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Wettability-Controlled Electrocatalytic Carbon Dioxide

Reduction

Lanze Li, Jiexin Wen, Tsz Woon Benedict Lo,* Jun Yin,* and Qiong Lei*

The electrocatalytic CO, reduction reaction (eCO,RR) offers a
promising pathway for converting greenhouse gases into valu-
able fuels and chemicals using renewable energy. Beyond
advancements in catalyst and electrolyzer design, significant
opportunities lie in the strategic modulation of the gas-liquid—
solid three-phase interface (TPI) on the catalyst surface. After
revisiting the evolution from traditional liquid-solid double-
phase interfaces to advanced gas-liquid-solid TPIs, this concept
outlines major challenges in constructing stable TPIs on eCO,RR

1. Introduction

The rampant consumption of fossil fuels and the resulting CO,
emissions have precipitated severe environmental challenges,
such as climate change, sea-level rise, and ocean acidification,
compelling extensive efforts to mitigate carbon emissions
through strategies, like CO, capture, storage, and conversion."
Converting CO, into chemicals and fuels using low-carbon energy
has become an appealing approach to leverage the extreme cli-
mate change as well as the growing energy needs.”” Among dif-
ferent conversion techniques, the electrocatalytic CO, reduction
reaction (eCO,RR), especially when paired with renewable energy
sources, such as solar and wind, emerge as a promising method
due to its technical ease and minimal environmental impact,
attracting considerable research interest from both academia
and industry.””!

The eCO,RR is a complex process including multiple proton-
electron transfer steps that yield a variety of products.” These
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gas diffusion electrodes and reviews recent progress in TPl mod-
ulation through hydrophobicity enhancement. Further, achieving
a delicate balance between hydrophobicity and hydrophilicity—
optimal wettability—is crucial for optimizing TPl construction,
and enhancing overall electrocatalytic performance is empha-
sized. This work provides valuable insights for designing effi-
cient TPIs in eCO,RR and other gas-involved electrochemical
processes, contributing to advancements in sustainable energy
technologies.

products range from two-electron transferred products like for-
mate/formic acid (HCOOH) and carbon monoxide (CO) to multi-
electron transferred products, such as methane (CH,), ethylene
(C,H,), ethanol (C,HsOH), propanol (CsH,OH), etc.”! Although
current technologies can achieve high conversion for the former,
it remains challenging for the latter products due to low selectiv-
ity and insufficient stability of the catalytic system, which ham-
pers the economic viability of eCO,RR.® To overcome these
challenges, beyond advances in catalyst design and electro-
chemical cell configuration, significant opportunities remain rel-
atively underexplored in the strategic modulation of the catalyst
microenvironment.”’

For highly efficient eCO,RR, the microenvironment of catalytic
sites is crucial as the reaction typically occurs at the three-phase
interface (TPI), wherein gaseous CO, and liquid electrolytes come
into intimate contact with the solid catalyst.”® Such a TPI config-
uration allows direct delivery of gaseous CO, reactant to the cat-
alytic sites and enables the usage of a range of electrolytes with
different pH levels, significantly boosting the eCO,RR electron
transfer kinetics and paving the way for potential industrial-scale
applications.””) However, current configurations of TPl generally
suffer from poor stability and imbalanced gas/liquid supply,
which can diminish the eCO,RR activity and hinder effective reg-
ulation of product selectivity.'” The wettability of the catalyst
surface—the ability of the liquid electrolyte to maintain consis-
tent contact—is crucial for regulating the transport behavior
of gas and liquid at the TPIs, directly impacting essential pro-
cesses, such as gas diffusion and electron transfer. Therefore,
wettability engineering has emerged as a powerful knob for reg-
ulating the catalytic rate and product selectivity in eCO,RR™
Nonetheless, studying the TPI presents considerable challenges,
with current knowledge on the interfacial structures and CO,
transport behavior under nonequilibrium conditions remaining
limited."? This scenario underscores the need for a critical over-
view of the reported engineering strategies and a deepened
understanding of the wettability-controlled eCO,RR.
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In this concept, we begin by tracing the evolution of catalytic
interface configurations from traditional liquid-solid double-
phase interface (DPI) to the contemporary gas-liquid—solid TPI
in eCO,RR. After listing the major challenges associated with con-
structing TPIs of eCO,RR gas-diffusion electrodes (GDEs), we sum-
marize recent advancements in managing TPl stability and
enrichment to promote eCO,RR performance, which include
hydrophobic polymer/molecular modifications and the fabrica-
tion of hierarchical structures to enhance hydrophobicity. At
the end, we discuss current trends and future opportunities in
steering the eCO,RR reaction rate, product selectivity, and system
stability through wettability engineering. By exploring and opti-
mizing the stable wettability of catalytic electrodes, we aim to
unlock further possibilities for improving the performance of
the eCO,RR and other electrochemical processes involving gas-
eous reactants.

2. Evolution of Catalytic Interface
Configurations in eCO,RR

Traditionally, eCO,RR was assessed using H-type cells, where sol-
ubilized CO, in aqueous electrolyte is employed as the reactant.
During electrolysis, the working electrode is immersed in liquid
electrolyte, while gaseous CO, molecules are dissolved and dif-
fuse along a concentration gradient to reach the catalyst surface
for reactions (Scheme 1a), forming liquid-solid DPI around the
catalytic sites. Early studies with this cell configuration estab-
lished the fundamental knowledge frame for this field, yet the
reaction rate in such conditions is restrained due to the limited
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mass transport at higher current densities. This is caused by the
low concentration of solubilized CO, (0.033 mol L' at 25 °C) and
sluggish diffusion of CO, in the aqueous electrolyte (diffusion
coefficient te,, = 0.00176 mm?*s~" at 20 °C).”* The limiting cur-
rent density for eCO,RR on a planar electrode can be calculated
”F%"C", where n represents the number of
electrons transferred during the reaction, F represents the
Faraday constant, D, and G, represent the diffusion coefficient
and solubility of CO, in the electrolyte, respectively, and ¢ repre-
sents the diffusion layer thickness.'¥ This diffusion layer repre-
sents the interval over in which the CO, concentration
gradient decreases from the electrode surface to the bulk con-
centration. For eCO,RR in an H-cell, the diffusion layer thickness
is on the order of 100 um, leading to a typical limiting current
density around 30-35mA cm™2

To alleviate these mass transport limitations, GDEs-based flow
cells and membrane electrode assemblies (MEAs) have been
developed and are now widely used to study eCO,RR. A standard
GDE comprises two key parts: a gas diffusion layer (GDL, typically
a dense network of carbon fibers in form of carbon paper/cloth or
a polytetrafluoroethylene (PTFE) membrane), and the catalyst
layer. For carbon-based GDL, an additional microporous layer
(MPL) is commonly sandwiched between the other two layers
to prevent the catalyst from excess water. The catalyst-laden side
of the GDE interfaces with the electrolyte, while the other side is
exposed to CO, gas stream. The gaseous CO, diffuses through the
pores of the GDL and can directly reach the catalyst, forming a
gas-liquid—solid TPI, where gaseous CO, and liquid electrolytes
come into close contact and react on the surface of the solid cat-
alyst (Scheme 1b). This configuration significantly enhances CO,

using the formula ji,,, =
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Scheme 1. Schematic diagram of a) the liquid-solid DPI and b) the gas-liquid-solid TPI. Schematic illustration of challenges confronted by TPIs due to lack
of hydrophobicity: c) reduction of TPI caused by limited gas supply and increased electrolyte, d) flooding and destruction of the TPI due to MPL blockage
by excessive electrolyte, and e) decreased eCO,RR product selectivity resulting from competitive hydrogen evolution reactions (HER). lllustration of issues
arising from excessive hydrophobicity of TPI: f) Transformation of TPl into gas-liquid and gas-solid interfaces due to gas enrichment and limited electrolyte
transport, leading to a reduction in TPI. Reproduced with permission."" Copyright 2024, The Royal Society of Chemistry.

transport to the catalytic sites for efficient proton-electron trans-
fer, allowing for industrial relevant current densities well above
100 mA cm 2 and the potential stacking of electrolyzers in large
scale applications. Adoption of TPl in eCO,RR has initiated a new
era with new design guidelines and operating principles, achiev-
ing performance levels that align with commercial expecta-
tions.l"¥ To date, the partial current densities for ethylene and
carbon monoxide production hit ampere level,"¥ similar to those
of commercial water electrolysis reactors.

Apart from increasing reaction current density, TPl also provides
a platform to regulate catalytic activity,">'® product selectivity,"”
and stability™®'® through varying the supply of CO, and protons.
For example, Han et al. demonstrated that the CO,/proton ratio
can be modulated by controlling the accessibility of water to the
TPl on the copper-based catalyst surface, and that a change in
the CO,/H,0 ratio can enable a reaction path switch from ethylene
to ethanol (Figure 1a)."® This occurs primarily because the modu-
lation of TPI alters the coverage of *CO and *H, subsequently influ-
encing the kinetics of proton transfer and ultimately affecting the
catalytic activity and product selectivity. Li et al. optimized the gas-
catalyst—electrolyte TPl to enhance active site exposure and improve
mass/charge transport, while preventing electrolyte flooding during
eCO.RR on an indium nanosheets electrode.*” By enabling control
over the local concentrations of CO, and protons and facilitating the
formation and stabilization of CO,*~ intermediates, this approach
achieved a remarkable Faradaic efficiency (FE) of 96.3% toward for-
mate with a maximum partial current density over 360 mA cm 2
and negligible selectivity degradation after 140 h of operation in
10020M KOH solution, surpassing the state-of-the-art indium-based
electrocatalysts (Figure 1b,c). Both examples illustrate the pivotal
role of TPl in eCO,RR catalytic performance.

Chemistry—Methods 2025, 5, 202400080 (3 of 13)

3. Current Challenges of TPIs in eCO,RR

Although the implementation of TPl in GDE-based flow cells and
MEA has greatly enhanced the eCO,RR performance, there are
still challenges remaining. 1) In GDEs, the catalyst particles are
easily wetted by the electrolyte during electrochemical reaction
due to the lack of hydrophobicity, which damages the TPI and
decreases the catalytic efficiency (Scheme 1c).2" For example,
Cross et al. examined reactions involving gas-liquid phases on
the surface of several solid catalysts, emphasizing that the wet-
tability of nanostructured materials plays a crucial role in their
effectiveness as catalysts.*? Excessive wetting of the catalyst sur-
face by liquid reactants can diminish the number of active sites,
subsequently compromising the catalytic activity; 2) In more
severe cases, the electrolyte may flood the pores of the GDE,
which can cause destruction of the TP, serving as the major deg-
radation factor for eCO,RR electrolyzer in high current density
operation (Scheme 1d).”® Through systematic investigation on
the flooding behavior during the eCO,RR, Vermaas et al. found
that when the hydrophobicity of TPl is insufficient, the liquid pres-
sure gradually increases until it surpasses the capillary force, lead-
ing to the infiltration of electrolyte into the pore network, and
thereby flooding.l"” This work highlights that enhancing hydro-
phobicity is critical for improving the TPI stability; 3) When the TPI
structure is compromised due to hydrophobicity deficiencies, the
catalytic sites experience CO, shortage caused by gas mass trans-
fer limitations, similar to the DPI situation. Under such conditions,
the kinetically favored HER rapidly dominates over eCO,RR by
severely impairing both the activity and selectivity, especially
at elevated current densities (Scheme 1e).2¥ Mougel’s study
revealed that using a nonhydrophobic GDE for eCO,RR resulted

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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Figure 1. a) Schematic diagram of the transition of the reaction pathway from ethylene to ethanol achieved through polypyrrole coating on the surface
of a copper (Cu)-based catalyst. The polypyrrole coating on the TPI increases the CO,/proton ratio, thereby enabling the regulation of catalytic activity
and product selectivity. Reproduced with permission.'® Copyright 2024, Wiley-VCH. b) Schematic diagram of regulating the CO,/proton ratio at the TPI
by adjusting the gas-liquid pressure difference on the surface of the indium nanosheets electrode. ) Stability test of the indium nanosheets electrode
at —100 mA cm~2, Reproduced with permission.?” Copyright 2023, American Chemical Society.

in FE of 24% for eCO,RR products and 71% for Hy; whilst its hydro-
phobically modified counterpart effectively enhanced the FE for
eCO,RR to 71%, suppressing that of HER within 10%.*' These
findings underscore the significant role of TPI structure in regu-
lating eCO,RR competence over the HER; 4) In certain cases,
although the hydrophobicity around the catalyst surface is rein-
forced prior to the reaction, it may gradually diminish along the
eCO,RR process as the applied electric field promotes liquid dif-
fusion, ultimately disrupting the TPL.** For example, Sargent et al.
assessed the surface wettability of bare carbon GDEs and
observed a decrease in the contact angle from 145° to 117° after
1 h of operation at —0.8 Vg (Table 1), suggesting the degrada-
tion of the electrode hydrophobicity under the influence of the
electric field.”® Electrowetting management remains a significant
hurdle for building stable TPI configurations.

Chemistry—Methods 2025, 5, 202400080 (4 of 13)

These analyses highlight that, in addition to electrocatalyst
engineering, the construction of a stable TPl is crucial for achiev-
ing high activity, selectivity, and stability in eCO,RR."" Moreover,
the current challenges with TPl deficiency primarily stem from
insufficient hydrophobicity on the catalyst surface, underscoring
the need for strategic control over the gas-liquid-solid TPI, par-
ticularly through tailoring the hydrophobicity of the electrodes.

4. Hydrophobicity Engineering in eCO,RR

To address the challenges associated with TPl deficiency, it is
essential to develop effective strategies for enhancing the hydro-
phobicity of the catalytic interface. Significant progress has been
made in regulating hydrophobicity within the TPI, leading to

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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Table 1. GDEs and their water contact angle after hydrophobic modification via different methods.

Sample name Modification method Water contact angle (after performance testing) Ref
Cu/CuO/Polypyrrole@CP Polypyrrole coating 154° [19]
Ag/PTFE-QAPPT@CP PTFE-QAPPT 129.6° [34]
CuO/PVDF@CP PVDF coating 126.4° [29]
Cu/Si0,@GDL SiO, coating 140° (140°) [31]
Cu/1-octadecanethiol@GDL 1-octadecanethiol coating 150.4° (134.5°) [35]
Cu/1-octadecanethiol@CP 1-octadecanethiol coating 153° (143°) [19b]
CuO/Nafion@Cu Nafion coating 127.11° [32]
Cu/PTFE@CP PTFE doping 150.8° (144.7°) [15]
BiOOH/PTFE@CP PTFE doping 161° [16]
Cu/PTFE@ Cu foil PTFE doping 152°+7° [47]
Ni-N,/CF,@GDL —CF,— group doping 156.3 [34]
Ag/Lipid ligands@GDL Lipid ligand doping / [39]
CoPc-NH,/octadecylamine (ODA)@CNT ODA doping 151.4° (140.7°) [48]
Cu(OH),/Nafion@CP Nafion doping 108.3 [49]
Au/PDMS@CP PDMS doping 123° [30]
Cu dendrite@CP Needle-shaped microstructure 154° [50]
Cu dendrite@Ti mesh Sharp layered structure / [42]
Cu dendrite@CP Sharp layered structure 167.9° (166.6°) [51]

substantial improvements in the mass transfer processes and
reactant affinity.?”? Consequently, the catalytic performance,
including activity, selectivity, and stability, toward eCO,RR can
be effectively modulated via well-designed surface hydrophobic
modifications.*” In this section, we categorize the methodologies
for constructing hydrophobic interfaces into two main
approaches: hydrophobic polymer/molecule modification and
hierarchical structure fabrication.

4.1. Hydrophobic Polymer/Molecular Modification

Recently, utilizing interactions between hydrophobic polymeric or
molecular species and catalyst surfaces have been demonstrated
as an effective strategy for introducing hydrophobicity into GDEs.
Specifically, it involves decorating the catalyst surface with hydro-
phobic organic molecules through methods, such as electrochemi-
cal deposition, chemical grafting, or ligand attachment. Commonly
utilized hydrophobic materials, include polypyrrole'®@ PTFE,">%
polyvinylidene fluoride (PVDF),??' polydimethylsiloxane (PDMS),"
Si0,,*" 1-octadecanethiol " and ionomers, such as Nafion,=?
Fumion,® Imidazolium.*® These materials possess low surface free
energy, imparting them with hydrophobic properties, and are fre-
quently used to regulate the hydrophobicity of catalyst surfaces.

4.1.1. Coating

Coating the catalyst surface with hydrophobic polymers has proven
to be an effective strategy for suppressing HER and enhancing
product selectivity. For instance, coating Cu nanofibers with a con-
ductive polypyrrole creates a superhydrophobic Cu/Cu,.,O/SHNC
electrode, effectively weakening the hydrogen bonding interactions
between interfacial water molecules (Figure 2a)." By facilitating

Chemistry—Methods 2025, 5, 202400080 (5 of 13)

the transfer of CO, and enhancing the local CO,/H,0 ratio, this
innovative electrode design exhibited exceptional selectivity for eth-
anol with a FE of 66.5% at —1.1 Vg in the flow cell (Figure 2b).2®
Zhao et al. investigated the impact of the electrode-electrolyte
interface on eCO,RR in acidic electrolyte by coating Ag elec-
trodes with a hydrophobic cation-ionomer modification layer com-
posed of quaternary ammonia poly (N-methyl-piperidine-co-p-
terphenyl) (QAPPT) and PTFE (PTFE-Q electrode), and found that
PTFE significantly enhanced the hydrophobicity of the GDE by
restricting water diffusion and maintaining a higher local pH near
the electrode surface® This PTFE-Q electrode achieved a maxi-
mum FE of 95.6% toward CO at 100 mA cm~2 in an acidic anolyte
(0.1 mmol L= H,S0,) with a low concentration of alkali-metal ions
(0.1 mol L' K;SO,).

In addition to polymers, hydrophobic molecules are also
employed for this purpose. Wang et al. introduced an “armor pro-
tection” strategy by depositing an ultrathin hydrophobic SiO, layer
onto the Cu surface (Cu/SiO,), effectively imparting hydrophobic-
ity, while preventing structural reconstruction of Cu and preserv-
ing the oxidation state of Cu®" active sites during eCO,RR
(Figure 2¢).B" The ultrathin SiO, layer also inhibited the accumula-
tion of K* ions on the catalyst surface and restricted the diffusion of
in situ generated OH™ ions away from the electrode, thereby pro-
moting the generation of C,,. products. This approach achieved an
impressive C,, FE of 76.9% at 900 mA cm~2 under strongly acidic
conditions (pH = 1). Sun et al. imparted water-barrier properties on
the porous Cu surface by coating with 1-octadecanethiol, resulting
in a superhydrophobic Cu-GDL, which provided an FE of 87%
toward C,, products at a partial current density of —1.6 Acm2
during acidic eCO,RR (Figure 2d,e).5!

This method involves covering the catalyst surface with
hydrophobic polymers (e.g., PTFE, PVDF, PDMS) to form a

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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Figure 2. a) lllustration of the preparation process of Cu/Cu,,,0/SHNC electrode. b) FE of different products and current density at different potentials dur-
ing eCO,RR with Cu/Cu,,,0/SHNC electrode in a flow cell. Reproduced with permission."? Copyright 2024, Wiley-VCH. ¢) lllustration of the Cu catalyst sur-
face with and without the ultrathin SiO, layer, forming a hydrophobic and hydrophilic environment, respectively, and the corresponding FE for C,..
products. Reproduced with permission.®" Copyright 2023, American Chemical Society. d) lllustration of the superhydrophobic Cu-GDL and the correspond-
ing transmission electron microscope image for the Cu nanoneedle catalyst covered with a 1-octadecylthiol single layer. e) The FE of C,, products and H,
and potential at different current densities. Reproduced with permission.?*! Copyright 2024, Springer Nature.

protective hydrophobic layer. Typically, it is achieved via spray
coating, dip coating, or spin coating, standing out as a simple
and scalable fabrication process. The use of chemically inert pol-
ymers, such as PTFE, which exhibit strong resistance to degrada-
tion in highly acidic or alkaline environments, also ensures
excellent chemical stability. However, several limitations should
be considered. Excessive coating may block catalytic active sites,
and thereby reducing the electrochemically active surface area,
and the added layer can increase interfacial resistance, potentially
hindering electron transfer and lowering catalytic efficiency.
Moreover, long-term operation may lead to adhesion issues,
including delamination of the coating due to mechanical or elec-
trochemical stress. Another challenge lies in the limited tunability
of wettability, as most studies rely on a single polymer and mod-
ulate wettability primarily through thickness control, often result-
ing in very high or even superhydrophobic contact angles.
Incorporating a mixture of polymers with varying intrinsic wetta-
bility may offer a more flexible and effective tuning strategy. This

Chemistry—Methods 2025, 5, 202400080 (6 of 13)

method is particularly well-suited for high gas flux conditions,
such as high current density eCO,RR (>100 mA cm™), where
robust hydrophobicity facilitates stable gas transport. It is also
beneficial for hydrophilic catalyst systems, such as metal oxides
and carbon-based materials, whose interfacial properties can be
significantly enhanced through additional hydrophobic or super-
wetting®® surface modifications to ensure an adequate supply of
reactants.

4.1.2. Doping

To expand the TPI area for higher catalytic activity, while inhibit-
ing HER, interdoping of polymer/molecule, and catalysts emerges
as a promising method. Xing et al. developed a Cu/C/PTFE GDE
with a hydrophobic microenvironment for eCO,RR by dispersing
PTFE nanoparticles inside the Cu nanocatalyst layer (Figure 3a).l"*
By repelling the liquid electrolyte and maintaining gaseous CO,
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Figure 3. a) lllustration of the Cu/C/PTFE GDE configuration. b) eCO,RR partial current density of the Cu/C/PTFE and Cu/C GDE electrodes at different
potentials. Reproduced with permission."® Copyright 2021, Springer Nature. c) lllustration of the superhydrophobic Ni-N,~CF, catalyst. d) FE of CO and H,
at different potentials during eCO,RR with the Ni-N,~CF, and Ni-N, electrodes. Reproduced with permission.®® Copyright 2024, Wiley-VCH.

near the catalyst particles, the PTFE-modified electrode creates a
microenvironment with balanced CO, and electrolyte supply,
effectively stabilizing and maximizing the TPI active sites within
the catalyst layer. This significantly improves the mass transport
and kinetics of CO, electrolysis, resulting in enhanced activity
and selectivity for multicarbon (C,.,) products with a partial cur-
rent density exceeding 250 mA cm™2 at moderate potentials,
which approximately double that of the PTFE-free counterpart
(Figure 3b). Building on this concept, Sheng et al. also engineered
the TPI of a Ni-N-C catalyst for acidic eCO,RR and achieved unit
conversion to CO and a high single-pass CO, utilization of 75.7%
at 200 mA cm 257 demonstrating the broad applicability of this
approach in enriching TPI active sites and boosting eCO,RR
activity.

Interdoping of polymer/molecule can also be realized by
incorporating hydrophobic materials onto the catalysts as
functional ligands. Shu et al. introduced difluorocarbene (F,C:)
into the hydrophilic Ni-N, single-atom catalyst, enabling surface
fluorocarbonation and forming a superhydrophobic Ni-N,-CF,
electrode (Figure 3¢).%® Owing to the highly hydrophobic
microenvironment created by the —CF,— group, the HER was sig-
nificantly inhibited and an enhanced FE of over 98% for CO pro-
duction across a wide operating potential range from —0.7 to
—1.3 Vrye (Figure 3d). Ko et al. reported that partially ligand-
derived Ag nanoparticles (Ag-NPs) facilitate the smooth forma-
tion of TPI, preventing electrolyte flooding and ensuring efficient
mass transfer of gaseous CO, for eCO,RR (Figure 4b).5% The lipid
ligands prevent the splitting and detachment of Ag particles,

Chemistry—Methods 2025, 5, 202400080 (7 of 13)

ensuring consistent hydrophobicity retention in the Ag-NP elec-
trode, even at high cathodic overpotentials. This results in >90%
FE for CO at a partial current density of 298.39 mA cm 2 under a
harsh applied potential of 3.4V (Figure 4a).

Besides the aforementioned modification strategy of inter-
mixing hydrophobic polymers/molecules/functional groups with
catalysts, premodifying the GDE substrate with hydrophobic
properties is also a viable approach. For instance, Park et al.
prepared carbon GDEs with varying hydrophobicity by treating
the carbon substrate with PDMS and doping the catalyst onto the
substrate through sputtering (Figure 4¢).2” Compared with the
hydrophobic and hydrophilic counterparts, the superhydropho-
bic Au electrode yielded better formation of TPl and exhibited
a high FE of 94% toward CO production and a CO/H, ratio of
31:3 at a cathode potential of —0.7 Ve (Figure 4d).

This strategy involves physically or chemically incorporating
hydrophobic agents (e.g., carbon black, PTFE particles) into the
catalyst matrix to form a composite electrode. Compared to
surface coatings, this approach offers a more uniform distribution
of hydrophobicity, minimizing local wettability inhomogeneities,
and better preserving access to catalytic active sites. Additionally,
the inclusion of conductive materials like carbon black can
enhance electron transport pathways, improving overall conduc-
tivity. However, this method also presents several challenges.
Optimizing the doping ratio and mixing technique requires care-
ful control to avoid structural inconsistency, and excessive incor-
poration of hydrophobic agents may compromise the mechanical
integrity of the electrode. Furthermore, long-term operation can
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Figure 4. a) Stability test of the Ag-NP catalyst in a zero-gap CO, electrolyzer at 3.4V for 50 h. b) Schematics of the TPI for the designed hydrophobic
Ag-NP catalyst and the hydrophilic Ag black counterpart. Reproduced with permission.?® Copyright 2024, Springer Nature. c) lllustration of gaseous CO,
supply to the Au catalyst (left) and the TPI at the superhydrophobic Au electrode surface (right). d) FE of CO and H, during eCO,RR with electrodes of
different hydrophobicity. Reproduced with permission.®® Copyright 2019, Elsevier B.V.

result in gradual electrolyte infiltration, leading to a decline in
hydrophobic performance overtime. This strategy is particularly
suitable for medium current density eCO,RR, where a balance
between gas and electrolyte transport is critical, and for catalyst
systems with inherently low conductivity that benefit from the
introduction of conductive additives.

4.2. Hierarchical Structure Fabrication for Hydrophobicity
Building

Chemical modifications, such as attaching hydrophobic poly-
mers or molecules, face notable limitations, including the
potential to compromise the catalyst’s inherent advantages
by shielding active sites, reducing electrical conductivity,
and being prone to washout during the reaction process.“”
In contrast, nature offers ingenious strategies for achieving

Chemistry—Methods 2025, 5, 202400080 (8 of 13)

hydrophobicity to trap gases while repelling water, forming
proper gas-liquid-solid TPI for organisms survival. Ranging
from lotus leaves to water spiders, these natural hydrophobic
surfaces rely on hierarchical micro- and nanoscale structures
that create sufficient roughness."”’ Inspired by these natural
phenomena, researchers have developed novel hierarchical
structures to engineer the TPl in GDEs, significantly enhancing
eCO,RR performance.

For instance, Niu et al. reported a hydrophobic Cu catalyst
(Cu dendrites (Cu-D)) with a similar hierarchical structure of
Setaria leaves, providing a sufficient hydrophobicity to estab-
lish a robust TPI that ensures efficient CO, mass transport and
resists flooding (Figure 5a).** This design achieved an impres-
sive FE of 64% toward C,. production at 255 mA cm~?, along
with exceptional operational stability at 300 mA cm~2 for over
45h in a flow cell, significantly outperforming the wettable
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Figure 5. a) lllustration of the microfluidic CO, flow cell (left) and the stable gas-liquid-solid TPl enabled by the Setaria-inspired hierarchical Cu-D electrode
design (right). b) FEs for C,, and C; products on the Cu-D and wettable Cu-P electrodes during eCO,RR at different potentials in a flow cell. ) Stability
test of the Cu-D and Cu-P electrodes at a total current density of 300 mA cm~2. Reproduced with permission.?* Copyright 2021, American Chemical
Society. d) lllustration of the stable gas-liquid-solid TPl enabled by the hierarchical Cu CF electrode design. e) FEs for various products on the Cu CF
electrode during eCO,RR at different current densities. Reproduced with permission.*? Copyright 2023, American Chemical Society.

counterparts (Cu particles (Cu-P), Figure 5b,c). Similarly, Fang
et al. developed a Cu dendrite electrode (Cu dendrites with
an ultrastable Cu®* state and hydrophobicity (Cu CF)), where
Cu(ll) carboxylate coordination species were formed to induce
an ultrastable Cu®" state and enhanced hydrophobicity, and
observed a remarkable C, FE of 90.6% at a partial current den-
sity of 453.3mAcm~2 in a flow cell (Figure 5d,e).*? When
tested in MEA, the electrode demonstrated stable electrolysis
for 400 h at 800 mA and even achieved groundbreaking stabil-
ity during operation at a large industrial current of 10 A. In
short, hierarchical structure fabrication has proven to be par-
ticularly effective for generating abundant active sites while
imparting exceptional hydrophobicity to stabilize the TPI for
substantial eCO,RR performance improvement.

This method modulates wettability by engineering micro-
or nanoscale structural features (e.g., porous carbon fibers,
hierarchical channels, bioinspired surface roughness) rather
than introducing additional hydrophobic agents. Wettability

Chemistry—Methods 2025, 5, 202400080 (9 of 13)

is governed by intrinsic structural parameters like surface
roughness and porosity, which not only eliminate the risk of
chemical degradation or detachment but also offers strong
structural stability over extended operational periods.
Further, the increased surface area of micro/nanostructured
materials provides more active sites, thereby enhancing cata-
lytic efficiency. However, the fabrication of such structures
often relies on sophisticated techniques, including templating,
3D printing, or vapor deposition, which can increase both pro-
cess complexity and production cost. In addition, tuning wet-
tability through structure alone requires precise control to
avoid uneven electrolyte infiltration and maintains consistent
interface performance. This approach is particularly advanta-
geous in scenarios that demand long-term structural robust-
ness, such as extended electrochemical operations, and is
also well-suited for flexible or wearable devices, where both
mechanical flexibility and tailored surface wettability are
critical.
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5. Outlook for Wettability-Controlled eCO,RR.

For eCO,RR, maintaining a balanced supply of gaseous CO, and
liquid electrolyte onto the solid catalyst surface is crucial for opti-
mizing the performance. It is widely recognized that excessively
hydrophilic surfaces can lead to undesirable wetting, gas delivery
blockages, and electrode flooding. However, it is less noticed that
overly hydrophobic surfaces can repel the electrolyte excessively,
limiting proton supply and adversely affecting reaction perfor-
mance.¥! Both extremes impede the formation of a stable TPI,
preventing the catalyst from achieving its optimal performance
(Scheme 1f). Therefore, maintaining a delicate balance between

hydrophobicity and hydrophilicity, namely an optimal wettability,
plays a pivotal role in determining the catalytic performance of
eCO,RR.

Some researchers have practiced the above guideline and
pioneered wettability engineering to modulate the TPI in
eCO,RR. For instance, Rabiee et al. developed a novel wettability
modulation strategy by coating a Bi catalyst onto one layer of a
double-layer flow-through hollow fiber GDE, creating distinct
hydrophilic-hydrophobic regions (Figure 6a).”**' This design sur-
passes fully hydrophobic surfaces by facilitating mass transport,
promoting TPl formation, and maximizing active sites. The strat-
egy demonstrates stable wettability under eCO,RR cathode
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Figure 6. a) Schematic of dual-layer hollow fiber (HF) GDE fabrication with distinctive hydrophilic-hydrophobic regions and triple-phase-rich interfaces.

b) Stability test of HFGDE at —1.0 Vg in a flow reactor. Reproduced with permission.”®’ Copyright 2022, Elsevier B.V. c) FE for different products on the Cu
CF electrode during eCO,RR. Reproduced with permission."” Copyright 2024, Wiley-VCH. d) Contact angle measurements on the Cu/C/PTFE electrodes with
various PTFE loadings before eCO,RR at —1.0 Ve in the GDE cell, and e) the corresponding relationship between contact angles with PTFE doping mass
ratio. Reproduced with permission."® Copyright 2021, Springer Nature. f) Plot of average water droplet contact angles on different Au/C electrodes and
photographs of water droplets on each electrode. g) Geometric partial current density (jco) and FE for CO of Au/C electrodes with different water contact
angles at various potentials. h) Cross-sectional fluorescence images of chosen regions on different Au/C electrodes. Reproduced with permission.”®

Copyright 2020, Springer Nature.
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conditions, as evidenced by direct penetration depth measure-
ments. Compared to untreated electrodes, the wettability-
modulated electrodes obtained a catalyst utilization rate exceed-
ing 80% and a fourfold increase in formate partial current density
(=150 mAcm™2, FE > 90%), outperforming other GDEs used for
formate production in CO,RR under the same bicarbonate
concentration (Figure 6b).

Through a statistical analysis summarized in Table 1, we find
most of the contact angles in above mentioned studies exceed
150°, which correlate to superhydrophobicity. Although these
strategies have proven to be effective in enhancing the activity,
selectivity, and stability of eCO,RR, excessively high hydrophobic-
ity can introduce new challenges. Here, we examine the factors
contributing to excessively high hydrophobicity in some of the
aforementioned modification strategies and propose improve-
ment approaches to address the associated limitations and
challenges. 1) In research aimed at reducing HER, increasing
hydrophobicity consistently leads to stronger HER suppression.
While this may cause some disruption to the initial TPI
(Scheme 1f), the overall impact can still improve product selec-
tivity if the suppression of HER outweighs any adverse effects on
eCO,RR.™ This approach effectively inhibits HER and enhances
the stability of GDEs, and it could achieve even better catalytic
performance when combined with strategies for optimizing
TPl construction; 2) In studies regulating the TPl of eCO,RR
through hydrophobicity, the independent variable was always
the doping amount of polymers or molecules rather than hydro-
phobicity or wettability of the interface itself (Figure 6c-e). As a
result, even when polymer doping is scaled (Figure 6¢, PVP dop-
ing from 40% to 120%;?¥ Figure 6d,e PTFE doping from 10% to
70%"*"), the corresponding modulation of wettability is either
limited (e.g., the contact angles concentrated in a narrow range
of 141.7°-152.7° in Figure 6c) or unpredictable (e.g., abrupt jumps
from 66.9° to 144.7°, followed by minimal changes from 144.7° to
150.9° in Figure 6e). Consequently, conclusions about the optimal
wettability for TPl performance often lean inaccurately toward
excessively high hydrophobicity. This tendency arises because
increases in doping at certain stages disproportionately amplify
hydrophobicity.

To overcome this limitation, wettability itself should be
treated as the variable of interest and independent of uniform
doping levels, to uncover more meaningful insights. For instance,
Zhang et al. directly varied the wettability of Au/C GDEs by regu-
lating the contact angles and evaluated their eCO,RR perfor-
mance (Figure 6f,g)."¥ In situ fluorescence electrochemical
spectroscopy further quantified CO, transport behavior at the
interface, revealing the pivotal role of interfacial CO, transport
in maintaining stable CO, equilibrium concentrations during elec-
trochemical reactions (Figure 6h). This study, using wettability as
a direct variable, provides more valuable guidance for leveraging
hydrophobicity to optimize TPI and facilitates catalytic processes
effectively. In addition, composite hydrophobic strategies can
facilitate a deeper exploration of wettability regulation. For
instance, in coating-based methods, blending multiple hydro-
phobic polymers with intrinsically different wettabilities and care-
fully adjusting their proportions enable more precise and
versatile control of surface wettability. In doping-based methods,

Chemistry—Methods 2025, 5, 202400080 (11 of 13)

integrating materials, such as PTFE (to enhance hydrophobicity)
and carbon black (to improve conductivity), helps to achieve a
more optimized balance between hydrophobic performance
and electrical conductivity; 3) Regulating the wettability of TPIs
significantly influences product selectivity in eCO,RR, as different
products require distinct TPl environments, determined by the
specific CO,-to-proton concentration ratio needed for optimal
selectivity. For instance, it has been demonstrated that high
CO./proton ratios favor the generation of C,, products.** By
carefully tuning the TPI wettability, the CO,/proton concentration
ratio at the interface can be precisely controlled, thereby affecting
the product distribution.”? Similarly, Han et al. showed that
adjusting the CO,/proton ratio could significantly improve etha-
nol selectivity (Figure 1a)."? Thus, while regulating wettability, it
is crucial to align adjustments with the target product, ensuring
the required CO,/proton ratio is achieved for optimal selectivity.
d) In addition, the wettability of TPl may alter during the electro-
chemical testing. As shown in Table 1, although many strategies
successfully tune the GDE interface to be superhydrophobic, a
decrease in hydrophobicity is commonly observed after reaction.
This highlights the importance of considering the effects of elec-
trowetting on interfacial stability when studying TPl modulation
through wettability. Employing dielectric hydrophobic materials
is one effective strategy to mitigate these effects and maintain
interface stability.”>**! Real-time monitoring is equally crucial.
Under actual operating conditions, techniques such as electro-
chemical impedance spectroscopy and optical microscopy, can
be employed to dynamically observe wettability states.
Building on this, the development of potential-dependent strat-
egies for dynamically tuning wettability could further help main-
tain an optimal TPI during continuous operation.

Here, we highlight the pivotal role of proper wettability con-
trol in optimizing TPI construction toward further electrocatalytic
performance optimization, not only for eCO,RR but also for vari-
ous electrochemical reactions that involve gaseous reactants." "'

6. Summary

In summary, this concept traces the evolution of catalytic inter-
face configurations from the traditional liquid-solid DPI to the
advanced gas-liquid-solid TPl in eCO,RR. We outline the major
challenges associated with constructing TPIs on eCO,RR GDEs
and review recent advancements in enhancing TPI stability
and enrichment, which include hydrophobic polymer/molecular
modifications and hierarchical structure fabrication to improve
hydrophobicity. However, most current studies focus excessively
on achieving superhydrophobicity, which, while effective in
improving activity, selectivity, and stability, introduces new chal-
lenges, such as electrolyte repulsion and insufficient proton
accessibility. We identify the factors contributing to excessively
high hydrophobicity in these strategies and propose solutions
to address these limitations.

The pivotal role of wettability-controlled TPIs in eCO,RR
remains inadequately explored. To better regulate TPl through
wettability engineering, we propose the following principles:
1) Prioritize maximizing the TPI rather than focusing solely on
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hydrophobicity enhancement, HER suppression, or local CO,
concentration increase; a combination of strategies may yield
superior results. 2) Treat wettability changes as direct variables
rather than linking them indirectly to the content of hydrophobic
modification materials. 3) Leverage proper wettability modula-
tion to not only enhance TPI formation but also to control prod-
uct selectivity by optimizing the CO,/proton ratio. 4) Consider the
dynamic changes in TPl wettability during electrocatalysis and
ensures its stability alongside consistent catalytic performance.

We hope this work provides valuable insights and inspiration
for the rational design of three-phase systems for wettability-
regulated eCO,RR and other gas-involved electrochemical pro-
cesses, paving the way for further advancements in sustainable
energy technologies.
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