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Abstract

Electrochemical CO: reduction to value-added chemical feedstocks is of
tremendous interest for storing chemical energy from renewable sources while
reducing COz emissions from human activities. Copper is one of the most effective
catalysts for converting carbon dioxide (COz2) into hydrocarbons or oxygenates,
although it suffers from low product selectivity and limited long-term durability. To
address this, CO2 reduction catalyst layers (CLs) are often prepared from inks
containing catalyst nanoparticles and organic binders that can improve stability
while also impacting the local reaction environment. In this regard, Nafion ionomer,
composed of hydrophobic perfluorocarbon backbones and hydrophilic sulfonic acid
side chains, is the most widely used additive for preparing CLs for electrochemical
COz2reduction, but its impact on the performance of COz2 electrolysis remains poorly
understood.

Here, we first systematically investigate the role of the catalyst ink formulation on
CO: electrolysis using commercial CuO nanoparticles as the model pre-catalyst
and carbon paper as a high surface area support. We find that the presence of
Nafion is essential for achieving stable product distributions due to its ability to
stabilize the catalyst morphology under reaction conditions. Moreover, the Nafion
content and solvent composition (water/alcohol fraction) regulate the internal
structure of Nafion films, as well as the catalyst morphology, thereby significantly
impacting CO:2 electrolysis performance, resulting in variations of Cz+ product FE
by >3x, with C2+ FE ranging from 17% to 54% on carbon paper substrates. Using
a combination of ellipsometry and in situ Raman spectroscopy during CO:2
reduction, we find that such selectivity differences stem from changes to the local
reaction microenvironment. In particular, the combination high water/alcohol ratios
and low Nafion fractions in the catalyst ink result in stable and favorable
microenvironments, increasing the local CO2/H20 concentration ratio and
promoting high CO surface coverage to facilitate C2+ production in long-term CO:2

electrolysis.



Building upon these insights regarding Nafion/solvent formulations, we utilized a
systematic methodology to optimize electrochemical CO:2 reduction on planar
glassy carbon substrates, which represent another widely used substrate for
preparing CLs for electrochemical CO2 reduction. We demonstrate that by simply
tailoring the Nafion/solvent formulations of catalyst slurries, one can modify the
properties of Nafion films on CuO-derived catalysts, thereby enabling the CO:2
reduction performance in COz electrolysis to be tuned. With the optimal formulation,
efficient mass transport and favorable electrochemical fragmentation of catalyst
particles can be realized on glassy carbon substrates, which progressively
enhances the production of Cz+ products with a remarkably high Faradaic efficiency
of 87% for over 200 h.

Overall, this work provides insights into the critical role of Nafion binders on
optimizing Nafion/solvent formulations as a means of enhancing performance of
electrochemical CO:z reduction systems. These findings highlight the importance of
engineering Nafion films to enhance electrochemical performance in varied

electrochemical applications.



Zusammenfassung

Die elektrochemische CO2-Reduktion zu wertschdpfenden chemischen Rohstoffen
ist von groBem Interesse fir die Speicherung chemischer Energie aus
erneuerbaren Quellen bei gleichzeitiger Verringerung der CO2-Emissionen aus
menschlichen Aktivitaten. Kupfer ist einer der wirksamsten Katalysatoren fur die
Umwandlung von Kohlendioxid (CO2) in Kohlenwasserstoffe oder sauerstoffhaltige
Verbindungen, leidet jedoch unter einer geringen Produktselektivitat und einer
begrenzten Langzeitbestéandigkeit. Aus diesem Grund werden CO2-
Reduktionskatalysatorschichten (CLs) haufig aus Tinten hergestellt, die
Katalysator-Nanopartikel und organische Bindemittel enthalten, die die Stabilitat
verbessern und gleichzeitig die lokale Reaktionsumgebung beeinflussen kénnen.
In dieser Hinsicht ist Nafion-lonomer, das aus hydrophoben Perfluorkohlenstoff-
Grundgerusten und hydrophilen Sulfonsdure-Seitenketten besteht, das am
haufigsten verwendete Additiv fir die Herstellung von CLs fur die elektrochemische
CO:2-Reduktion, aber seine Auswirkungen auf die Leistung der CO:2-Elektrolyse

sind noch wenig bekannt.

Hier untersuchen wir  zundchst  systematisch die Rolle der
Katalysatortintenformulierung bei der CO:2-Elektrolyse unter Verwendung von
handelsublichen CuO-Nanopartikeln als Modell-Préakatalysator und
Kohlenstoffpapier als Trager mit grof3er Oberflaiche. Wir stellen fest, dass die
Anwesenheit von Nafion fir die Erzielung stabiler Produktverteilungen wesentlich
ist, da es die Katalysatormorphologie unter den Reaktionsbedingungen stabilisiert.
Daruber hinaus regulieren der Nafion-Gehalt und die
Lésungsmittelzusammensetzung (Wasser-/Alkoholanteil) die innere Struktur der
Nafion-Filme sowie die Katalysatormorphologie, was sich erheblich auf die
Leistung der COz-Elektrolyse auswirkt, was zu Schwankungen des Cz+Produkts
FE um mehr als das Dreifache fuhrt, wobei C2+ FE auf Kohlepapiersubstraten
zwischen 17 % und 54 % liegt. Mithilfe einer Kombination aus Ellipsometrie und In-
situ-Raman-Spektroskopie wéhrend der COz-Reduktion stellen wir fest, dass

solche Selektivitatsunterschiede auf  Veranderungen der lokalen



Reaktionsmikroumgebung zurtickzufiihren sind. Insbesondere die Kombination
aus hohen Wasser/Alkohol-Verhéltnissen und niedrigen Nafion-Anteilen in der
Katalysatortinte fihrt zu stabilen und glinstigen Mikroumgebungen, die das lokale
CO2/H20-Konzentrationsverhéltnis erhéhen und eine hohe CO-
Oberflachenbedeckung férdern, um die C2+-Produktion in der langfristigen CO-
Elektrolyse zu erleichtern.

Aufbauend auf diesen Erkenntnissen lber Nafion/Lésungsmittel-Formulierungen
haben wir eine systematische Methodik zur Optimierung der elektrochemischen
CO2-Reduktion auf planaren Glaskohlenstoffsubstraten angewandt, die ein
weiteres weit verbreitetes Substrat fir die Herstellung von CLs fir die
elektrochemische CO:2-Reduktion darstellen. Wir zeigen, dass durch einfache
Anpassung der Nafion/Lésungsmittel-Formulierungen von
Katalysatoraufschlammungen die Eigenschaften von Nafion-Filmen auf CuO-
Katalysatoren verandert werden kdnnen, wodurch die CO2-Reduktionsleistung bei
der COq-Elektrolyse eingestellt werden kann. Mit der optimalen Formulierung
kénnen ein effizienter Massentransport und eine giinstige elektrochemische
Fragmentierung der Katalysatorpartikel auf Glaskohlenstoffsubstraten erreicht
werden, was die Produktion von Cz+-Produkten mit einem bemerkenswert hohen

Farada-Wirkungsgrad von 87 % uber 200 Stunden schrittweise verbessert.

Insgesamt bietet diese Arbeit Einblicke in die kritische Rolle von Nafion-
Bindemitteln bei der Optimierung von Nafion/Lésungsmittel-Formulierungen als
Mittel zur Steigerung der Leistung elektrochemischer CO2-Reduktionssysteme.
Diese Ergebnisse unterstreichen die Bedeutung der Entwicklung von Nafion-
Filmen zur Verbesserung der elektrochemischen Leistung in verschiedenen

elektrochemischen Anwendungen.



Chapter 1. Introduction

1.1 Background

The increasing levels of CO:2 in the atmosphere are a significant concern for the
environment, as they contribute to climate change and global warming. The
Intergovernmental Panel on Climate Change (IPCC) has recommended that global
greenhouse gas emissions need to be reduced by 50% by 2030 and reach net-
zero by 2050 to limit the increase of global temperatures to 1.5 °C above pre-

industrial levels.[

One promising approach to decrease CO2 emissions is through electrochemical
CO:z2 reduction. This process ideally uses renewable energy sources, such as wind
or solar, to convert CO2 into value-added chemicals and fuels in electrochemical
cells containing catalyst-coated electrodes immersed in electrolyte solutions.
Electrochemical CO:2 reduction has several advantages over traditional chemical
processes. First, it does not require high temperatures and pressures, which
reduces the energy consumption and operating costs. Second, it can use
renewable electricity sources, which can reduce the environmental impact and
carbon footprint of the process. Third, it has potential to sustainably close the
carbon cycle by utilizing atmospheric CO2 as a carbon source. Finally, it can
produce a wide range of value-added chemicals and fuels, such as methane,

ethylene, formic acid, and ethanol.?

Despite this promise, electrochemical CO2 reduction technology is still in the early
stages of development, and there are several challenges that need to be addressed.
One of the main challenges is to increase the selectivity of the process to produce
specific chemicals and fuels. Another challenge is to develop efficient and stable
electrocatalysts that can operate at low voltages and high currents. Additionally,
the cost of the materials used in the electrochemical cell needs to be reduced to

make the process economically viable.34



1.2 Motivation

Electrochemical CO:2 reduction to multicarbon products such as ethylene, ethanol,
acetate, and propanol is of great interest. Particularly, ethylene is an essential
chemical used in the production of various industrial products, such as plastics,
rubber, and textiles. The demand for ethylene and other multicarbon products is of
great significance, and it is expected to continue to grow in the foreseeable future.
According to the International Energy Agency (IEA), global ethylene demand was
around 170 million tonnes in 2020, and it is projected to grow at an average annual
rate of 3.5% through 2025 (IEA Global Energy Review 2021).5] However, the
traditional techniques for producing ethylene involve the steam cracking of
hydrocarbons, such as ethane, propane, and butane, followed by purifying
procedures, which are energy-intensive processes that generate significant
amounts of greenhouse gases.®! As a promising alternative, the electrochemical
CO2 reduction process offers a solution to produce ethylene using renewable
electricity, while reducing greenhouse gas emissions at the same time.[”8l

Nevertheless, the intrinsic electrochemical CO2 reduction process to produce
ethylene is not cost-effective and remains challenging, as it requires a high
activation energy to produce multicarbon products. This means that the process
requires high voltages to drive high current densities, which can result in low energy
efficiency and high costs. Additionally, the electrocatalysts used in the process

need to be selective and stable to avoid the production of unwanted byproducts.

To address these challenges, researchers have focused on developing efficient
and selective electrocatalysts for the electrochemical CO2 reduction process.
Copper (Cu)-based electrocatalysts have shown promise in selectively producing
ethylene with high energy efficiency. Researchers have explored numerous
approaches to enhance the selectivity and stability of Cu-based electrocatalysts,
such as structural engineering and modulation of the local reaction environment.
However, highly selective and stable production of specific multicarbon products

on Cu-based catalysts remains problematic.*9.1
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On the other hand, Nafion, a perfluorinated ionomer, is a widely used additive in
preparing electrodes or membranes for many electrochemical applications due to
its high proton conductivity, excellent chemical stability, and durability under harsh
conditions.'Y When added into catalyst inks for electrode preparation, the Nafion
ionomer can act as a stabilizing agent for the electrocatalyst, preventing its
degradation and improving its durability. More importantly, the formulation of the
catalyst ink in terms of solvent composition and Nafion content can modify the
structures and properties (e.g., thickness and porosity) of catalyst layers (CLs), as
well as the properties of Nafion itself at the catalyst surface. Previous studies have
recognized that interactions between Nafion ionomers and different solvents can
alter the connectivity/tortuosity, conductivity, and water uptake of Nafion thin films,
enabling the regulation of the environment surrounding the catalyst. It is expected
that these variations can have a profound impact on the reaction microenvironment.
For example, changes in CL thickness and porosity can significantly affect mass
transport and the reaction microenvironment during steady-state operation, thereby
influencing the production of multicarbon products in COz electrolysis.l*2 However,
systematic analyses of the role of catalyst ink formulations on CO2RR performance
characteristics are lacking, and clear design rules for optimization of activity,

selectivity, and stability are required.

11



1.3 Scope of this work

This work aims to systematically investigate the effect of catalyst ink formulations
in terms of Nafion content and solvent composition on the basic properties of hybrid
Cu/Nafion catalyst layers and their corresponding performance for CO2 electrolysis,
as well as the structural evolution of these catalysts and the local reaction
environment under working conditions. With the resulting insights, Nafion/solvent
formulations are tailored to enhance the selective and stable production of
multicarbon products in COz electrolysis. The main foci can be outlined in four main

topics as follows:

1. A fundamental study of the structure and properties of Nafion thin films
prepared with different Nafion/solvent formulations,

2. Investigation of the effect of Nafion/solvent formulations on Cu-catalyzed
COz electrolysis on carbon paper-based electrodes,

3. Rational design of Nafion/solvent formulations for enhanced production of
multicarbon products in Cu-catalyzed CO: electrolysis on glassy carbon-
based electrodes,

4. Investigation of underlying mechanisms by which Nafion/solvent
formulations impact Cu-catalyzed CO: electrolysis.

First, the fundamentals of electrochemical CO2 reduction will be introduced in
Chapter 2, in particular highlighting the current strategies developed for enhancing
CO: electrolysis and the importance of copper (Cu)-based catalysts for CO:2
electrolysis. Considerable attention has been given to devising methods for
achieving selective and efficient synthesis of specific products in CO2 electrolysis.
In addition to optimizing the electrochemical cell configuration, such efforts typically
focus on designing catalyst materials with tailored structures and modifying the
local reaction environment. These approaches will be discussed in Section 2.2.
Next, the importance of the electrochemical COz reduction on Cu is underlined. By

summarizing the performance characteristics of state-of-art Cu-based catalysts,

12



the problems concerning limited activity, low selectivity, and poor durability are

introduced in Section 2.3.

Chapter 3 presents a comprehensive overview of Nafion, covering its origin,
structure, morphology, and properties. Additionally, an introduction is provided on
the use of Nafion in CO: electrolysis. Generally, the information from the first three
sections of Chapter 3 indicates that the structure and properties of Nafion can be
greatly influenced by Nafion/solvent formulations (namely, the Nafion content and
solvent composition of Nafion dispersions). These critical dependencies comprise
several aspects, including the dispersion behavior of Nafion ionomers in liquid
solvent, as well as the morphology, structure, and corresponding properties (e.g.,
proton and water transport) of prepared Nafion films or membranes. This body of
knowledge has therefore led to the utilization of Nafion in various electrochemical
applications, and particularly, inspire researchers to modulate the local reaction
environment on catalyst surfaces using Nafion films to improve the performance of

CO: electrolysis (Section 3.4).

Having introduced the fundamentals and importance of both electrochemical CO2
reduction and Nafion, the mains results of this work are presented in Chapters 4 to
6. Briefly, these chapters detail systematic investigations of the effects of
Nafion/solvent formulations on pure Nafion films, catalyst layers, and the
performance of COz2 electrolysis in terms of activity, selectivity, and stability on two
commonly used substrates (i.e., carbon paper and glassy carbon). In addition, the
mechanisms of how Nafion/solvent formulations affect the structural evolution of
Cu catalysts and the local reaction environment on Cu surfaces in the course of
CO:2 electrolysis are studied by the combination of ex situ structural

characterization methods and in situ Raman spectroscopy.

In Chapter 4, we focus on the effect of Nafion/solvent formulations on the structure
and properties of casted Nafion thin films on Si substrates. First, a review of
Nafion/solvent formulations employed for the production of catalyst inks in recent
literature concerning CO: electrolysis is presented. As a result, we establish that
the reported formulations are mostly empirically chosen and currently there exist
no established guidelines for rational usage of Nafion and solvent mixtures in

13



preparing catalyst inks. To overcome this important knowledge gap, a systematic
investigation of the influence of Nafion/solvent formulations (i.e., Nafion weight
content and water volume fraction in mixed water-isopropanol solvents) on casted
Nafion thin films on Si substrates is carried out, which comprises a complementary
set of characterization methods aimed at examining how Nafion/solvent
formulations impact the properties and structure of the resulting Nafion films.

As a next step, the research focus moves from pure Nafion films to Nafion-coated
catalyst layers incorporating commercial CuO nanoparticles as the model catalyst.
In Chapter 5, the effects of Nafion/solvent formulations on Cu-catalyzed CO:
electrolysis on carbon paper substrates are systematically investigated from the
following perspectives: the fundamental properties of the catalyst layers, the CO2
electrolysis performance (activity, selectivity, and stability), and the local reaction
environment during operation (local concentration of CO2 and H20, and surface
adsorption of intermediates). Our results suggest that the Nafion/solvent
formulations used for preparing catalyst inks in CO:z electrolysis significantly
influence the activity, selectivity, and stability of the electrochemical CO2 reduction
process. The impact of Nafion on the reaction outcomes is pronounced and
includes three major aspects: the evolution of catalyst structure, modulation of local
microenvironment, and accumulation of surface adsorbates. The use of high-water
content of 50-75 vol.% in catalyst inks is found to optimize the quality of Nafion
films for improved CO:2 electrolysis performance. Although this study focused on
carbon paper-based electrodes, it is hypothesized that the dependence of ink
formulations on catalyst performance characteristics will also be observed on other

supports, such as commonly investigated glassy carbon substrates.

In Chapter 6, we extend our major findings obtained on carbon paper-based
electrodes to glassy carbon-based ones. The impact of Nafion/solvent formulations
on Cu-catalyzed CO: electrolysis is first examined again on glassy carbon
substrates. Interestingly, we find markedly different dependencies of COz2 reduction
performance on the catalyst ink formulations on the two different substrates.
Nevertheless, the performance of CO2 electrolysis on glassy carbon is also greatly

affected by tuning the catalyst ink formulations. Finally, the optimal formulation is

14



determined for the glassy carbon-based electrode, which is then subject to long-
term COz electrolysis over a period of 200 h. The robust durability of the catalyst is
confirmed by post-reaction structural characterization and the constantly improving
selectivity for multicarbon products is monitored over 200 h. Moreover, the
selectivity of ethylene production is constantly enhanced throughout 200 h due to
the electrochemical fragmentation of Cu nano-catalysts. These results successfully
demonstrate the concept of engineering Nafion/solvent formulations for enhanced
production of multicarbon products in CO:z electrolysis and provide a basis for

rational tuning of reaction outcomes in hybrid ionomer/catalyst layers.

15
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Chapter 2. Overview of electrochemical CO;

reduction

Electrochemical CO:2 reduction represents a promising approach to convert CO2
molecules into value-added chemical feedstocks and fuels using green electricity
generated from various renewable energy sources such as solar, wind, and tidal.
In this section, the fundamentals of CO: electrolysis are first introduced, after which
a literature review regarding strategies that have been developed for enhancing

CO: electrolysis and copper (Cu)-based catalysts for CO:2 electrolysis is provided.

2.1 Fundamentals of CO:2 electrolysis

It is noted that throughout this thesis, CO2 electrolysis exclusively refers to the
redox reaction consisting of the electrochemical CO: reduction reaction (denoted
as CO2RR) and the water oxidation reaction (i.e., oxygen evolution reaction, OER),

carried out in aqueous electrolytes.

2.1.1 Basic properties of CO-

Carbon dioxide, with the chemical formula COg, is a chemical compound consisting
of a carbon atom covalently double bonded to two oxygen atoms. At room
temperature and standard pressure, it exists as a gas. In its equilibrium geometry,
the carbon dioxide molecule exhibits linear and centrosymmetric symmetry and,
thus, lacks an electric dipole moment (Fig. 2.1). The length of the carbon-oxygen
bond in CO2 is 116.3 pm, which is significantly shorter than the average length of
a single C-O bond, which is approximately 140 pm, and shorter than most other
multiply-bonded C-O functional groups, such as carbonyls. More importantly, the
highly stable molecular structure of CO2 molecules introduces a large

17



thermodynamic barrier for the CO2 reduction reactions, which is further discussed
in Section 2.1.2.

O=C=0

Figure 2.1 (a) The chemical formula of carbon dioxide, CO2. (b) The space-filling
model of a single CO2 molecule.

While transparent to visible light, CO2 absorbs infrared radiation as a consequence
of excited asymmetric vibrational modes that possess dipole moments. Since these
vibrational transitions lie within the range of Earth’s blackbody emission spectrum,
CO:2 acts as a powerful greenhouse gas in the atmosphere. Currently, it is a trace
gas present in Earth's atmosphere, accounting for a concentration of approximately
0.04% by volume (or 421 ppm, based on data as of Feb 2023). Nevertheless, this
value represents a drastic increase of CO2 concentration in the atmosphere
compared to levels of ~280 ppm since the beginning of industrialization. The
primary cause is the combustion of fossil fuels, which is also the main contributor
to climate change. In addition, COz is soluble in water and upon dissolution forms
carbonate and bicarbonate ions (HCOz"), leading to ocean acidification as
atmospheric CO2 concentrations increase. The aqueous solubility of CO:2
(34 mmol L™, 300K, neutral pH) is dependent on several factors, including
temperature, pressure, and the presence of other solutes.*314 However, one of the
most significant factors affecting CO:z solubility in water is pH. At lower pH values
(acidic conditions), the solubility of CO2 in water is increased. This is because when
CO2 dissolves in water, it forms carbonic acid (H2CO3s), which can further dissociate
into protons (H*) and HCOs':

CO, + H,0 & H,C0; & H* + HCO3 2.1

18



At lower pH, the equilibrium of this reaction is shifted to the right, resulting in the
formation of more carbonic acid and an increase in the concentration of dissolved
COa.

Conversely, at higher pH values (alkaline conditions), the solubility of COz in water
is decreased. This is because, under alkaline conditions, bicarbonate ions can

further dissociate to form carbonate ions (CO3%):
2HCO; < CO, + H,0 + C0%~ 2.2

This shifts the equilibrium of the reaction to the left, reducing the concentration of
dissolved COz2. In summary, the aqueous solubility of COz2 is positively correlated
to the acidity of the solution, and inversely correlated to the alkalinity of the solution.

2.1.2 Introduction to CO, electrolysis

2.1.2.1 Thermodynamics

The electrochemical COz2 reduction reaction is the cathodic reduction reaction of a
complete redox process and is usually coupled with an anodic oxidation reaction.
It should be noted that dissolved CO2 molecules rather than bicarbonate or
carbonate ions are subject to the electrochemical CO:2 reduction reaction at the
cathode in aqueous electrolytes.['3 At the cathode, CO2 molecules utilize electrons

(e7™) and H* or water (H20) to produce various products (Reaction 2.3 and 2.4):
xCO, + nH* + ne~™ - product + yH,0 (under acidic conditions) 2.3
xC0, + nH,0 + ne™ — product + yOH™ (under alkaline conditions) 2.4

Meanwhile, at the anode, water molecules or hydroxide ions (OH") lose electrons

and are oxidized into oxygen (Reaction 2.5 and 2.6):
2H,0 — 4e” +4H* + 0, (under acidic conditions) 25

40H~ — 4e” 4+ 2H,0+ O, (under alkaline conditions) 2.6
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In CO2 reduction to hydrocarbons, aldehydes, and alcohols on Cu, CO plays a

crucial role as an intermediate (Reaction 2.7 and 2.8):
xCO + nH* + ne~™ - product + yH,0 (under acidic conditions) 2.7
xCO + nH* + ne™ - product + yH,0 (under alkaline conditions) 2.8

Therefore, CO electroreduction (COR) is an important reaction and the equilibrium

potentials for COR to various products are of interest as well.

Table 2.1 Summarized equilibrium potentials of reactions involved in CO2
electrolysis: the oxygen evolution reaction (OER), the hydrogen evolution reaction
(HER), and electrochemical CO2/CO reduction reactions to various products.

Reaction formulation E° (V vs RHE) Product

2H20 - O2 + 4H* + 4e” 1.23 Oxygen

2H* + 2" > H2 0 Hydrogen

CO2 + 2e” + 2H* - HCOOH@agq) -0.12 Formic acid

CO2 + 2e" + 2H* -» H20 + COyg) -0.10 Carbon monoxide
CO2 + 6e™ + 6H* - H20 + CH30H(g) 0.03 Methanol

COz + 8e” + 8H" = 2H20 + CHa(g) 0.17 Methane

2CO2 + 2e + 2H* —» (COOH)(s) -0.47 Oxalic acid
2CO; + 8¢ + 8H* - 2H20 + CH3COOHaq) 0.11 Acetic acid
2CO2 + 10e” +10H* — 3H20 + CH3CHOaq) 0.06 Acetaldehyde
2CO2 + 12" +12H* = 3H20 + C2HsOH(aq) 0.09 Ethanol

2CO2 + 12 +12H* — 4H,0 + C2Ha(q) 0.08 Ethylene

2CO2 + 14e” +14H* — 4H,0 + C2He(q) 0.14 Ethane

3CO2 + 16e” +16H* - 5H20 + C2H5CHO(aq) 0.09 Propionaldehyde
3CO; + 18e” +18H* - 5H,0 + C3H7OHq) 0.10 Propanol

CO + 6 + 6H* - H20 + CHa(g 0.26 Methane

2CO + 8¢ +8H* - H20 + C2HsOHq) 0.19 Ethanol

2CO + 8e” +8H" — 2H20 + CaHa() 0.17 Ethylene

Table 2.1 summaries the equilibrium potentials of various reactions that can be

involved in CO2 electrolysis.i! The equilibrium potentials for an electrochemical

20



CO:z2 reduction reaction to various gas and liquid products are calculated using the
Nernst equation, which relates the equilibrium potential to the standard reduction
potential (E°), the gas constant (R, at standard atmospheric pressure R = 8.314 J
mol? K1), the temperature (T in Kelvin), and the concentrations of the reactants

([reactant]) and products ([product]).

The general form of the Nernst equation for a reaction involving n electrons is:
E=E"-%mQ 2.9
nFr

where Q is the reaction quotient, which is the ratio of the concentrations of the
products to the concentrations of the reactants raised to their stoichiometric
coefficients, n is the number of electrons transferred in the reaction, and F is
Faraday's constant of 96485 C mol. The standard reduction potential can be
derived from the Gibbs free energy change (AG°®) of the redox reaction, using the
equation:

A o
Eo = —2& 210
nFr

The value of AG° can be obtained from thermodynamic tables or can be calculated

using the standard enthalpy and entropy changes of the reaction.

Notably, the equilibrium potential for electrochemical CO2 reduction reactions is
commonly reported relative to the standard hydrogen electrode (SHE) or the
reversible hydrogen electrode (RHE). The RHE is a widely used reference potential
for electrochemical reactions in aqueous solutions, and it is preferred for CO2
reduction reactions since HER can compete with the CO2 reduction reaction on the
surface of the electrode. The equilibrium potential for electrochemical CO:

reduction reactions relative to RHE can be calculated as follows:
Eys rug = Epssue + AE(SHE — RHE) 2.11
where AE(SHE-RHE) is the potential difference between SHE and RHE, which is

approximately 0.059 V at 25 °C.
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2.1.2.2 Electrochemical cells

There are several types of electrochemical cells that can be used for CO:2
electrolysis, each with its own advantages and disadvantages. Three common
types of cells used for CO2 electrolysis are H-type cells, flow cells, and membrane

electrode assemblies (MEAs, Figure 2.2).

Catholyte out ——s Erary Sace
— RE e T

= i
9§

" ~
o
€O, out
Catholyte in
H-type cell Flow cell b electrode bly (MEA)
Current density of: < 100 mA cm™ 0.1to1Acm? >1 Acm?
Substrate: glassy carbon, carbon paper Gas diffusion electrode (GDE) Membrane electrode & GDE

Figure 2.2 Comparison of three different electrochemical cell types, namely (a) H-
type cell, (b) flow cell, and (c) membrane electrode assembly (MEA). Along with
the cell configuration, the typical operating current density and the substrate used
for the working electrode are provided in the table. Reproduced from Ref.[16-18]

The H-type cell is a simple and widely used cell for fundamental analysis of CO2
electrolysis performance (Figure 2.2a). It typically consists of two compartments
separated by an ion exchange membrane, with the anode in one compartment and
the cathode, usually accompanied by a reference electrode, in the other. The
working electrodes, namely the cathodes, are typically made of a conductive
material, such as carbon, and are coated with catalyst materials to facilitate CO2RR.
The anode compartment is typically equipped with a counter electrode, such as a
platinum wire/mesh/foil electrode. Both compartments are filled with electrolytes,
which are normally aqueous buffer solutions, and are bubbled with CO2 gas to
achieve COz2 saturation in the electrolyte. Buffer solutions are frequently used in
electrolysis because they help to maintain a stable pH and can also help to prevent
corrosion of the electrodes during electrolysis. In CO2 electrolysis, bicarbonate or

carbonate buffer solutions are most commonly used.
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In the H-type cell, control of the reaction conditions is relatively straightforward. For
example, the flow rate of CO2 and the composition of the electrolyte can be easily
controlled. However, the mass transfer of COz2 to the cathode surface can be limited
in the H-type cell, which can reduce the efficiency of the process. To improve mass
transfer of CO: to the cathode surface, electrode materials and catalysts with
different morphologies, as well as different electrode geometries, can be used. In
addition, given the rather low solubility of CO2 gas in aqueous electrolytes,*®! the
CO:2 availability to catalysts can be severely limited at high operational current
densities, thus restricting the activity of CO:2 electrolysis in H-type cells. For
example, the measured current density in H-type cells is usually less than 100 mA
cm2.2% Moreover, H-type cells are normally limited to near-neutral operation for
CO:z electrolysis due to the reduced CO:z solubility under alkaline conditions, as
described before in Reaction 2.2. In brief, the H-type cell is a relatively simple and
cost-effective cell for COz electrolysis, making it a popular choice for many
fundamental studies. However, its efficiency may be limited, and other types of
cells, such as flow cells and membrane electrode assemblies, may be more

suitable for certain applications.

Flow cells are typically designed with two porous gas-diffusion electrodes (GDES)
separated by a membrane, with electrolytes flowing between the electrodes (Figure
2.2b). The CO: is fed into the cell through the cathode compartment, and the flow
rate can be adjusted to optimize the reaction conditions. Notably, on GDEs
catalysts can directly utilize CO2 at a solid-liquid-gas, namely solid catalyst-liquid
electrolyte-gaseous CO2, three-phase interface owing to the porous
microstructures of the gas diffusion layers (GDLs). In this case, the activity of
CO2RR would not be limited by the poor solubility of CO2 in aqueous electrolyte.
Instead, the current density of CO: electrolysis can be enhanced to ~1 A cm?, with
mass transport limitations eliminated and the large surface area of such porous
electrodes providing an abundant loading of active sites.?l The flow of the
electrolyte also provides a continuous supply of fresh reactants to the electrode
surface, which can increase the reaction rate and improve the product selectivity.
In addition, the flow of the electrolyte can help to remove reaction products from
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the electrode surface, which can prevent the accumulation of reaction

intermediates and increase the stability of the process.

The use of alkaline aqueous electrolytes, such as potassium hydroxide (KOH) and
sodium hydroxide (NaOH) solutions, is a common practice in CO: electrolysis using
flow cells. This approach provides a significant advantage, as basic electrolytes
can reduce the concentration of protons (H*) in the electrolyte, thus minimizing the
competing hydrogen evolution reaction (HER) and promoting CO:2 reduction
reaction (CO2RR). However, long-term operation of the gas diffusion electrodes
(GDEs) in these cells often leads to flooding problems, as electrolytes can leak into
the gas diffusion chambers and disrupt the three-phase interface, ultimately
interrupting the COz2 electrolysis process. Additionally, the residual CO2 molecules
at the interface tend to react with KOH or NaOH to form solid carbonate or
bicarbonate salts, which gradually obstruct the porous structures of the GDEs and
impede COz2 gas diffusion.?]

The membrane electrode assembly (MEA) has shown promise as an effective and
efficient method for highly efficient CO2 electrolysis (Figure 2.2¢). The MEA for CO2
electrolysis has a configuration resembling that of a proton exchange membrane-
based water electrolyzer or a fuel cell. Ideally, in a zero-gap MEA setup the polymer
membrane is sandwiched between the anode and cathode, resulting in minimized
ohmic resistance and improved energy efficiency. The scaling up of the electrolyzer
is made easy by stacking the MEA or expanding the electrode area. Humidified
gaseous COz is provided to the MEA, creating a three-phase-interface between the
catalyst and the membrane. Careful control of the relative humidity of gaseous CO:
is vital when operating MEA-based CO: electrolyzers. Inadequate CO2 humidity
may cause membrane dehydration problems and reduce durability, while
excessively high humidity levels may promote HER, resulting in poor product
selectivity. The elimination of the catholyte layer in the MEA-based CO: electrolysis
system helps to prevent electrolyte flooding in the cathodic GDL. However, liquid
products may accumulate in the GDL, clogging the pores and obstructing mass
transport. Consequently, numerous studies have focused on optimizing the MEA-

based gaseous CO: electrolysis system and developing specialized electrodes.?!
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In general, the use of three different types of electrochemical cells is determined
by the specific application requirements. H-type cells are commonly utilized in
laboratory-based investigations to assess the efficacy of new catalysts under
relatively low current densities. In contrast, flow cells and MEAs incorporating GDLs
are designed to facilitate the scaling up of CO: electrolysis processes, enabling
electrosynthesis to be performed at an industrial scale. However, numerous
challenges such as the formation of carbonate salts, water flooding,
anode/membrane deterioration, low CO2 conversion efficiency, and ion crossover
still need to be addressed before CO:2 electrolysis can be commercialized using

flow cells or MEAS, as summarized in Figure 2.3.

lon
Water crossover
flooding

co,
utilization
efficiency

Carbonate
salt
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Gas diffusion Microporous Catalyst
electrode layer layer

Figure 2.3 Schematic illustration of possible problems in gas diffusion layer (GDL)
based electrochemical cells, namely flow cells and MEAs, in the course of CO2
electrolysis. Reproduced from Ref.[3:21

2.2 Strategies for enhancing CO: electrolysis

Numerous efforts have been devoted to developing strategies to enable highly
efficient and selective production of specific products in CO2 electrolysis. In addition
to engineering electrochemical cell setups, these strategies mainly comprise the
structural design of catalyst materials and the modification of local reaction

environments, which are introduced in this subsection.
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2.2.1 Rational design of catalyst materials

Various catalyst design strategies, such as reducing the size to the nanoscale,
constructing a porous hierarchical structure, exposing specific facets, quantum
confinement, doping, alloying, and defect engineering have been developed to
manipulate the adsorption of reaction intermediates.[34922-311 A|| of these strategies
modify the electronic and geometric properties of the catalyst, which play a vital
role in COzRR.

Figure 2.4 depicts the catalyst design strategies for CO2RR. In general, the
electronic structure of a catalyst surface significantly influences the overpotential
and selectivity of the CO2RR by directly modifying the binding energies of reaction
intermediates. The geometric structure is usually associated with the catalytic site
density and arrangement, which can impact the product selectivity and current
density. However, it should be noted that these structural properties are often
inherently interconnected. For instance, nano-porous materials frequently contain
numerous grain boundary defects that possess unique electronic and geometric
properties. Doping or alloying one metal surface with a second metal inevitably
alters both the electronic and local geometric properties. In addition, quantum
confinement is another example of how nanoscale geometry can fundamentally
alter the electronic properties by restricting the spatial extent of the electronic

wavefuntion.
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Figure 2.4 lllustration of catalyst structural design strategies for the CO:2RR.
Copyright 2020, Elsevier.[??

2.2.2 Modulating local reaction environment

In addition to the structure of the catalyst itself, the local reaction environment
around the catalyst has a significant impact on the performance of CO: electrolysis.
The term "local reaction environment" refers to various physicochemical effects that
affect interfacial CO2RR near the catalytic site. The first group of effects includes
those that modify the intrinsic catalytic activity by altering the potential energy
landscape (Figure 2.5a). These effects can be further classified into those that
indirectly influence the reaction by changing the binding thermodynamics of the
catalyst (electronic modification, EM) and those that affect the reactivity of the
active center through spectator ligands or the interface with the electrode surface
(EM-spec and EM-supp, respectively). For heterogenized molecular catalysts, the

anchoring group can also influence the reactivity (EM-anch).
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Figure 2.5 Classification of the local chemical environment effects in CO2RR. (a)
Infuencing factors that affect the intrinsic activity of catalysts through either an
elelctronic modification of catalystic site or via non-covalent interactions with
modulators or reacrion intermediates. (b) Effects that control the local contentration
of solution constituents include the build-up of diffusion gradients to the surface
due to morphological effects and gradients formed due to the changes of chemical
environment on the surface. Copyright 2020, Springer Nature.[32

The second group of effects, demonstrated in Figure 2.5a, includes those that
directly influence the intrinsic catalytic activity through non-covalent stabilizing or
destabilizing interactions, termed as non-covalent interactions (NCI), with
substrate/product/intermediates. Such strategies make use of various modifiers,
including immobilized ligands, non-immobilized modulators, solvent-adsorbate
effects, confinement effects, and adsorbate-adsorbate interactions (NCI-
immobilized modulator, NCI-solution modulator, NCI-confinement, and NCI-

adsorbate effects, respectively). These effects modulate the immediate chemical
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environment of the reaction, and depending on the initial intrinsic material-

adsorbate energy, they can enhance or decrease the reaction rate.

The distinction between these two groups of effects is crucial as they have different
capacities to modulate catalysis. Universal changes in the energetics of the catalyst
and the binding energy of all intermediates occur due to electronic modifications
(EM). Conversely, molecular effects (i.e., NCI) are more nuanced, as the stabilizing

and destabilizing interactions vary for each intermediate.

The third group of effects involves the impact of the local concentration (LC) of
solution constituents such as CO2, H*/OH-, COs*, HCOs", H2COgs, counterions, and
water, which affect CO2RR and HER (Figure 2.5b). LC can be influenced by
diffusion gradients that arise due to surface-mediated reactions (LC-diff) or
concentration gradients that form as a result of differences in the local chemical
environment (LC-reg). The consumption of protons in CO2RR and HER increases
alkalinity in the vicinity of the electrode, reducing the concentration of hydronium
(HsO") as a competent proton donor and thus affecting the CO2 equilibrium. The
impact of this effect is greater for morphologies that reduce fast diffusion towards
the catalytic site. LC-reg, on the other hand, directly impacts the concentration
profiles of solution constituents at equilibrium without the reaction occurring by
introducing factors such as hydrophobicity that influence the hydrogen-bonding
network of H20 and solubility of COx.

More importantly, in continuous CO:2 electrolysis both the evolution of catalyst
structures and local reaction environment are dynamic and are highly correlated
with each other, which accounts for the dynamic evolution of CO2RR performance.
In most cases, a constant degradation of catalytic reactivity is monitored over time.
However, the underlying effects of the catalyst structural evolution and the change
of local environment remain to be investigated with the help of various in situ

characterization techniques, as discussed throughout this thesis.
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2.3  Cu-based catalysts for CO:2 electrolysis

Electrochemical reduction of CO2 has been a topic of study since the 1950s. In
1985, Yoshio Hori and colleagues were the first to quantify both gaseous and liquid
products in CO2 electrolysis in order to account for 100% of the Faradaic efficiency
(FE, Figure 2.6).3334 FE is a measure of the effectiveness of an electrochemical
process in converting reactants into a desired product. It is defined as the ratio of
the amount of electrons needed for the desired product generated by an
electrochemical reaction to the total amount of electrons consumed in the reaction,
taking into account any side reactions or losses. A FE of 100% means that all of
the participating electrical charge was converted to the desired product, with no
side reactions or losses.
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Figure 2.6 Product distribution of CO2 electrolysis at a constant current density of
5 mA cm? (based on geometric area) on various polycrystalline metal electrodes.
Copyright 2008, Springer.[34

In that work, Hori and co-workers performed constant-current electrolysis of CO2-
saturated 0.5 M KHCOs at 5 mA cm for up to an hour on various polycrystalline
metal electrodes. Subsequent studies using similar methods led to the
classification of metal electrodes into four groups based on their selectivity towards
different CO2 reduction products: (1) Pb, Hg, T, In, Sn, Cd, and Bi produce primarily
formate (HCOO"); (2) Au, Ag, Zn, Pd, and Ga produce mainly carbon monoxide
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(CO); (3) Ni, Fe, Pt, and Ti reduce a very small fraction of CO2 and instead almost
exclusively favor HER; and (4) Cu produces hydrocarbons, aldehydes, and
alcohols. Remarkably, Cu was found to uniquely produce complex multicarbon
products with relatively high Faradaic efficiency. As such, CO: reduction research
has largely focused on Cu-based materials, which remain the most active for
multicarbon products to this day, as described below.

2.3.1 Importance of Cu-based catalysts

Following studies have revealed that more than 16 different chemical products can
be detected in Cu-assisted CO: electrolysis under different potentials (Table 2.1
and Figure 2.7).1410]

These products include single carbon (C1) products such as carbon monoxide (CO),
methane (CHa), formate/formic acid (HCOO~/HCOOH), and methanol (CH3OH), as
well as multicarbon (C2+) products such as ethylene (Cz2Ha), ethanol (C2HsOH),
acetate/acetic acid (CH3COO/CHsCOOH), ethane (CzHs), n-propanol (PrOH),
acetone, acetaldehyde, ethylene glycol, propionaldehyde, etc.

Such a complex product distribution originates from the varied binding energies of
key CO2RR and HER intermediates, including *H, *OCHO (bound to the surface
through O), *COOH (bound to the surface through C), and *CO, which results in
complicated reaction pathways in Cu-catalyzed CO: electrolysis. These
intermediates are of great importance as they are related in the initial activation of

CO2 molecules at the beginning of CO2RR, as indicated in the following reactions:

* +C0O, + H" + e~ - * COOH 2.12
#*+ CO, + H* + e~ - % OCHO 2.13
*+ CO, + e~ - xCO; 2.14
*+H* 4+ 2e” >« H” 2.15
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In these equations, the symbol “ * ” is used to represent active sites on catalyst
surfaces. The reactions described in Equations 2.12 and 2.13 are known as
concerted proton-electron transfer (CPET) reactions. CPET reactions are important
for reducing reaction barriers because they allow for the transfer of both a proton
and an electron in a single step, which can decrease the overall energetic barrier
for the reaction. By transferring both the proton and electron together, the reaction
avoids intermediate steps that would require higher energy input. This makes
CPET an efficient mechanism for many chemical reactions, particularly those
involving redox processes.

a b H, and
80 Major Products 10 2
}-;yd C, Products
—=— Hydrogen 1
60 —=— Hydrogen
—e—Methane —e—Methane
|—— Formate o1 a—Formate
40
B 0ot —v-CO
» »— Ethylene —<— Methanol
¥ 1E3
»
0 &
10 Intermediate § 10 C, Products
Products E
= 4 > »— Ethylene
g 8 —e— Ethanol R —e— Ethanol
- L
g s »— n-Propanol 01 \ % —e— Glycolaldehyde
3 —e—Allyt aloohol - —e—Acetaldehyde
g 4 001 —#— Acetate
>
g, - —o— Ethylene glycol
3 Minor Products
[
—+— Methanol 10 C, Products
He 1-=—Giycolaldehyde 1 «—n+-Propancl
—e— Acetaldehyde —e— Allyl alcohol
04 1+ Acetate 01 o —#— Propionaldehyde
<e=ciiyere o 001 ' /‘~\ t‘;“’"e cet
—¢— Hydro) one
02 {—a— Propionaldehyde g
—v— Acetone 1E3
00 ]—<— Hydroxyacetone ik
42 A1 40 09 08 07 06 42 A1 40 09 08 07 06
Vvs. RHE Vvs. RHE

Figure 2.7 (a) Current efficiency for each product as a function of potential is shown
for major, intermediate range, and minor products. The current efficiency was
calculated by determining the number of Coulombs needed to produce the
measured amount of each product and dividing by the total charge passed during
the reaction time. (b) Partial current density as a function of potential for products
containing different numbers of carbon atoms, namely Ci, C2, and Cz products.
Adapted from Ref.[20]
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Generally, these reactions have been computationally studied to determine trends
in selectivity among post-transition metal surfaces. Previous findings suggest that
the intermediate *COOH is more likely to produce CO, while *OCHO is more likely
to form formic acid.[353¢] This assertion is widely accepted in the literature. Through
calculated binding energies, it has been found that such proposed mechanisms

generally agree with experimental results.

Specifically, post-transition metals such as Pb and Sn tend to bind CO: via oxygen
and are selective towards formic acid, whereas transition-metal electrodes tend to
bind via carbon. By only considering the hydrogen binding energy of the metal as
the key descriptor, it is possible to classify metals into three groups. The first group
includes metals that form primarily Hz2 with under potential-deposited hydrogen
(Hupd), the second group includes metals with H* at the CO2 reduction potential that
form mostly CO, and the third group includes metals with little or no H* at the CO2
reduction potentials that produce formic acid (Figure 2.8).

The binding energy refers to the energy required to adsorb an atom or molecule
onto a catalyst surface and is frequently used as a descriptor to understand
catalytic activity and selectivity. It is typically measured in electron volts (eV) and
represents the strength of the interaction between the catalyst surface and the
adsorbate. For the production of multicarbon products from further reduction of CO
on Cu, the AEco+ and AEw- binding energies are considered. This distinguishes Cu
from all other metals examined here since Cu does not enable Hupd wWhile it also
binds CO* (Figure 2.8b). As such, Cu catalysts can further reduce CO to

hydrocarbon products or partially reduce it to alcohol products.

Metals that exhibit excessive binding strength with CO can be deactivated due to
poisoning by this intermediate. Conversely, metals that have weak CO binding
ability will release it from the surface before it has a chance to undergo further
reactions. Hence, in agreement with the Sabatier principle, the intermediate CO
binding energy on Cu plays a critical role in its ability to act as a catalyst for CO2

reduction to products that have a greater reduction potential than CO.[7]
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Figure 2.8 Combined plot of the four proposed descriptors in CO: electroreduction
towards Hz, CO, and HCOOH. (a) The three-dimensional space of descriptors is
plotted with the coupled binding-energies (AEn+, AEcoon+, and AEncoor) with
respect to Au. (b) The plot of binding energies of the intermediates AEco- versus
AEw+. Data points for metals are color-coded on the basis of their classification
group and each background plane is colored to match the 2D projections of
energies and ellipses in (c), (d), and (e) for the AEncoo+ vs. AEcoon+, AEcoon* VS.
AEr+, and AEwncoo+vs. AEn-planes, respectively. Four groups of metals are
identified based on types of products: Hz (red), formic acid (yellow), CO (blue) and
beyond CO* (cyan). Reproduced from Ref.[38

Additionally, various investigations have demonstrated that CO adsorption on Cu
inhibits the competing HER by either blocking active sites or altering the binding
energy of H* (Figure 2.9). The extent of CO coverage on Cu is usually very high,
at least until transport limitations arise. Therefore, CO-induced poisoning of HER
is an important mechanism by which Cu sustains a high Faradaic efficiency for CO2

reduction in aqueous electrolytes.[3940]
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Figure 2.9 Overview of CO2 reduction reaction pathways on Cu towards different
products. Copyright 2018, Elsevier.*1

Since Hori's discovery in 1985 of the ability of Cu electrodes to reduce CO: to
hydrocarbons with high FE, a significant amount of research has been dedicated
to uncovering the underlying reaction mechanisms. Nevertheless, despite over
three decades of investigation, there is still a lack of agreement among researchers
regarding the reaction pathways for CO: reduction, particularly for the pathways
towards multicarbon products. The reduction of CO2 to multicarbon products on Cu
involves the formation of different surface intermediates, including *CHx (x =1 - 3)
and *COH. These surface intermediates are subsequently reduced to form different
hydrocarbons such as methane, ethylene, and ethane, among others, as depicted

in the reaction network scheme in Figure 2.9.

Overall, the electrochemical CO2RR on Cu is a complex process that involves
multiple intermediate steps, and the formation of different products depends on the

applied potential and reaction conditions. Accurate comprehension of the product
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formation mechanisms during COz reduction is imperative for the advancement of

more effective catalysts that can better satisfy industrialization requirements.

2.3.2 Performance of Cu-based catalysts in literature

The selective production of multicarbon products through deep reduction of COz2 is
highly important due to the superior energy density and broader applications of
these products.[84243] One example is ethylene, which serves as a precursor to
various chemicals, including polyethylene, and can also be used directly as fuel for
welding or as a component of natural gases. Traditionally, ethylene is produced
through CO or CO2 hydrogenation, which requires significant energy consumption
and has unavoidable environmental impacts. Conversely, utilizing renewable
electricity for the selective reduction of CO2 to ethylene represents a sustainable
and environmentally friendly pathway. 28l

Another significant Cz+ product is ethanol, which finds widespread use in fields such
as medicine, industrial chemical synthesis, food production, and as a fuel for
vehicles. Currently, the production of ethanol relies on either ethylene or
agricultural feedstocks, which both demand substantial energy inputs.*4 Selective
COz2 reduction to produce ethanol not only reduces CO2 emissions but also
generates economic benefits, making it a promising and sustainable alternative

approach.

Table 2.2 summarizes the performance of various Cu-based catalysts for
electrosynthesis of ethylene and ethanol from CO2 based on recent publications.
Remarkably, a record-high FE of ~87% for ethylene was achieved on polyamine-
incorporated Cu electrodes in an extremely alkaline electrolyte of 10 M KOH.3! As
for the selective production of ethanol, a maximum FE of ~91% was realized on Cu
clusters.[*8! Despite of high selectivity for production of ethylene and ethanol, the
production yield and durability of catalysts are currently still rather low. In most
cases, the measured current densities are less than 50 mA cm2, and the durability

of catalysts is usually estimated within 24 h of operation.
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Table 2.2 Overview of various Cu-based catalysts for electrochemical CO2
reduction to multicarbon products, particularly ethylene and ethanol, based on
recent publications.

Electrocatalyst Product FE Current density Condition Ref

Au@Cu C2Ha 44.9% ~32.1mAcm H cell; 147
@-1.11V vs. RHE 0.1 M KHCOs3

Cu clusters C2Hs 45% 262 mA cm™ Flow cell; 48]
@-1.07 V vs. RHE 1M KOH

Reconstructed CoHs 56% 17 mA cm™ H cell; 149]

Cu @-2.0 V vs. Ag/AgCI 0.05 M KHCO3

Hydrophobic Cu CoHs 56% 30 mA cm™2 H cell; 150]

dendrites @-1.1-1.5V vs. RHE 0.1 M CsHCOs

Abrupt Cu C2Ha 70% 75-100 mA cm™2 Flow cell; 151
@ -0.55V vs. RHE 7 M KOH

Surface modified ~ CzHa 72% ~ 319 mA cm™ Flow cell; 152]

Cu @-0.83 Vvs. RHE 1M KHCO3

Activated Cu CoHs 77.4% ~22.4mA cm™ H cell; 53]

nanowires @-1.01V vs. RHE 0.1 M KHCO3

Cu-Al CaHa 80% 400 mA cm™2 Flow cell; 154]
@-1.5V vs. RHE 1 MKOH

Defective Cu C2Ha 83.2% 60 mA cm™2 H cell; 1551

nanosheets @-1.18 V vs. RHE 0.1 M K2S04

Polyamine-Cu CaHa 87%+3% ~30mAcm™ Full cell, 1]
@2.02V 10 M KOH

Ce(OH)x modified ~ CzHsOH 43% 300 mA cm™ Flow cell; 156]

Cu @-0.7 Vvs RHE 1 MKOH

CusZns C2HsOH 46.6% ~4.9 mA c.m™ H cell; 187]
@-0.8 Vvs. RHE 0.1 M KHCOs3

Cun clusters C2HsOH 91% 1.2 mA cm™ Single cell; 1461
@-0.7 V vs. RHE 0.1 M KHCOs3

Overall, copper-based catalysts have attracted increasing attention in the study of

CO2RR due to their unique ability to produce various multicarbon (C2+) products,

such as ethylene, ethanol, and n-propanol, which can be readily upgraded into

commercial products through established industrial catalytic processes.** While

several CO2RR catalysts can generate single-carbon (C1) products (e.g., carbon
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monoxide and formate) with nearly 100% selectivity,[58-%2 selective conversion of
CO:2 to multicarbon products on Cu-based catalysts remains challenging.®®! As
summarized in Table 2.2, numerous strategies have been reported to enhance the
formation of Caz+ products, while also suppressing the production of both Ci
products and the competing HER. These approaches mainly include structure and
morphology engineering of Cu-based materials by surface modification,[31:45:64.65]
shape/size control,8%671 and alloyingl®®%, as well as the regulation of reaction
environments by adapting the electrolyte composition,267071 means of gas
transport,[’272 and types of ionomer films.[*27374 However, determining genuine
limits to catalytic performance remains challenging since several factors beyond
the nature of the catalyst itself can impact reaction outcomes. This is especially
true for the case of catalytic nanomaterials, where different deposition methods,
substrates, and ink formulations can influence key catalytic performance metrics,
such as activity, stability, and selectivity. Understanding how these factors affect
the electrochemical CO2RR and leveraging these dependencies to engineer
optimized systems is essential for further improving the performance of state-of-art
catalyst materials.

In the typical approach to preparing cathodes for electrochemical CO2 reduction,
inks are first created by dispersing catalyst powders into water/alcohol solvent
mixtures, after which they are deposited onto conductive substrates such as carbon
paper. lonomers are often added to these ink formulations to prevent
agglomeration of nanoparticles, as well as to improve their adhesion to substrates.
Nafion (perfluorosulfonic acid) is the most widely used ionomer for electrode
preparation in various electrochemical applications, including water splitting,
oxygen reduction, and nitrogen reduction, as well as for carbon dioxide reduction.*!]
The work presented in this thesis systematically investigates how the tuning of
synthesis parameters can be used to improve both the activity and stability of Cu-
based catalysts modified by Nafion films for production of multicarbon products
while maintaining or even improving their high selectivities. As a basis for
understanding these effects, a detailed description of Nafion is introduced in the
next chapter.
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Chapter 3. Fundamentals of Nafion

In this chapter, a comprehensive introduction to Nafion is given, including the origin
of Nafion, its structure, morphology, and properties, and its application in CO2

electrolysis.

3.1  Origin of Nafion

Nafion is the registered trademark of the first commercial perfluorinated sulfonic-
acid (PFSA) ionomer that was developed in the 1970s by the company DuPont.
PFSA belongs to a class of synthetic polymers with ionic properties that are called
ionomers, and is known for its remarkable ionic conductivity and chemical-
mechanical stability. Nafion and its derivatives were first synthesized by the
copolymerization of tetrafluoroethylene (TFE) (the monomer in Teflon) and a
derivative of a perfluoro molecule (alkyl vinyl ether) with sulfonyl acid fluoride
(Figure 3.1). The resulting product is a -SOzF containing thermoplastic that is
extruded into films. Hot aqueous NaOH is then used to convert sulfonyl fluoride (-
SO2F) groups into sulfonate groups (-SOz Na*). Finally, this Nafion precursor is
converted to Nafion through ion exchange in acidic solutions, resulting in its
common form, which contains sulfonic acid (-SOsH) groups.[® Importantly, Nafion
can be dispersed into solution by heating in aqueous alcohol at 250 °C in an
autoclave. Such solutions are useful for subsequent casting into thin films,
modification of electrodes, or as polymeric binders for preparing composite

electrodes,’® which is the focus of the present work.

In their bulk form, Nafion membranes are well known proton conductors that have
been used extensively for proton exchange membrane (PEM) fuel cells due to the
excellent chemical and mechanical stability of this material under harsh aqueous

reaction conditions. In recent years, with the increasing interest in a variety of
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electrochemical synthesis (electrosynthesis) processes, such as the production of
hydrogen, oxygen, and ammonia, as well as the conversion of carbon dioxide or
carbon monoxide to higher order chemicals, Nafion ionomer solutions have been
widely used as binders in the preparation of electrodes, especially for electrodes

based on nanomaterials.
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Figure 3.1 Synthesis scheme for production of Nafion according to the DuPont
process. Copyright 2006, Elsevier.[5

3.2 Structure and morphology

The general chemical structure of Nafion is that of a random copolymer composed
of an electrically neutral semi-crystalline polymer backbone
(polytetrafluoroethylene (PTFE)) and a randomly tethered side-chain with a
pendant ionic group, SOs (polysulfonyl fluoride vinyl ether), as shown in Figure 3.2.

Such functional groups are related to a specific counterion, namely SOs + H* —

SOsH. The highly dissimilar nature of the hydrophobic PTFE backbones and

hydrophilic terminal groups leads to natural phase separation, which is particularly
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enhanced via the solvation effect upon interaction with solvents (e.g., water).
Therefore, it is the intrinsic phase difference within the structure of Nafion that gives

it unigue ion- and solvent-mediating properties.
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Figure 3.2 The molecular structure of Nafion. The equivalent weight (EW) of Nafion
can be either defined as the grams of dry ionomer per ionic group, which is
inversely proportional to the ion-exchange capacity (IEC), or characterized in terms
of side chain properties via the equation EW = 100m + MWside-chain, Where m is the
number of TFE units and MWside-chain is the molecular weight of side-chain. Adapted
from Ref.[11

Due to variability in the repeating sequence of the Teflon backbone and lengths of
its side chains, Nafion can be produced in various chemical configurations, which
necessarily means the molecular weight (MW) is variable. Though the MW has
been estimated to be around 10°-10° Dalton (note: one Dalton corresponds to one-
twelfth of the mass of an unbound neutral atom of carbon-12 in its nuclear and
electronic ground state and at rest), Nafion is more frequently described by the
equivalent weight, EW, defined as the grams of dry polymer per ionic group (i.e., g
polymer/ mol SOs). The EW is directly related to the number of TFE units in the
backbone, m, via the relation EW = 100m + MWside-chain, Where the final term is the

side-chain molecular weight. For a given EW, the shorter the side-chain (or the
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lower its MW) of the Nafion, the higher its backbone fraction. Thus, both side-chain
length (size) and backbone length (m) control the EW and chemical structure of the
Nafion ionomer, as well as its phase separation behavior. From the typical bond
lengths, the extended side chain length can be estimated to be on the order of 0.8
nm and the extended backbone spacing between two side chains, uniformly
distributed along the backbone, can be estimated to be on the order of 0.6-1.2 nm
for Nafion possessing an EW of 1100 g/mol.[*1]

Despite the clear molecular-level understanding of the chemical composition of
Nafion, the structure and morphology of Nafion in its two general forms, including
in ionomer dispersions and in casted thin films, are not yet fully understood. The
reason for this is the complex structure and morphology over different length scales
and their strong dependencies on preparation routes, as well as their interactions
at interfaces and under operational conditions. As a consequence, numerous
studies have focused on this research topic in the past decades, and some
important findings of particular relevance to this thesis are introduced below.

3.2.1 Nafion ionomer dispersions

Owing to the considerable chemical and physical dissimilarity of its backbone and
side groups, Nafion cannot be completely dissolved in any solvent. However, it can
be dispersed well in the form of colloidal ionomer particle suspensions in a wide
range of liquids, such as water or organic solvents. The structure of Nafion ionomer
in dispersions has been shown to be governed by both the polarity of the solvent
and the solubility of the polymer backbone. The structural analysis of Nafion
dispersions by small-angle X-ray scattering (SAXS) techniques began in the mid-
1980s, soon after the basic procedures for creating dispersions of Nafion in liquid
media had been established. Welch et al. utilized small angle neutron scattering
(SANS) and fluorine (*°F) nuclear magnetic resonance (**FNMR) to examine the
morphology of Nafion ionomer (EW = 1000 g/mol, Na* form, 2.5 wt.%) aggregates
in different solvents.l””] As shown in Figure 3.3, three alternative forms of solvated
Nafion ionomer aggregates are revealed by SANS modeling, including a well-

defined cylindrical form in glycerol and ethylene glycol with varying solvent
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penetration, a less-defined but highly solvated large particle form (>200 nm) in
water/n-propanol mixtures, and a random-coil conformation (real solution behavior)
in N-Methyl-2-pyrrolidone (NMP).["8] Generally, for the case of dilute dispersions,
Nafion ionomers form aggregates at the nanoscale and their size and shape
depend on the type of solvents. In contrast, concentrated Nafion ionomer
dispersions are characterized by the bundling of ionomer aggregates to produce

larger secondary aggregates.

>200nm

In glycerol In water-2-propanol mixture In NMP

Figure 3.3 lllustrations of the morphologies of Nafion ionomer aggregates in
different solvents, including glycerol (a), a mixture of water and 2-propanol (b), and
N-Methyl-2-pyrrolidone (NMP, c). Reproduced from Ref. [78]

For electrochemical applications, the Nafion ionomer dispersions are typically
manufactured using mixtures of water and alcohol as the solvent. Therefore,
detailed understanding regarding the dispersion behavior of Nafion ionomer in
water/alcohol mixtures is of great importance as it is critical to the properties of
subsequently prepared Nafion thin films and films in solid form. Thus, the structural
characterization of Nafion ionomer aggregates in water/alcohol mixtures has been
extensively explored using various techniques such as SAXS, SANS, wide-angle
neutron scattering, dynamic light scattering (DLS), and nuclear magnetic

resonance (NMR) spectroscopy.[79-83l

Berlinger et al. corelated the structure of Nafion ionomer aggregates in
water/alcohol mixtures with its inherent acidity (Figure 3.4).8Y In particular, it is
known that PFSA is a superacid in solid form, with the side chain pKa (pKa = -
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logi0Ka Where Ka is the acid dissociation constant of the solution) reported to be
approximately —6.84 It is thus predicted that PFSA will exhibit some acidity as well
in dispersions. This inherent acidity is crucial to comprehending the electrostatic
interactions in ink systems, as the level of electrostatic repulsion is dependent on
the surface charge, or Zeta potential. It is well established that the Zeta potential is
heavily impacted by pH (for systems where protons are the determining ions, which
applies to the majority of systems). Thus, pH is a key factor in determining particle
aggregation. By adjusting the composition of water/alcohol solvents, the numbers
of accessible protons of Nafion ionomer can be varied. The acidity of dispersions
in water-rich solvents is found to be higher compared to those in solvents with a
higher proportion of n-propanol. For example, the proton dissociation in a
dispersion containing 90% water can be as much as 55% higher than a dispersion
containing 30% water. The differences in acidity result in variations in electrostatic
interactions and subsequently affect particle aggregation in dispersions (Figure
3.4). In particular, by combining cryo-TEM imaging with such pH-dependent data,
Berlinger and co-workers elucidated the ionomer aggregate conformation in
dispersion, particularly with respect to the orientation of the side chains versus the
backbone. Figure 3.4a schematically depicts this: at low Nafion and high water
concentrations, the backbones cluster together and then extend outward, allowing
nearly all the side chains to be solvated. In solvents that are rich in n-propanol,
there is a reduced driving force for the backbones to aggregate or for the side
chains to extend into solution, leading to the formation of rod-like aggregates with
a more basic pH. Additionally, as the ionomer concentration increases and
secondary aggregates form, there are fewer accessible protons, explaining why

higher weight percent dispersions exhibit lower pH values for all water contents.

In summary, the solvent used to disperse Nafion ionomer can have a significant
impact on the structures and properties of the resulting Nafion dispersion. Selecting
a solvent that is compatible with Nafion ionomer and results in the desired

properties is crucial for achieving optimal performance in applications.
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Figure 3.4 (a) Schematic of two-dimensional slice of possible structures
representing individual chains and aggregates of Nafion ionomers, showing the
side-chain orientation differences (pH differences) as a function of aggregation and
solvent content. (b) Measured pH of Nafion dispersions as a function of Nafion and
water concentrations. Reproduced from Ref.[4

3.2.2 Casted Nafion thin films

3.2.2.1 Effect of dispersion solvent type

Nafion films are typically prepared by casting Nafion dispersions onto a substrate
by means of spin-, dip-, or spray-coating, followed by drying and post-treatments.
The preparation methods and conditions, including the drying temperature,
significantly impact the characteristics of the resulting Nafion film. More importantly,
the influence of the solvent compositions on Nafion dispersions can persist even
after the dispersions are dried. Thus, the physical properties of a solvent, including
dielectric constant, solubility parameter, viscosity, surface tension, boiling point and
vapor pressure, will not only alter the structures of Nafion ionomer aggregates in
dispersion but also have a great impact on the formation of Nafion films by
influencing the interactions between Nafion ionomers themselves and with

substrates during the drying process (Figure 3.5).
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Figure 3.5 The physical properties of solvent and their effects on the microstructure
and macroscopic properties of Nafion dispersions, as well as evaporation rate.
Copyright 2023, MDPL.[8%

Controlling the physical properties of the solvent is a straightforward pathway to
tailor the microstructure and macroscopic properties of casted Nafion films. Indeed,
the physical properties of the dispersion medium can be finely altered by varying
the type of solvent or by using mixed solvents and varying their ratios. As described
above, water/alcohol mixtures are commonly used as solvents for various
commercial Nafion ionomer dispersions. However, the ratio of water and alcohol is
not necessarily optimal considering the varied requirements for Nafion films in
different applications. Therefore, the effect of the water/alcohol ratio on Nafion thin

films produced from dispersion must be carefully considered.

Berlinger and coworkers conducted a systematic examination of the effect of
dispersion solvent, which was varied by adjusting the water to alcohol ratios, on the
transformation of film morphology from dispersions to thin films, observed in real-
time using GISAXS. The aggregation behavior of Nafion ionomer in dispersion is
found to vary with water concentration, which influences the coalescence of the
films and the resulting nanoscale structure. As the water concentration in the
dispersion increases, the interactions between Nafion aggregates and their
ordering become more regular. The findings indicate that the films produced from
high water content dispersions have better inner network connectivity within a more

organized structure upon drying, leading to larger network domains compared to
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those made from low water content dispersions (Figure 3.6). This stronger
interaction is reflected in improved conductivity and reduced swelling (water
absorption) in subsequently hydrated films. Importantly, these differences caused
by the solvent remain unchanged even after thermal treatment, indicating that
annealing locks-in the differences in film formation caused by the varying solvent
compositions in the dispersion. In contrast, for unannealed films, the solvent history
can be at least partially eliminated upon exposure to pure solvents via
reconstruction. [#6]
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Figure 3.6 Proposed schematic depicting conclusions of structural measurements
of dispersion aggregation, thin films, and membranes for Nafion derived from high-
and low water/alcohol ratio solvents. Features are not drawn to scale. The thin film
diagram zooms into possible nanoscale/mesoscale structure (not meant to depict
the entire film), and depict the important role of increased inner network
connectivity from high water/alcohol solvents for improving ionic transport and
reducing water uptake and swelling. Copyright 2020, American Chemical
Society.[88]

Gao et al. also studied the water/alcohol ratio effect in Nafion thin films with
thicknesses of 50 to 110 nm in terms of the morphology and proton transport
properties using GISAXS and GIWAXS.I81 The decrease in isopropanol (IPA)
fraction from 54% to 2% by weight was found to promote formation of hydrophilic
domains in tightly packed Nafion thin films, accompanied by the formation of a
crystalline-rich phase in the hydrophobic domain, indicating strong
hydrophilic/hydrophobic domain separation (Figure 3.7). On the other hand, Nafion
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thin films casted with a 54 wt.% IPA solvent presented loosely packed structures,
the lowest degree of phase separation, and the smallest proton conductivity value.
The close arrangement of sulfonic groups on the exterior of Nafion molecules was
found to promote hydrophilic’lhydrophobic phase separation in tightly packed
Nafion thin films. This was found to arise from specific adsorption of Nafion
molecules due to the interaction between the sulfonic groups and the surface of the
Pt substrate used in that work. Indeed, previous studies have shown that the
interaction between sulfonic groups and substrates affects the morphology of
Nafion thin films on these substrates, which will be further introduced in the next

subsection.
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Figure 3.7 Schematic models of 110 nm (a) and 50 nm (b) thick Nafion thin films
on Pt substrates casted from dispersion with different fractions of isopropanol (IPA)
in the solvent comprising water-isopropanol mixtures. Reproduced from Ref.[57]

3.2.2.2 The impact of substrate

As suggested above, the substrate can greatly influence the morphology and
performance of Nafion thin films. The interaction between Nafion molecules and
the substrate surface is crucial, as it affects the specific adsorption of Nafion

molecules, which can lead to the development of hydrophilic/hydrophobic phase
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separation and shape the overall structure of the film. The properties of the
substrate, such as its surface roughness, charge, and hydrophobicity, also play a
role in determining the final outcome of the Nafion thin film. By understanding the
interplay between Nafion and the substrate, researchers can gain insights into how

to optimize the deposition of Nafion thin films for specific applications.

Based on current studies on PFSA thin films,[11.88-90] three thickness regimes can
be identified, as given in Figure 3.8: (a) an ultrathin film regime (< 15 to 20 nm thick)
with dispersion-like behavior, which is characterized by reduced phase separation
between the hydrophilic and hydrophobic domains and decreased hydrophobic-
domain elastic forces, (b) a thin-film regime in which confinement-induced changes
are observed in the film's structure and transport properties, leading to reduced
swelling, limited transport, and anisotropic nanostructure. The specific interactions
between the ionomer moieties and substrate result in further changes in
morphology, including local ordering of the domains at the substrate/film interface,
and (c) a bulk-like regime ranging from micrometers to hundreds of nanometers, in
which the ionomer film behaves like a bulk membrane and the substrate effect is
suppressed.fl

Between the ultra-thin (a) and thin film (b) regimes, there is a suggested critical
thickness of 50 to 60 nm where confinement effects become more pronounced, but
the transitions between regimes are not clearly defined. In particular, the impact of
annealing and substrate interactions on this critical thickness and transitions should
be noted. Properties such as diffusivity, permeability, and mechanical properties
may also deviate as a result of larger-scale morphological reorganization. Likewise,
the interaction between the substrate and the hydrophilic domains, as well as the
hydrophobic-domain forces via the main-chain (controlled by EW and crystallinity),
play a key role in defining the boundary between thin (Figure 3.8b) and thick (Figure
3.8c) film regimes for a given substrate. Reducing the EW could lead to better
phase separation and domain orientation by enhancing favorable interactions
between the ionic moieties and the substrate. !
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Figure 3.8 lllustration of the thickness-substrate interplay controlling the
nanostructure of Nafion thin films. The dominate influcening effect in interaction
between Nafion and substrate is (a) the weak phase-sparation for ultra thin Nafion
films of < 20 nm, (b) the confinement with strong substrate/film interaction, and (c)
the weak substrate effect for thick Nafion films of >200 nm, respectively.
Reproduced from Ref.[*1

3.2.2.3 The effect of post-treatment

It has been well documented that the morphology and properties of PFSA films and
membranes (whether extruded or cast) are strongly influenced by post-treatment
process (e.g., thermal treatment and ion exchange). Such post-treatments have
been shown to alter the water uptake, and transport coefficients (e.g., diffusivity),
density, permeability, ionic conductivity, selectivity, mechanical properties, and
thermal stability.[*]
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Figure 3.9 2D GIWAXS patterns of (a) unannealed and (b) annealed Nafion films
spin-cast on carbon supports. (c) Intensity profiles from the line cuts on 2D patterns
for these samples at angles of 0.160° and 0.200°. The nominal thicknesses of the
sample is ~232 nm and the annealing procedure was performed at 146 °C for 60
min. Reproduced from Ref.[]

To highlight the impact of thermal treatments on the structural properties of Nafion
films, Figure 3.9 shows GIWAXS profiles for spin-cast films on carbon, both
annealed and unannealed. The impact of the annealing process is evident from the
change of the strong and anisotropic WAXS scattering ring, which suggests
crystalline order (Figure 3.9a & b). Associated line profiles reveal that annealing
results in the formation of a crystalline peak at g = 12 nm1, next to the amorphous
peak at 10.5 nm1. This annealing-induced crystalline order with a spacing of 0.5
nm corresponds to the CF2 chains of PTFE crystallites and has been widely
observed in bulk Nafion membranes. The formation of such crystallites reduces
water uptake by increasing the backbone physical crosslinking, as seen in Figure
3.9¢ by shifts in the ionomer peak around g = 1.5 nm. As the films reach the size
of the crystallites, the impact of annealing is expected to decrease because the
chains become confined at these thicknesses.

In addition to thermal treatment, ion exchange processes also have a significant
impact on the structures and properties of Nafion films. The majority of commercial
Nafion ionomers are in the protonated form (-SOz—H*), which has the lowest
permeability but highest sensitivity to temperature changes. Replacing the H*
counterion in Nafion ionomer with larger cations reduces diffusivity due to changes

in connectivity and domain size, while also increasesing solubility because of
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stronger cation/sulfonate interactions that lower entropy.l®d Moreover, such ion
exchange can improve the thermal stability of Nafion films. This is because the
elastic moduli of cation exchange films increase linearly with the increase of the
cation radius as a result of large cations interacting with more sulfonate groups,
which leads to a further stabilization of the ionic cross-links and a reduction in the
side-chain mobility.[3!

3.3 Properties of Nafion films

Extensive studies have focused on various properties of Nafion films and
membranes, including water uptake and water transport, proton conductivity, gas
permeability, mechanical strength, thermal stability, and chemical stability.l*!]
These studies have helped to advance the understanding of Nafion films and have
contributed to the development of new and improved materials for various
applications. Transport processes in Nafion involve multiple mechanisms and
species that move through the matrix at various time and length scales. These
processes are often interrelated and have been studied using a diverse range of
diagnostic techniques that offer complementary data to identify and comprehend
the governing mechanisms and structure-function relationships. In this thesis, the
emphasis will be placed on the examination of specific transport properties, namely
water transport and proton transport, as these properties have significant

implications for electrochemical applications.

3.3.1 Water transport

Understanding the water transport behavior, including diffusion and uptake, in
Nafion films and membranes is crucial for optimizing their performance in various
applications. Here, it is important to consider that Nafion comprises hydrophilic
domains containing sulfonic acid groups that attract and hold water molecules, as
well as hydrophobic domains that consist of fluorocarbon chains that repel water.

As a result, water diffusion in Nafion is a complex process that involves both the
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transport of water molecules through the hydrophilic domains of the membrane and

the diffusion of water clusters or aggregates through the hydrophobic domains.

As depicted in Figure 3.10a, as water transports through the material, the
nanostructured morphology of Nafion facilitates both the swelling and growth of
water at the nanoscale, as well potential dissolution of the polymer chains, while
also providing a pathway for water molecule movement. The time required to reach
equilibrium water uptake at a given humidity level provides insight into the time

scale of water transport and interactions within the polymer (Figure 3.10b).1*4
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Figure 3.10 (a) Schematic comparison of water diffusion and uptake in Nafion films.
(b) Dynamic-vapor-sorption curves at different humidity intervals showing the
normalized mass change with time. Reproduced from Ref.[*1

In general, water transport and the hydration state are closely correlated. To

quantify this hydration state, the water uptake (WU, %) is commonly expressed as

wu = %wWa o 100 3.1
Wq

where Ww and W4 are the weights of the humidified and dry Nafion membranes,
respectively. The hydration number A, defined as the number of water molecules
per sulfonic acid group, is given by

WU x 10

=—— x 100 3.2
IEC XMW,,
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where IEC is the ion-exchange capacity of the membrane (e.g., for Nafion 117
membranes, IEC = 0.91 meq H* g™1), and MW, is the molecular weight of water
(18.01 g mol™1).1%4 A step-by-step mechanism has been established for the process
of water uptake within Nafion membranes and involves different hydration levels,
expressed in terms of this hydration number A, with A = 0 being the dry state, A =
1-3 being the low hydration level with isolated water molecules within Nafion, and
A > 3 being the high hydration level with H-bonded water molecule clusters (Figure
3.11). The molecular surroundings of water molecules, protonic substances, and
polar groups are analyzed in detail based on the hydration number of the

membrane.4
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Figure 3.11 Schematic representation of water transport in Nafion 117 membranes
at 70 °C. At A = 0.5, few water molecules are included in a cluster and most water
molecules are located in the vicinity of ionic functions. At A = 2, only 20% of water
molecules are included in clusters. At A = 5, 70% of water molecules are included
in clusters, respectively. Reproduced from Ref.[

NMR studies of Nafion have revealed the dynamic water behavior in terms of the
relaxation time, which refers to the time it takes for the nuclear spin system within
a sample to return to its equilibrium state after being perturbed by an external
magnetic field. The relaxation time of Nafion typically increases with increasing
hydration (A) (from ~10 to 200 ms), and temperature. At low hydration levels, the
molecular movement of water is dominantly affected by the acidity and mobility of
the SOsH groups to which the water molecules are coordinated, making water

reorientation easier in confined hydrophilic domains, as proved by the low NMR
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relaxation time. At higher hydration levels, the water transport behavior is more
influenced by the size of the hydrophilic domains and approaches that of bulk-

water.[99]

In practical applications, the water uptake and diffusion properties of Nafion can be
influenced by a range of factors, including temperature, pressure, and the presence
of other molecules or ions. For example, higher temperatures can increase the
mobility of water molecules and lead to faster diffusion, while the presence of other
ions can compete with the sulfonic acid groups for water molecules and reduce

water uptake.

3.3.2 Proton transport

Owing to its remarkable ionic conductivity, ion transport within Nafion films and
membranes has been extensively studied over the past ~3 decades. The transport
of water and ions, particularly protons, in Nafion is closely correlated and is
illustrated below in Figure 3.12.
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Figure 3.12 Proton conduction mechanism in hydrated Nafion membranes. (a)
Chemical structure and key structural factors influencing the proton transport, (b)
Illustration of vehicular/molecular and hopping/structural mechanisms for proton
conduction in Nafion. Reproduced from Ref.[11.96-98]
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The transport of protons depends not only on the presence of water, but also on
the nature of water, its interaction with the SOz~ groups, the length and
hydrophilicity of the side-chain, and the movements of the polymer chains (Figure
3.12a). This results in a complex process of proton conduction that involves
multiple sequential steps and interrelated processes. The process begins with the
dissociation of protons and the formation of ion-pairs with water or solvent at the
molecular scale, followed by water-mediated transport through hydrated domains
at the nanoscale and mobility within the water network at the mesoscale, where the
overall macroscopic conductivity is extensively influenced by restrictions imposed
by the internal tortuosity. The proton conduction in Nafion is typically due to two
main mechanisms: vehicular and hopping mechanisms. At low hydration, the
vehicular mechanism is dominant and the proton conductivity is realized through
the sluggish transport of solvated protons due to the relatively large steric
hindrance and incomplete hydrogen-bond network (Figure 3.12b). At high
hydration, the hopping mechanism dominates and involves a series of proton-
transfer reactions (bond breaking and forming) across an array of water molecules
interacting via hydrogen bonds. (Figure 3.12b). This hopping requires a faster
rotation and reorientation of water molecules, which contributes to promoted proton
conduction because the proton that enters the network is not the one that goes
out.[®

The proton conductivity of Nafion ionomers can be measured using various
techniques, such as electrical impedance, dielectric spectroscopy, or indirectly
through self-diffusion. However, the self-diffusion measurement only provides
vehicular conductivity and fails to account for hopping/structural diffusion. The ionic
conductivity can be calculated by determining the resistance (R), either in the plane
or through the thickness of a film, and converting it to conductivity () by considering

the transport length (L) and cross-sectional area (A):

K= —=— 33
R XA

Studies on Nafion conductivity have looked at factors such as hydration, thickness,

interfacial resistance, pretreatment, annealing, compression, stretching, and EW
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effects. It has been shown that conductivity increases as the EW decreases, a trend
that is more pronounced at higher hydration levels and temperatures due to the
higher water uptake of low EW Nafion membranes.[11,100.101]

The proton conductivity of Nafion films or membranes is also strongly dependent
on the water content within them. The water molecules facilitate proton transport
by acting as a medium for the movement of protons between the sulfonic acid
groups in the membrane. Therefore, the higher the water content, the higher the
proton conductivity of the membrane (Figure 3.13a). However, there is a limit to the
amount of water that can be held by Nafion. At low water content, the sulfonic acid
groups may not have sufficient water molecules to facilitate proton transport,
leading to a decrease in proton conductivity. At very high water content, the water
molecules may begin to cluster together and impede the movement of protons,
leading to a decrease in proton conductivity.
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Figure 3.13 The effects of water content (a) and temperature (b) on conductivity of
Nafion films or membranes. Adapted from Ref.[*1

The temperature also plays a critical role in the proton conductivity of Nafion. As
the temperature increases, the mobility of water molecules and protons in the
membrane increases, resulting in a higher proton conductivity. This temperature
dependence is related to the activation energy required for proton transport in the

membrane (Figure 3.13b).[*1]
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Overall, the water content and temperature have a significant impact on the proton
conductivity of Nafion films or membranes. The optimum water content and
temperature range for maximum proton conductivity depend on the specific
application and operating conditions of Nafion films or membranes. In the present
work, all electrocatalysis measurements are performed at room temperature and
under exposure to liquid water. Particularly, in CO2 electrolysis the availability of
water molecules and protons is of great importance to the local microenvironment

near catalysts.

3.4  Applications of Nafion in CO: electrolysis

In the final section of this chapter, the two main applications of Nafion ionomers in
CO: electrolysis are introduced. Namely, these take the form of: i) Nafion ionomer
dispersions used for producing catalyst inks that are deposited onto solid supports
to form catalysts layers, and ii) the application of Nafion films for modulating the
local reaction environment. While the former approach is extremely common in the
field, such preparations naturally lead to the latter effects, though they are often not

considered or understood in detail.

3.4.1 The usage of Nafion in preparing catalyst layers

As mentioned above, Nafion is the most widely used ionomer for preparing catalyst
inks and catalyst layers (CLs) in various electrochemical applications. CLs are
normally fabricated by casting the catalyst inks or slurries on conductive substrates,
followed by a drying process. Catalyst inks are usually prepared by uniformly
mixing solid catalyst powders, solvents, and Nafion ionomer into dispersions. In
such catalyst dispersions, Nafion ionomers help to improve the dispersity of
catalyst particles. Despite effective dispersion efforts, the complex interactions
between catalyst, Nafion ionomer, and solvent can still lead to the presence of
undispersed primary and secondary agglomerates. For instance, in the most
commonly used water/alcohol (1-propanol, isopropanol, methanol or ethanol)-

based catalyst inks, primary catalyst agglomerates surrounded by ionomer (known
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as primary catalyst-ionomer agglomerates), primary ionomer agglomerates that are
not absorbed, and secondary agglomerates formed by primary agglomerates may
exist (Figure 3.14).8% During the film and drying process, these primary and
secondary agglomerates assemble into a porous structure that forms the multiscale

structure of CLs.
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Figure 3.14 lllustration of the microstructure of the water/alcohol-based catalyst ink.
In such catalyst ink, possible agglomerates include primary catalyst agglomerates
surrounded by ionomer (i.e., primary catalyst-ionomer agglomerates), non-
absorbed primary ionomer agglomerates, and secondary agglomerates formed by
primary agglomerates. Copyright 2023, MDP|.[89]

The composition or microstructure of the catalyst ink affects a variety of
macroscopic properties of the ink, including its rheology (viscosity and thixotropy),
surface tension, and stability (material stability and colloidal stability). These
properties play a significant role in the film process and the resulting deposited ink
film, which in turn affects the multiscale structure of CLs. Therefore, the size, size
distribution, and shape of various agglomerates, absorbed ionomer content on the
catalyst, and the interface of catalyst/ionomer in the catalyst ink are crucial factors

that can affect the performance and durability of CLs (Figure 3.15). [8%]
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Figure 3.15 The microstructure and macroscopic properties of the catalyst ink, as
well as the resulting CLs, are influenced by the catalyst ink formulation and
preparation processes. Copyright 2023, MDPI.185

3.4.2 Tailoring local reaction environment with Nafion

Despite Nafion ionomers having been extensively used in preparing CLs for CO2
electrolysis for decades, their effects on CO: electrolysis and underlying
mechanisms remain poorly understood. Very recently, several studies reported the
modification of Nafion ionomer films on Cu-based catalysts and its influence on
electrochemical CO2RR, especially for the production of multicarbon

products.[12:21.74.1921 Two main representatives are introduced in detail below.

Pelayo et al. presented a novel catalyst-Nafion ionomer bulk heterojunction (CIBH)
architecture that enables the independent transport of gas, ions, and electrons
(Figure 3.16).24 This design consisted of a thin metal layer and an ultra-fine
ionomer layer that possess both hydrophobic and hydrophilic properties, allowing
for gas and ion transport at the nanometer to micrometer scale. As shown in Figure
3.16, the gaseous reactant availabilities in different gas-phase electrolysis
scenarios were compared based on modeling. The Nafion ionomer layer is
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estimated to facilitate gas flow until the gas is either converted at the catalyst
surface or diffused into the electrolyte, promoting CO:2 diffusion on a larger scale of
several micrometers. In contrast, for a typical catalyst configuration, CO2 diffusion
is limited to around 1 pm (as shown in Figure 3.16a-d).
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Figure 3.16 The limiting current in gas-phase electrocatalysis and ionomer gas-
liquid decoupled transport channels on catalyst without (a) and with (b) Nafion films.
Modeled gas reactant availability along the catalyst surface for standard (a) and
decoupled (b) gas transport into a 5 M KOH electrolyte. The scheme (e) and TEM
images (f) of the catalyst-Nafion ionomer bulk heterojunction (CIBH) highlight the
internal structure and mechanisms. (g)The performance of CIBH with different
loadings in CO: electrolysis. Reproduced from Ref.[21

With this in mind, the authors utilized the Nafion ionomer layer that has both
hydrophobic and hydrophilic properties, and it forms distinctive domains on the
metal surface that enhance gas and ion transportation routes. This happens
because gas transport is facilitated by hydrophobic domains present in the side
chain, which leads to a more extensive gas diffusion (Figure 3.16e). On the other
hand, water uptake and ion transport occur through hydrated hydrophilic domains.

The result of this is an increase in the reaction interface regime from the
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submicrometer to the several micrometer length scale, where gaseous reactants,

ions, and electrons come together at catalytically active sites.

When operating at 800 mA cm~2 in a flow cell, the FE of H2 was less than 10%, but
the FE for ethylene was beyond 60%. The total partial current for C2+ products
(ethylene, ethanol, acetate, and propanol) reached ~1.21 A cm™2 at a CIBH loading
of 3.33 mg cm™ (Figure 3.16g). According to previous findings from modeling
analysis, the enhancement observed in the process could be attributed to a ~400-

fold increase in the diffusion of CO2 compared to that in the bulk electrolyte.

In another example, Kim and coworkers demonstrated a favorable modification of
the microenvironment for CO2 reduction by utilizing ionomer films with bilayer
cation- and anion-conducting properties to manage the nearby pH levels (via
Donnan exclusion) and CO2/H20 ratio (via ionomer characteristics).'? By
combining this customized microenvironment with pulsed electrolysis, the authors
achieved even greater enhancements in the localized CO2/Hz20 ratio and pH,
resulting in selective C2+ production. This approach resulted in a 250% increase in
C2+ production (with 90% FE and only 4% for Hz) compared to static electrolysis
over bare Cu (Figure 3.17).
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Figure 3.17 (a) COzR performance at -1.15V vs. RHE using stacked ionomers on
Cu in the presence of 0.1M CsHCOs electrolyte. Schematic illustration of
Naf850/Sus/Cu (top, b) and Sus/Naf850/Cu (bottom, c) in terms of local CO2/H20
ratio (dimensionless) and spatial charge configuration. (d) Schematic depiction of
enhanced COzR using ionomers. Reproduced from Ref.[*2

In this case, a stacked double layer of ionomer film was introduced on Cu catalysts.
As mentioned above, Nafion thin films possess a high proton-conductivity but
hinder the transport of anions. Given this point of knowledge, the authors selected
Nafion ionomer films as the outer layer, which was deposited on top of another
inner anion-conducting layer of Sustanion (Sus) ionomer films on Cu catalysts. The
net result of the bilayer was to increase local pH via trapping OH" generated in
CO2RR and meanwhile restrict the transport of buffering bicarbonate ions from bulk

electrolyte into the microenvironment. As a consequence of the rise of local pH,
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HER could be greatly suppressed and in turn CO2RR could be enhanced (Figure
3.17). On the other hand, the inner layer of Sustanion, an anion conducting material,
exhibits a much higher CO2 solubility of ~703 mM compared to the value of ~36
mM for Nafion ionomer films. As a result, by synergistc control of both local pH and
molar ratio of CO2/H20 using both cation and anion exchanging ionomer layers, a
favorable microenvironment can be modulated for enhanced production of

multicarbon products.

In summary, these two works highlighted the importance of further understanding
the effects of Nafion on COz: electrolysis, thus inspiring the following research to
improve the performance of CO2 electrolysis by engineering of ionomer films on
catalyst surfaces.

3.4.2 Discussion

Generally, the dispersion of catalyst materials — especially nanoparticles — in
solvent can be promoted by Nafion ionomers because they consist of hydrophobic
PTFE chains and terminal hydrophilic sulfonic acid groups. Uniform deposition of
catalyst with reduced aggregation on electrodes increases electrochemically active
surface areas, thus ensuring high catalytic site loading and promoting the overall
activity, while strong molecule-solid interactions enable Nafion to serve as a robust
binder between the catalytic nanostructures and the support, thereby enhancing
long-term operational stability.[*%3! Furthermore, the large proton conductivity of
Nafion, its hydrophobic/hydrophilic interactions, and mass transport characteristics

can significantly affect the local environment in the vicinity of active sites.

It has been shown above that the catalyst ink formulation can modify the structures
and properties of resultant CLs, as well as the properties of Nafion at the catalyst
surface. Indeed, previous studies have recognized that interactions between
Nafion ionomers and different solvents can alter inner network
connectivity/tortuosity, conductivity, and water uptake of resultant Nafion thin films,
which  enables regulation of the environment surrounding the

catalyst.[86,103,105,106] While it is expected that this can have a profound impact
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on the reaction microenvironment, systematic analyses of the role of ink
formulations on CO2RR performance characteristics are lacking and clear design
rules for optimization of activity, selectivity, and stability are required. Indeed, the
ionomer/solvent formulations used in most studies are not rationally selected and
vary considerably from one study to another. Consequently, analyses of catalytic
function often neglect the critical role of Nafion in defining the reaction
microenvironment and many reported catalysts risk being evaluated with non-
optimal Nafion/solvent formulations that underestimate the true performance
characteristics of the underlying surface. Therefore, the goal of this work is to
systematically investigate the impact of Nafion/solvent formulations on Cu-
catalyzed electrochemical CO2RR, which is demonstrated in the following 3
chapters (Chapter 4 to 6).
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Chapter 4. The impact of Nafion/solvent

formulations on casted Nafion thin films

This fourth chapter begins with a literature review of Nafion/solvent formulations
used for preparing catalysts inks for CO: electrolysis, which serves as both
motivation for the experimental work, as well as a basis for selecting the range of
compositions of catalyst inks to be studied. Thereafter, the preparation of spin-
coated Nafion films is introduced, followed by a series of characterizations that
explore how Nafion/solvent formulations affect the structure and properties of the
prepared Nafion films.

4.1 Review of Nafion/solvent formulations in previous studies

The Nafion ionomer is the most widely used binder in numerous electrochemical
applications. Here, in Table 4.1 we summarize the catalyst ink formulations from
20 recent publications concerning CO2 electrolysis. Considering the diversity of
CO:2 reduction products and variations of catalyst ink recipes across different
research groups, 7 different major products, including HCOO-, CO, methanol
(MeOH), CHa, C2Ha, acetic acid (CHsCOOH), and ethanol (EtOH) are covered and
these 20 publications were selected from more than 10 different research groups.

In addition, both H-type cell and flow cell-based publications are involved.

As summarized in Table 4.1, a typical catalyst ink consists of three major
ingredients: catalyst powder, Nafion ionomer dispersion, and solvent. The mass
content of the catalyst material varies significantly among these studies, while the

final mass loading of catalyst on the substrates is usually around 1 mg cm-2.

Table 4.1 A summary of catalyst ink formulations, together with corresponding
testing conditions and electrochemical performance, reported in recent publications
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concerning electrochemical CO2 reduction.[16:30.107-1241 EE is short for Faradaic

efficiency.
Catalyst Major Substrate Catalyst ink formulations Ref.
product Meatalyst (MQ)-Vnafion (UL)-
Vsolvent (IJL)
In H-type cells
PdsAg nanowires HCOO- glassy carbon 1-6-250 (ethanol) o
. -10- [16]
Bi.O. nanotubes . carbon paper, 1-10-250 (50% water +
273 HCOO AvCarb P75 ethanol)
Cu,0 nanocubes CH, glassy carbon 4-100-1900 (80% water + v
isopropanol)
-10- ) [126]
Ag nanopowder CcO Sigracet 25 BC .10 10-1200 (50% water +
isopropanol)
Sulfur-doped indium HCOO- Toray TGP-H-060 10-20-1000 (50% water + 117
catalyst carbon paper isopropanol)
- [118]
CuO-CTAB HCOO- ?irrg‘;r_‘ogbe’ Paper.  1.0-1000 (ethanol)
- [119]
CoPc-NH,/CNTs MeOH 'Crirrg?/nof:ls%re Paper, 5 6.2000 (ethanol)
[120]
g&ﬂglla(;g;/)anine CH, glassy carbon disk 2-12-2000 (methanol)
N 591
NiPc—OMe MDE co &:O%goray, TGP- 5.17-1000 (ethanol)
Cu,Sn, alloy HCOO-  AvCarb MGL 190,  20-0-1000 (ethanol) el
4-10-400 (50% water + 1127]
CH
CumCeOx catalysts oM, glassy carbon ethanol)
In flow type cells
InP colloidal quantum . carbon cloth, 1107]
dots ! HCOO CeTech W1S1010 0.24-10-600 (methanol)
f [110]
Cu-based bimetallics C,. (BBSL Sigracet 29 3-3-1440 (isopropanol)
¥ - n T [111]
ES/IEA functionalized co (BBSL Sigracet 29 10-10-1000 (isopropanol)
f [112]
Cu, Ag, Sn NA glg:_acet 29BC 25-20-3000 (isopropanol)
f [113]
Cu nanosheets CH,COOH glg:_acet 29BC 25-20-3000 (isopropanol)
f [114]
Cu powder C,. glg:_acet 298BC 100-40-2500 (isopropanol)
AgSn/SnOx . . 50-20-2400 (50% water + 115]
nanoparticles HCOO Sigracet 25 BC isopropanol)
EtOH 20 [116]
Fluorine-modified Cu ’ GDL, YLS-30T 10-20-1000 (25% water +
CH, isopropanol)
Ni-PACN co GDL, Sigracet 13-100-5000 (33% water + 1124]

39BC

isopropanol)

It should be noted that although Nafion ionomer is of great importance for the
durability of catalyst layers and electrodes, a few studies still choose Nafion-free

catalyst inks.[3%118 The Nafion weight ratio, defined as the ratio of the mass of
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catalyst materials to the total weight of solvent, is compared in Figure 4.la.
Regardless of electrochemical cell configuration, the calculated Nafion weight ratio
ranges from 0 to 0.25 wt.%, implying a significant variation in Nafion usage across
these studies.
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Figure 4.1 Analysis of Nafion weight ratio (a) and water content (b) in recently
reported catalyst ink formulations (based on Table 4.1) for electrochemical CO2
reduction. The x-axis is represents the different publications in randomized fashion
for illustrative purposes, with the actual references are provided in Table 4.1.

The solvent composition of catalyst ink is also analyzed. Remarkably, 60% of
publications use absolute alcohol as the solvent, while the rest use water/alcohol
mixtures to disperse catalyst materials. The preference of water-free alcohol-based
solvent is very likely due to the quick drying process when depositing catalyst inks
that is enabled by the lower bolting points and higher vapor pressures of alcohols
relative to water. Similarly, the water content, defined as the ratio between the
volume of water and the total solvent volume, is estimated Figure 4.1b as another
important parameter to evaluate Nafion/solvent formulations. For those water-
containing inks, the water content varies from 20 to 80%. High water content inks
are rarely used as the slow evaporation rate of water inevitably leads to long drying
processes for preparing catalyst layers. Therefore, the frequently used water-
containing inks are of less than ~50 vol.% H20O.
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In summary, after examining the Nafion weight ratio and water content of various
catalyst ink formulations previously reported in the literature, we can draw the
following conclusion: There is significant variation in the reported catalyst ink
formulations across different publications and groups, and it is likely that these
formulations were developed empirically, and in many cases with little
consideration of the role of solvent formulation on eventual catalytic function. These
results suggest that there are currently no established guidelines for designing
catalyst ink formulations, particularly in terms of Nafion content and solvent
composition. Furthermore, analysis of recent electrochemical CO2RR literature
reveals that the Nafion content in catalyst inks varies over a broad range, from 0
wt.% to 0.50 wt.%, while the water content in water/alcohol solvent mixtures ranges
from 0 vol.% to 80 vol.% (Figure 4.1). The pervasive inconsistency in Nafion
content and solvent composition within catalytic ink formulations reflects the poor
understanding of their effects on electrochemical COz2RR. To address these issues,
systematic studies of Nafion/solvent ink formulations and their roles in CO:2
electrolysis are in urgent demand.

4.2 Preparation of casted Nafion thin films

As a starting point for understanding how ink formulations influence
electrochemical CO2RR, it is useful to first explore the roles of Nafion content and
solvent composition on the structures and morphologies of deposited Nafion films.
Previous studies of nanoscale Nafion films and microscale membranes have
revealed that the dielectric constants of different solvents can alter the dispersion
of Nafion ionomers in solution, which results in drastic structural changes of

solution-derived Nafion films (Figure 4.2, also see Chapter 3). [66:103-105]

As shown in Figure 4.2, Nafion dispersions in low dielectric constant solvents (e.g.,
n-PrOH) lead to loose ionomer aggregates with linked sulfonic acid terminal groups.
In contrast, high dielectric constant solvents (e.g., water) yield tightly packed
aggregates with strong backbone interactions, resulting in improved inner network
connectivity and reduced swelling upon Nafion film formation, as well as enhanced

ionic conductivity and decreased water uptake.[®® Thus, we hypothesize that it
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should be possible to tune the structure of Nafion films surrounding catalyst layers
by adjusting both the water/n-PrOH ratios and total Nafion content within catalyst
ink formulations, thereby allowing controlled modification of key properties that can
affect the CO2RR, such as thickness, ionic conductivity, mass transport coefficients,
and local microenvironments (e.g., pH, CO concentration, and CO2/H20 ratio).
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Figure 4.2 Schematic illustration of the effects of Nafion/solvent formulations on
the resulting Nafion films based on previous studies.[78.86.105]

To verify the expected dependence of the properties of deposited Nafion films on
ink formulations, we first examined pure Nafion films prepared by spin-coating
dispersions containing different concentrations of Nafion and water on Si wafers
(p-type, thickness: 525 um). For this, formulations with seven Nafion weight
fractions (0, 0.005, 0.025, 0.05, 0.125, 0.25, and 0.5 wt.%) in water/n-PrOH solvent
mixtures containing four water volume fractions (0, 25, 50, and 75 vol.%) were
investigated (Table 4.2). Thus, 28 ink formulations were prepared in total. These
different compositions were selected to span the majority of ink compositions
reported in the literature (Figure 4.1). As demonstrated in previous studies,
annealing of as-prepared Nafion films is able to lock-in the internal structural
differences caused by the varying Nafion/solvent formulations.®® Thus, we
annealed all freshly prepared Nafion films at 80 °C prior to all measurements

presented in this thesis.

Table 4.2 All Nafion/solvent formulations investigated in this thesis for the
production of Nafion dispersions. For water-containing formulations, n-propanol is
used as the balance.
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4.3 Structures and morphologies of casted Nafion thin films

We first examined the chemical structure of thus-prepared Nafion thin films on Si
wafers. Fourier-transform infrared spectroscopy (FTIR) of Nafion films with different
thicknesses can provide important insights into the chemical and structural
properties of these films (Figure 4.3). Basically, all characteristic chemical bonds
or functional groups within Nafion, including CF2z units in the main chain, C-O-C
bonds at the connections and SOs™ groups at the terminal of side chains, were
probed in the spectra. The C-F bonds are part of the fluorocarbon backbone of the
polymer and are responsible for the high chemical stability of the films, as well as
their hydrophobic and proton-conducting properties. When the film thickness is
increased from 2.4 nm at 75 vol.% Hz20 to 7.5 nm at 0 vol.% Hz0, the local
environment around the C-F bonds can change, affecting the vibrational frequency
and intensity of the C-F stretching band. Specifically, as the film thickness
increases, the number of neighboring polymer chains and the degree of molecular
ordering may increase, resulting in stronger intermolecular interactions between
adjacent polymer chains. This can lead to changes in the molecular conformation
and rigidity around the C-F bonds, causing a shift in the C-F stretching frequency
to a higher value. As a result, the corresponding peaks for the vibrational modes of
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vas (CF2) around 1155 cm? and 1230 cm™ both constantly shift to larger
wavenumbers with increasing film thickness.

Walter content-Thickness
0 vol %-7.5 nm
25vol%-6.3 nm
—— 50 v0l.%-3.7 nm
—— 75 v0lL%-2.4 nm

Ve (CFp) v, (803)
vas (CFZJ
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Figure 4.3 Fourier-transform infrared spectroscopy (FTIR) of Nafion films prepared
with 0.25 wt.% Nafion dispersions with different water contents (0, 25, 50 and 75
vol.%). The thickness of Nafion films was measured by spectroscopic ellipsometry
as introduced in Figure 4.8.

Next, AFM images in Figure 4.4 and Figure 4.5 show representative surface
morphologies of four dry Nafion films prepared from 0.5 wt.% and 0.25 wt.% Nafion
dispersions, respectively, containing four different water fractions on polished Si
substrates. All measured films were uniform, though the surface roughness was
the largest for the case of absolute n-PrOH (0.48 nm at 0.5 wt.% and 0.41 nm at
0.25 wt.%) and decreased with increasing water content from 0.35 nm (at 0.5 wt.%)
and 0.36 nm (at 0.25 wt.%) at 25 vol.% to 0.13 nm (at 0.5 wt.%) and 0.12 nm (at
0.25 wt.%) at 75 vol.%, respectively (Figure 4.4 and Figure 4.5). Moreover, with
increasing water content, the porous structures within the film became smaller with
less swelling, as indicated by the 3D AFM images in Figure 4.4 and Figure 4.5, in
agreement with the expectation for higher network connectivity and smaller pore
dimensions in films derived from higher water content solvents (as illustrated in
Figure 4.2).
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Figure 4.4 Atomic force microscopy (AFM) images of Nafion films prepared by
spin-coating Nafion dispersions (made of commercial Nafion dispersions and
solvent of water/isopropanol) on Si wafers. These dispersions contain 0.5 wt.%
Nafion and different water contents (0 vol.%, 25 vol.%, 50 vol.%, and 75 vol.%).

a b c d
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e
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Figure 4.5 Atomic force microscopy (AFM) images of Nafion films prepared by
spin-coating Nafion dispersions (made of commercial Nafion dispersions and
solvent of water/isopropanol) on Si wafers. These dispersions contain 0.25 wt.%
Nafion and different water contents (0 vol.%, 25 vol.%, 50 vol.%, and 75 vol.%).
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Figure 4.6 2D GISAXS data of Nafion films prepared by spin-coating dispersions
(made of commercial Nafion dispersions and solvent of water/isopropanol) on Si
substrates. These dispersions contain 0.5 wt.% Nafion and different water contents
(0 vol.%, 25 vol.%, 50 vol.%, and 75 vol.%). The positions for performing the
horizontal line cuts used to produce Figure 4.7 are denoted with the red line.

The morphological differences observed by AFM are also confirmed by GISAXS
measurements (Figure 4.6) of Nafion films. In small-angle X-ray scattering, the q
value refers to the magnitude of the scattering vector, which is defined as the
difference between the wave vector of the incident X-rays and that of the scattered
X-rays. The scattering vector, q, is related to the scattering angle, 6, and the X-ray

wavelength, A, by the equation:

q = — sin- 4.1
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The q value provides information about the size, shape, and distribution of
structures or particles in a sample. Small g values correspond to large structures,

while large q values correspond to small structures.

As analyzed in Figure 4.7, the horizontal line cuts of 2D GISAXS data revealed a
shift of the gy value of the domain structure from 0.025 to 0.075 nm-! and, thus, a
decreasing pore size as the water content was increased from 0 vol.% to 75 vol.%.
The smaller pore size and more densely packed structures are consistent with
better inner connectivity and suggest higher proton conductivity of Nafion films

derived from higher water content solvents.87]
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Figure 4.7 Horizontal line cuts of the 2D GISAXS data (from Figure 4.6) of Nafion
films prepared with 0.5 wt.% Nafion solutions with different water contents.

In summary, the solvent composition of Nafion dispersions drastically affects the
morphology and structure of the prepared Nafion films. Increasing water content in
Nafion dispersions leads to less swelling and smoother Nafion films with smaller
porous structures compared to those prepared from water-free or low-water-
content dispersions.
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4.4 Thicknesses of casted Nafion thin films

The thickness of Nafion films is another important characteristic parameter, which
is linked to the transport efficiency of species such as CO:2 gas, protons, buffering
ions, reaction intermediates and products between the catalyst surface and the bulk

electrolyte.

Ellipsometry is a powerful and non-destructive optical technique that can be used
to measure the thickness of thin films with high precision. It works by measuring
the change in polarization of light as it reflects off various interfaces on and within
a sample. As light reflects from the upper and lower interfaces of a thin film, its
polarization state changes and interference fringes are generated. These changes
are governed by the optical properties of the material and its thickness, which can
be detected using a spectroscopic ellipsometer (as depicted in Figure 4.8a) and
subsequently modelled.

30
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! £ v 0.25wWt%
' 7] * 05wWtL%
]
Polarizer Analyzer g
-5 10
Compensator Compensator =
(optional) (optional) = :\\_\*
Nafion thin films o \
Si T v T T
0 25 50 75

Water content (%)

Figure 4.8 (a) Schematic depiction of a spectroscopic ellipsometer. (b) Estimated
thicknesses of Nafion films prepared with different Nafion/solvent formulations
using spectroscopic ellipsometry.

The blank Si substrates were first characterized via ellipsometry and the thickness
of the native oxide (SiOz) layer was measured to be ~2 nm. Then, dry Nafion films
spin-coated on Si substrates were subject to ellipsometry investigations. These
films were produced from Nafion dispersions comprising five Nafion weight ratios
and four water volume fractions (Figure 4.8b). A multilayer model for Si/SiO2/Nafion,

consisting of library functions for the Si substrate and native oxide (Si: Si-JAW;
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SiO2: SiOz2_JAW), as well as a Cauchy model for Nafion, was built to fit the
ellipsometry data and to estimate the thickness of as deposited Nafion films.

Film thicknesses increased with increasing Nafion content: for the case of 0 vol. %
water (75 vol.% H20) the thickness increased from 0.3 to 20 nm (0.1 to 4.5 nm) as
the Nafion content increased from 0.005 to 0.5 wt.%. As indicated by these values,
the Nafion film thickness decreased with increasing the water fraction. For example,
the measured thickness of films prepared with 0.5 wt.% Nafion decreased from 20
nm at 0 vol.% H20 to 4.5 nm at 75 vol.% Hz0.

Such a trend of thickness was further verified by the FTIR spectra in Figure 4.3 as
the change in thickness can significantly affect the position and absorbance of
characteristic peaks of the infrared spectra of Nafion films. As the thickness
reduced from 7.5 nm at 0 vol.% H20 to 2.4 nm at 75 vol.% H20, the major peak
assigned to vibrational modes of Vas (CF2) and Vas (SO3™) constantly shifted from
1230 cm™ to 1245 cm'?, and its corresponding absorbance continuously decreased
as well. This finding is in good agreement with previous studies!?8l,

These results indicate much thinner films can be obtained with formulations of low
Nafion and/or high water content. Furthermore, a generally weaker dependence of

thickness on the Nafion weight ratio with increasing water content is observed.

4.5 Water uptake of casted Nafion thin films

As the prepared Nafion films are all dehydrated in the annealing treatment, they
will take in water molecules when exposed to water or immersed in aqueous
electrolytes. Such water uptake behavior of Nafion films has been introduced in
Chapter 3, and is evaluated here by measuring the water content within Nafion
films. In particular, to determine the water content, the thicknesses of Nafion films
were recorded in an in situ ellipsometry cell (fixed incidence angle: 70.23°) at
different humidities. The humidity was controlled to be 0 and 100% by first purging
the cell with N2 (99.9999%, Linde) at a flow rate of 400 sccm for 1 h (0% humidity),
after which humidified N2 gas that was bubbled through a 25 °C (room temperature)
water bath was fed to the cell for 1 h (100% humidity).
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The change of thickness (AT) between 0% (To) and 100% (T100) humidity was used
to derive the swelling factor (a) and water content (i) according to the equations

below:
o= (Tyoo — Tp)/To = AT /T, 4.2
p = LEWNaPHz0 01 H,0/mol SO3- 4.3
PNaf Mu,0

where EWnat is the equivalent weight (1100 g polymer per mole SOz’) of Nafion
ionomer dispersion, pnar is the density of Nafion ionomer (2.075 g/cm3), and py,o
and My,, are the density and molar mass of water, respectively.!?®! The

corresponding molar water concentration within the Nafion films, cy,, is thus:

X PHz0
CHZO — MPNaf _ 2 4.4

EWnaf MHu,0

Quantitative values were obtained for the Nafion films prepared from 0.5 wt. %
Nafion dispersions as a function of the solvent composition, as reported in Table
4.3. We note that such measurements were not possible for the complete set of
samples due to the ultra-thin nature of films produced from dispersions possessing

low Nafion fractions.

Figure 4.9a shows that the swelling fraction of Nafion films decreased as the water
volume fraction in Nafion dispersions increased from 0 to 75 vol.%. This suggests
that Nafion films made from water-free or low-water-content Nafion dispersions
have more swollen and porous structures compared to those made from high-
water-content Nafion dispersions, which is consistent with the morphological

variations observed in AFM images in Figure 4.4 and Figure 4.5.

Moreover, by measuring the difference in thickness between dehydrated and
hydrated Nafion films, the water content was determined and found to exhibit a
similarly decreasing trend with increasing water volume fraction in the solvent
(Figure 4.9b). It should be noted tha