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Abstract

The electrochemical reduction of carbon dioxide (CO2RR) requires access to ample gaseous CO; and
liquid water to fuel reactions at high current densities for industrial-scale applications. Substantial
improvement of the CO,RR rate has largely arisen from positioning the catalyst close to gas-liquid
interfaces, such as in gas-diffusion electrodes. These requirements add complexity to an electrode
design that no longer consists of only a catalyst but also a microporous and nanoporous network of
gas-liquid-solid interfaces of the electrode. In this three-dimensionl structure, electrode wettability
plays a pivotal role in the CO2RR because the affinity of the electrode surface by water impacts the
observed electrode reactivity, product selectivity, and long-term stability. All these performance
metrics are critical in an industrial electrochemical process. This review provides an in-depth analysis
of electrode wettability’s role in achieving an efficient, selective, and stable CO;RR performance. We
first discuss the underlying mechanisms of electrode wetting phenomena and the foreseen ideal
wetting conditions for the CO,RR. Then we summarize recent advances in improving cathode
performance by altering the wettability of the catalyst layer of gas-diffusion electrodes. We conclude
the review by discussing the current challenges and opportunities to develop efficient and selective
cathode for CO,RR at industrially relevant rates. The insights generated from this review could also
benefit the advancement of other critical electrochemical processes that involve multiple complex
flows in porous electrodes, such as electrochemical reduction of carbon monoxide, oxygen, and

nitrogen.
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1. Introduction
A low-temperature carbon dioxide (CO;) electrolyzer is a technology that uses electricity to convert

CO, into chemicals and fuels, such as formic acid (HCOOH), carbon monoxide (CO), methane (CH,),
and multicarbon products (e.g., ethylene (C2H4), ethanol (C;HsOH), and propanol (CsHsO)). As the cost
of renewable electricity has fallen in recent years?, the CO, electrolyzer technology has garnered
significant interest as a strategy to reduce CO, emissions whilst producing value-added products
because this technology operates under mild conditions (i.e., near room temperature and ambient
pressure), has a modular cell design and relatively small system footprint, and provides a high degree
of flexibility for use in carbon-intensive manufacturing processes (e.g., iron making, cement, and
ammonia manufacturing). Substantial advances have been achieved in developing catalysts?®,

12-15

electrode structures®!, membranes!??®, reactor configurations®,

process design, and
optimizations'®>?’. These collective efforts have enabled the CO, electrolyzer to operate close to

commercially viable rates with good stability, and several pilot-scale electrolyzers?®-3! have been built.

The principal components of CO; electrolyzers are an anode, a cathode, and a membrane or separator,
as shown in Figure 1a. The anode is where oxidation reactions take place, with the most common
anode reaction being water oxidation (so-called oxygen evolution reaction, OER). Other anode

reactions demonstrated with CO; electrolysis include chlorine evolution3? 33

and oxidation of organic
compounds that can be coupled with CO; electrolysis®**3¢. Some of these alternative reactions require
lower overall cell voltages or produce value-added products and could potentially enhance the overall
economic feasibility.3” The water-permeable and ion-selective membrane allows transport of desired
ions to complete the electric circuit but should prevent the crossover of electrons and products
between the two electrodes. The CO; is reduced at the cathode, and here water may also be reduced
through the generally unwanted hydrogen evolution reaction (HER). The product distribution from the
CO2RR highly depends on the catalyst at the cathode. Cathode catalysts are broadly classified into
three groups based on the major products of the CO,RR*: (a) catalysts based on Sn, Bi, In, Pb to
produce formic acid; (b) catalysts based on Ag, Au, Zn, Ni, Co, Pd to produce CO; and (c) Cu-based

catalyst to produce hydrocarbons such as alkanes and alcohols.

Electrolyzer configurations have developed from the H-type cell with planar foil type electrodes to
continuous flow cells using gas-diffusion electrode (GDE) at the cathode and anode. The position of
the electrodes and membrane could be varied to optimize multiple flows (liquids, gases, electrons and
ions) in the electrolyzer and control the local chemical and physical environments close to the catalyst
surface. If there is electrolyte flowing in between the cathode and membrane, the reactor could be
called a liquid-fed electrolyzer; if there is no gap between the cathode and membrane, the electrolyzer

can be grouped into vapor-fed electrolyzers.?® 394! (Figure 1a and b). The liquid-fed electrolyzer has
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been widely used in the CO;RR studies, while the vapor-fed electrolyser is gaining more research

interest because of its minimal ohmic loss as a result of the eliminated catholyte between the cathode

and membrane.?
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Figure 1 Schematic illustrations of (a) working principle of a typical liquid-fed CO, electrolyzer and other configurations, and
(b) vapor-fed reactor configurations.

Gas-diffusion electrodes are emerging as an effective approach to increase the current densities by
overcoming the gas diffusion limitations in the cathode. In fact, the most substantial improvements in
CO, electrolyzer performance (cathode overpotential, selectivity, stability) in recent years have come
from positioning a catalyst nearby a gas-liquid interface using GDE's.**** However, engineering this
gas-liquid interface is a complex problem because the location, surface area, and stability of this
interface are affected by the wettability of the catalyst layer, use of ionomers and hydrophobic agents
in the electrode preparation, and the porous texture and surface chemistry of the support material.
In a typical carbon-based gas diffusion electrode, as shown in Figure 2a, CO; gas diffuses from the gas
chamber to the catalyst layer (CL) through a porous medium, which is normally called a gas-diffusion
layer (GDL). The GDL is often composed of a thick, porous layer with pore sizes in tens of microns (so-
called macroporous layer) and a thin layer made by a mixture of carbon black and
polytetrafluoroethylene (PTFE) with nano-sized pores (so-called microporous layer, MPL). The catalyst
layer is positioned on top of the MPL facing the electrolyte or membrane. The CL includes the active

catalyst materials for CO2RR, ionomers that facilitate ion transport and catalyst immobilization, and
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other additives such as PTFE and organic modifiers to tune the local catalyst environment. The CO,
reactant can be fed to the catalyst layer by flowing by or through the GDE. (Figure 2b) The flow-by
mode is widely used, while flow-through is recently gaining more attention, particularly for 3D-
structured electrodes such as porous hollow fibers.***” (Figure 2b) The catholyte in contact with the
cathode provides a source of protons and a sink for the produced hydroxyl ions (OH’) and CORR liquid
products. The electrolyte has a profound impact on the membrane hydration and CO.RR

performances (e.g., overpotentials and product distribution). 48>0
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Figure 2 A schematic illustration of (a) a gas diffusion electrode structure and (b) common CO; gas flow patterns of the CO,
feed in the cathode.

Despite the advancements provided by shifting gas-liquid interfaces in the systems for CO;RR, it
remains challenging to achieve a selective CO, conversion, particularly for long-term operation at high
current densities. The primary challenges arise from the poor control of multiple flows (gas, liquid,
and electrons) and local catalytic environment (e.g., pH, availability of water and CO;) in the cathode
structure throughout operation (e.g. from initial polarization to numerous hours of operation). For
example, the CO; supply to the CL is often limited by high current densities (fast consumption of the
CO, at catalyst surface) or highly alkaline electrolyte (loss of CO, due to carbonation). This CO;

starvation could lead to the promotion of competitive HER.

Another critical issue of this technology is its long-term stability. At high current densities, the liquid
electrolyte will usually imbibe or flood into the electrode pores over a short operating time. This
flooding shifts the location of the gas-liquid interface over time, and because this interface is so critical
to CO4RR, the flooding changes the balance of reactants, ions, and water available at the catalyst sites.
For example, pore invasion of the electrolyte increases the diffusion distance needed for CO,, giving
more time for the OH produced from CO;RR and HER in the electrolyte to react with CO, to form
carbonate or bicarbonate species. Electrolyte penetration into the GDL then further reduces CO,
availability and causes a gradual cathode reaction shift from CO,RR to HER. A subsequent issue related

to flooding is that the solubility limits of carbonate and bicarbonate species such as K,COs (e.g., KxCOs
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has a solubility of 8.03 mol kg™ H,O while KHCOs has a solubility of 3.62 mol kg™ H,0) are easily reached
as water evaporates into the gas phase and ions quickly accumulate within the GDL's nanopores, which
leads to salt precipitation.> Through a process similar to efflorescence®?, the crystallized salts are
distributed discretely at the GDL surface likely because of (1) their screening effect that limits water
evaporation to occur through the surface between isolated salt crystallites and (2) their porous and
hygroscopic nature that pumps electrolyte through their structure via capillary forces. As a result, the
precipitated salts (1) physically block the gas diffusion pathways in the electrode pores, (2) further
consume CO; by reacting with carbonate deposits and moisture to form bicarbonates, and (3)
accelerate electrolyte percolation. All of these further degrade the CO2RR selectivity and long-term
stability of the electrolyzers.>® > If the wettability of the electrode could be tailored to avoid such
challenges, as well as remain stable over the varied operation, vast improvements in stability and

current density are possible.

In brief, there are still substantial opportunities to engineer the positioning of micro- and nano-
interfaces to optimize the performance of CO; electrolyzers. This review sheds light on the work
completed to date to improve performances of CO, electrolyzers through wettability modifications of
the catalyst, ionomer, and support of the cathode. Figure 3 provides a high-level mind map of the
materials covered in this review and potential opportunities to optimize electrode wettability in CO,
electrolyzers. Here we do not discuss in detail the advances in understanding and developing anode
and cathode catalysts, membranes, and electrolyzer structures because there are many

5560 |nstead, we begin this review by

comprehensive reviews on these topics available already
discussing the desired wetting conditions of the GDL and CLs for CO,RR based on the current
understanding of the primary CO;RR regions and recent achievement on CO;RR performance via
wettability adjustment. Then we review the recent advances in improving CO,RR efficiency and
selectivity by controlling the wettability of the catalyst surface, the CL, and GDL at a scale from micron-

to nano- sizes. This review concludes with a discussion of future opportunities to design robust and

high-performance CO;RR electrodes in view of wettability optimization.
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Figure 3 The role of the wettability in the electrode for CO;RR and wettability modification methods to improve electrode
performance. PZC is short for the potential of zero charges. The electrode can be considered as interfaces of materials with
varied wettability. A represent hydrophilic materials such as catalyst and carbons in the electrode, and B represents
hydrophobic materials such as PTFE.

2. Fundamentals of wetting
Wetting is the most basic interfacial interaction between solid and fluid. Whether a liquid can wet a

solid surface is determined by intramolecular forces such as van der Waals and electrostatic forces (or
Coulombic forces).®! A strong intramolecular force, which is a nanoscale phenomenon, normally leads
to a strengthened solid-liquid interaction and hence a reduction of the contact angle on a macro scale.
The van der Waals forces develop at the solid-liquid interfaces and can be grouped into London
dispersion, Debye, and Keesom forces based on the arrangement of the dipole interactions.®? The
London dispersion force is generally weaker than Debye (dipole-molecule) and Keesom (dipole-dipole)
forces because it originates from random charge re-distribution in molecules with no permanent
dipoles. All these forces are highly dependent on the chemical properties of the solid and liquid such
as polarity, dipole moments, structures, and charging states. Besides, the porous structure (or

heterogeneity) and chemical heterogeneity in the GDEs further add complexity to understanding

wetting behavior.

2.1 Static wetting and capillary pressure

The classical approach to quantify the wettability of a solid is using the contact angle (6) between the
solid surface and a liquid droplet. (Figure 4a) If the liquid is water, when 8 < 90°, the surface is defined
as hydrophilic while for 6 > 90°, the surface is defined as hydrophobic. When the droplet is at
equilibrium over a surface that is flat and chemically homogeneous, 8 can be calculated from the
solid—vapor (SV), solid-liquid (SL), and liquid-vapor (LV) interfacial surface tensions (y) according to

Young’s equation®
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Figure 4 A schematic illustration of (a) static contact angle at an ideal flat surface and (b) at a surface with defect, where the
contact angle varies. The defect could be either chemical defects (corners, kinks, dopant or vacancies) or microstructure
defects (e.g., rough surface) (c) Cassie-Baxter and Wenzel wetting regimes, and electric field (denoted as E) and pressure (P)
can initiate the transition from Cassie-Baxter to Wenzel states. (d) Schematic illustration of the static wetting states in the
pore.

However, as real surfaces like the CO,RR catalyst layers are not ideally flat, the wetting behavior varies
significantly if the surface is rough or chemically heterogeneous. Chemical or microstructure defects
can pin the water at the contact line and deviate the apparent contact angle significantly, as shown in
purple regions highlighted in Figure 4b. Wenzel and Cassie-Baxter states are the two common wetting
regimes of the droplet at rough surfaces. As shown in Figure 4c, in the Wenzel state, the droplet
spreads until all the gas-solid interfaces underneath are replaced with the liquid-solid interfaces, while
in Cassie — Baxter state, there are gas pockets trapped within the surface microstructure and below
the droplet. The relations between the apparent contact angle and the intrinsic contact angle can be
described by Eq. 2 for the Wenzel state and by Eq.3 for the Cassie-Baxter state. Note that these two
models are only valid when the droplet is far larger than the surface microstructure so that the droplet

wetting behavior can rely on the averaged properties of the solid surface.®*

* ared,,,
cost) =R xcosO, R = ™ real Eq. 2
areay,,
* aredg;;
cosf =f(cosf+1)-1, f= solid Eq.3

areasohd + areaal}’

Where 6*is the apparent contact angle; R is the roughness factor of the rough surface; fis the fraction

of the solid surface of the porous surface.

According to the Wenzel relation® as described by Eq.2, in general, an increase in the surface
roughness will (a) increase wettability if the material is hydrophilic (b) but promote hydrophobicity if
the material is hydrophobic. In the Cassie — Baxter state, the gas pockets are trapped in the structure
if the following conditions are met: (1) the surface is chemically hydrophobic (Young’s angle is larger
than 90°) and (2) the surface is very rough.®® When placing a droplet onto the surface with a moderate

level of hydrophobicity and roughness (meaning that Wenzel is slightly more energetically favorable),
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one could still observe a metastable Cassie — Baxter state until the liquid nucleates a contact with the
solid surface. Such metastable Cassie — Baxter could transform to the Wenzel states if there is a
perturbation such as pressure or electric field 6”8 that overcomes the energy barrier required to wet

the inner walls within the surface texture.®®

In CO2RR, the GDE is comprised of interfaces formed by materials with different wettabilities, as
illustrated in Figure 3. The liquid phase typically includes electrolytes, liquid products and condensed
water in vapor-fed electrolyzers. If considering the GDE as a porous medium containing a network of
connected porous cylinders (Figure 4d), we could describe the capillary pressure P. by using Eq. 4, as
derived from the Young-Laplace equation, if the gas and liquid are in static conditions. The pores can
be easily filled with the liquid (or high capillary pressure) if the liquid can easily wet the solid surface.
However, this approach does not consider the effects of the electric field, which is present during

CO;RR. The effects of the electric field are discussed in the following section.

_ 2%y, cos@= 2%y = V1)
r r

Pc Eq. 4

Where P¢ is the capillary pressure and r represents the radius of the pores shown in Figure 4d.%°

2.2 Wetting under electric field

Under CO;2RR conditions, an electric double layer (EDL) structure will be formed at the solid-liquid
interface under an electric field. The solvated cations are accumulated close to the electrode to
neutralize the negatively charged interfaces. According to the Stern model, the electric double layer
comprises of Stern layer and diffusive layer. The Stern layer contains the inner Helmholtz plane (IHP)
for specifically adsorbed ions (ions with low hydration capacity) and the outer Helmholtz plane (OHP)
for non-specifically adsorbed ions. The EDL thickness is about a few nanometers’ and can be
estimated using the Deybe length of the charged bulk electrolyte. However, the Deybe length
approach may oversimplify the situation by ignoring some important characteristics such as
intramolecular interaction, ion-ion correlations and excluded volumes.” The EDL thickness is expected
to decrease in the electrolyte with concentrated ions, the high charge of the ions, and reduced ionic

sizes.

Under an applied electrical field, the liquid generally becomes easily spread over the surface in CO,RR
conditions. This phenomenon is called electrowetting. Lippmann-Young’s equation (see Eq. 5)

describes the relations between the contact angle and the applied potential. 72

1 &g 2
costp =cosfy + = =0 (E -E,.. ) Eq.5

2yd
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Where & is the contact angle under the applied electric field E; Ep,cis the potential of the zero charge;
6 is the contact angle in the absence of electric double layer; &y is the permittivity of the free space;&
is the dielectric constant of the liquid on the electrically-conductive substrate or dielectric constant of
the layer if the electrode is coated with the dielectric layer; d is the thickness of the double layer or

the dielectric layer, and normally decreases with increasing ion concentration.

The electrowetting can take place at both electrically conductive materials such as carbons and metals
and dielectric materials such as PTFE. The wettability is more sensitive to the electric field over
conductive materials such as catalysts and the carbon blacks within the GDL than over dielectric

materials. This general trend originates from: (1) generally higher dielectric constant of liquid phase

(e.g., the dielectric constant of water €., = 80 at 20 °C) than that of dielectric materials (e.g., €prrg

= 2); (2) thinner thickness of the EDLs (typically < 50nm”®73) than the dielectric PTFE coating on the
conductive substrate. This means that the dielectric hydrophobic materials in the GDEs are more
reluctant to lose their hydrophobicity under the electric field than electrically conductive metal- or
carbon-based materials. In this case, the incorporation of dielectric hydrophobic materials in the CL
could be helpful to maintain gas pathways and primary liquid-solid reaction zones. However, the
electron-conductive materials in typical MPLs could promote wetting under the electric field and thus

contribute to the commonly observed flooding issues.>® 7476

This equation also indicates that the highest hydrophobicity can be achieved at the potential of zero
charges (PZC), at which there is no excess charge at the solid-liquid interface. Deviating the electrode
potential from the PZC will charge the EDL at the interface. The potential of zero charge is a basic
property of the metal-solution interphase’’ and could vary with the surface facets, temperatures, and
composition of the surface adsorbates. For example, Cu (111) and Cu (100) have the potential of PZC
of -0.2 V and -0.54 V vs. standard hydrogen electrode (SHE), respectively. A summary of the common
PZC values of the CO,RR catalysts is provided in Table 1. The PZC can also be shifted by surface
modification: negatively charged functional groups such as sulfonate shift the PZC towards a more
positive value, while positively charged functional groups such as quaternary ammonium shift the PZC
to a negative position.”® 7° Recent modelling work highlighted the importance of the PZC in CO,RR
because it determines the effective electric field as the catalytic interface.>® # Because a negative
potential is required to drive the cathodic CO;RR, a positive PZC makes the liquid easy to spread at the
solid surface and also intensifies the interfacial electric field that drives CO, adsorption and the charge-

transfer processes.*°

Table 1 A summary of the potential of zero charge for COzRR catalysts.

| Material | CO:RR Products | Electrolyte for PZC test PZC (V vs SHE) | References
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NaF -0.60 + 0.02 51,82
- Na,SO, -0.60  0.02 51,82
KF -0.59 + 0.01 83
KNO, -0.59 + 0.02 84
NaF 20.62 +0.01 51,82
Pb(111) _ Na,SO, 20.62 +0.01 51,82
- RIERI NaF 20.62 +0.01 51,82
Na,SO, -0.59 + 0.01 51,82
NaF -0.58 + 0.01 51,82
P (e Na,SO, -0.58 +0.01 81,82
NaF -0.58 + 0.01 51,82
Pb(112) Na,SO, -0.58 + 0.01 51,82
Na,SO, -0.43 8
K»SO4 -0.37+0.02 86
pc-Sn
KCIO4 -0.39 +0.02 86
HCOO- Na,SO, 20.39 +0.01 87
Sn (001) Na,SO, -0.37 +0.01 &7
Sn (1-110) Na,SO, -0.37 +0.01 87
Sn (110) Na,SO, -0.38 +0.01 &
Bi (111) H,0 -0.434 + 0.005 83,89
Bi (-10-1) H,0 -0.34 +0.01 83,89
Bi (001) HCOO- H,0 -0.35 + 0.01 83,89
Bi (01-1) H,0 -0.35 + 0.01 83,89
Bi (2-11) H,0 -0.33+0.015 83,89
NaF -0.70t0 -0.72 %0
NaClO, -0.744 + 0.005 a1
o hg LiCIO, 20.69 + 0.01 %
-0.678 £ 0.015 93,94
Na,SO, -0.703 + 0.015 %
-0.66 + 0.02 %
NaF -0.454 +0.010 50,97
Ag (111) co KF, NaF -0.460 + 0.002 %8
KF -0.609 + 0.002 %8
Ag (100) NaF -0.621 + 0.005 50,99, 100
NaBF,.LiCIO, -0.734 + 0.005 101,102
Ag (110) NaF -0.734 + 0.005 103
Ag (311) NaF -0.664 + 0.005 104
Ag (331) NaF 20.670 £ 0.010 104
Ag (210) NaF -0.750 + 0.010 105
pc-Au NaF 0.20 2
NaF 0.56+0.01 102
H,S0, 0.56+0.01 106108
Au(111) HCIO, 0.55+0.01 109
HCIO, 0.47+001 110
co NaF 033001 T
Au (100) H,S0, 0324001 106108
HCIO, 0.29+0.01 110
NaF 0.19 +-0.01 102
AL HCIO, 0.19+0.01 110
Au (210) NaF 011001 102
Au (311) NaF 0.25+0.01 102
oz NaClO, -0.92 12
Kl -0.91 13
Zn (0001) co NaClO, 20.90 + 0.01 114,115
Zn (10-10) NaF + camphor -0.85 £ 0.02 114,115
Zn (11-20) NaF + camphor -0.87 £0.02 114,115
NaF 0.09 116
pe-Cu CaHa NaF 0.50 17
NaF -0.01 18
Al CH KCIO4 20.20 + 0.01 119
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NaF -0.04 us
Cu (100 CH
u (100) 2 KCIO, -0.54 £ 0.01 119
NaF -0.071 ik
Cu (110) C2 product NaClOs -0.69 +0.01 119
KF -0.125 120
Graphite KCl -0.175 120
KBr -0.220 120
Carbon nanotube N/A NaCl 0 79
Single graphene Kcl -0.14+0.003 11
nanoplatelets
Activated carbon NaCl 0.605 (V vs Ag/AgCl) 78

The liquid surface tension used in Eq.5 is mainly used to estimate the contact angle under a certain
electric field. With the surface tension removed, the second term constitutes the electrochemical
capillary pressure (ECP), as described in Eq. 6, generated in a microchannel with length / and channel
cross-area (A) to move the liquid.'?? Jones 2% argued that this term describes the electromechanical
force due to the non-uniformity of the electric field because this term is independent of the contact
angle or meniscus shape and can also be derived from lumped parameter model or Maxwell stress
tensor. Therefore, the electrochemical capillary pressure generated within the CLs and MPLs could be
one of the driving forces for electrolyte penetration. Similarly, we expect the liquid tends to wet pores
with electrically conductive surfaces than those constructed by dielectric materials. Instead, the
reduction of the intrinsic contact angle under the electric field is a result of the re-distribution of the
charges at the interface and change of the interface tensions!?* and could be another driver for the

increase of the electrode wettability at CO,RR conditions.

l e 2
ECP = 270 (E-E,.) Eq. 6

Additionally, the electric field could induce changes in both the liquid and solid phases. In the liquid
phase, it is well known that pH, cations, anions and liquid behavior can vary significantly under CO,RR
conditions, and these liquid properties can impact the wetting of the catalyst layer. Section 3.1
provides a detailed discussion of the effects of liquid properties such as pH and ion types on the

125, 126

electrode wetting conditions. Additionally, an electric field can effect surface chemistry and

127132 of the solid phase, which will impact wetting conditions. Yang et al.’s ” reported

morphology
such effects observed in experiments with X-ray photoelectron spectra to detect the loss of C-F bonds
and increase in the concentration of oxygen species at the GDL surface after exposure to cathodic
conditions, and this effect may explain the loss of the wettability in the CLs. These recent observations
are consistent with Shapoval et al.’s reports from the mid-1980s on the degradation of PTFE under

cathodic conditioning.’®? In Section 3.2, we discuss in more detail the possible impacts of the electric

field on the solid phase.
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The total charge passed during CO2RR could also play a role in electrolyte seepage in the electrode
structure. Leonard et al.>® reported a single sigmoidal curve relation between the accumulated charge
and the electrode wetting (reflected by the degradation of CO mole fraction in the gas phase or
increase of the EDL capacitance). (Figure 5a and b) The trend is similar to the water saturation —
Leverett J-function (i.e., a function describing the capillary pressure, liquid tension, porosity, and
permeability) in GDLs used for PEM fuel cell electrodes.’®* (Figure 5c) The non-wetting phase
saturation indicates the ratio of the volumes of non-wetted pores to the total pore volumes. The GDL
substrate normally contains most of the pore volumes due to its significant thickness and large pores
(usually in micro size). When the electrolyte invades and occupies the pores in the GDL, it will block
the gas transport significantly and leads to the observed degradation of the CO selectivity in Leonard
et al.’s experiment.>® In this case, the decrease in the non-wetting phase saturation becomes
noticeable, like the case shown in Figure 5c. Their similarity highlights the potential link between the
CO product selectivity and the pore saturation conditions in the GDE, where the accumulated charge

plays an essential role.
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Figure 5 The relationship of (a) CO product mole fraction in product gas and (b) measured capacitance of the electrode with
the total charge during CO2RR. Reproduced from 53 with permission from John Wiley and Son, copyright 2019. (c) Leverett J-
function correlation with the non-wetting phase saturation over different GDLs with water or octane, and the simulated
results based on van Genuchten and Brooks-Corey models. Reproduced from 134 with permission from Elsevier, copyright 2006.

2.3 Efflorescence at CO2RR gas-diffusion cathode

As discussed in the introduction, the OH ions produced by the cathode reactions tend to react CO; to
form less soluble salts such as carbonates, which usually precipitate as efflorescences in the electrodes
at a high local pH (e.g., high current densities, alkaline electrolytes or anion exchange membrane-
based MEA with limited water). 2> 5* > The salts are normally porous and hydrophilic and hence
increase the capillary pressure that accelerates electrolyte flooding in the electrode by drawing water
into the GDE pores. The ion types and concentration of the electrolyte play a role in determining the
nucleation and growth of the efflorescence. For example, Cofell et al.>* reported that CsOH-based
electrolyte leads to the formation of small and well-dispersed crystals electrode at the electrode
surface, while KOH-based electrolytes render large and segregated precipitates at CO,RR conditioning

at 200 mA cm™ over Ag-based GDEs. The authors believed that the observed trend mainly results from
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the solubility of the salts and the hydration of the cations. It is as expected that salts with a lower
solubility (e.g., KHCOs has a lower solubility than CsHCOs) will nucleate when their local concentrations
exceed their solubility limits. A high ionic concentration of the electrolyte increases the surface
coverage and sizes of the precipitated crystals. In addition, strongly hydrated cations (e.g., small and
highly charged cations) are difficult to remove water molecules from their hydration shell, slowing the
nucleation process and thus resulting in discrete and large crystals. The authors also reported a
significant salt precipitation related degradation of the CO selectivity at high current densities, i.e., the
electrode with small salt deposits has a less negative impact on CO;RR selectivity than the one with

large salt deposits.

2.4 Desired wetting conditions for CO2RR gas-diffusion cathodes

Within a typical GDE, the pore structure of the GDL (including macroporous layer and MPL) is designed
to be gas wet to allow fast diffusion of CO, to CL and gaseous product to the gas bulk. Conversely, the
CL should be wet or partially wet by the electrolyte, which serves as the source of protons and sinks
for liquid products such as hydroxide ions, formate, and alcohols.” *° However, the current

understanding or description of the ideal catalyst wetting conditions still remains ambiguous.

One popular description of the desired CL wetting state is the CL structure with many gas — liquid —
solid triple phase boundaries (TPBs). This description originates from (1) the fact that CO,RR requires
the CO, and protons as reactants and a sink for liquid products and (2) the common observation of

enhanced CO;RR reactivity and selectivity over CLs with a moderate increase of hydrophobicity.1261%

1137 argued that the co-existence of Wenzel state and Cassie-Baxter states (i.e.,

For example, Shi et a
moderately hydrophobic CLs) are ideal wetting conditions for CO,RR to produce CO. Their conclusions
are mainly based on the correlation between CO,RR performance, and ex-situ confocal laser scanning
microscopy (CLSM) results over Au/carbon black-based CLs with various wetting states, which were
achieved by treating the carbon black with fluorinated silane (Au/C-F) or air plasma at various
durations (Au/C-P-0.5 and Au/C-P-2.5). (Figure 6) They confirmed from the CLSM results that the CL
hydrophobicity decreases in the order Au/C-F (Cassie-Baxter) > Au/C-P-0.5 (co-existence of both
states) > Au/C-P-2.5 (Wenzel) (Figure 6d-1f), and from the CO,RR tests that Au/C-P-0.5 shows superior
performance than the rest two analogs. Note that the samples Shi et al. used for CLSM
characterization were prepared by pressing the CLs onto a droplet of 1M KOH aqueous solution
labelled with fluorescein, which cannot truly reflect the wetting conditions under a cathodic potential.

Nevertheless, this work is a step forward in understanding the ideal wetting conditions of CL for CO,RR

experimentally.
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Figure 6 Confocal laser scanning microscopy 3D reconstructed images for (a) Au/C-F, (b) Au/C-P-0.5 and (c) Au/C-P-2.5. (d)
Cross-sections of fluorescence images of the regions of (a-c) labelled by the black lines. (e) the fluorescence intensity profile
as a function of z-direction at the regions labelled with yellow arrows in cross-areas shown in (d). (f) Statistics of the fluoresce
decay distance from the entire region of the image (d). (g) Schematic illustration of the wetting conditions of Au/C-F, Au/C-P-
0.5, and Au/C-P-2.5. Au/C-F are Au and carbon black treated with fluorinated silane, and Au/C-P-x denote Au/carbon black
that is treated with air plasma for x min. Reproduced from 137 with permission from Springer Nature, copyright 2020.

Nevertheless, the triple-phase boundaries' role in CO,RR or even the TPB locations in the GDEs (i.e.,
either within the CL or at the CL — GDL interfaces) are not explicitly described. If the triple-phase
boundary is the primary reaction zone, as shown in Figure 7a, the CO2RR should involve CO; adsorption
at dry catalyst surface and migration of either adsorbed CO; species at gas-solid interfaces or hydride
ions from the liquid-solid interfaces. However, these two steps are not energetically favorable because
(1) the CO, adsorption at the dry metal surface is weak (e.g., it requires a pressure of 33 atm to allow
CO; adsorbs at Cu(111) at 25 °C) °, and (2) the CO; diffusivity along the dry surface (a level of 108
1 )43

cm? s1)* is much slower than through the liquid phase (at a level of 10°cm? s1).%* 132 Despite a faster

CO, diffusion in the CO; film (i.e., the interphase between CO, gas and water, denoted by the grey
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color region at the gas-liquid interface in Figure 7a), the contact between the film (only about 0.5 nm
thick) and catalyst surface is too limited to serve as the primary reaction regions.**  Further critical
discussion of the dominant phase boundaries within a uniform porous catalyst layer for CO,RR can be
found in the recent perspective by Nesbitt et al.*}, who critically reviewed the dominant phase
boundaries within a uniform porous catalyst layer for CO,RR. The key conclusions drawn by Nesbitt et
al. include: (1) the CL pores should be filled with liquid under CO,RR conditions (Figure 7b); (2) the
liguid—catalyst interfaces within the CLs are the dominant reaction regions in an atomistic scale; (3)
the reaction zone was expected to be 10 — 1000 nm in size extending from the catalyst surface to
ensure sufficient CO,, water supply and fast OH" migration. These conclusions are consistent with the
statements of the earlier work by Weng et al.*?and Burdyny and Wilson** (co-authors of Nesbitt et al.'s

perspective).

electrolyte /C02 film b
pr8c|i_1|1_ct C:Oz
(-.-.." [COZ]* *
H,0 eeeed “X: ¥
c d ideal CL wetting condition
_ hydrophobi
flooded wet pavr\-/tle%"y gas_so"d
“” “ ~ interface
TPBs— -
o~ 4 e

Figure 7 Schematic illustration of (a) potential pathways for CO; transport to the catalyst surface at TPBs, (b) possible wetting
conditions at the pores of the homogenous CL, (c) potential wetting conditions in the CL structure, and (d) the desired wetting
condlitions for the CL pore. (a) and (b) are reproduced from 43 with permission from American Chemical Society, copyright
2020, (c) is reproduced from 43 with permission from American Chemical Society, copyright 2020, and (d) is adapted from 42
with permission from The Royal Society of Chemistry, copyright 2020.

Additionally, Weng et al.*?

pointed out that the CO, concentration is not significantly higher in the gas
phase (42 mM at 20 °C and 1 atm) than in water (33 mM), which cannot explain the significant
improvement of reaction rates by at least an order of magnitude over GDEs than over planar electrode
immersed in an electrolyte.”* 133 Instead, this enhancement over GDE can be considered to be a result

of (1) the shortened CO, diffusion distances in the liquid film from 40 — 160 um *** 3> t0 0.01 — 20 um
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42,13 and (2) an increased density of active sites per geometric electrode area. Again, note that the

relatively thick hydrodynamic layers (0.01 — 20 um) at the catalyst surface makes the CL pores
(typically less than a few hundred nanometers in size) ¥4 hardly maintain a wet pore condition (i.e.,
the pore surface is wet while gas still transports through, as depicted in Figure 7c) as proposed by

1.*2. This statement is particularly true if there are no hydrophobic additives such as PTFE

Weng et a
in the CLs or a high capillary pressure to enable the gas to displace the filled liquid within the CL
pores.*® If the catalyst pores are filled with electrolyte, the TPBs should be limited at the CL — GDL
adjunctions. Hence changing CL thickness is expected to have minimal impacts on the CO,RR activity
if TPBs are the main reaction regions in CLs. However, it is contradictory to CO,RR results obtained by

Wu et al.'¥, Dinh et al.”%, and Qi et al.1*, where changes to catalyst layer thickness show an impact on

CO;RR performance, meaning that TPBs cannot be the primary reaction regions for CO2RR.

Presuming the primary reaction zone is located at the liquid-solid interfaces as discussed by Nesbitt
et al.*3, we could consider a revised explanation for the reported enhancement of CO,RR activities
over reports which utilize the moderately hydrophobic CLs?® 42143 effectively creating a ‘wet’ and
‘partially wet’ scenarios illustrated in Figure 7c. The enhanced activity over GDEs is likely related to (1)
the shortened diffusion length for CO; in the liquid phase to reach catalyst surface near the bulk
electrolyte and (2) the extended gas-solid interfaces and TPBs across the CL structure, as illustrated in
Figure 7d. Here the solid phase of the extended gas-solid interfaces and TPBs are non-reactive
additives such as PTFE and carbon materials, rather than the catalytically active phases as we
mentioned for the homogeneous CLs that are only made of catalyst materials. These gas-solid
interfaces and TPBs embedded within the catalyst layer could provide gas-wet pathways for gaseous
CO; and products transport. Meanwhile, the liquid-wet pathways within the CL could provide access
for the electrolyte and CO3RR liquid products (e.g., OH™ and formate ions) to migrate between CL and
bulk electrolyte by crossing the locally distributed catalyst-liquid reaction zones. These gas-wet
pathways within the CL can be constructed by incorporating hydrophobic additives such as
alkaethiol®*> and PTFE particles'*® 42 in between the catalyst sites in the CLs. The liquid-wet pathways
can be created at catalyst pores or by using hydrophilic additives such as air-plasma-treated carbon
black!®” and ionomers'®2. The pathways made from non-reactive additives have minimal impacts on
the density of the active sites as long as the catalyst sites are electrically conductive to the electrode
and easily accessed by the bulk electrolyte. This CL configuration could also shorten the transport
length for the dissolved CO; to the catalyst surface, particularly because it prevents the CO, migration
in the liquid phase along the long pore to reach catalyst surfaces near the bulk electrolyte. Our new

explanation could justify the essential role of the co-existence of Cassie-Baxter and Wenzel states
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| 137

(Figure 6), as proposed by Shi et a , within CL structure to promote CO,RR performance. These

should be the optimal wetting conditions of the electrode for both flow-through and flow-by modes.

We acknowledge the important role of the electron conductivity to determine the density of the
electrochemically active sites for CO,RR within the CL structure. The electron-conducting phases, such
as carbon materials, are easily liquid wet under the electric field and therefore provide solid-liquid
boundaries and transport pathways for electrolyte and liquid products. In contrast, the hydrophobic
additives are not electrically conductive and could increase the overall ohmic loss of the electrode and
lead to loss of the active sites if blocking the pathways for electron and liquid transport. 14 146
Therefore, trade-offs exist between the multiple flows and the availability of the active sites in the CLs.
These trade-offs are usually responsible for the observations that a moderate level of hydrophobicity

is usually optimal for CO,RR.1?7 136,143

In summary, we envisage the ideal wetting conditions at the CL should allow fast liquid and electron
transport, maximize CO;RR-active and selective sites and optimize catalyst local environments to
thereby achieve a CO,RR with low overpotential and high product selectivity and stability at
commercially relevant current densities. This means that the electrode structure should be precisely
constructed with a combination of the materials with different wettability and functionality, and
provide multiple transport pathways to maintain a sufficient supply of gaseous CO,, protons, and
electron, and shortened travel distances of CO,, electrolyte, and products (i.e., OH" and CO,RR
products) in the liquid phase. Further, the density of electrochemically active sites should be
maximized, which is an additional challenging constraint on such systems. Finally, the GDL should
maintain a hydrophobic condition during varied CO;RR operation to ensure a fast gas transport

between the CL and gas bulk phase.

3. Improving CO2RR performance by manipulating wettability

The previous section described wetting within CO2RR in a holistic sense, describing the fundamental
factors that influence wetting within the system and postulating on the ideal conditions required to
maximum current density, stability, and general performance. Within this section, we provide an in-
depth review of the role of the liquid and solid phases on electrode wettability and the modifications
to wettability that have been employed in literature to modify electrochemical performance.
Specifically, we discuss GDL, ionomers, catalysts, PTFE and other additives in detail, using examples to

provide context to the discussion.

3.1 The role of liquid in electrode wettability
The ability for the liquid to wet a given surface is related to the cohesive forces between its molecules

and the adhesive forces to a given solid phase. The cohesive force describes the intramolecular forces
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to hold the liquid molecules in bulk; the adhesive forces are the attractive forces between the liquid
and solid surface. If the adhesive force is stronger than the cohesive force, the liquid tends to spread
at the solid surface, being more attracted to the solid phase. Normally, reducing liquid surface tension

leads to a good wetting of the surface as the cohesive forces of the liquid are decreased.

Both cohesive and adhesive intramolecular forces are dependent on the properties of the liquids, such
as polarity, ionic nature (e.g., size, electronegativity, and charge), ionic strength, and composition of
the liquid phase. For example, Leonard et al.’>> compared the contact angles of the droplets based on
CO4RR liquid products (formic acid, methanol, ethanol, and 1-propanal) and their aqueous solutions
over PTFE and graphite sheets. They found that the solutions containing a high concentration of CO,RR
liquid products are easier to spread at the surface than water, and their wetting capability increases
with the length of carbon chains within the liquid. As a result, the contact angles of the liquid droplets
on the graphite and PTFE generally increase in the order 1-propanol < ethanol < methanol < formic
acid < water. (Figure 8) An increase of carbon chains reduces the polarity of the solvent and therefore
leads to a weakened dipole-dipole cohesive interaction and an easy liquid spread at the surface. Their
physical modelling results unveiled that producing concentrated liquid products with low polarity can
cause flooding in the electrode and disrupt the operation of the electrolyzer. Their results highlight
the importance of considering electrode wettability when designing a CO; electrolyzer to produce

liquid products.
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Figure 8 Comparison of the static contact angle of water and aqueous solutions containing liquid CO2RR products on (a)
graphite and (b) PTFE plates. Reproduced from 15> with permission from IOP Publishing, copyright 2020.

The effects of the ions on overall wettability are mainly related to hydration (ion-water interaction)
and ion-solid interactions. Figure 9a presents a linear relation between cationic entropy of hydration
and the gradient of the electrolyte surface tension (dAy, ,/dc) over metal chloride concentration.'*®
Highly charged cations in small size are easily hydrated with water molecules, so increasing the
concentration of such cations strengthens the cohesive forces and thus increases the solution surface
tension. The cations with larger hydration size, such as Li* and Na*, repel each other due to the thick

hydration shell at the electrode surface, leading to a reduced cation concentration at the outer
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Helmholtz plane.>® Therefore, less hydrated cations such as K* and Cs* intensify the interfacial electric
field by filling more cations in the EDL, which drives local CO, adsorption and promotes CO;RR
reactivity. Therefore, we conclude that the cations that enhance CO,RR performance will lower the

liquid tension and render the liquid easily spread at the surface.
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Figure 9 (a) Relationship between tension gradient of salt concentration and the entropies of hydration of cations. Adapted
from 156 with permission from American Chemical Society, copyright 1995. (b) Effects of anion concentration on the change
of the electrolyte surface tension. Adapted from 157 with permission from American Chemical Society, copyright 2007.

Similarly, solutions with concentrated hydrated anions (e.g., Cl is easier to be hydrated than Br and
I') also increase the electrolyte surface tension by strengthening the cohesive interactions in solutions.
(Figure 9b)*>® Upon interaction with the solid electrode, the anions with low hydration such as I tend
to form a bond with the electrode surface in the inner Helmholtz plane (so-called specifically adsorbed)
even at cathodic CO,RR conditions.’®*?5® Such strong anion interaction with the catalyst surface
increases the adhesive force and promotes wetting of the solutions. The specific adsorption of anions
at catalyst surface has a profound impact on the CO,RR activity and selectivity by altering the surface
morphology (e.g., hano-structuring the catalyst surface® ***) and electronic structure and surface
coverage of the intermediates (either stabilizing CO,RR intermediates such as *COOH **° or lower CO

coverage 1%%)

Anion interaction with the hydrophobic surface also promotes the wetting of the liquid. In the absence
of the external potential, OH ions tend to adsorb physically at the hydrophobic surface (e.g., PTFE)
due to the interaction between permanent dipole moment of OH and electric potential gradient of
the structured water (about two layers of water thick) close to the hydrophobic surface.'®® The
spontaneous OH™ physisorption is reflected by a negative zeta potential over the PTFE surface.!® This
phenomenon could explain the observed reduced contact angle over the PTFE surface for liquids with
a high pH.'®® In the presence of applied cathodic potential, we believe the anion interaction with the

electrode surface should be weakened due to the electrostatic repulsion.
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3.2 The role of solid phase in electrode wettability

The CO2RR cathode GDEs are composed of functional materials with varied wettability, including
catalyst materials (usually based on metals), organic additives such as PTFE and ionomers, polymers,
and carbon materials (e.g., carbon black or fibers). These materials are placed together to maintain
the multiphase interfaces and pathways and provide active sites for selective CO,RR. However, their
properties usually change with operating conditions (e.g., applied potential) and operating durations,
particularly at commercially relevant current densities, which degrades the long-term stability of the

electrolyzers.

Metal-based materials

Most clean metal surfaces are intrinsically hydrophilic as a result of the London dispersion forces.'>*
180 Oxygen incorporation at the metal surfaces further enhances the solid-liquid interfacial forces via
hydrogen bond formation (i.e., a dipole-dipole interaction) with the water adlayers. Under non-ideal
conditions, oxygen vacancies (i.e., defects) are usually present at the metal oxide surfaces and can
further vary the wettability via influencing the solid-liquid intramolecular forces. The extent of their
impact on wettability depends upon the materials’ defect chemistry. Sarkar et al.}®® reported a
lowered water contact angle over SrTiOs thin film but an increase of water contact angle over Lu,O3
thin film when oxygen vacancies were introduced. The oxygen vacancies are created by the reduction
of Ti** to Ti** in SrTiOs but by defect formation in the bandgap in Lu,0s. Through DFT calculations, the
authors found that it is energy favorable for water to insert into the oxygen vacancies at SrTiOs surface
to maintain the Ti®* states rather than into the metal site close to vacancies at the Lu,Os surface.

Therefore, the former strengthens the water—solid interactions and improves the water wettability.

This effect explains the much lower contact angles, as reported by our recent work?%, over 2D catalyst-
based CL than over 3D catalyst-based CL. We prepared tin oxide-derived nanosheets (2D) and
nanoparticles (3D) as CO,RR catalysts deposited on GDE with similar particle sizes at around 100 nm,
crystal structures, and oxidation states. After conditioned under CO,RR conditions at 150 mA cm for
60 min, the nanosheets were more chemically reduced at the surface (i.e., more oxygen vacancies,
Figure 10a) due to the extensive catalyst—support contact (Figure 10b), as compared with
nanoparticle-based counterpart. According to Sarkar et al.’s theory,'®® more water could insert into
the oxygen vacancies over SnOx nanosheets than the nanoparticles, leading to a much-reduced water
contact angle over SnOx nanosheets (Figure 10c). Consequently, we observed about 0.1 V more
cathodic potential for the nanosheet-based GDEs to drive similar current densities, which is likely due
to the hampered CO; supply in the CL. Additionally, Rabiee et al.’s recent work on hollow fiber-based
GDEs also reported that the water could spread easily over the oxide-derived Bi nanosheets due to

their abundant defects at the surface.”®* In this flow-through electrode, enhancing catalyst
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hydrophilicity is more desired to maintain sufficient solid-liquid boundaries than the flow-by GDEs. In
addition, the 2D nanostructured catalysts have also been used to achieve superaerophobicity to
accelerate bubble detachment.1®%%* Therefore, the 2D morphology also partially contributes to the
enhanced hydrophilicity over SnOx or BiOx nanosheets at CO,RR conditions. Although the wetting
states are very complex over CL surfaces that are generally heterogeneous chemically and in
microstructure, these recent findings highlight the important roles of the catalyst materials in

determining electrode wettability.

a
SnOx ns 15Q mA cm-2 — H
60min
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Figure 10 (a) Atomic populations of the Sn% Sn?*, and Sn** at the surfaces of catalyst layer based on SnOx nanopatrticles (np)
and SnOx nanosheets (ns) before and after COzRR conditioning. (b) A schematic explanation of the effects of catalyst
dimensionality on catalyst-substrate interfacial interactions. The red color describes the electric field profiles. (c) Static
contact angles on catalyst layers before and after COzRR catalysis at 150 mA cm for 60 min. The insets are examples of the
water droplets on the catalyst layer. Reproduced from 126 with permission from The Royal Society of Chemistry, copyright
2021.

Beyond metals or oxide-derived materials, emerging catalysts contain metal centers and non-polar
non-metal ligands, such as metal-organic frameworks and single-atom catalysts * & & 165166 These
materials become hydrophilic if the metal coordination environments are unsaturated.® 7 The
coordinatively unsaturated metal centers are usually the primary active sites for CO,RR because of

their strong binding with intermediates.?®®"*

As discussed in Section 2.4, the liquid—catalyst
interfaces are the primary CO2RR domains, so hydrophilicity is favored over the metal-based materials,

which constitute most of the state-of-art CO,RR catalysts.
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Carbon-based materials
Carbon materials such as carbon fibers, carbon black, and carbon nanotubes are generally more

160, 172

hydrophobic than metals. Their wettability strongly depends on their structures and

heterogenous atoms at the carbon surface.®

Carbon black has graphene edges at the surface,
constituting high-energy interaction sites with strengthened London dispersion force. Carbon
nanotubes and graphene are more hydrophobic than carbon black due to the lack of high-energy
defects at the surface. The heterogenous atoms (e.g., oxygen) at carbon surface, from either surface
contamination or functional groups, can form polar sites that lead to strong dipole-dipole interactions
and enhanced hydrophilicity. This effect has been widely exemplified by the enhanced hydrophilicity

for carbon surfaces with a high oxygen coverage.?”173

Organic additives — binders and ionomers

E74 76174175 gnd fluorinated silane®®” are the most commonly used

Fluorinated polymers such as PTF
materials to increase the hydrophobicity of GDLs and CLs because of their high hydrophobicity and
chemical stability. Its high hydrophobicity originates from the fluorine’s low polarizability and low
London dispersion force, and its high chemical stability arises from fluorine’s high electronegativity
that makes C — F bonds strong. Polymers with long non-polar hydrocarbon chains, such as 1-

octadecanethiol®*, are also hydrophobic.

The ionic functional groups (-SOs or quaternary ammonium) in the ionomers (e.g., Nafion or Sustainion)
have high polarity and can take up water to form hydrophilic domains inside the polymer. As a result,
the ionomers are hydrophobic if they are dry but can promote hydrophilicity when absorbing water
at CO3RR conditions.?** 1”7 Puring et al.1*® studied the ionomer effects on the CL wettability by coating
the CL with Nafion D-521, Sustainion XA-9, and Fumion FAA-3 ionomers at the same loading. The CL
comprised carbon black-supported Cu nanoparticles (50 wt% metal loading) and 15 wt% of PTFE and
was prepared by hot pressing. They reported that the apparent contact angle lowers in the order D-
521 > FAA-3 > XA-9, but the water adsorption increases following the opposite order, though both
high contact angle and low water adsorption indicate improved hydrophilicity. Such discrepancy could

be partially due to the different durations of the water uptake by the ionomers.

Theionomers’ effects on CL wettability also depend on the polarity of the contacting solid components
(e.g., carbon materials or catalysts). The hydrophobic backbones tend to interact with the non-polar
solid phase, so the polar ionic groups tend to point towards the polar liquid phase and promote
wettability.’®® On the other hand, the ionic groups can also re-orient towards the polar surfaces of the
solid phase instead of the liquid phase, leaving the hydrophobic backbones exposed to the water

phase. In this case, the ionomer in the CL promotes hydrophobicity.>?
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In addition to the chemical properties of the materials, the materials’ shape and morphology play a
significant role in determining the surface wettability. According to the Wenzel relations, increasing
the CL roughness promotes hydrophobicity over the hydrophobic surface and enhances hydrophilicity

over hydrophilic surfaces. For example, Hursan et al.*®’

reported that introducing pores increases the
hydrophobicity of nitrogen-doped carbon CL, where the non-porous material shows an apparent
contact angle of 128.5 °. The authors also found that increasing the pore size reduced the bubble

residence time and departure diameters. Burdyny et al.'®®

reported that the averaged bubble
departure diameter decreases in the order of nanoparticles > nanorod > nanoneedles, highlighting
that the nanostructured morphology of metals promotes hydrophilicity. One should note that the
metal-based catalysts surface commonly undergo restructuring under the CO,RR conditions 12132, The
morphology restructuring should also dynamically change the surface properties (e.g., electronic
structure and surface chemistry) and consequently affects the wettability and local environment of

the catalytic interfaces.'®184

3.3 Modification of the gas-diffusion layers

Carbon-based GDLs

As discussed in Section 2.4, GDLs should be hydrophobic to enable gas transport within the structures
and prevent aqueous electrolyte entry. The most used GDLs for CO,RR are carbon-based porous
substrates that contain various degrees of hydrophobic materials such as PTFE or silanes.'?® 18 These
hydrophobic materials are inserted in both the primary GDL support layer (e.g., carbon fibres and
carbon cloth) and the denser microporous layer. A dense MPL is generally needed because the primary
support structure contains larger pores (usually in tens of micrometers in diameter), leading to lower
capillary pressures. Instead, the microporous layer (MPL) is a non-structural, thin hydrophobic layer
with nanosized pores located between the macroporous layer and the CL. The MPL then acts as the
primary conductive contact layer with the catalyst layer, the access point for gas diffusion, and the

first barrier to electrolyte flooding.

Increasing the loadings of the hydrophobic materials promotes hydrophobicity, but too high loading
will decrease the overall electrical conductivity and block the pores for gas diffusions. This trend is
well exemplified in Kim et al.’s paper investigating the role of PTFE on Ag-based GDE for CO
production.’® They reported that a 20 wt% PTFE loading in the MPL achieved an optimal CO partial
current density (Figure 11a), while a 10 wt% PTFE loading in the macroporous layer (the carbon fiber
substrate) showed a higher CO partial current density than the equivalent with 30 or 50 wt% PTFE
treatment, which is a result of the slightly higher gas permeability and reduced charge transfer
resistance. (Figure 11b and c). Therefore, the microporous layer requires a higher hydrophobicity to

maintain a high capillary pressure to resist flooding, while the macroporous layer may not require too
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1 high hydrophobicity at the cost of losing electrical conductivity and pores for gas transport. Table 2

2 summarizes recent advances in the development of carbon-based GDEs for CO,RR associated with
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Figure 11 The effects of the PTFE loading of (a) MPL and (b) macroporous layer (denoted as CFS) on the partial current density
to produce CO. (c) Effect of the PTFE loading in a macroporous layer on charge-transfer resistance.Reproduced from 76 with
permission of Elsevier, copyright 2016.
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Table 2 Summary of recent reported carbon-based GDEs for CO;RR with wettability modified.
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Non-carbon based GDLs

Unfortunately, most of the existing carbon-based GDLs are incapable of preventing electrolyte
flooding completely due to electrowetting and the presence of carbons that easily lose their
hydrophobicity, particularly in alkaline electrolyte environment.>®*7* 7> Replacement of the carbon-

based GDLs with non-carbon-based GDLs, such as porous hydrophobic polymer substrates®%: 74 133 174

191194 can significantly improve the capability of the GDL to maintain the hydrophobicity in the harsh
CO2RR conditions either in the catholyte-fed or MEA-based vapor-fed flow cells. Table 3 summarizes

recent examples of using non-carbon-based GDLs for CO;RR.
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Table 3 A summary of the recent advances in using non-carbon-based GDLs for COzRR.
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electrodeposited at -
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Cu sputtered PTFE
GDL in a solution
consisting of 0.1 M
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dihydrate and 0.1M
KOH

-0.67

0.1

70

10

284.5

™
KOH

Fumapem FAA-3-PK-130

39




CeO and Cu

Nafion

PTFE GDL

The catalyst was first
prepared by dissolving
Ce(NOs)3 and
Cu(NOs), -3H,0 in DI
water, NH3.H>O and
NaOH for 30 minutes
with continuous
stirring. Then the
suspension was
centrifuged and
freeze-dried for 24
hours, followed by
600 °C annealing. The
solid catalyst formed
were then mixed with
Nafion, methanol and
drop cast of PTFE

membrane
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9.6
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M
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The most common non-carbon GDL is made from PTFE membranes containing PTFE fibers supported
by polypropylene backing layers. These polymeric GDLs are not electronically conductive, so
conductive layers such as conformal metal layers (e.g, sputtered Ag or Cu) or carbon materials (e.g.,
graphite and carbon nanoparticles) need to be added in the GDEs. The coated metal layers usually
also perform as the CLs, and the carbon layers could also help stabilize the CLs. With this setup, a high
ethylene production can be maintained for 150 hours in 7M KOH aqueous electrolyte at 75-100 mA

cm2, much more stable than the carbon-based counterparts.’

The polymer-based GDLs are more flexible with their shape and microstructures than the conventional
carbon-based GDL. For example, Li et al.*® used nanoporous membranes made of polyethylene (PE)
to develop a catalytic system mimicking the alveolus structure. After being deposited with Au
nanoparticles via magnetron sputtering, the PE membrane was rolled and sealed to form single or
bilayer pouch-type structures. The CO; gas was supplied internally and electrolyte supplied externally
to the CL. As compared to the carbon-based GDL, the nanoporous PE layer shows much higher burst-
through pressures and higher stability of the hydrophobicity (water contact angle lowers from 109°
to 105° cf. 148° to 119°) under CO;RR conditioning (-1.0 V vs. RHE for 24 h). This means that the
nanoPE-based GDL is more resistant to electrolyte flooding and potentially enables fast CO, supply to
the catalyst site. In addition, with the unique pouch-type designed, the GDL can achieve a much-
improved current density and a relatively high local pH (benefiting HER suppression) in the interlayer.
By manipulating the spacing of the interlayer, the authors demonstrated the potential to optimize the
CO2RR local environment further to achieve 92% of the FE(CO). This example highlights the high
versatility and flexibility of the non-carbon-based GDL to modulate the catalyst local environment via
manipulating the polymer’s shape, pore size, and structure, which is relatively difficult to achieve over

a carbon-based GDLs.

In another recent study, Wicks et al.2% used the 3D printing technique to optimize the pore structure
of the GDL based on a hydrophobic (with a contact angle of 107 — 130 °) perfluoropolyether (PFPE)
monolith. (Figure 12a and b) The pores inside the polymers are created by adding pore former (or
porogen), which is normally a solvent for the monomer but not for the obtained polymer. The authors
used N-methyl pyrrolidone as the solvent and triethylene glycol as the non-solvent for the PFPE
monomers at the compositional cloud point to create well-connected pore structures monolith, which
was UV-cured, solvent exchanged, and super-critically dried. The CO, gas permeance of the GDL can
be lowered by increasing the monomer concentrations in the emulsions. (Figure 12c) The CL was
prepared by spray coating the Cu nanoparticles with Nafion ionomers. When tested in the presence
of 1M KHCOs; aqueous electrolyte, the prepared GDLs with less CO, permeance show a lower FE(CO)

but a higher FE(C;H4). (Figure 12d and e) This trend is consistent with the recent findings that a
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moderately high CO, local concentration improves the C-C coupling to produce C2 products.?®

Interestingly, the authors found that intensive UV radiation on the monomer emulsions leads to the
formation of large pores and uneven gas distributions in the resultant GDLs. (Figure 12f and g) Such
uneven distributions cause local regions of low gas diffusivities and a steeper concentration gradient
across the GDL, which can increase the residence duration of produced CO near the catalyst surface

and promotes further electroreduction to form C2 products.
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Figure 12 (a) Schematic of the 3D-structured GDL fabricated using 3D printing in a flow cell. (b) A photo of the 3D-printed
GDL. (c) The trend of the CO, permeance over the GDL prepared from different monomer concentrations of the cloud-point
solutions. Effects of the CO, permeance on the faradaic efficiencies of (d) CO and (e) C;Ha. Top-view and cross-sections of (f)
the homogeneous PFPE layer cured at about 5 mW cm= UV intensity and (g) large-pore PFPE layer cured at 200 mW cm2.
Reproduced from 293 with permission of John Wiley and Sons, copyright 2021.

3.4 Tuning the catalyst layer wettability

Reducing catalyst overpotential

As the main driver for electrowetting and electrode flooding, the interfacial electric field can be
lowered to improve the electrode wetting stability. This can be achieved by developing a catalyst with
reduced onset potentials (the potential at which the reaction starts) and increased density of the
active sites. Yang et al.”® reported that the carbon-based GDLs sputtered with catalyst (i.e., Pt, Cu, and
Au) that show more positive potentials for electrochemical reactions (e.g., HER or CO;RR) are more
resistant to the flooding than the ones with more negative potentials to drive the same reaction rate .
(Figure 13) Notably, Pt-based GDE shows no flooding when operating at 50 mA cm™ for 3 hours in N».

Interestingly, they found that Ag- and Cu-based electrodes flood more quickly in N, than in CO; at 10
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mA cm™?, (Figure 13) where these two electrodes showed more positive potentials in CO, than in N,
before the observation of the flooding. These trends suggest that the flooding is likely associated with
the activation of the carbon surfaces, which was further confirmed by the loss of F and increased
oxygen species at the bare GDL surface. We believe the reported onset potentials partially depend on
the PZCs of the catalyst materials, as listed in Table 1. The trend of the measured onset potentials for
the metals (Pt < Au< Cu < Ag) in Yang et al.’s work polycrystalline (pc) Ag has a PZC of -0.584 V, much
more cathodic than pc-Pt (0.09 - 0.14 V), pc-Cu (0.09 V) and pc-Au (0.2 V). This means one could also
manipulate the catalyst material and facets to shift the PZC of catalysts to a more cathodic position,

which has not been fully explored in the current literature.
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Figure 13 Linear scan voltammograms of the carbon GDL deposited with Ag, Au, Cu, or Pt in 1M KHCOs in (a) Nz and (c) CO,
environment. Potential as a function of time at a constant current of 10 mA cm2 (solid line) and 50 mA cm (dashed line) in
1M KHCOs saturated in (b) N2 and (d) CO; environment. Reproduced from 7> with permission of American Chemical Society,
copyright 2021.

Morphological effects on contact angles
There have been tremendous advances in the catalyst development for CO;RR via optimizing the

electronic structures, surface chemistry, microstructures, dimensions, particle sizes, and interparticle
distances. This review will not cover detailed strategies to develop catalysts to improve kinetic
overpotentials, and we recommend readers to refer to recent catalyst reviews.> > 199203 |nstead, we

will discuss the relations between electrode wettability and catalyst structures.

The catalysts are desired to be liquid wet for CO2RR catalysis to proceed. If the reaction evolves gases,
a hydrophilic (or aerophobic) surface can accelerate the detachment of the gas bubbles, minimizing
the loss of the active surface due to the occupancy of the gas bubbles. This strategy has been widely

used for other gas-evolving electrolysis, such as hydrogen oxidation reaction and oxygen evolution
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reactions for water electrolyzers. 72 The catalysts are usually engineered to nanostructures such as
nanosheets or nanoneedles to achieve a highly hydrophilic surface as nanostructured morphology
exposes abundant corners or edges, where the atoms show reduced coordination numbers. These
under-coordinated atoms interact strongly with adsorbed species or liquid molecules, strengthening

1211 synthesized free-

the solid-liquid bonds and thus promoting hydrophilicity. For example, Zhao et a
standing carbon paper with vertically aligned single-nickel-atom-based catalysts via the solid-state
diffusion method. (Figure 14a) This structure bestows the electrodes with superhydrophilicity with a
water contact angle close to 0° and a gas bubble contact angle of 148.3 + 2.6 °, which allows a large
electrochemical surface area and weakened adsorption of gas bubbles. (Figure 14b) In another study,
1-1.5 wt% PTFE treatment over the carbon nanofibers modified with arrays of Ni-based nitrogen-
doped carbon nanotubes (Figure 14c) was found beneficial to enhance FE(CO) and suppress HER
(Figure 14d and f) by increasing the water contact angles (Figure 14d) and adhesion forces of gas
bubbles with electrode surface (Figure 14e).?'> When the PTFE loading is over 1 wt%, the current
densities were lowered due to the loss of the electrochemical surface areas. (Figure 14f) It is important
to note that these catalysts were tested over a planar electrode in an H-cell, where CO, reaches the
catalyst surface via the electrolyte bulk. The reaction at the electrode immersed in the electrolytes
may be limited by both the availability of local CO, and active sites (wetted catalyst surface), which
can be alleviated in a GDE structure. Therefore, the sweet point for GDEs operating at high current

densities may shift towards a higher hydrophobicity to ensure sufficient gas transport in the CLs. (See

Section 2.4)
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Figure 14 (a) A schematic of the solid-state diffusion method to synthesize carbon papers with vertically-alighted nitrogen-
doped carbon nanotubes embedded with nickel single atoms(top) and the SEM images and EDS mapping of the obtained
sample. (b) Water contact angles on the obtained carbon paper (top) and nickel single-atoms on carbon fiber-based carbon
paper (bottom). Reproduced from 211 with permission of Elsevier, copyright 2019. (c)A schematic of the synthesis method to
prepare hierarchical catalysts and the SEM images of the materials at each step. (d) The effects of the PTFE on the apparent
water contact angles and the FE(H;) and adhesive force of the gas bubbles. (f) Faradaic efficiency and (g) partial current
densities of CO as a function of potential over NiNCNTs, H-NiNCNTs, and PTFE-H-NiNCNT, as illustrated in (c). Reproduced
from 212 wijth permission of American Chemical Society, copyright 2019.

Addition of hydrophobic materials in the CLs

Hydrophobic particulates such as PTFE nanoparticles can be directly added to the CL to create a
hydrophobic microenvironment around the catalysts. The hydrophobic materials need to be pre-
mixed with the catalyst materials before catalyst deposition to achieve a uniform dispersion in the
CL.2%: 297 The hydrophobic materials are immobilized in the CL through applying either ionomer

136, 145

binders or thermal treatment to soften the hydrophobic materials®®2.
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In one example, Xing et al.!*® incorporated PTFE nanoparticles with varied loadings and particle sizes
in CL by including the PTFE in the catalyst ink (containing Cu nanoparticles, carbon black, and Nafion)
for deposition at the GDL surfaces and spraying additional PTFE dispersion solutions at the top CL
surface. After CO2RR conditioning -1.0 V vs. RHE for 1 hour, the 50 wt% of PTFE particles in the CL can
successfully sustain the hydrophobicity, with only a small reduction in the water contact angle (Figure
15a). The created hydrophobic microenvironment allows easy gas transport within the CL, leading to
much higher CO,RR current densities and selectivity than the electrode with no PTFE particles. (Figure
15b) However, a too high hydrophobicity (over 60 wt% PTFE) in the CL degraded the CO,RR current
densities (Figure 15c), likely due to the loss of electrochemically-active active sites and the electron

conductivities.

This work also demonstrated that the pore sizes could be manipulated by varying the size of the PTFE
nanoparticles: small PTFE particles lead to the formation of small hydrophobic pores. According to the
Young-Laplace equation (discussed in Section 2.1), small pores are more effective in repelling water
than large pores, providing opportunities to resist the liquid intrusion due to electrowetting and
maintain the desired wetting condition at CLs. As a result, the CL with smaller size PTFE particles shows
higher CO2RR current densities and faradaic efficiencies and stronger dependencies on the CO, feed
flow rates. (Figure 15d) The deconvolution of the impedance spectra against equivalent circuit

models?®

shows that increasing hydrophobicity significantly reduces the thickness of the diffusion
layers from 20.2 +3.1 um for PTFE-free CL to 3.2+ 0.9 um for CL included with 50 wt% small PTFE
nanoparticles (30-40 nm). The same research group reported a significant improvement of the
formate partial current densities up to 677 mA cm over Bi-based catalysts with PTFE nanoparticles
added. These two studies demonstrate the effectiveness of the addition of PTFE nanoparticles in

tuning CL wettability and enhancing local CO; mass transport and CO;RR selectivity.

In another example, the PTFE fine powders were mixed with the SnO,-loaded carbon black particles
by a knife mill for the preparation of the GDE via dry pressing and thermal treatment at 400 °C (above
PTFE melting point at 327 °C) for 10 min.*! In this electrode configuration, PTFE also serves as the
binder to keep the electrode structure intact. Consistent with the findings from the last example, a
moderate hydrophobicity as achieved by the inclusion of relatively hydrophilic Nafion can lead to an
optimal FE(HCOOH) up to 81% with suppressed HER at current densities as high as 1 A cm™. (Figure
15e) This is likely a consequence of the balanced gas transport and the availability of active sites in
the GDE. (Figure 15f) The importance of maintaining the hydrophobic pathways was confirmed by the
observed degradation of formate selectivity with the addition of surfactant in the electrolyte, which

makes the liquid phase easy to spread and wet the CL pores by reducing the liquid tensions. (Figure

15g)
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Figure 15 (a) Water contact angles over the CL based on Cu/C and Cu/C/PTFE before and after CO,RR conditioning at -1.0 V
vs. RHE for 2 hours. (b) Dependence of the CO;RR current densities on the CO; feed flow rates over Cu/C and Cu/C/PTFE. (c)
Effects of the PTFE loading in the CL on CO2RR current densities. (d) Comparison of CO2RR current densities over Cu/C/PTFE
CL with different PTFE particle sizes. Reproduced from 145 with permission from Springer Nature, copyright 2021. (e) Faradaic
efficiency of Hz and formate as a function of the binder composition (Nafion and PTFE) of the GDEs based on SnO,-derived
catalysts. (f) iR-compensated cathode potentials and double-layer capacitance as a function of the binder composition. (g)
Faradaic efficiency of formate and H, over PTFE-bounded GDEs modified with Nafion or surfactant (TritonX) in the electrolyte
as a function of the double-layer capacitance. The operating condition for (e-g) is 1 A cm2 in 2M KCl at 50 °C. Reproduced
from 151 with permission of American Chemical Society, copyright 2021.

Addition of ionomers in the CLs

The ionomers such as perfluorinated sulfonic acid (PFSA or commercially available as Nafion)
containing hydrophobic backbones can be used to create pathways for gas transport in the CLs.13% 1%
By spray coating the PFSA ionomers or a mixture of Cu nanoparticle and PFSA in a polar solvent onto
the Cu-coated PTFE substrate, Arquer et al.}*?> developed catalyst-ionomer heterojunctions with
significant improvement of the gas diffusion in the CLs without sacrificing electrochemical surface
areas. The catalyst structure achieved a notable improvement of the current densities of the gas
reduction reactions. Lees et al.!® reported that the product distribution of Ag-based GDE could vary
significantly with the loading of the Nafion ionomers in a zero-gap flow cell. Increasing the loading of
ionomers decreases FE(CO) but promotes formate production (peak FE(HCOO") = 31+6% at Nafion

loading at 7.5 wt%). In contrast, a too high ionomer loading degrades CO2RR and promotes HER up to

7416 % as a result of electrolyte flooding in the cathode and blockage of the pores by the ionomers.

The states of the deposited ionomers, such as molecular conformations, distribution in the CLs, water
uptake, and ion conductivity, are strongly influenced by the ionomer chemical parameters (Figure 16a),
the ionomer dispersion solvents, and the drying temperatures. How these properties alter the states
of deposited ionomers have been widely studied in the field of PEM fuel cells.?%2%* For instance, the
dielectric constant and solubility parameters (describing the solvency behavior of the material) of the

solvents are key parameters determining the conformation of the PFSA ionomers. Table 4 lists the
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detailed solubility parameters and the dielectric constants for the solvents and the PFSAs, as mainly
reported by Ma et al..?28 If the solvent (e.g., DMF) has a low solubility parameter close to the PFSA
backbone (solubility parameter = 9.7 (cal cm?)¥?), there will be fewer hydrophobic backbone
aggregates in the solvents, and the hydrophilic sulfonic group tends to be buried inside the PFSA. In
the solvents (e.g., methanol-water solvents) with a similar solubility parameter to the PFSA sulfonic
group (solubility parameter = 17.3 (cal cm3)*?, the backbone tends to aggregate in the solvents leaving
the sulfonate groups in contact with the solvents. A high dielectric constant increases the strengths of
the electrostatic repulsion between PFSA molecules, leading to a reduced degree of the backbone
aggregations. The large size of the backbone and ionic aggregates normally lead to large pores in the
CLs, a high water uptake, and fast proton conduction. Small aggregates are prone to form continuous
networks but with small-size pores.?’> 216 Figure 16 shows the schematic illustration of the PFSA
structure and the property-wettability relations as summarized by Kusoglu and Weber.?” In the
commonly-used solvents for ionomers for CO,RR CL preparation, methanol aqueous solution has a
higher solubility parameter than ethanol and isopropanol aqueous solutions, resulting in large sizes of
hydrophobic and hydrophilic aggregates. These hydrophilic aggregates likely point towards polar
catalyst surfaces or carbon materials, leaving the hydrophobic backbones pointing outside to facilitate
gas transport.’*? The interactions between ionomer and the solvents may also impact the stability of
the ionomers in the CL, particularly when producing liquid products such as alcohols. In contrast, the
solvents having a closer solubility parameter to the hydrophobic backbones could help ionomer to
form intimate contact with the CL constituents, thus extending the electrochemical surface areas in
the CLs.??* Similarly, the states of the anion-exchange ionomers are also determined by the nature of

the solvents.??

Table 4 Summary of the solubility parameters and dielectric constants of solvents and Nafion ionomer.?11 218

Solvent or ionomer Solubility parameter (cal cm)Y/2 Dielectric constant

Water 234 78.4

Methanol 14.5 32.7

Ethanol 12.7 24.5
2-Propanol 11.8 199
1-Propanol 11.9 20.1
1-Butanol 11.4 17.8
Ethylene glycol 14.6 31.8
Methanol-water (4/1 g/g) 15.0 32.2
Ethanol-water (4/1 g/g) 14.4 28.5
n-Methylformamide (NMF) 16.1 182.4
(Dimethylformamide) DMF 12.2 36.7
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(Dimethylacetamide) DMAc 10.8 37.8
Nafion 9.7 (PFSA backbone), 17.3 (sulfonic group) -

Increasing the drying temperature accelerates molecular motions and leads to the ordering (or
crystalline) of the ionomers. The locally ordered ionomer resists water swelling and thus has a lowered
water content (or increased hydrophobicity) and ion conductivity. However, fast evaporation of the
solvents resists the movement of the deposited ionomers and thus benefit the formation of a
homogeneous distribution of the ionomers in the CLs.?'® 2 Therefore, the solvent properties (e.g.,
boiling points and viscosity) determining their evaporation processes are also important for the final

states of the ionomers in the CLs.
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Figure 16 (a) Schematic illustration of the PFSA general structure and the key material factors on ionomers’ performance.
Reproduced from 217 with permission of American Chemical Society, copyright 2017. (b) Schematic description of the approach
to use X-ray fluorescence spectroscopy to investigate the distribution of the ionomers in the CL, and (c) comparison of the
ionomer dispersion in the CLs prepared by three different coating techniques. Reproduced from 216 with permission from The
Royal Society of Chemistry, copyright 2020.
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What also important is the method to fabricate the ionomer-catalyst layers on the GDLs. Lees et al.?®
examined the distribution of the ionomers quantitatively using X-ray fluorescence spectroscopy on
the CLs on a 2 x 2 cm? prepared by ultrasonic spray coating, manual airbrushing, and drop-casting
techniques. (Figure 16b) They reported that the automated ultrasonic spray coating technique

generated a more uniform ionomer distribution across the CLs, as evidenced by a much lower spatial
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variance of ionomers (0.015 wt%) than the other two techniques (about 0.2 wt%) (Figure 16c). This

result is consistent with the qualitative observations by the Kenis group.??’

Addition of organic modifiers
The catalyst surface can be optimized by surface modification with organic modifiers via coating

)126, 221-223

techniques (e.g., drop or dip coating and electro-dimerization. 1°* 224 The organic modifiers

are known to influence CORR reactivity and selectivity by changing electrode electronic structures?*>

228 altering the binding intermediate binding strength with catalyst surfacel”> 225234

and assisting
surface restructuring?*?. Recent studies also showed that the organic modifiers could also alter the
wettability of the catalyst surface through changing their nonpolar carbon chain lengths and the types
of the polar functional groups and moieties, and thus have an impact on the catalyst surface hydricity
and local environment such as pH and availability of water and CO,. As aforementioned, the primary
CO2RR reaction regimes are located at the liquid-solid interfaces, so hydrophobic treatment of the

catalyst surface will lead to loss of the active sites (or reduced electrochemically active surface

areas).>> 126

Modifying the catalyst surface with hydrophilic or hydrophobic organics can alter the CO2RR product
distribution via modulation of local water availability and metal hydricity (i.e., the energy needed to
form a hydride from a metal-H bond).2% %3¢ For example, Buckley et al.?® compared the effects of the
organic modifiers on the CO,RR product selectivity over oxide-derived Cu surface drop coated with
these organics. They found that the hydrophilic organics tend to promote formate production and
HER, while cationic hydrophobic modifiers enhance CO selectivity. (Figure 17a) This general trend
indicates that the bulk properties (in addition to the molecular chemistry?®) of the organic modifiers
also play a role in determining the product distributions likely via influencing catalyst local
environment. To elucidate the mechanisms of the modifiers’ effects, the authors carried out
multiscale ReaxFF reactive molecular dynamics over Cu surfaces modified with two dimethyl
substituted ammonium salts with varying lengths of nonpolar hydrocarbon chains. The modeling
results unveiled that the modifier with shorter hydrocarbon chains has a water density 1.55 times
higher than the one with longer hydrocarbon chains at the Cu surface. (Figure 17b) This is consistent
with what we discussed in Section 3.2: the organic modifiers with heteroatoms such as ammonium,
phosphonium or oxygen enhance surface hydrophilicity, and the ones with non-polar hydrocarbon
chains promote hydrophobicity. More importantly, the authors reported that the hydrophilic surface
has a weaker metal-hydride bond than the hydrophobic surface. Therefore, the hydride having weak
interaction with the metal surface can be easily added to CO, to produce formate. (Figure 17c) In

contrast, the CO evolution is not influenced significantly by the strength of the metal-hydride bond,
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Figure 17 Relations between CO2RR product selectivity and wettability of the Cu catalyst modified with organic modifiers. (b)
Profile of the water density along the z-axis perpendicular to the Cu surface modified with hydrophobic modifier 8 and
hydrophilic modifier 9. (c) Predicated energy landscape from ReaxFF to produce formate over modified Cu surface.
Reproduced from 228 with permission of American Chemical Society, copyright 2019.

Increasing the hydrophobicity of the catalyst surface prevents catalyst-water contact and can thereby
limit the water availability and induce a high concentration of OH" (i.e., a high local pH) close to the
catalyst surface. The restricted water access and increased local pH could both suppress hydrogen
evolution, which was widely reported over hydrophobic surfaces, as obtained by either increasing the
loading of the hydrophobic materials (e.g., PTFE)?*> #2%or increasing the non-polar hydrocarbon
chains.#® 221 |n g very recent study, Liang et al.»* reported a reduced water diffusion coefficient from
2.35 x 10°m? s in the water bulk to 1.81 x 10° m? s! at close to the surface in the presence of
poly(vinylidene fluoride) (PVDF). They demonstrated the dependence of product selectivity on water
diffusion coefficient by replacing water with deuterium oxide, which has a relatively low self-diffusion
coefficient = 1.87 x 10° m? s and hence improves FE(C;Ha4) and reduced FE(H,) over a Cu catalyst
surface. (Figure 18a-c) In addition, the local pH at PVDF-coated surface was calculated to be 9.4,

slightly higher than the untreated equivalent (9.2). (Figure 18d) The high local pH, likely resulting from
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the limited water diffusion, is the main reason for the promoted C;H4 and lowered HER. If containing
cations such as quarternary ammoniums, the modifier could also suppress the HER by limiting the
proton availability within the electric double layers.?*® Recent results of surface-enhanced infrared

> showed a reduced number of water molecules at the presence of

adsorption spectroscopy?*
cetrimonium bromide (CTAB) in the electrolyte, likely caused by the steric effect and hydrophobic

nature of its long carbon chain.
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Figure 18 Comparison of the (a) water contact angles (b) product selectivity and partial current densities of CuO and CuO
modified with PVP, PVA, PE, and PVDF. (c) Product faradaic efficiency over CuO and CuO-PVDF using water and deuterium
oxide as the solvent. (d) Calculated OH- concentration profile across a 50 pim boundary layer over CuO (black dashed line) and
CuO-PVDF (solid red line).Reproduced from 154 with permission of American Chemical Society, copyright 2021.

Product distribution vs. water contact angles
We compared the reported faradaic efficiencies of different products against the water contact angles

of the catalysts based on metals such as Cu, Sn, Ag, Au, and Ni in Figure 19. Detailed information can
be found in Table S1. The hydrophilic catalyst surfaces tend to produce formate and hydrogen,
consistent with the observation by Buckley et al. 2%, For other products such as CO, CH4, C;H4, and
alcohols, a moderate wettability (neither too hydrophilic nor hydrophobic) seems beneficial. This
trend could be related to the production of CO, which is deemed as one of the reactants for deeper
products (e.g., ethylene and alcohols). Evolving CO needs easy desorption of the product, so a slightly
hydrophobic catalyst surface should be beneficial for this process. The product distribution is mainly
determined by the catalyst materials, applied potentials, and local environment close to the catalysts.
The wettability of the catalyst surface plays a role in altering the product selectivity via influencing the

catalyst local environment and surface chemistry.
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Figure 19 Comparison of the faradaic efficiencies of (a) CO2RR gas products, (b) CO2RR liquid products, and (c) H; over catalysts
with varied wettability.

Stability of the additives
It is also important to maintain a stable modifier-catalyst interface under CO,RR operating conditions.

-S 3%or intramolecular

The modifier—metal surface can interact through chemical bonds such as Cu*
forces such as hydrogen bond or electrostatic interactions. These interactions should depend on ligand
properties and the catalysts’ chemistry and structures. For example, the thiol group (-S-H) can interact
strongly with the Cu surface through the Cu* - S bond, allowing Wakerley et al. to successfully coat an
alkanethiol layer onto the surface of the Cu dendrites and obtain a hydrophobic surface. They reported
a small portion of the alkanethiol coating was lost at the catalyst surface close to the electrolyte under
CO3RR conditioning at 15 mA cm™, likely due to the reduction of Cu* to Cu®. In another study, Wang et
al.?*® reported that introducing phenylpyridinium moiety in the polymer-based modifiers can interact
strongly with the Cu surface and thus enhance the modifier-Cu surface stability. This leads to much
stable faradaic efficiencies of CHs and C;H4 and good adhesion of the polymer coating after CO,RR
conditioning. (Figure 20) Nafion ionomers are usually used to stabilize the modifier-catalyst surface.14®
221t js likely that the nonpolar backbone of the ionomer tends to bind with the hydrophobic modifier,
and the polar ionic head groups interact with the hydrophilic metal surface. Zhong et al.?* found that
the surfactants based on branched quarternary ammoniums such as tetraethylammonium ions
interact weakly with the Cu surface via electrostatic interactions between negatively charged catalyst
surface and positively-charged quaternary ammonium cations, and explained the weak modifier —
catalyst interaction arises from the strong tendency for the branched modifier to assemble spherical
micelles themselves. In contrast, the ions with one long linear chain, such as cetyltrimethylammonium,
tend to form a stable catalyst-modifier bilayer and achieve a more significant improvement of the
CO3RR selectivity. Although the modifier—catalyst interactions remain poorly understood, their

interfacial stability is expected to be influenced by the material properties of the catalyst and modifier,

local environments (e.g., pH, electrolyte type) and the applied potentials.
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4. Conclusions and outlook

This review described the wetting behavior and desired wetting conditions of the electrode
components, including the gas-diffusion layer and catalyst layer under CO,RR operating conditions,
and discusses recent advances in wettability modifications to achieve efficient, selective, and stable
CO,RR performance. The wettability of the electrodes originates from the interfacial interactions
between the solid and liquid phases, which strongly depend on the material chemistry, structures and
electric field. Properties such as surface chemistry, electronic structures, dimensions, heterogeneity,
and microstructures predetermine the wettability and wetting stability of the solid materials, including
the catalysts, carbons, hydrophobic polymers, organic additives, and ionomers. How easily the liquid
wet the solid surface is also influenced by polarity, ionic nature, and ionic strengths of the liquid
electrolytes. The electric field can significantly reduce the electrode wettability by: (1) intensifying the
solid-liquid interfacial interactions by re-distributing the charges at the interface; (2) serving a role in
the electrochemical capillary pressure that drives the liquid motion in the solid pores; (3) altering the

local environment and solid properties that are essential to the electrode wettability.
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All these phase properties and operating conditions play significant roles in maintaining an ideal
capillary pressure to prevent unwanted electrolyte flooding. These properties are also key
contributors to the interfacial electric field, catalytic activity, electron conductivity, and product
distribution. Trade-offs usually exist because of the general observations: i.e., (1) strengthened
catalyst-liquid interactions benefit CO,RR but also drive the liquid to wet the pores; (2) hydrophobic
pores allow gas transport but diminish electrochemical surface area for CO,RR. These limitations cause
challenges for designing a CO2RR electrode that is not only active and selective for CO,RR but also

capable of maintaining efficient multiple flows within the electrode.

Recent literature demonstrated exciting opportunities to finely tune the wettability of the electrode
via manipulating the material composition, particle sizes, pore structures, surface chemistry, and
structures at multiscale, particularly taking advantage of the advances in the fields such as PEM fuel
cells, polymer science, and material engineering. Decoupling the gas transport and current distribution
functionalities of the gas-diffusion layers, replacing porous carbon matrix (e.g., carbon paper or cloth)
with polymer alternatives (e.g., PTFE membranes), has shown its effectiveness to enable stable
wetting conditions of the electrode under current densities even higher than 1 A cm™. The polymer-
based GDLs has also demonstrated their potential to precisely control their pore size and structures,
which also determine the gas permeance and retention time and provide an alternative avenue to

improve the CO2RR selectivity.

The catalyst layers are where multiple phases interact and the reaction primarily occurs, so wettability
needs to be controlled to ensure efficient transport and maximize electrochemical surface area at a
macroscale and achieve optimal local environment at catalyst surface in a microscale. Tailoring the
hydrophobicity, particle sizes, and morphologies of the additives is effective in adjusting the CL
wettability on a macroscale. Designing the chemical structure (e.g., length and branches of carbon
chains) and functional groups of the organic molecules is useful to control the wettability of the
catalyst surface on a microscale. The micro wettability adjustment may also influence the catalyst
surface chemistry and electronic structure, which are also important for CO2RR catalysis. The stability
of the catalyst-modifier interface also relies on the material properties and the conditions of the local

environment but remains underexplored by far.

Outlook
Based on the conclusions of this review, we have identified three key scientific questions that need to
be addressed to fully understand the wettability degradation modes of the electrodes during CO,RR

and provide new insights to design novel robust and high-performance electrodes.
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1. What are the chemical and physical reasons for the observed permanent loss of hydrophobicity
after long-term CO3RR catalysis at high current densities? Although recent findings indicate that
the permanent loss of electrode hydrophobicity is related to the loss of C-F bonds, deeper
investigations are required to understand the mechanisms for the decomposition of fluorinated
carbons under CO2RR operating conditions. Once the electrode pores are flooded, additionally, it
becomes very difficult to remove these trapped liquids completely due to the non-cylindrical
pores in the fibrous electrode structure. Such residual saturation in the electrode may also lead
to the observed loss of the hydrophobicity after high-current CO,RR operation. Future work could
also be meaningful to study the impacts on electrode wetting from the boundary conditions and
the steepness of the capillary pressure-saturation relations in the electrode pores, which were
demonstrated essential for the diffusion of gas and liquid in the fuel cell electrodes.?*’

2. What is the role of the potential of zero charge in determining the electrowetting behavior in both
GDLs and CLs? As discussed in Section 2.2, the PZCs values are important properties affecting the
actual interfacial electric field, which determines the conditions of the electric double layer and
the degree of the electric potential impact on wettability change. Therefore, both theoretical and
experimental studies on the PZCs and their roles in the CO2RR could shed light on answering this
question.

3. How does the catalytic interfaces with varied wettability affect the local intensity of the electric
field? Increasing hydrophobicity in the CLs causes loss of the electrochemically active surface area,
which should intensify the local electric field to drive the same current densities. This is expected
to profoundly impact large-area electrodes where homogeneity is highly desired but challenging

to achieve.

Based on the discussion of the electrode wettability in Sections 2 and 3, we believe the following
future directions are worthy of being explored when pursuing the desired wetting conditions for the

next generation of GDEs at commercially relevant current densities.
Re-design the microstructure and chemistry of the microporous layer

The existing microporous layer, particularly for carbon-based electrodes, is a thin layer packed with
carbon materials and hydrophobic materials (PTFE) with nanovoids to allow gas transport. This design
seems challenging to handle the wetting conditions during CO,RR catalysis. Tailoring the pore
structures and thicknesses of the microporous layer remain underexplored but should have profound
impacts on the product distributions and transport phenomena, which has been proved by recent

| 203

research work by Wicks et al.**°>, who manipulated the pore structures of the polymer-based GDL via

3D printing techniques. Porous carbon matrix with controllable pore structures can be achieved via
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carbonization, chemical activation, templating, and self-templating methods.?**** These advanced
preparation methods could provide new opportunities to precisely control the pore structures of the

MPLs.

Besides, the PZC values of the electrically conducting carbon materials in the MPL can be shifted
towards a more negative value through surface modification, such as the incorporation of polymers
with positively charged functional groups. A more negative PZC weakens the actual interfacial electric

field and thus resists electrowetting.

A patterned electrode surface could be another strategy to weaken the local interfacial field and
therefore reduce the degree of electrowetting by increasing the density of active sites. This strategy
has been widely used in PEM fuel cell developments?*>24¢, and could be valid in the case of CO;RR as

long as the transport of the multiphase flows are carefully managed.?®

Re-design the catalyst layer

Similar to the GDL design, decoupling the functions of the CL components has the potential to resolve
the challenges to balancing the transport and reactions. The materials used to construct the gas, liquid,
and electron pathways in the CLs should be separated so that the hydrophobic materials benefiting
gas transport may not be concerned about reduced electrochemical surface area and low CO;RR
activity, while hydrophilic catalysts active for CO,RR may not face challenges to maintain gas pathways.
Again, the electron conductor such as carbon can be further modified to resist flooding while
sustaining a low ohmic loss to distribute the current. This concept was proved effective to optimize
the wetting conditions by recent research attempts such as the addition of PTFE nanoparticles in the
CLs™3® 143 or plasma treatment to introduce oxygen-containing groups in catalyst support based on

carbon black*¥’.

Additionally, if we reconsider the electrolyte flooding as a position shift of the gas-liquid interfaces
from the liquid side to the gas side, the CL may not be necessarily only at the interface in between the
GDL and electrolyte or membrane. Alternatively, the catalyst can be embedded in the GDLs with a
loading profile across the electrode. Therefore, the CO, starvation issue due to flooding might be

alleviated.
Reactor configuration reconsideration

The emerging membrane electrode assemblies'* 247-2°0 for CO,RR show promise to limit the availability
of liquid in the GDEs, though salts precipitation and dehydration become critical issues for long-term
stability.?* 247 251, 252 Thjs review has a main focus on the flow-by mode, but the flow-through mode

worth further exploration. In flow-through mode, a high gas to liquid pressure drop can be maintained
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via pumping so that wettability control in the catalyst layer could be simplified to just maintain
maximized liquid-wet surface. The recent work by Rabiee et al.* highlighted the important role of
hydrophilic BiOx catalyst surface on the GDE based on Cu hollow fibers in boosting the performance

to produce formate.
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List of acronyms

Acronym Definition

AEM Anion-exchange membrane

c2 CO; electrochemical reduction products containing two carbon atoms

CL Catalyst layer

CLSM Confocal laser scanning microscopy
CO, Carbon dioxide
CORR  CO; electrochemical reduction

ECP Electrical capillary pressure

EDL Electric double-layer

FE Faraday efficiency
GDE Gas-diffusion electrode
GDL Gas diffusion layer
HER Hydrogen evolution reaction

MPL Microporous layer

PE Polyethylene

PEM Proton-exchange membrane

PFSA Perfluorinated sulfonic acid

PTFE Polytetrafluoroethylene

PzC Potential of zero charge
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