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The development of CO, utilization technologies has seen rapid progress during the past few years. In this
area of research, electrochemical CO, reduction (€CO,R) has been identified as one of the promising
pathways. However, this process is yet to reach industrially relevant rates of product formation. In the
eCO;R, the gas diffusion electrode (GDE) is the key component, with its architecture playing an
important role. This review presents the latest advancements and opportunities in GDE structural design
and materials selection, with a deep dive into the structure—performance relationship and its complex
interplay in eCO,R. Many recent research efforts have focused on improving catalysts, gas diffusion
structures (gas diffusion layers (GDLs) and porous hollow fiber walls), electrolytes, and interfaces in order
to optimize key performance metrics such as activity, selectivity, and stability, which are often
intertwined and can complicate design efforts. The basic configuration has transitioned from
conventional planar GDEs to self-supported hollow fiber GDEs (HFGDEs), along with emerging advanced
forms of planar GDE, such as mesh, woven, carbon-free, and heteroarchitectural designs. These
advancements have led to enhanced triple-phase boundary formation and improved mass transfer,
resulting in high-performance GDEs capable of achieving ampere-level current densities (~3 A cm™2),
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Accepted 12th December 2025 high faradaic efficiencies (FE) for target products, and extended operational stability (>100 h). Further, we
discuss current bottlenecks and provide perspectives aimed at offering new insights and guiding
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1. Introduction

CO, is a non-toxic, widely available, and sustainable carbon
resource. The electrochemical reduction of CO, into value-
added multi-carbon products*” (e.g., chemicals,® fuels,*® and
energy storage molecules®) through clean and economical
processes has gained significant interest due to its potential in
high-density renewable energy storage.*” The electricity used to
drive the electrochemical reduction of CO, is sustainably
generated, from sources like photovoltaics, wind turbines,
hydroelectric, geothermal power stations, etc.®'* Large-scale
use of CO, as a chemical feedstock to produce products such
as urea, salicylic acid, organic carbonates, methanol, and
polycarbonates would be highly advantageous as they are used
in industry as well as agriculture.>** The global rise in CO,
emissions has led to significant concerns regarding climate
change and environmental pollution.” Given environmental
considerations and the global shift toward sustainable energy,
electrochemical CO, valorisation offers a sophisticated, long-
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and facilitate their practical implementation.

term solution to close the carbon cycle with economic
advantages.™

Besides electrochemical methods, various biological, ther-
mochemical, and photochemical approaches are being exten-
sively studied for CO, conversion.'> Most reactions involving CO,,
require stoichiometric amounts of organometallic reagents,
excess additives or solvents, harsh reaction conditions, and
complex procedures due to the inevitable formation of byprod-
ucts. Consequently, these factors lead to reduced economic
benefits.®* Further, only a small fraction of the total CO, abun-
dance is utilized in the chemical industry. This is primarily due to
the difficulty in achieving selective catalysis with high turnover
numbers and cost-effective carbon-neutral processes due to CO,'s
thermodynamic stability and kinetic inertness.’

The electrochemical conversion of CO, presents several
advantages, including mild reaction conditions, enabling
control over reaction rates and product selectivity through the
applied potential, and offering extensive scalability due to the
modular electrolyzer designs.” There are conventional electro-
chemical methods for CO, reduction, such as aqueous-fed
electrochemical cells.’® However, the inherently low solubility
of CO, and the slow diffusion of gases in aqueous media result
in a mass-transport-limited current density of approximately
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30 mA cm ™2, which hinders industrial-scale implementation."”
Further, several products generated by this process are also
commercially produced from fossil fuels at a lower cost.'®
Moreover, the electrochemical reduction of CO, to C,; products
typically exhibits poor selectivity and demands a high over-
potential.**** Therefore, research on electrochemical CO,
reduction (eCO,R) has primarily concentrated on advancing
catalysts that are both active and selective. Progress has been
made in converting CO, into various products, such as carbon
monoxide (CO), methane (CH,), formic acid (HCOOH), ethanol
(C,H50H), and ethylene (C,H,), with relatively high selectivity
but at low current densities.*® This underscores the imperative
to engineer systems capable of achieving high-performance CO,
reduction to ensure economic viability.'® Therefore, over the
past years, significant attention has been devoted to eCO,R, by
developing advanced electrocatalysts and novel electrolyzer
designs.”®

Using gas-fed electrolyzers with gas diffusion electrodes
(GDEs) has become a promising strategy to enhance the eCO,R
for commercial applications.*** GDEs facilitate mass transport
by ensuring sufficient CO, supply and strengthening the triple-
phase reaction among the gaseous phase, electrocatalyst, and
electrolyte.”® GDE-based systems can potentially achieve
industry-relevant current densities by overcoming the low
solubility of CO, in aqueous electrolytes (approximately 35 mM)
and shortening the diffusion path for the reaction.'®*»** The
diffusion path from the CO, gas phase to the catalyst surface
under GDE conditions is approximately 50 nm, whereas under
non-GDE conditions, the diffusion distance from the bulk
electrolyte to the electrode surface is around 50 um.*® Moreover,
another essential aspect of advancing CO, reduction technology
is the design and fabrication of efficient electrodes capable of
ensuring long-term operational stability.*® Therefore, in recent
years, the GDE has been the focal point of intensive research as
the crucial component in eCO,R.

To carry out eCO,R at commercially relevant product
formation rates in an electrolyzer, the main requirement is to
simultaneously manage the transport of electrons, water, CO,,
and protons at the cathode. GDEs play a key role in managing
these vital processes.”” Inside GDEs, there is a complex interplay
among reactant and product transport, solution-phase reac-
tions, and charge transfer kinetics.”® These factors depend on
the overall structure and composition of the GDE.' Therefore,
identifying opportunities and challenges in multi-scale model-
ling to rationalize these phenomena and the design and
development of GDEs accordingly, specifically tailored for
enhanced eCO,R performance, is crucial.””

For commercialization, it is essential to achieve both high
faradaic efficiency (FE) (often greater than 95% selectivity)***°
and a reasonable current density (—200 to —500 mA cm™ ?),*°
indicating high conversion. However, existing electro-reduction
systems generally satisfy only one of these requirements.”
Further catalyst activity of 100 A g~*,% stability greater than 20
000 h,** energy efficiency up to 75%,> low cell voltages (<3 V),
and large cells (2.7 m?) are required.** Therefore, the available
strategies have yet to demonstrate satisfactory technological
feasibility, economic viability, and practical applicability.
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In this review, the primary focus is the GDE architecture and
its rational design targeting enhanced eCO,R performance. With
a deep dive into the structure-performance relationship, here, we
present a systematic evaluation of earlier technologies to the
latest advancements, which is necessary to identify the progress
and most critical science behind the designing phase, providing
an insightful guide to developing GDEs with high activity,
selectivity, stability, and scale-up prospects. Particular emphasis
is placed on the significant advancements in transitioning GDE
configuration from typical planar structures to hollow fiber gas
diffusion electrodes (HFGDEs), directing progress toward
industrially relevant performance and facilitating practical
implementation. Further, we discuss the properties of GDEs
affecting eCO,R, the rational design of GDE components leading
to efficient electrochemical conversion of CO, to C,. products,
existing challenges, and future possibilities. Specific examples
from the literature published since 2020 are discussed with
advanced technologies. Fig. 1 illustrates the overview of the core
content presented in this review. Ultimately, we aspire to moti-
vate efforts to make future research in eCO,R using GDEs more
appealing from an industrial point of view.

2. Electrochemical reduction of CO,
2.1 Reaction fundamentals

CO, is a linear and centrosymmetric molecule with zero dipole
moment. Its carbon center is electrophilic.”® CO, is a highly
stable form of carbon, characterized by a C=0 bond energy of
805 kJ mol . The direct decomposition of CO, into CO and O,
involves a significant enthalpy change of 283.0 k] mol * under
standard conditions (1 atm, 298.15 K).** The reduction of CO,
involves multiple pathways, each consisting of several steps,
which can result in different products. The tailored catalytic
activity and selectivity determine the specific target product.*
The first step in initiating the eCO,R process is the activation of
CO, molecules. It has a very negative redox potential of up to
—1.9 V versus the reversible hydrogen electrode (RHE). The
reduction of CO, by coupling it with an electron to form
adsorbed CO,' " is particularly difficult.>**

There are four redox reaction pathways for the activation of
CO,. Pathways I and II are known as concerted proton-electron
transfer reactions. Pathways III and IV involve charged or
strongly polarizable intermediates, where selectivity depends
on pH and cation effects.*

Path I:

*+ CO,+H"+e — *COOH
Path II:

*+ CO,+H"+e~ — *OCHO
Path III:

*+ CO,+H " +e” — *CO,™

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration summarizing the scope of this review.

Path IV:

*+H" +2 — *H-

Here, * denotes the active sites on the catalyst surface, and
*COOH, *OCHO, *CO, , and *H represent the adsorbed
moieties on the catalyst surface. The reduction pathways of CO,
are intricate, owing to the involvement of different possible
intermediates, resulting in multiple products. Therefore, both
catalyst and energy are essential for the eCO,R process to
produce desired products with reduced overpotential.®®
Following the activation of a CO, molecule by an applied over-
potential, the subsequent reactions involve multiple single-step
processes that include both protons and electrons. These
reactions are closely followed to overcome the slow kinetics
typically associated with CO, reduction. Together, these indi-
vidual steps form what is known as CO, reduction pathways.**
Depending on the number of carbon atoms in the resulting
molecules, products from CO, reduction can include C; (single
carbon), C, and C,. (two carbons), C; and Cs. (three carbons)
products. These products are formed through processes
involving concerted proton-electron transfers or electrons at
various potentials. Therefore, different reaction pathways or
conditions can lead to different carbon-containing products
during CO, reduction.*

2.2 Performance parameters

The performance of an eCO,R system is assessed through
multiple metrics that impact the capital and operational
expenses of the entire process. There are several key metrics,
including FE, current density, energy efficiency, overpotential

© 2026 The Author(s). Published by the Royal Society of Chemistry

and stability. FE is the percentage of charge used to produce
a specific product relative to the total charge consumed,'
indicating the selectivity towards a particular eCO,R
product.*>**** High FE reduces the need for extensive down-
stream product separation and lowers the total current required
to achieve a desired production rate.'®

The reaction rate is another key performance indicator of
a CO,R system, and its determination often depends on the type
of catalyst used.” For example, in molecular electrocatalysis,
a well-defined structure of active sites allows the turnover
frequency to be a reliable indicator of reaction rates. However,
when using bulk or nanostructured materials as electro-
catalysts, the presence of active sites with unknown structures is
common. In these cases, current density serves as an indicator
of the eCO,R rate. Considering practical convenience, the
reaction rate is often represented by the geometric current
density, which is the catalytic current normalized by the
geometric surface area of the electrode.” The high current
density reduces the capital costs. However, operating at high
current densities decreases the energy efficiency of the system
due to significant ohmic losses and undermines the stability of
the eCO,R process.

Energy efficiency refers to the percentage of energy stored in
desired products relative to the total input energy, which
correlates with the overall cell voltage. High energy efficiency is
crucial for minimizing the electricity costs involved. Stability is
a crucial factor in assessing the efficiency of eCO,R, as it affects
maintenance and replacement costs, as well as electrolyzer
downtime. The cathode and membrane are the two main
components that limit the stability of the eCO,R system.'®
Another critical performance metric is the overpotential,
defined as the absolute difference between the applied potential
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where a substantial amount of the target product is generated
and the equilibrium potential of the corresponding eCO,R half-
reaction.”

3. Different types of systems for
eC02R

3.1 Non-gas-fed electrochemical cells

This approach employs an electrochemical cell featuring
a liquid-solid double-phase contact system (Fig. 2a).** The
eCO,R system consists of a cathode, an anode, a CO,-containing
electrolyte, and a membrane. The cathode functions as the
electrocatalyst for the CO, reduction reaction, while the anode
facilitates oxidation reactions like oxygen evolution. The elec-
trolyte is essential for transporting charged species and facili-
tating CO, transport to the electrocatalyst surface and it
critically affects the energetics of CO, reduction. Meanwhile, the
membrane segregates the oxidation and reduction products,
ensuring charge equilibrium.** The conversion of gaseous CO,
into valuable chemicals encompasses several chemical and
physical processes, which can be divided into four distinct
steps: solvation dynamics, activation, preferential dimerization,
and higher-order selectivity.*® CO, from the gas phase first
dissolves in the solution, forming aqueous CO,. This aqueous
CO, then reacts with water to form carbonic acid (H,COj3).
However, in a CO,-saturated aqueous solution at pH 6.8, the
predominant species is bicarbonate (HCO; ).***” Aqueous
electrolytes reach saturation at 34 mM CO, under ambient
conditions, restricting the rate of CO, transport to the electro-
catalyst. Overcoming this mass transport limitation is essential
to achieve industrially viable CO, reduction rates.*® The low
solubility of CO, results in low current densities,***° which are
typically limited to of <60 mA cm™ 2. This falls significantly
short of the potential industrial standards, which require
current densities in the range of hundreds of mA cm ™ 2.3 At
higher current densities, hydrogen evolution often supersedes
other reactions due to the rapid kinetics of water reduction and
constraints in CO, mass transfer.***”

Further, the infusion of CO, into the electrolyte restricts the
use of highly alkaline pH values.>®*® Therefore, the CO, and
proton concentrations, and consequently the pH, fluctuate
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during catalysis, highlighting the need for a more advanced
model for designing electrocatalytic interfaces.**® At the
electrocatalytic surface, CO, undergoes activation, which
involves its adsorption in a conformation suitable for further
reactivity. The two predominant activation geometries are
*OCHO and *COOH.*"** After adsorption, a series of proton and
electron transfers take place, leading to reduction reactions.*

3.2 Gas-fed electrolyser systems

Gas-fed CO, electrolysers offer a prominent solution to the
solubility challenge by introducing CO, into the cell in its
gaseous state.*>** As depicted in Fig. 2b, a three-phase contact
system for eCO,R is used, allowing intimate contact between
gaseous CO,, the electrolyte, and the electrocatalyst.>**” This
method can be effectively implemented using GDEs.**** CO, in
the gas phase, with a diffusion coefficient of about 0.1 cm® s,
diffuses nearly four orders of magnitude faster than in the
liquid phase,*® thus presenting a more efficient CO, transfer for
electrochemical CO, reduction reaction (eCO,RR).** These
three-phase contact systems provide numerous benefits for
eCO,RR, including the ability to use high pH electrolytes, which
are not easily applicable in double-phase contact systems, to
enhance eCO,RR electron transfer kinetics.”>* This approach
enables efficient CO, electrolysis to valuable commodity
chemicals at high current densities.®* At present, two major
types of gas-fed CO, electrolyzers have been successfully inte-
grated the GDEs:* electrolyzers with a membrane electrode
assembly (MEA) where the cathode GDE is in direct contact with
a membrane®* and electrolyzers with a flowing catholyte
where the GDE is in direct contact with an electrolyte.*>%>¢
Compared to planar electrodes, GDEs are complex systems that
require the adjustment of various design parameters to opti-
mize the eCO,RR at the three-phase interface of catalyst, elec-
trolyte, and gaseous CO,.**

4. Gas diffusion electrodes

In gas-phase eCO,R, the GDE is the key component that facili-
tates the conversion of CO, into desired chemicals and fuels.™®
GDEs are porous electrodes that feature a catalyst layer in direct
contact with the electrolyte (Fig. 3a).>* Their applications can be

[b] .

+— Gas diffusion
layer

Catalyst layer

Electrolyte

Fig. 2 Schematic representation of operational principles and CO, flow in (a) aqueous-fed and (b) gas-fed CO, electrolyzer systems.
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Fig. 3 Schematic representation of (a) typical planar GDE and (b) zero-gap GDE.

found in electrochemical energy conversion devices such as fuel
cells.*”®® In GDEs, the path length of CO, diffusion to the
catalyst surface is significantly reduced, as compared to typical
planar electrodes used in H-cells.** Therefore, the GDE ensures
a concentrated CO, environment near the catalyst surface
during high current density operations, which is typically
a challenging target to achieve even in an alkaline aqueous
system.*® The GDE allows the manipulation of reaction condi-
tions, such as employing alkaline electrolytes, to enhance
activity and selectivity, capabilities that would otherwise be
unattainable."®

4.1 Structure and principle of planar GDEs

A GDE comprises a catalyst layer deposited on a gas diffusion
layer (GDL)."***%%7° The GDL is a hydrophobic, conductive'® and
porous structure positioned between the catalyst layer and the
gas flow channel or field.”* The porous matrix of the GDL
permits the transport of gases while restricting the movement
of liquids.” Apart from delivering reactants, the GDL performs
several other crucial functions including, releasing gaseous
reaction products, providing mechanical support and electrical
contact for the catalyst, and regulating the amount of electrolyte
in the catalyst layer.””* Typically, the GDL consists of two layers:
a macroporous substrate and a microporous layer.” It fulfills
two main roles: facilitating gas transport to the catalyst layer
and offering structural support to the catalyst. The GDL is
designed to be hydrophobic, preventing pore blockage by the
electrolyte and ensuring efficient gas transport to the catalyst
layer.*® Various GDLs have been examined, including structures
based on carbon,” metal, polytetrafluoroethylene (PTFE), and
membranes and carbon-based GDLs are the most commonly
reported, often featuring hydrophobic properties introduced by
PTFE coating within the carbon matrix.”

There are two types of GDLs: the single-layer, which consists
solely of a macroporous layer or substrate, and the dual-layer,
which combines a macroporous layer with a microporous
layer. Among these types, dual-layer GDLs are often employed,
especially in CO, electrolysers, to mitigate electrolyte flooding

© 2026 The Author(s). Published by the Royal Society of Chemistry

of the GDE.* The macroporous substrate offers mechanical
stability and electrical connectivity for the GDE while distrib-
uting CO, gas through its large pores. This substrate is typically
constructed from conductive carbon fibers or titanium foam.'®
The microporous layer, situated above the macroporous
substrate and often made of carbon and hydrophobic agents to
manage catholyte flooding*® and enhance the interfacial elec-
trical connection.’ Its hydrophobic characteristics and nano-
scale pores permit the passage of gas molecules while
preventing liquid water from penetrating.’® The morphology,
porosity, thickness, and hydrophobicity of the microporous
layer are vital for eCO,R due to the intricate gas and liquid
transport processes involved. These properties can be opti-
mized by altering its composition.”””® The gas flow field, which
is directly in contact with the macroporous layer, serves the dual
roles of gas diffusion and current collection.*

Catalysts are usually applied as nanoparticles with a typical
loading of 1 mg cm ™. This enables the specific catalyst activi-
ties of 200 A g > The catalyst layer is created by applying
a suspension of PTFE like hydrophobic agents and catalyst
particles onto the microporous layer.” Considerable attention
has been devoted to designing electrocatalysts to enhance the
efficiency of CO, reduction.®*** The performance of the catalyst
layer is determined by the morphology and composition of the
active catalyst particles as well as its overall structure. In GDEs,
the three primary catalyst layer structures are two-dimensional
(2D) thin films, three-dimensional (3D) nanostructures, and
three-dimensional (3D) nanoparticulate layers. In addition to
achieving high FE for desired products and operating at high
current densities, ensuring stable long-term performance is
essential for the practical application of a catalyst in
eCO,RR."™* In gas-phase eCO,R, high operating current
densities induce substantial changes in the catalyst layer,
including variations in pH and CO, concentration.

Various types of materials serve as catalysts, including
metals, metal-free compounds, molecular catalysts, enzymes,
and microbes.”® With metal-based electrocatalysts being the
most widely utilized type for eCO,R, the application of an

RSC Adv, 2026, 16, 883-915 | 887


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06681f

Open Access Article. Published on 02 January 2026. Downloaded on 6/15/2026 10:06:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

external bias initiates a complex, multi-proton-electron-
coupled transfer process yielding a diverse range of value-
added products. Noble metals (e.g., Au, Ag, and Pd) have been
reported as highly efficient electrocatalysts, with their struc-
tures and morphologies significantly impacting both FE and
current density. However, limited availability and relatively high
cost hinder their large-scale application.** Non-noble metals,
such as Zn** and Cu, have also gained significant attention. The
choice of catalyst determines the primary target intermediates
(e.g., Ag for CO, Cu for C,H,, Sn for HCOOH, etc.).*

Copper (Cu) has been the focus of intensive research as
a catalyst for eCO,RR due to its unique ability to produce
multicarbon products, which is linked to its moderate CO*
binding energy.**>*® Cu is recognized as the sole metal capable
of catalyzing the eCO,RR to hydrocarbons efficiently,**”**
albeit with issues of poor selectivity.*® Further, the high over-
potentials and inadequate partial current densities of Cu-based
materials during C,. production lead to significant efficiency
losses.®* The challenge of stabilizing Cu’ under eCO,RR
conditions persists.* Including modifier elements has been
proposed as an effective strategy to mitigate the reduction
tendency of Cu' at negative potentials.®>® Zn is also widely
employed in eCO,R owing to its low-cost, well-defined structure,
high surface-to-volume ratio, and excellent selectivity toward
CO. Further, Zn-based electrocatalysts are capable of efficiently
handling large volumes of CO, within the appropriate local
electrochemical environment.**

A major challenge in eCO,R research is the absence of
a standardized experimental setup and methodology for quickly
evaluating the performance of various catalytic materials that
show potential for eCO,R technology development.* Zero-gap
GDEs attract much attention as they demonstrate promising
characteristics for scaling up to commercial levels.®> As depicted
in Fig. 3b, in a zero-gap GDE configuration, the cathode is in
direct contact with the membrane that separates it from the
electrolyte solution (the anolyte) containing the anode.*® These
zero-gap GDEs interfaced to ion exchange membranes, form
membrane-electrode assemblies,* and offer several advantages
over typical GDEs that expose the catalyst layer directly to the
electrolyte. These advantages include reduced ohmic losses,*
enhanced catalyst stability, and the prevention of issues caused
by the formation of gaseous products directly at the electrode/
electrolyte interfaces.”® This membrane serves two primary
functions. It regulates the amount of water acting as a reactant
in the eCO,R, preventing kinetic limitations due to water scar-
city.”” Additionally, it ensures that gaseous products formed by
eCO,R in the catalyst layer do not enter the anode
compartment.”

4.2 Hollow fiber gas diffusion electrodes (HFGDEs)

HFGDE is a novel electrode configuration that emerged as an
alternative to planar GDEs.*”*® It is a novel self-supported GDE
that serves as a working electrode and a gas diffuser.” Their
unique tubular architecture, abundance catalytic active sites,
and facile fabrication have shown great potential in enhancing
eCO,RR performance.”” Fig. 4 depicts the schematic illustration
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Fig. 4 Schematic representation of a typical HFGDE and its cross-
sectional view.

of the typical HFGDE and its cross-sectional view. HFGDEs are
easy to produce using the industrially viable dry-wet
process*®*** and offer tunable fiber and pore structures.'® In
contrast to conventional flow-by GDEs,'*> the tubular shape and
porous hierarchical walls facilitate a forced gas flow-through the
three-phase reaction interface.* This configuration facilitates
eCO,RR on the outer surface of the HFGDE, while the resulting
products and unreacted CO, reside on the electrolyte side. This
reduces the concentration gradient, improving CO, delivery to
the catalyst layer.'* The penetration of the CO, gas through the
porous hollow fiber wall to the catalyst/electrolyte interfaces
happens due to the CO, gas pressure developed in the lumen
side of the hollow fiber. Compared to the conventional planar
GDEs, which typically comprise a superhydrophobic macro-
porous layer, a microporous layer, and a catalyst layer, HFGDEs
present a simplified assembly process,'*"'** eliminating the
need for a separate gas chamber and flow cell for gas diffu-
sion.'*>'® Therefore, transitioning from traditional planar
GDEs to HFGDEs has significantly enhanced the eCO,RR
kinetics'® and enable the reaching of industrially viable current
densities exceeding 200 mA cm ™, ultimately demonstrating
significant promise in gas-phase electrolysis.*

5. Recent progress in the rational
design of GDEs

5.1 Advancements in planar GDEs

The advancements in planar GDEs can be broadly classified into
two main categories: structural modifications and microenvi-
ronmental tuning. Structural modifications primarily aim to
optimize the GDE architecture by tailoring the catalyst layer and
engineering the GDL. Microenvironment tuning involves
manipulating the local chemical environment around the
catalyst surface to favor desired reaction pathways.'* This is
typically achieved through electrolyte modification and inter-
face engineering. The following sections discuss these
advancements in detail, which have driven progress toward
high-performance planar GDEs.

5.1.1 Structural modifications. GDEs demonstrate favor-
able prospects for advancing the scale-up and commercializa-
tion of CO, electrolysis processes.** Owing to improved CO,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mass transport and minimized diffusion lengths within the
catalyst layer, GDEs are capable of achieving higher current
densities compared to traditional electrodes.®® However, the
durability of gas-fed electrolysers is limited, resulting in
a significant decline in performance after a few operational
hours.' In industrial settings, achieving both high selectivity
and stability under high current densities is rarely observed.
This issue primarily arises during the industrial-scale imple-
mentation of research findings.* In order to overcome these
limitations, the use of catalysts has emerged as a major area of
research, attracting significant attention from scientists. In
recent years, numerous studies have reported on catalysts
designed to enhance the performance of the eCO,RR, particu-
larly with the increasing interest in producing multi-carbon
products.**®

At present, Cu has been recognized as the most prominent
metal catalyst for facilitating C-C bond formation. However,
intensive research is still required to overcome the remaining
low selectivity of its untreated form for C,, products. Therefore,
significant efforts have been directed toward developing
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modified Cu catalysts by altering the oxidation state,
morphology, and exposed facets and creating bimetallic alloys
containing Cu.'® Recent advances with Cu bimetallic materials
have shown improved selectivity in eCO,RR compared to Cu
alone, suggesting that the secondary metal may play a crucial
role in modifying adsorption energies.** Song et al. reported
a boron-doped Cu (B-Cu) (Fig. 5a) catalyst that facilitates effi-
cient eCO,R at current densities relevant to industrial applica-
tions, employing a GDE electrolysis system.* The catalyst's
remarkable performance is mainly ascribed to the stabilization
of Cu" species facilitated by the introduction of B.** Due to its
Lewis acidity, B tends to accept electrons from Cu. This inter-
action tunes the local electronic structure of Cu, creating posi-
tive valence sites and enhancing its Lewis acidity. These effects
are advantageous for promoting the formation of C,. products
in eCO,R."?

A novel approach used to improve the catalytic activity is the
polymer modification of the Cu surface or integration of poly-
mer into a Cu-based catalyst layer.'°*'”” Modifying the Cu
surface with polymers containing oxygen, nitrogen, or fluorine

Exposed Cu - $PTFE co
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containing functional groups has several advantages on
eCO,RR. These include increased hydrophobicity of the
cathode, suppressing competing HER, and increased C,,
product selectivity through stabilizing the reaction intermedi-
ates.'®®'* Various research groups have conducted theoretical
studies on understanding the effect of the polymer modification
of Cu on C,, product selectivity and have identified that func-
tional groups such as -COOH and -CF, influence the binding
energies of key intermediates of eCO,RR." Pellessier et al.
developed PTFE-modified Cu nanoparticles as a catalyst layer
for eCO,RR, forming an interconnected porous 3D micro-
granule structure (Fig. 5b). The FE for C,, products of 78% at
a high current density of 500 mA cm ™2 has been achieved due to
the nearly complete surface coverage of the Cu nanoparticles by
the porous PTFE film and the presence of a large Cu-polymer
interfacial area (Fig. 5¢).*® In another study, Seki et al. devel-
oped a porous Cu-PTFE hybrid electrocatalyst. They reported
decreased FE for H, (11.6%) and high FE for C,H, (51.1%)
under the current density of —300 mA cm ™ for over 24 h. This
enhanced performance can be attributed to the addition of
PTFE, which mitigates water penetration into the catalyst layer,
thereby providing a secure pathway for CO, supply to the
reaction sites and facilitating the removal of gas-phase products
(Fig. 5d).**°

In a study conducted by Zheng et al., they utilized hetero-
atom (N, P, S, O) engineering on Cu catalysts to achieve ampere-
level current density for CO, to C,, electrolysis, which is critical
for industrial applications. At high current densities, insuffi-
cient CO intermediate (*CO) coverage on the catalyst surface
promotes the competing HER, thereby hindering the eCO,RR.
By suppressing HER, heteroatom engineering enhances *CO
adsorption on the Cu surface, significantly reducing the energy
barrier for C-C coupling. Among these heteroatoms, N-
engineered Cu catalysts exhibited the best performances for

View Article Online
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C,, product formation with FE of 73.7% under —1100 mA cm >
and an energy efficiency of 37.2% under —900 mA ¢cm™>.'**

Another key issue is that cathodic corrosion at high cathodic
potentials restricts the long-term stability of Cu-based catalysts.
To mitigate this problem, less noble metals like Zn can be used
as sacrificial anodes to protect the catalyst. This strategy has
been effectively utilized by Song et al. incorporating Zn nano-
sheets (Fig. 5e) into the B-Cu catalyst to improve its stability
during eCO,R. This approach significantly enhanced the long-
term stability of C,. product formation. Further, this modifi-
cation ensured the stability of active Cu” species even at high
reduction potentials and caused the formation of *OCO to occur
at a less negative potential, contributing to the excellent
electrochemical conversion of CO, to C,, products (Fig. 5i). The
optimal Zn amount for minimizing cathodic Cu corrosion while
preserving adequate activity for C,, product formation has been
reported to be 0.025 mg cm 2. The 0.5 B-Cu:0.025 Zn compo-
sition gives the maximum current density for C,, product
formation that is attained across almost the entire potential
range, with a measured value of —194 mA cm™> at —0.49 V vs.
RHE (Fig. 5h) and the highest faradaic efficiency for C, product
formation at —0.45 Vvs. RHE and a total current density of —200
mA cm > (Fig. 5f and g).*

While there have been significant efforts in optimizing
catalytic activity, attention to design and function of the GDEs
has been relatively low. Importantly, catalyst properties are not
the sole factor influencing selectivity. This has been effectively
demonstrated by the work of Gu et al. They examined several
other factors influencing selectivity. Further, they showed that
the selection of an appropriate membrane in zero-gap GDEs is
critical to achieving high selectivity and current efficiency for
different target products. In this regard, four different polymer
electrolyte membranes, Fumasep FAA-3-PK-75 (PK75), Nafion
115 (N115), Fumasep FAA-3-50 (FAA50), and Sustainion X37-50
Grade 60 (G60) have been studied. The anion exchange
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membranes improved the function of GDE by increasing the
current efficiency. Particularly, the G60 membrane displayed
improved performance in the conversion of CO, to CO (Fig. 6a-
d). The high-performance of G60 membrane is characterized by
its thinness (50 um) and its exceptionally low average area
resistance (0.045 Q cm™?) under alkaline conditions.> Cation
exchange membranes such as N115 exhibit greater selectivity
for hydrogen and formate products. As a consequence of this,
the hydrogen evolution reaction (HER) was more prone to
occur. Moreover, in the study conducted by Alinejad et al., it was
revealed that employing anion exchange membranes results in
high current densities with the same catalyst, compared to the
use of cation exchange membranes such as Nafion. However,
Nafion was found to be more effective as a binder in the catalyst
layer for enhancing performance.”

In eCO,R, maintaining a low overpotential is critical for
energy efficiency and reaction control. Lower overpotentials
tend to favour specific reaction pathways, which can help in
selectively producing the desired product. However, higher
overpotentials might drive multiple competing reactions,
leading to a mixture of products and thus low selectivity. It has
been reported that optimization of the mass ratio of total
catalyst to binder agent (e.g., PTFE) leads to achieving high
current density, current efficiency, and energy efficiency at low
cell potential. Gu et al. reported a total current density of 131.0
mA cm™ 2 at a low cell potential of 2.0 V, with a current efficiency
of 93.72% and an energy efficiency of 68.7% for CO production,
using a total catalyst-to-PTFE mass ratio of 7:1 (Fig. 6e-h).
Further, PTFE proved to be more suitable than Nafion as
a binder for GDE preparation for eCO,R."*

In zero-gas GDEs, effective control of membrane hydration is
essential for maintaining optimal performance. Insufficient
hydration can result in higher cell resistance and significant
energy losses, while excessive hydration can lead to GDL
flooding, compromising the transport of gaseous reactants to
the catalyst.” In the study conducted by Gu et al., findings
revealed that introducing a thin liquid buffer layer between the
cathode and the membrane can enhance catalytic performance
by promoting the efficient diffusion of CO, gas to the catalyst
surface. By introducing a thin liquid pH buffer layer, a triple-
phase boundary is created. This setup allows CO, molecules
in the gas phase to diffuse rapidly to the catalyst's surface, faster
than they would in the liquid phase. This improved diffusion
enhances the selectivity of the catalyst for eCO,R while partially
suppressing the competing HER. However, adding a liquid
buffer layer leads to a notable increase in the overall resistance
between the two electrodes (Fig. 7a). This increase in resistance
caused a decrease in current density. Consequently, this high
resistance also implies greater energy consumption in indus-
trial applications, making the process less efficient. For optimal
application, the buffer layer must be exceedingly thin.**> It can
be suggested that the liquid buffer layer maintains an optimal
gas-liquid interface via enhancing ionic conductivity, main-
taining catalyst hydration, and mitigating local pH variations.
This is a cathode feeding method. The cell performance has
been further evaluated using other different cathode feeding
techniques, including a humidified-CO, feeding method and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a CO,-saturated KHCO; feeding method. These various
methods influenced the CO, concentration available to the
catalyst surface. In the CO,-saturated KHCO; feeding method,
the current density for CO production gradually decreases
beyond a certain point due to the low solubility of CO, in the
aqueous solution, promoting HER. The mass transfer of CO,
molecules under this method was the lowest. The humidified-
CO, feeding method yielded the best performance (Fig. 7b).

Applying carbon support to catalyst nanoparticles is an
effective strategy to enhance both the activity and selectivity. In
the study conducted by Alinejad et al., the observed deteriora-
tion in selectivity was attributed to the degradation of the
catalyst layer.”> The supported Au nanoparticles achieve signif-
icantly high current densities compared to their unsupported
counterparts. Supporting Au nanoparticles on carbon greatly
improves the accessibility of the particles for chemical reac-
tions. This can be attributed to the large specific surface area,
high porosity, and excellent electron conductivity of carbon that
acts as the catalyst support. Moreover, this modification
increased the activity of the catalyst layer while reducing the
propensity for the HER. The supported Au catalyst layers tend to
be more hydrophobic compared to unsupported catalyst layers.
Depositing the catalyst as a metal layer makes the surface more
hydrophilic, which is typical for metal surfaces (Fig. 7c).*>

Moreover, the ionomer-to-catalyst ratio has demonstrated
a significant impact on the selectivity (Fig. 7d). High concen-
trations of Nafion ionomer lead to a less active catalyst layer,
where the HER becomes more prominent. The absence of an
ionomer or the use of a low-anion ionomer results in high
current densities, which reduces capital costs, making it highly
advantageous for industrial applications. However, the absence
of an ionomer results in high cell resistance, highlighting the
inadequate ionic conductivity of the catalyst film. Further, there
is a risk of agglomeration of nanoparticles during electrolysis.*>
The degree of particle agglomeration is associated with the type
and amount of ionomer in the catalyst layer. This can be
ascribed to ionomer-dependent particle growth, which can be
influenced by variations in local pH.”

Flooding presents a significant issue that arises within these
systems. It is a complex phenomenon involving various physi-
cochemical processes that affect GDLs.** It can occur in GDEs
that are in direct contact with liquid electrolytes'** or enclosed
by ion exchange membranes (zero-gap GDEs)."**'** Flooding in
electroreduction systems can be attributed to several
phenomena. These include the wettability of GDEs,"'%"”
electrowetting from potential-induced changes in electrolyte-
solid surface tension'**** humidity of reactant gases,'** pres-
ence of reaction intermediates® and products'* (e.g., liquid
water formed as the reaction product), electrolyte pH,"°
temperature differentials across the cell*® and pressure differ-
entials between gas and liquid at the interface,””>"* salt
precipitation due to ion accumulation,””*® water pumping
driven by ion concentration gradients between the reaction
interface and bulk electrolyte,"**'*® water vapor condensation,>*
the thickness of the membranes used and eCO,R liquid
products decrease the electrolyte-electrode surface tension
leading to reduced capillary pressure.’*
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with permission.**? Copyright 2021, Springer. (c) The surface contact angle of unsupported Au NPs with low Nafion ionomer, supported Au/C
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In eCO,R electrolyzers, flooding often coincides with the
presence of precipitated salts inside or on the surface of
GDEs."® Hence, the presence of observed precipitates serves as
an indicator of flooding. These salts are either components of
the electrolyte solution or are produced when a component
reacts with CO,. Flooding and salt precipitation can obstruct or
entirely block the transport of CO, to the catalyst. Consequently,
a shift from eCO,R to H,O reduction occurs, causing a signifi-
cant decrease in the overall FE of eCO,R.%* This issue is most
commonly observed in eCO,R electrolyzers that use alkaline
electrolytes where flooding and precipitating exist as mutually
perpetuating processes. Alkaline electrolytes react with the CO,,
forming precipitates like potassium carbonate or bicarbonate,
decreasing the hydrophobicity of the GDE' and one of the
main causes of performance degradation.”” These carbonate
deposits on the surface of the GDEs obstruct the gas trans-
mission channels, thereby limiting CO, diffusion and mass
transfer.*® As a result, electrolyte permeates into the micropo-
rous layer, leading to the formation of additional precipitates.**
Further movement of liquid electrolytes throughout the entire
GDE, known as electrolyte perspiration, may occur.”® For

892 | RSC Adv, 2026, 16, 883-915

catalytic performance and stability, both the total electrolyte
content and its spatial distribution within a GDE are critical
factors.” Interestingly, it has been found that cracks in the
microporous layer enhance the reaction by improving the mass
transport of gaseous CO, to the catalyst and by facilitating the
removal of excess electrolytes from the catalyst layer. Electrolyte
perspiration through cracks in the microporous layer can help
prevent or delay the complete flooding of the micropores.*
Concerning electrolyte ion intrusion, Kong et al. conducted
a study to investigate electrolyte transport through microporous
layers, aiming to prevent electrode flooding and salt precipita-
tion in commercial eCO,R reactors. They examined flooding
and perspiration phenomena using zero-gap GDEs with
systematically varied microarchitectures, featuring micropo-
rous layers with different crack abundances (Fig. 8a). The study
was conducted with alkaline anolyte and at different stages of
electrolysis. Their results demonstrated that submillimeter
cracks in the microporous layer of GDEs used for CO, electrol-
ysis are crucial for electrolyte management. These cracks
provide a direct pathway for electrolyte drainage, effectively
preventing or at least delaying the flooding of the catalyst

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cracked (left) and cracked (right) microporous layer. Reproduced with permission.®* Copyright 2022, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) Schematic representation of the structural difference between a typical GDE (upper left) and the novel GDE design (upper right);
SEM micrographs of the cross-section of hovel GDE with low magnification (below left) and high magnification (below right). (c) The porosity of
GDEs prepared with different carbon materials. (d) FE of novel hybrid GDE (upper left), schematic representation of hybrid GDE configuration
(upper right), SEM image of the GDL with high porosity using SFG-44 (lower left), and SEM image of the catalyst layer with less porosity using
Super C65 (lower right). Reproduced with permission.*® Copyright 2022, Chemistry Europe.

layer.”® However, electrolyte perspiration through cracks can
lead to considerable unintended losses of CO, due to its
neutralization. Therefore, to optimize the efficiency of CO,
usage in electrolyzers, it is crucial to identify conditions that
minimize both electrode flooding and perspiration-related
reactant losses.”” Further, Alinejad et al. demonstrated that
adequate porosity in the catalyst layers can effectively reduce
precipitate formation under low current densities, and utilizing
materials like carbon as a catalyst support significantly
enhances porosity. Its high specific surface area, high porosity,
and excellent electron conductivity make carbon an excellent
catalyst support.®

Maintaining high current densities is necessary for large-
scale industrial applications.'” Although some highly effective
electrocatalysts can selectively produce desired reaction prod-
ucts, these reactions typically occur at relatively low current
densities, usually in the range of several mA cm ™2 to tens of mA
cm~ 2. However, these current densities are significantly lower
than what is required for commercial applications, where much
higher values are needed for practical and efficient large-scale
operations.'* For instance, achieving current densities greater

© 2026 The Author(s). Published by the Royal Society of Chemistry

than —300 mA cm 2 is essential for the formation of C,H,. Even
though some groups have reported current densities exceeding
—1.5 A em™?, the long-term stability of electrode configurations
operating under these conditions is challenging.'” In a typical
GDE setup, two common challenges arise during measure-
ments. These are the electrolyte flooding into the catalyst layer
at high current densities, leading to the loss of the three-phase
boundary®®’® and the catalyst layer peeling off as the reaction
advances, resulting in the parasitic HER due to the increased
exposure of the carbon surface.*® To address these challenges,
novel fabrication techniques for GDEs must be developed by
adjusting structural parameters and allowing for flexible
arrangement of the GDL, catalyst layer, and supporting elec-
trodes. This approach helps stabilize the GDE structure and
enhance its hydrophobic characteristics.’®

In the fabrication process, it is crucial to consider the
interaction of various factors, systematically control multiple
structural parameters and establish a balanced configuration
accordingly. For instance, the thickness of GDEs must be
tailored effectively to enhance gas delivery and electron trans-
port rates, and to regulate the electrolyte film to balance CO,
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transport resistance to the catalyst and ensure optimal ionic
conductivity within the catalyst layer. Moreover, porosity and
hydrophobicity are crucial parameters. These properties can be
adjusted by altering the hydrophobic additives and pore builder
content.®® For instance, PTFE can be used to decrease the
average pore diameter. Further, PTFE increases the contact
angle, increasing the hydrophobicity of internal pore
walls.>**3%13¢ However, since these additives are insulating
compounds, they affect the electrical conductivity of the GDEs,
necessitating the inclusion of conductive materials like carbon
black to mitigate this issue.?®

In this context, Wang et al. proposed a scalable and trans-
ferable approach for the fabrication of a carbon-based asym-
metrical hybrid GDE. Their research focused on fine-tuning the
parameters that impact the performance of carbon-based GDEs.
The proposed novel GDE configuration comprised five main
components from bottom to top: a GDL, a polyetheretherketone
(PEEK) fabric layer, a nickel mesh, a catalyst layer, and
a dispersed PTFE layer (Fig. 8b). The eCO,R was notably
improved by controlling the porosity and hydrophobicity. The
HER was simultaneously suppressed. Additionally, the GDE was
encased with two thermoplastic polyurethane rings to prevent
side gaseous leakage. Furthermore, the overall thickness of the
GDE was optimized to approximately 340 pm, with the catalyst
layer and GDL each measuring about 120 pm.*®

They demonstrated the impact of layers, porosity distribu-
tion and strategies for optimizing critical parameters to achieve
the final structure of the GDEs with improved performance and
a lower overpotential.®® When designing GDEs, it is crucial to
consider the number of layers and their thickness. Thin GDEs
with a low number of layers (such as two) are unable to sustain
high current densities. This limitation arises from electro-
wetting and flooding, which are induced by the potential-driven
decrease in capillary pressure between the electrolyte and the
GDL substrate.” GDEs with a high number of layers, such as
five, are prone to cracking during hot-pressing and heating
procedures. This cracking causes undesirable electrolyte
leakage under measurement conditions. Further, the increased
number of layers reduces CO, permeability and subsequently
lowers eCO,R activity. Optimal performance is achieved with
four-layer GDEs, as they demonstrate higher selectivity for CO,
reduction products and reduced H, evolution.*®

The porosity of the GDE is crucial for maintaining consistent
gas transport, which is essential for creating and sustaining
a three-phase boundary within the GDE. During the fabrication
process, it is essential to carefully control the applied pressure
and materials selection (the amount of pour builder (e.g,
methylcellulose) used and the type of carbon materials
employed). These factors significantly influence the porosity of
the GDE. Even though increasing the quantity of the pour
builder such as methylcellulose has minimal impact on the
porosity, the type of pour builder used has a significant impact
(e.g., latex as a pour builder improves the eCO,R performance
significantly). According to the findings of Wang et al., GDEs
fabricated with 100 bar pressure achieved the highest yields of
C; and C, products and the lowest overpotentials. In contrast,
GDEs fabricated with high pressures, such as 300 bar and 500
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bar, showed similar eCO,R activity but produced more
hydrogen.*®

The activity and selectivity of eCO,R are heavily influenced by
the characteristics of the carbon material used, such as particle
size, shape, pore structure, and hydrophobicity. The carbon
materials play a critical role as the main skeleton within the
GDE structure. They facilitate electronic conductivity across the
electrode and offer structural support.**® Therefore, when
selecting carbon materials, their ability to promote the selec-
tivity for the desired C, product in the eCO,R should be a key
consideration. The porosity of carbon materials directly impacts
cell performance, necessitating the selection of carbon mate-
rials with specific pore characteristics tailored to different
purposes (Fig. 8c). A large pore size and high porosity are
preferred for the bottom part (GDL) of the GDE to enhance
effective CO, transport through its structure and provide larger
areas of the three-phase boundary created by the solid catalyst,
liquid electrolyte, and gaseous CO, inside the GDE. Conversely,
a smaller pore size is recommended for the upper part (catalyst
layer) of the GDE to mitigate the risk of electrolyte flooding by
letting electrolyte soak. This hybrid structure of the GDE, which
employs high porosity in the GDL and less porosity in the
catalyst layer, enhances the eCO,R performance. Further, the
hybrid GDA configuration effectively reduces the hydrogen
evolution (Fig. 8d).*® In this hybrid configuration, a layer of
PEEK fabric, which is a thermoplastic exhibiting exceptional
mechanical characteristics,*” was inserted between the nickel
mesh and the GDL. This helps prevent electrolyte flooding into
the GDL, enhances the selectivity for valuable C, products and
suppresses the HER. In the study of Wang et al., additionally,
a PTFE layer was applied to the catalyst layer as the exposed
carbon active sites tended to promote the HER.?®

Although carbon-based GDLs are commonly used, they
exhibit very poor stability in CO, reduction applications.*
Flooding is the primary cause of this instability.”**° Within a few
hours of operation, the GDL often becomes flooded, leading to
reduced selectivity for CO, reduction reaction.">**** However,
the immediate onset of flooding, typically within 1 h, during
CO, electrolysis lacks a clear explanation.”® Due to the flooding,
some of the pores in the initially hydrophobic GDL become
filled with liquid. This water ingress obstructs the CO, from
reaching the catalyst's active site by extending the diffusion
path and promotes salt precipitation, which can permanently
block the pores. Consequently, flooding shifts the system's
performance towards the HER, resulting in a critical failure of
the CO, electrolysis system.”®

Flooding can be mitigated by employing a more hydrophobic
GDL. However, this approach compromises electrical conduc-
tivity. In addition, the excessive use of ionically conductive
binders essential for adhesion among catalyst particles and
between the catalyst layer and the hydrophobic substrate leads
to decreased electrical conductivity by blocking the catalytic
surface sites. Conversely, an inadequate amount of binder can
cause nanoparticle agglomeration during GDE fabrication,
leading to weak adhesion to the GDL and detachment during
electrolysis, ultimately compromising the overall stability.
Further, the chemical stability of the GDL substrate determines

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the durability of carbon-based GDEs in CO, electrolyzers.
Chemical degradation reduces the hydrophobic nature of the
pore network, allowing electrolytes to penetrate more easily
through the pores at a lower pressure difference between the
liquid and gas phases, thereby restricting the gas flow.**

Yang et al. investigated the electrochemical factors contrib-
uting to the premature flooding of carbon-based GDLs during
CO, electrolysis that is independent of eCO,R. Their findings
are crucial for designing GDEs that optimize product selectivity
and catalyst stability. It was found that the wetting character-
istics and resistance of the GDL to premature flooding depend
on the applied potential and the associated electrochemical
activity of the carbon in the GDL. Reducing the catalyst onset
potentials and maintaining operation within an optimal
potential range can extend the lifetime of CO, electrolyzers
before flooding occurs (Fig. 9a). Moreover, electrochemical
characterization of carbon GDLs, with and without catalysts,
suggests that the high overpotential required for eCO,R initi-
ates hydrogen evolution (Fig. 9b).”® At open-circuit potential, the
flooding resistance of GDEs is influenced by their material
characteristics (e.g., pore structure and wettability).*>*** Small
hydrophobic pores give high flood resistance.*>***'** The
surface becomes more hydrophilic upon the application of an
electrical potential, which is known as the electrowetting effect.
This phenomenon describes the decreasing of water contact
angle of the inner surfaces of pore network when the electrode
becomes charged during electrolysis. This allows the electrolyte
to infiltrate the pore network, hindering the gas diffusion.?****

Particularly at high current densities, GDEs encounter
flooding issues attributed to electrowetting, which typically
results in a reduced concentration of CO, at the triple-phase
boundary due to its low solubility. In the study conducted by
Song et al., to address the issue of flooding, different quantities
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of PTFE were incorporated into the catalyst ink to improve the
hydrophobicity of the B-Cu catalyst. Increasing the PTFE
content relative to the total catalyst mass resulted in enhancing
the hydrophobic properties of the B-Cu GDE. The catalyst
loading was adjusted to optimize the gas-liquid-catalyst inter-
phase. This optimization resulted in achieving a maximum FE
of 78% for C,.,, specifically 49% C,H,, 22% C,HsOH, and 7%
C3;H,0H. These results were obtained using a B-Cu GDE with
10% PTFE and a catalyst loading of 0.5 mg cm > at a current
density of —200 mA cm ™2 and a potential of —0.45 V vs. RHE
(Fig. 9¢c).*

In addition to wetting properties and microstructure,
flooding behavior depends on the differential pressure in CO,
electrolyzers with a flowing catholyte.”* Flooding can occur
when the differential pressure between the liquid and the gas
phases surpasses the interfacial forces of the pore network.*
Fluctuations in this pressure are caused by the density differ-
ence between the gas and liquid phases and can alter the local
flow regime along the GDE. When this pressure difference is
sufficient to push the electrolyte into the pore network, liquid
breakthrough occurs. Baumgartner et al. studied the effect of
GDE structure, differential pressure, and cathode potential on
the flooding and performance of gas-fed CO, electrolyzers with
a flowing catholyte. For that, six commercial GDL materials with
different microstructures (carbon cloth and carbon paper) and
thicknesses (Fig. 10a) were coated with an Ag catalyst and
evaluated under differential pressures corresponding to
different flow regimes (gas breakthrough, flow-by, and liquid
breakthrough) (Fig. 10b).*>

Their findings reveal that the cathode potential and GDE
microstructure significantly influence differential pressure, and
GDEs with a suitable structure can sustain robust CO, reduction
even in the presence of flooding and electrolyte breakthrough,
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(a) Times of flooding occurrence; empty circles indicate when liquid droplets first appeared, while solid circles indicate complete flooding

of the GDE. The inset displays an image of a fully flooded sample. (b) FE and partial current density for H, on Ag/GDL during eCO,RR at various
cathodic current densities. Reproduced with permission.”® Copyright 2021, American Chemical Society. (c) FE representation with different
catalyst loadings, PTFE contents, and at different potentials. Reproduced with permission.* Copyright 2021, Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.
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(a) SEM images depicting microstructures of different commercial GDE substrates. (b) Schematic illustration of flow-through regime,

flow-by regime, and GDE flooding regime, respectively, from left to right. (c) Saturation behaviour of different carbon fiber substrate structures.
Reproduced with permission.®? Copyright 2022, American Chemical Society. (d) Falling film design (left) and schematic illustration of the falling
film concept (right). Reproduced with permission.3* Copyright 2023, Elsevier. (e) FE for CO and H, of carbon-free GDE (left) and carbon-based
GDE as a function of current density (right). Reproduced with permission.*® Copyright 2023, Royal Society of Chemistry. (f) Carbon-free mesh

GDE. Reproduced with permission.” Copyright 2024, Elsevier.

provided that the gas channel is effectively drained at an
adequate rate. For most carbon papers, relatively low capillary
pressures and electrowetting effects constrain the flow-by
regime, making it difficult to maintain fluid phase separation
at commercially relevant current densities (=—200 mA cm™?),
reducing the FE. In contrast, the carbon cloth GDE maintains
high CO, reduction performance even under electrolyte flood-
ing, owing to its bimodal pore structure (Fig. 10c). When sub-
jected to pressure differentials equivalent to a 100 cm height, it
sustains an average FE for CO of 69% at a current density of 200
mA cm 2, despite continuous liquid breakthrough. When
flooding occurs, the electrolyte first fills the larger pores, which
are located between the bundles of carbon fibers. These larger
pores are more accessible and easier to drain. The liquid tends
to exit through these larger pathways before infiltrating the
smaller pores within the bundles, which are more critical for
gas transport. As a result, a considerable portion of the pore
structure remains accessible for gas transport, sustaining
electrochemical activity (Fig. 10c). Therefore, CO, electrolyzers
with carbon cloth GDEs are well-suited for scale-up, as they offer
high eCO,R efficiency while accommodating a wide range of
flow regimes.®® Grofdeheide et al. presented a falling film design
(Fig. 10d) to reduce the hydrostatic pressure in catholyte-based
electrolyzers. This helped to establish a constant pressure
between the gas and liquid sides over the height of the elec-
trode, reducing the pressure difference in the electrolyte
channel and mitigating instabilities at the multiphase
boundary inside the GDE.*'

Carbon-based GDEs for large-scale commercial product
formation still possess significant challenges.”” While current
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density, FE, and catalyst activity have reached acceptable rates
for industrial applications, only limited long-term stability has
been reported.*® Therefore, novel approaches utilizing non-
carbon GDLs are being actively explored by scientists.”
However, there is still room for significant advancements in
electrode engineering to achieve optimum performances for
industrial applications. Baumgartner et al., assessed the feasi-
bility of adopting carbon-free GDEs for eCO,R. They compared
the performance of carbon-free GDEs (97 wt% Ag, 3 wt% PTFE)
with typical carbon-based GDEs. The impact of electrowetting
on electrochemical performance was studied by evaluating FE
for CO at an industrially relevant current density (Fig. 10e). It
was found that electrowetting could lead to performance issues
in carbon-free GDEs. Until this challenge is addressed, carbon-
free GDEs may not yet be able to match the performance of
traditional carbon-based GDEs when used as cathodes in CO,
electrolysis.*

Several PTFE GDE scale-up concepts have been proposed
recently. Presenting an alternative to carbon-based GDEs, Silva
et al. developed mesh GDEs consisting of a novel, scalable type
of mesh-GDL for CO, reduction at high current densities
without mass transportation limits (Fig. 10f). They have
designed a sandwich-structured electrode (Cupesh—PTFEgjcer—
CUmesn) composed of a continuous layer of Cu mesh (Cupesn)
interfaced with a PTFE filter. This structure effectively increases
flooding resistance without compromising conductivity, with
a reported eCO,R activity of up to —500 mA cm 2. Its metallic
structure enables the conduction of large currents and provides
enhanced durability due to its capacity to readily undergo in situ
oxidation-reduction cycles. Furthermore, the study finds that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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high partial current densities can be achieved by increasing
mesh sizes, while morphological changes and reaction-driven
electrolyte contamination remain critical factors for maintain-
ing steady performance, even when flooding is mitigated."”

Even though PTFE has been introduced to prevent flooding,
in-plane resistance due to the low conductivity of PTFE-based
GDEs has hindered scalability.®*® The size of this type of elec-
trode has been limited to 1-5 cm?, as electrical current is
delivered through edge contacts that rely solely on the in-plane
conductivity of the thin catalyst layer. In the case of thick
catalyst layers, it must be ensured to have sufficient in-plane
conductivity.® Overcoming this challenge, novel current collec-
tors have been designed to enable scale-up.* Filippi et al. have
proposed a novel multifunctional metallic current collector
design that allows direct, multipoint front contact of catalyst
layers coated on PTFE-based cathodes, facilitating the reliable
scale-up of PTFE-based GDEs to =100 cm” (Fig. 11a). This helps
minimize performance losses, even in cathodes with high
resistivity. The flow-field functionality in a monopolar plate
configuration effectively reduces the electrolyte gap distances to
enhance system performance. This design significantly
advances the development of larger CO, electrolyzers for scale-
up processes while maintaining high FE in eCO,RR.*

5.1.2 Microenvironment tuning. The microenvironment at
the electrode-electrolyte interface during electrocatalysis also
plays a vital role as electrocatalytic reactions occur in the
nanoscale space at this electrified interface.'*' Interface engi-
neering and electrolyte optimization serve as effective micro-
environment tuning strategies, enabling precise control over
local physicochemical parameters. To enhance the efficiency of
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the eCO,R process, surface modification at the electrode-elec-
trolyte interface using compounds such as solvated alkali metal
ions, charged organic surfactants, and polymers have been
investigated. Such modifications play a key role in regulating
the interfacial properties, especially the charge distribution and
hydrophobicity. For instance, electrocatalysts can be modulated
using anionic and non-ionic surfactants. To induce surface
modifications, the anionic surfactant sodium dodecyl sulfate
can be employed, as it influences the dispersion and morpho-
logical characteristics of electrocatalytic particles. In nano-
material synthesis, non-ionic surfactant polyvinylpyrrolidone
can be used as a capping agent to stabilize the structure,
maintain the defined morphology, avoid particle agglomera-
tion, and mitigate irregular growth.”* Furthermore, to enhance
the highly active catalytic regions, creating a semi-hydrophobic
microenvironment within the catalyst layer is crucial. To ach-
ieve this, researchers have explored the incorporation of rigid
colloids, such as PTFE or SiO,, into the catalyst layer.”® CO,-phil
microgels with amine moieties in their structure are another
compound added to the catalyst layer to tune the microenvi-
ronment. They differ from commonly used colloids and possess
highly tunable physical and chemical properties, high CO,
storage capability, and a 3D structure that creates well-
constructed triple-phase interfaces. These unique properties
facilitate the increase of local CO, concentration, leading to
enhanced reaction rates.* Rabiee et al. have utilized the rational
design of CO,-phil microgels with pyridine-based amine moie-
ties to tune the microenvironment of PTFE-based GDEs for
ethylene production (Fig. 11b). This facilitates improved CO,
availability, enabling stable selectivity at high current densities
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(@) The cell design with the monopolar plate current collector. Reproduced with permission.® Copyright 2024, American Chemical

Society. (b) Schematic illustration of the GDE consisting of a catalyst layer, modified with microgels, and a carbon black top-layer on the PTFE
substrate. (c) Effect of microgel addition and the geometry of microgel addition to the GDE (upper) and microgel crosslinking ratio on ethylene
selectivity (lower). (d) Schematic illustration depicting the formation of triple-phase boundaries and the solid—electrolyte interface in the
microgel 3D structure and proximity of the catalyst. Reproduced with permission.?® Copyright 2024, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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(700 mA cm ) and the increased FE (56%) for ethylene
production compared to GDEs without microgels (Fig. 11c).
These favorable observations can be attributed to the hetero-
cyclic amine backbones in the microgels, which serve as CO,
micro-reservoirs within the catalyst layer, enhancing CO,
availability. Further, due to 3D structure, CO, availability and
catalytic activity are balanced through the crosslinking ratio of
the microgels (Fig. 11d).>°

Optimizing the electrolyte composition can also influence
the eCO,RR."* Surfactants can be utilized to refine the elec-
trolyte composition. This enables effective regulation of ion
distribution and optimizes the CO,/H,O ratio, thereby
enhancing mass transfer at the electrode-electrolyte interface.
For example, dodecylphosphonic acid and its analogues
modulate the interfacial H-bond environment on Ag nano-
particle electrodes. These surfactant additives promote the
hydrogenation of CO, to *COOH, increasing CO production and
suppressing the kinetics of HER.”> Another important surfac-
tant is cetyltrimethylammonium bromide (CTAB), which facil-
itates enhanced charge transfer and increased local CO,/H,0O
ratio. Under an external potential, CTAB molecules are absor-
bed onto the electrode surface, forming a dense layer with
a hierarchal structure through charge interactions. Particularly,
this ordered assembly at the electrode-electrolyte interface
regulates the interfacial water, thereby creating a hydrophobic
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microenvironment that limits the local proton availability for
the HER.”>*** Further, the energy barrier of *CO desorption is
significantly reduced.*” Therefore, the effect of CTAB on charge
transfer and HER suppression was studied by Kuang et al. They
utilized Ag HFGDEs (Fig. 12a) to investigate this phenomenon
by introducing CTAB as the electrolyte additive to modulate the
microenvironment at the electrode-electrolyte interface. Their
results demonstrated that due to the CTAB additive, GDE can be
operated in a wide potential range at high current densities for
CO production and achieved FE > 90%. These enhanced
performances are attributed to the ordered arrangement of
hydrophobic long-alkyl chains in CTAB molecules at the elec-
trode-electrolyte interface, which facilitates CO, transport to
the active sites while repelling water, thereby suppressing the
competing HER.*

Incorporating halide ions into the electrolyte solution
significantly enhances catalyst performance by forming
a structured layer on the electrode surface. This process opti-
mizes the local electronic environment and promotes the
adsorption of key intermediates, thereby improving eCO,R
performance."** This phenomenon will be further discussed in
Section 5.2.4. Most reduction reactions are carried out under
strongly alkaline conditions.” GDEs operating in alkaline
aqueous electrolytes demonstrate high activity and selectivity
towards target products (such as CO), and this is attributed to
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(a) Ag HFGDE in a CTAB containing catholyte. Reproduced with permission.?? Copyright 2024, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim. (b) Cross-sectional SEM image of covalent organic framework-PFSA adlayer on PTFE-Cu substrate. (c) Schematic illustration of
interfacial reactions and proton transport dynamics near the catalyst surface. (d) Schematic illustration of the functionalized covalent organic
framework designed to regulate ionomer structure and the transport of ions and gases in the catalyst microenvironment (left) and amphoteric
covalent organic framework structure and its sensitivity to changes in surrounding acidity (right). (e) FE of various products at different current
densities. Reproduced with permission.**” Copyright 2023, Springer. (f) SEM image of the PTFE-modified carbon fibre GDL. (g) SEM image of the
electrode after coating with an Au/C nanoparticle film. (h) Schematic illustration of the three-phase contact electrochemical cathode (above)
and the gas-liquid—solid three-phase interfaces of a three-phase contact system for eCO,RR (below). Reproduced with permission.*¢ Copyright

2020, Springer.
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reduced ohmic drops,”>*** favorable electrode kinetics,**** and
suppression of water electrochemical reduction as a side reac-
tion.™* However, planar GDEs operating under alkaline condi-
tions are prone to carbonation-derived blockage and reduction
in hydrophobicity, resulting in flooding, particularly at high
current densities, affecting eCO,RR and catalyst stability.*>***¢
The significant non-faradaic consumption of CO, in alkali
electrolytes limits CO, diffusion and mass transfer.*® To
address this, investigations have been conducted on optimizing
the structure and micro-environment of electrodes, including
factors such as layer thickness, electric field, and pressure, to
enhance the effective CO, concentration at interfaces.*®
However, exploring gas-liquid-solid three-phase interfaces is
difficult due to the limited understanding of interfacial struc-
tures and CO, transport behavior under nonequilibrium
conditions. This is due to the necessity of simultaneously
considering the rate of CO, consumption by electrochemical
reactions and the supply of CO, from the bulk to the electrode
surface.?®

Moreover, the loss of CO, reactants can also be identified as
a major challenge in neutral electrolytes. Therefore, acidic
electrolytes offer a potential solution to addressing these issues.
However, the proton-rich environment near the catalyst surface
promotes the HER, reducing the energy efficiency for multi-
carbon product formation. Mitigating the above problems,
Zhao et al. have reported a method to control the catalyst
microenvironment in strongly acidic conditions, achieving FE
75% for multicarbon product formation at 200 mA cm™ 2. They
employed a heterogeneous catalyst adlayer consisting of cova-
lent organic framework nanoparticles and cation-exchange
ionomers (perfluorinated sulfonic-acid (PFSA)) (Fig. 12b). The
catalyst adlayer limits proton influx at the catalyst-electrolyte
interface, enhancing local alkalinity (pH > 11) to favor C,
product formation while maintaining effective ion
conductivity (Fig. 12c). The imine and carbonyl-functionalized
covalent organic framework structures modulate the ionomer
arrangement, forming uniformly distributed cation-carrying
and hydrophilic-hydrophobic nanochannels (Fig. 12d).**” This
composite structure restricts proton transport to the hydrophilic
nanochannels and promotes the accumulation of potassium ions
at the catalyst surface, enabling a kinetically favourable local
environment for efficient CO, activation (FEecor > 85%)
while suppressing HER (FEy, < 15%) (Fig. 12e)."” Furthermore,
researchers have focused on achieving efficient CO, conversion
at ampere-level current densities by tailoring the CO,
electrocatalytic = microenvironment through  three-phase
interface engineering.'*

The wettability of gas-liquid-solid interfaces is another
crucial factor to consider, attracting significant interest as the
surface wettability of electrodes is intimately related to the
catalytic rate of various electrochemical reactions that involve
gas-phase reactants.”>"*® Changes in wettability across gas-
liquid-solid interfaces can significantly alter gaseous reactants
and products transportation and the interaction between cata-
lytic sites and electrolyte ions. These variations play a crucial
role in influencing gas diffusion and electron transfer
processes, which are key factors determining the kinetics of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrochemical reactions."* Therefore, for the rational design
of more efficient eCO,R systems, exploring wettability control to
simplify the complex variables in three-phase contact systems is
essential. This approach enables investigation into the rela-
tionships among interfacial structures, CO, transport, and CO,
electroreduction.

In this regard, Shi et al. demonstrated the impact of wetta-
bility on eCO,R using a typical Au/C electrode model. The PTFE-
modified carbon fiber paper with an external water contact
angle of 151 £ 2° has been employed as a superhydrophobic
porous GDL (Fig. 12f). The catalyst layer with an average
thickness of 1.2 + 0.1 pm was fabricated by applying Au/C
nanoparticles as a thin film (Fig. 12g). The catalyst layer was
supported by the carbon fibers while preserving the internal
pores of the GDL unobstructed. This architecture is vital as it
enables the rapid and continuous transport of gaseous CO,
from the bulk gas phase to Au active sites through the porous
electrode. It demonstrated the Cassie-Wenzel coexistence
wetting state which is the ideal interface structure for eCO,R
that maintains 80% of the initial CO, concentration at the
interface, operating at current densities above 100 mA cm 2.
This caused enhanced stable interfacial CO, transport in high
current densities and ensured effective contact between cata-
Iytic active sites and the electrolyte.*

Furthermore, their research findings highlighted that in
three-phase contact systems (Fig. 12h), the efficiency of eCO,R
at high current densities is significantly affected by the CO,
concentration at interfaces. This concentration is primarily
controlled by the efficiency of CO, mass transfer across inter-
face structures. Facilitating the efficient transport of CO, from
the bulk phase to the optimized three-phase interfaces is critical
for stabilizing the non-equilibrium CO, concentration at inter-
faces. This is essential for achieving effective CO, reduction
performance at high current densities, minimizing diffusion
limitations.*

5.2 Transition to HFGDEs and their progress

Although the typical planar GDEs are adopted over traditional
planar electrodes (including mesh electrodes)'° to enhance the
mass transport at the reaction interface through concentration
diffusion, enabling efficient eCO,RR, the subtle triphasic
interface configurations still lead to limited performance
stability. As discussed in previous sections, this instability is
often mainly due to mass transfer degradation caused by
flooding and salting out, hindering their practical scale-up.***
Further, traditional planar GDEs, which consist of multiple
components, intricate configurations,”®*** and additional
device support,”® are difficult and complex to fabricate."*****
Complex manufacturing procedures require different steps for
GDL and catalyst layer and restrict the active area by the
electrochemical reactor's size. Increasing the electrolyzer's area
in such systems typically requires adding more GDE stacks in
a multilayer configuration.® This complexity can limit their
potential for large-scale use.***~*** Additionally, the binders used
in these electrodes may degrade over time during long-term
electrolysis, negatively affecting the stability and performance
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of CO, reduction.®®**?> Therefore, there is a need for more robust
and easier-to-manufacture GDEs.***

In recent years, researchers have paid increased attention to
the different geometric architectures of GDEs to overcome the
limitations associated with planar GDEs. In this regard, hollow
fiber (microtubular) GDEs, which are self-supported three-
dimensional GDEs with gas penetration structures,”® have
emerged as a promising alternative for CO, electro-
reduction,’**** addressing some of these challenges.'* This
tubular design offers a significantly higher surface area'***>**3¢
compared to planar GDEs having the same volume,'* enabling
the effective loading of diverse and dense electrocatalysts for
eCO,RR,” making them well-suited for large-scale applica-
tions® and rich three-phase boundary for gas-liquid reac-
tions,®*"*® unique three-dimensional porous structure
promoting efficient mass transfer via flow-through modes,*****”
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and simplified component.”®® Further, it facilitates the
increased local CO, concentration and inhibits the flooding
effect due to the bilateral pressure difference of the hollow fiber
wall, leading to forced CO, diffusion to the active sites.’** Most
importantly, the unidirectional mass transfer in HFGDEs
prevents the development of carbonate blockage of gas trans-
mission channels under strongly alkaline conditions, which
would otherwise significantly limit CO, diffusion.” Consid-
ering the different electrode structures that emerged for eCO,R
from planar electrodes and 3D electrodes with special shapes
(e.g., tubular electrodes, spherical electrodes, and hollow fiber
electrodes) to planar GDEs and HFGDEs, the HFGDE has been
identified as the most promising candidate so far for enabling
industrial applications of eCO,R. This relevance primarily
stems from their mature fabrication technique, stable and
robust unitized configuration, porous structure, and adjustable
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(@) Schematic illustration of the Cu flow-through GDE system for CO, electroreduction (left), CO, diffusion and electrochemical

conversion of CO, within the GDE (right). Reproduced with permission.**® Copyright 2024, Springer. (b) Cross sectional view (above) and close-
up view (below) of different electrodes. (c) FE of different electrodes for several products at the current density of 100 mA cm~2. Reproduced
with permission.*®* Copyright 2023, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Cross-sectional views of almost solid (AS), porous (P),
and hybrid (H) electrodes, respectively, from left to right. (e) Reactor configuration and associated material flow paths in flow-through (blue) and
flow-by (orange) operation modes. Reproduced with permission.**® Copyright 2024, Elsevier. (f) Morphology of Cu hollow fiber; SEM image of
the outer surface (left) and cross-section SEM images (right) with low (upper) and high (lower) magnification. Reproduced with permission.**?
Copyright 2021, Elsevier. (g) Morphology of Ag hollow fiber; optical image and SEM images of cross-sections (upper) and SEM images of the
outer surface (below). Reproduced with permission.®® Copyright 2022, MDPI, Basel, Switzerland. (h) Schematic illustration of the preparation of
enhanced CO,-distributed HFGDE (P-HFGDE is pristine 2D Zn nanosheets deposited Cu hollow fiber, and ECD-HFGDE is enhanced CO,-
distributed HFGDE). (i) FE and partial current density for CO within 26 h. (j) Flooded pores (upper) and CO, transportation and eCO,RR with
dissolved CO, (lower); partially wetted pores (upper) and CO, transportation and eCO,R in optimized triple-phase boundaries (lower); and dry
pores (upper) and eCO2R in gas—catalyst interfaces (lower). Reproduced with permission.2® Copyright 2025, Elsevier.
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shape.**® Particularly, HFGDEs featuring a porous hierarchical
wall can modulate the triple-phase reaction zone, thereby
enhancing the performance of eCO,RR."® The need for a sepa-
rate gas chamber in planar GDEs has been effectively addressed
by HFGDEs, which utilize the lumen side of the hollow fiber as
the gas chamber. This facilitates the direct feeding of CO, into
the inner chamber, allowing it to penetrate through the hollow
fiber walls and supply sufficient CO, near the catalyst.'®

Various research groups have focused on developing
HFGDEs to enhance their electrocatalytic performance by
improving selectivity at high current densities, promoting
eCO,RR efficiency while suppressing the competing HER, and
facilitating efficient mass transfer of reactants to the catalyst
surface.’ Mustafa et al. utilized GDEs with tubular architec-
tures to enhance reaction kinetics. This approach increased the
local CO, concentration and enhanced the triple-phase inter-
face, providing abundant electroactive sites for achieving
superior reaction rates.'* Their strategy involved efficient
formate production through robust and self-supported Cu flow-
through GDEs (Fig. 13a). The reported high formate FE (76%)
and current density (265 mA cm %) at —0.9 V vs. RHE in
0.5 mol L™" are attributed to the porous structure of Cu flow-
through GDEs. Further, stable operation over several hours
has been achieved through the combined phase inversion and
calcination process.”® Economically viable GDE designs have
become increasingly important for the commercialization of
eCO,R technologies. In this regard, as a cost-effective alterna-
tive to noble-metal catalysts for CO production, Liu et al
developed an architecturally optimized Zn HFGDE. The
distinctive penetration effect of this electrode facilitated local
CO, enrichment and rapid replenishment at the active sites,
achieving a CO FE exceeding 90% and maintaining stable
operation for 110 h at a current density of 800 mA cm™2.**° The
fundamental structure of HFGDEs has undergone significant
architectural modifications to overcome challenges and achieve
more efficient CO, reduction performance. The subsequent
discussion highlights the major advancements underlying
these structural innovations.

5.2.1 Pore structure modelling. The unique penetration
effect that forces CO, to disperse and penetrate through the
abundant pores on the HFGDE wall,"** leads to enhanced
interface reactions and oriented mass transfer.'*>'*° This aspect
has given much attention when exploring industrial scale
applications targeting enhanced eCO,RR kinetics by over-
coming mass transfer limitations."*® Therefore, precise manip-
ulation of pore structure is crucial. The inhomogeneous pore
geometry of HFGDEs presents challenges, leading to poor CO,
distribution and, consequently, limited current density due to
poor reaction kinetics and competing HER. Tuning the pore
structure and post-treatment strategies can be used to address
this issue. However, tuning the pore architecture of HFGDEs is
a complex process that requires balancing multiple parameters
of the fabrication process (e.g., the ratio of polymer binders to
metal powders, the type and size of metal powders, and the
sintering temperature and duration), and post-treatment stands
out as a promising strategy. Moreover, this approach facilitates
modulation of the electrode wettability, enabling more uniform
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CO, delivery, higher current density, and improved eCO,R
activity.”® To boost the eCO,RR while mitigating the competing
HER, Weber et al. developed tubular copper GDEs fabricated via
selective laser melting (SLM). The porosity, pore diameter, and
electrochemically active surface area of the generated pore
network were tailored using the laser hatching strategy
(Fig. 13b). Their findings revealed that modifying the pore
network structure has a direct impact on the eCO,RR, leading to
approximately a 30% reduction in competing HER (Fig. 13c).
Therefore, a dominant eCO,R process was reported at current
densities of 100 mA cm 2.1

In another study, Weber et al. explored tubular 3D printed
Cu GDEs (solid, porous, and hybrid porous) in a continuous
flow reactor to control the mass transfer by manipulating flow
conditions. They studied the effect of GDE wall thickness and
evaluated different electrode arrays to identify favorable layouts
(Fig. 13d). Moreover, they studied the effect of gas supply on
catalyst performance: the flow-through mode, where CO, is
actively forced through the porous electrode walls, and the flow-
by mode, in which diffusion is the governing transport mech-
anism (Fig. 13e). The hybrid porous electrodes in flow-through
mode demonstrated superior performance due to enhanced
CO, mass transfer to the catalyst surface. In flow-by mode,
electrodes exhibited reduced performance dominating HER,
likely caused by the substantial electrode wall thickness and
prolonged diffusion pathways. They successfully operated the
reactor at high current densities, reaching up to 500 mA
cm 258

Utilizing a phase-inversion/sintering process, Zhu et al. have
reported a Cu hollow fiber of GDE for formate production with
a FE of 80% at high current density (210 mA em?) and high
yield compared to other Cu structures (e.g:, foil and foam). This
Cu hollow fiber, composed of metallic Cu with hierarchical pore
structures, provides a robust self-supported GDE without any
binder (Fig. 13f).'** The hierarchical morphology enhances
mass transfer and the exposure of active sites.'®> By forcing CO,,
molecules to penetrate through the porous wall, CO, activation
and strong interactions with the active sites are achieved,
promoting formate production.™ Li et al. also used this strategy
of forcing CO, through porous electrode walls for better pene-
tration utilizing gas flow-through configuration. They developed
a silver hollow fiber electrode (Fig. 13g) as a novel self-supported
GDE for efficient and stable CO, electroreduction to CO with
excellent electrocatalytic performances, suppressing competi-
tive HER and facilitating CO, reduction kinetics. The reported
FE of over 92% at current densities above 150 mA cm™> was
achieved in 0.5 M KHCO; for over 100 h. These favourable
observations can be ascribed to the unique pore structures,
which provide abundant active sites and efficient mass
transport.*

Pore accessibility is a critical factor for GDEs, and pore
utilization can be enhanced by controlling the wettability
through pore structure modification. Chen et al. have developed
a facile strategy to enhance CO, distribution and the triple-
phase boundary formation. Their approach involved incorpo-
rating a hydrophobic agent (e.g., PTFE) to reduce pore blockage
and enhance pore utilization for gas diffusion, leading to
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reduced pore capillary pressure and enhanced CO, distribution
(Fig. 13h). 5 wt% PTFE water solution treatment was applied to
pristine 2D Zn nanosheets deposited Cu hollow fiber, resulting
in improved current density and FE for CO (Fig. 13i). This can be
ascribed to the reduction in the number of flooded pores and
the enhancement of CO, distribution due to optimal electrode
wettability (Fig. 13j).

5.2.2 Surface engineering. The surface reconstruction of
electrocatalysts in HFGDEs is a facile strategy to enhance the
efficiency of eCO,R. This has been studied by Kuang et al.,
developing a porous microparticle Ag-based HFGDE via an in
situ electrochemical oxidation-reduction method. They have
reported good performance with FE of 94% for CO and a partial
current density of 83.4 mA cm . These favorable outcomes can
be attributed to surface reconstruction, which lowers the acti-
vation energy barrier of the rate-limiting step in the initial
electron/proton transfer.'”® Further, nanoengineering of
electrocatalysts is a highly effective strategy for modulating the
eCO,RR pathway and tailoring product selectivity.**® Utilizing
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Review

this technology, Chen et al. have developed HFGDEs with zinc
crystal facets controlled nanosheet catalysts for syngas
production (Fig. 14a)."* The production of syngas requires
a dual-active-site catalyst capable of simultaneously promoting
the HER and the electrocatalytic conversion of CO, to CO."*"'%*
To regulate the syngas ratio, the facet control of metal or metal
oxide electrocatalysts is an effective method. Zn, in particular, is
a strong candidate for syngas generation by adjusting the
proportion of Zn (101) to Zn (002) facet.'* The Zn (101) facet is
favoured for CO production, as it exhibits a lower energy barrier
for eCO,RR and a higher energy barrier for the HER. In contrast,
the Zn (002) facet predominantly facilitates HER.'*® Using CTAB,
a controllable, facile surfactant-assisted method was employed
to electrodeposit the facet-oriented Zn nanosheet catalyst on the
Cu HFGDE. CTAB influences the nucleation and crystal growth
of Zn ions on the GDE during the electrodeposition process,
resulting in controlled modifications of surface free energy and
tuned Zn crystal growth orientation. A current density of 73.3
mA cm ™~ and a high syngas production rate of 1328.6 pmol h™*
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Fig. 14 (a) Zn nanosheet-controlled HFGDE (left) and SEM images (right) of Zn nanosheet hollow fiber (upper) and Zn-controlled nanosheet
hollow fiber (below). Reproduced with permission.*®* Copyright 2024, Elsevier. (b) Schematic illustration of HFGDEs and growing nanocubes on
the outer layer (upper), FESEM image of Cu cube HFGDE with nanocubes covering the surface and XRD of pristine and Cu cube HFGDEs,
respectively (lower). Reproduced with permission.®” Copyright 2023, Elsevier. (c) SEM images of cross sections of Ag hollow fiber and activated Ag
hollow fiber, respectively (upper), and SEM images of the outer surface of Ag hollow fiber and activated Ag hollow fiber, respectively (below). (d)
Schematic illustration of CO,-disperser mode, the non-CO,-disperser mode, and CO partial current densities at the two modes, respectively. (e)
FE for CO and H,, and total current densities over the potential range of —0.35 to —0.89 V. Reproduced with permission.*>* Copyright 2022,
Springer. (f) SEM images of surfaces of Ag HF (upper) and defect-rich silver nanosheets HF (lower). (g) Reaction pathway of the CO, conversion
into CO on defect-rich silver nanosheets HFGDE. Reproduced with permission.?”® Copyright 2025, Elsevier.
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cm 2 were achieved, attributed to the sufficient CO, supply at
the catalyst/electrolyte interface, facilitated by the hierarchical
structure of the HFGDE and the abundant active sites provided
by the well-connected zinc nanosheets.'**

The flow-through gas delivery configuration allows the gas to
be in complete contact with the electrolyte on the outer layer of
HFGDESs, causing the interactions between CO, and OH . This
has resulted in the application of HFGDEs for eCO,RR being
restricted to non-alkaline electrolytes. However, this limitation
is unlikely in CO reduction reaction due to the inherent stability
of CO in alkaline media and is expected to achieve high current
densities.”” Furthermore, the migration of CO, to the anode side
as carbonates causes CO, loss.'” CO is the key reaction inter-
mediate towards C,. compounds for eCO,RR, with high selec-
tivity, reaction rates, and improved stability. The
electroreduction of CO, to CO is much more effective and is
being commercially deployed.*** CO production through eCO,R
is regarded as one of the most promising processes in the
chemical industry due to its favorable technical and economic
feasibility."®® These facts have established CO reduction as
a promising approach for C,. production following CO,
reduction to CO.%” The two-step conversion of CO, — CO and
CO — C,, products offers several advantages over direct CO,
electrolysis to C,. products. In the CO-to-C,; conversion
process, formic acid and CO, which interfere with C,. produc-
tion in eCO,RR, are not generated.'® Rabiee et al. have devel-
oped Cu-based HFGDEs for efficient CO reduction to C.
products by tuning the Cu catalyst shape morphology and
promoting the orientated growth of nanocubes on the outer
surface of HFGDEs through electrodeposition (Fig. 14b). High
current densities (>470 mA cm~> for ethylene) and FEs of Cy,
products (>90%) were achieved in 1.0 M KOH electrolyte. These
outstanding performances were attributed to the efficient C-C
coupling and the high C,, selectivity of copper nanocubes with
dominant Cu (100) lattice facet.®”

Even though HFGDEs have provided the best configuration
for the eCO,R process to achieve economically viable electro-
chemical CO, conversion, they still offer limited current
densities (=200 mA cm?).°® To achieve stable high current
densities, Li et al. developed an HFGDE with hierarchical micro/
nanostructures composed of metallic silver (Ag) through
electrochemical redox treatment to rearrange the ordered
nanorods on the surface (Fig. 14c). It acts as a CO, disperser
(Fig. 14d), enhancing three-phase interface reactions and mass
transfers due to the interactions between CO, and the active site
of the hollow fiber wall while penetrating through the hollow
fiber wall under a limited gas diffusion environment."*® Opti-
mizing the CO, transport channel on the surface of HFGDE:s is
a practical approach to improving reaction efficiency, as the
surface structure of the hollow fiber strongly influences CO,
mass transfer.”*® The reported modified Ag HFGDEs exhibited
high FE for CO (~93%), a high current density of ~1.26 A cm >
at the potential of —0.83 V (vs. RHE) (Fig. 14e), and extended
longevity (168 h).** Further, the surface structure and compo-
sition significantly affect the active area, catalytic capacity,
product selectivity, yield, and formation path of products.
Different electrodeposition methods can achieve different

© 2026 The Author(s). Published by the Royal Society of Chemistry
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surface structures, and post-treatment processes can be used to
form varying electrode components.***

At varying current densities, factors such as catalyst activity
and CO, availability influence the eCO,R process differently.
Understanding these effects is crucial when designing GDEs,
particularly for applications aimed at industrial-scale imple-
mentation. The catalyst activity primarily controls eCO,RR
performance at lower current densities, whereas sufficient CO,
supply becomes critical for sustaining high selectivity and
suppressing the HER under industrial conditions. To study this,
Chen et al. developed HFGDEs with in situ grown, defect-rich
silver nanosheets (Fig. 14f). They reported a CO partial
current density of 381.8 mA cm™? at a total current density of
500 mA cm >, The abundant defect sites in the silver nano-
sheets enhance CO production by stabilizing the *COOH
intermediate (Fig. 14g), and the HFGDE configuration ensures
sufficient CO, delivery to the active sites."”®

In further studies, researchers found that as wettability
critically affects the microenvironment, a balanced electrode
surface with both hydrophilic and hydrophobic regions is best,
as it supports proper interaction of all three phases. This is
because a superhydrophilic electrode surface can cause exces-
sive wetting of the GDE, leading to pore blockage and flooding
of the gas transport layer, whereas a superhydrophobic surface
may hinder adequate contact between the electrolyte and the
electrocatalyst. In this regard, Rabiee et al. proposed an inno-
vative approach to creating distinct wetting regions on a dual-
layer HFGDE by depositing a bismuth-embedded carbon
nanotube (CNT-Bi) catalyst layer onto a Cu HFGDE (Fig. 15a),
enabling efficient CO, reduction to formate. Here, in situ
electrochemical oxidation was employed to modulate the
wettability of dual-layer HFGDESs, thereby controlling the extent
of electrolyte infiltration into the CNT layer and establishing
a dual-region hydrophilic-hydrophobic environment. The
current density of ~150 mA cm ™ with FE of >90% for formate
production (Fig. 15b) was achieved due to the formation of
enriched triple-phase interfaces (Fig. 15c¢), the presence of
nanocatalysts, a conductive CNT scaffold, and the generation of
finer gas bubbles as the CO, passes the CNT layer. The devel-
opment of hydrophilic-hydrophobic regions within the CNT
layer, along with abundant microchannels for CO, transport,
fosters a well-regulated microenvironment that facilitates the
formation of highly efficient triple-phase interfaces.'*

5.2.3 Alloying. The synergistic effects of alloy catalysts have
been employed to enhance the FE and current density of
HFGDEs."”" The efficiency of metal electrocatalysts is closely
linked to their valence state, and the presence of oxide species is
critical. However, the oxide valence of some metals, like Sn,
shows instability under cathodic conditions, leading to a loss in
efficient long-term performance. In this scenario, alloy electro-
catalysts offer superior physiochemical stability, ensuring sus-
tained performance during prolonged electrolysis. For example,
the stability of Sn-coated HFGDEs can be enhanced by synthe-
sizing a selective CuSn (bronze) outer layer on the Cu HFGDE. It
improves the selectivity, suppresses the HER, and offers a lower
overpotential to achieve optimal product formation.** However,
with existing methods, such as depositing powder foam alloy
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catalysts, achieving a self-supporting GDE with a uniform and
distinctive alloy coating and strong catalyst-substrate interfa-
cial binding is challenging. This issue arises from several
factors, including the difficulty of achieving uniform catalyst
powder deposition on HFGDEs with a small diameter, the
electrical resistance of the interface of the deposited layer and
the GDE substrate, and the use of ionomers (e.g., Nafion), which
can block pores and cover active sites, thereby reducing catalytic
activity by preventing electrolyte wetting. Rabiee et al. intro-
duced a method for the controlled fabrication of alloy elec-
trodes with the desired phase to enhance product selectivity and
long-term stability. They employed electrodeposition and
thermal aging process to develop bimetallic HFGDEs with
distinguished alloy phases (Fig. 16a). To achieve this, the
electrodeposited Sn and Cu layers are converted into Cu;Sn or
CueSns single phases, and the distinctive formation of these
phases is controlled by monitoring Sn layer thickness and the
aging duration. The resulting significant roughness and
improved wettability of the alloy surface can be attributed to Cu/
Sn atom transfer within the Sn layer and Cu substrate during
aging and alloy formation. They achieved FE > 80% for formate
production and a partial current density of 136 mA cm ™2 with
Cus;Sng HFGDE.'*

As previously discussed, CO is used as a starting material to
synthesize a wide range of basic chemicals, including ammonia,
phosgene, and alcohol.** However, the more negative reduction
potential required for CO production leads to the HER on the
cathode. This can be mitigated using a highly efficient electro-
catalyst with high intrinsic activity and selectivity for CO
production or a suitable electrode configuration.'”® In this
regard, Chen et al. developed a Cu HFGDE with a catalyst
composed of hierarchical sub-nano AgZn bimetallic nano-
sheets, providing numerous active sites and enhancing charge
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transfer (Fig. 16b). The synergistic effect between Ag and Zn
enhances the adsorption binding energy of COOH* interme-
diate, leading to reduced charge transfer resistance and fast
eCO,RR kinetics for CO formation. This has resulted in a high
partial current density of 82.5 mA c¢cm > and a high CO
production rate of 1364.5 pmol h™' em ™2 at applied potential
—1.3 V vs. RHE."® Bimetallic interfaces on GDE surfaces
represent an effective strategy for modulating eCO,RR path-
ways. Applying this concept, Ma et al. developed bimetallic Cu-
Bi microtubular electrodes with tunable interfaces for the effi-
cient electroreduction of CO, to formate (Fig. 16c). Out-
performing monometallic Cu HFGDEs, these bimetallic Cu/Bi
HFGDEs demonstrated enhanced performance, including
>90% FE for formate across a low potential window (—0.9 to
—1.1Vys. RHE), and an excellent formate partial current density
more than five times higher. These favourable observations can
be ascribed to the increased number of active sites and the
lower charge transfer resistance.'”

5.2.4 Halide modulation. Halide ions optimize the elec-
trical states and product distribution, and regulate the
adsorption of key species, leading to enhanced eCO,RR
performances.** Halide ions can be incorporated either by
adding them to the electrolyte, which enables specific adsorp-
tion on the electrode surface,*** or through direct modification
of the electrocatalyst with halide species."” Zhu et al. reported
a halide-modulated hollow fiber Cu penetration electrode for
efficient C,. production by eCO,RR reaching ampere-level
currents. The electrode exhibited notable C-C coupling capa-
bility by modulating the electronic states through halide ion
coordinated adsorption. It demonstrated a FE of 68.8% at 2.1 A
cm ™2 in 3.0 M KI and remained stable during 120 h electrolysis
at 2.0 A cm 2 These superior performances are due to the
combined effect of penetration effect and halide ion

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Bimetallic HFGDEs with distinguished alloy phases. Reproduced with permission.*®® Copyright 2021, Elsevier. (b) Schematic illustration

of preparation of sub-nano AgZn bimetal nanosheets on Cu HFGDE (upper) and surface SEM images of Cu hollow fiber, Zn nanosheet hollow
fiber and AgZn bimetal nanosheet hollow fiber, respectively, from left to right (below). Reproduced with permission.’** Copyright 2024, Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Schematic illustration of bimetallic Cu—Bi microtubular electrode and formation of Cu/Bi interface
at the triple-phase boundary. Reproduced with permission.*”> Copyright 2025, Elsevier. (d) Serially arranged Ag and Cu hollow-fiber penetration
electrodes. Reproduced with permission.*>® Copyright 2023, Elsevier. (e) Schematic illustrations of CoPc catalyst immobilized carbon nanotube-
interconnected hollow fiber. Reproduced with permission.*”® Copyright 2024, American Chemical Society. (f) SEM image of the cross-section of
carbon HFGDEs modified with an unsaturated Ni—N, coordination structure. (g) Performance characteristics of carbon HFGDE with unsaturated
Ni—N, coordination: FEs for CO and H, under various potentials (left) and long-term stability at a potential of —1.0 V vs. RHE (right). Reproduced

with permission.?”®> Copyright 2025, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

coordinated adsorption, which promotes the transfer of elec-
trons to CO,, reduces the C-C coupling energy, and suppresses
proton adsorption, thereby reducing hydrogen evolution.'**
Overcoming limitations such as low selectivity and unde-
sired side reactions associated with direct CO, electroreduction
into C,, products, Dong et al. have utilized stepwise electro-
reductions of CO, to CO and then to C,; products, presenting
prospects for efficient eCO,R for high-value C,. chemicals."”®
They have developed a virtue of serial Ag and Cu hollow-fiber
penetration electrodes (Fig. 16d), leading to highly efficient
CO, electroreduction to C,, products with a partial current
density of 1.8 A cm™? and a FE of 90.5%. These superior
performances can be attributed to the synergetic combination
of the unique penetration effect induced by hierarchical micro/
nanostructured hollow fiber configurations and regulated
electronic structures induced by chloride ion adsorption, which
leads to favorable CO dimerization.”®® Wei et al. developed

© 2026 The Author(s). Published by the Royal Society of Chemistry

chlorine-doped SnO, nanoflowers on three-dimensional nickel
hollow fibers to achieve superior electrocatalytic activity for the
reduction of CO, to formate. They reported a CO, single-pass
conversion rate of 93% at 2 A cm > and excellent stability,
maintaining a formate selectivity above 94% for 520 h at
a current density of 3 A cm™>. These enhanced performances
are attributed to the incorporation of chlorine into SnO,, which
promotes better electron transport and stronger CO, adsorp-
tion, thereby substantially lowering the energy barrier for
*OCHO intermediate formation and enhancing formate
generation.'”*

5.2.5 Carbon materials integration. The development of
carbon HFGDEs with efficient CO, electrocatalytic performance
remains relatively underexplored and poses significant chal-
lenges. They hold great promise for eCO,R due to their abun-
dance, high stability, and easily tunable structures.'”® Further,
to reduce the cost of mass production and improve the practical
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application at scale, scientists have focused on carbon-based
hybrid gas-penetrable electrodes with integrated structures as
an alternative to electrodes that use high-purity metals. In this
regard, Zhang et al have developed a carbon-based gas-
penetrable electrode for the electrosynthesis of CO by immo-
bilizing cobalt phthalocyanine (CoPc) molecular electrocatalyst
on the surface of a carbon nanotube-interconnected hollow
fiber (Fig. 16e). Here, enhanced CO, mass transfer and the
abundance of well-defined triphasic reaction interfaces enable
a maximum partial current density of 153.4 mA cm™ > at —0.93 V
vs. RHE, achieving a peak FE of 96.5% and maintaining stable
performance for at least 20 h.*”®

The incorporation of heteroatoms such as nitrogen (N),
phosphorus (P), or sulfur (S) into carbon frameworks can
modify the local electronic environment, converting inert
carbon into active sites for CO, adsorption and conversion. In
addition, carbon electrodes can effectively support single-metal
atoms via nitrogen coordination, thereby increasing the density
of active sites and improving catalytic performance. Therefore,
to enhance the kinetics of CO, electroconversion to CO, Wang
et al. developed carbon HFGDEs modified with an unsaturated
Ni-N, coordination structure (Fig. 16f). In particular, the

View Article Online

Review

unsaturated Ni-N, coordination with symbiotic Ni, clusters
significantly reduced the energy barrier for the formation of the
key intermediate *COOH, achieving a FE of 91.0% and excellent
stability for CO generation over 100 h at —1.0 V versus RHE
(Fig. 16g)."”*

It can be witnessed that continued innovation in GDE design
has resulted in a variety of structural modifications that
enhance mass transport, improve electrochemical perfor-
mance, ensure long-term operational stability, and ultimately
support industrial-scale application. Fig. 17 depicts the
different GDE architectures that have been developed over
recent years, and Table 1 summarizes the key advancements in
GDE architecture and associated performance outcomes.

According to Table 1, the highest performances have been
achieved using HFGDEs, with maximum reported current
densities reaching 3.2 A cm™? for CO and 2.1 A em™ > for C,.
products. Further, FE of up to 100% for CO and 90% for C,.
products have been reported. In terms of operational stability,
the longest durations reported are 168 h for CO production,
520 h for formate production, and 120 h for C,, product
generation. Moreover, low potential values have been attained,
with the lowest reported value being —0.45 V. It is important to

&1
=
bb

¢ FAAE
e atel4 Ty

(LW

Fig. 17 GDEs with different architectures. (a) Mesh GDEs, (b) carbon-based asymmetrical hybrid GDEs, (c) heteroarchitectural GDEs, (d) self-
supported HFGDEs, (e) carbon-based hybrid gas-penetrable electrodes, (f) woven GDEs, and (g) carbon-free GDEs.
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consider that when engineering GDEs with a focus on
improving a specific characteristic, any new structural adjust-
ments or material changes can also impact other performance
metrics. Therefore, it is crucial to establish a balance and
maintain key performance parameters at optimum levels
simultaneously for proper functioning.

6. Conclusions and future
perspectives

In recent years, researchers have put considerable effort into
optimizing the structure and composition of GDEs to achieve
durable, efficient and selective eCO,R. They have concentrated
their efforts particularly on improving the GDLs, catalyst layers,
membranes, electrolytes, and interfaces within GDEs. Focusing
on these key components, they have tackled various issues such
as flooding, perspiration, salt precipitation, low selectivity, poor
stability, high overpotential, H, evolution, cathodic corrosion,
high cell resistance, etc. Significant progress in overcoming
these challenges has been made by carefully choosing appro-
priate materials and employing rational design principles to
optimize each component and its integration within the system.
Advancements have been made in engineering different
components of GDEs and in configurational changes. Particu-
larly, GDE configuration has been transitioned from conven-
tional planar GDEs to HFGDEs and various improved versions
of planar GDEs, including woven, heteroarchitectural, and
carbon-free, can be identified. These advancements have led to
achieving ampere-level current densities, high FE values, low
potentials and enhanced stability exceeding 100 h. However,
despite significant advances in the last few years, there are
multiple opportunities for further improvement. Particularly, to
enable scalable production, while factors such as selectivity and
efficiency are crucial, special attention should also be paid to
achieve stable operation for tens of thousands of hours, which
would be a practical requirement. None of the reported exper-
imental works demonstrated stability more than 1000 h.
Further, eCO,R should be more focused on C,, product
formation, which is relatively low compared to CO and formate
like C; products. Future research should specifically focus on
improving the FE for multi-carbon product formation. There-
fore, further progress in both experimental and theoretical
domains is essential to achieve a comprehensive understanding
of the CO, reduction process. A thorough understanding of the
mechanisms involved in the formation of highly reduced
products is still required, including the influence of various
factors such as potential, pH, and gas pressure on different
reaction pathways.

Catalyst advancements have taken place, including altering
the oxidation state, morphology, and exposed facets of catalysts;
utilizing bimetallic alloys; heteroatom engineering; employing
sacrificial anodes and pore builders; using carbon supports for
catalyst nanoparticles; developing hydrophobic catalysts; and
polymer modifications. Further, experimental investigations
are necessary to identify the surface reaction mechanisms,
surface reconstruction during eCO,R, and true active sites on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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catalyst surfaces that exhibit complex, multifaceted structural
features. Achieving a well-balanced interaction of intermediates
with the catalyst surface, and an adequate residence time on
active sites is crucial for certain rate-determining steps in the
formation of highly reduced products. This is critical for
assessing catalyst activity and reaction rates, which are essential
in industrial relevance. Advanced spectroscopic techniques,
including attenuated total reflection-infrared, surface-
enhanced Raman spectroscopy, X-ray absorption spectroscopy
alongside with computational methods, are crucial for eluci-
dating reaction mechanisms. Further, engineering two-dimen-
sional (2D) materials such as transition metal carbides and
nitrides (MXenes), 2D metal-organic frameworks (MOFs), and
covalent organic frameworks (COFs) can be suggested as cata-
lyst materials. Activity and selectivity of the catalyst can be
highly enhanced by regulating electronic structure and active
sites through atomic-level engineering strategies. Operating
eCO,R at commercially relevant reaction rates (current densities
= 200 mA cm > and FE = 95%) demands efficient and stable
catalysts and facile mass transport of reactants and products,
with minimized energy losses.

GDL is a crucial component within GDEs and has undergone
immense changes to improve mass diffusion and avoid flooding
and salt accumulation. Variations in GDL structure, such as
different porosities and microporous layers with different crack
abundances, as well as PTFE-based superhydrophobic porous
GDLs (carbon-free GDLs) have been reported within the past few
years. To move the eCO,R technology forward, next-generation
GDLs capable of maintaining stable performance at high
current densities are required. GDLs made from electrospun
carbon nanofibers and aerogels can be suggested as good solu-
tions for achieving tunable and ultrahigh porosity, respectively.
Even though carbon-free superhydrophobic GDLs have taken
improved attention as a viable solution for flooding issues, their
non-conductive nature and the associated challenges in current
collection have long been understudied, imposing limitations on
industrial scale-up unless viable solutions for current collection
are developed. It should be focused on uniform applied potential
in the catalyst layer and current distribution to achieve long-term
stability and product selectivity. Investigations into new current
collector designs are required for large-scale systems. Therefore,
further exploration into incorporating metallic networks to
enhance electrical conductivity and employing non-invasive
current collectors to improve current collection and distribu-
tion in non-conductive GDLs is suggested. In addition,
enhancing C,, product selectivity by directing the pathway
toward thin-layer catalysts on ultra-hydrophobic GDEs would be
a promising system to investigate.

Recently, the focus has shifted towards investigating inter-
face engineering methods, surpassing efforts in structural
design of GDEs. Advancements like achieving efficient conver-
sion of CO, at ampere-level current densities have been enabled
by adjusting the electrocatalytic microenvironment through
three-phase interface engineering. Heterogeneous catalyst
adlayers, creation of distinct wetting regions, surface modifi-
cation at the electrode-electrolyte interface, and tuning micro-
environment by adding CO,-phil microgels to the catalyst layer

© 2026 The Author(s). Published by the Royal Society of Chemistry
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can be identified as recent modifications. Moreover, gradient
wettability designs and further exploration of surface chemistry
modifications using CO,-philic compounds are recommended.
Optimizing electrolyte composition has also been utilized as an
effective strategy. Recent studies have reported the incorpora-
tion of surfactant additives and halide ions into electrolyte
solutions. For further improvements, developing electrolytes
with tunable buffering capacities to sustain pH stability at high
current densities can be suggested.

HFGDEs offer favorable prospects with significant perfor-
mance improvements, even though they still deliver limited
selectivities and stabilities for large-scale adoption. However,
HFGDEs are the most effective configuration reported so far for
eCO,R due to superior gas accessibility near the catalytic sites
facilitated by continuously delivering convective gas flow, thereby
achieving abundant triple-phase interfaces and enhanced reac-
tion kinetics. Recent studies utilizing HFGDEs reported ampere-
level current densities for C,, product formation in liquid elec-
trolytes. Porous metallic HFGDEs represent a versatile and scal-
able electrode architecture for eCO,R, and its optimization for
industry-scale applications remains an active area of research.
Future research efforts should particularly consider possible
modifications to the microstructure and microenvironment, as
well as improvements in stability. Uniform pore size distribution
is required to enhance gas flow. To achieve this, it is suggested to
utilize appropriate materials (e.g., metal powder, binders) in the
correct ratios and adjust process conditions (e.g., temperature,
duration). To avoid the flooding-related stability issues, adding
hydrophobic compounds can be recommended. Another
problem that significantly affects long-term stability is catalyst
degradation or reduced activity, and more explorations are
needed in terms of materials and fabrication. Moreover, inves-
tigations should focus specifically on hollow fiber arrays, fiber
density, and arrangement.

The rational design of GDEs, including their compositions,
morphologies, and structures, requires a comprehensive under-
standing of the structure-performance relationship. Further, the
focus should be on fabricating cost-effective and lightweight
GDEs while maintaining expected performance outcomes. The
industrial applications of GDEs and the market can be expected
to undergo substantial growth in the coming years. This growth
is driven by the rising demand for sustainable commodity
chemical production and clean energy sources, as well as
increased investments in research and development activities in
this area. We anticipate that continued and coordinated research
efforts will pave the way towards the sustainable and large-scale
production of many of our essential fuels and chemicals.
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