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This is Part II of a focused review of recent
highlights in the literature in cathode development
for low temperature electrochemical carbon
dioxide and carbon monoxide reduction to multi-
carbon (C,;) products. Part I (1) introduced
the role of CO, reduction in decarbonising the
chemical industry and described the catalysts and
modelling approaches. Part II describes in situ
characterisation to improve the understanding
and development of catalysts, the catalyst layer
and the gas diffusion layer.

1. In Situ Characterisation

1.1 Characterising Reaction
Intermediates

Copper electrodes have been characterised
through a range of different in situ and operando
techniques to study the CO, reduction mechanism
in real time. Prominent characterisation techniques
include surface enhanced infrared adsorption
spectroscopy (SEIRAS) and Raman spectroscopy
which can both probe the surface intermediates
during the reaction. Such characterisation can
help improve the understanding and development
of catalysts for improved C-C coupling.

Thefirst step in the electrochemical CO, reduction
reaction is the formation of the CO, radical anion
(*CO03), proposed by Hori et al. (2). This is the
common intermediate between all reduction paths,
beyond which formate or CO form. Chernyshova
et al. (3) identified this intermediate through
surface enhanced Raman spectroscopy (SERS)
of a roughened copper electrode (Table I). They
identified the first intermediate with the structure
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Table I Table of Infrared and Raman Bands and their Assignments
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Fig. 1. Possible first intermediates of the CO, reduction reaction. Reprinted from (3)

n%(C,0)-CO5 (Figure 1) which is stabilised onto
the copper surface through the covalency of its two
bonds to the copper surface, the charge polarisation
of the system, the electrostatic interaction with the
hydrated electrolyte cation and the positive charge
of the coordinating copper atoms.

The adsorbed n!(C)-CO; or n?(C,0)-CO; can be
converted to CO through protonation to form an
adsorbed carboxyl and then reductively dissociates
to CO and H,0 (2, 3), Equation (i) and (ii):

*CO; + H* —* COOH 0)
*COOH + e~ + H* - CO + H,0 (ii)

CO is the important intermediate in the formation
of C,, products. Favourable adsorption of CO onto
the copper surface promotes further reduction into
C,, products. The adsorption mode of CO onto
the copper is also important, with a top-bound CO
promoting further reduction whereas bridge-bound
CO is less active (Figure 2) (4). The adsorption

COatop
?
C -1.75 V vS. SHE H
B
High pH S
CObridge

Fig. 2. Bonding modes of carbon monoxide onto
copper surfaces. Reprinted with permission from
(4), Copyright (2018) American Chemical Society

mode can be clearly distinguished from the
infrared (IR) adsorption spectrum, with the bridge
bound adsorption having an adsorption between
1800-1900 cm™ and linearly bound between
2000-2100 cm™ (Table I) (4).

Through in situ Fourier transform infrared
of Cu(100) electrodes coupled with density
functional theory calculations, stretching
frequencies associated with C-0O-H and C-0O have
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been identified during CO reduction. These were
attributed to formation of the hydrogenated dimer
OC-COH (Table I) (5). This provides evidence
for C-C coupling taking place through a reductive
dimerisation process early in the reaction. This
process was however not found on Cu(111)
electrodes under identical conditions, demonstrating
the structure sensitivity of C-C coupling and its
preference for square symmetry (6).

In contrast to metallic copper, electrodes prepared
using copper oxides and derivates of copper
oxide are favourable for producing C,, products.
Copper derived from Cu,0 has been shown to be
highly selective towards C,, products during CO
reduction, with a 57% Faradaic efficiency (FE)
at a modest potential of -0.3 V vs. reversible
hydrogen electrode (RHE) in CO sat. 0.1 M KOH.
Operando investigations of oxide-derived copper
(OD-Cu) using attenuated total reflection SEIRAS
(ATR-SEIRAS) have shown an adsorption band at
2058 cm™! (7) similar to that of the linearly bound
CO on Cu(100) (4). Thus, the ability of the oxide
derived copper to facilitate C-C coupling at low
overpotentials has been attributed to preferential
exposure of the Cu(100) facet (7).

1.2 Probing Catalyst Changes

In situ techniques have also been used to determine
the chemical and structural changes occurring
at oxidised copper electrodes during the CO,
reduction reaction. X-ray absorption spectroscopy
(XAS) can determine bulk oxidation state changes,
X-ray diffraction (XRD) spectroscopy provides
information regarding changes to the crystal
structure of the catalyst during the reaction, whilst
Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) can provide surface specific
information.

According to the Pourbaix diagrams (8), in neutral
electrolyte at CO, reduction reactions (CO,RR)
potentials copper should exist as copper metal.
Therefore, over the course of CO,RR a copper
electrode typically reduces to metallic copper, a
worse C,, coupling catalyst than the oxides (9).
Time dependent in situ Raman has been employed
to look at the surface degradation of Cu,0 films
during the CO,RR. After holding the electrode
at -0.99 V vs. RHE in CO, saturated KHCOs3,
after 30 s the vibrations associated with Cu,O
were attenuated and two bands associated with
intermediately reduced copper oxides appeared.
After 200 s no peaks could be seen in the Raman
spectrum suggesting it had been fully reduced to

copper. Once the cathodic potential was removed,
the surface re-oxidised to Cu,0 (10).

The Kauffman group (11) used in situ XAS,
Raman spectroscopy and XRD to investigate the
bulk and surface changes of porous copper oxides
during CO, reduction (Figure 3). At open circuit
potential the copper remains in the 2+ oxidation
state however when a potential of -0.2 V vs.
RHE is applied the presence of metallic copper
is detected. At -0.6 V vs. RHE the material had
almost completely reduced to Cu®. This was also
confirmed through in situ XRD, with the evolution of
face-centred cubic copper when the potential was
held at -0.6 V vs. RHE. However, once the cathodic
potential was removed, the metallic copper was
also found to re-oxidise. To investigate the surface
changes and possible presence of surface oxides
during the reaction (12-14), in situ Raman was
also performed at -0.6 V vs. RHE. The A4 feature
of CuO was monitored during the reaction, after
30 min this feature had completely gone, indicating
the formation of Raman inactive metallic copper.

Copper oxide catalysts have been shown to reduce
during the CO,RR, but subsurface oxygen has been
suggested as the reason for the improvement of
oxide derived catalysts over metallic copper for
C-C couplings (15). In situ ambient pressure XPS
results has shown the absence of any residual oxide
phases during CO,RR, but did show the presence of
subsurface oxygen (15, 16). Subsurface oxygen is
believed to increase the CO binding energy through
reduced sigma repulsion, favouring C-C bond
formation through increased CO coverage (15).

Different methods of stabilising oxygenated
copper species have been investigated. One
promising example introduced nanocavities into
the Cu,0 catalyst which confines the carbon
intermediates formed in situ to remain in the cavity
and cover the catalyst surface, stabilising the Cu*
species. Through in situ Raman the characteristic
Raman peaks for Cu,O remained after 20 min at
-0.61 V vs. RHE (Figure 4). Additional XAS of the
catalysts during the 20 min cathodic hold shows
32.1% of the Cu' species remained after the
potential hold (18).

De Luna et al. (19) have suggested ‘electro re-
deposited’ copper catalyst made through partial
dissolution of a copper precursor and redeposition
of the copper ions as another catalyst capable of
staying active for C,, products for extended periods.
They found this material has a C,, FE of 52% at
-1.2 V vs. RHE. In situ XAS during a potential hold
at -1.2 V vs. RHE showed a reduction of the Cu*
to metallic copper, from 84% Cu™ at the start of
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Fig. 3. (a) Cyclic voltammetry of CuO-IO electrode in CO, saturated 0.1 M KHCO3; (b) potential-dependent
k2-weighted R-space extended X-ray absorption fine structure analysis (no phase correction) from -0.2 V
to -1.2 V vs. RHE (collected at 30 min at each potential); (c) in situ Raman spectra for tracking surface
structure of CuO-IO during EC-CO5RR at -0.6 V (using 785 nm laser source); (d) single-crystal X-ray
diffraction patterns of CuO-IO electrode under open circuit and steady state at -0.6 V vs. RHE. Used with
permission of Royal Society of Chemistry from (11), Copyright (2019); permission conveyed through
Copyright Clearance Center, Inc
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Fig. 4. (a) Operando
Raman spectroscopy of
Cu,0 during a potential
hold of -0.61 V vs.
RHE; (b) copper K-edge
XAS spectra of Cu,0 at
different times during a
potential hold at -0.61 V
vs. RHE. Reprinted with
permission from (17),
Copyright (2017)
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the reaction to 23% after 1 h. However, when a
potential of -1.87 V vs. RHE was applied, the Cu®
species was completely reduced to metallic copper.
In situ and operando techniques have been
fundamental in understanding the electrochemical
CO, reduction reaction mechanisms. SEIRAS and
Raman spectroscopy have proven essential in
characterising the initial intermediates forming
during the reaction aiding in catalyst design to
improve the selectivity and activity towards C,,
products. XAS, XRD, Raman spectroscopy and XPS
have all been used to effectively show the changes
occurring in the bulk and surface of the catalyst.
This has helped understand the stability of copper
oxides and how oxide derived copper catalysts
can give higher selectivity towards carbon coupled
products.

2. Catalyst Layer

The cathode catalyst layer (CL) must balance many
competing demands and is one of the most crucial
electrolyser components (20). Typically, it is a layer
several hundred nanometres thick that at minimum
comprises the catalyst, which is often in the form
of nanoparticles. Polymers, especially ionomers,
are commonly incorporated into the CL, primarily
to provide mechanical stability and coherence by
coating catalyst particles and adhering them to
the substrate and each other. Polymers in the CL
are therefore often called ‘binders’. Polymers can,
however, also be deposited in layers on top of the
catalyst, and carbon nanoparticles are sometimes
incorporated in the CL to improve electrical
conductivity (21). The substrate onto which
the CL is deposited depends on the electrolyser
configuration. In a membrane-electrode assembly
configuration akin to a polymer electrolyte water
electrolyser, the CL may be directly deposited onto
an ion exchange membrane. However, in the more
commonly used configurations, in which electrolyte
flows through a channel between the ion exchange
membrane and the cathode, the CL is deposited
onto a porous gas diffusion layer (GDL) and this

configuration is the focus of this review. CL deposition
is commonly achieved by producing an ink,
containing binder and catalyst, which is deposited
onto the GDL by spray coating, calendaring, drop
casting, hot pressing or bar coating. The method
of coating affects reproducibility and product
selectivity, with more controllable methods such as
automatic spray coating producing more consistent
and homogeneous layers (20). A different possible
approach involves directly coating the catalyst
to the GDL by sputtering or physical or chemical
vapour deposition.

The number one priority in CL design in CO,
electrolysis to C,, products is high FE for such
products. Achieving this not only requires high
activities (i.e. high partial current densities)
for C,, products but also the suppression of the
parasitic hydrogen evolution reaction (HER) and
pathways to C1 products. Looking at Table II,
CO,RR require CO, and protons, in contrast to
HER. Therefore, sufficient mass transport of CO, to
the electrocatalyst surface is required to kinetically
favour CO,RR. To maintain sufficient CO, transport,
it is essential the CL does not become fully wetted
or ‘flooded’ with electrolyte, and this is a leading
cause of cell failure.

A high local pH at the catalyst surface also
promotes C,, products by suppressing pathways
to C1 products for which proton transfer is the rate
limiting step.

Therefore, CLs should ideally be engineered for
maximum transport of CO, but relatively slow
transport of OH™ produced in the cathode reactions
and buffering ions such as HCO3~ from the bulk
electrolyte.

An important function of the CL is to maintain
triple phase boundaries where CO,, protons and
electrons can meet. This is challenging because
liquid transport is enhanced by hydrophilicity,
yet this hinders gas transport, and furthermore
hydrophobic materials tend not to be electrically
conductive. Therefore, the design of active and
selective CLs involves an optimisation of competing
material properties.

Table II The Electrochemical Half Equations of CO, to Commonly Reported Products, with

their Associated Reduction Potentials vs. Standard Hydrogen Electrode (22)

Half-cell reaction

Potential vs. standard hydrogen electrode

COZ(Q) + 2H* + 2e” & CO(g) + H20(|) -0.106
ZCOZ(g) + 12H* + 12e” & C2H4(g) + 4H20(|) 0.064
2H+ + 2e” & Hz(g) 0.000

© 2023 Johnson Matthey
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Maintaining sufficient hydrophobicity in long
term operation is made challenging by several
phenomena. First, electrowetting of copper ClL's
can occur merely as a result of the application of
potential (23). Second, liquid products such as
formic acid and alcohols decrease surface tension
of the electrolyte and can cause flooding at high
concentrations (24). Third, the precipitation of
hydrophilic solid carbonates and bicarbonates
in the CL can also cause flooding and block gas
transport (25). A common strategy to mitigate
flooding and reduce selectivity for HER is to
increase the hydrophobicity of the CL and this
is often achieved by incorporating binders such
as polytetrafluoroethylene (PTFE). However, the
addition of too much PTFE can significantly reduce
the conductivity of the CL (26). A 2022 study
(27) compared coatings onto copper nanoneedles
of polyacrylic acid (PAA), which is hydrophilic;
Nafion®, which contains hydrophilic and
hydrophobic domains; and fluorinated ethylene
propylene (FEP), which is totally hydrophobic and
is similar to PTFE in structure.

As shown in Figure 5(a), the contact angle of
the electrolyte with the CL was highest for the
electrode incorporating FEP, followed by Nafion®
and PAA, confirming that the more hydrophobic
the binder the more hydrophobic the CL. Using
the captive bubble contact angle method, the
CO,-phillicity was determined to be highest for
the FEP electrode, followed by Nafion® and PAA,
confirming that gas accessibility increases with
hydrophobicity. Potentiostatic electrolysis was
then conducted in a flow cell using GDEs with CLs
incorporating the three polymers. As detailed in
Figure 5(b), the more hydrophobic the CL, the
greater the FE for CO,RR products and the lower the
FE for HER, and furthermore the higher the FE for
C,, products. The improved selectivity for CO,RR
products is explained by increased concentration of
CO, relative to H,0 at the catalyst surface, due to
the microhydrophobic environment in the vicinity
of the binder, which increases CO, gas access while
limiting H,O access, as illustrated in Figure 5(c)
and 5(d). It was further posited that the improved
selectivity to C,, products was a result of improved

(a) [ 1Co, I water

d

Contact angle, ©

14

?
|

Cu-PAA Cu-Nafion® Cu-FEP

© | —.
e

Hydrophilic

(b)

80}

60 }

%

FE,

o

(d)

40

20}

500
400

300

200

Current density, mA cm™

32 132
(Cu-PAA) (Cu-Nafion®)
Water contact angle, ©

Q Hydrophobic

144
(Cu-FEP)

Fig. 5. (a) Water and CO, contact angles for CLs prepared with PAA, Nafion® and FEP; (b) total current
density and FEs for H, and C,, products as a function of the hydrophilicity, acquired in flow cell at -0.71 V
vs. RHE, with aqueous 1.0 m KOH as electrolyte; (c) hydrophilic and (d) hydrophobic schematic illustrations
of the local reaction environment near the copper surface in a flow cell. Reprinted from (27) under a Creative

Commons Attribution-NonCommercial License
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accessibility of CO at the catalyst surface which
further reacts to C,, compounds.

Other recent studies have improved CO,RR
selectivity by employing hydrophobic binders in the
CL (28-30). Kim et al. (31) measured the water
concentration on thin ionomer films deposited onto
bare metallic copper, finding that both Nafion®
and Sustainion®, a hydrocarbon anion exchange
ionomer, reduced water concentration compared
to bare copper. Nafion®, with its very hydrophobic
perfluorinated backbone, had a lower water
concentration than Sustainion®, and Nafion® with
an equivalent weight of 1100, denoted ‘Naf1100" in
Figure 6, had a lower concentration than Naf850,
which has a higher density of hydrophilic sulfonate
groups. This highlights the prospect of varying
the equivalent weight of ionomers to modulate
hydrophobicity.

An area which has so far received little attention is
the influence of ink composition on hydrophobicity
and more generally CL performance. Although the
ink solvent is evaporated following, or even during,
CL deposition and so does not remain in the CL, it
can still have a profound effect on the CL structure.
A 2021 study (32) produced inks of a silver catalyst
with Aemion CNN-8 anion exchange ionomer using
methanol, ethanol and different ratios of water
and isopropanol, finding the ink solvent to have a
large influence on CL properties and that the CLs
exhibiting the highest hydrophobicity and capillarity
had the highest FEs for CO,RR. It was also found

60

50 A

40 -

30+

20 +

Water concentration, M

10

. 0 =

Bare Naf850 Naf1100 Sus/Cu
Cu /Cu /Cu with
with Cst  with Cs*  HCO3~

Fig. 6. Measurement of water concentration

for ionomer-coated copper at 100% relative
humidity; each sample was ion-exchanged using
0.1 M CsHCOj3 solution before the measurement.
Reprinted from (31), Copyright (2021) Springer
Nature

that an intermediate level of ionomer aggregation
was beneficial for CO,RR as this facilitated the
formation of ionomer-catalyst aggregates. Too
little aggregation resulted in the formation of a less
porous CL, whereas too much resulted in regions of
concentrated ionomer and exposed catalyst.

Several parameters in CL design affect local
pH, one of the simplest being the thickness of
the CL, which can be controlled by varying the
catalyst loading. A 2021 study (33) found that
high catalyst loadings of around 1.0 mg cm™
increased ethylene selectivity because the thicker
CLs act as a barrier for mass transport of buffering
HCO3™ ions that were present in the electrolyte,
thereby increasing local pH in the region of the
CL closest to the microporous layer (MPL) of the
GDL. Similarly, thick CLs can also increase local
pH by inhibiting transport of OH~ produced at
the cathode (34). Contrariwise, in concentrated
alkaline electrolytes, such as 10 M KOH, C,,
selectivity is enhanced by employing CLs as thin
as 25 nm (21). This is because in such alkaline
electrolytes, CO, is unable to penetrate far into
the CL before being consumed by reaction with
OH~, meaning regions of the CL furthest from the
MPL receive insufficient mass transport of CO,.
However, the rapid consumption of the electrolyte
in highly alkaline cells has been recognised as a
serious problem for overall energy consumption
in recent years, making cells using near-neutral
electrolyte more relevant to study (35). In near-
neutral buffering electrolytes, high Nafion® loading
can also enhance C,, selectivity by further slowing
transport of HCO3™ ions, however increasing the
loading to 50 wt% reduces selectivity by limiting
transport of CO,. Cation exchange ionomers such
as Nafion® are proposed to slow transport of OH-
and HCO5™ via Donnan exclusion (31, 36).

Taking a different approach to increasing local pH,
a 2021 paper (37) reported the production of GDEs
by co-electrodeposition of copper and polyamines,
as shown schematically in Figure 7. Polymers with
various degrees of amine functionalisation were
deposited from solution along with copper, such
that the amines were adhered to the surface of the
deposited copper particles. The polymers with the
highest density of amine groups were found to give
the highest current density and FE for ethylene
when tested in an alkaline flow cell, and this was
rationalised by their ability to increase pH at the
catalyst surface by setting up the following acid-
base equilibrium, Equation (iii):

HCO3 + R-NH, <> CO32™ + R-NHF (iii)

116
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Fig. 7. Schematic illustration of co-electrodeposition of copper and polyamine to a GDL

The presence of amine groups shifts the
equilibrium to the right towards greater CO3%"
concentration and therefore higher surface pH.
The increase in ethylene selectivity may however
also have been due to an increase in surface CO
concentration facilitated by the polymer aiding C-C
coupling.

A less discussed parameter affecting local
CO, concentration at the catalyst surface is the
solubility of CO, in the binder. For example,
the solubility of CO, in Sustainion® is 20 times
higher than in Nafion® (31) due to its imidazolium
functional groups (38). As shown in Figure 8,
increasing the CO, concentration in the CL and,
in particular, increasing the ratio of CO, to water,
increases the partial current density for CO,
reduction.

For significant progress to be made in sustaining
high selectivity, an innovation in the CL will be
required which allows it to break out of the current
compromise between gas transport, electrolyte
species transport and conductivity. One proposal
(39) for how to do this is to de-couple hydroxide,
CO, and water transport by making use of binders
with separate hydrophilic and hydrophobic domains
and potentially by bringing polyfluorosulfonic acid
and anion exchange ionomers into close contact
with the catalyst.

3. Gas Diffusion Layer

The GDL serves as a mechanical support to the
CL to form a GDE. Crucially, the GDL provides a

400
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85 F-16 %
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with Cs*  with Cs*  HCO;~

Fig. 8. Estimation of local CO,:H,0 on the basis of
measured water concentration and corresponding
partial current densities at -1.15 V vs. RHE in 0.1
M CsHCOs. Reprinted from (31), Copyright (2021)
Springer Nature

pathway for CO, gas to reach the CL and thus
enables an order of magnitude higher CO,RR
current densities (hundreds of mA cm~2) than when
gas is fed to the electrode through dissolution and
diffusion in bulk electrolyte (tens of mA cm™)
(40, 41). At the same time, the catalyst must be
in direct contact with a liquid or solid electrolyte
that provides protons and sustains ionic current
conduction. The GDE must also sustain electrical
contact without significant ohmic loses, either
by using an inherently conductive GDL, such
as carbon paper, or by containing an additional
conductive layer (21).
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Since it defines the rate of mass transport to and
from the CL, a GDL has a defining role to play in
tuning the selectivity of the conversion by defining
the concentration of reactants and products in
the local catalyst environment. Intentional design
of GDL structures and compositions that would
provide favourable conditions for selectively
producing a desired product has been identified
as an important challenge in the development of
economically feasible electrolysers yet is not well
understood (39-41).

In addition to selectivity tuning, the GDL must
also provide sufficient resistance to flooding by
simultaneously allowing the presence of water as a
proton source in the CL while preventing detrimental
permeation of water and liquid products into the
layer.

3.1 Selectivity Studies by Model
Electrodes

To guide GDE design towards improving selectivity
for C,, products, well-defined structures
made of copper have been designed and
studied (42, 43). Well-defined geometries of such
model electrodes enable insight into the complex

interplay between the mass transport and local
chemical environment. They offer a rationalised
context to the many experimental observations
reporting sensitivity of the CO,RR selectivity to the
structure of the GDE (41). Pérez-Ramirez et al.
designed a microstructure electrode using laser
ablation to define uniform and evenly distributed
conical cavities in a copper foil (Figure 9(a)) (43).
The well-defined and tuneable micrometre-scale
geometry enabled quantitative description of the
local chemical environment established inside the
cavities during the CO,RR reaction. By combining
experimental current densities and FEs with the
descriptors of the chemical environment inside
the pores (average local CO, concentration and
pH), they were able to map selectivity towards
selected products versus the local conditions.
These descriptors are well-known to strongly
influence the selectivity of CO, reduction (44, 45),
however accurately quantifying their contribution
has remained elusive.

Figure 9(b) shows a visualisation of the
sensitivity of reaction selectivity on the local
conditions. The overlap of ethylene and ethanol
production peaks suggests it may not be possible
to discriminate between these two products by

(b)
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Fig. 9. (a) Scanning electron micrographs of the surface and cross-section of the laser-etched copper foil
with conical cavities; (b) overlaid selectivity maps plotting the FE towards selected CO,RR in relation to
average pH and CO, concentration as descriptors. Reprinted from (43), Copyright (2020), with permission

from Elsevier
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tuning the local conditions. Another insight can
be gained by analysing the two FE peaks for
propanol, which suggest two different reaction
pathways may be favoured at different local
conditions. The intermediate pH and high CO,
concentration are hypothesised to offer the
optimal balance between C; and C, production,
leading to C5 products.

As well as model electrodes, practical GDLs can also
be manufactured with well-defined and controlled
structural parameters such as pore size and shape.
A three-dimensional (3D) printable GDL has been
developed with tuneable microporous structure of
a fluoropolymer-based GDL, which allowed CO,
permeance through the GDL to be modulated over
several orders of magnitude (46). By tuning the
structural parameters, an optimised GDL structure
was obtained that allowed the FE towards ethylene
to be maximised at high current densities. The
authors suggested prolonging the residence time
of the CO intermediate near the catalyst, achieved
with the optimised GDL design, as the main reason
for improved performance.

3.2 Composition for Flooding
Prevention

While using GDL enables high current densities and
allows the conversion selectivity to be modulated,
the most pertinent challenge that still requires
a breakthrough remains water management
(47, 48). Flooding is the key issue preventing
electrolyser operation for relevant times (24).
Even the currently best-performing systems,
which sustain stable operation for over 100 h
(21) are still far away from the durability that will
eventually be required in practical CO, electrolysers
(>5000 h) (49).

Flooding is governed by surface properties
of the GDE components. Most commonly the
wettability is managed by the GDL by either
using hydrophobic materials such as fluorinated
polymers as coatings for the surface of otherwise
hydrophilic carbon (50), or as the main GDL
component (21, 46). Preventing flooding failure
through  micro-structuring  (optimising pore
geometry, size distribution and connectivity) has
also been suggested (24, 51).

Polymer-coated carbon-based GDLs have been
reported to enable C,, products with comparatively
high FEs (21). The initial hydrophobicity, however,
is lost within a few hours under high-current density
operation conditions, which leads to flooding. It
has been suggested that this is due to the applied

potential (50) and degradation of the coating,
accelerated under the locally alkaline conditions
(47, 50). Another downside of using carbon as the
GDL material is that it can catalyse the HER, which
decreases the FE towards carbon products (50).

Significantly longer operational times (>100 h)
at high current density have been achieved when
the carbon GDL was replaced by an expanded PTFE
membrane (21). What is more, the selectivity
towards C,, product at relevant current densities
(>100 mA cm™?) was improved (21, 52). To
introduce sufficient electron conductivity, a layer
of sputtered copper catalyst has been additionally
coated with a layer of carbon black particles and
graphite (21).

The desired improvement in production rates,
FEs and durability can, however, make flooding
prevention even more challenging by accumulating
liquid C,, products that lower the surface
tension of the electrolyte, such as ethanol and
1-propanol. Although concentrating the products
in the electrolyser outlet is highly desired from
a technoeconomic point of view, producing such
mixtures can be detrimental even to the currently
top-performing hydrophobic fluoropolymer-
based GDLs, as demonstrated by Leonard et al.
(24) for water-alcohol mixtures on PTFE surface.
They suggested introducing additional surface
treatments to the hydrophobic fluoropolymer-
based GDLs in order to make them oleophobic and
resistant to wetting of product-rich outlets.

In a recent report, Lapkin et al. present a case for
deposition of a hydrophilic residue on the electrode
surface while producing ethylene on copper (53).
They proposed that acrolein, an unsaturated C;
aldehyde not previously reported as a CO,RR
product on copper, was formed during the reaction
in low concentrations. Under the locally alkaline
conditions at the catalyst surface, acrolein was
hypothesised to polymerise into hydrophilic
oligomers and polymers that were found deposited
on the electrode surface in post-mortem analysis.
Acrolein thus avoided direct operando detection,
but nevertheless promoted flooding by making the
catalyst surface hydrophilic.

The pressing challenge for CO,RR to C,,
products is designing a GDL that will provide
wetting-resistant functionalities for extended run
times in the presence of concentrated products.
Additionally, the mass-controlling function of the
GDL can in combination with the design of the CL
modulate the selectivity of the overall conversion by
careful tuning of the local conditions that facilitate
formation of the selected C,, product(s). There is
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growing need to expand our understanding of this
complex but relevant effects (46).

4. Conclusions

While the rate of improvement in cathode
performance has been rapid in recent vyears,
achieving prolonged product selectivity will require
both greater understanding and ingenuity. Not
only must the cathode components be optimised
in their own right, but their interactions must be
understood and harnessed. While this complexity
and interdependence makes establishing solid facts
challenging, the potent combination of standard
electrochemical testing with in situ characterisation
and modelling will likely continue to be instrumental
in advancing the field.
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