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Abstract

Carbon dioxide (CO,) electrolysis is a promising technology for producing carbon-neutral
chemical feedstocks. However, further improvements in energy efficiency and system cost
are required before large-scale deployment can be realized. Capillary-fed electrolysis (CFE),
originally developed for water electrolysis, has revealed lower cell overpotentials by providing
relatively bubble-free environments in which gas products can readily leave the cell. This
study investigates the implementation of CFE for CO,-to-CO electrolysis and aims to identify
the operating principles governing its effective application.

Our CFE cell, employing a porous polyethersulfone (PES) membrane and alkaline electrolyte,
is successfully demonstrated. Comparison with an AEM-based hybrid-MEA cell confirms
that the CFE cell operates at lower cell potential. However, an initial voltage increase not
observed in conventional cell architecture is identified. The increase is attributed to CO,
bubbles forming inside the membrane through (bi)carbonate neutralization, which increase
the ohmic overpotential by blocking ion transport and the kinetic overpotential by locally
increasing the current density through bubble coverage of the cathode active area.

During longer-term operation, water management and electrolyte concentration determine
the product selectivity of the CFE cell. The use of a porous membrane in a CFE cell en-
ables control over the water supply unavailable in other architectures, which can be realized
through selection of membrane pore size, cell compression, and CO, feed humidification. A
balance between cathode flooding and salt supersaturation is key to achieving optimal water
supply. In addition, electrolyte concentration is found to contribute more strongly to salt
precipitation than to promoting carbon-product formation. These findings establish key de-
sign principles for implementing capillary-fed CO, electrolysis. Despite the need for further
research to enhance stability and product selectivity, the proposed CFE cell has shown poten-
tial cost reduction through its simplified system setup and the use of lower-cost membrane
materials.
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Introduction

Hard-to-abate sectors, such as the chemical, shipping, and aviation industries [1], cannot
entirely rely on electrification to reduce their carbon emissions. The chemical industry re-
quires not only electricity but also basic molecules as feedstocks. Meanwhile, due to the
scale required for shipping and aviation, the energy density of current battery technologies
precludes their use as solutions [2]. Since these sectors are currently fueled by fossil fu-
els, a viable decarbonization pathway is to synthesize the fuel from captured CO,, thereby
decarbonizing downstream industries.

CO, electrolysis emerges as a possible technological solution that can directly convert CO,
from emissions back into value-added products, thus offering a pathway to close the car-
bon cycle. One of the possible and simplest products of CO, electrolysis is CO, which can
be further processed to produce higher hydrocarbons via the Fischer-Tropsch (FT) process.
However, CO, electrolysis technology is still in development with pilot or test plants rather
than full-scale industrial facilities. For low-temperature CO, electrolysis, the technological
readiness level (TRL) is currently at 5 to 6 [3].

+ - + - + -
& +
: + +
; + +
(a) H-cell configuration. (b) Flow-cell configuration. (c) Zero-gap Hybrid-MEA (d) CFE cell configuration.
configuration.

Figure 1.1: A schematic overview of the development of CO, electrolysis cells.

Figure 1.1 illustrates the development of the cell architecture since its advent. Significant per-
formance improvement over its initial introduction, which was performed in a 2-compartment
cell, also called an H-cell (Fig 1.1a) [4], has been achieved through the adoption of gas-
diffusion electrodes (GDEs). The use of GDEs solved the issue of low CO, solubility, which
limits reactant mass transport, and made it possible to run the cell at industrially relevant
current density [5]. With a GDE, the cell architecture evolves into a flow-cell configuration
(Fig 1.1b), in which a catholyte liquid separates the cathode and the ion-exchange membrane



to provide hydration and pH regulation.

Next, further efficiency can be gained by removing the need for the catholyte flow, which
adds an extra distance of ion conduction. This configuration, called the membrane-electrode
assembly (MEA, Fig 1.1c), has the anode and cathode separated only by an ion-exchange
membrane and is the latest iteration in cell design of CO, electrolyzers [0].

Even with the achieved optimization of MEA cells, further research is needed, as the efficiency
of this configuration at higher current densities remains too low for commercial relevance
[7]. Low CO, utilization and high cell potentials are also among the main challenges [8, 9].
Furthermore, improving the economics also requires reductions in the capital cost of the
electrolyzer [10].

The recent idea of capillary-fed electrolysis (CFE), first proposed by [1 1] for water electrolysis,
could further reduce the high cell potential and capital cost (Fig 1.1d). This configuration
saw lower overpotential by eliminating the anolyte flow submerging the anode. Instead, the
electrolyte is supplied via capillary action by a porous membrane placed between the elec-
trodes. Without submerging the anode in anolyte, the formation of anodic gas bubbles that
momentarily obscure the active cell area can be avoided. Another advantage is the sim-
pler balance-of-plant required due to the elimination of the need for pumps to recirculate
the electrolyte. This configuration thus reduces overall energy consumption and, therefore,
potentially electrolyzer capital costs.

The CFE concept for water electrolysis has been further studied. Using a voltage fluctuation
and acoustic detection technique, Hoang et al [12] found that the CFE setup does indeed
produce substantially lower bubble formation rate compared to the conventional setup. The
anode is essentially bubble-free up to 0.3 A/ cmz, with a rising formation rate with increasing
current density. Tripathi et al. later found that the performance of CFE for water electrolysis
correlates with temperature, applied torque, and separator thickness [13]. Higher temper-
ature lowers the cell potential and increases ionic mobility; higher applied torque reduces
interfacial contact resistance, and an increase in separator thickness enhances electrolyte
availability, though it also increases the resistance.

Porous membrane (PM) is one of the distinguishing features of a CFE configuration. The use
of PM has also been explored in the conventional setup as it provides several advantages.
It features good mechanical properties, with many types commercially available and consid-
erably cheaper than ion-exchange membranes [14]. Due to its non-selective property, PM
can facilitate bidirectional ion transfer and thus is better at facilitating ionic balance un-
der concentration polarization. It also exhibits significantly faster diffusion rates compared
to Nafion-based membranes [15] and thereby lowers the electrolyte ohmic overpotential. A
scaled-up 100 cm? cell utilizing a zero-gap anolyte flow electrolyzer with PM has achieved 100
hours of stable run at 200 mA/ cm’ with 80% CO selectivity [16]. This performance and eco-
nomic reasons place porous membranes as a strong alternative to ion-exchange membrane
dominance.

Inspired by the results of CFE configuration, this research project aims to apply that ap-
proach to the field of CO, electrolysis to determine whether similar performance gains can
be achieved. For that matter, the main research question of this thesis project is to elucidate
what principles enable effective implementation of CFE in CO,-to-CO electrolysis.

Our experimental results show that CFE can indeed work for CO,-to-CO electrolysis with
comparable performance to that of a hybrid-MEA cell architecture using identical conditions.
However, we observe an initial voltage peak not found to be reported in other work. As such
phenomenon could affect the long-term performance of the studied CFE cell, we define our
sub-research questions as follows:

1. What is the mechanism behind the initial voltage peak observed in CFE CO, electrolysis?

2. How do operating parameters affect the performance of a CFE CO, electrolysis cell in
terms of voltage and selectivity?

3. How does a CFE cell compare to a hybrid-MEA CO, electrolysis cell?



This thesis report is structured as follows: chapter 2 discusses the relevant theoretical back-
ground of CO, electrolysis and the parasitic phenomena that hinder its stable operation.
Additionally, the capillary action of a porous membrane unique to CFE architecture will also
be discussed. Next, chapter 3 explains the material and experimental setup used to obtain
the data. Chapter 4 then presents and discusses our findings in regard to the proposed re-
search questions. Beginning with the CO, bubble blockage as the potential mechanism of
the observed initial voltage peak, followed by the effect of electrolyte concentration and water
management on the cell’s performance stability, and finalized with a performance comparison
to a hybrid-MEA cell. Finally, chapter 5 summarizes our findings that address our research
questions, followed by several recommendations for experimental pathways in chapter 6 to
elucidate further the mechanism governing the operation of a CFE cell.



Theoretical Background

In this chapter, the theoretical background relevant to the study of the CFE CO, electroly-
sis cell is covered. The discussion follows from the anodic and cathodic reactions involved
in a CO, electrolysis cell, the competing hydrogen evolution reaction, and the parasitic
(bi)carbonate buffer reaction. Furthermore, as we observe cathode flooding occurring in our
cell, the cause of flooding and the subsequent salt precipitation are also explained. The
section closes with a derivation of the equation that governs the capillary flow of a porous
membrane, which is unique to a CFE cell.

2.1. CO,-to-CO Electrolysis

CO; reduction reaction (CO,RR) is a multi-proton and multi-electron transfer process car-
ried out in an electrolyzer cell involving cathodic and anodic half-reactions. At the cathode,
CO, undergoes a reduction reaction on the surface of a metal catalyst to form the product.
Different metals have been found to promote greater selectivity for a specific product. For
CO, silver (Ag) is more commonly used due to its lower cost [17]. At the anode, water or hy-
droxide anions are oxidized to form oxygen gas (O,) in the oxygen evolution reaction (OER).
Both of these reactions can proceed via either an acidic or alkaline pathway. In the alkaline
pathway, half reactions in the cathode and anode are as follows:

Cathode: CO,+H,O+2e” — CO+20H" (2.1)
Anode: 40H — Oy3+2H,0+4e (2.2)

While in the acidic pathway, the half reactions are as follows:

Cathode: CO,+2H'+2e” — CO+H,0 (2.3)
Anode: 2H,0 — O, +4H" +4e” (2.4)

Although CO,RR has been shown to work in acidic or alkaline electrolytes, an experiment by
Yao et al [18] suggests that CO,RR will tend to occur in a neutral or alkaline microenviron-
ment. The experiment shows that H,O, rather than H', serves as the proton source for the
reaction, indicating a preference for the alkaline pathway. This view is supported in the in-
vestigation by Wu et al [19], who found that the reaction rate follows a first-order dependence
on H' concentration at a low overpotential, which turns to zero-order at a higher overpoten-
tial. This finding indicates that the acidic pathway, in which H" is the proton donor, occurs
only at the onset of the reaction, and that increasing the overpotential switches the proton
donor to water. The alkaline pathway effectively becomes the preferred pathway for CO,RR
even when H' is abundant in the acidic bulk electrolyte.

At the cathode, abundance of water or proton can promote the competing hydrogen evolution
reaction (HER), which is also an electrochemical reaction and thus consumes the electron



2.1. CO,-to-CO Electrolysis 5

supply. HER can also proceed in the following two pathways:

Alkaline: 2H,0+2e —— Hy,+20H" (2.5)
Acidic: 2H"+2e” — H, (2.6)

This competition is quantified by selectivity or Faradaic efficiency (FE), which measures the
fraction of the total supplied electric charge that participates in the reaction to form the target
product, in this case, CO,RR. If the reaction conditions increasingly favor HER, the system’s
efficiency is reduced because electrical power is spent on producing an undesired product.

In addition to pH effects, factors such as the presence of alkali cations can influence reaction
selectivity, with larger cations reported to promote better performance. Under applied voltage,
cations will adsorb to the cathode surface to help balance the charges. Larger cations have
smaller hydration shells, which enable them to approach the electrode surface more closely.
This closer encounter creates a stronger electric field, which strengthens the adsorption of
CO;,RR reaction intermediates [20, 21]. Cations also act as buffering agents that lower the
pH in the cathode microenvironment. The lower pH shifts the DIC concentration towards
the COy(aq) form, which promotes CO,RR. Larger cations have smaller pKa and thus larger
buffering capacity in the order of Cs* > Rb’ > K’ > Na' > Li" [22]. The adsorption of partially
desolvated cation on the catalyst surface could also block H' mobility to the surface, thus
hindering HER. CO,RR has even been reported to not proceed in the absence of alkali cation
in the electrolyte [23, 24, 25]. Despite the important role, increasing the supply of the cation
does not necessarily translate to higher selectivity toward carbon products [26], and higher
concentration could even lead to increased salt precipitation detrimental for CO,RR [27, 28].
In this regard, the larger Cs" cation has the benefit of higher salt solubility in water, lowering
salt precipitation [16, 29].

In a practical cell, efficient delivery of the reactants to the reaction site is essential to perfor-
mance. With a conventional H-cell, CO, gas has to diffuse through the bulk electrolyte in the
form of CO5(aq) to reach the reaction site at the cathode surface. This slow diffusion process
greatly impedes the achievable reaction rate, measured in partial current density. Since CO,
has low solubility, the reaction quickly hits the mass-transport limit. In a zero-gap cell, this
limit is surpassed by adopting a gas diffusion electrode (GDE), which has a gas diffusion
layer (GDL) through which gas can diffuse and a catalyst layer where catalytic reactions oc-
cur. The CO4(g) then diffuses through the thin electrolyte layer covering the catalyst surface
and participates in the reaction as CO5(aq) [30]. The speed gain comes from the fact that now
the CO, only has to travel in a nanometer-thick electrolyte coating on the catalyst surface as
opposed to the up to centimeter-thick bulk electrolyte in the conventional H-cell setup.

After the reaction completes, the formed CO gas then exits via the GDL back to the cathode
outlet. At the same time, the dissolved OH co-product is transported to the anode side,
driven by drift from the applied electric field and diffusion due to the concentration gradient.
The OH ™ then becomes the reactant for alkaline OER.

As shown in equations (2.2) and (2.4), the oxygen evolution reaction can proceed via two
pathways depending on the local pH at the reaction site. However, a simulation result by
Fornaciari et al. [31] shows that a different initial bulk pH can yield a different equilibrium
local pH. At very high (pH = 13) and very low (pH = 0) bulk electrolyte pH, the local pH at the
reaction site stays at bulk pH during OER. Meanwhile, at near-neutral bulk electrolyte (pH =
9), performing OER at a current density of 30 mA/ cm” drives the local pH to almost 2. This
local acidification with a near-neutral-pH electrolyte indicates that OH™ is being depleted and
that mass transport cannot keep up with the reaction rate. Furthermore, another simulation
by Veroneau et al [32] shows that the drop in pH does not only occur when using near-neutral
initial bulk pH: at a much higher current density of 1 A/ cmz, the local pH converges to pH 1
regardless of the bulk. This finding means that at high enough current density, the prevailing
OER pathway will be acidic. Switching to an acidic OER pathway increases the voltage needed
to keep the reaction, since the kinetics for oxidizing H,O are harder compared to oxidizing
OH™ [33].
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2.2. Cell Potential
2.2.1. The Standard Cell Potential

The concept of standard cell potential is based on the thermodynamic understanding of a
chemical reaction [34]. A chemical reaction performs work on its surroundings equal to the
change in Gibbs energy per mol AG [J/mol]. The work is equal to the cell potential [J/coulomb
or V], which represents the work required to move a charge to the other electrode, multiplied
by the amount of charge, which is equal to nF where n is the number of electrons and F is
Faraday’s constant. That gives the following relation:

AG = —nFE (2.7)

The negative sign indicates that, for a spontaneous reaction, the change in Gibbs energy
is negative while the work done on the surroundings is positive. Thus E is positive for a
spontaneous reaction requiring no energy input, and E? is then defined as the potential at
standard conditions of 25°C. Considering that each electrode hosts a half reaction, the full
cell standard potential becomes the following:

0o _ o 0
cell — Ecathode - Eanode (2-8)

The standard potential is defined in reference to the standard hydrogen electrode (SHE), set
arbitrarily at O V. At pH 0, the cathodic CO,RR standard potential (E?) is -0.52 V while the
anodic OER is at 1.23 V vs SHE [17, 35], making the full cell potential of CO,RR to -1.23
V. At different pH, the standard potential of each half reaction changes in relation to SHE.
Nevertheless, the full-cell standard potential remains the same.

The standard potential, however, does change with temperature since the value is related
to the change in Gibbs energy at standard 25°C. For a CO,RR with a full-cell reaction of
2C0Oy5 — 2CO + O, and available thermodynamic data, a temperature increase will shift
the potential in the positive direction, which means that increasing the reaction temperature
will lead to a lower applied voltage required.

2.2.2. Overpotential

However, applying only the standard full cell potential to an electrolyzer will not drive the re-
action. The required applied potential will comprise the thermodynamic, kinetic, and ohmic
overpotentials [27]. The thermodynamic overpotential is the standard potential difference
between the anodic and cathodic reactions, accounting for the dependence on species activ-
ities.

The thermodynamic potential is determined from the following expanded Nernst equation

[34]:
RT i\ Di 5t
E=E°, - —1n 1_[ (—‘) 1_[ (—‘) 2.9
cell nF Clp " po ( )

ionic
species species

. Sl’
where E is the thermodynamic potential, E fe 1 is the standard cell potential, and the [] ionic <&>

o
species i

and [] gas (p—;) terms each describes the reaction quotient of the dissolved ionic species
Species

and the gaseous species.

If we consider the activity of the gaseous species to be at normal conditions, the thermody-

namic potential simplifies to the following [27]:

RT = (c&i-
Etn = Eou = 1“(%2_) (2.10)

where c§y;- is the concentration of OH™ in the cathode and cf;- is the concentration of OH™

C
in the anode. The term g 1n< %) then gives the thermodynamic or Nernstian overpotential
OH™
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with high OH™ concentration in the cathode increases the thermodynamic potential (making
it more negative) while high OH  concentration in the anode lowers it (making it less negative).
Considering the tendency for the CO5RR system to have a local OH  accumulation at the
cathode and a local acidification at the anode as described in section 2.1, we can expect a
significant Nernstian overpotential to arise.

Kinetic overpotential refers to the additional voltage required to drive reaction rates at the
electrode surface. This additional voltage is due to the sluggish kinetics of CO5RR, which
involves several intermediate steps, each with its own activation energy, requiring an even
more negative applied potential [17]. Kinetic overpotential is related to the Faradaic current
by the Butler-Volmer equation described below [36]:

i =iy [emM — e(-af7] (2.11)

with i, the exchange current, a the transfer coefficient, which ranges from zero to unity, 5
the kinetic overpotential, and f = F/RT. Meanwhile, the ohmic overpotential is the voltage
drop due to the finite conductivity of ionic and electronic transport. Elevated temperature
improves both the kinetics and the conductivity of ions.

2.3. Carbonate-Bicarbonate Reactions

CO5RR in an alkaline electrolyte has the advantage of HER suppression compared to in acid
environment. Nevertheless, alkaline CO5RR suffers from parasitic (bi)carbonate formation
by the reaction of OH™ and CO, as follows [9]:

CO, +OH == HCO;~ (2.12)
HCO;  + OH == CO03°” +H,0 (2.13)

These reactions lower the utilization of CO, in alkaline electrolysis, that is, the ratio of CO,
converted to the desired product over total converted CO,. Reaction with OH caps the
utilization efficiency to a maximum of 50% [37, 27]. This value follows from the fact that
for every 1 mole of CO, converted to CO, there will be 2 moles of OH™ generated, which will
then react with another 1 mole of CO, to make carbonate in the above cascading reaction.
The utilization efficiency is even lower, at only 33% if the reaction stops at bicarbonate,
which means that for every CO generated, two CO, are lost to become dissolved bicarbonate.
Despite the parasitic nature, (bi)carbonate formation can lower the Nernstian overpotential in
very alkaline bulk electrolyte by neutralizing the OH™ near the cathode surface and pushing
the local pH down to near neutral [38].

In a more acidic environment, the formed (bi)carbonate can regenerate back to CO, by fol-
lowing the reaction:

CO;*  +H' = HCO;~ (2.14)

HCO;™ +H' == CO, + H,0 (2.15)

In zero-gap alkaline electrolyte CO,RR, a similar neutralization occurs at the anode side. The
(bi)carbonate will be transported to the anode side driven by drift and diffusion, where it will
react with the H" generated by the anodic OER. This reaction converts the (bijcarbonate back
into CO,, which then degasses and escapes via the anode gas outlet, wasting the feed CO,.

The above reactions are a set of reversible equilibrium reactions involving dissolved carbon
dioxide, bicarbonate, and carbonate, collectively called dissolved inorganic carbon (DIC). The
dominant species is dependent on the pH of the solution, as depicted in Figure 2.1. A buffer
system is formed, since the species are acid-base conjugate pairs, with two pKa values. The
intersections represent the pKa with pK,; = 6.35 and pK,, = 10.33.

Aside from wasting the CO, supply, the produced (bi)carbonate, coupled with alkali cations,
can precipitate as salt crystals when their concentration reaches the solubility limit. The
precipitate can block gas transport in the GDE, limiting the supply of CO, to the reaction
site and thereby increasing HER. Salt blocking is strongly linked to cathode flooding, which
enables the transport of salt to the cathode gas diffusion layer in the first place.
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Figure 2.1: Speciation of dissolved inorganic carbon as a function of pH [39]

2.4. Cathode Flooding

A carbon-based GDE is typically constructed of a gas diffusion layer (GDL) and a catalyst
layer (CL) [40]. The GDL further consists of the carbon fiber substrate (CFS) and the micro-
porous layer (MPL). The CFS is the first porous layer through which CO, flows, positioned
facing the cathode flow channel, and has added polytetraflouroethylene (PTFE) to increase
its hydrophobicity. MPL is a composite made of carbon and PTFE with smaller, hydrophobic
pores. This property means that penetrating liquid through the MPL requires higher liquid
overpressure. The MPL also supports the catalyst deposited on top of it, forming the catalyst
layer. The whole construct of GDL is designed to allow CO, diffusion into the catalyst layer,
where it undergoes the catalytic reaction.

Flooding can be defined as the infiltration of electrolytes into the pore network of the GDE,
reducing the GDE'’s effectiveness in transporting gas. With gas transport inhibited, the CO,
concentration at the reaction site will be lower, and the dominant reaction shifts towards
HER, as water will still be supplied sufficiently. The small and hydrophobic properties of the
MPL pores help prevent water intrusion, as they increase the capillary pressure P, or the
pressure required for liquid to flow through, as described by the Young-Laplace equation:

p, = g cosb (2.16)
r

where y;; is the surface tension between the liquid and gas phase, 6 is the contact an-
gle characterizing hydrophobicity, and r the radius of the assumed cylindrical-shaped pore.
Baumgartner et al [40] found that a GDL with a larger pore size distribution exhibits lower
resistance to flooding since the largest pore size determines the minimum pressure at which
the liquid starts to break through. If cracks are present, the MPL could be bypassed, allowing
liquid to imbibe into the substrate layer and flood the GDL.

Flooding can occur if the surface loses its hydrophobicity, thereby reducing its capillary
pressure. One such phenomenon is electrowetting, described as the reduction of the contact
angle 6 at a solid-electrolyte interface under an applied voltage [41]. By applying a voltage, the
liquid electrolyte and solid surface hold opposing charges that attract each other, effectively
lowering the free energy between the liquid and the solid and decreasing the solid-liquid
surface tension ys; [42]. By Young’s equation, decrease in yg;, decreases the macroscopic

contact angle 6:

cosf = Ysc ~ Vs (2.17)

Vi
where the solid-gas surface tension (ys;) and liquid-gas surface tension (y,;) stay constant.
Baumgartner et al. [8], performed another investigation and found that flooding due to elec-

trowetting is more severe in reactions requiring more negative cathode potential, indicating
that electrolyte intrusion is indeed potential-dependent.
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2.5. Salt Precipitation

The effects of flooding do not stop at fluid-electrolyte infiltration into the GDL. The (bi)carbonates,
dissolved in the electrolyte, can form carbonate salts with alkali cations, which accumulate
near the cathode surface. The salts will then precipitate to solid crystals once the solubility
limit is reached, either by water consumption or concentration increase. If formed or mi-
grated to the already flooded GDL, the precipitates can permanently block the pores for gas
transport. The lack of CO, at the reaction sites then shifts the dominant reaction to HER.
Direct observation of salt was done by Disch et al [43], who performed neutron radiogra-
phy to investigate water transport in a CO,RR cell. They observed precipitated salts and
precipitate-associated electrode flooding during the experiments, which explain the decrease
in their cell’s performance. Several experiments show that periodically washing the GDE can
restore the cell’s performance [16, 44].

The salts can move to the GDL through several ways. Hao et al [45], found that liquid droplets
carrying salt can migrate from the cathode catalyst-membrane interface toward the back side
of the GDE driven by interfacial gas evolution and CO, flow. Over time, the droplets dry out
due to water consumption or CO, flow-induced evaporation, causing the salt to precipitate.
Meanwhile, Joensen et al [46] add that the salts are carried by diffusion of water into the
GDL due to the initially dry condition of the GDL.

2.6. Capillary Flow

In a CFE cell, a sheet of porous membrane is placed between the cell electrodes, with its
bottom side dipped in an electrolyte reservoir. By assuming the pores to be pillars of cylin-
drical vertical channels, the liquid flow by capillary action can be approached by employing
the Hagen-Poiseuille equation [11, 13]. This equation describes the flow rate Q of liquid flow-
ing in a cylindrical pipe of constant cross-sectional area given a pressure drop of AP. As a
pressure differential drives liquid flow, the pressure difference in this setup is the capillary
pressure. A tortuosity (7) term is added to account for the actual distance traveled by the
liquid:
nmr* AP 518
Q= 8ur L (2.18)
where n is the number of capillary channels with radius r, AP is the pressure drop, u is the
viscosity of the liquid, and L is the length of the channel (in this case, the height of the vertical
membrane). The tortuosity 7 can be approximated by using the membrane’s porosity (€) with
the relation [47]:

_ o 2.19

£=—; (2.19)
Y

I 85) (2.20)

where r is the pore radius and A is the cross-sectional area of the porous membrane. By
plugging in the capillary pressure P, from equation (2.16), the fluid flow rate of a capillary
membrane can be described as follows:

_ &?Arygcosb

4(2 — &)2ul (2-21)

with y;, the gas-liquid surface tension and 8 the contact angle of the electrolyte and mem-
brane surface interface. For a completely hydrophilic membrane, the contact angle can be
assumed to be zero. Thus, from the equation above, the capillary flow rate is shown to be
proportional to the pore size of the membrane, the thickness of the membrane through the
cross-sectional area A term, and the porosity of the membrane. Meanwhile, the flow rate
decreases with the height of the column L. This relation places a limit to the scalability of
capillary-fed cells because although the reactions involved in CO,RR have no net water con-
sumption, some amount of electrolyte is still needed to facilitate ion transport. Furthermore,
the parasitic HER reaction, which requires water consumption, remains inevitable in the
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current state of CO, electrolyzer technology. If water is depleted, salt concentration can rise
beyond its solubility limit, precipitating and blocking mass transport.



Methodology

This chapter describes the setup used to obtain the experiment data. First, we explain the
main components used in the CFE cell. Next, the connection between the cell and the sup-
porting equipment that makes up the experiment setup is discussed. Finally, chronopoten-
tiometry sequences used as the main electrochemical measurement method and the subse-
quent data processing are described.

3.1. Material

3.1.1. Electrode Catalyst

Anode

Owing to the still-superior Ir-based catalyst [48, 49], titanium substrate coated with IrO,
catalyst (0.6 mg cm™2 loading) is used in this project. Titanium is commonly used as anode
material for its stability in the harsh acidic environment and high anodic potential.

Cathode

The cathode GDE used in this project is based on Sigracet 39BB non-woven carbon paper
purchased from Fuel Cell Store. It has a total thickness of 315 ym and the MPL is PTFE
treated to 5 wt%. A catalyst ink based on silver nanopowder is sprayed-coated on the MPL
side of the carbon paper with a target loading of 1.1 mg Ag cm™2, forming the catalyst layer.

3.1.2. GDE Preparation

Sample Preparation

The carbon paper sample is cut to 20 cm x 6 cm and dried for 10 minutes at 120°C. Then,
the sample is weighed to obtain the weight before the catalyst depositing process. Next, the
sample is placed on a metal plate with its position fixed. A mask is placed at the edges of the
sample so the ink that will be sprayed on top of it will only deposit on the intended area.

Ink Preparation

The solid composition of the ink is determined to be 80 wt% AgNP and 20 wt% Nafion 521
ionomer. With a target loading of 1.1 mg Ag cm™2, sample area of 100 cm?, and an expected
ink loss of 30%, we add 366.67 mg of Ag nanopowder (aerodynamic particle size (APS): 20-40
nm, 99.9%, Thermo Scientific), 36.63 mL of 1:1 mixture of water and isopropyl alcohol, and
1.969 mL of Nafion D-521 disperison (5 wt%, Alfa Aesar). The ink mixture is then homoge-
nized in a sonication bath for at least 30 minutes before spraying process is started.

Deposition Process

The metal pad holding the sample is screwed on a custom made 2D-motorized stage. The
airbrush, fed from the ink vial and a nitrogen line, is placed stationary a few centimeters
from the sample to spray the ink continuously. The motorized stage then moves following a
pre-determined path that ensures even spraying over the area of interest. At the back of the
metal plate is a heating pad set at 130°C to help evaporate the liquid phase of the ink. The

11
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ink vial is continuously sonicated in the sonication bath to ensure homogeneity throughout
the spraying process.

Post Process

After the vial is emptied from the ink, the now-sprayed sample is dried for 10 minutes at
120°C before being weighed again to determine the catalyst loading. The sample is then cut
to 2.2 cm x 2.2 cm pieces (approx. area of 5 cm?) for use in the electrolysis cell.

3.1.3. PES Membrane

Polyether sulfone (PES) membrane is a porous, hydrophilic, membrane filters commonly used
in clinical, life science, and general filtration purposes. Hodges et al [11] performed a survey
of commercially available membranes for use as separator and found PES to have the lowest
ionic resistance, with 80% porosity and contact angle of 70.3°.

The PES membrane used in this project is purchased from Sterlitech [50], with available
nominal pore sizes ranging from 0.03 to 8 ym and nominal thickness of 110-150 um. In this
project, we limit ourselves to only use PES with 1.2 um, 5 um, and 8 um pore sizes. The bubble
point, described as the gas pressure needed to pass through an already wetted membrane,
for those sizes from the manufacturer’s datasheet are 896 mbar, 758 mbar, and 413 mbar,
respectively.

3.1.4. Electrolyte

In the theoretical background section, the importance of alkali cation presence and the bene-
fit of larger cations have been elaborated. For that reason, CsHCOj; electrolyte (Thermofisher
Scientific, 99.99%) is used in this project. The bicarbonate (HCOj3 ) anion is selected to
provide the alkaline environment known to promote CO,RR.

3.2. Experimental Setup

Capillary-Fed Electrolysis Cell

Figure 3.1 shows the construction of the CFE cell. The steel backplate measures 7.5 x 7.5
cm? and features a serpentine flow channel with inlet/outlet nozzles on the opposite side. The
anode backplate has a similar construction and is made of titanium. The CFE cell employs
a zero-gap architecture where the electrodes and separator membrane are pressed together,
leaving no gap. The cathode is placed with the catalyst layer facing the PES membrane.
PTFE gaskets are used to insulate the two plates electrically and to prevent gas and liquid
leaks. Gasket thicknesses are chosen to be slightly thinner than the electrodes to ensure the
electrodes are in contact with the metal backplates and to avoid high contact resistance. In
our setup, the anode thickness is ~280 um, and the anode side gasket thickness is ~270 um.

Meanwhile, the cathode has a thickness of ~320 um with a cathode gasket thickness of ~260
um. The PES membrane is cut with an extra 2 cm at the bottom so it can be dipped into
an electrolyte reservoir. The cell is then bolted with a torque of 2 Nm, complete with a set
of insulating bushings to prevent electrical contact. However, the bottom-middle bolt hole is
not bolted to prevent obstruction of the capillary flow in the PES membrane.

The assembled cell is then connected to the gas lines and the potentiostat (Ivium XP20) in
a 4-electrode setup as illustrated in Figure 3.2. The CO, feed gas is passed through two
humidifier columns to reach 100% relative humidity. A bypass valve can be switched to
allow CO, gas to immediately flow into the cell if a dry feed is desired. CO, gas enters the
cell via the top nozzle, and the cathodic gas product along with the unreacted CO, exits via
the bottom nozzle. This flow direction allows downward exit of condensed water and liquid
product, preventing them from becoming trapped in the cathode flow channel. Since we are
interested in the composition of the gas product, the cathode outlet is channeled to a gas
chromatograph (Global Analyser Solutions CompactGC 4.0). A liquid trap bottle is placed
immediately after the cell exit to prevent condensate from entering the GC.

Meanwhile, mass flow meters (MFMs, from Bronkhorst) measure the pressure and flow rate
upstream and downstream of the cell. The cell is held in an elevated position by two clamps to
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Figure 3.1: Exploded view of the CFE cell construction.

allow the placement of a petri dish containing the electrolyte liquid beneath it (see Supporting
Information A.1). Thermocouples are also inserted into the available slot at the top of the
cathode and anode backplates to measure the internal cell temperature.
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Figure 3.2: Experiment setup with a CFE cell.

In one experiment, we fed 80%-humidified CO, despite the humidifier column only feeding
either completely dry or completely humidified CO,. To accomplish this, a second CO, feed
line, which is not connected to the humidifier column, is used. A T-line connector is then
installed to combine the flow from the two lines. By configuring the flow rate from each line,
any percentage of humidification in the combined CO, flow can be achieved.

Conventional Anolyte-Flow Electrolysis Cell

The conventional anolyte-flow cell used for comparison with the CFE cell studied has a very
similar construction, with the only difference being an AEM (PiperION, 40 um, purchased
from the Fuelcell store) positioned in place of the PES membrane. With an anolyte flow, the
setup now includes a peristaltic pump (Masterflex L/S), set at 30 rpm, and the anolyte line
as illustrated in Figure 3.3. The electrolyte is 0.5 M CsHCO3; with a volume of 40 mL placed
in a glass reservoir.

In contrast to the flow direction of the CO, feed gas, the anolyte liquid is fed from the bottom
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Figure 3.3: Experiment setup with a conventional anolyte-flow cell

nozzle of the anode backplate. It exits at the top to allow anodic gas products to exit the cell
easily upward.

3.3. Electrochemical Experiment

Chronopotentiometry is used extensively in this study since we are interested in the required
potential at different applied current densities of a CFE cell. The experiments are divided
into two types: short-term and long-term.

Short-term experiments are performed primarily to examine the behavior, mainly the voltage
evolution and Faradaic efficiency, of a configuration being tested. However, due to the occur-
rence of the initial voltage peak, which could take several hours to stabilize, a conditioning
phase is performed to let the voltage stabilize enough. This phase is limited to two hours due
to time constraints. Therefore, the chronopotentiometry run would then consist of 2 hours
of conditioning with 50 mA/ cm®, continued by a sequence of 100 mA/ cm?, 200 mA/ cm?,
and back to 100 mA/ cm” with 40 minutes each. The last 100 mA/ cm” runs are performed
to observe the behavior of the system going from a higher current density. During the ex-
periment, both voltage and current are recorded by the potentiostat, while the gas product
is injected for GC analysis every 4 minutes.

Finally, longer-term chronopotentiometry experiments are conducted to assess the cell’s per-
formance stability under the given conditions. For these longer term experiments, standard-
ized chronopotentiometry sequence comprising of 50 mA/ cmz, 100 mA/ cmz, 150 mA/ cmz,
200 mA/ cmz, 150 mA/ cmz, each lasting 4 hours and continues with a last bit of 100 mA/ cm®
for 2 hours is used. The total run is 22 hours. For experiments with 0.1 M electrolyte con-
centration, due to the very high initial voltage peak (reaching above 10 V, which is above the
voltage range of the potentiostat) if the applied current starts immediately from 50 mA/cm?,
we ramp the current from O to 50 mA/cm’ with a rate of 0.1 mA/s. Slowly ramping the
applied current, rather than a step-increase to 50 mA/ cmz, has been tried and shown to re-
duce the peak height. This effect can be attributed to the slower buildup of the ion gradient,
resulting in less aggressive initial CO, bubble formation.

3.4. Data Processing

Voltage Measurement
Since the voltage during the initial stage of the experiment is elevated and unstable due to the
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initial voltage peak, voltage data are obtained from the long-term experiments after the initial
voltage peak has subsided. For that reason, only the voltages of the last three applied current
densities (200 mA/ cmz, 150 mA/ cmz, and 100 mA/ sz) can be reliably reported, which is
taken as the average of the last 75% of the duration of a given applied current density.

Faradaic Efficiency Calculation

Faradaic efficiency is calculated by the output of the GC in combination with the flow rate
measurement by the downstream MFM. For every injection, the GC outputs the mole fraction
of the gas species it is configured to detect, comprising oxygen, nitrogen, carbon monoxide,
carbon dioxide, and hydrogen gas. These values are then normalized.

The MFM measures gas flow rate by its thermal and other physical properties and is cali-
brated to CO,. Therefore, a different mix of gas will require a correction factor to calculate
the actual flow rate from the measured flow rate. The correction factor is calculated from
the composition of the gas and the component-specific conversion factor provided by the
manufacturer (Bronkhorst) by the following expression:

1 v
C—F_Zki (3.1)
L

where y; is the mole fraction of the gas species i detected by the GC and k; is the conversion
factor for that gas species. The corrected flow rate Q.. can then be calculated by multiplying
the measured flow rate Q,,..s by the correction factor CF. In this study, the measured flow
rate is taken from the average flow rates in the last 10 seconds before the GC injection.

Qcorr = Qmeas X CF (3.2)

With the true flow rate of the outlet gas known, the partial flow rate of CO is simply obtained
by multiplying the outlet gas flow rate by the mole fraction of CO species given by the GC.
Since the MFM reports the flow rate data in standard conditions, the mole rate of CO gas n.qo
can be calculated by dividing the partial CO flow rate by the standard molar volume of ideal
gas V) = 22.4L/mol.

X

flco — Qcor?{/o Yco (33)

m
where yco is the mole fraction of CO given by the GC. Finally, the faradaic efficiency for CO
FE;, can be calculated by taking the ratio of the partial current of CO over the total current.

ZFT'.lCO

FE;p =
co i

(3.4)

where z is the mole of electron participating per mole produced CO, F is faraday constant
96485 C/mol, and I is the applied current.

Energy Consumption Calculation
The energy consumption (kWh/mol CO) can be calculated using the formula below:

kWh 1\ Voltage . x current x Time
mol CO/  Moles of CO produced

Energy consumption (



Results and Discussion

In this chapter, the results and discussion of the performed experiments are elaborated.
The discussion begins with the observation of the initial voltage peak that occurs in every
of our CO,RR experiments. The hypothesis that the voltage peak is caused by trapped CO,
bubbles and the proofs supporting the hypothesis will be presented, followed by a proposed
mechanism on how CO, bubble blockages can induce the voltage rise. The longer-term
stability of an operating CFE cell is then evaluated under different operating parameters. The
results suggest that water management and salt precipitation are the most important aspects
for stable CFE cell operation. The chapter concludes with a discussion on the performance
comparison between the proposed CFE cell and a hybrid-MEA cell constructed with identical
components for a fair comparison.

4.1. Observation of The Initial Voltage Peak

When we perform a chronopotentiometry run at 50 mA/ cm® and hold it for a few hours, a
pattern of high initial voltage, as shown in Figure 4.1, is observed. This initial increase in
voltage takes a few minutes to reach the peak height and then slowly dissipates on the scale
of a few hours.
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Figure 4.1: Initial high voltage peak and the temperature measurement in experiment with 0.5M CsHCOg3
electrolyte and 50 mA/ cm?® applied current density. The sharp dips are pauses from current interrupt
measurements.

Temperature measurement using thermocouples inserted into the available slot in the cell’s
backplate shows that the temperature rises from the ambient lab temperature of 21°C to only
23°C. The paper by Hurkman et al [S1] shows in their simulation that an increase in operating
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temperature from 20°C to 80°C in 50 mA/ cm® barely reduces the applied potential. Since in
our experiment the potential drops by 2 V after the peak, we conclude that temperature
cannot be the dominant factor.

To rule out the role of impurities in the membrane, we soaked the PES membrane in DI water
or in an HCI solution. The attempt did not result in any observable reduction in the voltage
peak. We then reused the PES membrane from a previous experiment, in which we ran the
cell until the voltage peak stabilized. If the voltage peak is caused by a physical or chemical
property of the PES, then reusing a PES that has stabilized at a voltage is expected not to
cause another high-voltage peak. However, a reused PES still yields an initial high-voltage
peak. We then acquired a higher-grade CsHCOj3; salt in case the impurities originated from
the salt used. Similarly, an initial high voltage peak is still observed.

Another possible cause of the increased voltage is incomplete filling of the membrane pores
with electrolyte, as unfilled pores from trapped gas can block ion transport. However, pre-
soaking the PES membrane in 0.5 M CsHCOj3 electrolyte solution overnight also did not
eliminate the initial voltage increase.

Further experiments found that the magnitude of the initial voltage peak is strongly affected
by the electrolyte concentration. As shown in Figure 4.2a below, lower electrolyte concentra-
tion increases the height of the initial voltage. At a 0.1 M CsHCO3; concentration, the voltage
exceeded 10 V, which is above the maximum voltage the potentiostat can record. By com-
paring the onset, we also observe that the voltage peak reaches its maximum height more
quickly with lower electrolyte concentration.
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Figure 4.2: (a) Initial voltage height comparison with 50 mA/ cm? applied current in 0.1 M, 0.5 M, and 1 M
CsHCOgj; electrolyte concentrations. (b) Distribution of peak heights over several experiments in different

electrolyte concentrations with 50 mA/ cm® applied current and 5 um membrane pore size. The ”X” marks the
average data point.

The height of the initial voltage peak, even under similar conditions, is not always the same.
Figure 4.2b shows the initial peak heights observed across several experiments at electrolyte
concentrations of 0.1 M, 0.5 M, and 1 M. Despite the wide range of peak heights an ex-
periment could have, the distribution confirms that the peak heights increase with lower
electrolyte concentration. For experiments in 0.1 M CsHCOj; electrolyte, the actual average
voltage height may be higher than the marked value in the plot, since the topmost data point
represents the highest voltage the potentiostat can record rather than the actual voltage.
Meanwhile, each of the three data points in the 1 M concentration experiments used differ-
ent salts as annotated in the inset plot, indicating that the initial voltage peak is present not
only with CsHCO3 but also KOH and CsOH electrolytes.

The maximum height of the initial voltage peak also increases when a PES membrane with
a smaller pore size is used. Shown in Figure 4.3, the experiment using a 1.2 um PES pore
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size exhibits a much higher initial voltage peak compared to using a 5 um pore membrane,
reaching 8 V, which is the upper voltage limit set as a safety feature for the potentiostat. The
initial voltage peak then recedes and stabilizes at a voltage similar to that in the 5 ym PES
pore-size experiment. However, we did not observe a significant difference in potential when
comparing a CFE cell with 5 um and 8 um pore size. A plot of the peak height distribution is
shown in Supporting Information A.2.
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Figure 4.3: Initial voltage height comparison with 50 mA/ cm” applied current in 1.2 uym and 5 um PES pore sizes
in 0.5 M CsHCOg3.

Our experiments also show that the onset of the initial voltage peak is dependent on the
applied current. Figure 4.4 shows the voltage evolution in experiments with applied current
densities of 50 mA/ cmz, 100 mA/ cmz, and 200 mA/ cm®. With higher applied current, a
faster increase in voltage is observed. As can be seen in the figure, the voltage of the 200
mA/cm® experiment goes immediately high and reaches the peak within 5 minutes of current
start, while the voltage in the 50 mA/ cm’ experiment took about 30 minutes to reach the
highest peak. Such an increase in the steepness of the voltage rise is also observable in the
previously discussed effect of electrolyte concentration, which results in a higher maximum
voltage. However, the effect of different applied currents on the maximum voltage height is
less clear.
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Figure 4.4: Initial voltage height comparison with 50 mA/ cm?®, 100 mA / cmz, and 200 mA/ cm® applied current
densities in 1 M CsHCOg3;.

Considering that the voltage peak maximum height follows a distribution instead of being
the same at every repeated experiment, the lower peak height of the 100 mA/ cm® shown
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in the last figure cannot be interpreted as a trend, since it could simply be that, for that
particular experiment, the peak height falls at the lower end of its distribution. Therefore,
the relationship between the voltage peak height and the applied current density cannot
be determined from this comparison alone. More experimental data is required to uncover
whether a relationship exists.

4.2. Initial Voltage Peak Mechanism
4.2.1. CO, Bubble Hypothesis

CFE uses a porous membrane that transports ions nonselectively. This non-selectivity allows
the acidic environment due to the anodic half-reaction to extend into the electrolyte-filled
porous membrane. Meanwhile, (bijcarbonate anions are produced on the cathode side by
OH™ and the CO, feed reaction and will then be transported to the anode side by diffusion
and drift through the membrane. The low-pH gradient near the anode then shifts the equi-
librium (bi)carbonate back to dissolved CO,. However, due to low solubility, supersaturated
dissolved CO, will form gas bubbles within the membrane pore matrix, which could block
the membrane as they grow. Figure 4.5 illustrates the hypothesized mechanism. This block-
age inhibits the ionic transport necessary to complete the circuit. A larger voltage is then
needed to drive the reaction rate at the set applied current. As bubbles begin to dissolve
over time as the supersaturation recedes and an equilibrium flow is established, the voltage
slowly stabilizes. Although (bi)carbonate degassing to CO, also occurs in an alkaline conven-
tional cell using an anion-exchange membrane, the membrane’s charge selectivity prevents
a pH gradient from developing within it. Thus, degassing can occur only at the membrane-
anode interface, outside the membrane itself. In another study using a porous membrane
and acidic electrolyte, Wei et al [15] provided no report on bubble-induced voltage increase,
which could be explained by the much lower crossover of (bi)Jcarbonate in acidic electrolyte
in the first place.
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Figure 4.5: Illustration of CO, gas bubble formation inside the porous membrane.

4.2.2. Proof that The Initial Voltage Peak is Caused by Trapped CO, Bubbles

To prove that (bijcarbonate degassing to CO, bubbles is the cause of the voltage increase, we
can design experiments that prevent such reactions from happening by either removing the
(bi)carbonate source or by displacing the neutralization reaction to outside the membrane,
where the formed CO, bubbles will not get trapped.
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Absence of initial voltage peak in water electrolysis with CsOH electrolyte

In this experiment, CsOH electrolyte is used instead of CsHCO3, and the CO, feed flow is shut
off to eliminate any source of DIC. In the absence of CO,, the cathode will fully perform HER
instead. The OH™ will migrate to the anode side and act as a reactant for the anodic OER.
With no carbonic species present, no gas-forming reaction will occur, which would manifest
as the absence of gas bubbles that could disrupt ion transport and increase the voltage. As
shown in the figure 4.6 below with the orange line, we observe the voltage evolution to be a
flat, stable line, confirming our prediction.

5.0
—— CO2 Electrolysis in 0.5M CsHCO3
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Figure 4.6: The initial voltage of CO, electrolysis in 0.5M CsHCO3 (50 mA/cmZ) [blue] compared against: water
electrolysis in 1M CsOH electrolyte (50 mA/crnz] [orange], water electrolysis in 0.5M CsHCOj electrolyte (100

mA/ sz) [green], and CO, electrolysis with AEM sandwiched between anode and PES membrane (50 mA/ sz)
[red].

Smaller and shorter voltage peak in water electrolysis with CsHCO3 electrolyte
In another experiment, CsHCOj; electrolyte is used while the CO, feed is still kept shut off.
The amount of DIC present in the system is now constrained to the amount already contained
in the small volume of the electrolyte inside the cell. Upon current flow and (bi)carbonate
neutralization by anode acidification, the DIC present in the electrolyte reservoir at the bot-
tom of the cell is unlikely to diffuse up the capillary columns of the membrane to replenish
the spent (bi)carbonates. Ionic transport from the electrolyte reservoir is governed only by
diffusion and convection of the bulk solution. For diffusion, the time t it takes for an ion to
travel a distance L can be calculated by:
L2

t= D 4.1)
where D is the diffusion coefficient of the ion. With bicarbonate having a diffusion coefficient
of 1.18 x 1079m?/s [52], the time it takes the bicarbonate ions to travel 4 cm upward is in
the order of days. This slow diffusion practically isolates a CFE cell from its own electrolyte
reservoir on the time scale relevant to the typical duration of an experiment. Other ways in
which the ions inside the cell can be replenished are by convection of the bulk electrolyte,
which requires that water be consumed at the other end. Since evaporation is expected to
be negligible given the tight gap of the cell assembly, HER will be the dominant water-loss
mechanism from the system, which is itself too slow to drive adequate bicarbonate replen-
ishment.

Our prediction is proven, as shown in Figure 4.6 with the green line. When the current is
applied, the voltage rises sharply, drops almost immediately, then follows a tail that stabilizes.
The smaller voltage peak can be explained by CO, degassing from the (bi)carbonates already
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present in the cell volume. The subsequent quick dissipation is caused by the absence of
CO, feed flow that sustains the (bi)carbonate regeneration.

Absence of initial voltage peak in CO, electrolysis if AEM is placed on the anode side
An AEM, which only allows anions to pass and blocks cations, is placed between the PES
membrane and the anode, as illustrated in Figure 4.7. Just like in a conventional cell em-
ploying an AEM, the (bi)jcarbonate neutralization by the acidified anode will only occur at
the anode-AEM interface, outside the PES membrane, where it can no longer get stuck and
block ion transport. As can be observed in Figure 4.6 with the red line, this configuration
also yields no initial high voltage peak, as expected. A much smaller initial voltage bulge is
observed, which can be explained by the concentration gradients still establishing within the
AEM when current is initially applied.

PES Membrane
Cathode

Cathode backplate
Anode backplate

Anode

AEM

Electrolyte
reservoir

Figure 4.7: Illustration of AEM sandwiched between anode and PES membrane in the CFE cell.

4.3. Proposed Mechanism of How the CO, Bubble Blockages In-
creases Voltage

The presence of bubbles can reduce the effective electrolyte conductivity by reducing the
number of pathways available for ionic migration [53], increasing the ohmic overpotential.
The presence of bubbles can be quantified by the void fraction. The void fraction (€) then
changes the effective conductivity (k) by Bruggemann’s relation below:

K =1K,(1—€)3? (4.2)

This relationship explains the much higher initial voltage peak when a lower-concentration
electrolyte is used, since it has lower initial conductivity (x,).

Membrane pore size also affects how easily the bubbles can dislodge, with smaller pores mak-
ing bubbles harder to escape [54, 55]. This pore-size influence explains why the experiment
with the smaller 1.2 ym membrane also exhibits a higher initial voltage peak compared to the
S um membrane. The longer residence time of the bubbles increases the overall void fraction
of the electrolyte, thereby reducing the effective conductivity. In addition, we find that the
cathode may also affect the initial voltage peak.

Shown in Figure 4.8, when an experiment is performed with a reused cathode from a previous
experiment, the initial voltage peak is significantly lower. The same effect is not observed
when the anode is reused, as the voltage evolution shows a height comparable to that of an
experiment with new electrodes. This difference could indicate a change in the cathode’s
physical properties that contributes to the initial voltage peak.

We gather that there are at least two changes in the cathode after an experiment: reduced
thickness and reduced hydrophobicity.

The thickness reduction originates from the thinner gasket we place on the cathode side to
ensure good contact from the compression. Since the combined gasket thickness used is
~260 um while the cathode GDE thickness is ~320 um, the flow channel is pressed into the
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Figure 4.8: Initial voltage peak in experiment with reused Figure 4.9: Impression of the
electrodes in 0.5M CsHCO3 and 50 mA/cm” applied current serpentine flow channel on the
density. cathode carbon substrate.

backside of the cathode GDE, leaving a visible impression of the serpentine flow channel
pattern on the brittle carbon substrate shown in Figure 4.9. When the cathode is reused,
the compression on the cathode by the metal plate would be less, since the back side of the
cathode that contacts the flow channel is already dented from previous use. This reduced
compression might allow a gap to form between the cathode and the PES membrane inter-
face, which provides an escape route for the CO, bubbles and thereby reduces the bubble
residence time. There are reports where adding a small gap between the electrode and the
separator, thus deviating from a true zero-gap, can lower the overpotential by providing suf-
ficient space to prevent gas bubble accumulation [56, 57]. Our data on the voltage peak
heights in experiments with lower bolt compression, which would produce a similar effect,
do not yet provide a conclusive conclusion (See Supporting Information A.2).

Another possible change is an irreversible decrease in hydrophobicity due to PTFE degrada-
tion at more negative overpotentials [58]. There are reports of contact angle measurements
showing reduced contact angle after a cathode is used in electrolysis [44, 59], indicating re-
duced hydrophobicity. A similar phenomenon may be occurring with our cathode. Lower
hydrophobicity is known to decrease bubble adhesion effectiveness, making them easier to
detach. This property applies not only to bubbles nucleating from a surface as in the case of
the formation of gas product on an electrode surface [60, 61], but also to bubbles that form
elsewhere that approach a surface and then attach to it [62, 63]. The reduced hydrophobicity
helps bubbles approaching and attaching to the cathode surface detach more quickly and
return to the bulk, thereby reducing their residence time near the surface.

Therefore, it is hypothesized that the absence of an interfacial gap or the high hydrophobicity
of the cathode surface causes the bubbles formed to accumulate on the cathode surface. As
reported in several works, bubbles adhering to the cathode surface will cover a fraction of the
active area and make it inactive. This partial insulation creates a locally high current density
in the uncovered areas and, by the Butler-Volmer relation, increases the kinetic overpotential
[64, 65, 66].

The locally increased reaction rates might explain the observed dip in Faradaic efficiency to
CO, whose timing coincides with the peak and then recovers just as the voltage stabilizes.
Examples of such effects can be seen in Figure 4.10a below.

As areas of high reaction rates emerge, the CO,(aq) reactant could be depleted due to mass-
transport limitations, thereby shifting some of the Faradaic current to HER. Then, as the
bubbles slowly dissipate, the applied current returns to a more even distribution and CO,
concentration at the reaction site recovers, so FEqo also recovers.
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Figure 4.10: (a) Dip of FEo coinciding with the voltage peak in the experiment with 0.5 M CsHCO3 and (b) the
experiment with reused cathode shows no apparent dip in FEcq.

The faradaic efficiency evolution of the reused cathode experiment is shown in Figure 4.10b,
which shows that the dip in FEqg is not as apparent as in pristine cathode experiments. This
observation supports the understanding that the process causing the initial high peak also
temporarily lowers FEcg. However, what causes the effect to be less apparent in a reused
cathode, whether it is due to the increased interfacial gap owing to lower compression or
the reduced hydrophobicity of the cathode surface, cannot yet be determined and requires
further research. The suggested experimental pathway will be elaborated further in Chapter
6 (Recommendations for future work]).

In conclusion, our working theory for the initial voltage peak is that it is the combined effect
of increased electrolyte ohmic potential and increased kinetic overpotential of the cathodic
reaction. Both result from bubbles that have stuck within the membrane pore matrix and in
the vicinity of the cathode surface.

4.4. CFE Under Different Operating Parameters

Longer-time-scale experiments were performed to study the effect of different parameters on
the operating stability of the CFE cell. The parameters to be varied are the bolt compression
of the cell assembly, the electrolyte concentration, and the humidification of the feed CO, gas,
to assess their effects on water management [67]. For that purpose, a set of experiments is
compared to extract the trend, with FEco and salt precipitation as the metrics of interest.
Salt precipitation can be inferred by the effect a salt blockage has on the upstream pressure
of the CO, feed gas. The presence of salt blockage will increase the pressure reading up to
a maximum of 2.8 bar, which is the head pressure of the CO, feed line. If the upstream
pressure reaches its maximum, it means the CO, feed gas can no longer flow into the cell,
and the cell is said to have catastrophic salt blockage.

4.4.1. Cell Compression

Cell compression can be adjusted by applying torque to the bolts that hold the cell. First, we
examine the effect of applying 2 Nm and 1 Nm torque in 0.5 M CsHCOj; electrolyte concentra-
tion. Figure 4.11 plots the evolution of faradaic efficiency for CO product during the course
of the experiment with GC injection rate taken every 4 minutes. The figure shows that the
experiment with 2 Nm compression (blue line) shows slightly higher FEq;o with a widening
gap, although it then gets completely blocked by salt after 14 hours. Meanwhile, the 1 Nm
experiment continues with lower FEqg, which stabilizes at 200 mA/ cm’ (purple region), until
the end of the experiment duration without catastrophic blockage.

The higher FEqo in the 2 Nm experiment might be due to the lower capillary flow rate, re-
sulting in less water surplus that could contribute to cathode flooding. Measuring the PES
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Figure 4.11: FEcq over time of the 2 Nm and 1 Nm-compressed CFE cell in 0.5 M CsHCOj3. The 1 Nm experiment
data did not start at time = O because there was a leak in the line connecting the cell to the GC. The small spikes
and dips in FEco when transitioning to a different applied current are because the gas product has to fill up the
liquid trap bottle first before continuing to the GC, and a stable gas mixture corresponding to the applied current

has not been reached.

membrane thickness before and after the experiment reveals that the originally ~130 um
thick membrane is compressed to ~120 um and ~100 um for 1 Nm and 2 Nm, respectively.
Applying equation 2.21 for capillary flow rate and accounting for the porosity change, we
estimate that a 1 Nm-compressed CFE cell delivers 44.19% more flow rate compared to the
2 Nm (see Supporting Information A.3 for flow rate model). The increased flow could then
flood the cathode more, lowering the CO product selectivity.

The catastrophic salt blockage occurring in the experiment with 2 Nm compression is con-
firmed upon disassembly of the cell. Figure 4.12 shows the catastrophic salt deposits formed
in the experiment with 2 Nm bolt compression, which completely block the upper rows of the
cathode flow channel. We found that such salt formation in the CFE cell tends to form in
the upper rows of the flow channel. This finding can also be explained by the lower capillary
flow rate, which decreases with height. The capillary flow rate at a given point is then further
reduced by water consumption in the active regions beneath it. Thus, in locations with less
water supply, salts can more quickly reach supersaturation and precipitate.

Figure 4.12: Heavy salt precipitation in the upper rows of the cathode flow channel in the experiment with 2 Nm
bolt compression.

Meanwhile, we did not find any visible salt deposits in the flow channel of the experiment
with 1 Nm cell compression. Thus, although the less-compressed cell appears to be flooded
more and therefore has worse FEq-o performance as indicated in the experiment with 1 Nm
cell compression, the more abundant water supply seems to delay salt supersaturation and,
subsequently, the formation of catastrophic precipitates.

The finding of higher FE-g in a more compressed membrane is supported by a similar con-
clusion from an experiment with the CO, feed gas fed from the bottom nozzle of the cell,
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shown in Supporting Information A.4. Feeding CO, from the bottom nozzle bypasses the
salt precipitates that form on the top rows of the serpentine flow channel. Without the feed
gas ever being completely blocked, the more compressed cell exhibits higher FEcq over the
course of the experiment.

A similar conclusion can also be drawn from the same comparison in 0.1 M electrolyte con-
centration shown in Figure 4.13. At 0.1 M electrolyte concentration, salt precipitation ap-
pears reduced, as indicated by the absence of catastrophic salt precipitation. In this config-
uration, the 2 Nm experiment also shows slightly higher FEco compared to the 1 Nm up to
the end of the experiment.
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Figure 4.13: FEp over time of the 2Nm and 1Nm-compressed CFE cell in 0.1M CsHCOg3.

The relationship between water supply and salt precipitation can also be observed in exper-
iments comparing PES membranes with different pore sizes. Again, applying equation 2.21
for the capillary flow rate, a membrane with a 1.2 um pore diameter can only deliver 24%
of the flow rate of a membrane with a 5 um pore diameter (see Supporting Information A.3
for the flow rate model). This effect explains the low FEqg of the experiment with 1.2 um
pores compared to 5 um, which averages to 35% and 80% respectively at S0 mA/ cm’ applied
current density. Since less water is delivered, water can reach depletion more quickly and
inevitably precipitate salt more quickly. These results not only show the importance of water
management in a CFE cell but also show how proper pore-size selection and cell compression
can be used to control the water supply.

4.4.2. Electrolyte Concentrations

Comparison of CFE cell voltages with 0.1 M, 0.5 M, and 1 M electrolyte concentrations shows
an expected trend. As shown in Figure 4.14, a higher electrolyte concentration lowers the
voltage required to operate the cell at a given applied current. This effect can be explained
simply by the higher ionic conductivity of the electrolyte.

In addition to voltages, different electrolyte concentrations also affect the probability of catas-
trophic salt precipitation occurrence. This effect can be observed by comparing experiments
with electrolyte concentrations of 0.1 M and 0.5 M. Two sets of comparisons are performed,
one with 1 Nm bolt torque and the other with 2 Nm.

First, we compare the performance of the two concentrations in a 2 Nm-compressed cell. As
shown in Figure 4.15, the 0.5 M electrolyte concentration experiment reaches catastrophic
salt precipitation after 14 hours, while the 0.1 M electrolyte concentration experiment contin-
ued. Gyenes et al [68] suggested that a 0.5 M concentration of CsHCOj; electrolyte sits at the
"sweet spot” of Cs” amount, yielding maximum FEcq, while 0.1 M is shown to be insufficient.
Their observation might explain the initially higher FEcq in the 0.5 M experiment, as seen
during the 50 mA/ cm® current-density phase (yellow region). As the experiment progresses,
the advantage of having a higher Cs* concentration is counterbalanced by increasing salt
precipitation, thereby worsening performance. As shown in the figure, the orange line rep-
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Figure 4.14: The average potential at a given applied current density, averaged over several experiments
performed in this study. No experiment was performed using 1 M CsHCO3 at 150 mA/ cm®.
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Figure 4.15: FEqo over time of the 0.1M and 0.5M CsHCOj3 concentration experiment in 2 Nm-compressed CFE.

resenting the 0.5 M electrolyte experiment begins to lag in the 100 mA/ cm’ current-density
phase (first green region) and ultimately reaches catastrophic salt blockage. Therefore, our
observation suggests that in the long run, electrolyte concentration has a more substantial
effect on salt precipitation than on promoting selectivity.
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Figure 4.16: FEg over time of the 0.1M and 0.5M CsHCOj3; concentration experiment in 1 Nm-compressed CFE.

This trend is also observed in the comparison employing a 1 Nm-compressed cell shown in
Figure 4.16. In this comparison, the experiment with 0.5 M electrolyte concentration again
starts with higher FEqg, but then gets progressively reduced performance until it performs
slightly worse than the experiment with 0.1 M concentration. This worsening of performance
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can also be attributed to the increase in salt buildup over time. The buildup of salt precip-
itates in the experiment with 0.5 M electrolyte is confirmed by the image in Figure 4.17 be-
low, showing the visibly formed salt deposits. In this particular experiment, the salt deposits
formed in the bottom rows of the flow channel rather than in the upper rows, as observed in
every other experiment yielding visible salt deposits. We cannot yet explain this deviation.
However, the salts deposited in the bottom rows explain how the experiment could still run
without experiencing catastrophic salt precipitation, since the CO, feed gas entering through
the top nozzles is no longer immediately blocked. Meanwhile, no salt deposit is visible in the
flow channel of the experiment with 0.1 M electrolyte concentration.

Figure 4.17: Heavy salt precipitation in the bottom rows of the cathode flow channel in the experiment with 0.5 M
CsHCOg3.

From these two comparisons, we can conclude that in the longer run, the advantage of higher
electrolyte concentration on selectivity might be outweighed by its impact on salt formation.
Given that a 0.1 M electrolyte concentration yields a lower FEcg while the higher 0.5 M
electrolyte concentration shows increased salt precipitation, we can conclude that there must
be an optimum concentration value between that of 0.1 M and 0.5 M, where FE-qg and stability
are maximized. A more rigorous sensitivity experiment is needed to find such an optimum.

Nevertheless, employing an electrolyte with 0.1 M concentration does not guarantee the ab-
sence of salt precipitates. We performed another instance of the experiment at a 0.1 M elec-
trolyte concentration and 1 Nm of compression. This time, catastrophic salt precipitation
occurs after 20 hours, just 2 hours before the experiment ends. We conclude that perform-
ing experiments with the exact same configuration and obtaining different salt precipitation
behavior indicates that salt formation is an inherently stochastic process that can be af-
fected by factors beyond standard laboratory control. Using a lower electrolyte concentration
reduces the risk of catastrophic salt precipitation, but does not eliminate it deterministically.

4.4.3. CO, Feed Humidification

Lastly, we compare the effects of feeding CO, with different humidification levels: 0%, 80%,
and 100%. As shown in Figure 4.18, both the 80% and the 100%-humidified CO, experi-
ments get catastrophic salt precipitation after about 14 hours, indicated by the increase in
upstream pressure to a maximum of 2.8 bars. Meanwhile, the upstream pressure in the
experiment with dry or 0% humidified CO, only reached 0.1 bar after 15 hours, then rose
to only 0.44 bar by the end of the experiment. This smaller increase could indicate a lesser
extent of salt-precipitation blockage that does not completely obstruct gas flow.

Additionally, FEqq is highest at 0% humidification and decreases progressively with higher
humidification rates. These results suggest that in a CFE cell, reduced humidification of the
CO, feed improves performance. This conclusion contrasts with what is commonly reported,
in which some humidification is required to prevent the cell from drying out [69]. Hoof et al
[67] suggest that 80% humidification provides optimal performance since full humidification
will flood the GDE pores. Other reports also mention that providing humidification prevents
salt precipitation [28, 70].
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Figure 4.18: FEcg over time of experiment with the feed CO, humidified to 0%, 80%, and 100% relative humidity.

This contrasting effect of feed CO, humidification in our CFE setup is probably because
our GDE is already sufficiently humid from contact with the wet PES membrane, such that
adding more water only worsens performance. The initial voltage peak, which includes a
kinetic overpotential contribution, could also help erode the hydrophobicity of the cathode
surface, a phenomenon that does not occur in a conventional cell. This additional reduction
in hydrophobicity, unique to CFE cells, could exacerbate water imbibition and, subsequently,
salt precipitation within the GDE.

4.5. Comparing CFE and Hybrid-MEA Cell Configuration

To benchmark the performance of our CFE cell, we compare it against a hybrid-MEA cell
configuration. To ensure a fair comparison, the benchmark cell is constructed with identical
components. The only differences are the use of AEM as a separator membrane and the
anolyte flow of the hybrid-MEA setup.
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Figure 4.19: Comparison of Hybrid-MEA and CFE configuration: (a) voltages and (b) FEco and energy
consumption at the last three current densities. The voltage plot shows the transient and the stabilized voltage
measurement of the CFE cell.

Figure 4.19 shows the voltage, FEcg, and energy consumption comparison of the two con-
figurations. The voltage measurement of the CFE cell is shown with two lines: the transient
voltage (solid orange line), which is the average voltage at which the Faradaic efficiency mea-
surement is taken, and the stabilized voltage (dashed orange line), which is the voltage mea-
sured after the experiment had run for a few hours. The transient voltage is higher because,
at the time of measurement, the tail of the initial voltage peak still dominates the measured
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value. The effect can be observed by realizing that the transient voltage value at 200 mA/ cm’
is lower than at 150 mA/ cmz, which is also lower than at 100 mA/ cmz, indicating that the
voltage still continuously decreases during measurement. Meanwhile, the stabilized voltage
is the measured voltage after the initial voltage peak had completely subsided.

From the voltage comparison in Figure 4.19a, the CFE cell exhibits much lower voltage at
higher current densities compared to the hybrid-MEA cell. The lower overall voltage could
be a result of reduced anodic bubble formation from the absence of bulk liquid flow at the
anode, in line with the reports from Hodges et al [11] and Hoang et al [12].

The comparison in Figure 4.19b shows lower FEqg for CFE at all applied current densities.
This lower faradaic efficiency of our CFE setup could be explained by extra cathode flooding
due to proximity to the wet membrane, complemented by a possible added reduction in hy-
drophobicity induced by the initial increase in kinetic overpotential during the initial voltage
peak. The figure also plots the calculated energy consumption for producing 1 mole of CO
with either cell. The stabilized voltage is used to calculate the energy consumption of the
CFE cell. With lower FEqo, the energy consumed by the CFE cell to produce one mole of
CO is above that of the hybrid-MEA cell despite the lower voltage. At 200 mA/ cmz, the CFE
cell needs 545.65 kWh/mol CO while the hybrid-MEA consumes 465.98 kWh/mol CO. This
result underscores the need for further research to improve the product selectivity of the CFE
cell.

In its current state, the main issues with our CFE configuration are cathode flooding and salt
formation, which hinder stable, long-term operation at high selectivity. Reduced hydropho-
bicity, whether due to reversible electrowetting or irreversible chemical degradation of PTFE,
is commonly reported as the primary cause of flooding and subsequent salt precipitation.
However, in CFE cells, we have hypothesized that high surface hydrophobicity might in-
hibit the detachment of degassed CO, bubbles from the cathode surface, thereby increasing
the initial cell voltage. The resulting high voltage could, in turn, accelerate hydrophobicity
loss. If this mechanism is correct, making the cathode surface more hydrophobic to resist
water intrusion seems futile, since the induced high voltage would be expected to reduce hy-
drophobicity regardless. Further experimental work on the effect of surface hydrophobicity
is required to verify whether this feedback mechanism governs the behavior of CFE cells.
Another avenue of research could be porous membrane engineering to enable delivery of an
optimal capillary flow rate, thereby avoiding both cathode flooding and salt supersaturation.
A covering layer that can limit water spillage, placed on the membrane’s cathode-facing side,
could also be a potential solution. The proposed experimental pathway for the hydropho-
bicity effect and porous membrane is explained in Chapter 6 (Recommendations for future
work).

Despite the need for further research to address these issues, the CFE for CO,-to-CO con-
version presented in this study has demonstrated several advantages over the conventional
setup. First, the consistently lower voltage confirms the CFE cell’s low-voltage operation.
Further parametric optimization of the CFE cell, particularly on membrane pore size and cell
compression, will be needed to improve product selectivity and lower per-mole product en-
ergy consumption. A survey study on techno-economic assessment of low-temperature CO,
electrolysis found that electricity costs could account for up to 80% of OPEX [71]. Improved
energy efficiency could then significantly lower the cost of producing a unit amount of CO
and help close the gap toward commercial viability.

Cost reduction also comes from the simplified balance-of-plant, for example, by the lack of
electrolyte circulating through the cell, which removes the need for a circulation pump. This
component reduction contributes to the energy-efficiency gain and potentially reduces both
CAPEX and OPEX of a CO,RR electrolyzer plant. The use of cheaper porous membranes com-
pared with the more expensive ion exchange membranes used in conventional cells further
adds to the cost reduction.

This use of porous membranes, such as PES, is also a more environmentally friendly option
due to the non-use of PFAS substances. PFAS (per- and polyfluoroalkyl substances), also
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nicknamed ”forever chemicals”, are substances that contain very strong C-F bonds. This
extreme stability makes them resistant to natural breakdown processes, which could then
bioaccumulate in humans and wildlife [72]. Ion-exchange membranes such as Nafion use
PTFE as a backbone, which is a PFAS [73]. While AEMs such as Piperlon are PFAS-free,
their reinforced variants could contain PTFE [74]. The European Commission is currently
proposing an EU-wide ban on all kinds of PFAS [75]. Once this restriction is in effect, and
while a safer alternative is still under development, porous membrane utilizing cells can be
a viable option.



Conclusion

This thesis project aims to implement the recent capillary-fed cell architecture idea for CO,-
to-CO conversion. The concept has been proven to work; however, an initial voltage peak
unique to the CFE configuration for CO, electrolysis is identified, which has not been reported
in any other work. We also found that water management strongly affects the stability of a
CFE cell’s performance. The use of a porous membrane enables additional controllability in
this regard not found in other cell architectures.

Based on our investigation, the initial voltage peak is thought to be triggered by the forma-
tion of CO, bubbles inside the PES membrane pore matrix. The CO, bubbles are formed by
neutralization of the crossing over (bi)carbonates by the acid environment inside the mem-
brane near the anode. This claim is supported by the absence of an initial voltage peak when
the (bijcarbonate source is removed or when the location of the neutralization reaction is
moved from inside the membrane to outside it. To achieve this, we performed water elec-
trolysis experiments in CsOH and CsHCOj; electrolytes with the CFE setup. The experiment
with CsOH exhibited no initial voltage peak, while the experiment with CsHCO3; produced an
initial voltage peak of much smaller magnitude, owing to the absent (bi)jcarbonate regenera-
tion. In the other experiment, we placed an AEM between the anode and the PES membrane,
which also shows no initial voltage peak. This placement prevents anode acidification from
extending into the membrane, thereby moving (bi)carbonate neutralization to occur outside
the membrane.

The presence of bubbles stuck in the membrane pores reduces the effective conductivity
of the electrolyte, thus increasing the ohmic overpotential. The smaller the pore size, the
harder it is for the bubbles to dislodge and therefore the higher the induced increase in
ohmic overpotential. Furthermore, the cathode contributes to the increase in overpotential,
as evidenced by a temporary shift in selectivity toward HER coinciding with the voltage peak.
It is thought that the formed CO, bubbles accumulate on the cathode surface. This bubble
accumulation can be caused by the absence of a gap through which the bubbles could escape
or by high surface hydrophobicity that prevents bubbles from detaching from the surface.
Regardless of the underlying mechanism, partial bubble coverage of the cathode surface
increases the local current density of the uncovered active area. The increased local current
density naturally increases the kinetic overpotential and causes an observable, temporary
selectivity shift toward HER as the CO, reactant becomes mass-transport limited.

Next, design principles to enable more effective implementation are investigated. We found
that, beyond the period when bubble dynamics dominate, water management is the key factor
governing the stability of the CFE cell’s performance. In our study, water management can be
achieved by configuring the pore size of the capillary membrane, the tightness of the bolts that
compress the cell, and the humidity level of the CO, feed gas. A larger pore size and lesser
compression increase the amount of electrolyte liquid the membrane can deliver via capillary
action. Therefore, the optimal flow rate can be tuned by configuring the membrane pore size
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and the cell compression level. A higher flow rate increases the water surplus the cell receives,
leading to increased cathode flooding and blocking gas transport. Conversely, too low a flow
rate risks oversaturation of the electrolyte salt as water is consumed by the cathodic reaction,
which accelerates salt precipitation. Additionally, higher electrolyte concentrations increase
the probability of catastrophic salt precipitate formation, while too low a concentration may
be insufficient to promote optimal product selectivity. Therefore, optimizing water supply
and electrolyte concentration are key to stable CFE cell performance.

Compared with a conventional MEA cell architecture, the CFE cell exhibits lower overpoten-
tial at the higher current densities tested. This result confirms the low-voltage operation for
the CFE configuration reported in previous works. However, the overall selectivity for the
CO product remains lower, which could be explained by the higher rate of cathode flood-
ing. The lower selectivity results in the CFE cell’s energy consumption exceeding that of a
hybrid-MEA cell. Thus, more research is still needed to improve product selectivity at higher
current densities and performance stability, particularly regarding gas-transport-blocking
cathode flooding and salt formation. Nevertheless, the simplified system setup and the use
of cheaper membrane material in a CFE cell allow for a lower system cost, enhancing the
economic feasibility of CO,-to-CO conversion and synthetic fuel as a decarbonization path-
way.



Recommendations for future work

Optimize the supply of water

Based on the identified water management design principles, a moderate capillary flow rate
and a large membrane pore size are considered preferable for stable operation of a CFE cell.
The moderate capillary flow rate is determined by the balance between cathode flooding and
salt supersaturation. The large membrane pore size is used to reduce blockages by the CO,
bubbles at the membrane pores. An experiment to try is to use a PES membrane with a
larger pore size and offset it by tightening the compression, thereby yielding a net reduction
in flow rate while preventing formed bubbles from becoming stuck in the pores.

Study on the effect of cathode surface hydrophobicity

In our study of the CFE cell for CO, electrolysis, an initial voltage peak is always observed.
However, its effect on the long-term performance of the CFE cell needs further confirma-
tion. We hypothesize that the increased voltage contains an increased kinetic overpotential
component, which accelerates hydrophobicity degradation of the cathode surface in the first
minutes of the experiment. To test the hypothesis, a set of experiments can be conducted
by measuring the contact angle of the cathode surface before and after electrolysis with CFE
and a conventional architecture. By knowing the baseline contact angle reduction in a con-
ventional cell where the initial voltage peak is absent, the effect of having an initial voltage
peak on cathode hydrophobicity can be determined.

Next, surface hydrophobicity is also suspected to contribute to the increased voltage by in-
creasing bubble adhesion to the cathode surface. To test this hypothesis, a set of experiments
can be performed with cathodes of different surface hydrophobicity and the resulting voltage
peak height observed.

Finally, surface hydrophobicity must be high to prevent the cathode from flooding. If the pre-
vious experiments confirm that the initial voltage peak causes more hydrophobicity reduction
and starting with a less hydrophobic surface reduces the initial voltage peak, then the CFE
cell design problem faces a dilemma: starting with high surface hydrophobicity could result
in aggressive degradation while starting with a low surface hydrophobicity results in low se-
lectivity due to excessive flooding. Therefore, we hypothesize that there is an optimal starting
surface hydrophobicity at which the corresponding initial voltage peak yields the highest hy-
drophobicity retention. To test this hypothesis, contact angles can be measured before and
after experiments across a set of experiments with different starting surface hydrophobicity
levels to identify the optimal choice.

Study on the multiphase dynamics inside the CFE cell

Following a different optimization approach, a multiphase numerical modeling study can be
performed to show the species distribution across the membrane thickness. Special atten-
tion could be given to better understand the developing pH gradient and the (bi)carbonate
neutralization to CO, gas bubble reaction inside the membrane. With the mechanism under-
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stood, a better design of the membrane pore matrix or an optimized electrolyte concentration
could be developed to improve bubble dispersion.

Imaging techniques that allow direct observation of the multiphase dynamics inside the zero-
gap cell construction can also be employed. For example, X-rays have been employed to study
bubble evolution in an electrolysis cell gap [76]. Such a technique can also be applied to our
CFE cell to help clarify our understanding of bubble evolution, thought to govern the already
discussed initial voltage peak. Moreover, neutron tomography has been used to uncover
water distribution and salt precipitation in a zero-gap cell [43]. This method is relevant for
clarifying the importance of water management in governing the stability of the CFE cell.
By studying water coverage and availability across different regions within the cell under
different operating conditions, more informed design considerations can be derived to enable
effective CFE for CO,-to-CO conversion.

Study on porous membranes

In our experiments, we found that our cathode is probably too wet, as evidenced by the
significant effect of water management on FEqqg stability and by its lower value compared to
an AEM hybrid-MEA cell. Therefore, finding ways to control the water supply would be an
interesting avenue of research. One idea is to add a layer with lower water permeability than
the porous membrane material, coated on the cathode-facing side of the porous membrane.
The coating could prevent excessive wetting of the cathode, preventing it from being flooded.

The porous membrane also introduces the trapped CO, bubble problem, as already exten-
sively discussed. Another potential fix for this issue is to use a highly hydrophilic material for
the membrane to prevent bubbles from attaching to the pore walls. This approach has been
demonstrated in water electrolysis by applying a hydrophilic hydrogel coating to promote
bubble detachment, thereby minimizing ohmic and concentration overpotentials [77].
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Supporting Informations

A.1. Experiment Setup

o TN

CO, feed line

Figure A.1: Picture of the assembled and connected CFE cell.

Figure A.1 shows a picture of the CFE cell already assembled and connected to the gas lines.
Two clamps are used to sustain the cell above the petri dish. The petri lid is placed to
reduce the air-electrolyte surface contact area and limit evaporation during the longer-term
experiments. A slit is cut on the lid to allow entry of the protruding PES membrane at the
bottom of the cell.

An Ag/AgCl reference electrode is also dipped into the electrolyte and connected to the poten-
tiostat, providing separate cathode and anode voltages. However, slight misalignment of the
electrodes would compromise the voltage reading [78]. Since we cannot guarantee electrode
alignment within the cell, the separate anodic and cathodic voltages are not included in the
analysis.

42



A.2. Initial Voltage Peak Height Distribution 43

A.2. Initial Voltage Peak Height Distribution

Figure A.2a shows the maximum peak heights of experiments with different PES membrane
pore sizes while all other important parameters are identical. The experiment with a PES
pore size of 1.2 um was only performed once. The measured 8 V maximum peak height is
inaccurate since it is the threshold voltage set as a safety feature for the potentiostat at that
time of the experiment. If the threshold voltage setting was inactivated, the actual maximum
peak height could reach higher values. Given that the 8 V peak height of the 1.2 um pore
size experiment is already much higher than the peak voltage range of the experiments with
S um, we can assume that the relationship would hold if more experimental samples were
conducted. However, the voltage peak heights of the 8 ym membrane pore size experiments
do not seem to be significantly different from the experiments with 5 ym membrane pore size.
However, more data samples are required before a conclusion can be made.

Figure A.2b shows the maximum peak heights of experiments with different bolt compres-
sions while keeping the other important parameters identical. Based on the results, bolt
compression does not seem to affect the maximum height of the initial voltage peak. How-
ever, more data samples are also required for any conclusion to be made.
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Figure A.2: Maximum initial voltage peak heights in experiments with 0.5 M CsHCO3; and 50 mA/ cm? current
density in (a) PES membrane pore sizes 1.2 um, 5 um, and 8 um performed with 2 Nm compression (b) Bolt
compression of 1 Nm, 1.5 Nm, and 2 Nm performed with 5 um PES pore size. The "X” marks the average
maximum height.

A.3. Capillary Flow Rate Model

We model the estimated capillary flow rate at different heights of the PES membrane based
on Equation 2.21 below:
_ e?Arygcosb

4(2 — &)?ul

where ¢ is the porosity of the porous membrane, A is the cross sectional area of the mem-
brane, r is the pore radius, y;; is the surface tension, 6 is the contact angle representing the
hydrophobicity of the membrane, u is the viscosity of the electrolyte solution, and L is the
column height.

To calculate the capillary flow rate, we define the variables as follows. The cross-sectional
area of the membrane is its thickness multiplied by the width. Considering only the active
area, the width is 2.25 cm. The membrane thickness decreases with higher bolt compression.
For 2 Nm bolt compression, the membrane thickness is approximately 100 um, while for 1 Nm
bolt compression the thickness becomes approximately 120 um. Thickness also affects the
porosity of the membrane. Given that the uncompressed PES membrane is approximately
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130 um with 80% porosity [11], the compressed membrane porosity becomes 78.33% and 74%
for 1 Nm and 2 Nm bolt compression, respectively. The contact angle of the PES membrane
is reported to be 70.3°. Meanwhile, surface tension, viscosity, and density are assumed using
data for pure water as follows.

Surface tension (yg;) : 72.8 mN/m
Viscosity (u) : 1.002 mPa-s
Water density (p) :1g/mL

Figure A.3 shows the plot of the modeled capillary flow rate along the height of the PES
membrane for three scenarios: 1 Nm bolt compression in a S um pore, 2 Nm bolt compression
in a 1.2 ym pore, and 2 Nm bolt compression in a 5 yum. The purpose of this plot is to show the
relative supply of water each scenario provides as opposed to providing accurate capillary flow
rate prediction. The actual capillary flow rate will be affected by the electrolyte concentration
and temperature, which affect the physical property values currently associated with pure
water and the actual distribution of pore sizes within the membrane. Consumption of water
in a certain height also affects the amount of water that can be supplied to the regions above
it, further complicating accurate flow rate prediction.
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Figure A.3: Modeled capillary flow rates for different scenarios.

A.4. Experiment with Bottom-Fed CO, Gas

The comparison of the effect of bolt compression is repeated with the inlet CO, gas fed from
the bottom nozzle, circumventing the salt deposits blocking the top entrance of the flow
channel.

Figure A.4 shows the FEg evolution of the two experiments. In the first chronopotentiometry
steps (50 mA/ cmz), the 1 Nm compressed cell exhibits higher FEqq. In the next current step,
the 1 Nm experiment saw a FEcq drop, which continues to decrease until the FEqg is lower
than that of the 2 Nm experiment until the end of the experiment. This comparison confirms
previous observations of more compressed CFE cells yielding higher FEqq.
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Figure A.4: FEco over time of the 2 Nm and 1 Nm-compressed CFE cell in 0.5 M CsHCO3 with bottom-fed CO,
feed gas.

Figure A.5 shows the salt formation at the cathode flow channel of the experiment with 2 Nm
compression. The black layer at the top is a part of the cathode that sticks to the backplate
during disassembly. From the image below, the bottom rows are free of salt deposits blocking,
allowing the CO, gas to enter the cell and keep the cell running.

Figure A.5: Heavy salt precipitation in the upper rows of the cathode flow channel in the experiment with 2 Nm
bolt compression with the CO, gas fed from the bottom nozzle.
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