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Electrochemical Cell Designs for Efficient Carbon Dioxide
Reduction and Water Electrolysis: Status and Perspectives

Zhangsen Chen, Lei Zhang,* Shuhui Sun,* and Gaixia Zhang*

Integrating renewable electricity and concentrated CO, from direct air
capture, electrochemical CO, reduction reactions (eCO,RR) offer a promising
pathway for converting CO, into fuel chemicals, enabling the closure of the
carbon loop in a sustainable manner. The clean H, produced via the hydrogen
evolution reaction (HER) during water electrolysis can replace traditional
fossil fuels without additional CO, emissions. Achieving large-scale and
high-efficiency eCO,RR and HER requires the development of rational
electrolyzer designs, which are crucial for industrial implementation. This
review examines recent innovations in system designs for eCO,RR, HER, and
the latest advances in in situ cell designs for operando characterization during
electrochemical reactions. It focuses on cell improvements in flow patterns,
membrane electrode assemblies, and electrolyte engineering to maximize
catalytic activities at the industrial level. Besides, the review discusses
optimizing counter-anodic reactions to improve the energy efficiency of
eCO,RR and water electrolysis, offering insights into the design of catalytic
systems with efficient energy utilization. Furthermore, it explores the
integration of eCO,RR and HER with other electrochemical systems (e.g., fuel
cells), highlighting their potential role in the decarbonization of future

1. Introduction

1.1. Electrochemical CO, Reduction

The atmospheric concentration of CO, has
exceeded 424 ppm as of February 2024, far
surpassing the 350 ppm safe threshold.!!]
Excessive CO, emissions contribute to en-
vironmental crises such as global warm-
ing, extreme weather events, biodiversity
loss, and ocean acidification. To mitigate
these issues, significant efforts are required
to achieve a carbon-neutral economy and
limit global temperature rise to within 1.5 or
2 °C through international cooperation.?!
Carbon capture and utilization technologies
show promise to achieve the net-zero car-
bon emission goal.’! The direct air cap-
ture (DAC) method is known as one of
the most effective approaches for remov-
ing CO, from the atmosphere.) CO, re-
duction reactions (CO,RR) can convert the

industrial processes. Finally, the summary, challenge, and outlook on the
industrial-scale eCO,RR and water electrolysis system designs are concluded.
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captured CO, from the atmosphere into
valuable products. However, due to the in-
ert nature of CO,, these reactions require
significant energy input. Electrochemical
CO, reduction reactions (eCO,RR) offer
substantial potential to transform anthropogenic CO, emissions
to high-value fuels and chemicals.’! Table 1 summarizes vari-
ous reactions involved in producing different CO,RR products,
alongside the competing hydrogen evolution reaction (HER).
The complex CO,RR pathways lead to multiple products, each
with distinct redox potentials, depending on the number of pro-
tons and electrons involved. Since the redox potential of HER is
close to that of certain CO,RR products, H, becomes a major
competitive by-product during CO,RR. This competition, com-
bined with the variety of possible CO,RR products, makes the
selective production of a single product particularly challenging.
eCO,RR offers several advantages, such as adjustable operating
parameters, mild reaction conditions, and scalability.l! In a typi-
cal electricity-driven eCO, RR setup, CO,RR occurs at the cathode
while the counter-oxidation reactions (e.g., oxygen evolution reac-
tion, OER) take place at the anode. When coupled with renewable
electricity (such as from solar and hydropower) and concentrated
CO, from DAC, eCO,RR provides a promising pathway to close
the carbon loop in a sustainable manner.”] The ultimate goal is to
conduct CO,RR economically, achieving high product selectivity,
activity, and stability.
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Table 1. Redox reactions for different CO,RR products. (!
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CO,RR Products Reactions EV]
— CO, +e” — COy —-1.90
HCO,H CO, +2H* 4+ 2e” - HCO,H —-0.61
co CO, +2H" 4+2¢” - CO+H,0 —-0.53
HCHO CO, +4H"* 4+ 4e” - HCHO + H,0 —0.48
CH,OH CO, + 6H* + 6e~ — CH;OH + H,0 -0.38
CH, CO, +8H* +8e~ — CH, +2H,0 —0.24
CH, 2CO, + 12H* + 12e™ —» C,H, +4H,0 —0.34
C,HsOH 2CO, + 12H* + 12e” - C,H;OH + 3H,0 —-0.33
C CO, +4H" +4e” - C+2H,0 —-0.20
— 2H* +2e~ - H, -0.42

Eis reported at a pH = 7 aqueous solution versus normal hydrogen electrode.

1.2. H, Production from Water Electrolysis

Anthropogenic activities, particularly fossil fuel consumption,
significantly contribute to CO, emissions. Therefore, developing
renewable and clean energy alternatives to fossil fuels is essen-
tial to accelerating the transition to a carbon-neutral economy.
H,, a clean energy carrier, is an ideal replacement for fossil fu-
els in applications such as fuel cell vehicles, which produce no
CO, emissions.”! Moreover, H, can play a critical role in decar-
bonizing difficult-to-abate sectors. However, the production of
fossil fuel-derived H, (i.e., gray H,, produced from natural gas
reforming) should be phased out to avoid additional carbon emis-
sions. Instead, green H,, produced entirely from renewable en-
ergy sources, is pivotal to achieving the global net-zero emission
targets.[*) For example, at least 74 green H,-based projects, pri-
marily in Europe, are currently underway or planned to decar-
bonize industrial operations in port areas.'!l Large-scale green
H, production relies on efficient water electrolysis for HER.['?]
In typical water electrolysis, the HER (0 V vs reversible hydrogen
electrode, RHE) occurs at the cathode, reducing H* to H, while
OER (1.23 V vs RHE) takes place at the anode, generating O,. The
relatively sluggish OER limits the overall efficiency of HER in wa-
ter electrolysis. Besides, the high capital cost of water electrolyzer
makes it less cost-effective than the more widely used method of
steam methane reforming.[!] To enable the industrial-scale de-
ployment of CO,RR and HER, other than the catalytic properties
of electrocatalysts, high-performing electrolyzers that operate at
high current densities with excellent product selectivity are crit-
ical. The design of the electrochemical cell, particularly with re-
spect to its kinetic properties, can significantly enhance overall
performance.['*]

1.3. Current Advantages and Disadvantages of Cell Design for
eCO,RR and Water Electrolyzer

Currently, three main types of eCO,RR cells (i.e., H-cell, flow cell,
and membrane exchange assembly, MEA) are under active inves-
tigation. While H-cells are not practical for industrialization, flow
cells and membrane electrode assemblies (MEAs) have their re-
spective advantages and limitations. Table 2 outlines the pros and
cons of different eCO,RR cell designs. For water electrolysis, al-
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kaline water electrolysis (AWE) is a mature technology but offers
fewer prospects for advancement compared to proton exchange
membrane water electrolysis (PEMWE), anion exchange mem-
brane water electrolysis (AEMWE), and solid oxide electrolysis
cells (SOEC).

Each of these technologies has its own set of advantages and
drawbacks, as shown in Table 3. Understanding the detailed
mechanism in electrochemical devices is essential for the devel-
opment of the next-generation electrochemical cell designs for
CO,RR and water electrolysis.

CO,RR and HER, both catalytic reduction reactions, share
many similarities. This review explores the recent advanced cell
designs for CO,RR and water electrolysis, alongside the state-of-
the-art in situ cell designs for the operando characterizations to
monitor the evolution of catalyst structures and chemical prop-
erties during the electrochemical reactions. These developments
are illustrated in Figure 1, which highlights key components re-
lated to flow patterns, MEA designs, and electrolyte engineering.
The review also emphasizes the role of rational counter-anodic
reactions in improving the efficiency of both CO,RR and HER.
The integration of CO,RR and HER electrolyzers with other elec-
trochemical systems, such as fuel cells and battery technologies,
is also considered, showcasing the potential for a future decar-
bonized industrial value chain. Finally, the review concludes with
a summary, challenges, and perspectives on the system designs
needed to scale CO,RR and HER for industrial applications.

2. Rational System Design for eCO,RR

2.1. Flow Cell System

In the early research stage, eCO,RR can utilize H-cells that sat-
urate CO, in the electrolyte media through bubbling with the
submerged electrodes to screen the catalyst performance for fun-
damental studies.!®'”] However, limited by the dissolution and
transport of CO,, H-cells can only allow the current density at
a low range (<50 mA cm™2).1"8] The low current density limit of
H-cells fails the expectation of scale-up industrialization. Recent
eCO,RR studies commonly apply a flow cell system (Figure 2a,
left) to evaluate the catalytic performance of CO,RR, which is
inspired by the successful fuel cell configurations that enhance
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Table 2. Pros and cons of different eCO,RR reaction cells.['’]
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Pros

Cons

H-cell Easy to operate
Cathode and anode sides separation
Quick primary studies

Inexpensive

Flow cell Gas diffusion electrode (GDE) application
Improved mass transfer
Highly alkaline electrolytes
Suppress competitive HER
High product selectivity
High current density
Modular design
MEA GDE application
Improved mass transfer
Suppress competitive HER
Catholyte free
Reduced ohmic resistance
Low cell potential
Controllable operating temperature
Various membrane options
High current density
High product selectivity
High energy efficiency (EE)

Modular design, easy to scale up

Limited mass transfer
High ohmic loss
Low current density
Stability issue
Not for industrialization
Salt precipitation
Carbonate crossover
Electrolyte consumption
High solution resistance
Electrode wetting

Stability issue

Salt precipitation at high current densities
CO, crossover to the anode side
Cation crossover from the anode side
Carbonate formation at the cathode side
Product crossover
Flooding issue after long operation
Complex membrane design

Stability issue

the electrochemical activities."”) A GDE (Figure 2a, right) is em-
ployed in the flow cell system where CO, is directly supplied to
the catalyst layer. It avoids the dissolution of CO, in the elec-
trolyte, allowing better mass transfer for CO,RR in the flow
cells than in the traditional H-cells. Hence, the flow cell system
provides high current densities up to ampere level (industrially
relevant level) in eCO,RR.[?%! Figure 2b depicts a typical flow cell
stack for eCO,RR. Normally, it contains a cathode current col-
lector, a cathode GDE, an ion exchange membrane, a membrane
holder, an insulator element, an anode catalyst, and an anode cur-
rent collector. GDE-based flow cells offer higher catalytic activi-
ties than those of conventional H-cells but come with some draw-
backs like salt precipitation, carbonate crossover, high solution
resistance, and electrode wetting. Given the complex cell struc-
ture, one can work on many aspects to further improve the cat-
alytic performance and potentially address the above-mentioned
issues of flow cells for eCO,RR.

2.1.1. Optimize the Flow Pattern to Further Improve Mass Transfer

The CO, gas supply is introduced through the gas pattern on the
cathode side. In this case, the gas pattern in the flow cell stack af-
fects the interaction of CO, with the GDE cathode. The proper de-
sign of the flow patterns and interface in the large-scale eCO,RR
reactor can achieve uniform flow distribution, realizing a high
production rate. Based on this concept, Jung et al. employed a 3D
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computational fluid dynamics (CFD) model to investigate the per-
formance of CO,—CO in a large-scale (catalyst electrode area >50
cm?) eCO,RR electrolyzer with novel flow pattern designs.[*!]
CFD constructs a precise physical model by integrating conti-
nuity equations of momentum, mass, energy balances, and the
transport of substances involved in the reaction. The authors in-
troduced a unidirectional uniform distribution flow (UDF) pat-
tern to improve the mass transfer of the eCO,RR electrolyzer.
Three different flow patterns were analyzed (Figure 2c—e), based
on the pressure difference between two points (e.g., AB, CD, A'B’,
C'D’, A’B”, C'D’, E’F” in Figure 2d,e) from the Hagen—Poiseuille
Equation (1).

128u <%) 32
4 1o,
APyp =P, — Py = T (”Rcell) = D—40t Rea 1)
eff eff

where u is the dynamic viscosity (Pa - s), Q,, is the total volumet-
ric flow rate of the feed gas (m? s7!), D g is the effective diameter
of the flow channel (m), and R is the radius of the cell (m).
Combined with Darcy’s law, the pressure difference between the
two points becomes the driving force of the advection flow across
the rib Equation (2).

q=_§vp (2)
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Table 3. Advantages and disadvantages of different water electrolyzers.[6]
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Advantages

Disadvantages

AWE Matured commercialization
Cost-efficient

Large-scale production

PEMWE Commercialized
Modular cell design
High H, purity
High response time
High operating pressure
High current densities
Coupling with renewable energies
Higher EE
AEMWE Less corrosive electrolyte
Non-noble metal-based catalysts
Modular cell design
High H, purity
High response time
High operating pressure
High current densities
Coupling with renewable energies
Higher EE
SOEC Non-noble metal-based catalysts
Modular cell design
High H, purity
High operating pressure
High current densities

High efficiency

Corrosive liquid electrolyte
Slow response time
Low current densities
Gas crossover
Difficult to couple with renewable energies
Noble metal-based catalysts
High operation cost

Corrosive environment

Early commercialization stage
Membrane stability issue

Inadequate durability

Early commercialization stage
High operation temperature
Long start-up time

Low durability

where g is the discharge per unit area (m s™'), K is the perme-
ability (m?), u is the dynamic viscosity (Pa - s), and VP is the
pressure gradient (Pa m™). The higher pressure difference rep-
resents the higher convective flux in the porous GDE. The ref-
erence case flow pattern in Figure 2c is adapted from ref. [22]
where the inefficiency arises due to the short flow length (7R ;)
and the low volumetric flow rate (Q,.;/4). The reference case flow
pattern in Figure 2d is adapted from ref. [23] where a long trajec-
tory increases the pressure difference with a single-channel gas
feed, improving the convective mass transfer. The final AP, is
eight times higher than that of AP, ;.. However, the two oppos-
ing vectors between A’and B’ (flow toward the outlet) and C’and
D’ (flow toward the inlet) vanish in the permeable GDE, which
reduces the advection. The UDF pattern in Figure 2e integrates
flow segregation and unidirectional flow, directing the flow to-
ward the outlet in every direction in the cell. The shorter flow
length in the UDF pattern is compensated by the flow segrega-
tion, resulting in a higher AP, than that of AP, . Figure 2f~h
depicts the velocities in the GDE of different flow patterns. The
black arrows indicate the flow direction in the GDE. The separate
paths pattern (as in Figure 2c) demonstrates poor performance
due to the low AP (Figure 2f). The single path with flow retrace
pattern (as in Figure 2d) demonstrates higher velocity than that
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of the separate paths pattern (Figure 2g), but requires additional
compression power to supply the feed gas, increasing the oper-
ational cost. The UDF pattern (as in Figure 2e) utilizes a one-
path flow to guide all flow components directing from inlet to
outlet. It improves the convective mass transfer while retaining
the flow uniformity (Figure 2h). The reference case flow patterns
demonstrate the best CO,—CO performance at 1 m KHCO;. As
illustrated in Figure 2i, the UDF design contributes to an ~28%
increase in the CO partial current density in the 1 M KHCO, elec-
trolyte and a 60% increase in the 1 v KOH electrolyte. It reveals
that the convective mass transfer favors the CO production rate,
which highlights the significance of the flow pattern design in
the eCO, RR electrolyzer.

2.1.2. Acidic Electrolytes to Address Salt Precipitation

To suppress the competing reaction HER during CO,RR, alka-
line electrolytes are usually employed. In alkaline electrolytes,
HER has slow kinetics of the Volmer step (first water reduc-
tion step) that lowers the surface coverage of adsorbed hydro-
gen, thus affecting the subsequent Heyrovsky and Tafel steps.2°]
During the eCO,RR process, the pH of the near catalyst sur-
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Figure 1. Overall illustration of rational system designs for highly efficient CO,RR and HER.

face region increases as the proton donor is consumed. It con-
tributes to suppressing the competing HER.I?””] However, in a
strong basic environment, CO, tends to convert to carbonates
Equation (3) or bicarbonates Equation (4), causing the flooding
issue.[?8]

CO, +20H™ = COY +H,0 3)
CO, + OH™ = HCO; 4)

It also decreases the single pass carbon efficiency (SPCE; the
carbon fraction in CO, supply that is transformed to the reduc-
tion products) in CO,RR. To address the carbonation accumula-
tion, other than constantly interrupting the reaction to remove
the (bi)carbonates and to refresh the GDE,[*! here are some
promising directions.

The Cation Strategy and Operando Activation in Acid and Neutral
Media: One of the quickest approaches to suppress the carbon-
ation during eCO,RR is to avoid the alkaline environment. How-
ever, by switching the electrolyte from the strong basic environ-
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ment to neutral or acidic environments, it risks losing the high
CO,RR activity under alkaline media.[**) Many works report that
it is the alkali metal cation effect that helps the activation of CO,
and the stabilization of the key CO,RR intermediates.*!! Zhang
et al. used the simulation of ab initio molecular dynamics to in-
vestigate the effect of alkali metal cations (from Li* to Cs*) on
the CO,RR initiation on the Cu surface.®?! Figure 3a depicts the
*CO, chemisorbed final state (FS) configurations with different
alkali metal cations in the Cu—"CO,—H,0 system. Na* and Li*
coordinate with only one O atom of “CO, by side configuration.
K* and Cs* coordinate with both O atoms of “CO, by a bridge
configuration. This is due to the radius differences between the
cations. By using the CO, absorption energy to probe the activity,
Li* has the strongest “CO, adsorption (Figure 3c). In the mean-
time, the free energies of Na*, K*, and Cs™ are very close to each
other. The CO, activation free energy profile from the initial state
(IS) to the transition state (TS) to FS without metal cations is
shown in Figure 3b,c to indicate a reference 0.22 eV kinetic bar-
rier in the Cu—"CO,—H, 0 system. The free energy profiles of
Li* (0.17 eV), Na* (0.16 eV), K* (0.12 eV), and Cs* (0.10 eV) are

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a) Left: a typical flow-cell illustration with reactant gases feeding through the back of a GDE catalyst, aqueous electrolyte, anion-exchange
membrane (AEM), and gas-diffusion layer (GDL). Right: detailed illustration of the tri-phase boundary in a GDE. Reproduced with permission.[?4]
Copyright 2020, The American Association for the Advancement of Science. b) The schematic of the eCO,RR electrolyzer cell stack. 1: the current
collector for the cathode; 2: the cathode GDE; 3: the ion exchange membrane; 4: the membrane holder and the insulator element; 5: the anode catalyst;
6: the current collector for the anode. Reproduced with permission from.[2>] Copyright 2019 American Chemical Society. Designs of flow pattern channel
of eCO,RR electrolyzer: c) the separate paths, d) the single path with flow retrace, and (e) the unidirectional uniform distribution flow with channel
segregation. Velocity contour for geometries of f) the separate paths, g) the single-path with flow retrace, and (h) the unidirectional flow with segregation.
i) Experimental results of 1 mg cm~2 Ag catalyst loading in flow pattern effect, interface, and pH to mass transfer on eCO,RR with a flow rate of 400
SCCM, under a cell voltage of 3 Viin 1 M KHCO;. Reproduced with permission from.[2l Copyright 2021 Published by Elsevier B.V.

displayed in Figure 3c. The energy barriers gradually decrease  shows the coordination numbers in the first solvation shell of
from Li* to Cs*. Besides, the free energy barrier difference be-  metal cations with and without *CO, at TS. For the Li*/Na*
tween the two groups of Li*/Na* and K*/Cs* is 0.05 eV, which  group, the coordination with CO, in the first solvation shell in-
corresponds to the increased reaction rate by a factor of five,  volves an oxygen atom exchange from H,O, which leads to an
agreeing with the experimental performance results. Figure 3d  almost unchanged total coordination number. For Cs* and K*,
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Figure 3. a) The interactions between cations, *CO,, and H,O at Cu(100) surface in the Cu—"CO,—H,O system. Left: the *CO, bidentate adsorption
at Cu surface with one O atom and C coordinating with Cu while the other O atom bonding with the hydrogen of H,O (blue dashed lines). Middle: the
Na* or Lit side configuration, coordinating with one O atom of *CO, (red dashed line). Right: The Cs™ or K* bridge configuration, coordinating with
both O atoms of *CO,. b) Top: The free energy profile with IS, TS, and FS structures for the CO, adsorption in the Cu—*CO,—H,O system without
metal cations. The zero value is indicated by the gray dashed lines. Bottom: The corresponding free energy gradient at each calculated collective variable
in the top Figure, with an error bar. The positions of FS, IS, and TS are indicated by the crossover points with a dashed line. ¢) The IS, TS, and FS free
energy profiles and representative structures in the Cu—*CO,—M" system of the top left: Li*, top right: Na*, bottom left: K*, and bottom right: Cs*.
In the local structures, H, O is illustrated as white and red sticks, Cu is illustrated as reddish-brown spheres, CO, is illustrated as red and gray spheres,
and the cations of Cs*, K*, Li*, and Na* are represented by blue, green, purple, and yellow spheres, respectively. The cation coordination with O atoms
in the first solvation shells is illustrated by magenta dashed lines. d) The number of coordinated O for Cs*, Li*, K*, and Na* cations at the interface of
Cu(100)—electrolyte without and with *CO,. e) The H; O™ distribution in the solvent without and with alkali metal cations. The excess proton from the Cu
substrate in the 10 ps production timescale without and with the K* cation is represented by the purple and red dashed lines, respectively. Reproduced

with permission from[32] under the terms of the Creative Commons CC BY license.

the coordination number increases by 2.2 and 0.9, respectively.
The better coordination structure of Cs™ and K* than that of
Na* and Li* is attributed to the large cation radius that can co-
ordinate with the oxygen atoms from both CO, and H,O, facil-
itating the electron transfer to activate CO,. Figure 3e demon-
strates the excess proton—interface distance distribution. For the
case of Li*, the proton—interface distance is even smaller than
that of a single H;O* due to the small solvation shell of Li*.
It allows H;07 to coexist with the solvated Li*. For the cases
of Na*, Cs*, and K*, the excess proton is confined in the first
solvation shells and repelled away from the second water layer.
H* is constrained and repelled from the interface because of
the presence of large metal cations, suppressing the competing
HER. With all these analyses, the necessity of alkali metal cations
in CO,RR for CO, activation and the HER prohibition is pro-
foundly explained. In addition, it is found that the periodic ad-
dition of acids (e.g., HCI) to the neutral catholyte (e.g., KCl) dur-
ing the eCO,RR process can effectively alleviate the carbonation
effect.®%]

Combining both the concepts of the cation effect and the pe-
riodic addition, Endrédi et al. developed an operando regenera-
tion and activation process on a zero-gap electrolyzer cell period-
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ically infused with alkali metal cation-containing solutions in the
cathode side to enable the DI water-feed electrolyzers to function
with the CO,RR catalytic performance equivalent to those utiliz-
ing alkaline electrolytes.**! Figure 4a,b shows the scanning elec-
tron microscopy—energy-dispersive X-ray analysis (SEM-EDX)
image and the microtomography image of the cross-section of
the GDE after CO, electrolysis in the 1 M KOH anolyte, respec-
tively. It reveals the severe precipitation of KHCO, on the GDE
during eCO,RR in the alkaline electrolyte due to the unintended
crossover of the alkali metal cations through the anion exchange
membrane (AEM) from the anode side. To avoid this metal cation
cross-over issue, the authors utilized pure water as anolyte, along
with an electrolyte (0.5 M KOH) injection method to create the al-
kali metal cation-infused GDE in the cathode as demonstrated
in Figure 4c. During the periodical electrolyte infusion, the CO,
gas feed pushes the electrolyte through the cell. The precipitate
can only be generated at a limited contact area between the so-
lution and the gas, resulting in a constant presence of the acti-
vating alkali metal cations but avoiding accumulation at the cath-
ode GDE. Besides, each new infusion of the electrolyte dissolves
the precipitates generated from the last infusion. This periodic
electrolyte infusion approach not only introduces alkali metal

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. The cross-section images of a) SEM—EDX and b) microtomography images of a GDE in a zero-gap cell after continuous CO, electrolysis in Tm
KOH anolyte at 3.0V and 50 °C. The green and red colors in the microtomography and SEM—-EDX images indicate K and Ag atoms, respectively. ) The
schematic diagram of the instrumentation and piping framework is applied. d) The chronoamperometric curves and e) the electrochemical impedance
spectroscopy before and after the cathode GDE activation with 10cm? of 0.5 M KOH solution in a 3:1 water/isopropanol mixture at 3.1V and 60 °C with
a CO, feed rate of 12.5cm3 cm™2 min~". f) The CO current density is measured under the same conditions as in (d). The cathode GDE was deactivated
by rinsing with 10 cm? of a 3:1 water/isopropanol mixture. g) The time-resolved top: current density and CO, inlet pressure and bottom: product stream
composition change during the periodical infusion in the electrolyzer with 3 cm® of 1M CsOH solution in a 3:1 water/isopropanol mixture at 3.2V and
60 °C with a CO, feed rate of 12.5cm? cm™2 min~". Reproduced with permission from.34 Copyright 2021, B. Endrédi et al., under exclusive license to

Springer Nature Limited.

cations to the GDE but also removes the generated precipitates
in the GDE. Activating the cathode GDE by the proposed elec-
trolyte infusion method provides the current in the pure water-
fed electrolyzer to a level equivalent to that of a 0.1 m KOH-
fed electrolyzer (Figure 4d). In addition, the charge transfer re-
sistance of the pure water-fed electrolyzer decreases to a simi-
lar value to that of the alkaline electrolyte-fed electrolyzer with
the periodical infusion approach (Figure 4e). Figure 4f demon-
strates that the activation provided by this electrolyte infusion is
reversible. By injecting the solution without alkali metal cations,
the cell activity decreases to the original level, which indicates
the importance of the cathode interface role in the CO,RR elec-
trolyzer. The monitoring of time pressure in Figure 4g also shows
that the activation takes about 50 s for the injected electrolyte
to leave the electrolyzer and gradually stabilizes after around
120 s. With this periodical infusion approach, the pure water-
fed CO,RR electrolyzer was able to run for over 200 h at a
current density of around 420 mA cm~2. Notably, for this elec-
trolyte infusion approach, the solvent mixture of the electrolyte
must be optimized to properly wet the GDE for the infusion to
happen.

Creating the Local Alkaline Environment in Acid Media: Other
than the neutral media, the acid media are also widely studied

Adv. Mater. 2025, 2505287 2505287 (8 of 36)

to overcome the precipitation issues in the alkaline media while
improving the SPCE. In acid media, H;O" provides the proton
for CO,RR rather than H,O in alkaline media. Thus, no CO, is
consumed with OH™ to form (bi)carbonates in the acidic elec-
trolyte. However, with the acidic environment, HER becomes
dominant during the electrolysis.’>) How to prohibit the com-
peting HER during eCO, RR is the top priority for the acid media
cases. Intriguingly, when the reaction happens at a large current
density (e.g., >1 A cm~2), a local proton-depletion microenviron-
ment (high pH condition) can be created where the locally gener-
ated OH~ surpasses the proton influx from the acid electrolyte.l¢!
By adopting this strategy, Chi et al. fabricated a GDE with Bi
nanosheets to confine the in situ formed OH™, creating a lo-
cal alkaline environment at a moderate current density (~200-
500 mA ¢cm™2) to promote eCO,RR in acid media.?”] The au-
thors vertically grew sheet-shaped Bi catalyst on GDL to form
a GDE that constructs electrolyte reservoirs, preventing the dif-
fusion of the outward OH™ and the inward proton. Figure 5a
depicts the proton transport of the conventional particulate cat-
alyst environment in acid media, where the proton around the
catalyst layer is rapidly replenished, resulting in a proton-rich
local environment. Figure 5b depicts the proton transport of
the electrolyte reservoir situation. Under these circumstances,
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Figure 5. The schematics of the proton transport in the near catalyst layer of (a

) conventional particulate and (b) sheet-shaped reservoir catalysts.

c) The OH™ concentration profiles of conventional particulate catalysts and dlﬁerent sheet-shaped reservoir models. d) The H* concentration profiles
of conventional particulate catalysts and different sheet-shaped reservoir models. Arrows imply the species migration direction, scale bars: 200 nm.
e) The local K* and OH™ concentrations of conventional particulate catalyst and different sheet-shaped reservoir models. f) The pH distribution of
conventional particulate catalyst and different sheet-shaped reservoir models. The simulations were performed at —1.7 V vs standard hydrogen electrode
(SHE) with a bulk pH value of 1.69. g) The potential-dependent HCOOH FE of Bi nanoparticle (NP) and the Bi reservoir structure (RS) and (h) the
HCOOH current density on Bi NP and Bi RS in the electrolyte of 0.5 m K,SO4 with 0.1 M H,SO, (pH 1.69). i) The HCOOH FE and (j) the HCOOH

partial current density of Bi RS and Bi NP catalysts at 200 mA cm™

2 in different pH acidic electrolytes. k) The comparison of HCOOH operating lifetime,

current density, FE, and production rate on different catalysts reported in acidic CO,RR. Reproduced with permission from[3’] under the terms of Creative
Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

K* and the in situ-generated OH™ are constrained (Figure 5Se),
which provides local high pH regions (Figure 5f). Figure 5c,d
demonstrates the computed OH~ and H* concentration distri-
bution on different sheet-shaped models. The model of cavity-
IIT acts as the best OH™ reservoir. The experimental results ac-
cord with the computed simulations. The electrolyte reservoir de-
sign adapts well to the acidic electrolyte, even in extremely low
pH environments (Figure 5i,j). This sheet-shaped Bi GDE allows
the HCOOH faradaic efficiency (FE) of 96.3% with a HCOOH
production current density of 471 mA cm~2, a 79% SPCE, and
a stability over 45 h (Figure 5g,h k). Other than the benefits of
avoiding the flooding effect and increasing the SPCE, acid media
are also proven to suppress the oxygen reduction reaction, which
makes CO,RR favorable when using flue gas.[*®]

In short, the electrolytes applied in eCO,RR are usually alka-
line, acid, and neutral media. Generally, alkaline media are em-
ployed to suppress the competing HER and accelerate CO,RR but
raise the issues of carbonation and flooding. Acid and neutral me-
dia applications alleviate the carbonation issue but promote HER
rather than CO,RR during catalysis. To increase the CO, activa-
tion for CO,RR in acid and neutral media, the introduction of
alkaline metal cations in the electrolytes proves to be promising.
To suppress HER in acid and neutral media, creating a local al-
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kaline environment is important. It can be achieved by different
approaches, such as the periodic injection of a small amount of
alkaline electrolytes near the GDE cathode and the cathode cat-
alyst structure engineering. To suppress the competing HER in
the neutral and acid media, another way is to replace the liquid
catholyte solution with the solid polymer electrolyte.

2.2. Electrode and MEA Engineering

The catholyte-free MEA, also known as a zero-gap electrolyzer,
features a sandwich structure where a polymer electrolyte mem-
brane is tightly sandwiched between the anode and the cathode,
with the liquid anolyte circulating through the porous anode.*!
MEAs consist of various components, such as the ionomer mem-
brane, catalyst layer, and gas diffusion layer, which are similar
to those used in flow cells. As a result, MEAs inherit the advan-
tages of flow cells, including ionomer membranes for ion trans-
port and product separation and GDE for improved mass transfer
and water management. The zero-gap design enables the direct
contact of GDE and the membrane, minimizing resistance and
facilitating the achievement of industrially relevant current den-
sities. Additionally, the reduced ohmic loss contributes to lower

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Table 4. Quantitative comparisons of Fe—N—C catalysts in H-cell, flow cell, and MEA for eCO,RR.
Catalysts Cell type FEco Current densities Stability Refs.
FeN, H-cell >90% Jeo=—-25mA cm2 at —0.8 V versus RHE 10 h at —0.5 V versus RHE #—5 mA [18d]
cm™2
Fe3*—N—C H-cell >90% Jco =—20 mA cm~2 at —0.47 V versus RHE >12 hat —0.37 V versus RHE [40]
~—8 mA cm™?
Flow cell >90% Jco =—94 mA cm~2 at —0.45 V versus RHE >28 h at —0.41V versus RHE
~—50 mA cm—2
Fe/Se—N—C H-cell >90% Jco =—6.5 mA cm=2 at —0.55 V versus RHE 24 h at —0.45 V versus RHE [41]
~—7 mA cm™?
Flow cell >90% Jco ~—100 mA cm~2 at —0.7 V versus RHE 12 h at —0.7 V versus RHE with
<=100 mA cm~2
MEA >99% Jco = —250 mA cm~2 at a cell voltage of 4 V 12 h at a cell voltage of #2.5 V at

—100 mA cm™2

cell voltage, making MEAs more attractive for industrial applica-
tions requiring high EE. This unique architecture also addresses
common challenges in flow cells, such as salt precipitation and
electrode wetting during eCO,RR.

Table 4 presents a brief quantitative comparison, including
current densities, Faradaic efficiencies, and long-term stability
of Fe—N—C catalysts in H-cell, flow cell, and MEA in eCO,RR,
highlighting the improvements that MEA provides to achieve in-
dustrially relevant current densities.

Yin et al. constructed a stable and conductive quaternary am-
monia poly (N-methyl-piperidine-co-p-terphenyl) (QAPPT) as the
alkaline polymer electrolyte membrane (APEM) to achieve the
industrial-scale eCO,RR activities with pure water.[*?] Figure 6a
depicts the cell structure of the APEM CO,RR electrolyzer.

The cathodic catalyst (Au/C) is impregnated with QAPPT and
sprayed on the QAPPT APEM (Figure 6b). During eCO,RR, the
charge carrier in the APEM gradually transforms from OH™ to
HCO; /CO?" because of the carbonation issue. In this case, the
percentage of OH™ in the APEM depends on the ratio of the
CO, flow rate and the CO, consumption rate (CO, stoichiom-
etry) on the cathode. The CO, stoichiometry can be estimated by
monitoring the CO, crossover on the anode side, as illustrated
in Figure 6¢. The shadow region in Figure 6¢ shows the realistic
OH™ percentage. When the CO, flow rate is ten times the rate
of CO,RR, the OH™ percentage is around 80%. Under experi-
mental conditions, the real CO, stoichiometry on the cathode is
<10, revealing the minor carbonation and CO, cross-over effects
that could jeopardize the long-term operation. OH~ is still the
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Figure 6. a) The schematic of the APEM CO,RR electrolyzer with pure water supplied in the anode and dry CO, supplied in the cathode. b) The SEM
cross-section image of the Au/C cathode catalyst APEM. c) The percentage of OH™ in APEM as a function of the CO, stoichiometry on the cathode,
calculated based on the amount of CO, cross-over from cathode to anode, measured by gas chromatography (GC). The red dashed line represents the
upper limit of CO;2~/OH~. The blue dashed line represents the upper limit of HCO;~/OH™. The CO, stoichiometry changes with the current densities
while the CO, flow rate is kept at 100 SCCM. d) The |-V curves, €) FEo (denoted as COFE) and EE of Au, f) the |-V curves, and (g) FEco and EE of
CoPc in the APEM CO,RR electrolyzer. Reproduced with permission from.[?] Copyright 2019, RSC Publishing.
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major charge carrier in this APEM CO,RR electrolyzer, provid-
ing a strongly alkaline environment on the cathode for CO,RR.
The as-constructed APEM CO,RR electrolyzer allows a 500 mA
cm~2 at a cell voltage of 3 V at 60 °C and is stable at a cell volt-
age of 2.25 V over 100 h while providing high EE and maintain-
ing the FE, at a range of 90-95% (Figure 6d—g). Note that the
development of APEM is quite recent. The commercialization
awaits the successful fabrication of the highly stable and conduc-
tive APEM. Hence, there is still a lot to explore in the aspect of
APEM.

2.2.1. Gas Diffusion Electrode Catalyst Engineering for Enhanced
Catalytic Performance

The catalyst is always the key to catalytic reactions. Herein, the
GDE (GDL + catalyst layer), where the active catalysts are at-
tached, determines the final activity of the electrolyzer. Modifying
either the GDL part or the catalyst part in GDE shows the poten-
tial to augment the CO,RR performance. For example, Vichou
et al. immobilized a layer of ionic liquids (ILs) on a glassy carbon
to benefit from the high selectivity of ILs for molecular complex
catalysts in acid-aqueous media CO,RR. The imidazolium cation
organic layer immobilized on the electrode—electrolyte interface
creates a local electric field, positively charging the electrode sur-
face, suppressing the HER, and favoring CO,RR to formate.*)]
Sun etal. constructed a GDE with the ultrathin superhydrophobic
macropore structure to promote CO, diffusion in acid media.l*¥]
Figure 7a depicts the schematic structure of this all-metal Cu-
GDE with the enhanced gas diffusion ability, prepared by the in
situ electrooxidation of the porous Cu foil. The thin hydrophobic
Cu nanoneedles with a large pore diameter, coated with a water-
barrier of 1-octadecanethiol on the porous Cu surface, result in
the high CO, concentration on the catalyst—electrolyte interface.
SEM images of Figure 7b—d confirm that the GDE is a macrop-
orous Cu foil densely covered with nanoneedles with a thickness
of ~100 um. EDX images in Figure 7e reveal the uniformly dis-
tributed S from alkanethiol on the Cu nanoneedle surfaces. The
coating layer of 1-octadecanethiol is also visible on the nanonee-
dles (Figure 7f). The prepared Cu-GDE is extremely hydropho-
bic and mechanically flexible (Figure 7g). High FE for C,, can
be achieved at both pH = 1 and pH = 6 electrolytes (Figure 7h).
By changing the electrooxidation time of the porous Cu foil, the
amount of Cu nanoneedles varies, leading to different rough-
ness factors (rf) that reflect the number of active sites for CO,RR.
Figure 7i shows that the formation rate (FR) of C,, is in a linear
correlation with rf at pH = 6, while FR,, is in a linear correla-
tion with rf? at pH = 1. It is because CO,RR at pH = 6 is de-
termined by the number of active sites on the catalyst (first-order
reaction) while CO,RR at pH =1 is determined by the amount of
OH™ and the active sites on the catalyst (second-order reaction).
The nanoneedle structure enables a local alkaline environment
with a pH of ~10.9, which can suppress the local H* concen-
tration (Figure 7j). The conversion efficiency of C,, and SPCE
increases with the decrease of the CO, flow rate (Figure 7k). Fur-
ther, the CO product selectivity decreases with the decrease of
the CO, flow rate (Figure 71) while the C,, product selectivity in-
creases with the decrease of the CO, flow rate (Figure 7m). It sug-
gests that with this nanoneedle-shaped Cu-GDE, a slow CO, flow
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can achieve a high secondary CO utilization for C,, production
(Figure 7n) in the acid electrolytes.

Apart from the optimization of cathode catalyst designs, the
catalyst mass loading, binders applied when fabricating the GDE,
etc., are also pivotal for CO, electrolysis, which affects the perfor-
mance and stability of the cell. For example, the mass loading of
the catalyst affects the number of active sites and the thickness
of the GDE. They will reflect on the catalytic performance and
the wettability (fast flooding when the catalyst layer is too thin) of
GDE during eCO,RR.[*] The polymer binders are inevitably used
to combine powder electrocatalysts with the substrate. However,
the binders (e.g., Nafion and polytetrafluoroethylene, PTFE) will
block the active sites, inhibit diffusion, and increase the series
resistance, which weakens the catalytic performance.l* The dif-
ferent binder materials can also affect the wettability of the GDE
and the product selectivity of CO,RR.[*] The amounts of the cat-
alyst powder and binders in the ink need to be optimized. To ad-
dress this concern, it would be best to optimize the GDE fabrica-
tion parameters (e.g., mass loading, binder materials, fabrication
techniques) for different catalysts to obtain the highest catalytic
performance of the catalyst.[*8]

2.2.2. Membrane Electrode Assembly Engineering

Anion Exchange Membrane, Cation Exchange Membrane, and
Bipolar Membrane: In conventional flow cells, both the cathode
and anode sides require electrolyte liquid flows. It raises the wor-
ries of corrosion on the cell and the total operation cost. Inspired
by the H, fuel cell design,[1%**1 MEA cell designs are free from
or reduce the solution supplies. Consequently, the cell assembly
and the operation and maintenance will all be simplified (e.g.,
the APEM cell design presented above in this review). In MEA,
the commonly applied Nafion membrane is a proton exchange
membrane (PEM), which favors HER during CO,RR.[20250] To
find a proper membrane designated to CO,RR is important for
the CO,RR MEA electrolyzer design. Some of the examples in
the previous sections are already using the MEA cell structure.
Advanced cell designs with the AEM and the cation exchange
membrane (CEM) show superior CO,RR catalytic performance
under different conditions. Xia et al. designed a solid-state elec-
trolyte (SSE) MEA cell where pure HCOOH can be produced
without the participation of impurity ions.5!l As demonstrated
in Figure 8a, the Bi-based cathode GDE and the IrO,/C anode
GDE are separated by AEM and CEM, respectively. A porous H*
or HCOO™-conductor SSE is sandwiched between the AEM and
CEM. Humidified CO, is supplied on the cathode to be reduced
to negatively charged HCOO™ while 0.5 M H,SO, is circulated in
the anode side for water oxidation and to produce H*. Driven by
the electric field, HCOO™ and H* travel through AEM and CEM,
respectively, to combine in SSE to generate HCOOH. Depending
on the type of SSE (H* conductor or HCOO™ conductor), the fi-
nal HCOOH product is generated at either the right (HCOO~
conductor) or left (H* conductor) interface between SSE and
the membranes. A deionized water stream flows through the
SSE, producing pure HCOOH solutions with different concen-
trations based on the different flow rates. The authors further
improved this SSE MEA design for more economically appealing
applications. Figure 8b depicts a four-chamber symmetric MEA
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Figure 7. a) The schematic illustration of the nanoneedle-shaped Cu-GDL in CO,RR. The SEM images of b) the macropore structure (inset: the channel
of the macroporous) and (c) Cu nanoneedles with a large contact angle. d) The SEM cross-section images of the Cu-GDE. e) The EDX mapping of
the Cu and S elemental distribution in the Cu-GDE. Red: Cu; green: S. f) The TEM images of one 1-octadecylthiol single layer (~2.5 nm) on the Cu
nanoneedle. g) The twisting and bending flexibility tests. h) The C,, and H, FEs, and potential (E vs RHE, right) as functions of current density. i)
rf2 (right) and rf (left) as functions of FEc,,. Inset: SEM images of Cu-GDL with different rf (error bars = 2pum). j) The function of OH™ on Cu-GDL
during CO,RR in acid media. k) The SPCE, ) CO product selectivity, and (m) C,, product selectivity as a function of the CO, flow rate at —0.5Acm=2 in
pH = 6, pH = 1, and CO,-saturated pH = 3.8 (pH 6_CO,) and pH = 0.9 (pH 1_CO,) electrolytes. n) The secondary CO conversion in CO,RR at a
slow CO, flow rate. Reproduced with permission from!*4l under the terms of the Creative Commons CC BY license.
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Figure 8. a) The schematic diagram of the SSE MEA CO,RR electrolyzer. b) The schematic demonstration of the four-chamber symmetric SSE CO,RR
electrolyzer. Yellow and green SSE layers represent highly porous SSE-50 and SSE-OH ™, respectively. ) The current densities against cell voltages of a 2D-
Bi//SSE-50 | BPM | SSE-OH™~// NiFe-LDH cell, and the corresponding HCOOH FEs. d) The concentration of pure KOH, which is simultaneously produced
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is a highly porous SSE-50 proton solid conductor. f) The current densities and the corresponding HCOOH FEs against cell voltages on a 2D-Bi//Pt-C all-
solid—state cell using the SSE-50 H* conducting solid electrolyte. The generated pure HCOOH vapor was brought out from the middle solid electrolyte
using 100 SCCM humidified N,. Reproduced with permission from.[>l Copyright 2019, Chuan Xia et al., under exclusive license to Springer Nature
Limited.
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configuration. In this design, a bipolar membrane (BPM) is used
to separate cathode and anode compartments, where water is
dissociated into H* and OH~ within the membrane, which are
drawn toward the cathode and anode, respectively. The H* gen-
erated at the HCOO™-conductor SSE side of BPM combines with
HCOO™ generated in the cathode compartment to produce pure
HCOOH in the cathode-SSE. The OH™, generated at the OH™-
conductor SSE side of BPM, combines with K* in the anode
compartment to regenerate KOH in the anode-SSE. The highest
HCOOH current density in this four-chamber SSE MEA reaches
150 mA cm~ at a cell voltage of 3.36 V (Figure 8c). And the con-
centration of the produced KOH solution can go up to 0.66 M
(Figure 8d). Besides, the KOH solution produced can be recir-
culated into the anode electrolyte to reduce the operation cost. In
another SSE MEA design (Figure 8e), by replacing the OER in the
anode with hydrogen oxidation reaction (HOR), a 100% atom uti-
lization can be achieved (CO, + H, - HCOOH). In addition, the
HCOOH vapor generated in the SSE is extracted by the humid-
ified N, flow, which results in the all-vapor—phase cell operation
without the liquid stream involved. It allows an 83.3% FE o0y
ata cell voltage of 1.1 V and the highest HCOOH current density
of 163 mA cm~? at a cell voltage of 1.33 V (Figure 8f).

Besides, it is proven that the augmentation of the catalyst sur-
face area and the ion-exchange capacity of the membrane can
contribute to the enhanced production rate while maintaining
high CO, utilization,®”) which could be taken into consideration
for the industrial large-scale production of the balance between
the productivity and CO, utilization efficiency in eCO,RR.

2.3. SOEC for High-Temperature Operations

With the technique of MEA assembly evolving, the temperature
effect on the cell performance can be evaluated systematically.
The temperature increase improves ionic conductivity, CO, mass
transport, and water management, which allows the high current
densities for eCO,RR. In the meantime, the temperature differ-
ence of the cell can result in different reduction product selectiv-
ity due to the variations in adsorption energies of intermediates
(i.e., *CO) on the catalyst surface.>*] In this case, the cells that
can operate under robust conditions provide extra advantages.
SOEC consists of a solid oxide electrolyte for conducting oxy-
gen ions, which can operate at high temperatures (typically from
600-800 °C for CO,RR, Figure 9a cascade 2). In a CO,RR oxygen
ion-conducting SOEC, CO, is first converted to carbonate on the
cathode and then dissociated into CO and O?~ at the triple-phase
interface. Then, the produced CO desorbs from the cathode sur-
face while O~ travels through the dense electrolyte (oxygen ion-
conductor) to the anode to form O, via OER.’*] The SOEC de-
vice does not require liquid input and does not generate carbon-
ate ions, realizing high carbon utilization for eCO,RR. The basic
requirements for the materials in SOEC are ionic conduction,
electronic conduction, and catalytic activity (cathode: CO,RR and
anode: OER). It makes the oxides (e.g., perovskites, Ruddlesden—
Popper phase oxides, etc.) the most popular materials for SOEC
fabrications.>®! Coupling heat and electricity, SOEC can perform
under high temperatures, achieving high current density (am-
pere level) easily.>®! For example, a SOEC using single Ru atoms
anchored Ce,4Sm,,0,_; as the oxygen ionic conductor can pro-
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vide a current density of 2.39 A cm~2 at a cell voltage of 1.6 V at
800 °C.>”] The final CO,RR product from SOEC is mainly CO,
which serves as a major feedstock in syngas-related industries
and other CO conversions.I”®! SOEC is also scalable from sin-
gle cells to stacks. It demonstrates high efficiency toward CO,RR
with a high potential for large-scale CO, conversion.l**! However,
the most reported lifetimes of SOEC are <10 000 h, which is not
satisfactory for economic competitiveness (at least 44 000 h or 5
years).[®) To achieve the industrial lifetimes of SOEC, the ther-
mal compatibility of electrode materials, ionic conductors, and
electronic conductors is pivotal. The discovery of novel compati-
ble materials and the modification strategies of current state-of-
the-art materials (e.g., yttria-stabilized zirconia [YSZ] as an ionic
conductor and perovskite oxides as electrode materials) need to
continue.[®!] Moreover, the application of SOEC requires high
energy input. For future industrialization, SOEC should be ap-
plied in clean energy-rich areas or with industries generating ex-
tra waste energy.

2.4. Cascade Electrolyzer Designs for Future Industrialization

As discussed in the previous sections of this review, CO,RR oc-
curs differently under different conditions (e.g., electrolytes with
different pH values, different temperatures, and different elec-
trolyzers). The catalysts are not always compatible under all oper-
ational conditions. Integration of multiple incompatible catalysts
in one continuous-flow reaction system is of paramount signifi-
cance for green synthetic chemistry.l®?] For example, to produce
C,. products from CO,RR, there are several options. As depicted
in Figure 9a, the purified CO, can be obtained from industrial
waste and direct air capture. For a direct one-route production of
C,, products in CO,RR, the most capable catalyst is Cu-based
materials that can directly convert CO, into C,, products un-
der room temperature with a CO,RR electrolyzer (direct route
at the top of Figure 9a). Although simple, this direct route pro-
duction demands highly efficient catalysts with high FE, which
is still a challenge for Cu-based CO,RR catalysts.[%}] Since *CO is
the key intermediate for C,, production in CO,RR, decoupling
the one-route CO,—C,, reaction into the two-route CO,—CO +
CO—C,, reactions seems attractive. The electrochemical reduc-
tion reaction of CO (CORR) undergoes the C—C coupling more
easily than CO,RR, which allows high FE for C,, products at low
overpotentials without the concerns for the carbonation and the
CO, cross-over issues (Figure 9b,c).[*] Many metal-based cata-
lysts exhibit industrial-relevant activities for CO,RR to CO, such
as Au, Ag, and transition-metal single-atom catalysts (SACs).l%!
By employing these CO-production catalysts first to efficiently
produce CO from CO,RR and then Cu-based catalysts to perform
CO—C,, production, the CO,—C,, reaction is decoupled into two
room-temperature CO,RR electrolyzer operations (cascade 1 in
the middle of Figure 9a) with better C,, product selectivity and
activity than that of the direct one-route reaction. Moreover, the
SOEC can operate CO,—CO at high temperatures without the
concerns of carbonation that happens in the room temperature
CO, RR electrolyzer, giving a higher carbon utilization efficiency.
Applying the SOEC to fulfill the CO,—CO step is also a promis-
ing approach to achieve the two-route reaction of CO,—C,, (cas-
cade 2 at the bottom of Figure 9a). By applying highly selective
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catalysts in the second step of the two-route cascade reaction, the
continuous production of a specific chemical with high purity can
be achieved. For example, the combination of a covalent organic
framework (PcNi-DMTP) and a metal-organic framework (MAF-
2) allows the highly efficient reaction of CO,—CO-acetate to pro-
duce a 20 mwm acetic acid aqueous solution with 95+% purity in
200 h.I%] With the support of the renewable/recyclable energy
supply, these cascade electrolyzer designs are likely to be adapted
in future large-scale industrialization because of the efficiency
and economic benefits.

The cascade strategy is not limited to electrolyzers. The inte-
gration of CO,RR electrolyzers with other catalytic techniques
and devices, such as photovoltaic and conventional catalysis,
can achieve the production of daily necessities for a grand mar-
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ket. By coupling the photovoltaic-powered CO,RR electrolyzers
with a five-enzyme cascade platform, Xiong’s group successfully
achieved the conversion from CO, to formate to C, sugar (1-
sorbose).[%8] It has a 3.5% efficiency of solar-to-food energy con-
version, opening a pathway for artificial food synthesis via CO,
reduction.

2.5. Liquid-Fed Electrolyzer and Anodic Reactions other than OER
EE, the ratio of the energy stored in the CO,RR product and
the total electricity input of eCO,RR, is an important metric for

economic feasibility that guides industrial implementation.!®”]
The high EE requires the CO,RR cell design to achieve high FE
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interdigitated, serpentine, and parallel flow plates tested in the bicarbonate electrolyzer with porous metal electrodes. Reproduced with permission

from.173] Copyright 2021, RSC Publishing.

at industrially relevant current densities, high CO, single-pass
conversion, and high catalytic CO, utilization at the same time.
During CO,RR, CO, conversion usually comes with some non-
catalytic CO, consumption (e.g., the carbonation issue aforemen-
tioned), which interferes with the calculation of the actual CO,
consumption. Peter Strasser’s group proposed a carbon crossover
coefficient (CCC) that helps diagnose CO, loss in the zero-gap
electrolyzer to validate the non-catalytic CO, consumption in
CO,RR.7"I The proposed CCC was formulated in three different
limiting reaction-transport scenarios (i. pure OH™ crossover; ii.
pure COﬁ‘ crossover; iii. pure HCO; crossover), which associates
the exit flow rate with the applied cell current and FE. Under the
ideal conditions (e.g., the aforementioned three limiting reaction-
transport scenarios), CCC can experimentally predict the non-
catalytic CO, consumption in acid-based media. It facilitates the
analysis of the kinetic parameters of the electrolyzer (such as cat-
alyst loading and single-pass conversion rate). Although the ac-
tual CO,RR usually mingles different kinds of non-catalytic car-
bon transfers, making the ideal CCC model difficult to predict
the real non-catalytic carbon crossovers, it is still a promising di-
rection to the accurate calculation of CO, consumption (e.g., to
predict undesired CO, losses) and the underlying mechanism de-
mystification in CO,RR to improve the electrolyzer design.

2.5.1. Liquid Bicarbonate Electrolytes as CO, Carrier

To achieve an operation with high EE, the focus falls on the opti-
mizations of carbon utilization, FE of the catalysts, economic an-
odic oxidation reactions, etc. The bicarbonate electrolyzers (BCE)
require OH- to react with CO, to form the bicarbonate-rich elec-
trolyte, linking the upstream carbon capture and downstream
CO, RR for future industrialization. Liquid bicarbonate solutions,
which serve as a liquid CO, carrier, deliver high concentrations
of captured CO, to the cathode, while the low solubility of O,
in aqueous media maintains a low O, concentration at the same

Adv. Mater. 2025, 2505287 2505287 (16 of 36)

cathode surface.[”!! By optimizing the cell design, the efficiency of
BCEs can be further improved. For example, Shen et al. prepared
a CoPc@carbon nanotube catalyst to activate CO, in a hierarchi-
cal two-flow—path BCE design and obtained a one-third enhance-
ment in total EE.[”? All these promising results demonstrate the
potential of BCE in the practical flue gas (0,:N,:CO, = 5:80:15,
volume ratio)-supplied eCO, RR industry with high EE. Moreover,
Zhang et al. employed the BPM strategy with flow pattern im-
provements in BCE to produce CO from CO,RR (Figure 10a)
without the gas supply of CO,.I”?) The BPM dissociates water
into H* and OH~ and provides them to the cathode and an-
ode, respectively. A porous Ag metal free-standing electrode is the
working electrode for CO,RR. Figure 10b exhibits the three dif-
ferent flow patterns (parallel, serpentine, and interdigitated flow
plates) that the authors tested in this cell design. The interdig-
itated flow pattern presents the highest eCO,RR performance
among them (Figure 10b, bottom). It illustrates the enhance-
ment of integrating different cell strategies in CO,RR electrolyzer
designs.

2.5.2. Replacing Anodic Oxygen Evolution with Hydrogen Oxidation
and More

For the counter-reaction, OER is the most common one for
CO,RR as it uses water to proceed with the oxidation. How-
ever, some conditions in eCO,RR (e.g., weak-alkaline or neu-
tral media with low temperature) do not favor OER over other
electrolyzers (such as alkaline water electrolyzers and SOEC).l”#]
OER also requires a high thermodynamic potential (1.23 V vs
RHE) to occur, which demands a high cell voltage for the OER-
paired CO,RR electrolyzer. Zhang et al. replaced OER with HOR
in a BCE electrolyzer to realize the highly efficient eCO,RR to
CO.I”°] Figure 11a demonstrates the BCE cell configuration that
the authors employed. The HOR|CEM|HCO;™ electrolyzer con-
figuration requires a much lower cell voltage (2.3 V, on the left
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Figure 11. a) The CO,—CO electrolyzer configurations. Left: HOR|CEM|HCO;~
electrolyzer. The nomenclature follows the rule of “anode|membrane|cathode”

. Middle: the OER|AEM|CO, electrolyzer. Right: the OER|[BPM|HCO;~
. b) The cell voltage (V) values as a function of current density from

100 to 1000 mA cm~2 for HOR|CEM|HCO;~ and OER|BPM|HCO; " electrolyzers under 3.5 and 1.0 atm. Reproduced with permission froml[”>] under

the terms of the CC-BY-NC-ND 4.0 license.

of Figure 11a) than those of the OER|AEM|CO, (3.2 V, on the
middle of Figure 11a) and OER|BPM membrane|HCO;~ (=6 V,
on the right of Figure 11a) to achieve a CO current density larger
than 200 mA cm~2. This HOR|CEM|HCO,~ electrolyzer config-
uration can reduce 3 M KHCO, to CO at 220 mA cm ™2 at a cell
voltage of 2.3 V with a CO, utilization efficiency of 40% and

Adv. Mater. 2025, 2505287 2505287 (17 of 36)

outperform the OER|BPM|HCO;~ electrolyzer configuration in
the aspects of FE-, and current density (Figure 11b). It is sug-
gested that among all the three configurations in Figure 11a,
HOR|CEM|HCO,™ is the most profitable (with a net present
value of 48.96 based on a 20-year plant life), considering the fu-
ture market analyses (CO sale price of $ 0.6 Kg~?, clean H, price
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of $ 1 Kg™!, CO, price of $ 50 tonne™!, and electricity of $ 0.03
kw1 h™1).

In addition to HOR, several oxidation reactions, such as
methanol oxidation reaction (MOR), glycerol oxidation reaction
(GOR), urea oxidation reaction (UOR), and chloride oxidation
reaction, have lower thermodynamic potentials than the OER
are promising candidates to couple with CO,RR, enabling the
simultaneous production of value-added products at the anode
during eCO,RR.I"%l For instance, Li et al. coupled CO,RR with
MOR, which has a thermodynamic potential of 0.103 V vs RHE
for formic acid production, in a CO,RR-MOR electrolyzer. They
achieved formate production at both the cathode and anode with
a total coulombic efficiency of over 180%, reaching a current den-
sity of 130 mA cm™ at a cell voltage of 2.1 V for over 100 h of
operation.””] Similarly, coupling CO,RR with allyl alcohol oxida-
tion enabled a reduction in cell voltage by 0.7 V compared to typ-
ical acidic CO,RR-OER electrolyzers at 100 mA cm™2, simultane-
ously producing CO and acrolein.!”8] Additionally,a CO,RR/GOR
coupled electrolysis system using a membraneless microfluidic
flow electrolyzer cell achieved a 75-85% FE for GOR products
(i-e., tartronate, formate, glycerate, glycolate, lactate, and oxalate)
and ~100% FE., for CO,RR at a current density of 200 mA
cm™2. This setup lowered the cell voltage by ~1 V compared to a
CO,RR/OER system and maintained stable operation for 5 h.l”°]
In another example, a CuNi-CNT catalyst used in a CO,RR/UOR
electrolyzer achieved a low cell voltage of 1.81 V at 10 mA cm™2,
which is 200 mV lower than that of a comparable CO,RR/OER
system.l®%] These alternative anodic oxidation reactions provide
valuable opportunities for simultaneously managing industrial
waste and generating value-added products. However, durabil-
ity remains a significant issue for practical electrolyzers. Ratio-
nal and robust hybrid electrolyzer designs to accommodate ca-
thodic and anodic reactions, which often require different oper-
ation environments, present challenges when switching anodic
reactions.

3. Rational Water Electrolyzer Design

Although HER is the competing reaction in CO,RR, H, produced
from HER is a clean energy source that can be utilized in many
practical applications, such as fuel cell vehicles. As aforemen-
tioned, HOR can replace OER in eCO,RR to reduce the over-
all energy consumption. To conduct the sustainable operation of
this practice, green H, produced from renewable techniques is
a must to control the overall carbon emission. Thus, green H,
plays an essential part in the global strategy of reducing carbon
emissions.!®!) Herein, water splitting that consists of HER and
OER is also an attractive topic for clean energy production.!®?]
Similar to eCO,RR, traditional three-electrode H-cells (such as
alkaline water electrolysis) cannot provide commercially rele-
vant activity for water splitting.[®3] The highly efficient MEA elec-
trolyzer (e.g., PEM and AEM) for water splitting awaits profound
exploration.

3.1. PEM Electrolyzer

One of the promising electrolyzers for water splitting is PEMWE,
which works normally in acid environments. In a typical
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PEMWE, the generated H* in the anode side from OER travels
through PEM to the cathode side, forming H,.* The zero-gap
PEMWE provides great promise for the scalable and sustainable
generation of green hydrogen. The sluggish OER remains a chal-
lenge for water electrolysis.®®) Many works are dedicated to the
fabrication of highly efficient OER catalysts for water electroly-
sis, boosting HER.[8] PEMWE usually demands high-loading no-
ble metal-based catalysts to survive the corrosive environment,®’!
which is not cost-efficient and not ideal for industrialization.
Kong et al. applied MnO, as the acid-stable and earth-abundant
OER catalyst in PEMWE (Figure 12a)./88] The MnO, catalysts are
designated as M94%, M85%, M67%, and M60% according to the
concentration of planar oxygen (O,,,) in the samples. As shown
in Figure 12b, MnO, catalysts exhibit close activities under cell
voltages of 2.0 and 1.8 V with a Nafion-115 (N-115, thickness of
127 ym) membrane. When decreasing the electrical resistance
by switching to Nafion-212 (N-212, thickness of 50.8 um), the
current density increases to 2000 mA ¢cm™2 at a cell voltage of
2.0 V for the M949% sample. After the high-frequency correction,
a cell voltage of 1.88 V is demanded to reach 1000 mA cm™
(Figure 12c). Besides, Figure 12d shows that the sample of M94%
can operate water electrolysis for over 1000 h at a current density
0f 200 mA cm~2. It is attributed to the stability of the M94% sam-
ple at high current densities (Figure 12e). Tao et al. came up with
a hierarchical IrRu sub-nanosheet/nanowire catalyst design to re-
duce the noble metal loading for PEMWE.[®! Figure 12f depicts
the electrical contact of the conventional nanoparticle catalysts
with high mass loading. When the catalyst loading is decreased,
the inhomogeneous electrode gives poor electrical contact, leav-
ing a big void area and decreasing the Ir utilization. As illustrated
in Figure 12g, an enhanced electrical contact can be achieved
through the ultrathin nanosheet catalyst engineering that aug-
ments through/in-plane conductivity. However, this nanosheet
strategy results in the catalyst packing perpendicular to the reac-
tant and product flows, increasing the mass transport resistance.
Figure 12h depicts a hierarchical nanosheets/nanowires (HNWs)
electrode with the gas/liquid diffusion layer design, which inte-
grates the advantages of high conductivity and high mass trans-
port. By applying this catalyst design with the catalyst-coated
membrane (CCM) MEA electrolyzer, a peak current density of
6.0 A cm™ at a cell voltage of 2.44 V can be achieved by IrRu
HNWs (Figure 12i). IrRu HNWs can also reach an Ir mass cur-
rent density of over 8.0 A g, =" at a cell voltage of 2.0 V (Figure 12j)
in PEMWE.

Until now, the most commonly employed commercial PEM
is the perfluorosulfonic acid membrane for PEMWE. This type
of PEM suffers from issues such as fluorine-based, cross-over,
and durability.[*! To be adapted to vast operating conditions, the
alternatives need to be exploited.

3.2. AEM Electrolyzer

PEMWE requires acid-resistant catalysts with noble metal-based
materials, which increases the total cost of the electrolysis.
Switching the electrolyte to a basic one avoids these issues. When
water splitting is operated in an alkaline environment, it requires
an AEMWE.”!l Nowadays, many efficient AEMWE catalysts are
adopted from PEMWE catalysts. AEMWE therefore focuses on
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Figure 12. a) The set-up photo of the PEMWE. b) Current densities of M94%, M85%, M67%, and M60% at cell voltages of 2.0and 1.8 V, respec-
tively. c) The polarization curves of M94% in the N-212 membrane MEA. d) The long-term durability of M94%, M85%, M67%, and M60% in PEMWE at
200 mA cm~2 with Nafion-115 membrane. e) The MnO, theoretical dissolution rate was calculated at 80 °C versus the experimental degradation rate in
PEMWE. Reproduced with permission.[38] Copyright 2024, Shuang Kong et al., under exclusive license to Springer Nature Limited. The schematics of f)
the catalyst layer of commercial nanoparticles, g) the catalyst layer of ultrathin nanosheets, and (h) the catalyst layer of HNWSs in PEMWE. Electrochem-
ical performance of i) the polarization curves of the catalysts and (j) the Ir mass activities of the catalysts’ various cell voltages in the CCM PEMWE.

Reproduced with permission from.[3%] Copyright 2024, Published by Elsevier |
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Figure 13. a) The structural schematic of the HEM water electrolyzer. b) The polarization curves of the NiFeOOH(F)//Ni0.9Cu0.1Mo and
NiFeOOH (F)//Pt/C in the HEM water electrolyzer under 80 and 90 °C. c) The comparison of the state-of-the-art water splitting performance with
the NiFeOOH (F)//Ni0.9Cu0.1 HEM water electrolyzer system. d) The breakdown of the mass transport, catalytic kinetics, and ohmic resistance contri-
butions in overvoltage for the NiFeOOH (F)//Ni0.9Cu0.1 HEM water electrolyzer system under 80 °C. Reproduced with permission from.[*] Copyright

2024, Wiley-VCH GmbH.

discovering the unique, highly efficient materials on its own.
Since noble metal-based catalysts are no longer a must in alka-
line environments, many inexpensive catalyst options are put on
the table, including transition metals,[®?] metal oxides,[®*) metal-
organic frameworks,**! etc.[”] Moreover, the membrane devel-
oped for AEMWE is still at the beginning stage. To make the
commercial AEM product available, more studies need to be ded-
icated to the field. Yang et al. employed a hydroxide exchange
membrane (HEM) with transition metal-based catalysts to al-
low pure water-fed water electrolysis (Figure 13a).°°! By using
NiCuMo catalysts as cathode catalysts for HER and the fluoride
NiFeOOH (NiFeOOH(F)) as the anode catalyst for OER, the HEM
water electrolyzer allows the better catalytic water splitting perfor-
mance than the system of the commercialized platinum-group
material (PGM) catalyst (Pt/C, Figure 13b). The current density
of this HER water electrolyzer system reaches 1.7 A cm= at a cell
voltage of 2.0 V, which surpasses most of the reports (Figure 13c).
Figure 13d analyzes the contribution of mass transport, catalytic
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kinetics, and ohmic resistance in overvoltage. It suggests that the
high catalytic performance can be attributed to the low ohmic loss
and low mass transport loss.

3.3. Bipolar Plates and Flow Patterns for Water Electrolyzers

Electricity expense plays a major role in industrial water elec-
trolysis (e.g., for a 1 MW PEMWE operation). After the cost of
electricity, the bipolar plate (BP, the electrically-conductive plate
that holds stack components together in a cell) dominates the
capital expense, accounting for over 50% of the cost of stack
components in the PEMWE.”] The oxidative and corrosive en-
vironment at the anode side of PEMWE limits BPs to be made
of robust Ti-based materials.[**%! However, long-term operation
in water electrolysis inevitably leads to corrosion and degrada-
tion of metal-based BPs due to acidic and humid conditions.
It has been found that protective coatings on BPs can mitigate

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOLILLOD 3A 181D 3|ded! dde 8Ly Aq peuenob afe Se(oie YO ‘8sn JO Sa|Nn 10j ARIq1T8UIIUO AB]I/W UO (SUONIPUOD-PUB-SWBH D" AB | 1WA eq 1 |Bul [UO//:SdnL) SUORIPUOD pue swia | 843 89S *[5202/80/80] Uo Areiqiauliuo A8|im ‘inetsdns aibojouyos | 8@ 81003 Aq 282505202 BWPe/Z00T OT/10p/LL00" A3 1M AeIq Ut |Uo'peoueApe//Sdiy Wwolj pepeojumod ‘0 ‘60 TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

+ 0°C
o)
O O
i o 0} N
N
H

POBP (more than 60 g per batch)

www.advmat.de

KOH
80°C

(ii)

& s
K QH

POBP-ISM

" POBP ISM-based alkaline water electrolyser

Current density (A cm2)

r 4 C 35 d ¢
y et Anode/cathode
® P —a— -0+ Nifoam/Ni foam
f ' 35 | —— 0w Ni-AUNIAI B
3.0 —A— Lo Ni-Fe/PtC 20
ey ; Data are presented as mean values + s.e.m.
> < 3.0 { Three measurements were used to derive the s.e.m.
(%) w 254 K] */i 15 LT
£ £ — I %
Hydrogen i) % 25 e | S
S A > [
i A o 1.0 ©
©  Nitrogen a20 /f Anode/cathode: Ni foam/Ni foam 3 =, g
Potassium © 6MKOH at 80°C L " -
i (&) Data are presented as mean values + s.e.m. © et
y Water molecule 15 4 Three measurements were used to derive the s.e.m. | () 0
. — 15 -
° Hydroxide ion POBP ISM at 6 M KOH, 80 °C
o 5
Oxygen 4 3 = 2
O Potassium hydroixde j T T v-l0) 10 T T T T 0
’ 05 1.0 15 2.0 25 0 05 1.0 15 2.0 25
€~ Ion channel

Current density (A cm2)

Figure 14. a) The schematic of the synthesis of POBP-ISM. TFSA: trifluoromethanesulfonic acid; TFA: trifluoroacetic acid; DCM: Dichloromethane.
b) The schematic illustration of the POBP-ISMs AWE. c) The catalytic performance and HFR comparisons for different membranes: PPS diaphragm
(700 + 10 um), POBP-ISM (45 + 5 um), and Zirfon (500 + 10 um). d) The catalytic performance and HFR comparisons for different electrode catalysts in
POBP-ISMs AWE at 80 °C. Reproduced with permission from.['7] Copyright 2024, Xu Hu et al., under exclusive license to Springer Nature Limited.

degradation issues.[””! Since Ti itself is costly, especially when
coated with noble metal-based materials, alloying Ti with low-
cost metals presents a cost-efficient method to modify BPs.['%]
According to IRENA, BPs offer a medium potential for reducing
the capital expense of water electrolysis.[1! Popular BP alterna-
tive materials are nickel, graphite, and stainless steel (SS) due
to cost considerations.'?] Several attempts to coat Ti-BPs with
inexpensive protective layers have shown promising results.!'%
For example, a nitrogen—chromium composite deposited by cath-
ode plasma improved the performance of Ti-BPs.[%®) In an anode
compartment, the TiN/CrN-coated BPs demonstrated good con-
ductivity and considerable corrosion resistance in PEMWE. Apart
from metal-based BPs, carbon-based BPs are also of interest ow-
ing to their inexpensive nature. Messing et al. utilized the un-
coated carbon BPs (C-BPs) as an alternative to Ti-BPs.['% They
found that C-BPs in PEMWE exhibited lower degradation rates
(1641 pVh'at1l Acm™ and 31.92 pV h™! at 3 A cm™?) com-
pared to Ti-BPs. This highlights the potential of carbon-based BP
applications in water electrolyzers, aiming to reduce cell setup
costs.

Similar to eCO,RR, the flow patterns embedded in BPs im-
pact the overall performance of water electrolyzers. Li et al. an-
alyzed three different flow patterns (i.e., cascade, parallel, and
serpentine) in PEMWE. They found that the ohmic overpoten-
tial at the cathode was influenced by the flow pattern, while the
flow pattern at the anode affected the overpotential by address-
ing the liquid water shortage issue at CL. The counter-flow and
co-flow configurations had minimal impact on catalytic perfor-
mance. Under conditions of 0.3 MPa and 120 °C, the serpentine
and cascade flow patterns at the cathode and anode, respectively,
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exhibited the optimal performance, achieving a current density
of 2 A cm™ at a cell voltage of 1.69 V.'%] Hassan et al. investi-
gated five types of circular flow patterns (i.e., one-path and two-
path serpentine, two-segment serpentine, two-channel serpen-
tine, and four-segment serpentine) in PEMWE with an MEA area
of 38.5 cm?. They analyzed the distributions of temperature, lig-
uid saturation, pressure, velocity, and current density for these
patterns. The study indicated that the higher flow velocities con-
tributed to better distributions of current density and tempera-
ture. The decreases in velocity, the number of turns, and path
length led to increased pressure drops. The one-path and two-
path serpentine patterns demonstrated the most favorable tem-
perature uniformity and flow distribution among all the patterns.
Additionally, the two-path, two-segment, and four-segment ser-
pentine flow patterns provided the optimal polarization curves at
a cell voltage of 2.1 V.[1%0]

3.4. lon-Solvating Membranes for Improved Alkaline Stability

Apart from PEM and AEM, research on other types of water
electrolyzer membranes is always a popular topic. Ion-solvating
membranes (ISMs) obtain ionic conductivity through the lig-
uid electrolyte uptake rather than through the determined ionic
groups in the structure. This unique property offers ISMs the
opportunity to outperform AEM instability because of the ab-
sence of the issue of the anion exchange group degradation. Hu
et al. fabricated poly(oxindole biphenylene)-based ISMs (POBP-
ISM) for highly efficient AWE.'”) As depicted in Figure 14a,
the biphenyl and isatin are first polymerized by super-acid
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catalysis. Then, oxindole is introduced to the aryl-ether—free poly-
mer to form POBP. The authors further tested ISMs on an AWE
(Figure 14b) to test the water electrolysis catalytic performance.
Figure 14c shows that ISMs exhibit better AWE performance than
the state-of-the-art Zifron and polyphenylene sulfide (PPS) mem-
branes. By pairing the Ni—Fe anode electrode with the Pt/C cath-
ode electrode, a current density of 2.0 A cm~2 at a cell voltage of
1.9V can be realized, owing to the low high-frequency resistance
(HFR) of POBP-ISM (Figure 14d). ISMs reveal excellent alkaline
stability without appreciable conductivity loss over 15 000 h. In
addition, this ISMs MEA water electrolyzer allows the utilization
of transition metal-based inexpensive catalysts in a wide temper-
ature range from —35 to 120 °C.

3.5. Floating Electrode Cell Design for Enhanced Water
Electrolysis Performance

Other than the membrane part, the configuration modifications
on the electrode part also demonstrate interesting results. Shi
et al. designed a floating electrode strategy to evaluate HER of
single-atom dispersed Pt (s-Pt) on MoS, (s-Pt/1T’-MoS,) catalyst
for the maximized mass transport and Pt utilization. The scheme
of the floating electrode system is displayed in Figure 15a, where
the produced H, does not interfere with the catalyst—electrolyte
interface. Three groups of floating electrodes were prepared for
both s-Pt/1T’-MoS, and the commercialized HiSPEC 9100 Pt/C
(denoted as E1, E3, and E5 for s-Pt/1T’-MoS, with the loadings
of 398, 583, and 618 ng cm™2, respectively; E2, E4, and E6 for
HiSPEC 9100 Pt/C with the loadings of 286, 570, and 833 ng
cm™2, respectively). Figure 15b,c shows that s-Pt/1T’-MoS, allows
better HER performance than that of the commercialized HiS-
PEC 9100 Pt/C sample, both in the geometric and Pt mass cur-
rent densities. The Pt mass current density at an overpotential of
50 mV of s-Pt/1T'-MoS, outperforms many state-of-the-art cata-
lysts (Figure 15d). The mass-normalized exchange current densi-
ties (jo, mass) i Figure 15e,f further confirm the superior catalytic
activity of s-Pt/1T’-MoS,. s-Pt/1T’-MoS, affords a j; .., of 127
A mg,, 7!, which is in the same order as those of the high-mass
transport techniques (Figure 15g).

3.6. SOEC for Highly Efficient Water Electrolysis

Both PEMWE and AEMWE operate at a temperature slightly
higher than room temperature, with electrical efficiencies of
between 65% and 75%. As mentioned in 2.4, SOEC offers
highly efficient catalytic performance under high-temperature
routes. It allows a 90% efficiency for H, production from wa-
ter electrolysis.['%] On the one hand, for the conventional oxygen
ion-conducting SOEC, H, is produced at the cathode from wa-
ter electrolysis while O~ travels through the YSZ electrolyte to
generate O, at the anode, as depicted in Figure 16a. On the other
hand, proton-conducting SOEC that uses proton-conducting ox-
ides (e.g., barium-zirconates and barium-cerates) as electrolyte
materials is also developed to produce H, from water electroly-
sis. Figure 16b shows the mechanism of the proton-conducting
SOEC. O, is produced at the anode from water electrolysis
while the proton travels through the proton-conducting oxide
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electrolyte to generate H, at the cathode. Due to the mono-
tonicity of the electrolyte material, only one type of ion (O*~
or proton) can permeate the electrolyte. It limits the water
electrolysis to occur only on one side of the electrodes (cath-
ode and anode for oxygen ion-conducting SOEC and proton-
conducting SOEC, respectively) in conventional SOECs. The fab-
rication of mixed ionic electrolytes that allow the permeation
of both O?~ and protons can promote the H, and O, produc-
tions on the cathode and anode at the same time. Kim et al.
designed a BaZr,,Ce,,Y,,Yby;0;_5; (BZCYYb) as the mixed
ionic electrolyte to develop the hybrid-SOEC.['') As illustrated
in Figure 16¢, the oxide ion and protonic defects in BZCYYD re-
sult in high mixed ionic conductivities for both O?~ and proton.
It allows the counter diffusion of the oxygen and proton ions,
realizing water electrolysis at both the cathode and anode of the
hybrid-SOEC. By employing NdBa, s St, s Co, sFe,sOs, ; as the an-
ode material and Ni as the cathode material, this hybrid-SOEC
achieved a current density of 4.61 A cm™? ata cell voltage of 1.5V
under 700 °C. This performance surpasses that of conventional
SOECs under the same conditions, which typically reach 4.02
A cm™? for oxygen ion-conducting SOECs and 3.17 A cm™? for
proton-conducting SOECs. However, the stability of this hybrid-
SOEC was only tested for 60 h at 0.45 A cm~2 under 550 °C. It
still demonstrates the potential of the novel SOEC design for the
highly efficient water electrolysis industry.

With the high efficiency and scalability of SOEC, large-scale
stacks of SOEC become promising for green H, production when
coupled with renewable energy supplies.!"'!l The commercializa-
tion of H, production from SOEC is already underway. For ex-
ample, FuelCell Energy utilizes SOEC technology to achieve up
to 100% efficiency in H, production. Their SOEC platforms aim
to reduce the cost and energy requirement of H, production by
up to 35% compared to low-temperature electrolysis techniques.
Furthermore, the company plans to expand its SOEC production
facility capacity from 4 to 40 MW per year by 2024.[112]

4. In Situ Characterization Cell Design and
Inspiration from Other Electrochemical Cells

To fully understand the mechanism of CO,RR and HER, the tech-
niques that can monitor the evolution of the reaction intermedi-
ates and the catalyst structure are of significance during the reac-
tion. Given this concept, in situ and operando characterizations
are developed.

4.1. In Situ Fourier-Transform Infrared Spectroscopy for the
Detection of Essential Reaction Intermediates

Fourier-transform infrared spectroscopy (FTIR) is a powerful
technique to detect the functional groups on the material sur-
face. Since CO,RR has many carbon-based intermediates formed
during the catalytic process, FTIR is a desirable technique for
demystifying the underlying mechanism of CO,RR. Figure 16d
depicts a stirred spectroelectrochemical in situ cell for attenu-
ated total reflectance surface-enhanced infrared absorption spec-
troscopy (ATR-SEIRAS). The catalyst material is deposited on the
ATR crystal to serve as the WE. The RE, gas inlet, and CE are con-
nected through the designated cell configuration. Notably, the CE
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Figure 15. a) The schematic demonstration of the floating electrode setup. RE, reference electrode; CE, counter electrode; WE, working electrode; PCTE,
polycarbonate track etch; Teflon AF, Teflon AF 2400 (DuPont). b) The geometric polarization curves of HER for HiSPEC 9100 Pt/C (E2) and s-Pt/1T'-
MoS, (ET). The inset: the cyclic voltammogram of HER for s-Pt/1T’-MoS,. c) The Pt mass-normalized polarization curves of HER for HiSPEC 9100 Pt/C
(E2) and s-Pt/1T’-MoS, (E1). d) The mass activity comparisons at an overpotential of =50 mV (3 = —50mV) of HiSPEC 9100 Pt/C and s-Pt/1T’-MoS,
with the state-of-the-art PGM electrocatalysts. e) The Pt mass activities of s-Pt/1T'-MoS, and the corresponding fitting result. f) The Pt mass activities
of HiISPEC 9100 Pt/C and the corresponding fitting result. g) The comparison of the jg .55 of HISPEC 9100 Pt/C and s-Pt/1T"-MoS, with the state-of-
the-art electrocatalysts measured by different high mass transport techniques. The HER is performed in 1M HCIO, under H, (101 kPa) at 298 K with a
20mV s~ scan rate. FE in (d) and (g), floating electrode; RDE, rotating disk electrode; GCE, glassy carbon electrode. The reference numbers denoted in
(d) and (g) are the reference numbers in the original article. Reproduced with permission from.l'%®] Copyright 2023, Zhenyu Shi et al., under exclusive
license to Springer Nature Limited.
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Figure 16. The schematics of a) Oxygen-SOEC, b) proton-SOEC, and (c) Hybrid oxygen—proton-SOEC systems. Reproduced with permission.['1] Copy-
right 2017, Elsevier Ltd. d) The demonstration of a stirred spectroelectrochemical in situ cell for ATR-SEIRAS. e) The four CO adsorptions with Gaussian
fitting. Orange: the CO adsorption on the Cu single sites; blue: the CO adsorption on the Cu terrace sites; sky blue: the CO adsorption on the Cu step
sites; gray: the CO interacting with K cationic species. Reproduced with permission from[*] under the terms of the Creative Commons CC BY license.
f) The in situ infrared spectroscopic evidence of enhanced electrochemical CO, reduction and C—C coupling on oxide-derived copper. Reproduced with

permission from.I"™! Copyright 2024, American Chemical Society.

is separated from the main chamber by an ion exchange mem-
brane to avoid contamination. In a typical ATR in situ FTIR cell,
the ATR crystal is mounted on the bottom of the cell, allowing the
IR beam to interact with the catalyst deposited on the ATR crys-
tal. Differently, the ATR crystal of the in situ ATR-SEIRAS cell
shown in Figure 16d is positioned at the side of the cell, which
permits the use of a magnetic stir bar for improved uniformity.
Combined with the time-resolved spectra, in situ FTIR becomes
extremely practical in unveiling the reaction pathway. For exam-
ple, in Figure 16e, the in situ SEIRAS finds that the sky blue peaks
at ~2100 cm™! represent the CO adsorption on the Cu step site
(denoted as CO,). The blue peaks at #2070 cm™ represent the CO
adsorption on the Cu terrace site (denoted as COy). By monitor-
ing the variations in wavenumbers and peak areas with time, in
situ SERIRAS offers the opportunity to follow the trend of CO ad-
sorption as CO,RR progresses. In addition, with the association
of FTIR peaks (corresponding to different Cu sites) and the ap-
plied potential during the electrochemical reaction, in situ SERI-
RAS also provides insights into the Cu site evolution with the dif-
ferent applied potentials.[''*] Moreover, since different functional

Adv. Mater. 2025, 2505287 2505287 (24 of 36)

groups give fingerprint features in FTIR, the appearance and dis-
appearance of FTIR peaks can reveal the evolution of CO,RR in-
termediates to uncover the C,, product formation pathway on Cu
catalysts (Figure 16f).['1%]

4.2. In Situ X-Ray Absorption Spectroscopy to Monitor the
Variations in Chemical Properties

While the reaction intermediates are monitored by the functional
group sensitive characterizations, such as FTIR, X-ray-powered
techniques can keep track of the physical and chemical evolu-
tions of the catalyst materials.''] As illustrated in Figure 17a,
the nano-focused X-ray can serve as the nanoprobe for Bragg
coherent X-ray diffraction imaging (BCDI) to provide the struc-
tural evolution information, such as facets, defects, strain, and
shape of the catalyst material. Besides, the X-ray absorption
near edge spectroscopy (XANES) and extended X-ray fine struc-
ture spectroscopy (EXAFS) afford information on the chemi-
cal properties such as bonds, oxidation states, and coordination
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Figure 17. a) The nano-focused X-ray to identify active sites in Cu—Ag catalysts for exploring structure-reactivity relations during eCO,RR by BCDI and
XANES. OCP: open circuit potential. Reproduced with permission from['6] under the terms of the Creative Commons CC BY license. b) The schematic

of the in situ electrochemical XAS cell. Reproduced with permission froml17] under the terms of the CC-BY 4.0 license. c) The short-time EXAFS for

M—N—C and reference materials: i—iv) Fe K-edge EXAFS for Fe—=N—C and reference Fe, O3, Fe foil samples; v-viii) Ni K-edge EXAFS for Ni—N—C and
reference NiO, Ni foil samples; ix—xii) Cu K-edge EXAFS for Cu—N—C and reference NiO, Ni foil samples. c,g,k) M—N—C samples measured at —1.15 V
versus RHE. Reproduced with permission froml'8] under the terms of the Creative Commons CC-BY-NC license.
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Figure 18. a) The cross-sectional schematic of LPEM with Cu NCs inside the SEM chamber, Everhart-Thornley detector (ETD) is used for imaging.
b) The linear sweep voltammetry (LSV) at —0.8 V versus RHE with the LPEM images at 0 and 10 min. c) The LSV at —0.9 V versus RHE with the LPEM
images at 0 and 4 min. d) The LSV at —1.1V versus RHE with the LPEM images at 0 and 4 min. The blue arrows indicate the degraded Cu NC particles. The
white arrows are the regions of graphene degradation after LSV-chronoamperometry (CA) at —0.9 and —1.1V versus RHE. The LPEM images of (e) before
and (f) after LSV-CA at —1.1 and —0.8 V vs RHE of a spot that was not exposed to the electron beam. Scale bar: 400 nm. Reproduced with permission
froml[1°] under the terms of the Creative Commons CC BY license. The morphological evolution of 7nm NPs in in situ STEM at 0V versus RHE at (g) Os,
h) 16s, and i) 24s. j) The cross-sectional schematic of operando STEM for simultaneously tracking structural and morphological changes under eCO,RR

measurements. Reproduced with permission from.['20] Copyright 2023, Yao Yang et al., under exclusive license to Springer Nature Limited.

environment.[''®] Hurs4n et al. utilized a custom-made X-ray

absorption spectroscopy (XAS) in situ cell (Figure 17b)(177] to
conduct the fine structure studies of catalyst materials during
eCO,RR. The cell is designed to accommodate the WE, RE,
CE, electrolytes, gas inlets, and incident X-rays. Catalyst sam-
ples are sprayed on carbon paper as a WE. After being sealed
with a KAPTON window, the carbon paper serves as a window
for the incoming X-rays and the X-ray fluorescence. Taking EX-
AFS as an example, Figure 17c depicts the EXAFS of the as-
prepared (a.p.) metal-N—C (M—N—C) catalysts Fe/Ni/Cu—N—C,
the Fe/Ni/Cu—N—C at —1.15 V versus RHE, and the reference
samples. Itis obvious that after being applied with external poten-
tial, the metal-O (M—O) bonds in M—N—C transform into metal—
metal (M—M) bonds, suggesting the metallization for SACs dur-
ing eCO,RR.[' 8]

4.3. In Situ Electron Microscopy for Visualizing the Electrolysis
Evolution

CO,RR and HER are usually conducted in liquid-involved elec-
trolyzers. For the characterizations that do not require high vac-
uum conditions (e.g., hard X-ray involved XANES and EXAFS),
the operational in situ cell design mainly demands an inter-
active window for the X-ray to interact with the target catalyst
material. In other cases where vacuum conditions are required

Adv. Mater. 2025, 2505287 2505287 (26 of 36)

(e.g., SEM and transmission electron microscopy, TEM), a ro-
bust gas-tight in situ cell is inevitable. Herein, the rational in
situ cell design that assures the interaction of the beam with
the target material and the gas-tight liquid reactor helps the
monitoring of the morphology evolution of the catalyst during
the electrolysis. Under these circumstances, liquid phase elec-
tron microscopy (LPEM) cells are developed.''! As depicted in
Figure 18a, a typical LPEM consists of a pair of Si-based chips
coated with a thin SiN, /Gr membrane layer that is liquid/gas im-
permeable. This configuration allows the operation under high-
vacuum conditions for electron microscopes. To adapt the mi-
croelectromechanical system, the top chip is patterned with WE
(where the imaging/spectroscopy of the samples is performed),
CE, and RE. Between the top and bottom chips, microchannels
allow the filling of liquid electrolytes and are patterned on the
bottom chip. Toleukhanova et al. optimized this in situ LPEM
cell design by applying a tri-layer graphene membrane on the
chip and successfully monitored the degradation of Cu cata-
lysts during eCO,RR.[1%] At the applied potential of —0.8 V vs
RHE, it is apparent that the Cu nano cube (Cu NC) undergoes
the process of dissolution and redeposition (Figure 18b). How-
ever, when the applied potential increases, the tri-layer graphene
membrane tends to degrade after a short period (2 and 1 min
30 s for —0.9 V vs RHE and —1.1 V vs RHE, respectively,
(Figure 18¢,d). To avoid this degradation effect, it is best to per-
form the test within the stable time window of the graphene
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membrane or to switch to an electron beam not exposed spot
(Figure 18e,f).

Yang et al. designed an operando electrochemical scanning
TEM (EC-STEM) cell that encapsulates a three-electrode config-
uration in a liquid pocket, with Pt and Cu NPs deposited on the
carbon serving as CE and WE, respectively, and a Pt pseudo-
reference electrode, as depicted in Figure 18j. This operando EC-
STEM cell demonstrated consistent electrochemical behavior of
Cu NPs compared to that observed in a standard H-cell setup.
Typically, an EC-STEM cell has a liquid thickness of 500 nm or
greater, which limits the resolution of nanoparticles smaller than
10 nm. By adopting a thin liquid strategy (%100 nm thickness),
the EC-STEM cell successfully resolved the structural evolution
of a 7 nm Cu NP. Figure 18g—i illustrates the structural transfor-
mation of the 7 nm Cu NP after the LSV scan during eCO,RR,
capturing rapid changes over a time span of 0 to 24 s, includ-
ing the formation of new Cu nanograins and particles. The inset
in Figure 18i further highlights the growth process of these new
particles on pre-existing Cu nanograins.[2%! Furthermore, stabi-
lizing catalysts in their metastable states with high spatial resolu-
tion is essential to understanding the catalytic mechanisms and
the evolution of catalyst structures during catalysis. Recent ad-
vances in cryogenic electron microscopy (cryo-EM) spectroscopy
and imaging have been developed to meet this need.[!?!]

In addition to SEM and TEM approaches, Lu et al. introduced
an innovative optical coherence tomography (OCT) platform to
visualize CO,RR within a CO,RR electrolyzer.'??] This OCT plat-
form enables the real-time capture of 3D videos and images at
high temporal and spatial resolutions, allowing the monitoring
of dynamic movements of reactants, intermediates, and prod-
ucts on the cathode and membrane during eCO,RR. Using this
method, they revealed a clear link between CO production and
regions of the electrolyzer, specifically membranes and catalyst
layers, where CO, directly contacts the system.[1?2]

While in situ characterizations confirm the evolutions of cata-
lysts during cell operation experimentally, density functional the-
ory (DFT) calculation helps demystify the underlying mechanism
for it theoretically. For example, oxide-derived Cu promotes C—C
coupling in eCO, RR, butit reconstructs during the reaction. Lian
et al. employed DFT to investigate the reduction procedure of
oxide-derived Cu through dynamics of large-scale molecular sys-
tems with accurate neural network potentials trained on intro-
ducing experimental conditions and first-principles data during
ECO,RR.['2] They found out that, under long-term operation,
oxide-derived Cu would be completely reduced to Cu, provid-
ing a highly reconstructed surface of Cu catalyst to adsorb oxy-
gen atoms. However, these surface-adsorbed oxygen atoms are
not stable in conventional experimental situations, which brings
thoughts to the relations between oxide-derived Cu evolution and
oxygen residues during ECO,RR.

4.4. Insights from Other Electrochemical Cell Devices

The concepts of CO,RR, HER electrolyzers, and other chemical
cell devices share many similarities. They can learn from each
other for mutual improvement. For instance, the electrochemical
cell designs for CO,RR and HER usually get inspiration from
fuel cell devices. Thus, discoveries in other electrochemical cell
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devices are likely to be transplanted to CO,RR and HER. Here are
some advanced electrochemical device designs that might inspire
the next-generation CO,RR and HER electrolyzer developments.

4.4.1. The Redox Flow Concept from the Aqueous Flow Battery

Battery cell designs can also provide some inspiration for CO,RR
and HER electrolyzers. For example, Xi et al. established an aque-
ous redox flow battery (ARFB) to realize pH-decoupling, which
exceeds the thermodynamic water splitting potential window of
1.23 V. The mildly alkaline and mildly acidic electrolytes were em-
ployed to mitigate the crossover and allowed a high round-trip
efficiency with the OCP larger than 1.7 V. An acid-based regen-
eration system was also implemented to restore the electrolytes
to their initial pH value periodically. The ARFB system afforded
a capacity fade rate of less than 0.07% per day, a round-trip EE
larger than 85% (maintaining a Coulombic efficiency of 99% for
over 1 week, Figure 19a).?*l Sodium and chloride ions are the
major charge carriers in this battery cell design (Figure 19b). This
pH-decoupling strategy demonstrates the ability to improve the
life span of the electrolyzer with high EE, which can be practical
for CO,RR and HER electrolyzers.

4.4.2. Solar Energy Utilization of Photoelectrochemical Devices

Other than the sole electricity-powered electrolyzer, photoelec-
trochemical (PEC) cells that utilize both solar and electricity
can integrate the CO,RR and HER electrolysis with the green
energy concept better.'?] Balog et al. employed PEC methods
with concentrated sunlight to achieve current densities close
to those of electrochemical cells but with lower energy input.
Figure 20a,b depicts the detailed configuration of the PEC cell.
Combining the PEC oxidation of glycerol and HER/CO,RR in a
MEA flow cell, the authors realized a photocurrent density over
110 mA cm~2 (Figure 20c), which is an order of magnitude larger
than those reported for the conventional photocatalytic systems
(Figure 20d).112¢]

4.4.3. In Situ Cell Structure Designs from PEM Fuel Cell

The same thing goes for in situ characterization cell designs. For
example, Ronovsky designed a single PEM fuel cell for the in
situ depth-sensitive high-resolution XAS.['?”] Figure 21a displays
the symmetric PEM fuel cell, where a graphite flow field, a two-
part copper body with a KAPTON window, a resin heat shield,
and a rubber gasket are embedded, allowing both fluorescence
and absorption X-ray measurements. The details of the bottom
half of the copper body, the inner body, and the groove design
are displayed in Figure 21b—d, respectively. This deliberate de-
sign increases the signal-to-noise ratio, allowing the capture of
X-ray fluorescence at different emission angles, thus providing
depth information. Under the measurement of the actual setup
(Figure 21e,f) at ID26 beamline European synchrotron radiation
facility (ESRF), the standard high-resolution XAS can be obtained
for Ni species in Nafion (Figure 21g). This PEM fuel cell design
holds great potential to be adapted into CO,RR and HER MEA
electrolyzers for the XAS measurements.
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Figure 19. a) The schematic of a three-chamber two-membrane cell with a pH recovery sub-cell. b) lon concentration and flow across three chambers.
Reproduced with permission from.['24] Copyright 2024, Dawei Xi et al., under exclusive license to Springer Nature Limited.

Other than adapting the concepts in cell designs, the relations
of HER, CO,RR, and fuel cells are closely intertwined. The hydro-
gen produced from water electrolyzers (PEMWE and AEMWE)
can supply the fuel cell industry, as H, is the most common gas
for fuel cells. In addition, the reduction products from CO,RR
electrolyzers can also serve as the power source for fuel cells, such
as methanol and formic acid. The integration of CO,RR, HER,
and fuel cell industries holds the possibility to further mitigate
carbon emissions and promote a future decarbonized industry.
For example, Zhang et al. successfully utilized lattice-distorted

Adv. Mater. 2025, 2505287 2505287 (28 of 36)

bismuth catalysts to produce 2 M formic acid from eCO,RR (at
200 mA cm™2 for 300 h), which could substitute the conventional
formic acid production from methyl formate hydrolysis. Impor-
tantly, the produced formic acid could directly serve as the power
source for the air-breathing formic acid fuel cell, resulting in a
55 mW cm™2 power density and a 20.1% thermal efficiency.[!®]
Promising electrochemical productions can also be integrated
into this decarbonized industry. For instance, electrochemi-
cal nitrate reduction shows potential for ammonia generation
and water treatment. However, the need for high-concentration
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Figure 21. a) A cross-sectional schematic of the PEM fuel cell. b) The schematic illustration of the bottom half of the PEM fuel cell. c) The detailed
schematic of the flow field with the active MEA area composed of two adjacent lands (in green) and one (1x 2) mm channel. d) The schematic illustration
along the beam path on the PEM fuel cell with a 2 mm groove in the middle for X-ray emission. e) The schematic illustration of the experimental setup
with the hard X-ray emission spectrometer using five analyzer crystals (highlighted C1, C3, and C5), with the respective geometry. f) The photo of the
actual setup at the 1D26 beamline ESRF. g) The XANES of ionic Ni?* in Nafion (0.1 m NiSO, solution pipetted on the Nafion membrane, orange), fitted
(red), metallic nickel Nij (Ni foil, green), and Ni K-alpha edge spectrum (blue). Reproduced with permission from.['?’] Copyright 2023, Elsevier B.V.

electrolytes in the electrochemical nitrate reduction system
presents a challenge. To address this, Chen et al. introduced
wastewater to the middle of the porous solid electrolyte, coupling
the cation shielding effect with a three-chamber porous solid elec-
trolyte reactor. This approach enabled nitrate reduction without
electrolytes, achieving ammonia FE of over 90% at current den-
sities exceeding 100 mA cm~2, under a 2000 ppm nitrate concen-
tration in the wastewater.'?’]

5. Summary, Challenges, and Perspectives
5.1. Summary
This review systematically summarizes recent advancements in

CO,RR and water electrolyzer cell designs, covering various
strategies. The main issues of CO,RR flow cell devices include

Adv. Mater. 2025, 2505287 2505287 (30 of 36)

unsatisfactory catalytic performance, salt precipitation, carbonate
crossovet, high solution resistance, and electrode wetting. This
review highlights some solutions, such as optimizing flow pat-
tern in the flow cell to improve mass transport for better per-
formance; designing acidic and neutral electrolyte CO,RR elec-
trolyzer cell designs to mitigate salt precipitation and carbona-
tion effects; using AEM, PEM, and BPM in MEA electrolyzers to
facilitate CO,RR by excluding the catholyte and controlling the
ion diffusion; constructing hydrophobic GDE to enhance the cat-
alytic performance at the three-phase boundary; employing a cas-
cade electrolyzer strategy to produce long-chain carbon products;
and utilizing liquid-fed BCE with rationalized counter-reactions
for high EE during eCO,RR. Water electrolyzers face challenges
such as high costs, safety issues, stability issues, and unsatisfac-
tory EE. This review summarizes advanced PEM and AEM water
electrolyzers for water electrolysis; optimization of BP and flow
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patterns for cost-effective PEMWE with enhanced performance;
development of novel ISMs for the HER under extreme operation
conditions with improved stability; floating electrode cell designs
to maximize the HER performance; high-temperature SOEC de-
signs for industrial-scale applications with improved efficiency.

Additionally, the review discusses state-of-the-art in situ char-
acterization techniques (e.g., FTIR, XAS, and EM) and highlights
the importance of rational in situ cell designs for accurate mea-
surements. The review also addresses electrochemical cell de-
signs from fuel cells, batteries, and photoelectrochemical reac-
tions, offering new insights into CO,RR and water electrolyzer
development.

Some industrial pilot projects have demonstrated the scalabil-
ity of CO,RR and water electrolysis. For example, during the NRG
COSIA Carbon XPRIZE competition, the CERT team scaled up
their system to achieve over 10 000 times the performance of
a laboratory electrolyzer, with over 50% of CO, converted in a
single pass. This system was deployed at a natural gas power
plant in Alberta, Canada, operating robustly for over 1400 con-
secutive hours without the need for ultra-pure CO,. Notably, each
ton of ethylene produced using the CERT process sequesters over
3 tons of CO,, making it the first electrochemical production of
ethylene from an industrial CO, source.['*] Additionally, Air Liq-
uide inaugurated the world’s largest membrane electrolyzer (20
MW PEM electrolyzer) in January 2021 in Bécancour, Quebec,
Canada. Powered by 99% renewable energy from Hydro-Québec,
this unit produces over 8.2 metric tons of green H, per day, which
prevents nearly 27 000 metric tons of CO, emissions annually
compared to the traditional H, production process.!'3!] Despite
these advancements, industrial challenges remain, especially re-
garding scalability and cost.

5.2. Industrial Challenges

1) Large-scale industrializations: Most laboratory-scale eCO,RR
experiments have been conducted on small cells (a few cm?)
for short durations (tens to hundreds of hours). While some
studies report durability over thousands of hours, their cur-
rent densities remain low, far from the standards required for
industrial applications.!132]

2) Industrial CO, supply: Pure CO, is generally required for
eCO,RR, as the presence of oxidizing gases such as O,,
NO,, or SO, can inhibit CO,RR. Some studies have explored
CO,RR using flue gas, but these are still at the laboratory
scale. Efficient integration of CO, capture and eCO,RR is es-
sential for industrial-scale deployment.

3) Engineering challenges at larger scales: In MEA-based elec-
trolysis, the heat generated at high current densities is of-
ten difficult to dissipate efficiently, leading to decreased cat-
alytic activity and membrane degradation. Although switch-
ing from OER to HOR can reduce overall energy consump-
tion, this approach still depends on a green hydrogen supply,
which remains impractical at large scales. Besides, water ac-
cumulation within the GDE at high current densities causes
flooding, which degrades overall performance. Addressing
this issue requires optimizations of the flow channel, GDE,
and membrane designs to effectively manage or remove ex-
cess water during operation.!133]
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4) Use of noble and rare metals: Long-term operation of elec-
trolyzers often relies on precious and rare metals, creating
a significant bottleneck for the industrial application of both
CO,RR and water electrolysis.

5) Cost issues: Capital cost remains a major consideration for
plant applications. The cost of power supply, particularly re-
newable electricity, plays a significant role in the overall plant
economics. Cost reduction strategies should be applied to
electrolyzer components (e.g., BP, membranes, cell assem-
blies, and noble metal catalysts) while ensuring reliability, ef-
ficiency, and longevity.'%!

5.3. Perspectives

1) Electrolyte and catalyst regeneration via external flow pulses:
As discussed in this review, the regeneration of the electrolyte
and catalyst by external flow pulse is possible. Moreover, the
potential pulse controlled by the electrochemical workstation
can also reactivate the catalysts, offering a viable method
for reactivating catalysts and enabling long-term electrolyzer
operation.[134]

2) Powder catalysts on GDLs: Powder catalysts are typically ap-
plied to GDLs using catalyst inks. Research into ink com-
position, such as the ratio of catalyst to binder (e.g., Nafion
or PTFE) and variations in the equivalent weight of binders,
could provide valuable insights to enhance catalytic perfor-
mance. Peter Strasser’s group has extensively investigated cat-
alyst ink preparation and MEA fabrication.['* Optimizing
catalyst loading and binder selection is crucial for improving
overall system performance, stability, and scalability.

3) Integration of HER, CO,RR, and other electrolyzers: Inte-
grating HER, CO,RR, and other electrolyzers could enable
the production of long-chain carbon chemicals. For instance,
expanding CO,RR cascade reactions to fabricate more com-
plex chemicals such as glycine could create significant market
opportunities in future industrial applications.['**] Besides,
with the proper coupling of counter-reactions, membrane-
free electrolyzers can be proposed to reduce the electricity
consumption in a large-scale system.[137]

4) Advancements in characterization techniques: Advanced in
situ X-ray—based characterization techniques are not always
accessible, making it difficult to investigate reaction mecha-
nisms. Therefore, developing more affordable and accessible
techniques is essential. For example, rotating disk electrodes
and rotating ring-disk electrodes could detect reduction prod-
ucts during CO,RR, offering another approach to studying
catalytic mechanisms.[138]

5) Membrane and electrolyte innovations: The economic im-
plications of electrolyte selection are significant.'*! Cur-
rently, PEMs are the most commonly used in MEAs. How-
ever, alternatives like BPMs and AEMs are less commer-
cially mature.['*] The development of membranes tailored
to specific reaction conditions is therefore essential.'*!l For
instance, a watermelon skin-shaped membrane has demon-
strated high ion conductivity (282.3 mS cm™' in 1 m KOH
electrolyte at room temperature), offering promising perfor-
mance advantages.['*?] Additionally, membranes capable of
operating under high temperatures could further enhance
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electrolyzer performance under extreme conditions.!>>! Com-
posite membranes offer multifunctional improvements.[1*?]
For example, the formation of through-plane conducting
pathways induced by a magnetic field in AEMs significantly
enhances hydroxide ion transport efficiency between elec-
trodes, leading to improved power output.'*l Furthermore,
self-healing membranes represent an innovative route to en-
hance membrane durability. Membranes such as poly(vinyl
alcohol) and graphene oxide-modified Nafion membranes
have demonstrated the ability to heal micrometer-scale me-
chanical damage while maintaining intrinsic ion conductivity,
thereby strengthening mechanical properties and prolonging
operational stability.['*"]

6) Large-scale stack constructions (e.g., SOEC) for industrial-
ization: The commercialization of SOEC stacks for H, pro-
duction has already been achieved, paving the way for the
CO,RR industry to follow suit. Large-scale production of
H, and CO from SOECs could serve as the foundation for
downstream chemical production, creating a promising path-
way for CO,RR to enter the industrial market and unlock
economic incentives. As for the power supply, the stack of
seawater—freshwater osmotic energy cells has been proven to
successfully direct the H, production from water electrolysis,
which provides another pathway to the renewable energy in-
put for industrialization.[14¢]
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