nm in
the applied analysis conditions. The typical operating pressure was <2 x1077 Pa while
analysis was performed at 30-60° tilt to prevent any charging effect. Wide AES
survey spectra was recorded between 15-2400 eV KE (kinetic energy) with 1 eV step
size and a variable dwell time to reach adapted signal to noise ratio. The acquisition

mode is CRR (Constant relative resolution) using a relative energy resolution dE/E =
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0.5% (low resolution /high sensitivity) or dE/E = 0.1% (high-energy resolution for
chemical state analysis) over the kinetic energy range. Auger spectra are obtainable
using the EN(E) mode (expressed as the output signal of the electron detector using
“true” pulse counting versus Kkinetic energy) or using dN(E)/dE representation

(spectra are differentiated numerically).

Qualitative AES analysis uses peak position and shape regarding to Hanbooks
or Jeol data base for elemental identification. Semi quantitative analysis uses peak-
to-peak intensity from derivative mode and relative sensitivity factors (elemental
RSF) for calculation (expressed in atomic percent). Chemical sate analysis is
performed using Jeol “spectra investigator” software for “peak deconvolution” using

reference’s Jeol data base.

Photoelectron Spectrometry (XPS) measurements were performed on a
Thermo K-alpha spectrometer with a 120 mm mean radius Hemispherical Analyzer
(HAS) and a microfocussed monochromated radiation (Al Ka,1486.6 eV, microspot
continuously variable from 30 to 400 um diameter) operating under UHV conditions
(residual pressure of 1 x 10 mbar). The X-ray power was functioning at 72 W (12
kV, 6 mA) for a typical 400 um beam diameter. The spectra were recorded in the
constant Pass Energy (PE) mode CAE, both for wide high sensitivity survey spectra
(PE = 200 eV) and high energy resolution analyses (PE = 20 eV) for quantitatively
resolved chemical analyses. A charge neutralization system was used (low energy
electrons) to compensate for charge effects. Spectra were mathematically fitted with
Casa XPS software using a least squares algorithm and a non-linear baseline. The
fitting peaks of the experimental curves were performed by a combination of
Gaussian (70 %) and Lorentzian (30%) distributions. Only core level spectra for the
elements with highest photoionization cross section were recorded in order to extract

more reliable information.

XRD characterization was executed on a Bruker D2 Phaser powder
diffractometer with a Cu Ka radiation source with a wavelength of 1.5406 A. XRD
patterns were recorded in a 10° to 80° 26 with a 0.021 step and a 0.05 s counting
time per step. DIFFRAC.EVA software was used to identify the phases and crystallite

sizes.
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UV-Vis-NIR absorption spectra were recorded with a double-beam Cary 5000
UV-Vis-NIR spectrophotometer in steps of 200 nm in the range 300-1500 nm using a

0.1 cm thick quartz substrate.

Conductivity measurements were conducted in the 4-probe methodology with
a Keithley 6430 Sub-Femtoamp Remote SourceMeter SMU instrument which had a
current source between 0.5 fA to 0.105 A and voltage range of 200 pV to 211 V.

Constant potential chronoamperometry

All of electrochemical tests were performed in a 3-electrode single chamber
cell with the anode, a platinum wire, contained in a bridge tube. The cell was filled
with 40 mL of 0.1 M KHCO3 aqueous solution as electrolyte. The reference electrode
was a Ag/AgCl electrode (saturated KCI solution). The pH value of the CO, saturated
electrolyte was measured to be 6.8. All potentials cited in this work refers versus the
Ag/AgCl. The potentials were converted to RHE, according to Equation A 1. The
overpotential (n) was calculated according to Equation A 2’. Before constant
potential chronoamperometry experiments, the electrolyte was purged with Ny or
CO; for 15 min under stirring to exclude air in the solution. A potentiostat PGSTAT
204, regulated via the Metroohm Autolab software, was used to perform the

electrochemical testing.

E (RHE) =E (Ag/AgCl) + 0.059 * pH + E,(Ag/AgCl)
Equation A 1
n=E—E°

Equation A 2

Permanent gases quantification

H, and CO were identified and quantified using gas chromatography (GCMS-
QP2010-plus, Shimadzu, Japan) equipped with a packed column (ShinCarbon ST,
2m; 0.53 mm, mesh80/100, Restek, USA) for permanent gases separation. Helium
(6.0, Alphagaz 2, AirLiquide) was used as carrier gas. A Dielectric-Barrier Discharge
Ionisation Detector (BID, Shimadzu) was used to quantify all permanent gases (Ha,
CO, Methane, Ethane, ethylene). Sampling from the electrolysis cell’'s head space

was carried via proprietary automated-sampling system operating solenoid valves at
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timed intervals transferring a sample of the cell’s head space to a GC-sample loop

(500 uL) followed by the subsequent injection to the GC column.

Quantification of H, and CO was carried out by comparison with an external
standard calibration curve. The calibration curve was drawn from sampling the head
space of the electrolysis cell held in identical conditions of volume (liquid electrolyte)

and pressure (head space) containing known molar amounts of standard gases.

Results

Electrochemical behaviour

Figure A 2 to Figure A 5 show the electrochemical behaviour of the CuxO in N> and CO:
atmospheres via the linear sweep voltammetry (LSV) characterization technique. The LSVs were
performed from 0.6 to -0.8V vs RHE with a sweep of 50 mV/sec. The LSVs were performed at this range
mentioned due to the limits of ITO as a substrate, which undergoes reduction at -0.9V vs RHE,
changing from a transparent film to a metallic coloured one.

Figure A 1 shows a cyclovoltammetry (CV) of a blank ITO realised in a
saturated Argon atmosphere from 1.6 to -0.75V vs RHE at a scan speed of 100
mV/s. In the LSVs, It is observed little different on current from a N> and a CO;
atmosphere, which could indicate poor activity towards CO; reduction or that the
hydrogen evolution and the CO; reduction are in competition. The delamination the

electrodes suffer under electrochemical condition is shown in Figure A 6.

In an attempt to avoid the delamination of the film, a thin layer of titanium
dioxide (TiO2) was spin coated at 4000 rpm for 45 seconds in between the ITO and
the copper film. This layer was deposited in 3 thickness (20, 50 and 100 nm) and
CVs and catalysis were performed on ITO/TiO,/CuO electrodes, with only a slight
improvement on stability (delamination occurring a few minutes Ilater on
electrochemical conditions) and showing over 90% hydrogen production. Figure A 7
shows the CVs of ITO/CuO and ITO/TiO>/CuO with the different TiO, thicknesses.
Since no significant change was brought by the addition of TiO,, the study was not

continued.
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Figure A 7. CVs of CuO films on a ITO substrate with increasing amount of TiO> between the
substrate and the metallic oxide.

UV-Visible Characterization

In order to determine the optical bandgap of the four oxides, the Tauc method
was used, plotting the right side of the Tauc equation (Equation A 3), where A is a
constant known as the band tailing parameter, Eq is the optical bandgap, a is the
absorption coefficient and hv is the photon energy, against hv (Figure A 8. Tauc plot
of CuO. to Figure A 11). The band gap was then obtained by calculating the point

in which the tangent of the first linear region of the plot crosses the x axis.
(ahv)? = A(hv — Ej)

Equation A 3 — Tauc equation.
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Conductivity measurement of ITO

Alongside the copper-based films, the conductivity of the ITO as a substrate
was also measured, before and after the ITO was exposed to the calcination
conditions of the copper oxide (5000 C for 1h). The results are presented in Table A
2.

Table A 2. Conductivity of the ITO substrate before and after calcination at 500° C.

Conductivity
(S/m)
ITO ‘ 44500

Calcined ITO ‘ 6302
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Annex B - Supplementary Information of
Chapter 4

Experimental Section

Materials

Styrene (S = 99 %), Methyl methacrylate and 4VP were purchased from
Sigma Aldrich. The BlocBuilder© alkoxyamine (2-methylaminoxypropionic-SG1) That
was used as the initiator was kindly provided by Arkema. Methanol, THF, DMF and

Chloroform were purchased from Sigma Aldrich. All products where used as received.

Polymer formation

Firstly, a PMMA with 5% PS statistical copolymer was synthesised via
bulk polymerization. In a round bottom flask, styrene and MMA were mixed with the
initiator with a weight ratio of MMA:Sty:Iniator of 20:2.3:0.140. The flask was sealed
using a septum and degassed with nitrogen for 20 minutes. The polymerization was
carried out at 90°C for 3 hours and 30 minutes in an oil bath and then stopped by
cooling the flask with water and opening it to the air. The copolymer was isolated by

precipitating it in methanol, filtering it and drying it in a vacuum oven.

After, to form the PMMA-b-P4VP block copolymer, another bulk polymerization
was done, mixing the PMMA fabricated before with 4VP and DMF in a round bottom
flask in a weight ratio PMMA:4VP:DMF of 1.15:1:1. The flask was sealed using a
septum and degassed with nitrogen for 20 minutes. The polymerization was carried
out at 110°C for 2 hours and 30 minutes in an oil bath and then stopped by cooling
the flask with water and opening it to the air. The copolymer was isolated by
precipitating it in methanol, filtering it and drying it in a vacuum oven. This final
copolymer was characterised by 1H NMR and SEC in THF for determination of its

composition.
Honeycomb film formation

Using the breath figure method, honeycomb films were achieved. The

copolymer was dissolved in chloroform and drop-casted on the substrate inside of a
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hermetically sealed chamber with a controlled humid atmosphere (humidity above
80%). Honeycomb film porosity was changed by changing the concentration of

copolymer in solution.
Dip coating deposition

Silver foil substrates were dip coated on a solution of 1% wt of the PMMA-b-
P4VP copolymer in dichloromethane. The coating thickness was controlled by the
withdraw speed of the substrate from the solution. The withdraw speed use was of
10, 100, 500 and a 1000 um/s to obtain a theoretical thickness of 7, 22, 49 and 100
nm, respectively. Equation B 1 shows how the theoretical thickness (ho) was
calculated, based on the viscosity (n) and density (p) of the solution, on the rate of
withdraw (Uo), on the gravitational constant (g) and on the dynamic meniscus

curvature, represented by the constant c?’.

UU ;

2

no C( 0)
pyg

Equation B 1

Characterization

Surface Analysis

AFM imaging was done using a MultiMode 8 Atomic Force Microscope from

Bruker in a PeakForce QNM (Quantitative NanoMechanics) mode.

Optical microscopy pictures were taken using a DMLM microscope (LEICA®)
equipped with DFC280 camera. Scanning electron microscopy (SEM) images were
taken using a Hirox© SH-3000 device.

SEM was conducted with a Hirox SH-3000 microscope with an accelerated
voltage of 25kV. A thin layer of gold was deposited on top of the samples to assure

their conductivity.
Polymer Characterization

SEC was performed using THF as eluent (flow rate 1.0 mL min—1) at 30 °C.
The SEC is equipped with a Viscotek VE 5200 automatic injector, a precolumn and
two columns (Styragels HR 5E and 4E (7.8 ft, 300 mm)) and 4 detectors: UV—visible
spectrophotometer (Viscotek VE 3210), a Multiangle Light Scattering detector (Wyatt
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Heleos II), a viscosimeter (Wyatt Viscostar II) and a refractive index detector

(Viscotek VE 3580). Polystyrene standards were used to determine the dispersity of
the polymers.

'H NMR characterisation was performed on a Bruker AVANCE 400 MHz using
CDCls as a solvent at 25°C.

Results
Optical Imaging

Figure B 1 to Figure B 6 show the surface morphology and the porosity of
the PMMA-b-P4VP honeycomb films performed with different copolymer dissolution in
chloroform. It is observed, as described in Chapter 3, that for 2.5 and 10 mg/ml,

the porosity is not uniform at all and then it shows great uniformity at 6 mg/ml and
7mg/ml.

Figure B 1. Optical imaging of PMMA-b-P4VP prepared from a 2.5 mg/ml concentration in
chloroform.

m’
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Figure B 2. Optical imaging of PMMA-b-P4VP prepared from a 2.5 mg/ml concentration in
chloroform.

Figure B 3. Optical imaging of PMMA- b-P4VP prepared from a 5 mg/ml concentration in
chloroform.
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50 ym

Figure B 4.0ptical imaging of PMMA-b-P4VP prepared from a 6 mg/ml concentration in chloroform.

P .

Figure B 5.0ptical ihﬁéging of PMMA-b-P4VP pfébéféd froma 7 mg/m‘/‘;:bncenttion in chloroform.
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Figure B 6.0ptical imaging of PMMA-b-P4VP prepared from a 10 mg/ml concentration in
chloroform.

Contact Angle measurements

Figure B 7 to Figure B 12 show the contact angles for different honeycomb
films and the change of contact angle with the change of pH. The change in contact
angle at pH 2 is due to the protonation of the 4VP chains, causing them to became
hydrophilic. Since the pKa of 4VP is around pH 3.5-4.52!8, the droplet at around that
pH has a higher contact angle that the one at pH 2 although not as high as the water
droplets due to some partial protonation.

-110-
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Gauche : 99,1° - Droite : 99,1°
Mesure Angles de Contact v.2.0
Service Instrumentation (IPREM - UPPA)

Figure B 7.Contact angle of PMMA-b-P4VP from a 5 mg/ml concentration in chloroform.

Gauche : 101,8° - Droite : 101,8°
Mesure Angles de Contact v.2.0
Service Instrumentation (IPREM - UPPA)

Figure B 8.Contact angle of PMMA-b-P4VP from a 6 mg/ml concentration in chloroform.
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Figure B 9.Contact angle of PMMA-b-P4VP from a 7 mg/ml concentration in chloroform.

Gauche : 94,0° - Droite : 94,0° .
Mesure Angles de Contact v.2.0
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Figure B 10.Contact angle of PMMA-b-P4V/P from a 8 mg/ml concentration in chloroform.
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Figure B 11. Contact angle of PMMA-b-P4VP from a 6 mg/ml concentration in chloroform with a
drop of pH 2 potassium buffer solution.

Gauche : 82,0° - Droite : 82,0°
Mesure Angles de Contact v.2.0
Service Instrumentation (IPREM - UPPA)

Figure B 12. Contact angle of PMMA-b-P4VP from a 6 mg/ml concentration in chloroform with a
drop of pH 4.14 potassium buffer solution.
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