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The advancement of CO, electrolysis has reached a stage where practical CO, electrolysers show promise
for high conversion rate, low manufacturing cost, and extended system durability. While gas diffusion
electrodes (GDEs) as flexible cathodes play a pivotal role in flow cell electrolysers, a prevalent issue arises
with the implemented GDEs. Electrolyte flooding refers to the infiltration of bulk liquid electrolyte into
the GDEs' gas diffusion channels. This typically occurs when the hydrophobicity of the GDEs towards the
electrolyte diminishes, and then lowers the conversion efficiency and hence forecloses the durability of
CO,, electrolysis. Compared to a proven track record of reporting substantial advancements in various
novel catalysts, there is a scarcity of publications addressing the fundamental challenge of electrolyte
flooding. In this review, the recent advancements in flexible GDEs for CO, electrolysis are summarized,
covering the evolution of different GDE types used in CO, electrolysis and the current design trends in
various flow cell electrolysers. In addressing the critical challenge, valuable insights into the fundamental
mechanisms of triggering electrolyte flooding and in situ or ex situ approaches to observe flooding are
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1. Introduction

Reducing CO, emissions is widely acknowledged as a major
research priority to reduce the greenhouse effect, which is one
of the most daunting challenges to overcome global warming.
Carbon capture, utilisation and storage (CCUS) technologies are
acknowledged as among the most promising technologies to
achieve the transition goal.' The nascent carbon utilisation
strategy is gaining attraction owing to being able to treat CO, as
a commodity instead of a burden.> Employing waste CO, as
a feedstock to produce chemicals and fuels would offer a route
to a carbon-neutral economy or even negative carbon emissions.
CO, electrolysis, or electrochemical CO, reduction, is an
attractive and sustainable option owing to mild electrolyser
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operating conditions (i.e., ambient pressure and temperature
and neutral pH conditions), tunability towards desired prod-
ucts, and modular reactor designs.® Electricity for CO, elec-
trolysis could directly be from renewable energy such as wind
and solar if the future grid comprises abundant renewable
energy. As a result, this strategy has great potential to achieve
a carbon-neutral economy and negative CO, emissions, ulti-
mately addressing the rising climate change issue. Motivated by
the urgent abatement of CO, emissions, CO, electrolysis has
progressed to the point that efforts can now contribute to
translating this knowledge toward the development of practical
CO, electrolysers.*

The advancement of CO, electrolysis, however, is confined to
the laboratory scale with an electrode geometric area per unit
commonly less than 250 cm?®.®> A much larger electrode area is
required to process about 50 t day ' of CO, to achieve
competitive cost compared to petrochemical processes.®
Although the selectivity to desired products such as CO and
C,H, and current density achieved in bench-scale experiments
approach likely industrial requirements,” the present energy
efficiency and stability of the lab electrolysers are far from the
targets set by Sargent et al.® The challenges in attaining a scal-
able performance primarily stem from operational stability of

This journal is © The Royal Society of Chemistry 2024
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a gas diffusion electrode (GDE) as the cathode. The GDE not
only exhibits exceptional mechanical resilience due to its flexi-
bility but, more importantly, effectively addresses the mass
transport issue with planar electrodes in static electrolysers.”® It
is crucial to acknowledge that the voltage consumption at the
anode poses a significant challenge, but this is not the central
focus of this review. The most prolonged stable operation for
a CO, electrolysis flow cell is 1200 h at 300 mA cm™> at a fara-
daic efficiency of CO of around 60% while it was initially 80%.'°
Still, the required continuous reaction time is 20000 h to
minimize the capital-expenditure of a conversion unit to
economically compelling levels.'* More gravely, the extensively
applied carbon-based GDEs often exhibit decaying after only
a few hours of operation in flow cell CO, electrolysers.>**

The related literature describing the stability of CO, elec-
trolysis links the degradation to electrolyte flooding. Burdyny
et al."” stated that flooding of the gas diffusion layer (GDL) will
typically occur within several hours of operation, resulting in
a diminished selectivity towards products of the CO, reduction
reaction. Xu et al.’® observed that the intensity of liquid signals
indicating flooded electrolyte increases by roughly 31% in the
initial 30 min of electrolysis within the GDE. Flooding is the
ingress of bulk liquid electrolyte into the gas diffusion channels
of the GDE. When flooding occurs, as illustrated in Fig. 1, the
liquid occupies the microporous layer (MPL) and macroporous
layer of the GDE that are originally hydrophobic. The infiltra-
tion of electrolyte into the GDL not only hinders CO, access to
the catalyst surface's active site by elongating the diffusion
pathway but also has the potential to trigger salt precipitation.
The desired gas-electrode-electrolyte interfaces are progres-
sively substituted by the catalyst immersed in the electrolyte.
The CO, reduction (CO,R) performance undergoes a shift
marked by a change in selectivity towards the hydrogen evolu-
tion reaction (HER). The electrolyte flooding ultimately results
in critical failure of the CO, electrolysis system.

In any case, ensuring the resilient three-phase interface at
the active sites of the catalyst layer with high-performance is
crucial for establishing an efficient and long-lasting reaction
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Fig. 1 Illustration of electrolyte flooding in a GDE: the left depicts the
ideal conditions of gas and liquid streams within a GDE composed of
a microporous layer (MPL) and catalyst during CO, electrolysis, while
the right side illustrates the microenvironment of a GDE confronting
electrolyte flooding.
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cell for CO, electroreduction. Managing the flooding of liquid
electrolytes into the porous structure of the GDL remains
a critical practical challenge for GDEs with operational stability
in CO, electrolysers.** Especially at industrially relevant current
densities >200 mA cm™?, flooding commonly becomes a critical
issue and decreases the long conducting time of the system by
drastically reducing the electroreduction selectivity and reac-
tion rate.™ At present, there is still debate on the exact cause of
electrolyte flooding. The complexity of the issue can be attrib-
uted to several factors, such as structures and compositions of
GDEs, preparation methods of the GDE, pressure drop across
the GDE, electrolyte concentration, gas stream humidity, oper-
ating temperatures, and other related variables.

In addressing the critical challenge of protecting GDEs from
electrolyte flooding, this review paper delves into the compre-
hensive knowledge of gas-fed CO, electrolysis and latest
achievements in application of GDEs in this context. This
perspective aims to offer valuable insights into the fundamental
mechanisms of triggering electrolyte flooding and approaches
for characterizing electrolyte flooding, and explore potential
strategies for mitigating electrolyte flooding when employing
the GDEs in electrolysers for CO, electrolysis.

2. Advancements in flexible GDEs for
CO, electrolysis

The scale-up of CO, electrolysis relies on the development of
GDEs to overcome the substantial mass-transfer limitations
observed with traditional planar electrodes. Before delving into
the advancements of flexible GDEs in CO, electrolysis systems,
it is essential to review the mechanisms of electrochemical
CO,R and the initial benefits of using GDEs in CO, electrolysers.

2.1 Evolution of applying GDEs in CO, electrolysis

Analogous to electrolysis cells for other applications such as
water splitting, CO, electrolysis is commonly carried out in an
electrolyser (also called a reactor or a cell) composed of
a cathode, separator, electrolyte, anode and energy source.>®
The desired products are produced at the cathode whilst water
is oxidized at the anode. The two chambers are divided by
a separator, such as a diaphragm membrane or an ion-exchange
membrane, such as Nafion® or Sustainion® membranes.
Common anolytes include acids (e.g. sulfuric acids), bases
(aqueous KOH solutions), or aqueous inorganic salt solutions.
Catholytes commonly include aqueous solutions of inorganic
salts such as KHCO;,"* ionic liquids (e.g. 1-ethyl-3-
methylimidazolium tetrafluoroborate),’” and organic solvents
such as acetonitrile.”® Catholyte-free cells (also known as
a vapor-fed cell) have also recently emerged as an effective
alternative to the conventional reaction set-up.**

The pursuit of electrochemically reducing CO, to the desired
C;-C; products has seen considerable improvements in selec-
tivity and the conversion rate, primarily through advancements
in catalyst design. Catalysts serve critical roles at the cathode in
achieving a sufficient rate of CO, reduction and desired prod-
ucts at viable overpotentials through optimizing the free energy
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landscape of the reaction pathways, which makes the CO,
electroreduction application practically viable.”* Since CO,
electrolysis involves multiple electron and proton transfers, the
process can proceed via various reaction pathways involving
different intermediates. Fig. 2a shows that different catalysts
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Metals are generally employed as catalysts, classified into
three major groups according to the products: (i) Sn, In, Hg, Bi,
Tl, Cd and Pb favor the production of HCOO /HCOOH;* (ii) Au,
Ag, Zn, and Pd tend to produce CO;>**® (iii) Cu-based catalysts
that are selective towards alkanes (e.g. CH, and C,H,) and

could facilitate different reaction pathways, yielding a diverse alcohols (e.g. CH;OH and C,H;OH).”” Engineering the material
range of products, including CO, HCOO /HCOOH, methane, factors of metal catalysts, such as the particle size, exposed
multiple-carbon products and undesired hydrogen.**->* facets, grain boundary, vacancies, edges, and corner sites, has
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Fig. 2 (a) Faradaic efficiency (FE) of various reaction products measured by Hori et al.** after constant current electrolysis in 0.1 M KHCOz on
single metal electrodes. (b) Schematic of a laboratory electrochemical H-cell reactor and (c) planar electrode as the cathode. (d) Schematic of
a typical membrane-based flow cell reactor, (e) gas diffusion electrodes (GDEs) in a flow cell electrolyser, and (f) a GDE in a membrane-electrode
assembly without aqueous electrolyte. (a) is reproduced from ref. 42 with permission from The Royal Society of Chemistry, copyright 2020. (b) is
reproduced from ref. 9 with permission from The Royal Society of Chemistry, copyright 2020. (c), (e), and (f) are reproduced from ref. 4 with
permission of American Chemical Society, copyright 2019. (d) is reproduced from ref. 40 with permission of American Chemical Society,
copyright 2018.
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been reported to significantly influence the overpotential and
product selectivity since the intermediate binding energies are
highly sensitive to the atomic arrangement of active sites.”®*®
The electrocatalysts have, furthermore, broadened the spec-
trum of materials from monometallic to bimetallic catalysts
with various combinations of transition metals.*>*" Further-
more, aiming to predict promising electrocatalysts, a machine-
learning density functional theory (DFT) framework was devel-
oped, and it simulated catalytic activity of hundreds of copper-
containing intermetallic catalysts.**

Prior to introducing flexible GDEs in CO, electrolysis
systems, the initial CO, electroreduction experiments were
conducted in a static H-cell electrolyser* (Fig. 2b). This reactor
uses planar or simple porous electrodes as a cathode immersed
in an electrolyte saturated with CO,. The planar electrode,
typically metal foil or a glassy carbon plate, as shown in Fig. 2c,
is useful to screen catalyst materials on the lab scale because of
its relatively simple geometry that rules out impacts induced by
complex factors such as structures of the electrodes.**>* In
addition, the use of a simple porous electrode allows the cata-
lyst to maximize its surface area and inspection of the catalytic
mechanism at an identical location during the electrochemical
reactions.’”**

However, the cathode reaction rates within the H-cell reactor
are indeed limited by the rate of CO, transfer across the
hydrodynamic layer from the bulk electrolyte to the electrode
surface due to the low solubility and diffusivity of CO, in the
aqueous electrolyte,® as shown in Fig. 2c. The situation
becomes worse, especially at a high current density. In such
a system, mass-transfer rates could be improved by operating
the H-cell reactor at high pressure or low temperature to
increase the solubility of CO, in the electrolyte. Nonetheless,
these configurations are far from commercially available
conditions, but mass transport in an H-cell also limits testing at
current densities of <100 mA cm™>.%

To overcome the mass-transport limitations of H-cells, a flow
cell electrolyser has been proven to be highly effective in the
development of commercial-scale fuel cells and water electro-
lysers.”* The schematic of the most widely studied CO, elec-
trolysis flow cell is displayed in Fig. 2d. Owing to applying a GDE
as the cathode, the reactor achieved continuous flows of the
reactants and products transferring into and away from the
electrodes. As illustrated in Fig. 2e, CO, is directly fed to the
interface between the catalyst and catholyte through the highly-
porous structure, instead of being dissolved in the liquid phase
of the electrolyte before reaching the catalyst like in Fig. 2¢,* or
CO, in the gas phase mixed with vapor flows to the interface
between the catalyst and membrane as shown in Fig. 2f.*
Weber et al.***” developed a multiphase model and found that
the increased active surface area and decreased mass-transfer
resistances are the reasons that a GDE cathode can realize an
order of magnitude of current density improvement of CO,
electrolysis compared with the planar cathode. As a result, the
current density in such a system is able to reach up to 3.37 A
cm ™ 2*® compared with the planar electrode in the order of 10
mA cm>.° The significant enhancement in the reaction rate,
consequently, enables flow cells to be commonly built and
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operated at a laboratory scale. The design of the flow cell units
constituting larger stacks made the electrolyser configuration
promising to meet the productivity required by commercial CO,
electrolysis.’

Moreover, the oxygen evolution reaction (OER) is driven at
the anode. The choice of the GDE anode is beneficial for CO,
electrolysis as well.* The polymer electrolyte membrane is
applied to separate the two chambers and facilitates the flow of
ions. The thickness of the electrolyte membrane is a key factor
since the thinner membrane can result in less ohmic losses, but
increased crossover risk of products and reactants of the two
electrodes.”

2.2 Contemporary types of GDEs

Recent advances in GDEs employed in CO, electrolysis are
pushing current density and selectivity into a realm of indus-
trial use. As mentioned before, GDEs overcome the significant
mass-transfer resistances because of the large mass-transfer
boundary layer near the planar electrodes. In this section, two
main categories of GDEs according to different base materials
are reviewed: a carbon-based GDE and polytetrafluoroethylene
(PTFE)-based GDE. A carbon-based GDE commonly includes
one or multiple porous carbon materials as the GDL such as
carbon fibres, carbon cloth, and graphene, while the PTFE-
based GDE is built up on a PTFE membrane composed of
PTFE fibres. Other home-made GDEs were reported as well,
such as metal oxide® and metal gauze-based® GDEs. Cook
et al.>* chose a copper mesh-based GDE using copper acetate
monohydrate as the catalyst layer and further achieved a current
density 667 mA cm > with 53% FE of ethylene at 2 °C. This study
opened up an avenue for Cu catalyst-based CO, electrolysis at
higher efficiency. Even so, these home-made GDEs unlike
carbon or PTFE-based GDEs have not been commonly validated.

Carbon-based GDEs are now generally utilized in flow-cell
electrolysers owing to their low-cost (0.10-0.40 US$ per cm?,
according to the price on the Fuel Cell Store), flexibility, elec-
tronic conductivity, and the catalyst simply being deposited and
fixed. It is typically composed of two layers: the catalyst layer
(CL) and gas diffusion layer (GDL), as illustrated in Fig. 3a; thus
the catalyst-coated GDL is referred to as a GDE. The CL is
usually deposited on the GDL by spraying catalyst ink and then
evaporating the solvent, which ends with at least two compo-
nents: active metal particles as catalytic sites and carbon black
that is crucial to disperse and support metal particles.”> The
GDL is a porous carbon layer which consisted of a microporous
layer (MPL) and a carbon fibre substrate (CFS) allowing the
reactant CO, to diffuse to the CL. The MPL is typically carbon
black mixed with hydrophobic PTFE to mitigate permeation of
electrolyte into the gas chamber. The CFS or substituted carbon
cloth serves as a current collector for electrons to flow from an
external circuit to the interface between the CL and electrolyte.>
A typical cross-sectional morphology of the GDE with multiple
layers is shown in Fig. 3b.

At the very beginning, a carbon-based GDE was investigated
in a proton exchange membrane (PEM) fuel cell nearly 30 years
ago. Within PEM fuel cells, effective water management is
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Fig. 3 (a) Schematic, (b) cross-sectional morphology of the carbon-based GDE, and (c) manufacturing process of SIGRACET® carbon-based
gas diffusion layers; (d) schematic illustration and (f) cross-sectional SEM image of each layer of the PTFE-based GDE. (a) is reproduced from ref.
46 with permission from The Royal Society of Chemistry, copyright 2018. (b) is reproduced from ref. 55 with permission from Elsevier, copyright
2014. (c) is reproduced from ref. 56 with permission from White Paper SGL Group. (d) and (f) are reproduced from ref. 57 with permission from

AAAS, copyright 2018.

necessary to meet fast response to requirement of high-power
output system. Water deficiency reduces ionic conductivity in
the membrane and the CL and induces severe contact resis-
tance between the membrane and the CL, whereas excess water
produced by the oxygen reduction reaction reduces catalytic
sites for electrochemical reactions and impedes reactant
transport through the non-reactive region.> As a result, the GDE
demonstrated great influence on the performance and stability
of PEM fuel cells.

Along with the development of PEM fuel cells, GDLs in
carbon-based GDEs are commercially available. A typical
process of carbon GDL manufacture, SIGRACET® GDL as an
example, is based on technologies from the paper and textile
industries, as shown in Fig. 3c. For the fabrication of a CFS,

14210 | J. Mater. Chem. A, 2024, 12, 14206-14228

continuous carbon fibres are produced from polyacrylonitrile or
cellulose fibres pyrolysis. After carbonization, small fibre
segments are cut and dispersed with additional binders. The
mixture is then transferred to paper-making equipment and the
resulting rolls are impregnated with phenolic resin which is
then cured in air. Once all the solvents have been removed, the
paper can be cut and pressed or moulded into the desired
thicknesses or shapes.® The CFS sheets are then heated to
higher temperatures (1750-2700 °C) for graphitization where an
amorphous carbon phase transforms into crystalline graphite.
Subsequently, the sheets must be hydrophobized with fluo-
ropolymers such as PTFE or fluorinated ethylene propylene
(FEP) to create the porous volume. Before the addition of the
MPL, carbon black powders are mixed with PTFE, surfactants

This journal is © The Royal Society of Chemistry 2024
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and light alcohols in aqueous solution. The resulting slurry is
then coated onto the CFS by spraying, screen-printing, or
manual deposition. Finally, the MPL-coated GDLs undergo
a separate three-step heat-treatment process to evaporate the
solvents (approximately 120 °C), volatilize the surfactants
(above 200 °C), and sinter PTFE (approximately 350-380 °C).>**°

In 1987, Williams et al.® firstly reported the application of
a carbon-based GDE in CO, electrolysis to conduct in situ
Raman spectroscopy for investigating the mechanism at the
interface between the GDE and electrolyte, instead of trying to
charge high current density for high rate CO, reduction. The
Kenis group placed commercial a carbon-based GDE in a flow
cell* and has thoroughly studied the relative functions in the
performance of CO, electrolysis.®**® However, the carbon-based
GDE tends to be wetted with electrolyte due to electrowetting
and salt precipitation. This means the initial hydrophobic
surface of the MPL deteriorated, which further allows the elec-
trolyte to penetrate through the MPL and occupy the pores of
the carbon substrate. The invaded pores cannot play a role in
eliminating mass-transfer resistances; thus the carbon-based
GDE hardly works under stable condition for over 1000 h. The
operating lifetime of a commercial carbon-based GDE is far
from the industry requirement of thousands of hours.® Vermaas
et al.” prepared GDEs from a series of commercial carbon-
based GDLs with a range of structural parameters (carbon
fibre structure, thickness, and cracks), and found that there is
a trade-off between flooding resistance and mass transfer
capabilities that limits the maximum performance of GDEs
during CO, electrolysis. This trade-off depends strongly on the
thickness and the structure of the carbon fibre substrate.

A PTFE-based GDE with a PTFE membrane as the GDL has
been employed and reported in CO, electrolysis in recent
years.®® A typical structure of a PTFE-based GDE is shown in
Fig. 3d. The hydrophobic membrane consists of a backbone
made from polymer fibres. The corresponding catalyst is often
sputtered on the membrane. Due to the nonconductive prop-
erties, an additional current collector is required to append
such as a thin layer (~1 pm) of copper or graphite as shown in
Fig. 3f. Sargent's group reported a sequence of CO, electrolysis
studies on PTFE-based GDEs. Dinh et al.®” started to use the
PTFE membrane composed of PTFE fibres as the GDL. Various
layers were deposited one by one on the PTFE-GDL: Cu, carbon
nanoparticles, and graphite. The Cu as catalyst was sputtered
onto the porous PTFE GDL, while carbon nanoparticles and
graphite played a role in ensuring the uniform distribution of
current and overall support and current collector, respectively.
The unprecedented GDE contacting alkaline catholyte reduces
CO, to ethylene with 70% faradaic efficiency at —0.55 V vs. RHE,
for an initial 150 operating hours. Following this ground-
breaking work, the PTFE-based GDE worked well with a Ag
catalyst in both alkaline and neural catholytes.®® Furthermore,
Garcia de Arquer et al.”® achieved a big improvement in CO,
electrolysis performance achieving a current density of 1.3 A
cm 2 at 45% cathodic energy efficiency by optimizing the PTFE-
based GDE. Here a hybrid catalyst consisting of ionomer-coated
copper was deposited onto the PTFE fibres.

This journal is © The Royal Society of Chemistry 2024
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Besides, other groups chose the PTFE-based GDE as a tool to
eliminate flooding and boost stable partial current density of
the desired products after a series of studies from Sargent's
group. Jannsch et al.”* compared the PTFE-based GDE with
a carbon-based GDE with a commercial Cu catalyst. The average
FE and j for ethylene could be increased from 35% and 106 mA
ecm > to 42.6% and 118 mA cm 2. Shi et al. used a Ag catalyst on
a PTFE GDL as the cathode to produce CO when Cl, was
oxidized from aqueous NaCl anolyte.”” Andronescu et al.” re-
ported that the PTFE membrane thickness used in the GDE
plays an essential role in CO, electrolysis performance. A
moderate thickness (75 pm) of the GDL is needed to suppress
hydrogen production.

As illustrated in the above literature, the PTFE-based GDE is
a promising choice to achieve desirable stability owing to steady
hydrophobicity. However, hardly adhering to catalyst ink
solvents, catalyst particles must be sputtered or by other tedious
and high-cost deposition strategies on the PTFE membrane.
This restricts applications of catalysts that cannot be sputtered
or have low electrical conductivity. Plus, the current collector
itself is additional expenditure. In a nutshell, the PTFE-based
GDE provides an opportunity to achieve stable CO, electrol-
ysis, while the fewer catalyst candidate and higher cost should
be seriously considered prior to scaling up.

2.3 Design of flow cell electrolysers

Current flow cell electrolysers are usually classified into two
types: microfluidic cells with an aqueous catholyte layer and
membrane-electrode assembly (MEA) cells without a catholyte
layer.” First demo of a microfluidic cell was presented by Mah-
mood et al.” in 1987, as shown in Fig. 4a. In a semibatch
microfluidic cell, gas-phase CO, was continuously supplied to the
horizontal cathode surface, though the electrolytes remained
static. At a cathode potential of approximately —1.4 Vvs. RHE, the
lead-based cathode exhibited a current density larger than 100
mA cm for the formation of formic acid. This ground-breaking
work also demonstrated the distinct role of the GDE in
promoting the rate of CO, electrolysis. With the rapid increasing
CO, emissions and the development of GDEs in PEM fuel cells,
many efforts have been made to further improve CO, electrolysis
in microfluidic cells based on GDEs. A two-compartment
microfluidic electrochemical cell with the simultaneous CO,
gas and electrolyte flowing by GDE was reported by Kenis et al.®*
Two-compartment means the cell mainly consists of gas and
electrolyte compartments without a membrane to separate the
electrolyte chamber. Later on, they improved their cell design by
including an ion exchange membrane to prevent the reduction
products from being oxidized around the anode.*

Until now, the three-compartment design shown in Fig. 4b is
the most employed microfluidic cell for CO, electrolysis
measurements owing to the high current density and energy
efficiency achieved. A microfluidic cell developed by Garcia de
Arquer et al.” can even reach a current density of 1.3 A cm ™2 at
45% cathodic energy efficiency. The superb performance is due
to a unique GDE design where a hybrid catalyst structure was
developed through decoupling gas, ion, and electron transport
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Fig. 4 (a) Schematics of the first demo of a microfluidic flow cell and (b) a three-compartment microfluidic flow cell employing a GDE (note that
the membrane is variable along with different electrolytes or catalysts); (c) schematics of a typical MEA employing a GDE (please note that the
membrane is variable along with different electrolytes or catalysts) and MEA electrolyser product from Dioxide Materials®. (a) is reproduced from
ref. 75 with permission from Springer Nature, copyright 1987. (b) and (c) are reproduced from ref. 7 with permission from Springer Nature,
copyright 2022.
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by depositing an ionomer-coated copper catalyst onto a PTFE
fibre GDL. Nonetheless, the extremely high concentration of 7
M KOH used as the catholyte could pose a significant concern
for future applications.

A membrane-electrode assembly (MEA) cell is another flow
cell design that exhibits low ohmic loss and high energy effi-
ciency owing to minimized distance between electrodes. Here,
the GDE as the cathode is pressed onto a membrane directly,
allowing for reducing the ohmic resistance caused by the
absence of a catholyte layer, as shown in Fig. 4c. In this
configuration, liquid catholyte is not supplied to the cathode
side while humidified CO, gas was provided to the cathode from
the macro-porous side. Cook et al.”® first introduced MEA
configurations to electrochemically convert CO, in 1988. Now,
the MEA reactor is commercially available (see Fig. 4c). There
are two common approaches to design cathodes inside MEA: (1)
depositing the catalyst on the membrane prior to assembly, and
(2) depositing the catalyst on a GDL followed by hot-pressing to
the membrane. It should also be noted that flooding is likely to
occur in the cathode GDE of an MEA, as water diffuses from the
anode to the cathode.

Owing to the reduced electrolyte contact with the GDE and
less inner resistance within the electrolyser, the stability
performance of MEA and energy efficiency are generally better
than that of the microfluidic cell. However, MEAs still
encounter challenges with electrolyte flooding originating from
the anode and permeating through the membrane.”””® The
invasive liquid and precipitated salts considerably increase the
mass-transport resistance for CO, and diminish the stability of
CO, electrolysis processes. On the other hand, it is difficult to
compare the CO, electrolysis performance with others reported
in the literature due to the different GDL materials, deposition
methods of catalysts, exposed areas of catalyst layer electrolytes,
membranes, and components in flow cells. Therefore, standard
conditions for CO, electrolysis measurements in a flow cell are
necessary to evaluate the behaviour of electroreduction at
faradaic efficiency, partial current density, energy efficiency,
operating lifetime, and so on.

3. Insights into electrolyte flooding in
GDEs

As per the literature, the investigation on electrolyte flooding in
GDEs during CO, electrolysis commenced from 2011 and then
has drawn increasing attention with time. Compared to the
huge number of publications on catalysts for CO, electrolysis
(1930 papers in 2021 and 1758 papers in 2022, publications
searched from the Web of Science™), flooding research is not
a hot spot at all, although we must admit its crucial role in
scaling up the technology. Therefore, investigation of electrolyte
flooding in GDEs for CO, electrolysis is not just significant but
urgent.

3.1 Mechanisms of electrolyte flooding

As reported in plenty of literature studies, most emerging
carbon-based GDEs applied in flow cell CO, electrolysers often

This journal is © The Royal Society of Chemistry 2024
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exhibit limited durability, with performance decay after only
a few hours of operation.®**” This is due to the invasion of
electrolyte into the gas channel by permeating through the
porous GDE. The ineffective pores occupied by the liquid limit
the direct transfer of reactant CO, to CL, which decompose the
high mass-transfer merit of GDEs. The performance decay is
resulted from the factor that the electrolyte flooding is able to
squash CO, electrolysis especially with long conducting time or
at high current densities. Managing flooding of liquid electro-
Iytes into the porous structure remains a critical practical
challenge for GDEs with operational stability in CO,
electrolysers.>'*80-82

To date, the flooding pitfall of the carbon-based GDE is
mainly on account of three reasons: electrowetting,® uneven
pressure distributions across the GDE,**** and salt precipita-
tion."* Electrowetting means that the liquid generally becomes
easily spread over the solid surface under an applied electrical
field. The phenomenon has been explained by Lippmann-
Young's equation that describes the relations between the
contact angle and the applied potential (see eqn (1) and left of
Fig. 5).% Under CO, electrolysis conditions, the contact angle of
the CL is forced to decrease with larger potential applied.*” Gao
et al.® set up a home-made apparatus for measuring real-time
contact angle on the GDE charged by currents, see right of
Fig. 5, although the influence from oxygen evolution in droplets
was not decoupled. Electrowetting can take place in both elec-
trically conductive materials and dielectric materials, but the
wettability of conductive materials (such as a carbon-based
GDE) is more sensitive to an electric field than that of dielec-
tric materials.®

Cos O = cos 6, + % %(E — Epzc)z (1)
In Lippmann-Young's equation, fg is the contact angle under
the applied electric field E; Epy¢ is the potential of zero charge;
6, is the contact angle in the absence of an electric double layer;
& is the permittivity of free space; ¢ is the dielectric constant of
the liquid on an electrically conductive substrate or dielectric
constant of the layer if the electrode is coated with the dielectric
layer; vy is the surface potential between the liquid and gas;
d is the thickness of the double layer or the dielectric layer.
The differential pressure between gas and liquid phases
within the GDL should be delicately controlled close to the
active interfaces. Even slight overpressures on either the gas or
liquid side of the GDL can cause bubbles in the liquid phase or
result in flooding of the GDL.*® A maintained differential pres-
sure should be constrained. Unfortunately, an imbalanced
differential pressure within the GDE is common in present
studies.® Jeanty et al.*® presented that the position of the three-
phase boundary in the pores of the GDE and the degree of
electrolyte flooding are dependent on the differential pressure.
Breugelmans et al® investigated the effect of pressure drop
through the GDE on the flooding that was characterized by the
electrolyte penetrating flow rate. Breugelmans et al. concluded
that none of the differential pressure between catholyte and gas
chamber is best for the CO, electrolysis performance. However,
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CO; electrolysis developed by Gao et al. Adapted from ref. 81 with permission from American Chemical Society, copyright 2021.

the penetration flow rate is measured by visually analysing the
drops on back of the GDE, so the method lacks accuracy.

Salt precipitation (or carbonation) is a critical factor giving
rise to deactivation of GDEs in both a microfluid and MEA flow
cell.®*** These hydroxide ions tend to react with dissolved CO,
and then produce bicarbonate ions on route to carbonate
ions.”>? The negative potential on the cathode forms an inter-
facial electric field that attracts metal cations from the electro-
lyte to the cathode outer Helmholtz plane,® which also
responds to the electrowetting of absorbing the catholyte. The
additional bicarbonate/carbonate salts from the transferred
metal cations (potassium normally), plus consumed water
during CO, electrolysis make the salt concentration exceed the
solubility limit, resulting in the formation of solid potassium
carbonate salts.”* These salts precipitate within the GDE,
progressively reducing CO, mass transport to the catalyst until
the pores are completely blocked and CO, electrolysis is elimi-
nated. The degradation process is briefly shown in Fig. 6.
Shortly, the electrolyte flooding allows salts to precipitate in the
GDE along with the other inducing factors. The highly inter-
connected relationship between salt precipitation and electro-
lyte flooding is crucial but has just begun to be explored.”

3.2 Approaches to observe flooding in GDEs

Prior to delving into the methodologies for observing electrolyte
flooding, it is imperative to establish a foundation through
general techniques for characterizing GDEs. While assessing
mechanical properties such as strength and toughness of GDEs
is significant,””*® the majority of the reported methods rely on
microscopies or spectroscopies to analyse physical and chem-
ical properties. Transmission electron microscopy (TEM) and
atomic force microscopy (AFM) are able to obtain more detailed
morphology on a very tiny scale that provides significant
information for explaining the phenomenon during CO, elec-
trolysis.””®® X-ray diffraction (XRD) and Fourier-transform
infrared spectroscopy (FTIR) are quick and robust character-
ization methods. Integral structure information of the GDE can
be obtained through them, but it becomes cumbersome when

14214 | J Mater. Chem. A, 2024, 12, 14206-14228

targeting a specific layer of the GDE.'**'** The region scanning
of X-ray photoelectron spectroscopy (XPS) was applied to check
the variation of the chemical state of the catalyst when inves-
tigating the electrocatalytic mechanism.'*>'*® Jovanovic et al.***
used Raman spectra to investigate bonding structure changes
on a silver based GDE after CO, electrolysis. In situ Raman
spectroscopy is an effective technique to unveil the pH variation
from the cathodic GDE surface to the electrolyte bulk. Lu et al.*
employed it to analyse the concentrations of HCO;~ and CO3>~
and then derived related pH values from the concentrations and
equilibrium constants.

In a PEM fuel cell, if the water removal rate does not keep up
with the generation rate at the cathode, excess water will accu-
mulate, causing water flooding and thus blocking the pores in
the porous CL and GDL. Owing to extensive research conducted
on flooding of polymer electrolyte membrane fuel cells
(PEMFCs),"” techniques and methods for characterizing water
flooding have been established, providing measurements, such
as the polarization curve,'® electrochemical impedance spec-
troscopy,'””'®  pressure drop,'” membrane resistance
measurement,’® and visualization of flooding."“'** There is
a consensus that cathode flooding plays a vital role in affecting
the reduction efficiency of CO, electrolysis by favouring selec-
tivity of the competitive HER."* Well-developled characteriza-
tion methods for electrolyte flooding in CO, electrolysis,
however, were explored merely a few years ago. How to char-
acterize flooding is a requisite step to unveil the deterioration
mechanism and further overcome the insufficient stability that
is limiting the large-scale development of CO, electrolysis. Here,
the current characterization of flooding extent is classified into
two categories: ex situ or in situ methods.

Ex situ methods for observing and quantifying flooding are
focused on the detection of residual salts post CO, electrolysis
measurement. A few common techniques can be employed to
acquire the salt precipitated in the GDE post reaction, such as
energy dispersive spectroscopy (EDS) and micro-computed
tomography (micro-CT). As the close relationship between
flooding and formation of alkali salts in the GDE from

This journal is © The Royal Society of Chemistry 2024
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catholyte, potassium was mainly used as a tracer for flooding.
Thiele et al.**® obtained EDS maps of the GDE to indicate signs
of electrolyte infiltration. They observed potassium deposited
on the catalyst layer and minor potassium signals were also
observed in the GDL likely from the flooding at higher current
densities. The EDS mapping has been combined with induc-
tively coupled plasma mass spectrometry (ICP-MS) to try to
quantitatively describe the salt concentration dependent on the
depth of GDEs (as shown in Fig. 7a), which was introduced by
the Broekmann group. Kong et al'™* started to use the
combined approach to yield concentration depth profiles after
different times of CO, electrolysis. They then used the meth-
odology to study flooding phenomena in GDEs differing in the
abundance of cracks in the MPL, and concluded that cracks play
an important role in the electrolyte management of CO, elec-
trolysers, since the electrolyte penetrating through cracks is
paramount in avoiding flooding-related performance drops.'*
Recently, they still employed this method to indicate a direct
correlation between the break-down of effective electrolyte dif-
fussion and the appearance of flooding.'** However, the depth
profiles of potassium were obtained by statistical analysis of
many EDS images. Moreover, the potassium concentration
determined by ICP-MS is not from the surface observed by EDS,
although there are two sides of one GDE sample after cutting.
Micro-CT is a robust apparatus to image internal solid
deposits of a porous GDE with a non-destructive advantage. X-
rays were utilized to scan the GDE completely, which is usually
time-consuming. It measures variation in X-ray attenuation
upon rotating the samples, and then detects the tomographic
images sequentially to reconstruct 3D images (see Fig. 7b) with
high spatial resolution. The Kenis group demonstrated
competent application of the technique on GDEs. Jhong et al.*"”
utilized micro-CT to visualize the catalyst layer and investigate

This journal is © The Royal Society of Chemistry 2024

the effect of different deposition methods of the catalyst layer.
For studying flooding, Cofell et al.*'® utilized micro-CT to visu-
alize the presence of residual salts within the GDL from the
penetrated electrolyte during CO, electrolysis, as shown in
Fig. 7b. There are other techniques (such as SEM and XRD) to
detect alkali salts but they are not quantitative analysis
techniques.

Ex situ methods generally cannot precisely characterize and
quantitatively assess flooding. In situ strategies are desired to
observe the real-time progress of electrolyte flooding. Electro-
chemical double-layer capacitance (EDLC) measurements have
been used to quantify the wetted surface area of GDEs.'*® Leo-
nard et al.** measured the currents from cyclic voltammetry
divided by the sweep rate as EDLC. The variation of EDLC
indicates the movement of the electrode-electrolyte interface.
This means the EDLC can be used to track the condition of the
electrolyte within the GDE to a certain degree during electrol-
ysis. The increased current and EDLC is evidence of a flooded
GDE. EDLC is commonly measured using an electrochemical
workstation and there is no need for additional accessories.
Larrazabal et al.**® then utilized EDLC measurements to confirm
whether flooding was the factor affecting the performance of
two types of GDEs in an MEA electrolyser.

Fluorescence spectroscopy coupled with confocal laser
scanning microscopy is a newly developed in situ method to
quantitatively analyse the interfacial electrolyte transportation
through GDEs during CO, electrolysis. An appropriate fluores-
cent agent is requisite for labelling the liquid phase before CO,
electrolysis measurements. Shi et al.*** first introduced an in situ
technique to track real-time electrolyte flooding. They prepared
a GDE labelled with a pH-responsive dye, allowing them to track
the shift of the phase boundary with changes in the hydrophi-
licity of the GDE, as shown in Fig. 8a. The pioneering work
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further revealed the fundamental role of interfacial CO, trans-
portation in determining the stability of CO, equilibrium
concentration during the electrochemical reaction. Kalde
et al* utilized fluorescence spectroscopy to achieve in-
operando visualization of flooding through obtaining high-
resolution information at the pore-scale on the liquid distri-
bution and active reaction areas inside a simulated GDE, where
structure and pores were designed and printed during
operation.

There are also simple but effective in situ approaches re-
ported to observe flooding. Observation of electrolyte accumu-
lation on the substrate side of the GDE facing the gas chamber
has been reported by various experimental set-ups to detect
flooding. As demonstrated in Fig. 8b, Berlinguette et al.”®
designed and built a camera-incorporated electrolyser with
embedded relative humidity sensors to monitor water with
spatial and temporal resolution in the cathode chamber. The
cathode flow plate was modified with a transparent viewing
window for real-time monitoring by using a camera. They
successfully observed the dynamic evolution of electrolyte
flooding at different current densities (see right of Fig. 8b).

14216 | J. Mater. Chem. A, 2024, 12, 14206-14228

Jeanty et al.*® applied a feasible and more straightforward
method to monitor electrolyte penetration. Small droplets start
to emerge on the carbon support of the GDE driven by electro-
wetting after the current was applied. The droplets grow in
size over time and flow down the gas side of the GDE. Mot et al.®*
used a transparent polymethyl methacrylate (PMMA) plate as
the cover of the electrolyser to observe the flooded droplets
under various pressure distributions between gas and liquid
chambers. They observed and classified electrolyte flooding into
four stages. In addition, Reyes et al.'® proposed a water-trap
method to quantify real-time flooding. They calculated floo-
ded water mass by measuring the water flux differentiation
between the cathode outlet and cathode inlet and then sub-
tracted the water consumed by CO, electrolysis and the HER, to
quantify the extent of cathode flooding in a zero-gap CO,
reactor.

4. Progress in mitigating electrolyte
flooding

Commercial carbon-based GDEs were designed and fabricated
for PEMFCs that experienced very different operational

This journal is © The Royal Society of Chemistry 2024
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conditions to CO, electrolysis.®»”****'>* Carbon-based GDEs in
PEM fuel cells are responsible for facilitating gas, liquid, elec-
tron, and heat transport in the presence of reactant gases and
water, so material composition and microstructures have been
optimized accordingly.”®'** For example, removing water from
the cathode CL is crucial to device operation at high currents
when the generated liquid water inhibits oxygen flux. Thus,
densely packed MPLs serve both as high-surface-area conduc-
tive contacts to the CL and as effective media for water
management.'*>'?*12512¢ In PEMFC research, the inspection of
flooding phenomena has reached a significant degree of
maturity.'®*” For CO, electrolysis, however, the water
management is totally different. The cathode is driven by the
electric potential to convert CO, gas into either gas or liquid
products, which is drastically different from the reaction
scenario for PEMFCs."*** The electrolyte flow is desired to be
constrained in the liquid channel within the CO, electrolyser,
even though the invasion of electrolyte into the gas channel,
flooding, always occurs.

Aiming to resolve the flooding issue with the development of
GDEs in future scale-up of flow cell electrolysers, a great deal of
efforts have been made along with understanding the GDE

This journal is © The Royal Society of Chemistry 2024

deterioration mechanism. Considering the vulnerable nature of
the commercial GDE, developed strategies have been catego-
rized to target specific layers within the GDE. Additionally, the
impacts of membrane selection and operating conditions on
mitigating flooding are thoroughly examined and discussed in
this chapter.

4.1 Mitigating flooding from the CL

The catalyst layer (CL) provides active sites for CO, electrolysis
when sufficient protons are supplied from electrolyte. Notably,
recent developments have identified the influence of overlayers
at the CL, the interface facing the electrolyte to enhance CO,
electrolysis performance.’”®**® The CO, concentration in the
local electrochemical environment of catalytic sites has also
been shown to affect the product distribution of copper cata-
lysts.”** As mentioned before, parameters such as the catalyst
layer thickness and porosity, CO, feed concentration, and feed
flow rate are avenues to control the productivity and product
distribution.' Because of facing the electrolyte directly, the CL
is penetrated by the electrolyte prior to other layers, which
means the water management within the CL not only deter-
mines the reactive sites but also the limitation on mass transfer.
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Functionalization of a catalyst with fluorine-containing
agents inside the catalyst layer could notably increase carbon-
based GDE stability against flooding from a few hours to
slightly more than ten hours."****!** For example, Wang et al.***
reported a fluoroalkyl silane-modified copper catalyst
enhancing water activation (mitigating electrolyte flooding), CO
adsorption and hydrogenation of adsorbed CO to the CHO
intermediate, as illustrated in Fig. 9a. As a result, the func-
tionalized CL exhibits an ultrahigh current density of 1.6 A cm >
with a C,, (mainly ethylene and ethanol) faradaic efficiency of
80% for electrocatalytic CO, reduction in a flow cell; Shi et al.***
modified the structure of gas-liquid-solid interfaces over GDEs
by coupling a fluorine-terminated silane to carbon black in the
catalyst layer to enhance hydrophobicity. They further achieved
wettability modification on the GDE by plasma treatment, as
shown in Fig. 9b. Polyvinylidene fluoride (PVDF) has also been
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identified as a hydrophobic binder used in catalysts on carbon-
based GDEs."*

Polytetrafluoroethylene (PTFE) particles are another popular
fluoropolymer added to the CL as a hydrophobic agent.'3%13¢:137
Feng et al™ proposed hydrophobic microenvironment
construction that is able to significantly boost CO, electrolysis
on the GDE through protecting the CL from flooding, as shown
in Fig. 9c. They dispersed hydrophobic PTFE nanoparticles
inside commercial copper nanoparticles. Consequently, the
PTFE-added CL achieves a greatly improved activity and fara-
daic efficiency for CO, reduction, with a partial current density
>250 mA cm™ 2 and a single-pass conversion of 14% at moderate
potentials, which are around twice that of a regular electrode
without adding PTFE. Berlinguette et al.*® also blended PTFE
with a silver catalyst on the GDL, and they concluded that
higher PTFE loading yielded better CO, electrolysis perfor-
mance (see Fig. 9d). The elevated FEgo and reduced cell voltage
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Fig. 9 Functionalization of the catalyst layer with a fluorine-containing agent against flooding: (a) addition of a fluoroalkyl silane to mitigate
electrolyte flooding; (b) fluorine-terminated silane to carbon black; (c) blending PTFE particles with the Cu catalyst, and effect of PTFE content in
the CL on GDE flooding: (d) Ju,0 cathode after applying a current density of 200 mA cm™2, (e) FEco, and (f) total cell voltage at 25, 50, 100, and 200
mA cm 2. (a) is reproduced from ref. 134 with permission from Springer Nature, copyright 2020. (b) is reproduced from ref. 121 with permission
from Springer Nature, copyright 2020. (c) is reproduced from ref. 133 with permission from Springer Nature, copyright 2021. (d)-(f) are
reproduced from ref. 15 with permission of American Chemical Society, copyright 2020.
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(Fig. 9e and f) are attributed to the improved flooding condi-
tions, as evidenced by a diminished flux of water to the cathode
(J11,0,cathode), Wwhich is the change in mass of the water trapped in
the MEA electrolyser.

Subsequently, Li et al.**® introduced PTFE into the CL that is
a new nickel-nitrogen-doped carbon (Ni-N-C) electrocatalyst,
and the PTFE-modified CL compared to a conventional elec-
trode without PTFE displayed a substantially outstanding water-
flooding-resistant ability, decreased overpotential, and nearly
100% CO selectivity. Besides, there are a few studies demon-
strating blending of non-fluorine agents in the CL for mitigating
electrolyte flooding, such as urea*® and 1-octadecanethiol.*****°

Tuning the morphology of the catalyst is also effective to
prevent carbon-based GDEs from being wetted.**** Copper is
an ideal catalyst to tune the surface structure. Han et al'**
deposited a mesoporous film on copper foam to enhance the
hydrophobicity of the surface facing membrane. The nano-
porous catalyst prevents the occurrence of electrolyte flooding
without voltage loss. Gao et al.®* electrodeposited the desired
hierarchical Cu catalyst with a sharp needle structure on
a commercial GDL, as shown in Fig. 10. This hierarchical
copper structure allowed the CO, reduction electrode with
sufficient hydrophobicity to build a robust gas-liquid-solid
triple-phase boundary, which can not only trap more CO, close
to the active copper surface but also effectively resist electrolyte
flooding even under high-rate operation. It consequently ach-
ieved a high C,, production rate of 255 4+ 5.7 mA cm > with
a faradaic efficiency of 64 + 1.4%, as well as outstanding
operational stability at 300 mA cm > over 45 h in a flow reactor.

4.2 Mitigating flooding from the GDL

Maintenance of the hydrophobicity in the CL alone is insuffi-
cient to prevent the GDE from being over flooded at high
current densities.”® The commercial carbon-based GDL
ranging from 100-500 pm as a water barrier also plays a vital
role in water management, although the thickness of the CL is
about 1-10 pm.*® Zhang et al.*** suggested that water manage-
ment in the GDL remains a priority compared with the CL for
efficient gas transport. They compared the influences of treat-
ments on the CL or GDL on flooding respectively, whereas the
method they used to adjust hydrophobicity of the GDL was drop
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casting polydimethylsiloxane (PDMS) on copper particles
instead of solely modifying the GDL substrate.

Beyond the use in the CL, PTFE is also a popular additive to
boost the hydrophobicity of a commercial GDL. Kim et al.*
established that a certain amount of PTFE in a commercial GDL
is key to mitigating flooding for CO, electrolysis to CO (see
Fig. 11). 20 wt% of PTFE in the MPL provides sufficient hydro-
phobicity and the highest partial current density of CO owing to
the lowest charge transfer resistance (Fig. 11a and b). They also
concluded that a certain minimum substrate thickness is
required for the long-term stability of CO, electrolysis, by
observing that a commercial GDL with a thinner substrate
exhibited extensive flooding. Zhang et al.*** coated PTFE on
a carbon fibre skeleton to enhance the hydrophobicity of the
GDL while maintaining an optimal porosity to avoid gas
blocking during CO, electrolysis. An additional PTFE micro-
porous layer, nonetheless, was then attached to the GDL. The
PTFE-coated GDE is stable for at least 103 h, which is 16 times
more than that achieved by a commercial hydrophobic carbon
GDL. Kong et al.'* investigated the effect of cracks within the
MPL from commercial carbon-based GDEs on the electrolyte
flooding. They demonstrated that electrodes with an appro-
priate abundance of cracks show high and sustained catalytic
activity, since cracks serve as preferential pathways for the
electrolyte transport through the MPL. Then the cracks drain
excess electrolyte from the catalytic layer, which prevents
flooding of micropores and enables them to function as effi-
cient transport channels for gaseous CO,. It is noted that the
above studies are focused on hydrophobicity enhancement on
the MPL not comprehensively including the carbon substrate.

In our previous work, we reported a simple, vacuum-assisted
infiltration method to deposit PTFE particles and carbon black
preferentially at the interface between the MPL and the carbon
cloth in a commercial GDL.**¢ As illustrated in Fig. 12a and b,
vacuum-assisted infiltration allows some PTFE particles to be
transported through existing cracks in the MPL and protrude
into the CL to provide additional protection against electrolyte
flooding through the MPL cracks. In CO, electrolysis measure-
ments with a commercial GDL covered by a silver nanoparticle
catalyst, the PTFE-embedded GDE achieved a FE¢o of nearly
80% at 300 mA cm™ 2. Remarkably, at 100 mA cm ™ the PTFE-
embedded GDE operated stably for more than 100 h with

Fig. 10 Tuning the morphology of the catalyst to prevent carbon-based GDEs from being wetted. Reproduced from ref. 81 with permission of

American Chemical Society, copyright 2021.

This journal is © The Royal Society of Chemistry 2024
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a FE¢o above 80% (see Fig. 12¢), which was more than 50 times
longer than for the untreated GDE.

Moreover, other fluoropolymer substrates have been
demonstrated to be effective in mitigating electrolyte flooding.
Yamaguchi et al.’” employed a PVDF GDL for flooding mitiga-
tion. It is noted that a conductive layer of aluminium is incor-
porated between the CL and the polymer substrate to provide an
electron conduction path to the GDEs with the polymer
substrate. The choice of aluminium layer was based on its
limited activity in the parasitic hydrogen evolution reaction.
Meanwhile, GDLs composed solely of fluoropolymers has been
tested to isolate the effects of electrolyte flooding. Wicks et al.***
first fabricated a 3D-printed fluoropolymer GDL by photocuring
a ternary solution of difunctional perfluoropolyether urethane
methacrylate monomer Fluorolink MD700, N-methyl-2-
pyrrolidone (NMP), and triethylene glycol (TEG), and then
coated a conformal Cu catalyst layer on the structured GDL.
Owing to the capability of 3D printing, several structure
parameters, such as porosity, microstructure, and macrostruc-
ture, can be modulated to investigate the impact on mass
transport and product distribution during CO, electrolysis.

14220 | J Mater. Chem. A, 2024, 12, 14206-14228

4.3 Mitigating flooding from the membrane

Besides the modification on each layer of commercial GDEs,
Seger et al.*® utilized a thicker anion exchange membrane (AEM)
to mitigate electrolyte flooding and impurity crossing over,
explained by a longer water-ion transfer pathway within the
AEM. Nonetheless, Berlinguette et al.'® showed that flooding
can be mitigated by using a thinner (=40 um) AEM with low
water uptake, in tandem with a hydrophobic cathode. They
demonstrated that the thinnest membrane (20 pum) renders
more efficient CO, electrolysis at 200 mA cm ™2 (as shown in
Fig. 13a and b), owing to the lower electrolyte flooding through
the thinner membrane. The group additionally found that a wet
CO, feed helps mitigate the flooding in the GDE by maintaining
a uniformly hydrated cathode chamber (see Fig. 13c and d).
Moreover, when using a dry CO, feed, a higher flux of electrolyte
across the membrane promotes salt precipitation and electro-
Iyte flooding.”®

Weng et al.”” also reported a similar modelling result that
decreasing the membrane thickness is beneficial for alleviating
the dehydration issue in a MEA electrolyser. Fig. 13e shows the
effects of membrane thickness on the full-MEA performance.

This journal is © The Royal Society of Chemistry 2024
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The current density increases with a thinner membrane, with
the difference becoming more significant with higher cell
potentials due to both enhanced water transport and lower
ohmic losses. However, the selectivity to CO is not strongly
impacted as shown in Fig. 13f. They suppose that decreasing
membrane thickness will result in increased crossover and
lower CO, utilization. This trade-off between CO, utilization
and flooding conditions in a MEA electrolyser may result in an
unexpected outcome.

4.4 Operating conditions

Besides the above modification on a commercial GDE and
regulations of membrane thickness, different operating condi-
tions in CO, electrolysis systems play a crucial role in deter-
mining the extent of electrolyte flooding. The recommended
conditions to constrain flooding are reviewed.

As stated above, uneven pressure distributions across GDEs
significantly induce electrolyte flooding in the GDE.***

This journal is © The Royal Society of Chemistry 2024

Baumgartner et al.'*® correlate the electrolyte flooding with
a CO, permeability constant, which is measured by the pressure
drop across the GDE between the catholyte and gas compart-
ment. A high permeability constant of the GDE is very prom-
ising for scale-up because it determines how well the GDE could
maintain the separation of gas and liquid phases at a large
scale, but it is merely one of operating conditions. The orien-
tation of the GDE placed in an electrolyser has been considered
to relieve electrolyte flooding. Cheng et al.**® reported a reverse-
assembled GDE that can mitigate flooding effectively within
a flow cell, where the silver nanoparticle catalyst was facing
away from the electrolyte and toward the CO, gas supply. This
strategy was validated to operate GDE for over 150 h without
degradation.

Operating temperature is critical for the performance of the
electrolyser, influencing not only the activity of the catalyst but
also the evaporation of the electrolyte. A modelling study by
Weng et al.”” suggested that increasing the temperature at the

J. Mater. Chem. A, 2024, 12, 14206-14228 | 14221
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cathode GDE is able to potentially minimize flooding in an
exchange-MEA, because more permeated electrolyte is evapo-
rated from the GDE. The simulation results indicate that the
water vapor pressure is 0.46 atm at 80 °C, compared to 0.03 atm
at 25 °C. Thus, a higher current density can be achieved at
higher operating temperature with more rapid kinetics
although a lower solubility of CO, is a negative factor at elevated
temperatures.

14222 | J Mater. Chem. A, 2024, 12, 14206-14228

The electrolyte used plays a crucial role in determining the
degree of flooding. Electrolyte composition and concentration
also have significant effects on the morphology, distribution,
and surface coverage of the carbonate deposits.*>"**#*** Cofell
et al.™® reported that the concentration of the electrolyte influ-
ences the CO, electrolysis performance. They observed that
decreases in selectivity are caused by occlusion of the catalyst
layer surface by carbonate deposits, which are introduced by

This journal is © The Royal Society of Chemistry 2024
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catholyte flooding during a 6 h testing period, and these
deposits form more quickly in higher concentration of flooded
electrolyte as shown in Fig. 14a and b. Moreover, they employed
different alkaline catholytes for conducting CO, electrolysis and
found that a GDE operated in CsOH electrolyte is the most
promising for long-term operation (see Fig. 14c), since the
CsOH electrolyte results in fewer precipitated salts remaining in
the GDE (see Fig. 7b). Qin et al.'® found that the presence of
potassium cations in the acid catholyte results in more severe
flooding, as evidenced by measuring the mass of electrolyte
permeating through the GDE after CO, electrolysis. Yet, metal
cations in the electrolyte play a vital role in stabilizing crucial
reaction intermediates and facilitating the reduction of CO, to
CO‘ISS

5. Summary and outlook

Ensuring the sustained performance of the GDE amidst the
challenge of electrolyte flooding emerges as a critical imperative
in advancing practical CO, electrolysis. This perspective
reviewed the CO, electrolysis system, advancements in using
GDEs, the mechanism of electrolyte flooding, and state-of-the-
art studies on mitigating electrolyte flooding. The
advancements of GDEs within flow cell electrolysers for CO,
electrolysis are summarized in the initial sections. The insight
into flooding, subsequently, is discussed based on the under-
lying mechanisms of flooding approaches to observe it. The
latest progress on mitigating flooding in GDEs are eventually
discussed and summarized.

Despite significant advances in recent years, the advance-
ments in mitigating flooding remain inadequate to operate
GDEs perform for a longer period and achieve economically
feasible goals. Achieving this goal requires a comprehensive
approach, beginning with a fundamental perspective. Under-
standing the mechanism of wettability declining on the catalyst
layer is essential to reveal the primary reason for electrolyte
flooding, yet it remains poorly understood. Systematic studies
are required to examine the effects of each component of the
catalyst layer on the performance degradation. These compo-
nents include the active catalyst particles, supporting particles,
Nafion® resin, and PTFE particles. Besides the methods of
retaining the catalyst layer's hydrophobicity, strategies for
decoupling the GDE from serious flooding at high current
densities should be developed in other GDE layers.

We expect more accurate, robust, and powerful techniques to
be explored for characterizing electrolyte flooding to further
study the fundamental mechanisms. Advanced in situ charac-
terization studies are essential to monitor and assess electrolyte
flooding and the condition of all electrolytic systems under real-
time CO, electrolysis conditions. As discussed above, a few in
situ techniques have been employed to investigate GDEs during
CO, electrolysis, such as an in situ fluorescence microscopy,***
in situ Raman spectroscopy,” in situ FTIR"* and X-ray absorp-
tion spectroscopy'® for detecting catalytic reaction intermedi-
ates. However, the accuracy (or resolution) and sensitivity are
not enough to monitor real-time mass transfer or distinguish
the new chemicals or intermediates produced. In addition, the

14224 | J Mater. Chem. A, 2024, 12, 14206-14228
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extensive data from in situ studies could be used for machine-
learning-aided calculation and prediction.

With the goal of scalable CO, electrolysis, unremitting
efforts are being made to develop practical strategies for
controlling electrolyte flooding, which are valuable and
deserving of attention. Besides the lab-scale progress on miti-
gating flooding, we recommend exploring practical and cost-
effective methodologies by modifying commercial GDEs to
leverage existing production lines. Utilizing readily available
materials as additives for these modifications would be advan-
tageous and should be considered. Simultaneously, fabrication
of new types of GDEs should also be further explored with
innovative additives or substrate materials to decouple the
influence of electrolyte flooding. In MEA electrolysers, the
stability of CO, electrolysis is better than that of a microfluidic
cell, owing to the reduced electrolyte contact with the cathode
GDE. However, the membrane plays a pivotal role in mitigating
flooding by either preventing or restraining liquid electrolyte
transfer from the anode.*>”® Thus, an effective combination of
an anolyte and membrane could help control the transfer of
liquid electrolyte and prevent salt precipitation. Priority should
be given to optimize the composition and concentration of the
anolyte, as well as the ion selectivity and thickness of the
membrane, to move closer to achieving this goal.
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