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Abstract 
 

Design and Investigation of Membrane-Electrode Assemblies for the Electrochemical Reduction 
of CO2 

 
by 
 

Oyinkansola Susan Romiluyi 
 

Doctor of Philosophy in Chemical Engineering 
 

University of California, Berkeley 
 

Professor Alexis T. Bell, Co-Chair  
Dr. Adam Z. Weber, Co-Chair 

 
The electrochemical conversion of carbon dioxide is of increasing interest because it offers a 
means of achieving the generation of value-added products, mitigation of greenhouse gas (GHG)-
emissions, and storage of intermittent renewable energy. Aqueous gas-diffusion electrode (GDE) 
systems for electrochemical CO2 reduction allow for an order-of-magnitude increase in obtainable 
limiting current densities compared to planar systems due to their inherent increase in CO2 flux. 
Despite this improvement, aqueous GDEs exhibit significant ohmic resistances that limit the 
current densities that can be achieved at applied overpotentials, making them impractical for 
industrial implementation.  
 
Membrane-electrode assemblies (MEAs), consisting of humidified gaseous feeds at one or both 
porous electrodes and no aqueous electrolyte (only a solid ion-conducting polymer or ionomer), 
can overcome the limitations of aqueous GDEs. Commercial-scale generation of carbon-
containing products by means of electrochemical CO2 reduction (CO2R) requires electrolyzers 
operating at high current densities and product selectivities. MEAs have been shown to be suitable 
for this purpose. In this dissertation, various MEA designs are considered: the Full-MEA, the H2O-
MEA, and the Exchange-MEA. Based on recent modeling and experimental findings presented 
and cited within this dissertation, the Exchange-MEA emerges as the cell design of choice for 
ultimately developing an efficient and scalable CO2 reduction device because it enables good 
ionomer and membrane hydration, as well as high catalyst activity and selectivity. However, 
despite its outwardly simple design, the MEA is a complicated system that warrants further 
investigation into its structure and function.  
 
There is significant complexity in the CO2R MEA, specifically in its ionomer-based catalyst 
layers. In particular, the cathode catalyst layer and the multiple phenomena occurring in this region 
contribute extensively to the rate of CO2R, overall current-voltage performance, and product 
selectivity profiles in the MEA. Thus, the theme of this dissertation is to elucidate how key 
components in the cathode catalyst-layer region (ionomer, catalyst, water, etc.) interact so that a 
systematic understanding of how these microscale interactions contribute to underlying, limiting 
phenomena can be achieved and ultimately used to improve macroscale CO2R MEA performance.  
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Chapter 1 of this dissertation introduces the field of CO2R and discusses current progress towards 
understanding the complexity of the catalyst layer. Chapter 2 documents the experimental and 
engineering design work done on MEAs within this dissertation project, presenting a systematic 
exploration of various system factors, such as relative humidity and temperature, as well as the 
development of MEA fabrication and operation best practices and guiding principles. In Chapter 
3, the influence of the ionomer-to-catalyst ratio (I:Cat), the catalyst loading, and the catalyst-layer 
thickness – as well as the anode exchange solution concentration, the MEA cell design, and the 
degree of hydration – on the performance of a cathode catalyst layer containing Ag nanoparticles 
supported on carbon is investigated, with the goal of establishing how and why these parameters 
affect the total current density and the partial current densities of H2 and CO. Chapter 4 delves 
deeper into more fundamental aspects of the Ag/ionomer interface, its chemistry/pH, and its effect 
on kinetic behavior, interfacial capacitance, catalyst-layer morphology, CO2 crossover, CO2R 
selectivity, and activity. Lastly, Chapter 5 takes a forward-looking approach and outlines key open 
questions and emerging challenges in CO2 electrochemical synthesis towards improved 
optimization and understanding for scale-up and technological deployment.  
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1 Introduction 

1.1 The Case for Electrochemical CO2 Reduction  

One of, if not the most pressing and existential crisis of our time is the issue of climate 
change. As each year passes, the threat of an increase in the global average temperature to well 
above 2ºC (above pre-industrial levels) appears to grow.1,2 Before the term “climate change” was 
used to describe the extensive, largely irreversible, and increasingly devastating global weather, 
climate, and ecosystem effects witnessed today, the term “global warming” was used to link a rise 
in global temperature to a rise in greenhouse gas (GHG)-emissions (like carbon dioxide, methane, 
and nitrous oxide) in the earth’s atmosphere. These terms were first coined and introduced by 
Wallace Broecker in his seminal 1975 paper3 and, in their seminal climate paper in 1999,4  Michael 
Mann, Raymond Bradley, and Malcolm Hughes presented the iconic hockey-stick graph depicting 
the sharp rise in the global mean temperature record over the past millennium. Now, both “climate 
change” and “global warming” are used interchangeably to refer to the unprecedented, long-term 
heating of our climate systems by heat-trapping atmospheric gases primarily stemming from 
anthropogenic activities (especially fossil fuel extraction, production, transformation, and 
combustion) since the beginning of the late-industrial revolution period in the mid-1800s. The 
notable imbalance caused by the accumulation of these GHG-emissions is not only responsible for 
a global temperature rise, but also various, related adverse environmental phenomena such as 
frequent extreme weather occurrences,5 prolonged and severe droughts,6 record-breaking heat 
waves,7,8 near-permanent loss of biodiversity,9–12 ocean acidification,13 glacier melt,14 sea-level 
rise,15,16 as well as related adverse impacts on human civilization like poor farming yields and 
negative health effects.17  
Humanity’s collective journey in understanding both the underlying science and sheer gravity of 
this situation has taken decades and it is now self-evident that the current trends must be mitigated 
and reversed. Addressing this GHG-emission problem by nipping it at the source (via immediate 
carbon capture and storage) is one of the more popular solutions currently under consideration.18,19 
Yet, for such an issue of tremendous import, there are in fact numerous ways and strategies to 
approach a solution, many of which are multi-pronged and multi-disciplinary in nature. 
Approaches range from long-term, culture-shifting solutions – such as improved generation of and 
access to renewable energy options (i.e., hydropower, wind, solar, nuclear), increased reforestation 
and afforestation efforts, reduced meat farming and consumption, increased manufacturing and 
use of biodegradable and bio-sourced products, and reduced food and energy waste20 – to more 
drastic, last-ditch efforts in the realms of geoengineering like artificial cooling, ocean alkalinity 
enhancement, and ocean fertilization.21,22 Almost none of these individual solutions constitute a 
silver bullet or panacea in that they each lack the technological capacity and versatility to be 
broadly applied across various countries, cultures, and natural resource regions. Although there 
are several ongoing debates about how to reduce, capture, or bury our emissions, there have been 
few discussions on how to reframe our thinking around them, particularly the CO2 molecule itself. 
A molecule in such abundance in our atmosphere should be able to serve a more useful purpose 
than to be buried out of sight, never minding the adverse environmental impacts associated with 
this capture-and-sink strategy.23 In other words, there should be a way of treating this gas as 
something other than a waste product and rather as something that has untapped, potential value. 
The key question is whether CO2 can be transformed into the building blocks used to produce the 
chemicals, fuels, and materials we rely on for our current and future technology needs and 
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livelihoods. Since it is highly unlikely that mankind will completely halt or even temper all forms 
of economic activity and technological progression in the coming decades, a better strategy would 
be to transform the very source of this existential crisis into a carbon source that can be used to 
“fuel” our advancement.   

 

Figure 1.1. Schematic of the carbon-neutral concept of electrochemical CO2 reduction. The choice and 
design of the CO2 reduction device is crucial. Design schematic modified from Ref. 24. 

The hydrogenation of carbon-containing compounds into a range of hydrocarbons and alcohols is 
not a new concept and has been practiced in traditional thermal catalysis for decades.25–27 What is 
relatively novel is that this reduction process can be done electrochemically, at much less severe 
pressure and thermal conditions, and, better yet, renewably: this is the case for the electrochemical 
reduction of CO2. As shown in Figure 1.1, electrochemical CO2 reduction (CO2R) offers a 
versatile option for converting CO2 to chemical feedstocks, fuels, and materials using electricity 
from renewable sources such as solar and wind energy. Thus, with electrochemical CO2 reduction, 
it is possible to create carbon-neutral products of high market value and/or large market size such 
as carbon monoxide (syngas), formic acid, methane, ethylene, ethanol, and 1-propanol.28 The 
foundational work of Yoshio Hori serves as a proof-of-concept for this process by showing that 
the choice of electrocatalyst metal strongly determines product selectivity.29–33 Metals such as tin 
(Sn) show appreciable selectivity for formic acid, silver (Ag) and gold (Au) are selective for carbon 
monoxide, and copper (Cu) is selective for various multicarbon hydrocarbons and oxygenated 
compounds.34 Moreover, if the CO2 can be sourced not only from near-pure point sources, such as 
from industrial fermentation,35 aluminum smelting, or cement manufacturing,36 but also extracted 
directly from the atmosphere via direct air capture (DAC), it would herald the revolutionary, game-
changing production of carbon-negative products. This is the reason why research into industrial-
scale electrochemical CO2 reduction is ongoing and is of great importance. Performing CO2R 
electrochemically and on an industrial scale would simultaneously allow for GHG-emission 
mitigation, intermittent renewable energy storage,34 scalable modular implementation with 
reduced land-use requirements,37 and onsite CO2 conversion into energy-dense products that are 
compatible with our existing energy and transportation infrastructure.34,38  
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1.2 Membrane-Electrode Assemblies as Efficient CO2 Reduction Test-Beds  

 Key to achieving industrial-scale electrochemical CO2 reduction is the development of a 
CO2 reduction device that allows for the efficient and selective production of C2+ products, such 
as ethylene and ethanol, which are of special interest due to their ease of conversion to liquid fuels 
and their commercial value.34 Thus, electrocatalysts that can selectively produce a range of 
hydrocarbons and alcohols, such as Cu, are required.33 However, for most of the work in this 
dissertation, Ag is the electrocatalyst of choice as it is a well-behaved catalyst known to produce 
carbon monoxide (CO) exclusively via the multi-electron CO evolution reaction (COER), in 
addition to hydrogen (H2) from the parasitic, multi-electron hydrogen evolution reaction (HER)33 
(see Equations 1.1 thru 1.2): 

COER: CO2 + H2O + 2e− → CO + 2OH− (U° = −0.11 V vs.  SHE)        (1.1) 

HER: 2H2O + 2e− → H2 + 2OH−  (U° = −0.828 V vs.  SHE)         (1.2) 

Using Ag allows for the product distribution to be greatly simplified so that the effect of design 
changes can be more clearly observed. Moreover, its product mixture of H2 and CO (syngas) can 
be industrially upcycled to higher-order hydrocarbons via Fischer-Tropsch synthesis.25,38 The 
electrocatalyst used for the anode for most of this work is iridium/iridium oxide (Ir/IrO2) because 
it is highly active for the oxygen evolution reaction (OER)39 (see Equation 1.3): 

OER: 4OH− → O2 + 2H2O + 4e− (U° = 0.401 V vs.  SHE)          (1.3) 

This electrochemical system consisting of Equations 1.1 thru 1.3 is operated under alkaline 
conditions because experimental and theoretical studies confirm that lower CO2R activation 
energies, and hence enhanced CO2R selectivity, can be achieved in higher pH environments.34,40–

44 The sum of the above electrochemical half-reactions (discounting the parasitic HER) brings 
about an overall reaction that is essentially the reverse of complete combustion (see Equation 
1.4): 

CO2(g) → CO(g) + 1
2

O2(g)              (1.4) 

In a typical CO2 reduction electrolytic cell, an overpotential must be supplied above the cell’s 
thermodynamic potential in order to drive the CO2R/COER, HER, and OER electrode reactions.45 
The performance of a CO2R device, which in this work refers to the measured total current density 
and the CO faradaic efficiency (i.e., CO2R selectivity), depends on numerous interdependent 
factors, making for a complex system in which the choice of cell design plays a significant role. 
Over the course of this dissertation project, different electrochemical cell designs were considered 
and investigated: a planar cell, an aqueous gas-diffusion electrode (GDE) cell, and an MEA 
(membrane-electrode assembly) cell. Figure 1.2 summarizes the specific advantages and 
disadvantages of each design.  
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Figure 1.2. Comparison of various electrochemical CO2 reduction device systems. Design schematics 
modified from Ref. 46. 

CO2 reduction in the planar cell experiences mass-transfer limitations due to a large, ~100 µm-
thick hydrodynamic boundary layer near the flat cathode surface.45,47,48 This large diffusion barrier 
for CO2, coupled with the poor solubility of CO2 in aqueous solutions under ambient conditions 
(i.e., 33 mM atm-1),49 limits the achievable current density to ~10 mA cm-2 for planar systems. 
Aqueous GDEs are able to circumvent this mass-transport limitation and obtain more than an 
order-of-magnitude increase in current densities and achieve higher CO faradaic efficiencies.33,50–

56 However, aqueous GDEs have significant ohmic limitations resulting from the large distance 
between the anode and cathode, which limits their achievable current densities, rendering them 
impractical for industrial implementation.57 A membrane-electrode assembly (MEA) addresses 
these issues by eliminating the liquid electrolyte and replacing it with a solid polymer electrolyte. 
The reduction in the anode-to-cathode distance leads to a one to two order-of-magnitude decrease 
in the ohmic drop of the system, and thus higher current densities can be applied at the same 
overpotentials.46 There are two main MEA designs, each shown in Figure 1.2: the Exchange-
MEA, which has humidified feed entering the cathode and a flowing exchange solution behind the 
anode, and the Full-MEA, which has humidified feed entering both the cathode and anode. The 
Full-MEA can achieve high current densities but has a tendency to suffer from low membrane and 
ionomer hydration.46 Modifications can be implemented to improve hydration in this system, such 
as employing elevated temperature operation to increase the partial pressure of water in the 
humidified feed or by incorporating an aqueous solution behind the anode, as is the case in the 
Exchange-MEA, which has the advantage of increased water supply and results in better 
membrane hydration, conductivities, current densities, and CO selectivity.46,58  
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Figure 1.3. CO2 reduction in the Full-MEA. 

 
A schematic of a Full-MEA is shown in Figure 1.3: humidified gases are fed into both the anode 
and cathode and, with the application of an overpotential, the OER, HER, and COER reactions are 
facilitated in their respective catalyst layers, leading to the release of product gases. Each electrode 
consists of an appropriate electrocatalyst, ionomer, and gas-diffusion layer (GDL) or porous 
transport layer (PTL), with a selective AEM (anion exchange membrane) in between. In this 
architecture, gaseous CO2 is fed into a gas-channel flow plate that distributes the reactant CO2. 
The CO2 diffuses through the porous transport layer (typically a fibrous carbon layer) thereby 
ensuring a uniform delivery of the CO2 and electrons to the porous catalyst layer, where CO2R 
occurs. The ionomer binds the particles and provides a pathway for ion conduction. An ion-
exchange membrane is employed between the porous electrodes to facilitate ionic conduction 
between the electrodes, while simultaneously inhibiting product and electron crossover. At the 
anode, an aqueous exchange solution (typically either a hydroxide or a bicarbonate solution or 
simple pure H2O) is fed through the porous support for the catalyst layer, wherein water oxidation 
occurs. The use of an aqueous environment at the anode substantially reduces the ohmic resistance 
of the overall cell by ensuring that the membrane is well hydrated.46 It is important to note, 
however, that the high current densities achieved in the MEA can potentially induce high electro-
osmotic fluxes that pull water away from the cathode catalyst layer, thus lowering its water 
activity;59 such fluxes in constrained water environments, such as those in the ionomer polymer 
matrix adjacent to the electrocatalyst, could significantly skew the [CO2]:[H2O] ratio in the 
catalyst-layer microenvironment.60–62  
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1.2.1 Relevant literature on CO2R MEA devices  
 Recent work involving CO2R MEAs (or MEA-like devices)63,64 have explored the effects 
of electrocatalyst design and electrode configurations on MEA performance. There are currently 
fewer than thirty CO2R MEA studies that investigate various concepts such as electrocatalyst metal 
selectivity,65–71 materials or operating conditions,71–73 C2+ selectivity enhancement strategies,74–79 
bipolar membrane configurations,80,81 CO2 purity effects,82 bicarbonate83 and CO/tandem84,85 
reduction, as well as relevant reviews,86 with many using an Exchange-MEA architecture.63,75,79 
In addition, much can be learned from the wider low-temperature water electrolysis literature,87 
with research work on alkaline electrolyzer systems (AEMWEs: anion exchange membrane water 
electrolyzers) being much more relevant to CO2R systems, due to their similar high pH 
requirements, than the more established acidic electrolyzer systems (PEMWEs: proton exchange 
membrane water electrolyzers).88–93 However, few to none of the aforementioned CO2R MEA 
studies have done an in-depth examination of the effects of perturbing integral aspects of the device 
system, specifically the elements and interfaces present in its ionomer-based catalyst layers.  
 

1.3 The Catalyst Layer  

The structure of MEAs used for COER and OER are depicted in Figure 1.4. For 
electrochemical reactions to occur, the catalysts must have access to unhindered electronic, ionic, 
and gas transport pathways: these pathways are provided by the conductive microporous and gas-
diffusion layers, the hydrated ionomer, and the pore space network, respectively. The microporous 
layer (MPL) restricts the deposited catalyst to a defined region at the top of the gas-diffusion 
substrate, where it can have adequate contact with the membrane.  

 
Figure 1.4. Schematic of the complex catalyst-layer microenvironments at the anode and cathode in 
the MEA. Designs modified from Ref. 58. 
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In addition, homogenous buffer reactions (see Equations 1.5 thru 1.8) can occur in the 
dissolved/hydrated ionomer phase, where CO2 is consumed at the cathode and released at the 
anode. Based on a recent comprehensive modeling study, these processes present a potential major 
cause of poor CO2 utilization in this system.46 
Homogenous buffer reactions at the cathode 

CO2 + OH− ↔ HCO3
−              (1.5) 

HCO3
− + OH− ↔ CO3

2− +  H2O             (1.6) 

Homogenous buffer reactions at the anode 

HCO3
− ↔ CO2 + OH−             (1.7) 

CO3
2− +  H2O ↔ HCO3

− + OH−             (1.8) 

Compared to the anode CL, the cathode CL is known to be a more crucial and direct determinant 
of CO2R MEA activity and selectivity.62 For Ag electrodes, increasing the local CO2 concentration 
or pH serves to maximize the CO:H2 ratio, which leads to an enhancement in the rate of CO2R 
relative to the rate of the HER.94,95 The cathode CL microenvironment directly adjacent to the 
catalyst surface is also influenced by cation and anion identity, where, for aqueous CO2R systems, 
it has been found that hydrated alkali metal (and anion) identity and size can greatly impact CO2R 
selectivity and product formation via electrostatic interactions and surface coverages.96–100 
Moreover, the choice of ionomer composition greatly influences water and ion transport in the 
cathode CL, where the rate determining step is not CO2 transport to the ionomer surface but rather 
its transport through the ionomer to the catalyst surface.56,101,102 In addition, the pH differences 
between the choice of CEM (cation exchange membrane) ionomers like Nafion® vs. AEM (anion 
exchange membrane) ionomers like Sustainion® in determining water content, CO2 solubility, and 
selectivity are also important to consider.79,103 Thus, a wide range of interconnected phenomena 
are at play in the cathode CL that can influence overall CO2R MEA performance. 
 
1.4 Scope of Dissertation  

This dissertation addresses two primary goals: 
1. The development of an efficient and selective device for CO2 reduction 
2. The elucidation of the role of foundational catalyst-layer properties on CO2R MEA 

performance 
 
As noted in the preceding subsections, the catalyst layer in an MEA is quite complex and, as 
illustrated in Figure 1.5, the many interrelated physical phenomena occurring specifically in the 
cathode CL contribute extensively to overall MEA performance. Thus, the unifying theme of this 
dissertation is the elucidation of the roles of key component (ionomer, catalyst, water) interactions 
in the cathode catalyst layer of a CO2R MEA and how an understanding of their underlying physics 
contributes to improved CO2R performance and selectivity. 
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Figure 1.5. A Venn diagram depicting the various MEA research areas studied and documented 
within this dissertation. Both the design parameters and operating conditions explored influence the 
phenomena observed within the cathode catalyst-layer microenvironment and highlight its interconnected 
and complex nature. Designs modified from Ref. 58. 
 
What follows are brief outlines of the contents of Chapters 2-5: 
Chapter 2: Design and Engineering of the CO2R MEA System 

This chapter discusses recommended best practices and guiding principles discovered in 
the course of this dissertation project pertaining to MEA fabrication and testing, such as catalyst 
ink preparation, catalyst-layer deposition, choice of ionomer and membrane composition, and 
experimental methods used to obtain polarization curves and product selectivities. It also covers 
studies conducted on system-wide parameters, such as the effect of relative humidity and 
temperature changes on water management, and demonstrates a pathway towards reliable, 
reproducible, versatile, and scalable CO2R MEA fabrication and operation. 

 
Chapter 3: Tuning Catalyst-Ionomer Coverage and Interactions Towards Selective and High 
Current Density CO2 Reduction 

Critical components of the MEA catalyst layer are catalyst nanoparticles and ionomer, with 
the latter component providing a pathway for ion transport from the catalyst to the ion-conducting 
membrane. The foundational materials design parameters that characterize these ionomer-based 
catalyst-layers are the ionomer-to-catalyst ratio (I:Cat), catalyst loading, and catalyst-layer 
thickness. In this chapter, the effects of these parameters on the activity and product selectivity of 
a Ag cathode CO2R MEA are systematically analyzed. An optimum I:Cat ratio of 3 is rationalized 
based on electrochemically-active surface area (ECSA) and ionomer coverage/distribution 
arguments, where the extent of this coverage and the resulting ionomer-catalyst interaction 
significantly impacts the total current density and CO selectivity. A range of ionomer coverages 
of catalyst particles was explored, extending from a patchy/sparse ionomer distribution at low I:Cat 
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ratios (i.e., I:Cat < 3) – which have  poor electrochemically active surface area (ECSA) and limited 
ionic pathways – to excessive coverages at high I:Cat ratios (i.e., I:Cat > 3) that suffer from poor 
electronic contact and CO2 utilization. The effect of decreasing the catalyst loading and/or catalyst-
layer thickness changes mainly the CO2R product selectivity (in agreement with previous 
modeling work) and the CO FE is shown to be highly sensitive to this metric. By changing these 
catalyst-layer design parameters, these results demonstrate that the MEA architecture can behave 
similarly to traditional aqueous electrolyte cells in their ability to tune CO2R selectivity by an 
adjustment of the electrode/electrolyte interface. The crucial insights gained from the reported 
trends are compounded to yield an efficient Ag CO2R MEA cell that operates at current densities 
of 200 mA cm-2 to 1000 mA cm-2, CO faradaic efficiencies of 78 to 91%, and an area-specific 
resistance under 1 Ω cm2. These findings can be applied to a broad range of CO2R MEA-based 
devices, including CO2-to-CO tandem devices and flexible manufacturing systems where 
changing the aforementioned catalyst-layer properties can effectively tune the outlet CO:H2 ratio 
for various syngas applications.  
 
Chapter 4: Studies on the Ag/ionomer Interface and its Impact in CO2 Reduction Systems 

A more in-depth understanding of the cathode catalyst-layer microenvironment and its 
catalyst/ionomer interfaces is essential and this chapter probes and characterizes these interfaces 
as they greatly impact CO2R MEA activity and selectivity, considering that optimal CO2R should 
stem from a cathode microenvironment with a high local pH and [CO2]:[H2O] ratio. It addresses 
how the choice of Ag/ionomer interface chemistry or pH influences modeled and experimental 
kinetic behavior, morphology, total current density, selectivity, and CO2 crossover, as well as 
interfacial capacitance, establishing a more definitive link between macroscale MEA performance 
and fundamental multiphysics phenomena to help explain previously observed CO2R behaviors.  
 
Chapter 5: A Pathway to Industrial Carbon Neutrality: Summary and Future Perspectives on CO2 
Reduction in MEA Devices 

This final chapter succinctly summarizes the preceding chapters and provides an in-depth 
exploration of important open questions the CO2 electrosynthesis field can address in the near- and 
medium-term. Various improvement and optimization efforts towards scaled commercial 
deployment of CO2 reduction devices, such as inlet feed perturbation studies and single-cell design 
changes, are discussed and more fundamental work, such as catalyst ink, applied-voltage-
breakdown, and model system studies, is also suggested for exploration.  
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2 Design and Engineering of the CO2R MEA System   
† Portions of this chapter were previously published as “O. Romiluyi, N. Danilovic, A. T. Bell, and A. Z. 
Weber, “Membrane‐electrode assembly design parameters for optimal CO2 reduction”, Electrochemical 
Science Advances, ISSN: 2698-5977, 2698-5977; DOI: 10.1002/elsa.202100186 (2022)” and are adapted 
with permission from all co-authors. 

 

2.1 Introduction 

The current chapter examines the essentials involved in fabricating an MEA, starting from 
its components (catalyst layer/ink, electrode substrate, membrane), then moving to the catalyst-
layer deposition method and cell assembly. Water management in the MEA and the choice 
operating parameters used to acquire the results presented in Chapters 3 and 4 are also described, 
as well as the justification for materials selection and experimental methodologies. 
 

2.2 Catalyst-Layer Fabrication 

Both the anode and cathode in the MEA consist of a porous, conducting material onto which 
the catalyst layer is deposited. The following subsections detail how each of these electrode 
components are constructed.  
 
2.2.1 Electrode substrate preparation 

The material used for each electrode differ so as to meet the requirements of its working 
environment. A porous, carbon-based gas-diffusion layer (GDL) is used for the cathode substrate, 
while a titanium porous transport layer (PTL) is used for the anode substrate because this electrode 
operates under highly oxidizing conditions. Both layers possess good electrical conductivity and 
high surface area. Both electrodes are cut to a 5 cm2 geometric/active area, inspected for defects, 
and cleaned using ultra-pure nitric acid to remove any electrochemically-active trace impurities.104 
In order to obtain accurate loading measurements before catalyst-layer deposition, the dry weight 
of the electrode must be obtained. This is achieved by heating the electrode on a hot plate and 
recording its weight after any residual moisture has been evaporated. 

 
2.2.2 Catalyst ink preparation 

Formulation of the catalyst ink is very important because its properties impact the 
properties of the catalyst layer. The major components in each catalyst ink are (1) the catalyst 
nanoparticles, either unsupported or supported with a high surface area material such as Vulcan® 
carbon, (2) the alkaline or acidic ionomer solution, which is typically dissolved in ethanol, and (3) 
the solvents for both organic (n-propanol, iso-propanol, ethanol) and inorganic (pure water) ink 
components. The relative loadings of catalyst, carbon support, and ionomer determine the degree 
of ionic, electronic, and gaseous transport in the catalyst layer, especially in the cathode catalyst 
layer where CO2R occurs.58 Based on recent work,58 an intermediate amount of ionomer relative 
to catalyst (i.e., I:Cat ratio) and a relatively low catalyst-only loading for the cathode catalyst ink 

https://search.library.berkeley.edu/discovery/fulldisplay?docid=ctx26465017410006531&context=SP&vid=01UCS_BER:UCB&lang=en
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are highly recommended. An insufficient or excessive ionomer content or catalyst-only loading 
leads to myriad inefficiencies in ionic and electronic ECSA and CO2 mass-transport and 
utilization, resulting in suboptimal CO2R performance.58 Solvent quantities can be determined 
after the desired ionomer and catalyst quantities have been established; the relative solvent volume 
required depends on the number of sprays and spray duration. Although a nominal water-to-
propanol ratio of 1 (weight basis) is often used, the solvent quantity has its own set of requirements 
and considerations: (1) for spray coating, the ratio of solids (catalyst, carbon) to solvent must be 
kept below 0.4% in order to avoid clogging of the spray nozzle, (2) an ink volume in excess of the 
calculated amount is required in order to account for the ink loading line volume, overspray, and 
any minor spills that may occur, and (3) the ionomer:solvent ratio determines the viscosity of the 
ink and its evaporation characteristics, which in turn determines the catalyst-layer porosity, 
morphology, and subsequent CO2R MEA current-voltage response.105–109 Once these quantities 
(on a weight basis) have been determined, the catalyst (supported or unsupported) must be added 
into the ink vial first, with care taken to avoid transfer losses, especially for catalysts supported on 
carbon, since the carbon tends to adhere to surfaces. Pure Milli-Q® water is then added and the 
catalyst/carbon/water mixture is vigorously mixed to facilitate dissolution of the inorganic 
components. Organic solvents, such as n-propanol, iso-propanol, or ethanol, can then be added to 
the container, followed by the desired quantity of ionomer solution. This is done by careful 
pipetting (to avoid overshooting because ionomer solutions can be quite viscous) and then a 
swirling of the ink vial to facilitate mixing of the organic components. Care is taken to use 
impurity-free utensils and to avoid cross-contamination between utensils throughout this ink 
preparation process. 

After the catalyst ink for each electrode has been prepared, it is sonicated to ensure adequate 
mixing of the components and to reduce the extent of particle settling and agglomeration. For 
cathode catalyst inks containing Ag, Au, Pt, or Cu, using a beaker sonicator for at least 30 min is 
sufficient, with enough water available in the sonication beaker to completely cover the ink level 
in the vial. However, for Ir inks used for the anode electrode, a more powerful probe sonicator is 
used because this ink tends to agglomerate easily and can be less stable when present in higher 
concentrations.110 The ink vial is submerged in an ice bath beneath the probe tip (covered and 
secured with a parafilm) in order for the temperature of the ink to be moderated since the frictional 
heat generated from the rigorous sonication process could lead to ionomer deformation or 
denaturing.111 The ice bath level should again cover the ink level in the vial and the ice level and 
content should be monitored and maintained throughout the sonication process. The probe 
sonicator controller power/amplifier level is typically 20% or 38% (depending on the level of 
sonication desired) and the sonication duration is typically 30 min. After probe sonication, the Ir 
ink is then placed in a beaker sonicator for 1-2 min, with an ice bath, to finalize the mixing process. 

To assess the average particle size of the nanoparticles in the as-prepared inks and the degree of 
stability of the ink, dynamic light scattering (DLS) can be used. This technique enables assessment 
of critical factors such as ink component quantity (i.e., ionomer, catalyst, or support carbon 
content) on particle size, as well as solvent content and ink age on ink stability. It is highly 
recommended that the catalyst ink be made the same day as it is used for deposition in order to 
minimize particle settling, particle instability, and agglomeration/aggregation, which can take 
place in as little as a couple of hours for some catalysts. If this is found to be the case, the ink 
recipe, specifically the volume of solvents, and the ink preparation process should be revised 
accordingly. 
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2.2.3 Spray coating deposition procedure 
A retrofitted Sono-Tek® spray coater, shown in Figure 2.1, was used primarily to deposit 

layers of as-prepared catalyst ink onto porous electrodes.  

 
Figure 2.1. Sono-Tek® spray coater test station used for MEA fabrication. 

Key elements of the instrument include an automated spray program (i.e., PathMaster®), ink 
loading and syringe pump system, and a vacuum hot plate. A vacuum of ~1 bar is applied to the 
spray area to keep the substrate, especially carbon GDLs, from being shifted or blown away by the 
spray stream/shaping air, as well as to keep membranes flat and prevent them from buckling during 
the preparation of catalyst-coated membranes (i.e., CCMs). A spray temperature of 90oC is used 
since it facilitates sufficiently rapid evaporation of solvents in the ink after deposition and avoids 
liquid pooling on the electrode active area. Separate ink lines are used for each catalyst ink to avoid 
major cross-contamination. To facilitate vacuum during spray coating, gasketing materials are 
used both above and underneath the electrode substrate: a porous fibrous gasket is placed beneath 
the substrate and a non-porous fibrous gasket is placed on top, with a section cut out to match the 
approximate size of the substrate active geometric area. The porous material on the bottom allows 
the substrate to be pulled by the vacuum directly underneath and protects the substrate from any 
contamination on the vacuum plate. The non-porous material on top acts as a mask and ensures a 
clean, well-defined spray area. A much larger and thicker PTFE gasket, with a section cut out to a 
size slightly larger than the substrate areas being sprayed, is placed on top of the gasket/substrate 
assembly. This thick gasket is needed to ensure a proper seal against the vacuum plate and for 
protection from its hot surface and it must not contact any membrane substrates since ink leaching 
could occur. If a good seal is made, the pressure on the vacuum pump below should read between 
0.8 and 1 bar and the seal should be adjusted if this is not the case. 
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The PathMaster® spray program used is based on a larger area than the substrate being spray coated 
to ensure uniform catalyst-layer deposition and to avoid edge effects, especially for spraying on 
membranes. For example, if the substrate is 5 cm2, the PathMaster® program and the prepared ink 
volume should be sufficient to spray at least a 7.5 cm2 area to account for overspray, the ink line 
volume, and any minor spills/losses during the spray process. Recommended settings for the spray 
program and tools are given in Table 2.1. After the spray program has concluded, the substrate 
should be weighed (or returned for further ink deposition) until the desired loading has been 
achieved. The ink lines used during the spray should be thoroughly flushed with isopropanol and 
air several times to remove residual ink and to prevent future contamination between sprays. 
Proper ink waste handling, safety, and housekeeping procedures should also be adhered to.  
 

Component Recommended Settings Relevant Notes 

125 kHz 
nozzle 

 

• Path speed: 10 - 50 mm s-1 (depending 
on substrate) 

• Ink deposition rate: 0.1 - 0.2 mL min-1 
• Nozzle tip height (above vacuum 

plate): 40 mm 
• Shaping air (N2) = 1.0 - 1.1 kPa 
• Run power = 2.06 W 
• Idle power = 0.75 W 

The 125 kHz high-frequency nozzle 
allows for a higher degree of 
atomization of the catalyst ink (i.e., 
more well-dispersed sprays). 

25 kHz 
nozzle 

 

• Path speed: 25 mm s-1 (depending on 
substrate) 

• Ink deposition rate: 0.2 mL min-1 
• Nozzle tip height (above vacuum 

plate): 40 mm 
• Shaping air (N2) = 0.96 kPa 
• Run power = 4.60 W 
• Idle power = 0.75 W 

Membrane 
spraying 

 

• Ink deposition rate: 0.1 - 0.2 mL s-1 
• Path speed: 25 mm s-1 

A higher shaping air pressure can 
cause deposited nanoparticles to be 
dusted up during the spray, resulting 
in major material loss. Depending on 
the weight of the substrate, a high 
shaping air pressure could also shift 
or blow away the substrate from the 
spray area, if it is not securely 
vacuum sealed. Thus, ink deposition 
rates and path speeds may need to be 
optimized for specific substrates. 

Gas-
diffusion 

layer 
spraying 

 

• Ink deposition rate: 0.2 mL s-1  
• Path speed: 25 mm s-1 or 50 mm s-1 

Table 2.1. Recommended settings for Sono-Tek® spray coating procedure. 
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2.3 Membrane Selection 

The choice of membrane for use in the CO2R MEA is also important as it influences the pH 
in the catalyst layers and determines the selectivity of ion species transferring between the 
electrodes, which influences macroscale metrics such as CO2 crossover, utilization, and activity. 
These effects are also part of the findings presented in Chapter 4. An alkaline environment has 
been found to be superior for CO2R across a range of devices34,40–44 and thus, experiments were 
conducted to benchmark and compare the performance of state-of-the-art AEM ionomer and 
membrane configurations. The experiments were conducted using water electrolysis as a reaction 
system: the AEM system with the best performance in a water electrolysis hydroxide pump 
reaction system (i.e., HER at the cathode, HOR at the anode) would potentially have the necessary 
membrane/cathode catalyst-layer interface microenvironment for optimal activity in a standard 
CO2R reaction system (i.e., CO2R at the cathode, OER at the anode). For the water electrolysis 
hydroxide pump, Pt was used as the catalyst at both the anode and cathode (at relatively low 
loadings and moderate I:C or I:Cat ratios58) in order to facilitate efficient HER and HOR, 
respectively (see Equations 2.1. thru 2.4). With HOR at the anode, a pseudo-reference (DHE) 
reference was created with much lower overpotentials closer to 0 mV than with OER used in 
standard CO2R MEA systems, allowing for a more accurate empirical measure of the cathode 
overpotential to be derived.  

CEM HER: 2H+ + 2e− → H2 (U° = 0 V vs.  SHE)           (2.1) 

CEM HOR: H2 → 2H+ + 2e− (U° = 0 V vs.  SHE)          (2.2) 

AEM HER: 2H2O + 2e− → H2 +  2OH−  (U° = −0.83 V vs.  SHE)        (2.3) 

AEM HOR: H2 +  2OH− →  2H2O + 2e− (U° = 0.83 V vs.  SHE)        (2.4) 

Three different AEM ionomer and membrane systems were studied: Sustainion®, Georgia Tech® 
(GT), and Versogen® (W7). The different properties and the polymer chemistries of these systems, 
as well as that of Nafion®, are shown in Table 2.2. The AEM membranes were each pretreated in 
1 M KOH for at least 24 h and rinsed several times with Milli-Q® water before cell testing. 

 

Membrane Backbone Function group Dry thickness 
(µm) 

Sustainion® polystyrene imidazolium 50 

Nafion® polytetrafluoroethylene 
(PTFE) sulfonate 50 

Versogen® (W7, 
PiperION) poly(aryl) piperidinium 30 

Georgia Tech® 
(GT) poly(norbornene) quaternary 

ammonium 30 
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   Sustainion®            Nafion® 

 

 
Versogen® (W7, PiperION) 

 

 
Georgia Tech® (GT) 

Table 2.2. Various membrane and ionomer polymer chemistry systems and their respective 
properties. Structures obtained from Ref. 112–116 

 
Figure 2.2 shows the recorded polarization activity of all three AEM systems, with the 
Nafion/CEM system included for reference. MEAs based on GDE-deposited CLs, which used 
either W7 or Sustainion as the membrane, had comparable performance across the potential 
window, indicating that both polymer systems conduct the aforementioned reactions at similar 
efficiencies despite having very different polymer chemistries. The GT membrane performed the 
least effectively (i.e., exhibited the lowest current for a given cell voltage) at most voltages but 
appeared to outperform the other two systems at higher voltages. In addition, various combinations 
of the AEM configurations were attempted (e.g., Sustainion ionomer with W7 membrane), but 
such systems proved too incompatible, resulting in very poor performance. Thus, selecting 
Sustainion as the AEM for both water electrolysis, and CO2R by extension, is justified. 
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Figure 2.2. Polarization curves for various AEM ionomer and membrane systems. A CEM/Nafion 
system was also tested for reference. Test conditions: 80℃ system temperature, Full-MEA configuration, 
100% RH at both electrodes, HER at the cathode (flowing gas: Ar at 200 ml min-1), HOR at the anode 
(flowing gas: H2 at 200 ml min-1), Pt/C weight fraction of around 46%, I:C (ionomer-to-carbon) ratio was 
0.6, and Pt-only loading was 0.3 mgPt cm-2 for both anode and cathode. The following systems are depicted: 
(1) Nafion®: Nafion 212 CEM and Nafion ionomer, GDE-mode (2) Versogen® (W7): W7 30μm AEM and 
ionomer, CCM-mode and GDE-mode, (3) Sustainion® system: Sustainion AEM and Sustainion ionomer, 
GDE-mode, and (4) Georgia Tech® (GT): GT 72-10 membrane and GT 72-5 ionomer, GDE-mode. 

 

2.3.1 CCM vs. GDE catalyst-layer deposition 
Good contact between the membrane and the catalyst layer is important as this determines the 

current-voltage response of the resulting MEA, particularly its ohmic characteristics. Thus, the 
mode of MEA fabrication was also investigated: a catalyst-coated membrane (CCM) vs. a catalyst-
coated gas-diffusion electrode (GDE), both fabricated via spray coating. The W7 membrane was 
used for this comparison (its CCM fabrication is depicted in Figure 2.3) due to its ability to 
withstand direct heat during spray coating. Higher MEA activity was demonstrated by the CCM-
mode W7 system, as shown in Figure 2.2: it yielded better performance than the GDE-mode W7 
system (which had the same polymeric components) and the other AEM GDEs. This confirms that 
much improved membrane/catalyst-layer contact (and lower contact resistances) was established 
via CCM fabrication, wherein the catalyst ink is deposited directly onto the membrane as opposed 
to onto a GDL. 
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Figure 2.3. Photo of catalyst-coated Versogen® (W7) membrane preparation process. Wet, as-received 
W7 30 µm membranes were used for CCM sprays and the spray coating temperature was maintained at 
40°C. The catalyst ink recipe was modified to allow for a 90:10 nPA:water ratio in the prepared ink, which 
allowed for visibly improved ink solubilization/stability and better evaporation despite the lower spray 
temperature and lack of vacuum.  

 

2.4 MEA System Operation 

After the membrane is selected and the catalyst layer for each electrode has been fabricated, 
the MEA is ready to be assembled into a cell system. The following subsections outline the 
assembly and operating procedure, as well as recommended best practices and guidelines.  
 
2.4.1 Cell assembly 

Before cell assembly, each cell component (end plate, current collector, O-rings, gas tubes, 
gaskets flow field, cell heater) is cleaned to remove impurities. As shown in Figure 2.4, the 
membrane is sandwiched between the two catalyst-coated electrodes and the resulting MEA is 
placed into a 5 cm2 commercial cell (Fuel Cell Technologies®). The membrane is cut to an area 
larger than the geometric/active area to allow room for slight shifting of components during 
assembly and to avoid edge effects. In addition, care must be taken to avoid cross-contaminating 
the membrane with used utensils or puncturing/damaging the membrane during treatment or 
assembly since the resulting pin-hole defects and tears could lead to increased CO2 crossover, cell 
shorting, and poor performance.117 A torque wrench is used to tighten each cell bolt to 40 in-lb in 
10 in-lbs increments per bolt, which is done by placing the cell in a vice grip. This procedure 
ensured even distribution of pressure across the cell and allowed it to be tightened reproducibly. 
Under-tightening or over-tightening the assembly can lead to cell failure, leaks, poor performance, 
and safety issues. PTFE gaskets are used on each gas channel to ensure reproducible and uniform 
compression across the MEA during assembly and to prevent leakages.  
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Figure 2.4. MEA electrolyzer, exploded view. The 5 cm2 commercial cell was purchased from Fuel Cell 
Technologies®. Each electrode (Ir anode and Ag cathode) was 5 cm2 with the anode substrate being a 
titanium porous transport layer (PTL) and the cathode substrate is a carbon gas-diffusion layer (GDL). A 
50 µm hydrated Sustainion membrane is sandwiched between the two electrodes and single serpentine gas 
channels, with the assembled cell being compressed under a 40 in-lb torque. Schematic used with 
permission from Ref. 58. 

A photo of a disassembled MEA electrolyzer cell is shown in Figure 2.5. The graphite gas-channel 
flow field, gold-plated current collector, and aluminum endplate components of each electrode 
should be aligned using the provided alignment pins and holes so that both electrode catalyst layers 
fully cover the gas-channel active area. This is important since exposed edges or misalignments in 
the MEA can cause gas or liquid leaks, as well as poor performance, shorting, overheating, and 
potential fire hazards. All connections should be tight and secure, with attention paid to any leaks, 
cracks, or damage to lines that could occur because of misalignment during cell assembly, worn 
gaskets, or over- or under-tightening of the cell screws. 

 
Figure 2.5. Components of the 5cm2 CO2R electrolyzer used: the aluminum end plates, gold-plated 
current collectors, graphite gas channels, bolts, and other key components are visible. This set-up was 
used in obtaining the data for a previous study.58  Photo credit: Jeremy Snyder, LBNL (2022) 
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2.4.2 Operating conditions 
Figure 2.6 and Figure 2.7 show a schematic and a photo of the CO2R MEA electrolyzer test 

system, respectively. The CO2 entering the cathode compartment was humidified via bubbling 
through a bottle of Milli-Q® water maintained at a desired system temperature using a hot-water 
bath. A flow of pure water or ion solution at the desired system temperature was fed and 
recirculated behind the anode as the MEA exchange solution using a peristaltic pump. The MEA 
cell itself was also heated and maintained at the desired system temperature. A cathode feed flow 
rate of at least 200 mL min-1 of humidified CO2 (measured using a mass-flow controller) was used 
in order to avoid reactant supply limitations and mass-transfer effects stemming as a consequence 
of large fractional conversions. The exchange solution fed behind the anode was also circulated 
rapidly so that concentrations in the gas channels and porous electrodes remained uniform and 
gradients were minimized. Flow rates of the cathode and anode outlet gases were verified using 
mass-flow meters (MFM) to ensure no leakages across the entire system and for faradaic efficiency 
(FE) calculation purposes.  
 

 
Figure 2.6. CO2R MEA experimental system. The experimental set-up was built for operation between 
the H2O-MEA or Exchange-MEA modes and with a gas humidification system at the cathode. Hot plates, 
cell heating, and heat insulation for gas flow were used to maintain thermal settings. At each cell potential, 
both the cathode and anode gas effluents were analyzed in-line with the GC using a 4-way valve. Schematic 
used with permission from Ref. 58. 
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Figure 2.7. Custom-built CO2R electrolyzer test station system. This set-up was used in obtaining the 
data for a previous study58, as well as the other contents of this dissertation. 

 

2.4.2.1 Anode exchange solution system 
The anode exchange solution container was immersed into a hot-water bath, with ports for 

a nitrogen purge line, an outlet line leading to a gas chromatogram (GC) for gas analysis, and inlet 
and outlet lines for the peristaltic pump that allows for anode exchange solution recirculation. The 
exchange solution should be sparged with nitrogen to prevent CO2 contamination of the solution 
being introduced into the MEA system. The hot-water bath used for thermal control of the anode 
exchange solution has a water level that is sufficient to completely cover the solution container. 
To avoid inclusion of gaseous or liquid products accumulated from previous electrochemical runs, 
refreshing the feed solution after each voltage/current measurement is important. Thus, ample 
exchange solution should be prepared beforehand, ready for frequent pipette transfer into the 
container. After operation, the peristaltic pump is run in reverse to transfer any remaining exchange 
solution from the anode chamber back into the solution container in the water bath. Milli-Q® water 
should then be used to flush both the anode and cathode feed and outlet lines of used solution and 
to ensure that the lines are cleaned and free of contamination between runs.  

 
2.4.2.2 System humidification 

Figure 2.8 shows the electrolyzer connected to the humidification test station in a vertical 
alignment.71 Once the MEA electrolyzer is assembled, the anode inlet is connected to a peristaltic 
pump or a humidification gas line, depending upon the choice of MEA configuration (i.e., Full-
MEA or Exchange-MEA). After the gas/liquid line connections are secured, the thermocouple 
from the humidification station adjacent to the cell is connected to measure and regulate the cell 
temperature. System and cell temperatures and relative humidities can be controlled manually on 
the humidification station or remotely via a LabVIEW® program. 
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Figure 2.8. Fully-connected CO2R MEA electrolyzer, ready for experimentation. This set-up was used 
in obtaining the data for a previous study.58  Photo credit: Jeremy Snyder, LBNL (2022) 

 

2.4.2.3 Gas and liquid product sampling and measurement 
An SRI® GC (gas chromatograph) is used for gas analysis of gaseous CO2R products 

(carbon monoxide, hydrogen, methane, ethane, and ethylene) using both an FID-methanizer (flame 
ionization detector for detection of carbon-containing/combustible compounds) and a TCD 
(thermal conductivity detector for detection of hydrogen, nitrogen, and oxygen). CO2 peaks can 
also be measured using the appropriate PeakSimple® GC control file and this is most useful for 
measuring CO2 crossover occurring at the anode electrode. Once a desired temperature program 
for the GC is set (an 80°C isothermal program was typically used), a time per injection can be 
determined. For example, an optimal elution time for all the gases is approximately 8 min when 
an isothermal (80°C or 90°C) temperature program is used and, thus, doing single injection gas 
analyses for both electrodes will take a minimum of 16 min per voltage/current measurement. 
Extra time should be factored in to account for time taken to collect liquid condensate (if required) 
and refresh the anode solution before the next voltage/current step begins. This timing sequence is 
reflected in the associated EC-Lab® method used during electrochemical measurements. A manual 
IDEX® 4-way gas switching valve, located upstream of the GC, is used to direct gases either to an 
exhaust vent or to the inlet of the SRI® GC, which has an outlet that also goes to the exhaust vent. 
When CO2R product gases need to be tested for either electrode (including those that crossover to 
the anode), the 4-way valve can be timed to switch ~3 min before the programmed GC injection. 
This allows enough time for previously injected gases to be flushed out and replaced with the new 
product gas composition before the next GC injection. All gas streams go through an ice-trap 
before entering the GC inlet in order to avoid a large amount of water vapor being injected into 
the column. This procedure also allows any liquid products made during CO2R, such as ethanol, 
1-propanol, and formic acid, to be collected as a liquid condensate that can be subsequently 
analyzed via HPLC (high-performance liquid chromatography) (or NMR (nuclear magnetic 
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resonance) spectroscopy, if desired). The ice-trap comprises a bottle with inlet and outlet ports that 
has sufficient tubing coiled inside it to allow the flowing gas to be cooled and the condensable 
products to accumulate. In between voltage/current step measurements, the condensate is collected 
with a pipette and dispensed into HPLC vials for storage in a refrigerator until all liquid samples 
can be run at one time. The exiting gas streams also pass through an MFM before entering the GC, 
allowing the flow rate of the dry gas mixture to be measured and used for leakage checks during 
experimentation and for post-experimental calculations such as faradaic efficiencies.  
 
2.4.2.4 The effect of relative humidity 

CO2R MEA performance can be influenced substantially by the degree of ionomer and 
membrane hydration, where insufficient hydration can lead to non-optimal performance.46,58,71,72,81 
In order to elucidate the impact of relative humidity (RH) on MEA activity, studies for a range of 
asymmetric and symmetric relative humidity profiles at both electrodes were conducted. RHs over 
100% were achieved via an inlet line temperature that was set higher than the cell temperature, 
while RHs less than 100% were achieved via inlet line temperatures that were set lower than the 
cell temperature. 

 

 

 

a 
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Figure 2.9. Polarization curves showing various cathode (a) and anode (b) relative humidity profiles. 
Test conditions: 80℃ system temperature, Full-MEA configuration, HER at the cathode (flowing gas: Ar 
at 200 ml min-1), HOR at the anode (flowing gas: H2 at 200 ml min-1), Pt/C weight fraction of around 46%, 
I:C (ionomer-to-carbon) ratio was 0.6, and Pt-only loading was 0.3 mgPt cm-2 for both anode and cathode. 
A Versogen® (W7) W7 30μm AEM and ionomer fabricated in GDE-mode was used. 

A Full-MEA performing water electrolysis (with HER at the cathode and HOR at the anode) and 
using a GDE-mode Versogen® (W7) membrane and ionomer system was chosen as a test-bed. The 
RH profile that yielded the highest current for a given cell voltage for water electrolysis was 
assumed to also perform most favorably for CO2 reduction, for which water is a primary and 
potentially limiting reactant. Considering that water is consumed at the cathode and produced at 
the anode for both water electrolysis and CO2R, specifically at the alkaline conditions of interest 
(see Equations 1.1 thru 1.3), efficient water management in the MEA should avoid both flooding 
and membrane/ionomer dehydration at the electrodes. As evidenced in Figure 2.9, a symmetric 
RH of 100% at both the anode and cathode yielded the highest current density. On the cathode 
side, an elevated cathode RH of 125% is more than enough to balance water consumption and 
supply at the cathode (and possibly throughout the MEA), with higher RHs as high as 200% being 
detrimental to performance, possibly due to excess water in or flooding of the cathode electrode. 
The 125% cathode RH appears to be better than the 100% case at moderate cell voltages, after 
which the 100% case becomes more advantageous. It is also clear that any RH below 100% at the 
anode is very detrimental, with operation even at the slightly lower RH of 95% leading to 
drastically poorer performance. Thus, a minimum RH of 100% is required to maintain adequate 
performance in both the anode and cathode chambers. With CO2R systems having higher 
overpotential requirements than water electrolysis in general, this makes the 100% symmetric RH 
case at both anode and cathode more advantageous to operate with and was thus used in subsequent 
tests throughout this dissertation. 

b 
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2.4.2.5 The effect of system temperature 
The literature has shown that system temperature is a key factor in determining CO2R 

electrolyzer performance.118–120 Thus, the effects of system temperature were explored for a CO2R 
MEA operated as an Exchange-MEA and the chosen temperature range was between 50°C and 
70°C, above which severe polymer denaturing in the membrane/ionomer phases could occur.111,121  

 
Figure 2.10. CO2R polarization curves for various system temperatures: 50, 60, and 70°C. Test 
conditions: 100% RH at both electrodes, CO2R at the cathode (flowing gas: CO2 at 200 ml min-1), OER at 
the anode (recirculating 1M CsHCO3), Ag/C weight fraction of 20%, I:Cat (ionomer-to-catalyst) ratio was 
3, and Ag-only loading was 0.1 mgAg cm-2 for the cathode, the Ir I:Cat (ionomer-to-catalyst) ratio was ~0.1, 
and Ir-only loading was ~1 mgIr cm-2 for the anode. A Versogen® (W7) W7 30μm AEM and ionomer 
fabricated in GDE-mode was used. 

 

As shown in Figure 2.10, the lowest system temperature of 50°C surprisingly outperformed the 
higher temperature systems, 60°C and 70°C. This signifies an apparent tradeoff between certain 
physical phenomena occurring locally in the cathode catalyst layer when the cell temperature is 
increased: differences in reactant and water concentration (since humidity and total pressure are 
fixed), faster transport processes, and faster kinetics as well as potential microscopic 
ionomer/membrane dehydration/degradation at higher temperatures.46,111,121 Thus, the 50°C 
Exchange-MEA configuration was used in the subsequent studies presented in Chapters 3 and 4. 
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2.5 Electrochemical Measurements 

The CO2R electrolyzer system described above was used to investigate the effects of 
materials choice and operating condition on CO2 reduction in an MEA. An EC-Lab® software was 
used to measure the open circuit voltage (OCV) of the system, followed by measurements of the 
cell current as a function of time for a fixed cell potential, chronoamperometry (CA), and 
measurements of cell voltage as a function of time for a fixed current, chronopotentiometry (CP). 
Electrochemical-impedance spectroscopy (EIS) was also performed to determine cell resistance.  

After cell assembly and system set up, the MEA is connected to a Bio-Logic® potentiostat via the 
cell current collectors: working electrode leads were connected to the cathode, while counter and 
reference electrode leads were connected to the anode. After steady feed and liquid flows (i.e., 
CO2, H2, Ar, water, exchange solution etc.) are established, the MEA is allowed to equilibrate 
thermally and electrochemically. OCV measurements were made for at least 60 min before any 
electrochemical perturbations were induced. After these and other baseline tests were completed, 
the CA (constant-voltage hold) or CP (constant-current hold) were performed for at least 30 min 
each, together with product analysis, to generate a polarization curve. CP holds have the advantage 
of allowing for analysis of product selectivity and activity at fixed current/ion fluxes. For each 
voltage or current density step, the corresponding current density or full-cell voltage is averaged 
over the last 15 min. At least two gas or liquid samples were taken at both the anode and cathode 
and the measured product concentrations, the corresponding current densities, and the outlet flow 
rates are used to determine the product selectivities for each voltage or current density step. CO2 
crossover measurements are also conducted at the anode. Multiple MEA experiments and repeated 
electrochemical tests were typically performed to determine reproducibility and error bars are used 
to show the spread in these measurements. 

 
2.5.1 Impedance measurements 

Electrochemical-impedance spectroscopy (EIS) was used to measure the ohmic resistance 
of the MEA cell. Low-frequency EIS measurements (on the order of 1 Hz) give insight into 
ohmic/ionic effects occurring at the interfaces in the membrane/catalyst-layer region, while higher 
frequency EIS measurements (up to 1000 kHz) provide ohmic/ionic conductivity information 
pertaining to bulk media like membranes. After thermal uniformity and complete hydration of an 
MEA is achieved and a consistent OCV measurement is established, EIS was used to measure the 
high-frequency resistance (HFR) of the cell. This was typically under 0.2 Ω or 1 Ω cm2 for all 
experiments. In addition, EIS was performed at each voltage or current density step to observe cell 
resistance trends across the polarization curve range and to construct corresponding iR-corrected 
curves. The iR-corrected graphs indicate current-voltage responses when the cell resistance has 
been accounted for, giving a clearer picture of the electrode activity-specific polarization 
performance. Deriving the EIS HFR resistance data involves performing a ZFit® on the measured 
resistance-impedance data (i.e., Nyquist plot), as shown for a sample MEA in Figure 2.11, and 
choosing the estimated equivalent circuits for a given system. For example, a serial resistance 
element R1 symbolizes an electrolytic-type resistance between the anode and cathode, which is 
the membrane. A resistance element in parallel with a capacitive element (i.e., R2) symbolizes a 
charge transfer resistance that involves electron transfer to the catalyst and ion transfer to the 
ionomer. The capacitance-like element (i.e., Q2) denotes a constant phase element or imperfect 
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capacitor, which is a measure of double layer capacitance. For planar systems, which have much 
more defined electrode surfaces/interfaces, an ideal capacitor element (e.g., C2) would be used for 
better accuracy. Thus, the secondary parallel circuit with the resistive and capacitive elements in 
parallel symbolizes the catalyst layer, which has both ionomer and electrocatalyst elements. Once 
a physically representative equivalent circuit for the MEA system has been chosen, an empirical 
fit of the model to the data in a Nyquist-plot is performed to determine the equivalent circuit values 
of R1, R2, and Q2.  

 

 
Figure 2.11. Depiction of a Nyquist plot, ZFit® parameters, and representative equivalent circuit for 
an early MEA prototype. A high-frequency resistance electrochemical impedance spectroscopy (EIS 
HFR) procedure was performed to generate the above plot and derive an estimate of the cell resistance via 
empirical fitting. Typical values of R1 were under 0.2 Ω for all reported experiments.    

Figure 2.12 shows the EIS HFR information derived from the AEM membrane and ionomer 
benchmarking studies presented earlier in this chapter (see Figure 2.2). Interestingly, the 
resistance of Sustainion and Versogen (W7) cell systems were comparable with that of Nafion for 
most of the potential window studied, especially for full-cell voltages that ranged from 0.5 to 1.1V. 
This indicates that the different polymer chemistries in these three systems are not hugely crucial 
determinants of the ohmic properties of these systems and that the catalyst-layer microenvironment 
created by the operating conditions (i.e., temperature, water content) may instead be more 
important. The highest ohmic resistance was for the Georgia Tech (GT) membrane and ionomer 
system, which would also explain its comparatively poor catalyst activity shown in Figure 2.2.  
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Figure 2.12. High-frequency resistance electrochemical-impedance spectroscopy (EIS HFR) for 
various AEM ionomer and membrane systems. A CEM/Nafion system was also included for reference. 
Test conditions are the same as those in Figure 2.2. Test conditions: 80℃ system temperature, Full-MEA 
configuration, 100% RH at both electrodes, HER at the cathode (flowing gas: Ar at 200 ml min-1), HOR at 
the anode (flowing gas: H2 at 200 ml min-1), Pt/C weight fraction of around 46%, I:C (ionomer-to-carbon) 
ratio was 0.6, and Pt-only loading was 0.3 mgPt cm-2 for both anode and cathode. The following systems 
are depicted: (1) Nafion®: Nafion 212 CEM and Nafion ionomer, (2) Versogen® (W7): W7 30μm AEM 
and ionomer, GDE-mode, (3) Sustainion® system: Sustainion AEM and Sustainion ionomer, GDE-mode, 
and (4) Georgia Tech® (GT): GT 72-10 membrane and GT 72-5 ionomer, GDE-mode. 

 

2.5.2 Other important considerations 
Once any desired electrochemical measurements are concluded, all equipment, especially 

heating elements and electrical devices, are shut off and sufficient time is allowed for cool down 
of hot objects before handling and disassembly. Cell electrolyzer components are thoroughly 
cleaned, dried, and stored in a cool, dry area ahead of next use and the used MEA components 
(i.e., anode PTL, cathode GDL, and hydrated membrane) are stored in appropriately labelled 
sample bags for future reference or post-experimental characterization. Before, during, and after 
operation, safety precautions must be observed: heating and electrical equipment and lines should 
be handled with care and proper corrosive chemical handling and spill cleanup awareness should 
be ensured. Using alligator clips for electrical connections is highly discouraged as they can 
corrode and cause poor contact overtime: secure banana plugs should be used instead to ensure 
good electrical contact. In addition, hydrogen gas is fed into the anode of the electrolyzer when 
performing HOR: metal tubing should always be used for lines containing hydrogen and, as much 
as possible, these should be kept away from electrical connections and cables, as well as other 
potential fire sources such as hot surfaces. 
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3 Tuning Catalyst-Ionomer Coverage and Interactions towards 
Selective and High Current Density CO2 Reduction  

† Portions of this chapter were previously published as “O. Romiluyi, N. Danilovic, A. T. Bell, and A. Z. 
Weber, “Membrane‐electrode assembly design parameters for optimal CO2 reduction”, Electrochemical 
Science Advances, ISSN: 2698-5977, 2698-5977; DOI: 10.1002/elsa.202100186 (2022)” and are adapted 
with permission from all co-authors. 

 
Commercial-scale generation of carbon-containing chemicals and fuels by means of 
electrochemical CO2 reduction (CO2R) requires electrolyzers operating at high current densities 
and product selectivities. Membrane-electrode assemblies (MEAs) have been shown to be suitable 
for this purpose. In such devices, the cathode catalyst layer controls both the rate of CO2R and the 
distribution of products. In this study, we investigate how the ionomer-to-catalyst ratio (I:Cat), 
catalyst loading, and catalyst-layer thickness influence the performance of a cathode catalyst layer 
containing Ag nanoparticles supported on carbon. We explore how these parameters affect the cell 
performance and establish the role of the exchange solution (water vs. CsHCO3) behind the anode 
catalyst layer in cell performance. We show that a high total current density is best achieved using 
an I:Cat ratio of 3 at a Ag loading of 0.01–0.1 mgAg cm-2 and with a 1.0 M solution of 
CsHCO3 circulated behind the anode catalyst layer. For these conditions, the optimal CO partial 
current density depends on the voltage applied to the MEA. The work also reveals that the 
performance of the cathode catalyst layer is limited by a combination of the electrochemically 
active surface area and the degree to which mass transfer of CO2 to the surface of the Ag 
nanoparticles and the transport of OH− anions away from it limit the overall catalyst activity. 
Hydration of the ionomer in the cathode catalyst layer is found not to be an issue when using an 
exchange solution. The insights gained allowed for a Ag CO2R MEA that operates between 
200 mA cm-2 and 1 A cm-2 with CO faradaic efficiencies of 78–91%, and the findings and 
understanding gained herein should be applicable to a broad range of CO2R MEA-based devices. 
 

 

3.1 Introduction 

Chapter 1 presented the case for the CO2R MEA, outlined the complexity of the cathode 
catalyst-layer microenvironment, and explained why it is of scientific importance, while Chapter 
2 delved into the engineering and experimental methods employed to obtain a reliable, 
reproducible, and versatile CO2R MEA system. This current chapter combines the aforementioned 
elements to systematically investigate key cathode catalyst-layer design parameters (i.e., the 
ionomer-to-catalyst ratio (I:Cat), the catalyst loading, and the catalyst-layer thickness) and 
operating conditions (i.e., the anode exchange solution concentration as well as the choice of MEA 
cell design and degree of hydration), extract physical insights from the trends and features 
observed, and develop a high performance (i.e., selective and high current density) Ag-based CO2R 
MEA. The findings described within this chapter should be applicable to a broad range of CO2R 
MEA-based devices and it outlines a pathway towards high-throughput commercial applications. 
Key to achieving industrial scale CO2R is the development and fundamental understanding of a 
cell that can efficiently and selectively produce value-added CO2R products. Specifically, a CO2R 

https://search.library.berkeley.edu/discovery/fulldisplay?docid=ctx26465017410006531&context=SP&vid=01UCS_BER:UCB&lang=en
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electrolyzer must operate at current densities in excess of 200 mA cm-2 under moderate applied 
cell potentials (< 4 V) in order to minimize capital costs and achieve high energy efficiency.122 
Prior studies have shown that these targets can be best achieved with a membrane-electrode-
assembly (MEA) (i.e., a zero-gap cell) because of its efficiency advantages stemming from low 
ohmic resistance and improved mass transport compared to traditional planar electrode and 
aqueous gas-diffusion-electrode (GDE) cells with aqueous electrolyte.45,46,50–56 
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Figure 3.1. Schematics of the ionomer-catalyst-membrane microenvironment in a Ag cathode, Ir 
anode CO2 reduction MEA system: (a) Full-MEA schematic (b) H2O-MEA schematic (c) Exchange-
MEA schematic (d) Blow ups of the cathode and anode catalyst layers. The schematics provide a 
system-wide overview of the MEA device for Ag CO2R with associated reactants and products. 
Homogenous buffer reactions, electroosmotic water drag, and migration of exchange solution cations occur 
in the device. 

 
Figure 3.1 illustrates the structure of an MEA for the electrochemical reduction of CO2 to CO and 
H2. The cathode is composed of a catalyst layer (CL) deposited onto a microporous layer (MPL) 
residing on top of a gas-diffusion layer (GDL), while the anode is composed of a CL deposited 
onto a porous-transport layer (PTL). The cathode CL consists of carbon-supported silver (Ag) 
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nanoparticles, while the anode CL consists of unsupported iridium/iridium oxide (Ir/IrO2) 
nanoparticles. An anion-conducting polymer is used between the electrodes because prior findings 
have demonstrated that lower hydrogen-evolution-reaction (HER) rates correlate with the lower 
proton availability that is observed in high pH environments for Ag cathodes; these conditions 
enhance carbon monoxide evolution.34,40–44 Specifically, the anion-exchange membrane (AEM) 
enables the transport of hydroxide (OH−) anions, produced at the cathode via CO2R and HER (see 
Equations 3.1 and 3.2), to the anode where they are consumed via the oxygen-evolution reaction 
(OER) (see Equation 3.3). For similar reasons, the catalyst particles at both electrodes are covered 
with a solid-state anion-conducting ionomer. We note that homogeneous buffer reactions occur in 
the hydrated ionomer and membrane (see Equations 3.4 and 3.5), which lead to the formation of 
HCO3− and CO32− that are transported across the membrane, essentially pumping CO2 from the 
cathode to the anode and representing a major loss in the utilization of CO2.46  

Three MEA designs were explored in this study: one in which a humidified stream of CO2 was 
supplied to the cathode and a humidified stream of N2 was supplied to the anode (i.e., Full-MEA), 
the second design consisting of a humidified stream of CO2 supplied to the cathode and liquid H2O 
recirculating behind the anode (i.e., H2O-MEA), and a third design that is similar to the second 
except that an ionic solution (CsHCO3) was recirculated behind the anode (i.e., Exchange-MEA). 
CsHCO3 was chosen as the ion solution because it can supply hydrated Cs+ cations to the cathode 
CL, which have been shown to enhance the rate of CO2R over Ag relative to other alkali metal 
cations.96 Bicarbonate (HCO3-) was chosen as the anion, rather than hydroxide, in order to avoid 
significant loss of CO2 due to the aforementioned CO2 pumping phenomenon.46 The half and 
buffer reactions occurring at each side of this device are  

Cathode −  COER: CO2 + H2O + 2e− → CO + 2OH− (U° = −0.11 V vs.  SHE)      (3.6) 

Cathode −  HER: 2H2O + 2e− → H2 + 2OH−  (U° = −0.828 V vs.  SHE)           (3.7) 

Anode −   OER: 4OH− → O2 + 2H2O + 4e− (U° = 0.401 V vs.  SHE)           (3.8) 

CO2 + OH− ↔ HCO3
− (pKa = 6.37)                 (3.9) 

HCO3
− + OH− ↔ CO3

2− +  H2O (pKa = 10.3)                                                 (3.10) 

The total current density (TCD) and product distribution obtained with an MEA used for CO2R 
depend on a number of interrelated factors, such as membrane and ionomer hydration, cell 
temperature, reactant partial pressure, etc. Prior research has shown that the distribution of CO2R 
products is a strong function of both the catalyst composition and its surrounding 
microenvironment.34,45,46,48,123 In the case of an MEA, the ionomer-to-catalyst (I:Cat) ratio, the 
catalyst loading, and the thickness of the CL also impact cell performance.124,125 However, the 
effect of all these design factors on CO2R are not yet fully understood. In this present study, we 
conduct a systematic investigation of the effect of these parameters on the activity and product 
distribution of a CO2R MEA using a Ag cathode. Ag is of particular interest as an electrocatalyst 
because it produces only H2 and CO, a product mixture that can be readily converted to a spectrum 
of hydrocarbons via Fischer-Tropsch synthesis.25,38 Tandem systems that convert CO2 to CO and 
subsequently convert CO to C2+ products using Ag-Cu electrodes126,127 can also benefit from this 
study in terms of informing their system designs to maximize CO production.128 
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3.2 Experimental Methods 

3.2.1 Catalyst inks and electrode substrates 
The Ag cathode ink comprised of Ag/C particles (i.e., 20% Ag on Vulcan XC-72 carbon 

support, Premetek®), Sustainion® ionomer (5% in ethanol, Dioxide Materials®), water (Milli-Q®, 
18 mΩ), and n-propanol (Sigma-Aldrich®). The Ir anode catalyst ink comprised of IrO2 
nanoparticles (Tanaka®, SA=100), Sustainion® ionomer (at an optimal ionomer content of 11.6 
wt.-%)129, water, n-propanol, and ethanol (Sigma-Aldrich®). Detailed ink recipes are provided in 
Table S3.1. The inks were sonicated ultrasonically (Symphony® Sonicator) for 30 min.  

The cathode electrode substrate consisted of a microporous layer (MPL) covering a gas-diffusion 
layer (GDL) made of carbon fibers and 5 wt.-% PTFE and with a total composite porosity of 0.52 
(Sigracet® 39BC). The anode electrode substrate was a proprietary mesoporous titanium (Ti) 
porous transport layer (PTL) provided by NEL Hydrogen®. Before deposition, both electrode 
substrates were cleaned with ultra-pure nitric acid in order to remove electrochemically-active 
trace impurities.104 Catalyst inks were then spray-coated onto the cathode and anode substrates 
using an ultrasonic spray coater (Sono-Tek® Exactacoat). For each electrode, the spray coating 
time was adjusted to achieve a desired loading. After deposition, each electrode was pretreated in 
1 M KOH for at least 24 h to facilitate anion exchange in the ionomer. 
 
3.2.2 Membrane and cell assembly 

A 50 µm-thick hydrated Sustainion® X37-50 Grade RT membrane (Dioxide Materials®) 
was pretreated in 1 M KOH for at least 24 h. The membrane was sandwiched between the two 
prepared electrodes and the resulting MEA was assembled into a 5 cm2 commercial cell (Fuel Cell 
Technologies®). A torque wrench was used to tighten each cell bolt to 40 in-lb and 10-mil (i.e., 
0.01”) thick PTFE gaskets (Fuel Cell Technologies®) were used on each gas channel to ensure 
reproducible and uniform compression across the MEA and to prevent leakages. The cell was then 
connected to a potentiostat with a 10A booster (Bio-Logic®).  

The CO2 entering the cathode compartment was humidified by bubbling it through a bottle of 
deionized water (Milli-Q®, 18 mΩ) maintained at 50°C via a hot-water bath. A flow of deionized 
water (Milli-Q®, 18 mΩ) or cesium bicarbonate (CsHCO3) (Sigma-Aldrich®) at 50°C was fed 
behind the anode as the MEA exchange solution . The MEA cell was heated and operated at 50°C. 
The cathode feed flow rate was set to or above 200 mL min-1 of humidified CO2 (measured using 
a mass-flow controller (Alicat Scientific®)) in order to avoid reactant supply limitations and mass-
transfer effects stemming from large fractional conversions. The exchange solution fed behind the 
anode was rapidly circulated (24.6 mL min-1) using a peristaltic pump (Masterflex®) so that 
concentrations in the gas channels and porous electrodes remained uniform and gradients were 
minimized. Flow rates of the cathode and anode outlet gases were verified using a mass-flow meter 
(MFM) (Alicat Scientific®) to ensure no leakage across the entire system and for faradaic-
efficiency (FE) calculation purposes.  
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3.2.3 Electrochemical testing 
The cell was first monitored at open circuit for 30 to 60 min to ensure thermal uniformity 

and complete hydration of the cell membrane and the ionomer in the CLs. After equilibration, 
electrochemical-impedance spectroscopy (EIS) was used to measure the high-frequency resistance 
(HFR, 1 Hz to 1000 kHz) of the cell (which was consistently under 0.2 Ω or 1 Ω cm2 for all 
experiments. After these baseline tests were completed, chronoamperometry (CA, constant-
voltage hold) was performed together with in-line gas-chromatography (GC) analysis (SRI 
Instruments®) using both a flame-ionization detector and a thermal-conductivity detector. A 
polarization curve was obtained, with each voltage step of 0.4 V being held for at least 30 min. 
For each voltage step, the reported current density was averaged over the last 15 min. Two GC 
samples were taken per electrode: the measured CO and H2 product concentrations, the 
corresponding current density, and the outlet flow rate were used to determine the product FE at 
each voltage step. Error bars denote multiple separate measurements with different MEAs. 

 

3.3 Results & Discussion 

3.3.1 System design choice 
Exploratory experiments conducted at the outset of this work established that in order to 

ensure adequate hydration of the ionomer and the membrane, the MEA should be operated as either 
an H2O-MEA or an Exchange-MEA. As seen in Figure S3.1, operation of the MEA as a Full-
MEA increases the cell voltage required to achieve a given current density and this problem 
becomes more severe at higher current densities, with poorer stability (i.e., larger hysteresis 
between voltage sweeps) being demonstrated in the Full-MEA compared to the H2O-MEA. This 
pattern is believed to be a consequence of the decrease in the ionomer and membrane conductivity 
as the current density rises, thus leading to dehydration of the polymeric components.46 Raising 
the cell temperature of the H2O-MEA from 25 to 50°C resulted in superior overall performance 
due to the higher water content and faster kinetics and mass transport at the elevated temperature 
(see Figure S3.2). Thus, an H2O-MEA operated at 50°C was used as the baseline for the following 
studies. 
 
3.3.2 The effect of cathodic I:Cat ratio 

The catalyst loading at both the anode and cathode CLs was fixed at 1 mgcatalyst cm-2, while 
the ionomer-to-catalyst (I:Cat) ratio for the cathode CL was varied from 1 to 5 on a weight basis. 
Table S3.2 shows how the I:Cat ratio is related to the more often-used ionomer-to-carbon (I:C) 
ratio presented in the fuel-cell literature, but that metric is less relevant here since carbon is not 
always necessarily present in the CL. 
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Figure 3.2. Polarization (a), hydrogen partial current density (b), and carbon monoxide partial 
current density (c) behavior as a function of cathodic ionomer-to-catalyst ratio. Faradaic efficiency 
as a function of potential for the different ratios: I:Cat = 1 (d), I:Cat = 2 (e), I:Cat = 3 (f), I:Cat = 4 
(g), I:Cat = 5 (h)  in a Ag cathode, Ir anode MEA.  Test conditions: 50°C, atmospheric pressure, 200 mL 
min-1 fully humidified CO2 feed at the cathode, liquid water behind the anode.  

 
Polarization curves for different cathode CL I:Cat ratios presented in Figure 3.2(a) demonstrate 
that, for a given cell potential, the TCD increases as the I:Cat increases from 1 to 3, with I:Cat 
ratios from 3 to 5 exhibiting nearly identical behavior. Figure 3.2(b) and (c) display how the I:Cat 
ratio impacts the partial current densities for H2 and CO, respectively. As the I:Cat increases from 
1 to 3, the partial current density for H2 increases monotonically, whereas for CO, the partial 
current density increases up to an I:Cat ratio of 3 and then decreases for higher I:Cat ratios, 
especially once the cell potential increases above 3.5 V. The observed trends in the partial current 
densities of H2 and CO with I:Cat ratio and cell potential lead to an increase in the FE for CO and 
a decrease in the FE for H2, as seen in Figure 3.2(d) thru (h). For I:Cat = 1, the FE for both 
products is relatively insensitive to the cell potential, whereas for the other I:Cat ratios, the CO FE 
reaches a pronounced maximum at 3.2 V, especially for I:Cat = 3. Furthermore, the CO partial 
current levels off with increasing cell potential for I:Cat = 2 and 3, whereas the H2 partial current 
rises monotonically with increasing I:Cat. A CO FE (68%) and partial current (74 mA cm-2) are 
observed for I:Cat = 3 at 3.2 V. Analysis of product selectivity at constant current (i.e., fixed OH− 
flux) as given in Figure S3.5(a) thru (c) demonstrates that I:Cat = 3 still yields both a high CO 
partial current and FE and these characteristics are lower for the higher I:Cat = 4 and 5 systems.  

Figure 3.3 illustrates our conceptual picture of the cathode CL structure. The electrochemically-
active surface area (ECSA) refers to the surface area of Ag covered by ionomer for which there 
are accessible ionic and electronic pathways to the membrane and GDL, respectively. For CO2R 
to occur on the Ag/C catalyst particles, it is essential that percolation pathways exist for electron 
flow from the cathode GDL to the Ag/C particle, for OH− transport from the ionomer covering the 
Ag nanoparticles to the membrane, and for gas transport from the flow channel to the catalytically 
active sites. The pathway for electron flow is provided by good contact of the carbon particles 
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supporting the Ag nanoparticles with the carbon in the MPL and GDL. The pathway for OH− 
anions, produced at the cathode, is via continuous ionomer tendrils connecting the surface of the 
Ag particles to the membrane. If the void space in the cathode CL is partially filled with liquid 
electrolyte (originating from the anode exchange solution), then this medium can also act as a 
pathway for OH− transport, as occurs in the wetted pores of an aqueous GDE.56 The existence of 
parallel pathways for ion transport from the catalyst surface to the membrane implies that the 
microenvironment in the CL and near the catalyst surface can be heterogeneous. Finally, the 
transport of CO2 occurs from the flow channel on the cathode side of the MEA, through the pores 
in the GDL and MPL, and to the Ag/C catalyst particles. To reach the Ag surface, gaseous CO2 
must dissolve into a thin layer of ionomer or liquid electrolyte covering the Ag catalyst particles. 

The cartoons in Figure 3.3 illustrate how the structure of the cathode CL changes for cases of low, 
moderate, and high I:Cat ratio. For each case, the right side illustrates the specific coverage of the 
Ag/C nanoparticle and the supporting ionomer, whereas the left side illustrates the electronic, 
ionic, and pore-space connectivity throughout the CL. As the I:Cat ratio increases, the fraction of 
individual Ag/C particles covered with ionomer increases. For a H2O-MEA, increasing ionomer 
coverage of the Ag particles increases its ECSA since the ionomer provides access for H2O and 
CO2 to the Ag surface and a path for the movement of OH− anions from the Ag surface. 
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Figure 3.3. Schematic of catalyst-layer microenvironment and ionomer-catalyst distribution on a 
catalyst and support nanostructure based on I:Cat ratio and ionomer content/coverage. The patchy 
ionomer distribution depicts low I:Cat ≤ 2, the excessive distribution depicts high I:Cat ≥ 4, and the 
idealized distribution refers to the moderate I:Cat = 3. Electron, ion, and gaseous pathways and tradeoffs 
are also shown. 
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It should be noted that sufficient ionomer must be present so that a bridge develops between the 
individual Ag/C particles and the membrane since this bridge is essential for the flow of OH− 
anions from the CL to the membrane. If these ionomer tendrils are insufficient in number, as in 
the case of low I:Cat ratios, then the existing ones must carry all of the ion current, inducing local 
mass-transport limitations of OH−, and consequently low ion conductivity.130 For the low number 
of active sites, the high current density in the tendrils coupled with their low conductivity can lead 
to ohmic heating that has the potential to dehydrate the CL. This loss due to ohmic heating is offset 
by the water flux through the membrane and into the ionomer tendril provided by the liquid H2O 
present behind the anode. Figure S3.4 depicts an ionomer dehydration model of how the cathode 
CL water activity changes with current density and I:Cat ratio. The results of the model clearly 
show that extensive ionomer dry out (i.e., water activity falling well below 1.0) is not at all 
expected to occur in the cathode CL, especially in portions closest to the membrane (i.e., the active 
thickness of the CL) at the current densities measured due to the existence of the water from the 
exchange solution. We note that low coverage of the Ag nanoparticles by ionomer reduces the 
ECSA, an issue that is particularly important in the case when the MEA operates with only water 
behind the anode CL. 

The very steep rise in the cell voltage with TCD seen in Figure 3.2(a) for I:Cat ratios of 1 and 2 
depicts limiting-current behavior that is attributed to both low ECSA and mass-transport 
limitations within the cathode CL. As noted above, patchy coverage of the Ag particles by ionomer 
at low I:Cat ratios reduces the active area for catalysis. This means that the overpotential applied 
to these particles rises sharper than would be anticipated, resulting in severe local mass-transfer 
limitations of CO2, which accesses the surface of the Ag particles primarily via transport through 
the ionomer tendrils. Moreover, the pH in the portion of the tendrils close to the Ag/C nanoparticles 
increases due to the higher local reaction rate, causing a decrease in the local concentration of CO2 
due to its consumption by buffering reactions, as described above (see Equations 3.11 and 3.12).  

Upon increasing the I:Cat ratio to 3, more of the Ag/C particles become covered by ionomer, which 
in turn increases the number of ionomer tendrils available to carry the ionic current. These changes 
result in an overall higher rate of CO2R, as evidenced by the increased CO partial currents and FEs 
shown in Figure 3.2(c) thru (f). The proposed interpretation of the effects of I:Cat ratio is in 
agreement with previous studies of local conditions in CO2R systems.13134,40–44 For I:Cat ratio = 3 to 
5, the current carrying capacity of the ionomer tendrils no longer limits the TCD, as evidenced by 
the polarization curves becoming more ohmic in character (i.e., exhibiting a linear relationship 
between current and potential). However, if the I:Cat ratio is raised above 5, the extra ionomer 
decreases the CL porosity (see Figure S3.5) and can interfere with electron conduction from the 
cathode MPL and GDL to the Ag/C particles and with the passage of CO2 to the Ag/C particles. 
Under these conditions, the cell potential for a given TCD is expected to again rise.  

Figure 3.3 also helps rationalize the changes in the partial current densities for H2 and CO seen in 
Figure 3.2(b) and (c). Simulations of Ag MEAs have shown that the product partial current 
densities are very sensitive to the overpotential at the Ag particles that drives CO2R.46 In the present 
study, the composition and structure of the anode CL remain fixed as the I:Cat ratio of the cathode 
CL increase. Since the anode CL is in intimate contact with liquid water, it is reasonable to assume 
that the ionomer in the anode CL remains fully hydrated, as does the membrane. Under these 
constraints, the overpotential due to anode kinetics should be independent of the I:Cat ratio for the 
cathode CL and should only depend on the TCD. Likewise, if the membrane remains fully 
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hydrated, its conductivity will not change significantly and, hence, the ohmic loss across the 
membrane should increase linearly with the current density. Moreover, CO2 can be lost due to 
buffer reactions involving OH−, which produce HCO3− and CO32−. As noted above, the latter 
process becomes increasingly severe as the extent of mass-transfer resistance increases at high 
TCD since OH− is produced in direct proportion to the current. For I:Cat = 1 and 2, the number of 
ionomer tendrils connecting the Ag/C particles to the membrane is low, resulting in a relatively 
low cathode overpotential and subsequently mainly H2 production.59 When the I:Cat ratio increases 
to 3, there is now a sufficient number of ionomer tendrils to carry the current even at high current 
densities. Under these conditions, the cathode overpotential shifts to more positive values, thereby 
increasing the CO partial current density and FE. However, for yet higher current densities, mass-
transfer effects start to set in, causing a decrease in the local CO2 concentration due to the 
homogeneous buffer reactions, and, consequently, the CO partial current density does not rise as 
rapidly as that of H2: the CO FE decreases as a result. When the I:Cat ratio rises to 4 and 5, the 
effects of CO2 and OH− transfer limitations are expected to become more significant because of 
thicker ionomer layers covering Ag/C particles. 

These same I:Cat ratio trends were observed experimentally for the case of H2O electrolysis (i.e., 
HER-only at the cathode) in a H2O-MEA containing an Ir anode CL and an Ag/C CL (see Figure 
S3.6). An I:Cat of 3 was again found to be best, suggesting that the CL structure (and perhaps 
associated water- and ion-transport limitations) dominate performance. The findings are consistent 
with the data of Xu et al.,132 who characterized the CL microstructure by scanning electron 
microscopy (SEM) and nanometer-scale X-ray computed tomography (nano-XCT), which 
revealed that larger aggregates of ionomer-catalyst-carbon are formed with excessive ionomer 
amounts, resulting in a decrease in the ECSA.132 It is important to note that several complexities 
and considerations arise when trying to link macroscale device performance to microscale 
ionomer-catalyst binding and distribution125 and that, across a range of ionomer types and 
equivalent weights, changing the ionomer content or I:C ratio also influences the uniformity, 
morphology, and transport resistances of the CL.133 Finally, the preferred I:Cat ratio of 3 found in 
our study (i.e., an I:Cat of 3 corresponds to an I:C of 0.75 (see Table S3.2)) agrees with what was 
found for a proton-exchange-membrane fuel cell, where the preferred I:C ratio was close to 1.134 

 
3.3.3 The effect of exchange-solution concentration 

Previous studies have shown that adding an electrolyte behind the anode of an MEA 
improves the TCD obtained for a given cell potential relative to what is observed using pure 
water.50,135–140 In this study, CsHCO3 was added to the water circulated behind the anode CL, 
effectively producing an Exchange-MEA. For these experiments, the cathode CL I:Cat was 3 and 
the catalyst loading was 1 mgAg cm-2. 
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Figure 3.4. Polarization (a), hydrogen partial current density (b), and carbon monoxide partial 
current density (c) behavior as a function of exchange-solution concentration. Faradaic efficiency as 
a function of potential for the different concentrations: H2O-MEA (d), 0.1 M CsHCO3 (e), 0.5 M 
CsHCO3 (f), 1 M CsHCO3 (g) in a Ag cathode, Ir anode MEA. Test conditions are the same as those in 
Figure 3.2 except that the cathodic I:Cat was fixed at 3 (weight basis) and that liquid water or CsHCO3 was 
circulated behind the anode.  

 
The addition of CsHCO3 to the water fed behind the anode of the MEA has a noticeable impact on 
the TCD, as shown in Figure 3.4(a), especially for concentrations approaching 1 M where current 
densities approach 1 A cm-2. The increase in current density for a given applied potential is 
particularly significant above a cell potential of 2.5 V. These effects on the TCD are attributed to 
the creation of additional OH− conduction pathways through the pores in the cathode CL (see 
Figure 3.3), which provide parallel pathways to the ionomer tendrils between the Ag/C particles 
and the AEM. We note that the migration of cations from the electrolyte behind the anode to the 
cathode CL through AEMs at high current densities has been predicted in simulations of 
Exchange-MEAs46 and experimental studies have observed salt precipitation at the cathode when 
the electrolyte concentration exceeds its solubility limit.75 As the ion concentration behind the 
anode increases, Donnan exclusion from the membrane is overcome and Cs+ and HCO3− ions can 
now transport across the membrane. The creation of an electrolyte conduction pathway within the 
CL also increases the ECSA and improves CL utilization. These effects are consistent with the 
increased partial current density for CO and H2 observed at higher cell potentials. A similar impact 
of electrolyte has been reported for a hydroxide-exchange-membrane water electrolyzers,141 where 
the additional liquid-based ionic pathway becomes more favorable than the ionomer pathway as 
the exchange-solution ion concentration increases, further contributing to an increase in the ECSA. 

The selectivity trends seen in Figure 3.4(b) thru (g) are attributed to the effect of the cathode 
overpotential coupled with the effect of CO2 and OH− transport at higher applied potentials. The 
presence of Cs+ cations at the electrolyte/Ag interface and at a similar interface beneath the 
Sustainion® ionomer also enhances the activity of Ag for CO2R because the accumulation of 
hydrated Cs+ cations on the catalyst surface has been shown to strengthen the electrostatic field in 
the double layer and thereby enhance the CO2 adsorption.96,97 Furthermore, since the bicarbonate 
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ion has a lower pKa than water, at higher concentrations in the CL, it becomes a significant proton 
donor supply and buffering agent, which reduces the local pH and promotes HER.100,142 In addition, 
when HFR EIS was conducted for the MEA and operated at a fixed current density of 500 mA cm-

2 with a 0.5 M or a 1 M CsHCO3 solution behind the anode catalyst layer, the total resistance 
measured was 0.14Ω and 0.13Ω, respectively. By contrast, within its current density range, the 
resistance of the H2O-MEA system was just under 0.2 Ω. Thus, ohmic resistance was not a 
controlling factor in the performance of the Exchange-MEA. These various effects are coupled 
and not readily deconvoluted without additional advanced characterization techniques or 
mathematical models that are beyond the scope of the current study. The effects of the applied cell 
potential on the partial current densities and the FE for CO are qualitatively similar to those seen 
in Figure 3.2, but are more dramatic. While the CO FE is highest (79%) for 0.1 M CsHCO3 
Exchange-MEA (see Figure 3.4(e)), the CO partial current density is highest for  0.5 and 1 M 
CsHCO3 (i.e., CO partial current densities > 100 mA cm-2, see Figure 3.4(c)). Furthermore, for a 
constant current density, the CO partial current density for 1 M CsHCO3 system is higher than that 
for 0.5 M CsHCO3. These observations reinforce why FE trends are an insufficient basis for 
judging CO2R performance and why it also important to look at the CO partial current density.143,144 

 
3.3.4 The effect of catalyst loading and catalyst-layer thickness 

As noted above, substitution of water by a CsHCO3 solution enhances the activity of the 
Ag/C particles in the cathode CL and reduces the net resistance of the CL to anion transport. The 
next question explored was the effect of changing the number of active sites by changing the 
catalyst mass loading (mgAg cm-2) and, hence, the thickness of the cathode CL. These experiments 
were carried out with a fixed Ag to carbon ratio (Ag/C) of 20 wt.-%, a cathodic I:Cat = 3, and a 1 
M CsHCO3 exchange solution behind the anode. 
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Figure 3.5. Polarization (a), hydrogen partial current density (b), and carbon monoxide partial 
current density (c) behavior as a function of Ag catalyst loading. Faradaic efficiency as a function of 
potential for the different loadings: 1 mgAg cm-2 (d), 0.1 mgAg cm-2 (e), 0.01 mgAg cm-2 (f) in a Ag 
cathode, Ir anode MEA. Test conditions are the same as those in Figure 3.2 except that the cathodic I:Cat 
was fixed at 3 (weight basis) and 1M CsHCO3 was circulated behind the anode. A pressure-sensing 
Mitutoyo® micrometer was used to obtain the catalyst-layer thickness measurements shown in the inset 
table in (a). 

 
Figure 3.6(a) thru (c) shows the effect of catalyst loading on the TCD and the partial currents for 
H2 and CO. Decreasing the Ag loading from a nominal value of 1 to 0.1 mgAg cm-2 did not 
significantly alter the TCD over the whole range of cell potentials. However, when the loading 
was further reduced to 0.01 mgAg cm-2, the TCD exhibited similar limiting-current behavior to that 
seen when the I:Cat ratio was reduced from 3 to 1 (see Figure 3.2). This pattern suggests that the 
most active part of the CL is that located near the membrane surface, consistent with earlier studies 
of CO2R in an MEA system.59,77,145 One of these studies59 revealed that the cathode potential on the 
Ag particles in the cathode CL became significantly more positive with increasing distance from 



 

44 
 

the CL/membrane interface as a consequence of the increasing resistance to OH- mass transfer. 
Consistent with this reasoning, Figure 3.7(a) suggests that only about 10% of the CL layer at a 
catalyst loading of 1 mgAg cm-2 is actually active (i.e., ~20 µm). Further reduction of the Ag loading 
to 0.01 mgAg cm-2 reveals that, if the loading is too low, the current that needs to be supplied by 
each particle in the CL rises, resulting in an increase in mass-transport limitations to and from the 
catalyst surface due to the decreased ECSA, as well as a reduction in the availability of conduction 
pathways via the electrolyte in the pores of the CL due the smaller CL volume (at fixed I:Cat) 
having reduced contact sites of the electrolyte with ionomer tendrils and Ag/C particles. These 
phenomena help explain the observed sudden rise in the cell potential required to achieve current 
densities of more than ~250 mA cm-2.  

It is notable that reducing the catalyst loading from 1 to 0.1 mgAg cm-2 does not have a large effect 
on the partial current density for H2, yet results in a substantial increase in the partial current 
density and FE for CO. For cell potentials below the optimal 3.2 V, in which the TCD is essentially 
independent of Ag loading, the partial current density for CO increases as the Ag loading decreases 
but remains largely unchanged from 0.1 mgAg cm-2 to 0.01 mgAg cm-2. However, the CO FE greatly 
increases over this same loading range (i.e., a CO FE of 78% was attained at 0.1 mgAg cm-2 and a 
very high CO FE of 91% was attained at 0.01 mgAg cm-2 at a 3.2 V). This is not due to a particularly 
large increase in the CO partial current density, but rather due to a significant decrease in the H2 
one. For each loading, the CO partial current density goes through a broad maximum, while the 
H2 partial current density increases monotonically as the overpotential increases. A constant-
current comparison of the selectivity data (see Figure S3.3(g) thru (i)) also shows this maximum 
in CO partial current density as a function of Ag loading, most especially for 0.1 mgAg cm-2. We 
believe that this is attributable to the higher cathode overpotential preferentially shifting the 
product selectivity to products with larger transfer coefficients.59 For Ag, the product with the 
larger transfer coefficient is CO (αCOER = 0.44 and αHER = 0.36).56 It is also notable that decreasing 
the catalyst loading to 0.01 mgAg cm-2 dramatically decreases the partial current density for H2, but 
has a much more modest effect on the partial current density to CO. This pattern may reflect a 
lower H2O/CO2 ratio at the catalyst surface. 

 

3.4 Conclusions 

This work explored the role of the cathodic ionomer-to-catalyst (I:Cat) ratio, catalyst 
loading, catalyst-layer thickness, and anode exchange-solution concentration in CO2 reduction 
(CO2R) for a membrane-electrode-assembly (MEA) containing supported Ag/C catalysts at the 
cathode. The aim of this work has been to understand the influence of these parameters on the total 
current density, the rate of CO formation, and its associated faradaic efficiency (FE). We have 
found that when only water is present in the anode compartment behind the anode CL, both the 
anion-exchange membrane (AEM) and associated ionomer in contact with the Ag particles are 
essentially completed hydrated, avoiding dehydration phenomena that can limit catalytic 
performance. However, the total current density and the CO partial current density are both 
sensitive to the I:Cat ratio. For I:Cat ratios of 1 and 2, the electrochemically-active surface area 
(ECSA) is low and the total current density is limited by mass transport of CO2 and OH− through 
the ionomer tendrils connecting the Ag particles to the AEM. Under these conditions, the OH− 
concentration and production rate near the Ag surface are high, which reduces the local 
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concentration of CO2 due to reaction with OH− to produce HCO3- and CO32-; this results in H2 
being the primary product. For I:Cat ratios of 3 and greater, the ECSA is higher and these mass-
transfer limitations are ameliorated at lower total current densities, and, consequently, CO is 
produced with greater FE and current density. However, mass-transfer limitations are observed at 
high current densities. The addition of CsHCO3 to the water in the anode compartment increases 
significantly the total current density attained for a given applied potential. This is ascribed to the 
creation of parallel channels for OH− conduction from the Ag particles via electrolyte present in 
the pores of the CL, between the ionomer tendrils and the AEM. The presence of electrolyte in the 
cathode CL also increases the CO partial current density relative to that for H2, but at high applied 
potentials where mass-transfer limitations set in, the CO partial current density decreases relative 
to that for H2. The catalyst loading, expressed as milligrams of Ag per square centimeter of cathode 
area (mgAg cm-2), also has an effect on the total current density and the CO partial current density. 
For an I:Cat ratio of 3 and a CsHCO3 concentration of 1 M, reducing the catalyst loading from 1 
to 0.1 mgAg cm-2 has little effect on the total current density but increases the CO FE substantially. 
A further decrease in the Ag loading to 0.01 mgAg cm-2 leads to a significant reduction in total 
current density for a given cell potential and a significant reduction in the H2 partial current density 
relative to the CO partial current density. The observed effects suggest that for a loading of 1 mgAg 

cm-2, only a tenth of the catalyst is active for CO2R, but that reducing the loading below 0.1 mgAg 

cm-2 leads to a large loss in ECSA and the onset of significant local mass-transfer limitations; 
however, the high ratio of CO to H2 partial currents and very high CO FEs in this latter case cannot 
be fully explained and warrants further study. Overall, at low enough catalyst loading with constant 
I:Cat or at low enough I:Cat with constant catalyst loading, the CO2R MEA system becomes 
severely limited by ECSA, poor CO2 utilization, and mass-transfer limitations. 

In summary, this present study illustrates the importance of cathode CL design for achieving high, 
industrially-relevant total current densities (i.e., 200 mA cm-2 to 1 A cm-2) and concurrently high 
CO FEs (i.e., 78% to 91%), with a recommended range of cathode parameters being catalyst 
loadings of 0.01 to 0.1 mgAg cm-2 with thicknesses on the order of tens of micrometers and with an 
intermediate I:Cat ratio of 3, as well as a 1 M CsHCO3 anode exchange solution. Our findings also 
revealed that, despite its solid-state ionomer-based design, under certain operating conditions, the 
MEA architecture can behave similarly to planar and aqueous GDE cells in their inherent ability 
to highly tune CO2R selectivity with their electrode/electrolyte interfaces. This points to an 
increased possibility of knowledge transfer of fundamental scientific insights from the wider 
aqueous CO2R literature across seemingly disparate device systems. Moreover, we find that our 
interpretations and hypotheses of the effects of catalyst-layer design factors (such as I:Cat, catalyst 
loading, and catalyst-layer thickness) on performance are largely correlated due to the interrelated 
nature of the metrics themselves and how a change in one factor can influence the other in the 
complex and interconnected catalyst-layer microenvironment. These findings not only provide 
much needed engineering guidance in the form of design factor optimization, but they also provide 
foundational scientific insights that improve our understanding of the physical phenomena 
tradeoffs in CO2R MEAs and should be readily applicable to a broad range of commercializable 
CO2R MEA-based devices. 
 
 



 

46 
 

3.5 Supporting Information  

Cathode catalyst ink recipe 

I:Cat Ag/C catalyst (mg) water (g) n-propanol (g) ionomer solution (mg) 

1 81 8.1 8.1 324 

2 81 8.1 8.1 648 

3 81 8.1 8.1 972 

4 81 8.1 8.1 1296 

5 81 8.1 8.1 1620 

 
Anode catalyst ink recipe 

Ir catalyst (mg) water (g) n-propanol (g) ethanol (g) ionomer solution (mg) 

41 8.3 13.3 6.5 96 

 

Table S3.1. Catalyst ink recipes. Recipes are for a catalyst-only loading of 1 mgcatalyst cm-2. Ag catalyst 
weight is 20 wt.-% with Vulcan carbon support. The Sustainion® ionomer solution contains 5 wt.-% 
ionomer dispersed in ethanol. The iridium catalyst is IrO2 (Tanaka Kikinzoku Kogyo K.K®, SA=100). 

 

 

Figure S3.1. The effect of MEA cell design on the AEM water electrolysis polarization curve and 
hysteresis in a Ag cathode, Ir anode MEA system: Full-MEA vs. H2O-MEA. Forward and backward 
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voltage sweeps were conducted to obtain a hysteresis/stability measure. The system temperature was 
maintained at ambient (22-25oC) temperature and under atmospheric pressure conditions. Sustainion® 
ionomer and membrane were used and the catalyst loading at each electrode was 1 mgcatalyst cm-2. The anodic 
ionomer content and cathodic I:Cat were fixed at 11.6 wt.-% and 2, respectively (weight basis). Humidified 
Ar feed flow rate at the cathode inlet was at least 200 mL min-1, while liquid water was circulated behind 
the anode. H2 faradaic efficiencies were consistently above 95%. The H2O-MEA cell design outperforms 
the Full-MEA in terms of total current density and stability between voltage sweeps. This is due to its 
increased water availability, which provides more reactant for cathode reactions and an increased degree of 
hydration, staving off (reversible) dehydration and (irreversible) degradation of the membrane and ionomer 
phases, especially at higher current densities. 

 

 

Figure S3.2. The effect of system temperature on the AEM water electrolysis polarization curve in a 
Ag cathode, Ir anode H2O-MEA system. Test conditions were the same as those in Figure S3.5 except 
that the system temperature was varied. As expected, operating at elevated system temperatures yields a 
marked increase in the current-voltage response, leading to almost a doubling of the performance at some 
applied potentials. This supports the notion of increased kinetic activity and transport observed in 
electrolyzers due to increased system temperature.  

 

 

Table S3.2. Ionomer-to-catalyst ratio (I:Cat) and ionomer-to-carbon ratio (I:C) conversion table. Ag 
catalyst weight is 20 wt.-% with Vulcan carbon support. 

 

I:Cat 1 2 3 4 5 

I:C 0.25 0.5 0.75 1 1.25 
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Figure S3.3. Comparison of the CO2 reduction (i.e., CO and H2) faradaic efficiency and partial 
current density selectivity behavior of each experimental study (i.e., I:Cat ratio [(a) – (c)], anode 
exchange solution concentration [(d) – (f)], and catalyst loading [(g) – (i)]) at similar current densities 
in a Ag cathode, Ir anode MEA. Test conditions are the same as those in Figure 3.2, Figure 3.4, and 
Figure 3.5, respectively. Note that the scale of the right y-axis for the partial currents (in light blue) 
varies widely across experiments. 
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Figure S3.4. Ionomer dehydration model of the cathode catalyst layer across various total current 
densities and cathodic I:Cat ratios. The total current density is employed as a sweeping parameter, while 
the dependent variable is the water activity in the cathode catalyst-layer (CL) control volume. This 
sensitivity analysis is carried out for cathode I:Cat ratios 1, 3, and 5. It is clear that ionomer dehydration 
(i.e., water activity = 0) does not occur at all across the wide current density range (even at current densities 
reaching 1 A cm-2) and that the CL is mostly well hydrated, enough for possibly the emergence of a separate 
liquid phase in the CL. The contribution of ohmic heating to the drying phenomena in the CL was the least 
of the water fluxes obtained from the model. Although hard to distinguish from the figure, the I:Cat = 1 
system has the overall lowest water activities, followed by the I:Cat = 3 system and then the I:Cat = 5 
system. Testing out lower CL utilizations (i.e., 10% = 0.1 mgAg cm-2 vs. 1% = 0.01 mgAg cm-2) revealed 
that lower CL utilizations yielded slightly higher water activities across the board, indicating that the 
cathode CL is more hydrated in the regions or thicknesses closer to the membrane. A number of water 
transport coefficients and properties used in the model were based on Nafion® yet AEMs like Sustainion® 
are expected to have higher water transport properties, meaning that the water activities likely present in 
the CL during operation would actually be higher than what is shown in the figure above. This model was 
programmed using Python® and a scipy.optimize solver.  
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Term Equation/Value Source/Assumptions 
total net water 

flux/accumulation total water flux in – total water flux out [ mol
cm2 s

]  

total water flux in Ndiffusion + Ncathfeed [
mol

cm2 s
]  

total water flux out Nohmicheat + Nrxn + Nelectro−osmosis [
mol
cm2 s

]  

total current 
density, i 0 − 1000 �

mA
cm2� = 0 − 1 [

A
cm2]  

geometric surface 
area, Ageo 5 [cm2]  

water activity in 
CL (also a 

measure of relative 
humidity) 

awater,CL  

Ncathfeed, amount 
of water into CL 
from humidified 

cathode feed 

kg,feed × (awater,feed

− awater,CL) ×
Pwater
vap

RT
[

mol
cm2 s

] 

Pwater
vap  is the vapor pressure 

of water at the system 
temperature and 

awater,feed = 1 since the 
humidified cathode feed is at 

100% RH 
kg,feed, mass 

transfer coefficient 
of water through 
the cathode GDL 

Deff,water

δGDL
[
cm
s

]  
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Deff,water, 
effective diffusion 

coefficient of 
water via the GDL 

0.138 ×
∈GDL
τGDL

[
cm2

s
] 

apparent diffusion coefficient 
from Table II146 and ∈GDL = 

0.52 (for SG 39 BC 
Sigracet®) and τGDL is 

obtained via Bruggeman's 
correlation 

δGDL, GDL 
thickness 

325 [μm] = 0.0325 [cm] SG 39 BC, Sigracet® 

T, system 
temperature 50°C  

Ndiffusion, amount 
of water entering 
the CL from the 
membrane/anode  

�
αLmem
δmem

VdP� + �
αVmem
δmem

RT

× −ln�awater,CL�� [
mol

cm2 s
] 

where V is the partial molar 
volume of water (V0���) and dP 

is an assumed pressure 
differential between the 

water behind the anode and 
the membrane/cathode CL 

interface (1 atm) 

αLmem, membrane 
water transport 

coefficient based 
on a pressure 

gradient driving 
force 

ksat
μ × V0���

2 �
mol2

J cm2 s�
 

Equation 54147  
ksat is the permeability of a 

completely liquid-filled 
membrane147 and the 

viscosity and partial molar 
volume are that of water at 

the  system temperature 
αVmem, membrane 

water transport 
coefficient based 
on a chemical-

potential driving 
force 

5 × 10−10 [
mol2

J cm2 s
] Figure 6147 

δmem, membrane 
thickness 50 [μm] = 0.005 [cm] for Sustainion® membrane46 

Nrxn, amount of 
water consumed 

by reaction 

100% ×  i 
2 × F

[
mol

cm2 s
] 

based on Faraday’s law, 
assuming 100% CO FE 

COER: CO2 + H2O + 2e− 
→ CO + 2OH− 

Nohmicheat, 
amount of water 

consumed/evapora
ted by ohmic 

heating 

power generated in CL
∆Hvap,water  ×  molar mass of water × Ageo

 

[
mol

cm2 s
] 

 

∆Hvap,water, 
enthalpy of 

vaporization of 
water  

2381.9 [
KJ
kg

] at system temperature 
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power generated in 
CL I2R =  (i × Ageo)2 × Reff [W]  

Reff, effective 
resistance in CL  

active CL thickness
σionomer × Ageo

×
∈
τ

[Ω]  

σionomer, ionomer 
conductivity  

σionomer = 2 (0.006e6.21×awater,CL) [
S
m

] Table S259  

CL thickness 80 [μm] = 0.0080 [cm] average CL thickness (see 
Figure S3.7) 

active CL thickness CL utilization × CL thickness portion of CL that is actually 
generating current 

CL utilization 10% (or 1%) see Figure 3.5 

∈, CL porosity  62% for I:Cat = 1, 34% for I:Cat = 3, 5% for 
I:Cat = 5 see Figure S3.7  

τ, CL tortuosity ∈−0.5 via Bruggeman's correlation 
I:Cat ratio 1, 3, or 5 catalyst loading is 1 mgAg cm-2 

Nelectro−osmosis, 
amount of water 

leaving the CL via 
the membrane due 
to electro-osmosis 

ε × i 
F

[
mol

cm2 s
] 

assuming mole fraction of 
hydroxide ion yOH- = 1 and 
the charge of ion zOH- = 1 

ε, electroosmotic 
coefficient 3 for liquid equilibrated 

membranes59 
Table S3.3. Modeling parameters used in ionomer dehydration model. 
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I:Cat 1 2 3 4 5 

Estimated ionomer volume fraction 14% 29% 43% 57% 72% 

Estimated catalyst volume fraction 1.19% 1.19% 1.19% 1.19% 1.19% 

Estimated carbon volume fraction 22.1% 22.1% 22.1% 22.1% 22.1% 

Resulting porosity 62% 48% 34% 19% 5% 
 

Figure S3.5. Measured cathode catalyst-layer thickness, estimated ionomer thickness (β), and 
component volume fractions vs. cathodic I:Cat. An average empirical cathodic catalyst-layer thickness 
of 175 µm was obtained from pressure-sensing micrometer (Mitutoyo®) measurements. The ionomer, 
catalyst, carbon, and realistically expected pore void content were calculated on a volume basis for each 
I:Cat based on their catalyst ink recipe (see Table S3.1) and an assumed CL thickness of 80 µm. The 
ionomer volume content calculated was converted to an estimated ionomer thickness (β) based on spherical 
geometric arguments. Volume fractions were calculated based on loading, CL thickness, catalyst 
nanoparticle, carbon, and ionomer physical proprieties.  

 

 



 

55 
 

 
Figure S3.6. Comparison of CO2 reduction and AEM water electrolysis polarization curves across 
constant cathodic I:Cat. HER-only test conditions: 50°C, atmospheric pressure, at least 200 mL min-1 fully 
humidified Ar feed at the cathode, liquid water on the anode. H2 faradaic efficiencies were consistently 
above 95%. CO2R test conditions: same as Figure 3.2. Comparing the MEA performance between these 
two separate processes (i.e., the splitting of water and the reduction of CO2) across the same potential range, 
operating conditions, and I:Cat ratio reveals that the mere presence of CO2 causes a depression in the 
system’s current-voltage response for a variety of reasons such as ohmic and anodic and cathodic Nernstian 
overpotential limitations.148  
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4 Studies on the Ag/ionomer Interface and Its Impact in CO2 

Reduction MEA Systems  
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performed by Dr. Arthur R. Dizon. Transmission electron microscopy (TEM) and powder X-ray diffraction 
(PXRD) were performed by Daewon Lee in Prof. Haimei Zheng's group, supported by the U.S. Department 
of Energy, Office of Science, Office of Basic Energy Sciences (BES), Materials Sciences and Engineering 
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the Molecular Foundry of Lawrence Berkeley National Laboratory (LBNL) was supported by the U.S. 
Department of Energy under Contract No. DE-AC02-05CH11231. D.L. acknowledges the Kwanjeong 
Study Abroad Scholarship from the KEF (Kwanjeong Educational Foundation) (KEF-2019). 

 

 

4.1 Introduction 

 Membrane-electrode assemblies (MEAs) are key commercializable devices for CO2 
reduction (CO2R) that warrant comprehensive investigation due to their ability to offer enhanced 
transport phenomena and selectivities at moderately applied overpotentials.46 A critical aspect of 
MEAs are their characteristic ionomer-based, multicomponent catalyst layers (CLs), a complex 
microenvironment of ionic, electronic, and gaseous pathways.58,62 The cathode CL in particular 
contributes heavily to the activity, selectivity, and overall performance observed in the CO2R 
MEA.62 Chapter 3 demonstrated the crucial impact of key cathode CL design parameters like the 
I:Cat ratio and CL thickness/loading on activity and selectivity and these findings outline a 
pathway towards high performance Ag CO2R MEAs. Thus, it is necessary to have a more in-depth 
understanding of the cathode CL microenvironment and its catalyst/ionomer interfaces, 
considering that optimal CO2R (i.e., high CO2R product selectivity and activity) should stem from 
a cathode microenvironment with a high local pH and [CO2]:[H2O] ratio.62 The interface and 
interaction between the ionomer and catalyst is of great importance in the CO2R MEA system, yet, 
save for a few cursory studies and reviews,149–153 the quantifiable impact of the Ag/ionomer 
interface and its pH or chemistry on activity, selectivity, CO2 crossover, interfacial capacitance, 
and other performance behaviors is largely unknown. This chapter probes and characterizes this 
interface for different ionomer chemistries and explores how it influences controlling phenomena 
to help explain observed macroscale CO2R behaviors, while simultaneously improving overall 
system performance by manipulating this interfacial microenvironment. 
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Figure 4.1. Schematic of the different Ag/ionomer interfaces explored within this study: a Ag 
monopolar interface (MPI) system that consists of a Ag/Sustainion ionomer with a Sustainion 
membrane (a), a Ag bipolar interface (BPI 1) system that consists of a Ag/Sustainion ionomer with a 
Nafion membrane (b), a Ag bipolar interface (BPI 2a) system that consists of a Ag/Nafion ionomer 
exchanged with Cs+ cations with a Sustainion membrane (c), and a Ag bipolar interface (BPI 2b) 
system that consists of a Ag/Nafion ionomer (H+-form) with a Sustainion membrane (d). 

We have chosen to investigate both acidic and alkaline ionomer and membrane configurations, as 
depicted in Figure 4.1, via various experimental and theoretical techniques, allowing us to inform 
our current physical understanding of the CO2R MEA interfacial microenvironment and form a 
more definitive holistic understanding of how CO2R MEA behavior is governed by the 
Ag/ionomer interface and its surroundings. The earlier work of Patru et al154 investigated various 
monopolar and bipolar ionomer configurations in a Au-based MEA. Although some performance 
tradeoff findings between that work and our current work are similar, this present work shines 
more focus on the ionomer pH/ion chemistry proximal or directly adjacent to the (Ag) catalyst 
surface, which directly impacts a variety of macroscale and microscale metrics: intrinsic CO2R 
kinetic activity, local CO2:H2O ratio, CO intermediate stabilization, ion-transport rates, available 
ECSA, as well as CO2 crossover and CO2 utilization/extent of homogeneous buffer reactions 
(depending on the charge of the membrane used).62 
 

4.2 Experimental Methods 

4.2.1 Membrane-electrode assembly studies 
The catalyst inks and electrode substrate preparation methods were identical to those used 

in Chapters 2 and 3.58 The Ag cathode ink comprised of Ag/C particles (i.e., 20% Ag on Vulcan® 
XC-72 carbon support, Premetek®), Sustainion® XA-9 ionomer (5% in ethanol, Dioxide 
Materials®) or Nafion® D521 ionomer (5% in ethanol, Fuel Cell Technologies®), water (Milli-Q®, 
18 mΩ), and n-propanol (Sigma-Aldrich®). The Ir anode catalyst ink comprised of IrO2 
nanoparticles (Tanaka®, SA=100), Sustainion® ionomer (at an optimal ionomer content of 11.6 

https://iopscience.iop.org/article/10.1149/2.1221816jes
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wt.-%)129, water, n-propanol, and ethanol (Sigma-Aldrich®). The Ir loadings were fixed at 1 mgIr 
cm-2. The Ag cathode loading was set at 0.1 mgAg cm-2 for all experiments based on optimal 
findings from Chapter 3.58 The membrane and cell assembly procedures and electrochemical 
testing techniques were also identical to those used in a previous study.58 Sustainion® X37-50 RT 
AEMs (anion exchange membranes) or Nafion® 212 CEMs (cation exchange membranes) were 
used depending on the desired test. Chronopotentiometry (i.e., constant current) was used to obtain 
polarization curves that allowed for constant flux comparisons; error bars denote multiple separate 
measurements with different MEAs, as well as multiple measurements within the same MEA. 

 
4.2.2 Morphological characterization 
4.2.2.1 Powder XRD (PXRD) 

PXRD spectra of the Ag/C and its carbon support (Vulcan XC-72) were recorded using a 
MiniFlex 6G X-ray diffractometer (Rigaku) equipped with a Cu Kα radiation (λ = 1.5418 Å). A 
tube voltage of 40 kV and tube current of 15 mA were used. The PXRD scanning rate was 5° min-

1 in the scan range of 2θ from 2 to 80°. The mean crystallite size of the supported nanoparticles 
was calculated based on the Scherrer equation (see Equation 4.1), 

               (4.1) 

where τ is the mean crystallize size, K is a shape factor (0.94)155, λ is an X-ray wavelength (1.5418 
Å for the Cu Kα radiation), β is the line broadening at full width at half maximum, and θ is the 
Bragg angle. Deconvoluted PXRD peaks showing clear Kα2 satellite peaks were constructed to 
only account for the Kα1 peaks in our estimation. 

 
4.2.2.2 Transmission Electron Microscopy (TEM/STEM-EDS) 

A FEI ThemIS 60-300 (Thermo Fisher Scientific) transmission electron microscope was 
used to acquire TEM, STEM, and STEM-EDS data of the Ag/C and the ionomer-coated Ag/C. 
The microscope was operated at an accelerating voltage of 300 kV and is equipped with an image 
aberration corrector and a Bruker SuperX energy dispersive x-ray spectroscopy detector. A Ceta2 
CMOS camera and a high-angle annular dark field detector were used for TEM and STEM 
imaging, respectively. 
 
 
4.3 Model Development 

To interprete and further explore our experimental results, we developed a complementary 
1D multiphysics COMSOL® model for the CL and membrane of the CO2 electrolyzer, as depicted 
in Figure 4.2. The model contains governing equations for mass, charge, and momentum transport 
(similar to previously published continuum models),56,156 which are used to solve for potentials 
and species concentrations. The membrane is composed entirely of an ionomer phase with 
diffusion coefficients that depend on the water content. Concentration-dependent Butler-Volmer 
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kinetics were used to determine the rate of CO and H2 formation and both forward and reverse 
reactions were considered for the (bi)carbonate reactions. Finally, the boundary conditions were 
chosen to reflect the experimental conditions, with a constant concentration of 1 M CsHCO3 at the 
anode and a continuous supply of humidified CO2 gas at the cathode. Anode kinetics and effects 
are not currently accounted for in this model framework. 

 
Figure 4.2. Schematic diagram of the 1D continuum model domain composed of an ion-exchange 
membrane (either Nafion or Sustainion) and CL. 
 
 
4.1 Results & Discussion 

A selection of membrane/ionomer multipolar interface combinations was investigated to 
probe the effect of a change in pH or chemistry near the Ag/ionomer interface. Sustainion® (a 
polystyrene vinylbenzyl methylimidazolium anion-conducting ionomer) was the alkaline (AEM) 
chemistry of choice, while Nafion® (a perfluorosulfonic acid cation-conducting ionomer) was the 
acidic (CEM) chemistry of choice: these two pH systems have demonstrated appreciable 
performance across various electrolyzer devices and reaction systems,151 as presented in Chapter 
2. 
 

4.1.1 Ag/ionomer interface morphological characterization 
By using several characterization techniques, insights into the relative volume fractions of 

key components in the Ag cathode CL microenvironment are obtained and used to inform our 
current physical understanding of this region. For instance, the amount and distribution of ionomer 
(relative to nanoparticle solids like support carbon or electrocatalyst) can influence the charge 
density, electrostatic stabilization, binding strengths, ohmic/charge transfer resistances, mass-
transfer resistances, and ECSA within the CL microenvironment.58,125,157,158 

Powder XRD data of Ag/C & Vulcan XC-72 
Figure 4.3 shows the PXRD spectra of the Ag/C and Vulcan XC-72 carbon support using the 
Ag/C catalyst powders. The Ag/C spectrum exhibits pronounced four characteristics peaks, which 
correspond to (111), (200), (220), and (311) reflections based on the reference crystallographic 
data for silver-3C (face-centered cubic, fcc). The broad PXRD peak (at 2θ of ~25°) is attributed to 
the characteristic feature of the Vulcan XC-72 carbon support, as presented in the Vulcan XC-72 
pattern. We used the Scherrer equation to estimate the mean crystallite size of the supported Ag 
nanoparticles (NPs), which is 37.5 ± 3.3 nm.  
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Figure 4.3. PXRD spectra of Ag/C (blue) and Vulcan XC-72 (black). The reference crystallographic 
data for silver-3C (fcc) (PDF#04-0783) is also presented. 

 
TEM/STEM-EDS data of Ag/C and ionomer coatings 
Figure 4.4 shows the TEM, STEM, and STEM-EDS data of the pristine Ag/C catalyst powders 
before coating the ionomer. The C K-edge and Ag L-edge maps locate both supported Ag NPs and 
Vulcan XC-72 carbon support. Based on the micrographs depicted, the (unsupported) Ag 
nanoparticle has a size of approximately 40 nm, which corroborates with the prior PXRD analysis. 
To compare the Ag NPs and Vulcan C supports in terms of their size, their average sizes must be 
measured manually, while surface area measurements (only based on TEM data) can be obtained 
via calculating the volume-area mean diameter (dVA), from which both the specific surface area 
(Ssp) and the Ag nanoparticle metal dispersion (D) can be obtained.159 However, to represent the 
ensemble behavior of the nanoparticles fully, electrochemical surface-area measurements, in 
addition to TEM-based surface area measurements, are recommended and are a subject of future 
work. 
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Figure 4.4. TEM (a), STEM (b), and corresponding STEM-EDS (c) images of the pristine Ag/C. For 
STEM-EDS elemental map data, the composite map, and its components, which are C K-edge and Ag L-
edge maps are presented.  

 

The effect of I:Cat ratio, explored in Chapter 3,58 on the ionomer coverage and thickness on the 
Ag nanoparticle is visible from Figure 4.5. The ionomer thickness in the I:Cat = 3 system is 
approximately 13 nm, which corroborates well with the estimated ionomer thickness of 15 nm 
calculated for the I:Cat = 3 system.58 Applying the same estimated component volume fractions 
for the I:Cat = 3 from that previous study58 (i.e., ionomer volume fraction = 43%, Ag catalyst  
volume fraction = ~1%, carbon  volume fraction = ~22%), the CL porosity is expected to be ~34%, 
which provides a measure of how much volume is available for ion solution/electrolyte from the 
anode exchange solution to percolate into the cathode CL. 
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Figure 4.5. TEM images of I:Cat = 1 (a) and I:Cat = 3 (b) for a Ag/Sustainion ionomer system in a 
cathode catalyst ink. For the I:Cat = 3 images, the ionomer-coated region/band is visible and separate from 
the darker Ag nanoparticles and characteristically contrasting carbon species. 

 

4.1.2 The impact of the Ag/ionomer interface on activity and selectivity 

In using the Ag MPI (i.e., fully-Sustainion) system as a baseline of comparison,58 and 
maintaining the same optimal operating conditions from our previous study (1M CsHCO3 
Exchange-MEA, 50℃, 100 RH%, 0.1 mgAg cm-2, I:Cat = 3)58, noteworthy trends in total current 
density (TCD) performance for both CO2R and water electrolysis were observed.  
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Figure 4.6. CO2R polarization behavior with (solid lines) and without (dashed lines) iR-correction   
and an inset table depicting in-situ high-frequency resistance electrochemical impedance 
spectroscopy (EIS HFR) behavior (a) and water electrolysis behavior (b) as a function of potential 
for different multi-polar Ag/ionomer interfaces in a Ag cathode, Ir anode MEA. Hydrogen partial 
current density (c) and carbon monoxide partial current density (d) behavior as a function of 
potential for different multi-polar Ag/ionomer interfaces in a Ag cathode, Ir anode MEA. Faradaic 
efficiency as a function of potential for the different interfaces: Ag MPI (e), Ag BPI 1 (f), Ag BPI 2a 
(g), Ag BPI 2b (h) in a Ag cathode, Ir anode MEA. Ag MPI results and test conditions for all systems 
are the same as those presented in Figure 3.2 in Chapter 3 (used with permission from Ref. 58). 

 
As shown in Figure 4.6, substantially different activities were observed: the Ag/Sustainion 
ionomer systems (i.e., MPI and BPI 1) exhibited TCDs as high as 1000 mA cm-2, while the 
Ag/Nafion ionomer systems (i.e., BPI 2a and BPI 2b) exhibited markedly limited current densities 
at and below 300 mA cm-2. Surprisingly, the TCDs of both Ag/Sustainion ionomer systems were 
comparable across the cell potential range despite the known order-of-magnitude differences in 
membrane conductivity between H+-form Nafion CEMs160 and HCO3--form Sustainion 
AEMs.112,161 The BPI 1 system demonstrates essentially the same activity behavior as the MPI 
system for most of the potential range despite the presence of its bipolar interface, except for the 
sudden change in slope in the BPI 1 polarization behavior at higher cell potentials above 3.7 V. A 
severely limited performance of less than 200 mA cm-2 was observed from the Ag/Nafion ionomer 
system whose ionomer was directly exchanged with Cs+ ions (i.e., BPI 2a), while the Ag/Nafion 
ionomer system that was not directly exchanged with Cs+ ions  (i.e., BPI 2b) yielded a ~100 mA 
cm-2 higher maximum current density (although due to the presence of the 1M CsHCO3 exchange 
solution/electrolyte, some Cs+ exchange is expected for BPI 2b). In general, the average in-situ 
EIS HFR resistances of the three BPI systems were higher than that of the MPI system, as depicted 
in the inset table in Figure 4.6(a). The iR-corrected curves were also superimposed on Figure 
4.6(a), demonstrating even more disparity between the Ag/ionomer systems: the non-ohmic and 
ohmic behaviors of both Ag/Nafion ionomer systems essentially overlap, while the non-ohmic and 
ohmic behaviors of both Ag/Sustainion ionomer systems exhibited applied cell voltage differences 
of approximately 0.5 V across the entire potential range. Moreover, as shown in Figure 4.6(b), the 
overall activity trends in both CO2R and water electrolysis persisted (i.e., MPI >>> BPI 2a), 
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however, the water electrolysis performance only matched the CO2R performance in the case of 
the BPI 2a system. This observation is especially true for the two Ag/Sustainion ionomer systems, 
which had comparable activity when conducting CO2R but not when conducting water electrolysis. 

A number of these observed activity trends could be attributed to certain physical phenomena 
occurring in the cathode CL microenvironment. The similar iR-corrected trends of the two 
Ag/Sustainion ionomer systems (i.e., MPI and BPI 1) signifies comparable cathodic 
overpotentials, despite the presence of a prominent bipolar interface in BPI 1. This stands to reason 
since the same cathode ionomer (i.e., Sustainion) is present in both configurations, thus any 
observed difference in activity (or selectivity) behavior between the two systems is directly a 
function of a difference in their local conditions, specifically local CO2 concentrations. In 
particular, the fact that the overall activity trends (i.e., MPI >>> BPI 2a) were observed for 
different cathode reactions, CO2R and water electrolysis, also signifies that the cathode CL 
interfacial microenvironment is the primary driving force for MEA activity. However, some of the 
activity trends did not translate across the two reaction systems: (1) the activities of the MPI and 
BPI 1 systems were more disparate and (2) the activities of the BPI 1 and BPI 2b systems were 
more comparable to each other during water electrolysis unlike during CO2R. These differences 
could also be attributed to local CO2 concentrations being a key determining factor of activity 
behavior across the fabricated interfaces. 

In examining the selectivity effects of the various Ag/ionomer interfaces, current notions about 
what chemical environment is required for optimal CO2R selectivity (i.e., a high pH and high 
[CO2]:[H2O] ratio)62 can be duly assessed. As shown in Figure 4.6(c) and (d), the CO and H2 
partial current density trends between the Ag/Sustainion ionomer systems (i.e., MPI and BPI 1) 
and the Ag/Nafion ionomer systems (i.e., BPI 2a and BPI 2b) again show notable disparity. Very 
high CO partial current densities of ~300 mA cm-2 were observed in the MPI and BPI 1 systems, 
while about less than half of this value was obtained in the BPI 2a and BPI 2b systems. Moreover, 
the partial current densities of the MPI and BPI 1 systems were comparable and demonstrated an 
interesting dynamic at ~3.4 V, where a peculiar shift in the maximum COER production is 
observed between the two systems. This shift dynamic is also reflected in the faradaic efficiencies 
(FEs) of the two systems, as shown in Figure 4.6(e) and (f); the MPI system attained a higher 
maximum CO FE of 78% compared to the lower 65% attained by the BPI 1 system across the 
potential range, albeit at a 10% higher overpotential. Interestingly, despite the large difference in 
CO partial current densities, the maximum CO FE of 65% of the non-exchanged BPI 2b system 
(shown in in Figure 4.6(h)) was comparable to that of the BPI 1 system despite having inverted 
membrane/ionomer chemistries (i.e., Nafion ionomer with Sustainion AEM vs. Sustainion 
ionomer with Nafion CEM). On the other hand, the Cs+-exchanged BPI 2a system that was 
expected to make gains in CO selectivity due to the more proximal presence of Cs+ cations96,97 in 
the cathode ionomer exhibited the poorest CO2R selectivity (shown in in Figure 4.6(g)) of all four 
configurations, probably due to the way in which Cs+ ions influence water uptake and inhibit other 
ion transport in the ionomer. 

These selectivity behaviors could be explained by a confluence of local pH effects. For the 
Ag/Sustainion ionomer systems (i.e., MPI and BPI 1), it is expected that, as the anion concentration 
in the Sustainion ionomer increases, Donnan exclusion at the Nafion membrane/Sustainion 
ionomer interface is overcome, and OH-, Cs+, and (bi)carbonate ions from the cathode reaction 
and anion exchange solution are transported across the membrane. These complex phenomena 
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could not be deconvoluted empirically and thus are treated more in-depth with the aid of a 
continuum model. In addition, the much higher COER production (i.e., CO partial current 
densities) observed for the two Ag/Sustainion ionomer systems (i.e., MPI and BPI 1) compared to 
the two Ag/Nafion ionomer systems (i.e., BPI 2a and BPI 2b) could be partly explained by the 
differences in CO2 solubility of the ionomers: Sustainion is known to have a 20-fold higher CO2 
solubility than water due to its imidazolium groups, which have a high CO2 affinity,162 while 
Nafion is known to have a CO2 solubility comparable to that of water.163 The poor TCD and 
selectivity performance of the Cs+-exchanged Nafion system (BPI 2a) vs. the unexchanged Nafion 
system (BPI 2b) stems from both significant charge-blocking from the locally-fixed Cs+ ions and 
also from the fact that the Cs+-exchanged ionomer has lower water content, hindering its ability to 
transport protons: this detrimental impact of the localized Cs+ ions in the cathode ionomer is 
corroborated by more in-depth interfacial capacitance and resistance studies covered in a following 
subsection. The selectivity switch in CO partial current density between the MPI to BPI 1 systems 
at around 3.4 V (with an overpotential difference of ~300 mV) is an interesting phenomenon. 
Considering the bipolar interfaces of Nafion and Sustainion being used in the BPI 1, the Sustainion 
ionomer and Nafion CEM configuration leads to higher CO selectivity (because of the trapping of 
the OH- ions and the resulting high pH),62,151 while the low ohmic resistance of the Nafion 
membrane allows for a comparable TCD despite the BPI interface created (the Nafion also 
mitigates bicarbonate crossover despite its generation). However, the fact that the TCDs (and CO 
partial current densities) of both configurations are nearly identical may mean that the pH 
environment near the Ag is effectively the same: wherein there is a high pH layer/band of generated 
OH- ions that is comparable between both the MPI and BPI 1 systems. Also, despite the presence 
of the Nafion membrane, the TCD and EIS HFR properties of the BPI 1 system were still 
comparable to the full Sustainion MPI system, potentially indicating that the ohmic resistance 
stemming from the bipolar interface created outweighs the ohmic advantage caused of the presence 
of the Nafion membrane. The trends in CO partial current densities between the MPI and BPI 1 
systems likely occur as a result of the balance between CO generation, high pH, and CO2 parasitic 
conversion,164 and this may be impacted by the volume/thickness of ionomer close to the Ag 
surface.  

To aid in the interpretation of the complex CO2R activity and selectivity experimental results 
described above, a multiphysics continuum model was developed. Using the model, an applied 
voltage-breakdown analysis165 was performed on the BPI 1 system as shown in Figure 4.7. The 
modeled overpotentials exhibited behavior that is characteristic of other CO2 electrolyzer 
polarization curves.56 At lower current densities (i < 100 mA cm–2), the kinetic overpotential 
associated with H+ reduction or HER dominates (see Equations 2.1. and 2.5), while at higher 
current densities (300 mA cm–2 < i < 600 mA cm–2), the kinetic and mass-transfer overpotentials 
for CO2 reduction become significant and increase to > 50% of the total overpotential. These CO2 
reduction overpotentials decrease beyond the peak modeled CO current density (shown at ~450 
mA cm–2 in Figure 4.7) as water reduction/HER activity increases. The overpotential associated 
with water reduction makes up almost all of the cathodic overpotential at i > 1000 mA cm–2. These 
results highlight a dominance in HER selectivity at higher overpotentials, which was shown in the 
experimental results in Figure 4.6(c); the higher presence of water in the BPI at higher current 
densities helps to explain its comparable performance with the MPI system, despite its bipolar 
interface. Thus, reducing water content in the cathode for the BPI 1 system at high current densities 
could be beneficial for reducing overpotentials. 
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Figure 4.7. Cathodic applied-voltage breakdown for the Ag BPI 1 system as a function of current 
density. 

In addition, the modeled concentration of CO2 in the CL (shown in Figure 4.8(a)) decreases as the 
current density is increased from 200 to 800 mA cm–2. This decrease in CO2 concentration is a 
result of electrochemical CO2 reduction and acid-base reactions that form (bi)carbonates as shown 
in Figure 4.8(b) and (c). The (bi)carbonates increase as the current density increases because of 
an increased rate of OH– formation in the CL. Our experiments showed that the BPI 1 system 
effectively decreased the flux of these (bi)carbonates from the cathode to anode during electrolysis. 
Interestingly, the model shows that the transference number for CO32– (i.e., the fraction of the ionic 
current density associated with CO32– transport) is close to 1 in the membrane and CL at steady-
state, as shown in Figure 4.8(d). As a result, future work will focus on developing a dynamic full 
cell model that is capable of investigating anode-specific phenomena and accurately predicting the 
carbon crossover during electrolysis. 
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Figure 4.8. Modeled concentration profiles for the Ag BPI 1 system. Concentration profiles of (a) CO2 
(b) HCO3

– and (c) CO3
2– as a function of position in the membrane (position = 0-60 µm) and catalyst layer 

(position = 60-110 µm) for total current densities of 200 and 300 mA cm–2. (d) Transference numbers for 
each ion at a total current density of 400 mA cm–2. 

 
As shown in Figure 4.9, the model was used to simulate the experimental CO partial current 
densities by implementing ion-exchange capacities corresponding to Nafion (-1 mmol g-1) for the 
BPI 1 system and Sustainion (+1.2 mmol g–1) for the MPI system. The model results show 
moderate agreement with the experimental data collected with the BPI 1 and MPI systems. In 
particular, the model corroborates the experimental observations showing that the peak CO partial 
current density for the MPI system occurs at a lower total current density than the BPI 1 system. 
We suspected that these differences in CO formation were linked to ion transport in the membrane, 
and therefore, we examined the modeled CO2 and ion concentration profiles for the MPI and BPI 
1 systems. The fixed negative charges in the Nafion membrane give rise to a Donnan exclusion 
effect that elevated the OH– concentration in the BPI I CL relative to the MPI system. This elevated 
OH– concentration resulted in a higher pH at a fixed potential as shown in Figure 4.9(b), which 
suppressed HER and promoted CO2 reduction. These model results corroborate the experimental 
results and explain how the membrane impacts the product selectivity of the CO2R MEA. 
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Figure 4.9. CO partial current densities for the Ag BPI 1 system (denoted CEM) and Ag MPI system 
(denoted AEM) as a function of the total current density. Modeling results are shown as lines and 
experimental data are shown as boxes (a) and modeled pH values in the catalyst layer for the AEM 
and CEM systems at a fixed cathode potential of 2.25 V (b). 

 
4.1.3 The impact of the Ag/ionomer interface on CO2 crossover and utilization 

A major advantage of using multi-polar/bipolar interfaces in CO2R device systems is their 
ability to mitigate CO2 crossover that occurs via (bi)carbonate ion transport across the membrane 
from the cathode to the anode.46,81,131,154  

         
Figure 4.10. CO2 crossover flux at the anode (a) and CO2 utilization (b) behavior as a function of total 
geometric current density for different multi-polar Ag/ionomer interfaces in a Ag cathode, Ir anode 
MEA. Ag MPI results and test conditions for all systems are the same as those presented in Figure 3.2 in 
Chapter 3 (used with permission from Ref. 58). 

a b 



 

70 
 

The results of CO2 crossover and utilization flux of monopolar vs. bipolar interfaces are shown in 
Figure 4.10. Very high CO2 crossover fluxes were observed in the MPI system, while the lowest 
CO2 crossover was exhibited by the BPI 1 system, which had a maximum flux of half that of the 
MPI, showing that the introduction of Nafion CEM reduces the CO2 loss by about 50%. CO2 
utilization results were calculated based on recent modeling work.46 The high CO2 feed flow rates 
used in the systems leads to a lower fractional conversion, and hence lower CO2 utilization. The 
same shifting behavior seen in the CO2R selectivity is also observed in the CO2 utilization trends 
between the MPI and BPI 1 systems. Moreover, at relevant high current densities nearing 1 A cm-

2, the BPI exhibited higher CO2 utilization than the MPI system. This could be attributed to the 
balance between CO generation, high pH, and CO2 parasitic conversion. It is important to note, 
that a half-cell/cathode steady-state continuum model that only models the cathode kinetics is 
sufficient to explain the observed activity and selectivity behavior, as evidenced by the good 
agreement between modeled and experimental behavior shown above. However, to capture fully 
the crossover dynamics and full applied-voltage breakdown, a full-cell (and potentially transient) 
model that accounts for the anode physics, specifically carbonate removal/neutralization and the 
unsteady-state transport of Cs+ from the anode to the cathode, is essential and is the subject of 
future work.  
 
4.1.4 The effect of Cs+ presence on interfacial capacitance 

Insights from EIS HFR sheet resistance and interfacial capacitance between the Cs+-
exchanged (BPI 2a) vs. non-exchanged (BPI 2b) Nafion ionomer systems were obtained by 
conducting separate tests before experimentation: the established MEA device system and 
operating conditions were converted into a vapor-fed Full-MEA ion pump, where HER was 
occurring at the cathode and HOR was occurring at the anode and no exchange solution was 
recirculated. An increase of ionic species at the Ag/ionomer interface in the CL due to the presence 
of Cs+ ions was proposed to yield a larger interfacial capacitance than an interface without Cs+ 
present. Thus, the influence of Cs+ ions on the electrode/ionomer interface was investigated by 
measuring the interfacial capacitance using EIS via the method developed by where Liao et al.,166 
where the low-frequency total capacitances were extracted from spectra obtained from membranes 
with and without Cs+. The method also was used to assess the consistency of the spectra with the 
Kramer-Kronig relations by nonlinear regression of a generic equivalent-circuit model consisting 
of a series of Voigt elements using a Levenberg-Marquardt algorithm implemented in Python by 
Watson and Orazem.167 The regression also served to yield estimates of the values at high- and 
low-frequencies. Data found to be inconsistent with the Kramers-Kronig relations were discarded 
from the nonlinear regression.  
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Figure 4.11. Real (solid) and imaginary (dotted) impedance from experimental measurements and 
generic equivalent-circuit models with the presence of Cs+ in the membrane as a parameter. The 
extrapolated high-frequency resistances were mostly consistent amongst the measurements between 
membrane with (Ag BPI 2a) and without Cs+ (Ag BPI 2b). 

 
The impedance spectra and fitted model are shown in Figure 4.11, where the real and imaginary 
parts of the experimental and fitted impedances are shown as functions of frequency. The 
extrapolated high-frequency resistances were 2.7 ± 2.5 Ω-cm2 (i.e., 0.55 ± 0.5 Ω) and 1.1 ± 0.15 
Ω-cm2 (0.22 ± 0.03 Ω) for the membranes without Cs+ (BPI 2b) and with Cs+ (BPI 2a), 
respectively. The membrane without Cs+ contained one measurement that had significantly larger 
resistance than the other values. If discarded, the high-frequency resistance of the membranes 
without Cs+ (BPI 2b) was 0.254 ± 0.022 Ω, which is consistent with the EIS HFR measurements 
presented earlier and suggests that the discarded value is anomalous. Since low-frequency EIS 
measurements inform us of interfaces in the electrode/membrane region, the results indicate that 
the presence of Cs+ in the exchange-Nafion ionomer cathode CL has a 2.77 greater charge number 
than that of just protons. These results were obtained from in-situ experiments, and they show that 
there is an interfacial charge and a specific, measurable adsorption of Cs+ in the cathode region. 
However, the CO FE and partial current density of the Cs+-exchanged Nafion was lower than that 
of the non-exchanged system at the same current densities, indicating that significant charge-
blocking from the locally fixed cesium ions is occurring, which impacts the water uptake and 
hinders other H+/OH- ion transport.168,169 The values of the total interfacial capacitances were 
assumed to be equivalent to the extrapolated low-frequency real part of the complex capacitance 
as calculated by Equation 4.2: 

𝐶𝐶r(𝑓𝑓 → 0) = Re � 1
j𝜔𝜔𝜔𝜔(𝑓𝑓→0)�             (4.2) 
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Figure 4.12. Real part of the complex capacitance of the experimental and fitted model as a function 
of frequency with the presence of Cs+ in the membrane as a parameter. Membranes with Cs+ (BPI 2a) 
exhibit a higher interfacial capacitance, which is consistent with higher local concentration of Cs+ at the 
electrode/ionomer interface. Results were obtained from in-situ measurements. 

The real part of the complex capacitance is shown as a function of frequency in Figure 4.12. The 
extracted interfacial capacitances were 12.3 ± 8.7 mF and 52.3 ± 5.4 mF for the membranes without 
Cs+ (BPI 2b) and with Cs+ (BPI 2a), respectively. The presence of Cs+ resulted in larger interfacial 
capacitances, while not increasing the membrane bulk ohmic resistance, which suggests an 
enrichment of Cs+ at the Ag/ionomer interface in comparison to the bulk Cs+ concentration in the 
membrane. 
 

4.2 Conclusions 

The Ag/ionomer interface and catalyst-layer (CL) microenvironment has an outsized impact 
on both the microscale and macroscale performance of the CO2R MEA. Morphological 
characterization of key elements of the cathode CL microenvironment (i.e., ionomer, catalyst, and 
support carbon) was also conducted, where ionomer coverages could be visibly identified. An 
ionomer thickness of 13 nm for the I:Cat = 3 system matched well with the estimated ionomer 
thickness of 15 nm from our previous study and, extending similar estimated component volume 
fractions for that system, the parallel ionic pathways (one provided via ionomer and the other via 
electrolyte in the pore space) are estimated to be comparable in volume, as postulated in the 
previous work. However, depending on the ordering of the multipolar interfaces present in the 
cathode CL, interesting tradeoffs in activity, selectivity, and crossover can be observed. A 
Ag/Sustainion ionomer and Sustainion membrane monopolar interface system had very 
comparable activity and selectivity to a Ag/Sustainion ionomer and Nafion membrane bipolar 
interface system. Although the Ag monopolar interface system attains slightly higher (i.e., 10%) 
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CO partial current densities and faradaic efficiencies and slightly lower (i.e., 10%) applied 
overpotentials, the Ag bipolar interface system exhibited lower CO2 crossover fluxes and higher 
CO2 utilization at higher current densities. Multiphysics continuum modeling within this work 
corroborated these CO selectivity findings and verified that differing local conditions, specifically 
the local pH, ion and species concentrations, and potentials, contributed to the observed kinetic 
behavior of the two cathode CLs. The comparatively high performance and very low CO2 
crossover exhibited by the Ag/Sustainion ionomer and Nafion membrane bipolar interface system 
makes it a more efficient and the more recommended cell design for CO2R commercialization. 
Current and future learnings from Nafion CEM-based systems could also potentially be applied to 
the improvement of such a cell. Ag/Nafion ionomer and Sustainion membrane multipolar 
interfaces, one with and one without a Cs+-exchanged cathode ionomer, exhibited very poor 
activities, selectivities, and higher CO2 crossovers. The HER promotion caused by the proximity 
of acidic Nafion to the Ag nanoparticle and the adverse impact of localized cesium ions on water 
uptake and ion transport in the Cs+-exchanged Nafion ionomer cathode led to their poor 
performance. These findings were also confirmed via interfacial capacitance measurements and 
calculations.  
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5 A Pathway to Industrial Carbon Neutrality: Summary and 
Future Perspectives on CO2 Reduction in MEA Devices 

 

5.1 Dissertation Summary 

Commercializable electrochemical CO2 reduction devices are paramount in our concerted 
effort to transition our global chemical, energy, and materials industries towards carbon-neutral 
and decarbonized gigaton-scale operation. These devices present an inventive method for re-
routing CO2, a pervasive and damaging greenhouse gas, into carbon-neutral avenues and end uses 
in the medium- and long-term. Through comprehensive and systematic studies, ranging from cell 
experiments and characterization to mathematical and physical modeling, an understanding of the 
links between catalyst-layer component properties, CO2R MEA macroscale performance, and 
fundamental multiphysics phenomena occurring in the cathode microenvironment was established. 
This effort led to the development of a membrane-electrode assembly that can convert CO2 to 
value-added products (mainly CO) selectively and efficiently at industrially-relevant levels. This 
dissertation addressed certain knowledge gaps concerning the CO2R MEA, whose relatively 
simple system design bellies a notoriously complex cathode catalyst-layer microenvironment. The 
overall effort included the crucial work of relating macroscale concepts, such as materials design 
parameters and operating conditions, to microscale, fundamental phenomena like interfacial 
surface area, electrochemical and homogeneous kinetics, and reactant and ion concentrations. 
Specifically, in this dissertation: 

(1) Chapter 2 presents CO2R MEA fabrication and experimental best practices, methodologies, 
and findings, such as the benchmarked performance for different AEM ionomers and membranes 
and the water-management effects of changing system-wide factors, including system 
temperature and relative humidity, that can potentially be applied to scalable CO2R designs. 

(2) Chapter 3 highlighted the use of the MEA systems engineered in Chapter 2 to build a Ag 
CO2R MEA operating at moderately elevated system temperatures (50°C), high concentration 
exchange solutions (1.0 M CsHCO3), low cathode catalyst-layer thicknesses and loadings (0.01 
– 0.1 mgAg cm-2), and intermediate ionomer-to-catalyst content or coverage (I:Cat = 3) that 
achieved tunable and high current densities (200 mA cm-2 to 1 A cm-2 ) and CO/syngas selectivity 
(78 to 91% CO faradaic efficiencies).  

(3) Building on the findings in Chapter 3, Chapter 4 explored the effects of multi-polar 
interfaces at the cathode catalyst layer, elucidating the inherent tradeoffs between CO2R activity, 
selectivity, and CO2 crossover and utilization, with further insights provided via multiphysics 
modeling, morphological characterization, and interfacial capacitance studies.  

Applied research work that establishes both transferable scientific understanding and informative 
engineering optimization, such as the work done within this dissertation, can provide much-needed 
insight and guidance in the technologically-difficult path towards industrial carbon neutrality and 
decarbonization.  
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5.2 Future Perspectives  

The field of CO2 electrochemical synthesis leaves numerous areas for further exploration and 
in-depth investigation. Below is an outline of key topics encouraged for immediate research. 

(1) Improving product selectivity: The Ag-based MEA insights and performance improvements 
outlined in this dissertation can be transferred to other CO2R MEA device systems such as a 
Cu-based MEA, which has a much more varied product distribution and surface coverage 
behavior.170–172 In particular, strategies to increase the formation of C2+ products (e.g., 
ethylene, ethanol, and 1-propanol) relative to C1 products like carbon monoxide and methane 
should be given special attention. Secondly, with Cu known to be the only electrocatalyst that 
can facilitate substantial multi-carbon selectivities33 and with CO established as a key 
intermediate in the CO2R mechanism,34,128 the concept of tandem catalysis becomes more 
attractive. Figure 5.1 depicts an example of this tandem concept, where two MEAs perform 
sequential reduction. A proof-of-concept has already been demonstrated in aqueous GDE 
systems126,127 and a more recent tandem MEA study85 exhibited significant improvements in 
C2+ selectivity, while also maintaining high reactivity. Lastly, in traditional aqueous CO2R 
systems, it is known that maximum C2+ production generally occurs past a -1 V vs. RHE 
threshold.164 However, it is currently unknown what the threshold cathodic overpotential (and 
corresponding full-cell voltage) for appreciable C2+ product formation is for the CO2R MEA 
system. To help address this question, the development of (1) reliable, physical reference 
electrodes specifically for the cathode environment and (2) empirical or experimental applied-
voltage-breakdown (AVB) methodologies (which could eventually be compared with 
theoretically-generated AVBs165) are insightful strategies that can be used to provide in-situ 
cathodic overpotential data for CO2R MEAs.  

 
Figure 5.1. Schematic of an MEA-in-series design for tandem CO2 reduction. The first MEA is 
optimized for CO2-to-CO production, while the second MEA is optimized for CO-to-C2+ species 
production. 
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(2) Incorporating real-world feed conditions: Few comprehensive sensitivity studies have been 
conducted on the various aspects of the reactant feed inlet for CO2R MEA systems, such as 
relative CO2 and water reactant flow rates, pressures, or concentrations, CO2 purity, inlet 
backpressure, feed recycle, as well as other metrics that would impact the single-pass 
conversion of the device. Although some learnings can be gleaned from studies done on the 
effect of CO2 concentration in AEM water electrolyzers,173 it is important to conduct targeted 
studies that would test the robustness and durability of CO2R MEA systems under very low 
CO2 concentrations or with high feed impurities174 that closely mimic atmospheric or industrial 
effluent conditions. In addition, there is a need to explore the viability of direct air/CO2 capture 
at the inlet via using membrane, ionomer, or ionic liquid CO2 capture agents, metal-organic 
frameworks (MOFs) that can perform ambient reversible CO2 adsorption, or bicarbonate 
electrolyzers;156,175 such studies would inform advances towards the production of carbon-
neutral or possibly carbon-negative CO2 reduction products (provided those products never 
release CO2). Furthermore, considering the continued and projected scarcity of pure freshwater 
sources,176 research into using impure, non-potable water or seawater177 as a replacement 
reactant, humidification, and solution agent in CO2R MEA systems is of interest. The influence 
of these changes on required or optimal system temperatures, relative humidities, materials 
design parameters, as well as activities, surface coverages, selectivities, and fractional 
conversions in the MEA should also be quantified. Lastly, studies into various MEA gas-
channel flow configurations, as shown in Figure 5.2, could help determine which mode of 
inlet water transport (i.e., convective, diffusive) would be most beneficial for improving water 
management and CO2R performance. The impact of various gas-channel designs, such as 
interdigitated, serpentine, and parallel patterns, has already been explored in PEM (proton 
exchange membrane) fuel cells178 and it would be informative to see how such variations 
impact CO2R MEA systems. 

 

 
Figure 5.2. Schematic showing types of cathode feed flow configurations: flow-through and flow-by. 
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(3) Learning from model experimental systems: Model systems like the microelectrode could be 
used to probe intrinsic CO2R activity for various catalyst/ionomer interfaces. Unlike the MEA, 
such systems offer solid-state measurements at better defined potentials and with lower 
resistances, allowing for empirical Butler-Volmer or Tafel fittings and kinetic activities to be 
obtained. It could also be possible to determine CO2R-specific hydroxide/alkaline vs. 
proton/acidic transport parameters in these set-ups, which would give an insight into whether 
either kinetic or transport processes are limiting. Secondly, using a simpler model system to 
compare and assess proton vs. hydroxide ion mobility in membrane/ionomer systems is 
currently a key open question that warrants comprehensive investigation. Such a study would 
inform the overall design of acidic vs. alkaline GDE and MEA devices by determining whether 
supporting electrolyte or more precise, thoughtful catalyst-layer structures are required for 
alkaline systems but not for acidic systems. According to the seminal work done by McBreen 
et al,179 the ECSA of a catalyst/ionomer interface was the same as that of a catalyst/electrolyte 
(i.e., 1N H2SO4, 0.5 TFMSA) interface for acidic/Nafion systems, even without the ionomer 
being in contact with the full electrode area. They demonstrated that proton adsorption can 
occur on sites remote from the membrane/electrode interface, provided it is wetted with water. 
The concluding hypothesis was that mobile adsorbed species on metal surfaces were the main 
mechanism of current generation and thus source of ECSA. Assessing if this crucial ECSA 
finding is also true for hydroxide/alkaline systems and how the ECSAs of alkaline and acid 
systems compare under the same operating and materials design conditions would be highly 
informative in addressing the above open question pertaining to acidic vs. alkaline device 
designs. As shown in Figure 5.3, an ECSA measurement cell similar to the one used in the 
McBreen study179 could be used for cyclic-voltammogram experiments conducted under 
different ionomer type, ion solution, relative humidity, or thermal conditions.   

 

 
Figure 5.3. Schematic of a custom-made cell used for fundamental ECSA measurements, exploded 
view. 
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(4) Studying catalyst-layer inks: Chapters 3 and 4 of this dissertation demonstrated that the 
cathode catalyst layer and its components play a crucial role in CO2R MEA performance. The 
genesis of this structure is the cathode catalyst ink, which can contain CO2R catalysts ranging 
from Ag or Cu to Cu-free or custom-made catalysts.180 Determining how the ink components 
themselves, the preparation process, and the deposition process dictate the physical nature and 
morphology of the cathode catalyst layer, as well as subsequent device performance, is of 
interest. These structure-property relationship studies have been conducted extensively for 
fuel-cell inks105,107,108,125,158,181–183 but few have been done for CO2R electrolyzer inks.73 Some 
areas worth exploring on this front include determining: (1) the impact of the ionomer:solvent 
ratio on porosity and CO2R MEA voltage response and selectivity, (2) the effect of support 
carbon content on CO2R activity and selectivity, specifically if the presence of support carbon 
(a potential HER-promoting catalyst surface) could lead to more hydrogenated/less C-C 
coupled products that negatively impact C2+ selectivity or conversely allow for the degree of 
hydrogenation of CO2R products to be intelligently modulated, and (3) how the ionomer 
coverage and its relative adsorption on catalyst particles vs. support carbon particles influence 
selectivity. Characterization techniques like dynamic or acoustic light scattering could be 
paired with ionomer thin film or cell studies to explore and elucidate these behaviors. Lastly, 
the impact of: (1) particle/particle, particle/ionomer, and particle/solvent interactions, particle-
size distributions, and the degree of aggregation, (2) various MEA deposition or fabrication 
techniques separate from layer-by-layer spray coating (e.g., electrospinning, doctor blading, 
slot die-coating etc.), and (3) different deposition substrates (i.e., GDLs, PTLs, or CCMs) on 
the cathode catalyst-layer structure and subsequent device performance should be quantified.  

 
(5) Expanding single-cell studies: Although hardly covered in the literature, anode catalysis can 

be important in its ability to affect the overpotential distribution throughout the entire CO2R 
MEA device. Useful efforts in this area may involve taking away some focus from the use of 
scarce, precious metal catalysts like iridium for OER and channeling it to the study of more 
earth-abundant, non-precious catalysts like nickel.184,185 Understanding how these other metal 
catalysts and their loading influence local kinetics and transport at the anode catalyst layer and 
the whole cell performance would be key in improving the overall device efficiency and cost 
via techno-economic analyses.57,122,186–188 In addition, exploring other MEA anode reactions 
(aside from OER and HOR) that have more industrial relevance such as glycerol oxidation,189–

191 methane-to-methanol partial oxidation,192 or organic oxidation reactions57 could prove 
useful. In addition, other reductive reaction systems such as electrochemical ammonia 
synthesis via nitrogen reduction, which has garnered much attention in recent years,193–197 
could benefit from more practical, efficient MEA test-beds. Photo-electrochemical CO2 
conversion is another emerging subarea that warrants increased focus for further single-cell 
performance improvements.198–206 Secondly, in the effort to scale-up the CO2R MEA system 
for industrial implementation, it is important to explore the impact of increasing the MEA 
single-cell size, which has numerous implications surrounding heat management/cooling, 
higher throughput operation, increased cell component and material costs, as well as 
multiphysics complexity since larger cells would exhibit higher gradients and heterogeneities. 
Thirdly, there is a heightened need for long-term durability, stability, and failure mechanism 
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studies in these MEA devices, which would inform their life cycle assessments and lifetime 
cost analyses. Relatedly, the challenge of crossover and carbonate formation as well as 
detrimental salt formation in single-step electrolyzers is an ongoing issue, where the use of 
bipolar (or bipolar-like151) membrane systems,131,207 tandem/CO reduction systems,94,172,208–211 
could serve to mitigate losses.85,122 Quantifying recoverable and irrecoverable decay 
mechanisms and procedures during these instances of species loss is needed. Lastly, certain 
emerging, non-physics-based computational tools and techniques, such as Bayesian 
optimization,212–214 machine learning,215,216 or related data-centric/mathematical optimization 
strategies,217 could be implemented to accelerate experimental and materials discovery,218–220 
tease out elusive kinetic or mass-transport parameters,221 and subsequently optimize the CO2R 
MEA single-cell system beyond what is currently possible. 
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