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Gaseous CO; Electrolysis: Latest Advances in Electrode and
Electrolyzer Technologies toward Abating CO; Emissions

Kazuhide Kamiya, *" Sora Nakasone,? Ryo Kurihara,® Asato Inoue,® Hazuki Irie,> Shoko Nakahata,?
Yuta Nishina,® Satoshi Taniguchi,® Thuy T.H. Nguyen,®¢ and Sho Kataoka"®®

The conversion of CO, into multicarbon (C,,) products via electrochemical reductionis considered a key technology for the
sustainable production of fuels and chemicals. The performance of high-rate gaseous CO, electrolysis is governed by
interrelated factors such as the electrocatalysts, electrodes, electrolytes, and cell architectures. Despite the intensive focus
on catalyst research, systematic studies addressing the other components remain scarce, leaving critical gaps in our
understanding toward achieving higher performance in CO, electrolysis systems. The nanoscale design of catalyst surface
electronic structures and the macroscale design of electrodes and electrolyzer architectures both influence the overall
activity of the electrochemical system. In designing macroscale components, it is necessary to establish benchmarks based
on a comprehensive evaluation of CO, emissions for the entire electrolysis process, because these parameters are directly
linked to output metrics such as current density and cell voltage under practical operating conditions. This review
summarizes recent advances in electrodes and electrolyzers, and through life-cycle assessment (LCA), evaluates key
performance indicators (KPIs) for achieving negative emissions and assesses the current technology readiness of CO,

electrolysis.

1. Introduction

Global anthropogenic CO, emissions reached a staggering 37.8 Gt
per year in 2024, nearly 80 times greater than those from volcanic
and tectonic activities.! The development of technologies that utilize
CO2 as an alternative carbon feedstock and convert it into valuable
chemicals is therefore important.23 A wide range of methodologies
for effective CO2 reduction, including biological,* thermochemical,®
photochemical,® and electrochemical approaches,?37 have been
extensively studied. Amongthem, electrochemical CO2 reduction has
attracted significant attention because a high CO; conversion rate is
expected even at ambient temperature and pressure. However, the
practical application of CO: reduction requires improvements in
operating efficiency, product selectivity, and production rate.

To enhance the production rate (expressed as current density), the
use of gas diffusion electrodes (GDEs), which enable CO2 reduction
to occur at the interface between the solid catalyst, liquid electrolyte,
and gaseous CO, is a promising approach.8° GDEs accelerate the
reaction by mitigating mass transport limitations imposed by the
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inherently low diffusion coefficient and solubility of CO2 in water.
Because CO; reduction occurs at a complex three-phase boundary,
the selectivity and reaction rate of the CO: reduction reaction
(CO2RR) are governed by various factors, including the
electrocatalyst, electrode structure, and the
configuration.

electrolyzer

Amongthese factors, the electrocatalyst is a core componentin the
CO2RR because it directly converts CO2 molecules on its surface and
thereby directly influences product selectivity. Electrodes composed
of a noble metal such as Au or Ag preferentially produce carbon
monoxide (CO), whereas those composed of a p-block metal such as
Hg or Pb favor the formation of formic acid. In the 1980s, Hori et al.
reported that using Cu plates or Cu single crystals as electrodes for
the CO2RR enables the efficient formation of Ci to Cs organic
compounds, including methane, ethylene (CzH4), ethanol, and n-
propanol.19-13 More than 40 years after this discovery, Cu remains the
only metallic elementknownto reproducibly and efficiently catalyze
the formation of C2+ with practical selectivity at a good rate. However,
because catalytic aspects of CO: electroreduction have been
extensively studied over the years and are well summarized in
numerous review articles1416, a detailed discussion of the underlying
technologies is beyond the scope of this paper.

Recentstudies have increasingly demonstrated that gaseous CO2RR
performance is not solely determined by the catalyst but is also
strongly affected by factors such as the electrode architecture,
electrolyte composition, and overall electrolyzer design. In fact,
compared with catalyst-focused studies, research papers addressing
electrolyzer and system-level aspects are increasingly common, as
evidenced by publication statistics. Nevertheless, in contrast to the
extensive research on electrocatalysts, comprehensive review
articles focused on these other system components remain limited.
In addition, discussions that relate key performance indicators (KPIs)
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for achieving negative emissions to the technological maturity of
CO2RR systems from the perspective of life-cycle assessment (LCA)
are still insufficient and require further exploration.

When developing components such as electrodes and electrolyzers,
researchers should consider multiple performance indicators
comprehensively, including cell voltage, current density, and product
selectivity. More importantly, these performance indicators are
closely and intricately associated with the product yield and the
electricity consumption during actual operation, directly influencing
the overall greenhouse gas (GHG) emissions. That is, researchers
must develop these components with clearly defined benchmarks to
contribute meaningfully to the goal of negative emissions. Sahu et al.
highlighted the importance of LCA in the CO2RR systems. Their
perspective primarily concentrated on CO; emissions associated with
electrolyzer productions particularly regarding the use of critical
minerals (e.g., precious metals and rare earth elements).%’ In recent
years, the application of prospective LCA, also known as ex-ante LCA,
has played a crucial role in emerging technologies aimed at reducing
CO; emissions. LCA enables a holistic analysis of the influence of
multiple factors, including the utilization of renewable energy, the
procurement of raw materials, and the selection of construction
materials for electrolyzers, on overall CO2 emissions across the full
life cycle. For example, Yamaguchi et al. performed the prospective
LCA using literature values for the CO2RR system and evaluated the
CO2 emissions under hypothetical conditions.18 They also identified
the key performance indices and set their benchmarks. It is essential
to systematically examine these benchmarks in light of current
technological issuesand advances. In addition, a clear understanding
of these benchmarks should be strategically leveraged to promote
the development of elemental technologies. Accordingly, this review
provides a  first  integrated framework that links
electrode/electrolyzer design with LCA. Beyond summarizing recent
technological advances, we quantify how KPI improvements affect
system-level COze impacts. We then quantify the KPI levels required
for net-negative operation and conclude with an appraisal of the
current technology readiness of CO; electrolysis.

2. Electrode and Electrolyzer Technologies
Gas diffusion electrodes

In traditional CO: electrolysis, an immersed electrode setup
has generally been used. In this configuration, CO, gas is
bubbled into a liquid electrolyte and the dissolved CO2 is
supplied to an electrode completely immersed in the solution.
The reaction proceeds at the solid—liquid interface between the
catalyst and the electrolyte; consequently, the current density
is limited by the solubility and mass transport of CO: in the
solution. Therefore, the current density is typically limited to
several tens of miliamperes per square centimeter. To
overcome these limitations, researchers have recently used
GDEs. These electrodes allow CO; gas to be directly supplied to
the reaction interface in its gaseous state (Fig. 1). The cathodic
reaction proceeds at a three-phase interface comprising the
catalyst, the electrolyte, and gaseous CO2, similar to the
interface in H—0; fuel cells. However, both the structure and
reactivity of the three-phase interface differ substantially
between the two systems. (Fig. 1).
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Fig. 1. Schematic of the reaction interfaces at (a) the Pt/C
cathode in a fuel cell and (b) the metal-nanoparticle cathode in
the gaseous COzRR.

In the cathode of fuel cells for the oxygen reduction
reactions (ORR), carbon nanoparticles loaded with Pt (Pt/C) are
commonly used as catalysts. The Pt/C-based catalyst layer is
highly hydrophobic, suppressing electrolyte flooding and
forming a thick gas/electrolyte mixture layer with a thickness on
the order of tens of micrometers. As a result, the current
densities can reach approximately 1-2 A cm=2. Even if the
catalyst layer is flooded in the electrolyte, the ORR simply stops
because of the cessation of the Oz supply; the faradaic efficiency
(FE) remains unaffected because no other reaction occurs at the

operating potential of the ORR (approximately 0.6 V wvs.
reversible hydrogen electrode (RHE)). By contrast, the
electrocatalysts for CO2 electrolysis are composed of

hydrophilic materials such as metal nanoparticles, metal oxides,
or metal-nitrogen-doped carbons. Because of the
hydrophilicity of electrocatalysts, the catalyst layer is easily
flooded, substantially thinning the gas/electrolyte
layer.1® In addition, the operating potential of CO2 electrolysis is
~1.5 V lower than that of the cathode in fuel cells. Once the
catalyst layer is submerged, the hydrogen evolution reaction
(HER), a competing reaction, occurs, reducing the FE for the
CO2RR. Therefore, the three-phase interface in CO2 electrolysis
fundamentally differs from that in fuel cells and requires distinct
design strategies. To achieve a high current density and product
selectivity, expanding the effective three-phase interface area
while minimizing the flooded regions is critical.

To address this challenge, Sargent et al. developed a hybrid
catalyst by sputtering Cu onto a porous polytetrafluoroethylene
(PTFE) sheet and subsequently loading it with Cu nanoparticles
and a perfluorosulfonic acid ionomer.20 This design achieved a
partial current density of 1300 mA cm2 for Ca+ products
formation in 7 M KOH.2° In this architecture, gaseous reactants
are efficiently transported through the hydrophobic domains of
the ionomer, whereas ions are conducted through its
hydrophilic domains and electrons through the Cu catalysts. The

mixture
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Page 2 of 13


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08419a

Page 3 of 13

Open Access Article. Published on 02 Februar 2026. Downloaded on 02.02.26 20:31.:10.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

three-dimensional integration of Cu nanoparticles and an
ionomer substantially enhances the diffusion of gaseous CO2. As
a result, the effective expansion of the three-phase boundary
enables remarkably high current densities for Ca+ products
synthesis.

Xing et al. successfully doubled the partial current density
for Ca2+ products formation by incorporating PTFE nanoparticles
into a catalyst layer composed of Cu nanoparticles.® The
addition of PTFE nanoparticles balanced the interfacial tension
at the solid-liquid interface, which suppressed excessive
penetration of the electrolyte into the catalyst layer, promoting
CO electroreduction. Inoue et al. successfully increased the
partial current density for gaseous CO: reduction reactions to
Cz+ products using Cu nanoparticles. The partial current density
for C2+ reached 1.7 A cm=2 with an FE of 77%.21-23 Although the
authors used ordinary components such as Cu nanoparticles
and carbon-based GDEs, the high performance of their system
was enabled by proper assembly. Through a correlation analysis
performance and physicochemical
properties, they identified the catalyst layer thickness and the
interparticle spacing in the catalyst layer as the most important
parameters for enhancing the current density. A moderate
catalyst layer thickness and minimized interparticle spacing
were found to enhance jc+ by suppressing excessive electrolyte
penetration into the catalyst layer and promoting the formation
of an extensive three-phase interface.

between electrochemical

Membrane electrode assembly (MEA) electrolyzers

Cell voltage is directly related to energy efficiency and is one
of the most important parameters governing the feasibility of
net-zero emissions. Most of the high-rate gaseous CO:
electrolysis processes mentioned above were assessed in a flow
cell with a liquid electrolyte (Fig. 2a). However, in practical
operation, aliquid layer with athickness of approximately 1 mm
or more must be maintained, which increases the electrolyte
resistance and causes a substantial IR drop under high-current-
density conditions, thereby making it difficult to reduce the
operating voltage. Therefore, an MEA with a minimal
electrolyte  thickness is considered promising for CO:2
electrolysis (Fig. 2b, c). A cation-exchange membrane (CEM)
exposes the cathode to a strongly acidic medium, which
substantially lowers the selectivity by promoting the HER; thus,
an anion-exchange membrane (AEM) is generally selected for
solid-electrolyte CO2 electrolysis.

In 2019, Sinton et al. were the first to report Cz+ production
in an MEA cell using an AEM, where an electrode coated with
Cu nanoparticles and a KHCOs aqueous solution (as the anolyte)
achieved 78% FE for C:+ products at jcor = 200 mA cm=2.24 This
work was the first demonstration of Cz+ formation using MEA-
type electrolyzers. Subsequent progress in the design and
development of catalyst and electrode architectures, together
with advances in ion-exchange membrane engineering, has
further led to the emergence of MEA-based electrolyzer
systems with substantially enhanced catalytic activity and
performance (e.g., the cases presented in Table S1). In 2021, a
Cu-SiOx catalyst, which was synthesized via one-pot
coprecipitation and integrated into an MEA electrolyzer,

This journal is © The Royal Society of Che mistry 20xx
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achieved an FE as high as 65% for CoHs at 215 mA, emzZ With
stable operation over a period of 50 h.25 Li&lgl0ussa/gaatéaarsy
ammonium poly(ether ether ketone) (QAPEEK) as a bifunctional
ionomer that conducts ions and activates CO: at the catalyst—
electrolyte interface, achieving a CaHs partial current density of
420mA cm=2 at 3.54 V and a total current density of 1000 mA
cm2 at 3.73 V.2 Lee et al. developed an efficient and stackable
electrode design employing KOH-incorporated Cu nanoparticles
(Cu—KOH) as the cathode in an MEA electrolyzer, achieving a
78.7% FE for C; products (54.5% for CoHs) at 281 mA cm~2.
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Fig. 2. Photographs of (a) the flow cell and (b) the MEA cell. (c)
Cross-sectional schematic of the MEA cell. (d) Schematic of the
internal structure of the MEA cell, where K* ions permeate
through the AEM, leading to salt precipitation. (e) FEs of CO2RR
products at different cell voltages using the MEA cell.
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Operando  X-ray absorption  spectroscopy revealed a
predominantly metallic Cu state with residual oxide-derived
species that synergistically promote CO»2-to-C2Ha4 conversion.?’
One of the important unresolved topics related to the
operating principle of CO2 electrolysis using MEA cells is the ion
distribution and its role. In the following, we discuss this point
by comparing it with similar systems such as water electrolysis
and fuel cells that also use MEA cells. In proton exchange
(PEM)-type electrolysis and polymer
electrolyte fuel cells (PEFCs), alkali-metal cations are typically
not used. Even for AEM-type water electrolysis, symmetric ion
distribution designs are generally adopted, either by using ion-
exchanged membranes for both electrode solutions or by using
an electrolyte containing alkali-metal cations on both sides. By
contrast, AEM—MEA-type CO: electrolysis is carried out under a
highly asymmetric

membrane water

ionic environment. A liquid electrolyte
is supplied as the anolyte,
whereas only the solid electrolyte (ionomer) exists as the ionic
species on the cathode side at the beginning of electrolysis.

On the basis of the structure presented in Fig. 2d, the
presence of an AEM was expected to prevent the migration of
cationic species between the electrodes. Nevertheless, with
such an asymmetric configuration under actual electrolysis
conditions, crossover of alkali-metal cations occurred from the
anode to the cathode.2831 After electrolysis, (bi)carbonate
precipitates derived from alkali-metal cations, which were
absent on the cathode side at the beginning of the reaction,
were observed on the cathode end plate. The limited anion
selectivity is attributable to the low density of cationic
functional groups within the AEM as well as to the presence of
microscopic pinholes. Kato et al. reported that the proportion
of K* ions among the mobile ion carriers that contributed to the
total current density ranged from 0.1% to 2.5%, which is
sufficient to cause problematic salt precipitation.28

Conversely, alkali-metal cations have also been reported to
promote Cz+ products formation in MEA electrolyzers. In the
absence of alkali-metal cations, the cationic species present at
the catalyst surface are limited to quaternary ammonium
groups from the ionomer and a negligible concentration of
protons. Although there are a few reports on C+ products
formation even in systems with pure water as the anolyte (i.e.,
without alkali-metal cations)26:3233, most reports of Ca+ product
formation in MEA electrolysis involve the addition of alkali-
metal cations (Table S1). Kurihara et al. demonstrated that
almost no Caz+ products were formed when large organic cations
were present and alkali-metal cations were absent because
their bulky structures led to a lower local cation density at the
electrode surface, thereby diminishing the electric field
strength within the electric double layer.3* The weakened
interfacial electric field failed to adequately stabilize key dipolar
intermediates such as "CO; and *OCCO, which are essential for
promoting C—C coupling toward multicarbon products. The
bulky structure of quaternary ammonium groups hinders their
dense alignment on the catalyst surface because of steric
repulsion. Therefore, alkali-metal cations penetrating from the
anolyte are typically necessary to establish a stable electric
double layer in most MEA-based CO: electrolysis systems.

containing alkali-metal cations

4 | J. Name., 2012, 00, 1-3

Stability Issues in Gaseous CO: Electrolysis Systems.,, A ticie Oniine

Here, we summarize the key challengé3CkdsotiatedoWwith4iRe
stable operation of gaseous CO: electrolysis, with particular
emphasis on those encountered in MEA electrolyzers. The main
factors responsible for activity degradation can be broadly
classified into three categories: (i) flooding and (bi)carbonate
salt precipitation, (ii) chemical and mechanical degradation of
the membrane, and (iii) catalyst degradation.

Among these, flooding and (bi)carbonate salt precipitation
are the most widely recognized and rapidly manifest causes of
performance loss in MEA electrolyzes. During electrolysis,
alkali-metal cations supplied in the anolyte penetrate the
membrane and reach the cathode side, as mentioned above.
This cation crossover leads to progressive wetting of the GDE,
disrupting the three-phase interface and increasing the fraction
of two-phase catalyst—electrolyte

interfaces. Simultaneously,

the migrated alkali-metal cations react with CO2 to form
(bi)carbonate salts, which precipitate within the GDE and flow
fields, thereby obstructing gas transport. This sequence of
interrelated phenomena typically occurs on the shortest time
scale among known degradation processes and is therefore
regarded as the dominant origin of rapid activity decay in most
MEA-type CO: electrolysis systems.3537 Nevertheless, the
detailed mechanisms underlying flooding have not yet been
fully elucidated. The acceleration of electrode hydrophilicity is
generally attributed to surface charge accumulation induced by
the applied potential, namely electrowetting. In contrast, Agar
et al. reported that minor CO2RR byproducts, such as acrolein,
can be converted into hydrophilic poly(acrylic acid), leading to
the degradation of the intrinsic hydrophobicity of GDEs. 38
Clarifying the detailed mechanisms responsible for flooding is
essential for preventing this phenomenon. In addition, the
causal relationship between flooding and (bi)carbonate salt
precipitation remains unclear. Itis still uncertain which process
precedes the other, that is, whether flooding triggers salt
precipitation or vice versa. Previous studies have reported
difficulties in disentangling these two phenomena3>39, and this
lack of clarity hampers the establishment of rational design
principles for improving the operational stability of MEA-based
CO: electrolysis systems.

Based on insights from AEM-based water electrolysis
technologies*®41, the limited robustness of AEMs is expected to
become a critical issue. Membrane degradation not only leads
to an increase in cell voltage due to reduced ionic conductivity
but also, in severe cases, causes significant
reactants and products, thereby hindering stable operation. In
particular, AEMs have been reported to be chemically less
stable than PEMs, making their durability a key challenge for
future development. Quaternary ammonium cation functional
groups are especially vulnerable, as they readily decompose via
Hofmann elimination and nucleophilic attack by hydroxide ions,
necessitating the molecular design of highly durable cationic
structures. From the perspective of mechanical durability,
membrane damage induced by carbon fibers in the GDE as well
as degradation caused by non-uniform pressure distribution
across the cell have also been identified as critical concerns.4?2
In this regard, in addition to improving the molecular backbone,

crossover of

This journal is © The Royal Society of Chemistry 20xx
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structural approaches such as reinforcing the membrane
through compositing with a supporting framework are also
considered effective.

comprehensive reviews have already addressed
catalyst degradation, particularly in Cu-based systems*3-45;
therefore, detailed discussion s repeated
Nevertheless, catalyst degradation can proceed through arange
of physical and chemical processes, including detachment,
dissolution, Ostwald ripening, reshaping, and agglomeration.
Although Cu is generally regarded as stable even under strongly
cathodic potentials, it has been reported that even minor
perturbations, such as trace oxygen contamination, can
markedly accelerate degradation and surface restructuring.46-50
For example, surface reconstruction has been shown to occur
extremely rapidly when a potential is applied to Cu that has

experienced open-circuit conditions

Several

not here.

or slight air oxidation,
leading to the formation of oxygen-containing surface species.*°
multiple that Cu
is significantly enhanced under CO; electrolysis
conditions compared with inert Ar atmospheres. This enhanced
dissolution has been attributed to the formation of Cu—carbonyl
complexes with CO, a CO2 reduction product, which facilitates
metal dissolution. 0
Importantly, despite the existence of multiple degradation
pathways, only issues that manifest on very short time scales,
such as salt precipitation, have been prominently observed to
date. As a consequence, other degradation mechanisms and the
corresponding mitigation  strategies have not vyet been
examined in sufficient detail. Therefore, resolving salt
precipitation, which occurs on short time scales, should be
regarded as the highest priority. This necessitates the complete
elimination of free alkali cations in AEM—MEA CO: electrolysis
systems. The details of this strategy are discussed in Section 4.

In addition, studies have demonstrated

dissolution

3. Life-Cycle Assessment for CO; Electrolysis
Recent advancements in electrodes, such as catalysts and
GDEs, as well as electrolyzers, including MEA and AEM, were
introduced in the previous section. Although numerous cutting-
edge technologies have been developed for converting CO; into

Chemical Science

valuable chemicals, comprehensively evaluating GQa, emissions
in the entire system is essential becausePtHisdOsy3t8toereaisoA
large amount of electricity.

As mentioned above, Yamaguchi et al. recently evaluated
the electrochemical reduction of CO2 to C;Hs on the basis of the
prospective LCA.1®® A schematic of the system boundary is
shown in Fig. 3. CO; directly captured from the air using direct
air capture (DAC) technology>! is fed into electrochemical CO:
reduction (eCO2R) devices to produce CyHs. The outlet flow
from the eCO;R system contains the product (i.e., CoHa),
unreacted CO, and byproducts (i.e., Hz, CO, and CH4) because
the conversion is set at 20% in the study.18 Gaseous byproducts
that include unreacted CO; and liquid byproducts were
separated using a vapor—liquid (VL) separation system. Through
an electrochemical CO; enrichment (eCO2E) process32-56,
unreacted CO: is captured and recycled to the eCOzR system.
The obtained C;Hs is purified as a final product by removing gas
byproducts using the cryogenic separation (“Cryogenic” in Fig.
3) process. All of the byproducts are burnt in an incinerator
(“Incinerator” in Fig. 3), and the generated heat is supplied to
the DAC system via a heat exchanger while CO: in the flue gas is
recycled to the DAC system. Importantly in eCO2R, some CO:
molecules move to the counter electrode (referred to as
crossover COz). In basic or neutral electrolytes, dissolved CO:2
molecules migrate from the cathode side to the anode side in
the form of (bi)carbonate species.5’5® Another eCO2E system is
installed to recover the crossover CO: and recycle it to the
eCO2R system. In the evaluation, five devices are considered in
total (DAC, eCO2R, eCO2E, Cryogenic, and Incinerator). In this
case, the cell voltage is 3.5 V, the FE is 70%, and the conversion
is 20%. These are the key data in the publication.’® The authors
assumed that the power from renewable energy sources (0.032
kg-coze kWh1) was used in the study.®60 They identified six key
performance indicators that include cell voltage, FE, conversion,
enrichment cell voltage, current density, and consumables
lifetime, which have a large impact on CO; emissions. They also
evaluated several scenarios and pointed out that the net CO:
emission can be down to 0.4 kg-coze/kg-c2Ha.

Electricity €02 >99% |
l Coz l Electrolyte Elamtyi ity
Electricity| Recycle
Feed [ 1 |co
—_— 2
Air: CO2 eC(?zR
400ppm Crossover eCOzE
Product, I Flectri Recycle El e
Unreacted CO2z| Electricity sctricity electricity
Byproduct l 02 l
. | Product
Exchanger Gas eCO2E Cryogenic CoH4
component
Byproduct(Hz, CO, CHa)
Recycle VL - l
CO2 separation Liquid X H
Byproduct " Incinerator
Flue gas

Fig. 3. Schematic of the system boundary for CO2 reduction.
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Our group also conducted electrochemical reduction of CO»
to CoHs using MEA electrolyzers as reported in a recent
publication (Fig. 2e), with details of the materials
electrolysis conditions provided in Note S1 and Figure S1.28 The
MEA electrolyzer allows lowering the cell voltage compared to
conventional electrolyzers. The current density proportionally
increases from 470 to 4320 A m=2 as the cell voltage rises from
2.9 to 3.9 V. Under this operation, the conversion, defined
based on the amount of CO: consumed, up to
approximately 6.4% at 3.7 V and gradually decreases to 5.9% at
3.9 V. Concurrently, the hydrogen production increases with
higher cell voltage (ca. 44% at 3.9 V). While FE distinctly varies
with the cell voltage, the highest FE of 52% is achieved at the
cell voltage of 3.5 V (summarized in Table 1). We employed the
above-mentioned method?8 to evaluate our experimental data
and estimate CO: emissions of the system. By closely following
the reported the electricity
consumption of the system (DAC, eCOzR, eCOE, Cryogenic, and
Incinerator) and evaluated CO:; emissions using a power with
the emission factor of 0.032 kg-coze/kWh. In addition, eCO:E is
not installed after DAC system in the present evaluation
because the purity of CO2 after DAC is assumed to be sufficiently
high (> 99%). The results are summarized in Fig. 3.

As seen in Fig. 4, the major contribution of CO, emissions
results from eCO2E and eCO2R. In the figure, negative CO:
emission values indicate the amount of CO2 used for CzHa
production while the net emissions are represented by red dots.
The net emission ranges from 1.8 kg-coze/kg-cova at 3.5 V to 46
kg-coze/kg-cona at 2.9 V, which is higher than that in the previous
reports.’861  The contributions from DAC and Cryogenic are
relatively small, although their energy consumption values are
not negligible (0.70 kWh/kg.co2 captured, 1.3 kWh/kg.cons).18:51
It is partially because some heat recycled in Incinerator is
supplied to DAC. Nonetheless, it is indicated that the electricity
consumption of eCO2E and eCOzR is markedly large.

and

increases

method,’® we simulated

CO2 emissions from eCO2E are considerably higher. thap
those reported in the previous case.l® TRi?!i$ PRSI CAGE1T0
the low conversion in the present case. While the previous
study assumed a conversion of 20%, the actual conversion in
this work ranges from 1.5% to 6.4%. This results in a significant
amount of unreacted CO: that needs to be captured with eCO:E,
leading to a large amount of CO. emissions. This is the primary
reason why the net CO, emissions in our case are higher than
those in the previous report.’® In addition, they also mentioned
that CO» in eCO2E significantly
conversion lower than 20%.18

Therefore, it is pivotal to gain the conversion to reduce CO:
emissions in eCO2E. One may speculate that the conversion can
be increased by adjusting experimental conditions (e.g., CO»
flow rate into eCO;R). However, such optimization is not
straightforward, in these parameters influence
multiple factors, including the FE of the product (discussed in
the next section). More importantly, it may be needed to
rate and also to further improve the
electrolyzer structure to gain high conversion. In addition to the
conversion, if the eCO2E cell voltage is decreased, it directly has
an impact on mitigating CO2 emissions.>2 Overall, the
conversion has a significant impact on CO; emissions from
eCO2E. Moreover, the eCOzE process is also used to recover
crossover CO; in the counter electrode, besides CO; unreacted
through eCOzR. In this evaluation, the amount of crossover CO»
is assumed to be a half of the hydroxide ions, following the
previous publication.’® Based on this assumption, while one
molecule of C;Hs is produced, 12 moles of hydroxide ions are
generated; in turn, 6 moles of CO, are assumed to move from
the cathode side to the anode side, which cannot be ignorable.
It would be desired to hinder crossover CO; in eCO2R by
improving electrolytes such as the addition of chemicals.

The operating conditions of eCO2R play a critical
determining overall CO2 emissions. In most reported systems
(e.g., the cases presented in Table S1), the cell voltage for MEA

emissions increase at a

as variations

increase the reaction

role in

Table 1. Summary of key parameters and experimental results reported for the MEA electrolyzer used in the LCA calculation. 28

Current Supplied CO: . L.
Cell Voltage - L FE (C2Ha4) . CzHa Yield Electricity
V] density electricity (%] FE (H2) [%] conversion %" [kWh/k '
(A/m2] [kw/m?] ° [%)° ° B
2.9 470 1.4 15.5 26.5 1.5 0.1 214.3
3.1 870 2.7 34.1 18.0 2.6 0.6 104.4
3.3 1480 4.9 46.1 135 3.5 1.4 82.1
3.5 2520 8.8 52.2 13.5 5.5 2.6 77.0
3.7 3220 11.9 46.5 18.0 6.4 3.0 91.3
3.9 4320 16.9 26.0 44.1 5.9 2.2 171.8

* The proportion of feed CO2 converted into any products (Hz, CO, CHs, CoHs, C2HsOH and so on).

** CyHs yield was determined by dividing the C;Hs production rate by the CO; flow rate. In the previous study,?® the CO; flow
rate was fixed at 314 mol m2 h-1, The production rate was calculated from the product of the current density, FE (C2H4), and the
carbon number (2) divided by the electron transfer number (12) and the Faraday constant.
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Fig. 4. The CO2 emissions of the eCO2R system with a MEA
electrolyzer.

electrolyzers ranges from approximately ~3 to ~4 V. For
example, in the case of C;Hs production, the reduction of one
CO2 molecule involves a six-electron transfer, and such a high
cell voltage leads to significant electricity consumption. It
should be noted that the excess voltage results in dissipating as
heat and ending up a large amount of CO2 emission. Therefore,
voltage CO2
In the current case, the use of an MEA-based cell

minimizing the excess is essential to lower
emissions.
allows a significant reduction
compared to other types of cells; however, the voltage remains
relatively high. Second, as the cell voltage increases, the current
density also increases. Although the current density does not
directly affect CO: emissions, it influences the system
throughput. If the current density is low, a larger number of
electrolyzers must be installed to maintain the desired CiHa
production rate. Consequently, a trade-off relationship exists
between CO: emissions caused by excess cell voltage and
equipment cost that stems from the number of electrolyzers.
The equipment cost cannot be precisely evaluated because its
unit price is not fixed, which remains a challenge for
implementing this technology in practical applications in the
future. Finally, the cell voltage is tightly corelated to FE. Indeed,
FE for C2Hs is approximately 15% at cell voltage equal to 2.9 V;
it increases up to about 52% at 3.5 V. If the FE for CO2 reduction
decreases and H: production increases, additional energy is
consumed without contributing to CO: fixation. Moreover,
since the byproducts are incinerated, they are directly related
to CO; emissions. Therefore, it is crucial to minimize byproducts
to achieve high FE.

The lifetime of electrolyzers influences both the LCA
outcomes and the equipment cost. As discussed in the previous
section, the lifetime is closely linked to the stability of the

electrolyzers. A short lifetime can significantly affect both the

in cell voltage (below 4 V)

This journal is © The Royal Society of Che mistry 20xx
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LCA and the cost. However, following the assumptignsi.inothe
previous study (the lifetimes exceed B¥&rl03000/PReUPS4For
consumables and 20 years for construction materials), these
impacts are insignificant.18

Overall, a quite complex relationship exists between the cell
voltage, the current density, and FE, which makes it challenging

to identify optimal operating conditions and lead the
development of electrolyzers. In fact, even when the same
electrolyzer was used, CO2 emissions dramatically vary

depending on operating conditions. It is equally important to
find out the optimum condition and develop a new electrolyzer.

The structure and type of electrodes, catalysts, and
electrolyzers should be evaluated under these optimal
conditions to meet the performance requirements. Based on

these LCA results, the future prospects of CO; electrolysis
technology for achieving negative emissions are discussed in
the next section.

4. Challenges of CO; Electrolysis Technologies for

Achieving Negative Emissions
Improvement of Single-Pass CO2, Conversion

As discussed in the previous section, one of the most critical
criteria for achieving negative emissions is the CO2 conversion.
As described above, a low CO2 conversion substantially
increases the energy required for recycling unconverted CO».
However, two points must be noted here. First, although a
higher CO2 conversion undoubtedly expands the operating
window for achieving negative emissions and maximizing the
is desirable, in practice, a conversion of ~20% is
to achieve negative emissions.
necessary to set appropriate benchmarks that consider the
balance with other parameters. Second, many previous studies
(e.g., the cases presented in Table S1) used reaction conditions
that included an excessive supply of CO, resulting in situations
where enhancing the CO2 conversion was not actively pursued.
Consequently, the CO: conversion values reported in the
literature do not necessarily reflect the maximum achievable
conversion for those systems.

To enhance CO: conversion, particularly the single-pass
conversion efficiency, it is necessary to (i) achieve a high FE for
CO2 reduction under a low CO: partial pressure and (ii)
effectively suppress CO2 crossover from the cathode to the
anode. For (i), when CO: is diluted by final products or inert
gases, such as H and C;H4, the FE for Co+ products on Cu-based
catalysts is known to decrease substantially. For instance, Oh et
al. reported that the FE for Cp:+ decreased from 61% to 34%
when the CO; concentration was reduced from 75% to 25% at a
low flow rate.62 Therefore, it is necessary to consider strategies
such as designing catalysts that can increase CO2 adsorption
even under a low CO; partial pressure or increasing the
proportion of liquid products(e.g., ethanol), to mitigate the
dilution of CO2 by gaseous products.®3

For (ii) suppressing CO; crossover, one solution is to use a
CEM to block the crossover of (bi)carbonate anions. An MEA
based on a bipolar membrane (BPM) s
configuration because it suppresses local acidification, which

conversion

sufficient Therefore, it is

a promising
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favors the HER while also preventing HCOs~ crossover (Fig. 5a).
For example, She et al. developed a pure-water-fed bipolar-
type MEA electrolyzer in which an AEM and a PEM are
laminated to form an internal acid—base junction that
suppresses CO32~ formation and CO, crossover, enabling over
1000 h of stable operation at 333 mA cm=2 with 50% FE for
C2Ha.3%2 Alternatively, CO: reduction using HCOs™-derived CO: is
another effective approach to suppress CO2 crossover using a
CEM (Fig. 5b).%4-66 A HCO3~ or CO32~ aqueous solution is supplied
to the cathode chamber, whereas pure water or an acidic
aqueous solution without alkali-metal cations is supplied to the
anode chamber. The OER proceeds at the anode, and H* ions
are transported to the cathode side through the CEM. Gaseous
CO; is subsequently generated in situ within the electrolyzer via
an acid—base reaction between the H* and the
(bi)carbonate ions. The buffering layer serves as the region

ions

where this gaseous CO: is produced. The generated CO: is then
directly delivered to the cathode, enabling the in situ formation
of the three-phase interface. For example, Berlinguette et al.
demonstrated that, in a flow cell equipped with a BPM and aAg
nanoparticle catalyst on a porous carbon support, aqueous 3.0
M KHCOs solutions can be electrochemically converted into CO
gas without the supply of external CO2, achieving FEs of 81% at
25 mA cm~2 and 37% at 100 mA cm~2.%4 Zhang et al. used a CEM
as the separator and a redox-active polymer network
incorporating Cu as the cathode catalyst while feeding a 1 M
K2CO3 aqueous solution to the cathode chamber. Under these
conditions, they achieved a Cy+ FE of 55% at a total current
density of 300 mA cm=2, with CoHas constituting 56 wt% of the
outlet gas stream.%5

Reduction of Cell Voltage

Another key parameter to achieve negative emission is the
cell voltage. Although most recent reports describe cell voltages
in the range from ~3 to ~4 V in AEM-based CO electrolysis
(Table S1), the specific contributions of each voltage component
have not been fully elucidated. Potential deconvolutionis essential
for identifying strategies for further voltage reduction. Weng et al.
demonstrated the breakdown of cell voltage in MEA
electrolyzers with Cu-based catalysts.57.¢8 Among the various
overpotentials, the cathodic overpotential was the dominant
contributor. Cathodic overpotentials of approximately 0.5 to 1.0
V were required, even at current densities ranging from 100 to
250 mA cm2. He et al. have reported similar findings in MEA
systems, where cathodic overpotentials in the range of 0.5-1.0
V were experimentally observed.®® Such large cathodic
overpotentials contrast sharply with those observed in water
electrolysis, where the HER proceeds with a low cathodic
overpotential. For instance, in AEM-based MEA water
electrolyzers, cathodic overpotentials remain below 0.1 V even
at current densities exceeding 1 A cm=2. In the case of PEM-
based MEA water electrolysis, the cathodic overpotentials are
nearly zero even at higher current densities.’? These unusually
high cathodic overpotentials in the CO2RR represent a major
limitation to the overall energy efficiency of the process
compared with that of water electrolysis.

8 | J. Name., 2012, 00, 1-3
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We now consider the cathodic overpotential in greater
detail. As previously mentioned, reducing the large
overpotential associated with the transformation of CO:
molecules (i.e., the overpotential) requires the
development of novel catalyst materials. As stated in the
Introduction, detailed discussions on catalyst materials and the
molecular-level mechanism of CO: transformation are beyond
the scope of this paper. However, we emphasize again that
researchers should recognize the importance of reaction
overpotential. When developing electrocatalysts for fuel cells or
water electrolyzers, the reaction overpotential is generally
considered the most important parameter. By contrast, for the
CO2RR, product selectivity is often discussed as the most critical
parameter. However, LCA analyses indicate that, if the reaction
overpotential is substantially reduced, a catalyst can still be
practically applicable even with a somewhat lower FE.

In addition to reducing the reaction overpotential through
catalyst design, minimizing Nernstian loss associated with the
pH gradients and diffusion overpotential is also an effective
strategy for lowering the cathodic overpotential. The local pH of
the cathode surface reached approximately 14 at 300 mA cm~2
because of proton consumption in the presence of alkali-metal
cations.”? When neutral anolytes were used, the pH gradient
was 6-7, leading to a Nernstian loss of 0.3-0.4 V. Importantly,
this increase in the local pH leads to a higher cell voltage (i.e., larger
Nernstian loss), but at the same time, it suppresses the HER,
which is beneficial for improving product selectivity. Therefore,
an appropriate balance between enhancing selectivity and
minimizing voltage be achieved by precisely

reaction

loss must
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controlling the local pH. Several strategies, such as introducing
a buffer layer or controlling the water content, have been
proposed to control local pH.7273

Enhancement of Operational Stability

The stability of the system influences both the LCA
outcomes and the costs, particularly capital expenditures.
Because reliable wunit prices of electrolyzers and their

consumables are not available, this issue was not examined in
detail in the preceding sections. Nevertheless, it is evident that
ensuring stable operation is crucial for reducing capital costs. As
discussed above, the highest-priority stability issue is salt
precipitation on very short time scales. Therefore, the
development of pure-water-fed MEA systems that suppress salt
precipitation is highly desirable. Although pure-water-fed MEA
electrolyzers provide a to mitigate
precipitation that design
principles for achieving Ca:+ product formation using AEMs under
alkali-cation-free conditions have not yet been established. Our
proposed strategy for achieving Ca+ product formation in pure-
water-fed AEM-based systems can be broadly divided into two
approaches, or a combination of both. One approach focuses on
electrolyte engineering to control the electric double layer,
while the other relies on catalyst design to lower the activation
energy for Ca+ formation.

From the perspective of electrolyte engineering, as
discussed above, smaller cations tend to accumulate more
readily at the catalyst surface, resulting in a stronger interfacial
electric field within the electric double layer and thereby
promoting Ca+ product formation.34747¢  For this interfacial
electric field effect, a key challenge in employing ionomers to
generate a sufficiently strong interfacial electric field is how to
achieve ahigh interfacial density of cationic species. Specifically,
reducing the steric bulk of quaternary ammonium cation
functionalities, while simultaneously enhancing the
hydrophilic/hydrophobic contrast between the side chains and
the polymer backbone, would increase the local cation density
by promoting more distinct phase separation into hydrophilic
and hydrophobic domains.”780 Furthermore, based on the
previous studies on fuel cells, the ionomer deposition protocol
and subsequent drying processes can substantially modify the
resulting domain morphology.81.82 These observations highlight

rational solution salt

limits stable operation, general

that process-level control over interface formation is as critical

as molecular design in establishing favorable interfacial
structures.
Beyond the interfacial electric field effect, alkali-metal

cations have also been proposed to stabilize C, intermediates
through direct coordination. However, such a coordination
effect would be very limited for quaternary ammonium cations
owing to their low Lewis acidity.3483 Consequently, under pure-
water-fed conditions, the stabilization of reaction intermediates
must rely primarily on the intrinsic properties of the catalyst
surface. In the absence of alkali-metal cations, interactions
between the catalyst surface and reaction intermediates are
therefore expected to exert a more pronounced influence on
reaction behavior than in alkali-cation-containing systems. This
perspective implies that catalyst design principles developed

This journal is © The Royal Society of Che mistry 20xx
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under alkali-cation-containing conditions may nat.be.directly
transferable to pure-water-fed AEM-baseBCCA9-EI&RtFOIYss3419A

Further, a pure-water-fed CEM-MEA electrolyzer can be
regarded as an ultimate configuration that simultaneously
mitigates Nernstian losses while resolving issues such as salt
precipitation and CO, crossover. This system is conceptually
analogous to PEFCs and PEM water electrolyzers, and therefore
holds strong potential from the perspectives of component
reliability and practical implementation. However, in a pure-
water-fed CEM-MEA electrolyzer, the local pH near the cathode
surface becomes highly acidic. Under such conditions, achieving
efficient CO2 reduction while suppressing the HER necessitates
a significant  breakthrough in the development of
electrocatalysts that can maintain CO2RR activity under acidic
environments.

In parallel, numerous efforts are underway to improve the
stability of CO: electrolysis systems employing
alkaline-cation-containing electrolytes, and such systems may
implementation than pure-water-fed
configurations. To address the challenge of salt precipitation
inherent to these systems, several mitigation strategies have
been explored, including pulsed electrolysis to promote
repeated salt precipitation and dissolution8485, feedback
control of alkali-metal cation to extend
operational and periodic washing protocols to
remove accumulated salts.87.88 Although these approaches do
not fundamentally resolve salt precipitation, they represent
critically important interim solutions for accelerating societal
implementation.

operational

reach societal earlier

concentrations
lifetimes?8.86,

5. Conclusion and Outlook

LCA is the essential analytical framework for guiding the
advancement of CO: electrolysis technology toward practical
and industrial implementation. These quantitative assessments
clarify the correlations between total system energy
consumption greenhouse gas emissions, thereby
identifying the key technological targets required to achieve
negative emissions. Meeting these benchmarks requires not
only the rational design of electrode catalysts but also the
optimization and coordinated operation of macroscopic
components such as electrodes, electrolytes, and electrolyzer
configurations. The development of GDEs has enabled ampere
level current densities through the optimized construction of
the three-phase interface. MEA electrolyzers offer a promising
configuration that enables low-voltage and high-current-
density operation by minimizing the electrolyte layer thickness.
Nevertheless, AEM-based MEAs suffer from alkali-metal cation
crossover due to asymmetric ion distributions, which leads to
gradual performance degradation.

The anticipated pathway toward the practical deployment
of MEA-based electrolyzers equipped with GDEs is outlined as
follows. First, MEA electrolyzers or zero-gap electrolyzers
employing alkali-metal cations in the anolyte, which represent
the current standard configuration, are expected to be
commercialized initially (Fig. 6a). In such systems, flooding and
salt precipitation to be managed through
operational strategies, and

and

are anticipated

including periodic salt removal

J. Name., 2013, 00,1-3 | 9


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08419a

Open Access Article. Published on 02 Februar 2026. Downloaded on 02.02.26 20:31.:10.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Chemical Science

View Article Online

(a) Alkali-cation based AEM-MEA (b) Pure-water-fed AEM-MEA (c) CEM-MEA - 1 1039/D5SC08419A
Anion exchange Anion exchange Cation exchange
membrane membrane membrane
e'¢| — |Te' e'¢| ——— |¢e* e'¢| — |¢e'
[ ] I
Clin L .
CO, — Alkalication GO, HCO,3~ Deionized CO, Deionized
' containing | — | —
HCO;~ solutions water ‘ water
C C o G L
2 K 0,+CO, & e O,+CO; - ‘ 0,
=
Cathode ‘ | Anode ‘ Cathode requirement: Anode Cathode requirement: Ancde

an alkali-cation-free
electric double layer

High C,, selectivity under

High C.. selectivity under
acidic conditions

Fig. 6. Schematic comparison of three MEA configurations for CO2 electrolysis: (a) Alkali-cation-based AEM—MEA, (b) Pure-water-fed AEM—

MEA, and (c) CEM—MEA. Components and phenomena that require improvement are highlighted in yellow, while the requirements for

the cathode electrocatalyst are highlighted in orange.

cation concentration.
relatively
these

feedback control of the alkali-metal
Indeed, recent studies have already demonstrated
long-term  stable  operation by implementing
approaches.288486 The next stage is expected to involve the
social implementation of alkali-cation-free AEM-based MEA
electrolysis, as discussed in Section 4 (Fig. 6b). If interface
engineering and catalyst optimization enable the formation of
an electric double layer that does not rely on alkali-metal
cations, the system can be freed from issues arising from
asymmetric ion distributions. Looking further ahead, an alkali-
cation-free acidic MEA configuration employing a robust CEM,
analogous and PEFCs,
envisioned (Fig. 6¢c). Owing to the ability to resolve the inherent
weaknesses AEMs, as well as the issues of CO; (carbonate)
crossover, this approach can be regarded as the ultimate CO:
electrolysis system conceivable at present. However, its
realization requires a major breakthrough in the development
of electrocatalysts that can suppress hydrogen evolution while
promoting CO2 electrolysis at the cathode under acidic
conditions.

LCA indicates that reducing the cell voltage and improving
the single-pass conversion are the most effective means to
minimize greenhouse gas emissions and approach negative
emission conditions. In particular, the reaction overpotential
associated with CO2 molecular conversion and the Nernstian

to PEM water electrolyzers can be

loss caused by pH gradients are the primary factors that
increase the cell voltage, and must be mitigated through
advanced materials  design and interface  engineering.

Enhancing the single-pass conversion requires suppressing CO2
crossover and optimizing the reaction environment to maintain
a high conversion efficiency even under dilute CO2 conditions,
thereby reducing the energy consumption of CO; enrichment
processes. Recently, BPM-based MEAs and bicarbonate-derived
CO; electrolyzers that enable in situ CO2 generation have been
proposed as next-generation systems that combine high energy
efficiency and durability.

10 | J. Name., 2012, 00, 1-3

Future progress will rely on integrating nanoscale catalyst
design with macroscale electrode and electrolyzer engineering,
guided by continuous evaluation based on LCA. Establishing
such a multiscale and quantitative design framework will enable
CO: electrolysis to evolve from laboratory research into an
industrial carbon circular technology capable of realizing
sustainable negative emission manufacturing.
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