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Abstract

Electrochemical carbon dioxide reduction reaction (CO2RR) offers a promising route to
mitigate climate change while simultaneously enabling renewable energy storage and
the sustainable production of value-added chemicals. A wide variety of CO2RR reactor
designs have been developed, including both liquid-phase cells and gas-phase configu-
rations. Among these, gas-phase systems, particularly flow-cell and membrane electrode
assembly (MEA) designs, have become the primary focus of recent research due to their
ability to overcome mass transport limitations and operate at high currents. While catalyst
development has received considerable attention in advancing CO2RR performance, the
role of membranes in these gas-phase electrolyzers has been less systematically reviewed.
This article addresses that gap by critically examining the functions, advantages, and limita-
tions of the major membrane classes used in CO2 electrolysis: anion exchange membranes,
cation exchange membranes, bipolar membranes, and non-ion-exchange porous mem-
branes within flow-cell and MEA configurations. We highlight how membrane properties
influence local pH regulation, water management, crossover behavior, and overall reactor
performance, while emphasizing that product identity is primarily catalyst-determined.
By analyzing recent progress and remaining challenges, this review provides design in-
sights for membrane selection and development toward efficient, stable, and scalable CO2

electrolysis systems.

Keywords: CO2 reduction reaction; membranes; membrane electrode assembly; gas-phase
electrolyzers; ion-exchange membrane; non-ionic membrane

1. Introduction
Since the 1950s, fossil fuel consumption and petrochemical production have increased

more than fifteenfold, leading to a dramatic rise in carbon dioxide (CO2) emissions [1,2].
As CO2 accounts for roughly three-quarters of global greenhouse gas output, it is widely
recognized as the main driver of global warming and environmental degradation [3].
Developing technologies that minimize CO2 accumulation in the atmosphere are therefore
urgently needed [4]. One promising approach is the creation of an anthropogenic carbon
cycle, in which CO2 is converted into fuels and chemicals using renewable energy [5]. Such
a strategy not only addresses the environmental and energy challenges related to CO2

emissions but also creates a profitable carbon economy [6]. In such a system, renewable
energy is converted to chemical energy stored in CO2-derived fuels and chemicals.

A variety of pathways have been explored for CO2 conversion, including biological,
thermochemical, photochemical, and electrochemical methods [7–11]. Among these, the
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electrochemical CO2 reduction reaction (CO2RR) is particularly attractive as it operates
under mild conditions, allows reaction rates and product selectivity to be tuned by the
applied potential, and offers scalability through modular electrolyzer designs [12]. When
coupled with intermittent renewable energy sources, CO2RR represents a compelling route
for integrating renewable energy into the fuels and chemicals sector.

In CO2RR, CO2 is supplied to an electrochemical reactor, often referred to as a “cell”
or “electrolyzer”, where it is converted on a catalyst surface under an applied electrical
potential. Current electrolyzer configurations for CO2RR fall into three categories: H-cells,
flow cells, and membrane electrode assembly (MEA) cells. An H-cell is a two-compartment
design, with separate chambers for anode and cathode reactions, and connected by an
ionic exchange membrane in between [13]. In this setup, the membrane acts as a central
barrier that allows ionic transport while preventing bulk mixing of the solutions in the
two compartments. The reference and the working electrodes are located in a sealed
cathodic chamber, whereas the counter electrode is in the anodic chamber, thus establishing
a three-electrode electrochemical system. However, because CO2 must first dissolve in
the electrolyte and then diffuse to the catalyst layer, mass transport limitations severely
restrict reaction rates and achievable current densities [14,15]. As a result, H-cells are not
suitable for CO2RR at practical applications which require high operating current densities
(>200 mA/cm2). In contrast, flow-cell and MEA designs have emerged as preferred
configurations for achieving higher efficiencies and current densities [16]. These systems
generally eliminate the use of bulk liquid chambers and instead rely on current collectors
on both the anode and cathode sides. Together with gas diffusion electrodes (GDEs), such
configurations shorten the diffusion path of CO2 to the reaction interface, thus enhancing
mass transport and improving reaction rates [17].

Extensive research has been devoted to the development of catalysts for efficient CO2

conversion, but the role of membranes in gas-phase electrolyzers has received far less
attention [18–23]. Broadly, membranes used in these systems can be divided into two
categories: ion-exchange and non-ion-exchange membranes. Ion-exchange membranes
include anion exchange, cation exchange, and bipolar membranes, while non-ion-exchange
membranes are typically porous separators. Membranes have several critical functions,
including preventing CO2 reduction products from crossing over to the anode where they
may be re-oxidized to CO2, and limiting the transport of O2 evolved at the anode to the
cathode, where it could participate in the oxygen reduction reaction and compete with
CO2RR for electrons [8]. The selection of an appropriate membrane is therefore crucial, as
it directly controls ion transport and strongly influences the local reaction environment
at the cathode, which in turn affects the product selectivity and overall performance.
In addition, CO2 electrolyzers also face recurring technical challenges arising from the
tight coupling between ion transport, reaction environment, and mass transport, such as
carbonate formation, pH imbalance, ohmic losses, and product crossover [24,25]. These
challenges call for the use of different membrane types, each offering distinct advantages
and trade-offs depending on the experimental conditions and performance priorities.

Motivated by the growing diversity of available membranes and their use across
a wide range of configurations, this paper provides a comprehensive examination of
the membranes commonly used in CO2 electrolyzers. While prior studies have largely
focused on ion-exchange membranes, this work places particular emphasis on porous
membranes, which have received comparatively less systematic attention despite their
increasing relevance in MEA-based CO2 electrolyzers. The discussion begins with an
overview of flow-cell and MEA systems, followed by an analysis of four membrane types
(i.e., anion/cation exchange membranes, bipolar membranes, porous membranes) with
emphasis on their functions and impacts in these configurations. Particular attention is
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given to their respective advantages and limitations, as well as recent strategies aimed at
mitigating these challenges.

2. CO2 Electrolyzers
To address the mass transport limitations inherent in conventional H-cells, GDEs have

been developed to deliver gaseous CO2 directly to catalysts supported on a gas diffusion
layer (GDL) at the cathode side [26]. Both flow-cell and MEA systems adopt GDEs as
a core component. The primary distinction between the two configurations lies in the
cathode-membrane interface: in flow-cells, a liquid catholyte separates the cathode from
the membrane, whereas MEA cells compress the GDE directly against the membrane,
forming a zero-gap configuration.

Flow-cells (Figure 1a) typically consist of a cathode, anode, reference electrode, elec-
trolyte compartments, and a membrane, with current collectors that also function as flow
channels for gas or electrolyte circulation [16,27,28]. The cathode commonly uses a GDE
positioned with its GDL toward the current collector and catalyst layer facing the mem-
brane, while the anode places its catalyst close to the membrane to reduce ohmic loss.
This design overcomes low CO2 solubility and long diffusion path in aqueous media in
H-cells, enabling significantly enhanced gas transport and allowing industrial-level current
densities above 200 mA·cm−2 [29,30]. Compared to MEA architecture, the placement of
a reference electrode enables in situ half-cell studies, making flow-cells highly attractive
for mechanistic investigation and catalyst screening. Additionally, circulating with liquid
catholyte improves ionic conductivity and thermal management throughout the catalyst
layer, mitigates GDL/membrane dry-out, and permits electrolyte composition tuning to
regulate the local reaction environment. Applying this approach with a 7M KOH electrolyte,
Sargent’s research group reported a peak ethylene (C2H4) Faradaic efficiency (FE) of 75%
at a partial current density of 1.3 A·cm−2, corresponding to a cathodic energy efficiency of
45% [31]. In an acidic environment (pH ≤ 1), Ma et al. [32] leveraged the combined effects of
confinement and cations to obtain an FE exceeding 80% for C2+ products at 560 mA·cm−2.
Their findings indicate that the presence of K+ ions in the Helmholtz plane enhances
product selectivity by kinetically suppressing proton coverage at the electrode surface.

However, flow-cells also face challenges related to long-term materials durability,
where prolonged electrolyte exposure can induce corrosion and metal ion leaching, while
shear force may cause mechanical degradation or catalyst-layer delamination. The liq-
uid electrolyte also introduces additional ionic resistance, often resulting in higher cell
voltages and reduced energy efficiency. Furthermore, catholyte circulation, pumps, and
fluid-handling components increase system complexity and cost, creating challenges for
large-scale deployment.

MEA cells (Figure 1b), also referred to as “zero-gap” or “catholyte-free” cells [33–35],
eliminate the catholyte gap by placing the GDE directly against the membrane [36]. Hu-
midified CO2 is commonly supplied to the cathode, whereas the anode is fed with a liquid
anolyte as the water source [37]. A key advantage over the flow-cell is that this config-
uration reduces ion-transport distance and achieves lower cell voltages with improved
energy efficiency, while its compact structure enhances stack integration and scalability.
The absence of catholyte further helps prevent solution-induced GDE degradation, reduces
flooding risks, and limits impurity deposition, improving long-term operational stability.
Several studies have demonstrated the strong performance advantages of MEA-based CO2

electrolyzers. For instance, ethylene-dominant C2+ production with a total C2+ FE of nearly
90% was reported at a current density of over 1 A·cm−2, with C2H4 accounting for more
than 60% of the product distribution [38]. In addition to high activity and selectivity, Li
et al. [39] demonstrated excellent durability in an MEA configuration, achieving stable
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operation at 600 mA·cm−2 for up to 190 h while maintaining an C2H4 FE of around 60%.
Moreover, a full-cell energy efficiency of 20% was reported, which showcases the potential
of MEA cells for sustained, high-rate CO2RR.

Figure 1. Visual representation of (a) a flow cell, and (b) an MEA setup.

Despite significant progress, both flow-cell and MEA systems suffer from salt pre-
cipitation within the GDE, where carbonate and bicarbonate species crystallize as CO2

reacts with locally generated OH−. At high current densities, the sharp rise in interfacial
alkalinity drives salt formation, progressively blocking GDE pores, increasing mass-transfer
resistance, causing flooding, and restricting CO2 access to active sites, ultimately shifting
selectivity toward H2.

Considerable efforts have been made to alleviate this issue. Xu et al. [40] proposed a
self-cleaning strategy in which the applied cell voltage was periodically alternated between
normal operating conditions and a lower regeneration voltage, effectively reducing the
current density to nearly 0 mA·cm−2. Using this approach, system stability was improved
by nearly 16-fold, which extended the operating time from 10 h to about 157 h while keeping
an 80% FE for C2 products. However, this strategy was demonstrated at a partial current
density of only 138 mA·cm−2, which remains lower than that achieved in many state-of-the-
art systems. In a separate approach, Wang’s group introduced acid-humidified CO2 gas to
suppress salt crystallization within the GDE [41]. This strategy enabled stable operation for
up to 4500 h in a 100 cm2 electrolyzer without compromising catalyst activity. Nevertheless,
the reported performance was limited to CO production rather than multi-carbon products.
Thus, while these strategies effectively address one key drawback of MEA cells, limitations
remain, and further development in reactor engineering is therefore required.
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Overall, each electrolyzer design offers specific advantages that can be utilized based
on the desired performance goals. While the formation of specific CO2RR products is
primarily governed by the choice of catalyst, reactor design has become increasingly im-
portant for achieving stable operation, high efficiency, and scalability by shaping the local
reaction environment. Membrane type and cell configuration do not uniquely determine
product identity, but they regulate ion transport, hydration, and local pH, which in turn
influence reaction pathways in conjunction with catalyst properties and operating condi-
tions. Currently, four main categories of membranes are used in CO2 electrolyzers: anion
exchange membranes (AEMs), cation exchange membranes (CEMs), bipolar membranes
(BPMs), and non-ion-exchange porous membranes. The following section examines each
membrane type in detail, highlighting its functional roles, operational advantages, and
associated challenges in CO2 electrolysis systems.

3. Membranes for CO2 Electrolyzers
Membranes play a central role in CO2 electrolyzers by providing ion transport path-

ways, maintaining separation between anodic and cathodic environments, and suppressing
the crossover of reactants and products [42]. Their performance is dictated largely by the
functional groups within the polymer matrix, which determine whether the membrane
operates under acidic, alkaline, or neutral conditions. These functional groups also control
critical properties such as charge-carrier mobility and water uptake [43–45]. Given the wide
diversity of membrane chemistries, fabrication methods, and testing conditions reported in
the literature, this review does not attempt to comprehensively catalogue all membrane
properties. Instead, we focus on representative membrane classes and the key properties
most relevant to CO2 electrolysis performance.

Traditionally, three classes of membranes have been used in CO2RR systems: AEMs,
CEMs, and BPMs, similar to those applied in water splitting electrolyzers [46–49]. In this re-
view, we additionally highlight the emerging class of porous membranes [50]. As illustrated
in Figure 2a–d, the type of membrane directly defines the ion transport pathway across
the electrolyzer, thus influencing both efficiency and product selectivity. The membrane
type determines the dominant charge carriers (e.g., OH− in AEMs, H+ in CEMs, H+/OH−

generated in BPMs), which controls the local pH, water activity, and ion availability near
the catalyst surface. Unlike bulk liquid electrolytes, membrane-catalyst interactions are
highly localized and arise from coupled ion transport, hydration, and mass-transfer effects
rather than direct coordination chemistry.

In addition to intrinsic transport properties, long-term stability in CO2 electrolyzers
is strongly influenced by membrane swelling, interfacial resistance, and chemical com-
patibility between the membrane and catalyst layers. Excessive membrane swelling can
degrade mechanical integrity, alter interfacial contact, and increase ohmic resistance during
extended operation, particularly in MEA configurations [51]. Similarly, increased interfacial
resistance arising from poor membrane-electrode contact can lead to performance decay
over time [52]. Chemical incompatibility between membranes, ionomers, and catalysts
may further accelerate degradation through polymer decomposition, catalyst poisoning, or
charges in local hydration and pH [47,53]. These interfacial effects highlight that membrane
stability must be evaluated not only by bulk properties but also by long-term interactions
within the complete electrolyzer design.

To better understand these effects, it is necessary to examine the fundamental mem-
brane characteristics, including chemical composition, concentration and distribution of
functional groups, and overall structural design.
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Figure 2. Illustration of ion transport in CO2RR systems using different membrane types: (a) AEM,
(b) CEM, (c) conventional BPM, and (d) non-ion-exchange membrane (e.g., PVDF, Nylon).

3.1. Anion Exchange Membranes (AEMs)

AEMs are polymeric membranes that transport anions such as hydroxide (OH−) and
carbonate/bicarbonate (CO3

2−/HCO3
−) between the cathode and anode in CO2RR sys-

tems (Figure 2a). Their structure consists of positively charged functional groups, typically
ammonium, diammonium, imidazolium, and phosphonium, anchored to a polymer back-
bone [54] (Figure 3a). Adapted from mature technologies (i.e., water electrolysis, fuel cells),
AEMs bring several well-established advantages to CO2RR applications [55–57]. Academic
studies have further demonstrated the potential of imidazolium-functionalized AEMs,
which exhibit high conductivity and enhanced alkaline stability, thus enabling long-term
electrolysis performance [58].

In principle, the positively charged functional groups on the polymer backbone of
AEMs facilitate anion transport from the cathode to the anode, allowing the CO2RR to occur
in a basic environment through the generation of OH− ions at the surface of the cathode [51].
In an MEA setup, the use of AEMs helps reduce cell voltage and enhance current density by
minimizing ionic resistance and improving both mass and charge transport, thus increasing
overall energy efficiency (Figure 3b). Their compatibility with gas-fed systems makes AEMs
particularly attractive for industrial-scale CO2 electrolysis. The half-reactions occurring at
the cathode and anode in AEM-based systems are summarized as follows.

Cathode:

2CO2 + (n)H2O + (2n)e− −→ C2+ (oxygenates/hydrocarbons) + (m)OH− (alka-
line/neutral)

2CO2 + (2n)H+ + (2n)e− −→ C2+ (oxygenates/hydrocarbons) + (n)H2O (acidic)
2H2O + 2e− −→ H2 + 2OH− (alkaline/neutral)
2H+ + 2e− −→ H2 (acidic)

https://doi.org/10.3390/catal16020139
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Anode:

4OH− −→ O2 + 2H2O + 4e− (alkaline)
2H2O −→ O2 + 4H+ + 4e− (acidic/neutral)

Figure 3. (a) Structures of representative AEMs—methylated polybenzimidazole (commercialized
as Aemion®), polystyrene tetramethyl imidazolium chloride (Sustainion®), poly(aryl piperidinium
(PiperION); and (b) schematic of anion transport through the polymer network. These systems
benefit from high local pH, which reduces cell voltage and ionic resistance. However, they suffer
from CO2 crossover, chemical instability, and salt accumulation due to the reaction of HCO3

−/CO3
2−

species with OH−. The purple region denotes the cathode side, and the indicated salt accumu-
lation corresponds to the cathode environment in AEM-based operation rather than within the
membrane itself.
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AEMs have also shown promise in both zero-gap and flow-cell configurations for
gas-phase CO2 reduction. In an MEA setup employing an AEM as the separator, Gabardo
et al. [59] reported an FE of 50% for C2H4 and 80% for total C2+ products, with stable
operation over 100 h at current densities >100 mA·cm−2. Similarly, Xu et al. [40] achieved
an 80% FE for C2 products at roughly 180 mA·cm−2, maintaining stable performance over
236 h of total duration. In a flow-cell study, Dinh et al. [60] used a sputtered Cu catalyst on
a polymer-based gas diffusion electrode, obtaining a 70% FE for C2H4 and 87% for total C2+

products at current densities exceeding 250 mA·cm−2. These results highlight the effective-
ness of AEMs in enabling efficient ion transport and promoting selective CO2 conversion
in high-performance systems. From an economic perspective, AEMs can be synthesized
from common hydrocarbon polymers and functionalized with inexpensive quaternary
ammonium (QA) salts, offering low cost and tunable water transport properties [61,62].

Despite their advantages, AEMs have yet to achieve widespread commercial ap-
plication due to issues of chemical instability and salt accumulation [63,64] (Figure 3b).
Under alkaline condition, CO2 readily reacts with OH− ions to form CO3

2− and HCO3
−

species. Meanwhile, the diffusion of aqueous electrolyte through concentration gradients
and electroosmotic drag over solvated cations promotes the migration of metallic cations
from the anolyte to the cathode. This process leads to the formation of salt precipitates
within the cathode, which can clog the pores of the gas diffusion electrode and obstruct
the flow channels in the cathode field. As a result, CO2 transport to catalyst surface is
hindered, increasing cell pressure and reducing system efficiency [65]. In addition, AEMs
are prone to degradation in highly concentrated alkaline environments, which shortens
their operational lifetime [66]. Under such conditions, both the cationic functional groups
and the polymer backbone are vulnerable to nucleophilic attack by OH− ions, leading to
chemical breakdown. Meanwhile, mechanical durability is another major concern in CO2

electroreduction systems, as prolonged exposure to CO2 streams can make the membrane
brittle [52,67]. This brittleness can lead to rupture and severe flooding, eventually lowering
CO2RR selectivity and limiting long-term stability.

To mitigate the undesired crossover of CO2RR products through the AEM, careful
control of water uptake and ion exchange capacity (IEC) is essential [68,69]. Regulating
these parameters reduces the mixing of liquid products with water and minimizes elec-
troosmotic drag toward the anode, while maintaining high anion conductivity. This balance
also helps suppress CO3

2−/HCO3
− transport by limiting the aqueous CO2 content within

the membrane and reducing its reaction with OH−. One effective strategy involves de-
signing AEMs with internal microchannels, which not only lower K+ crossover but also
enable operando water management for improved stability [70]. In another study, Kim
et al. [71] developed a QA-based membrane paired with an ionomer binder, achieving high
anion conductivity, low water uptake, and enhanced mechanical and chemical durability
compared to commercial AEMs. Further advancements have been reported by Wang’s
group [72] and Zhang’s group [73], who modified polybenzimidazole membranes through
crosslinking and grafting to improve dimensional stability and mechanical robustness,
highlighting ongoing efforts to balance conductivity, durability, and selective ion transport
in next-generation AEMs.

At present, no standardized protocols or performance metrics exist for the commer-
cialization of AEMs in CO2RR electrolyzers [43]. Thus, the development of AEMs tailored
specifically for CO2RR is critical to advancing commercially viable MEA configurations.
Although certain design principles and operational strategies can be adapted from related
electrochemical technologies, novel membranes with different materials and morphologies
will be required to address the unique challenges of CO2RR.
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3.2. Cation Exchange Membranes (CEMs)

Cation-exchange membranes (CEMs) are composed of polymer backbones containing
fixed anionic functional groups such as sulfonic (-SO3

−) or carboxylate (-COO−). Common
examples include perfluorosulfonic acid (PFSA)-based polymers like Nafion, as well as
sulfonated hydrocarbon frameworks such as SPEEK, and Selemion (Figure 4a). These fixed
negative sites facilitate selective transport of cations (e.g., H+, K+, Cs+) while effectively
blocking anionic species such as HCO3

− and CO3
2− (Figure 2b). CEM-based systems often

operate with acidic electrolytes, in which the electrolyte itself supplies a high concentration
of H+, thus establishing and maintaining an acidic environment at the cathode. This condi-
tion suppresses the formation of CO3

2− and HCO3
− species, which otherwise consume

CO2 and hinder reaction efficiency [74]. However, it is in principle possible to use neutral
or alkaline electrolytes depending on the specific objectives and design choices of a given
study. Under such conditions, the dominant ion transport pathways differ from those in
acidic operation and must be reconsidered accordingly. The half-reactions occurring at the
cathode and anode in CEM-based systems are summarized as follows.

Cathode:

2CO2 + (2n)H+ + (2n)e− −→ C2+ (oxygenates/hydrocarbons) + (n)H2O (acidic)
2CO2 + (n)H2O + (2n)e− −→ C2+ (oxygenates/hydrocarbons) + (m)OH− (neu-

tral/alkaline)
2H+ + 2e− −→ H2 (acidic)
2H2O + 2e− −→ H2 + 2OH− (neutral/alkaline)

Anode:

2H2O −→ O2 + 4H+ + 4e− (acidic/neutral)
4OH− −→ O2 + 2H2O + 4e− (alkaline)
CEMs facilitate the transport of H+ ions from the anode to the cathode, which in

turn create and maintain an acidic interface. This localized acidity can help prevent salt
precipitation and prevent CO2 crossover to the anode (Figure 4b).

Several studies have explored CEMs for CO2 electroreduction across both flow-cell
and MEA configurations. In a flow-cell setup, Zhang et al. [75] employed a CEM, reporting
an FE of ~75% and an energy efficiency of 40% for C2+ products, with stable operation for
nearly 30 h and minimal catalyst degradation. Similarly, Huang et al. [76] incorporated
a CEM to functionalize the surface of Cu catalyst, which enabled efficient ion transport
and stable reaction environment at high current densities. Their system reached a CO2

single-pass utilization of 77% and an FE exceeding 40% for C2+ products at 1.2 A·cm−2.
Collectively, these studies highlight the promise of CEM-based electrolyzers for high-rate
CO2 electroreduction with enhanced carbon efficiency and operational durability.

Despite their advantages, CEM-based systems also face several drawbacks that limit
their long-term performance (Figure 4b). One key issue is proton accumulation near the
cathode, which can lower the local pH, suppress C-C coupling and favor the competing
hydrogen evolution reaction (HER) [77]. However, both theoretical analyses and experi-
mental observations suggest that such strongly acidic conditions primarily occur at low
current densities or during the initial stages of operation. Beyond this, the major chal-
lenges in CEM-based configurations stem from catalyst deactivation and poor long-term
durability [78]. Moreover, unintended ion crossover remains a critical concern. Acidic
liquid products such as acetic acid or formic acid do not readily deprotonate into anionic
species under operating conditions and can therefore diffuse across the membrane as
neutral molecules [79]. This neutral species crossover not only lowers product selectivity
and carbon utilization efficiency but also complicates downstream separation and recy-
cling processes. Addressing these limitations requires careful optimization of membrane
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composition, ion exchange capacity, and interfacial architecture to stabilize the reaction
environment and extend operational lifetime.

 

 

Figure 4. (a) Structures of representative CEMs—perfluorosulfonic acid (commercialized as Nafion™
and Aquivion®), sulfonated poly(ether ketone) (SPEEK), sulfonated polybenzimidazole (SPBI); and
(b) schematic illustration of cation transport through the polymer network. CEMs effectively block
the migration of anions from the anode to the cathode and prevent CO2 crossover to the anode
side. Thus, CEM-based systems do not experience salt precipitation or pore blockage. However, the
formation of acidic microenvironment near the catalyst layer remains a key limitation.
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As established in mature electrochemical technologies, mitigation strategies for CEMs
typically focus on optimizing their physical and chemical properties. These include tuning
the ion exchange capacity and membrane thickness to restrict carbonate transport, design-
ing ionomers that stabilize interfacial alkalinity, and incorporating crosslinked polymer
matrices to enhance mechanical durability and suppress swelling [80–82]. Building on these
principles, recent studies have explored tailored designs for CEM-based CO2RR systems.
Park et al. [83] introduced an approach by coating an anion exchange ionomer (AEI) onto a
CEM, thus creating a locally alkaline microenvironment at the cathode while preserving
the advantages of a single-membrane system. They demonstrated that optimizing AEI
content, alkali cation concentration, and catalyst layer thickness enhanced the pH gradient
across the membrane, effectively expanding the alkaline reaction zone and improving
CO2RR selectivity. Similarly, O’Brien et al. [77] developed a permeable CO2 regeneration
layer that maintained an alkaline interface and facilitated local CO2 regeneration within a
CEM configuration. This design reduced CO2 crossover to 15% and obtained a single-pass
CO2 conversion of 85% at 100 mA·cm−2, with a hydrocarbon FE close to 60%. Moreover,
hybrid approaches that integrate both AEM and CEM functionalities have also emerged as
promising alternatives, as discussed in the following subsection.

3.3. Bipolar Membranes (BPMs) or CEM/AEM Hybrid

BPMs are composed of two layers: a cation exchange layer (CEL) containing fixed
sulfonic acid groups and an anion exchange layer (AEL) with fixed QA groups. These
layers form a junction, which may be a direct CEL-AEL interface or may incorporate a thin
catalytic interlayer [84]. Importantly, the fundamental working mode of BPMs (reverse
bias, forward bias) is controlled by the membrane polarity and electric field direction and
is not altered by whether the interface is laminated or catalyst assisted. Under reverse bias
(i.e., CEL at the cathode), water at this junction dissociates into H+ and OH− ions. The
generated H+ migrates through the CEL toward the cathode, while OH− migrates through
the AEL toward the anode (Figure 5a). Although H+ and OH− generated at the bipolar
junction are the dominant charge carriers under this working mode, alkali cations (M+)
may still reach or accumulate near the cathode side due to electro-osmotic drag, and the
local concentration polarization under high current density operation.

In contrast, under forward bias (i.e., CEL at the anode), H+ and OH− ions are trans-
ported from the respective layers into the BPM, where they recombine to form water at
the interface (Figure 5b). The distribution of ionic species under both bias directions is
illustrated in Figure 2c.

The cathodic and anodic half-reactions, together with the BPM interfacial reaction
(water dissociation or acid-based recombination) under the corresponding operating modes,
are summarized below.

BPM interface:

H2O −→ H+ + OH− (reverse bias, water dissociation)
H+ + OH− −→ H2O (forward bias, acid-based recombination)
Cathode:
2CO2 + (2n)H+ + (2n)e− −→ C2+ (oxygenates/hydrocarbons) + (n)H2O
2H+ + 2e− −→ H2

Anode:

4OH− −→ O2 + 2H2O + 4e−

In conventional alkaline gas-fed cells, CO2 reacts with cathodic OH− to form CO3
2−,

which then migrates across the membrane, reducing overall efficiency [85]. In con-
trast, a BPM in a gas-fed MEA helps stabilize the cathode pH and suppress the prod-
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uct crossover [86,87]. The junction continuously generates H+ that neutralize cathodic
OH−, which minimizes CO3

2− formation and maintains a basic environment at the anode
side [84]. This dynamic sustains charge balance: electrons flow from the anode to the
cathode, while H+ and OH− produced at the junction move in opposite directions to keep
electro-neutrality. As a result, CO2 reaching the cathode is efficiently converted, and any
CO3

2− or HCO3
− formed is immediately reconverted by the BPM-derived H+, preventing

loss through crossover. In essence, the BPM acts as a selective ionic conduit that directs H+

and OH− where they are needed while blocking unwanted ion transport. Considering this
principle, Wang et al. [88] coupled a BPM with a tandem catalyst architecture, achieving
a total FE of approximately 77% toward C2+ products, of which 43% was attributed to
C2H4, at a high current density of 726 mA·cm−2. Similarly, Khan et al. [89] employed
BPM in a flow-cell configuration for the co-electrolysis of CO2 to C2H4 at the cathode
and glycolic acid at the anode. Remarkably, FEs of 50% for C2H4 at current densities of
175–225 mA·cm−2 and around 50% for glycolic acid on the anode side were achieved. This
dual-product operation highlights the economic potential of BPM-based systems, as two
value-added products can be generated simultaneously within a single electrolyzer.

Despite recent advances in applying BPMs to CO2RR electrolyzers, these systems
still face several drawbacks. The main limitation is the additional voltage required to
drive water dissociation (WD) at the junction, which results in higher cell voltages com-
pared to single-membrane systems operating at the same current density [90]. Mechan-
ical stresses at the CEL/AEL interface, arising from swelling, water flux, or gas bubble
formation, can further cause delamination or blistering during extended high-current oper-
ation [77,91]. In addition, the alkaline degradation of AEM chemistries remains a concern
for long-term durability [92].

To overcome these challenges, researchers have focused on engineering specialized
interfacial catalysts, polymer designs, and structural modifications. Enhancing the com-
patibility between the AEL and CEL has been shown to improve interfacial adhesion,
ionic conductivity, and water management, which are all crucial for maintaining stable
operation under high current densities [93,94]. Another effective strategy involves intro-
ducing a buffering catholyte layer between the CEL and the cathode to counteract cathode
acidification, which helps stabilize local pH and sustain optimal reaction conditions [95,96].

Chen et al. [97] demonstrated that using optimally thin TiO2 nanoparticle films en-
abled a BPM-based cell to operate at 500 mA·cm−2 with a cell voltage below 2.0 V. They
further showed that adding electronic conductors (e.g., carbon black) into the catalyst layer
enhanced the local electric field at the junction, improving WD rates. In another study,
Xie et al. [98] incorporated a stationary catholyte layer between the catalyst and the BPM,
yielding a CO2 electrolysis system capable of producing multicarbon products with carbon
efficiencies >70%. Their BPM-based cell attained around 78% single-pass CO2 utilization
for C2+ products and exhibited C2H4 selectivity comparable to the best neutral MEAs.
Remarkably, the system delivered ~42% FE for C2H4 at 200 mA·cm−2 and a full-cell voltage
of roughly 3.8 V. This performance improvement was attributed to the controlled local pH
and the optimized CO2 transport pathways provided by the buffered interface.

In addition to modified BPMs, many studies have highlighted the efficiency of integrat-
ing both AEM and CEM in CO2RR systems. For example, Alkayyali et al. [99] introduced
a direct membrane deposition approach to fabricate a monolithic AEM|CEM composite
structure within an MEA. This design offered flexibility in tuning the composite’s properties
and optimizing the AEM:CEM ratio to achieve both low ionic resistance and reduced H2

evolution. Compared to a conventional BPM, their system decreased mass transport resis-
tance by over 50% and increased selectivity toward multicarbon products from 29% to 65%
at 300 mA·cm−2. Building on this, She et al. [100] demonstrated a pure-water membrane
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assembly with an AEM on the cathode side and a CEM on the anode side (referred to as
an APMA configuration) that effectively eliminated CO3

2− formation. Their six-cell stack
operated for over 1000 h at a total current of 10 A without any CO2 or electrolyte loss,
achieving approximately 50% FE toward C2H4. In this configuration, OH− ions produced
at the cathode and H+ ions at the anode migrated through their respective membranes and
recombined at the interface to form water, effectively shuttling water between compart-
ments (Figure 5c). In the APMA system, the AEM interfaces with the cathode to establish
an alkaline cathode environment that is favorable for CO2RR, while the CEM positioned at
the anode effectively blocks anion crossover. Together, this configuration enables the use of
pure water as the electrolyte. This research highlights that employing CEM/AEM hybrid
can sustain high hydrocarbon yields with Cu catalysts while operating with dry gas feed.

Figure 5. Schematic illustration of ion transport in BPMs: (a) Conventional BPM under reverse bias,
where water dissociation occurs at the junction, aided by a catalyst that promotes the splitting of H2O
into H+ and OH− ions, which migrate toward the cathode and anode, respectively; (b) Conventional
BPM under forward bias, in which the AEL and CEL are bonded together, allowing spontaneous
recombination of OH− and H+ at the junction to form H2O; (c) Modified BPM, integrating an
AEM and a CEM under forward bias, while supplying H2O as the electrolyte to maintain a basic
environment near the catalyst and prevent salt precipitation [100]. Note that the junction shown in (a)
and (b) may be interchanged, and the AEL/CEL junction can adopt different interfacial morphologies,
without changing the fundamental operating modes of the BPM.

In summary, by tailoring both the structure and chemistry of BPMs or employing the
AEM/CEM combination, recent designs have significantly improved alkaline stability and
mechanical integrity. Therefore, despite the added complexity, BPM-based electrolyzers
continue to offer a key advantage in delivering intrinsically high carbon efficiency [101],
while hybrid AEM/CEM configurations mitigate the limitations associated with each
membrane type when used individually.

3.4. Non-Ion-Exchange Membranes

Porous membranes (PMs) or non-ion-exchange membranes have been widely studied
for alkaline water electrolysis, but their use in CO2RR systems remains relatively under-
explored. Acting as porous diaphragms or separators with open pores, PMs enable ionic
transport without fixed charges [102] (Figure 2d). PMs are typically fabricated from low-
cost inorganic or composite polymers such as polysulfone blends and zirconia-reinforced
asbestos. Unlike polymer-based AEMs, these materials remain chemically stable in alkaline
environments [103,104]. The key advantages of PMs lie in their tunable pore size, wetta-
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bility, and thickness. These properties can be adjusted to optimize ionic transport and gas
access, which allows PMs to meet the specific demands of different CO2RR systems.

Representative examples of PMs include Zirfon PERLTM, a polysulfone-zirconia com-
posite widely used for its chemical stability and mechanical strength, as well as poly-
mer membranes such as polyvinylidene fluoride (PVDF), and polytetrafluoroethylene
(PTFE) [50,105,106] (Figure 6a). PVDF is relatively hydrophilic, allowing strong electrolyte
uptake and high ionic conductivity, while PTFE is intrinsically hydrophobic, less effective
at retaining electrolyte but useful in mitigating flooding and influencing selectivity. Other
tested materials include cellulose filters, nylon, and polyethersulfone (PES), which are
all attractive for their robustness and ease of handling without chemical modification. In
general, thinner hydrophilic membranes reduce ohmic loss, whereas thicker membranes
with small pores increase resistance. For now, PMs are mainly used in MEA configura-
tions. In this setup, they are placed between the anode and cathode electrodes, where their
structural and transport properties significantly influence performance.

Deng et al. [106] demonstrated that the porous separators with well-defined structures
can also be filled with KOH electrolyte, functioning in a similar way to AEMs by enabling K+

and OH− transport between electrodes. This creates a strongly alkaline environment at the
cathode, which suppress the HER and enhances CO2 reduction selectivity. The robustness
of PMs under these conditions was further confirmed through long-term operation. Using
a 5 µm PVDF membrane paired with a sputtered Cu catalyst, Pham et al. [107] achieved an
FE of 75% toward C2 products at 110 mA·cm−2, maintaining stable performance for more
than 950 h. Building on these insights into ionic transport and durability, Lee et al. [105]
investigated the effect of membrane wettability by comparing PVDF (i.e., hydrophilic) with
PTFE (i.e., hydrophobic) under identical conditions. Moreover, intermediate PVDF pore
sizes were optimal, leading to an achievable FE(C2H4) of ~41% at 300 mA·cm−2.

Although the applications of PMs in CO2RR remains limited, recent studies on CO elec-
trolysis suggest their strong potential for future integration. For instance, Deng et al. [106]
demonstrated efficient CO conversion to hydrocarbon products at current densities rang-
ing from 50 to 400 mA·cm−2 using Zirfon 500+, PES, and Nylon membranes. All tested
membranes delivered C2+ FEs exceeding 80%, with product distributions comparable to
those achieved using AEMs. These results underscore the potential of PMs as low-cost
and scalable alternatives to conventional ion-exchange membranes for practical CO elec-
trolysis. Moreover, the Zirfon-based cell maintained an acetate FE of 45% over 250 h,
outperforming the ~150 h stability typically observed in AEM-based systems. Similar
stable performance was also reported by Miao et al. [108] in a CO2-to-CO cascade followed
by CO electroreduction, achieving an energy efficiency of 51% toward C2+ products and
a CO single-pass conversion of up to 97%. The authors further compared different PMs,
including polypropylene (PP), PES, PVDF, and PTFE, with varying pore sizes to identify
the optimal configuration for their setup. They found that using a thin, highly porous
separator with an interelectrode gap of ~60 µm resulted in the best performance, lowering
the full-cell voltage by about 150 mV compared to an AEM-based system.

While ion-exchange membranes do not electrostatically block neutral products, their
polymer chemistry and water uptake can influence the diffusion of neutral species by
regulating membrane swelling, free volume, and hydrated transport pathways. In contrast,
PMs suppress product crossover through a fundamentally different mechanism. In PM-
based systems, the pores are typically fully wetted by the electrolyte, such that gas phase
carbon-containing products must overcome capillary and osmotic pressure barriers to
diffuse through liquid-filled pores, suppressing spontaneous gas crossover unless driven
by significant pressure gradients. Moreover, the high FEs for C2+ products reported for
PM-based systems also arise from system-level effects (e.g., reduced carbonate formation,
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efficient gas removal at the cathode, minimized product re-oxidation at the anode, improved
carbon utilization) rather than superior intrinsic product-blocking capability.

Figure 6. (a) Structures of representative PMs—polyvinylidene fluoride (PVDF), polytetrafluoroethy-
lene (PTFE), polyethersulfone (PES), nylon-6,6; and (b) schematic illustration summarizing their
advantages and limitations. PMs allow both cations and anions to move freely, maintaining a favor-
able local pH near the catalyst layer. In addition, salt deposits can be removed through operating
with on-off strategy. However, CO2 and gaseous products crossover remain significant challenges for
PM-based systems.

Despite their advantages, studies have also highlighted notable drawbacks of
PMs [105,106] (Figure 6b). A major issue is CO2 crossover, particularly in hydropho-
bic membranes, where unreacted CO2 and other gaseous products can diffuse through the
porous structure. This direct penetration from cathode to anode arises from insufficient
interaction between the membrane and the electrolyte. To address this, mitigation strategies
such as reducing pore size or applying hydrophilic surface coatings have been proposed.
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In one study, switching to a 200 nm PTFE membrane modified with a hydrophilic layer
effectively reduced crossover [105].

Overall, from an economic perspective, PMs remain more favorable than AEMs,
though the savings are partially offset by the additional costs of CO2 capture. Finally, while
PMs are mechanically robust and chemically stable, their long-term durability in CO2RR
systems as well as product crossover have not yet been fully established, and achieving
extended stable operation remains a key challenge for both membranes and catalysts.

4. Conclusions and Outlook
The electrochemical CO2RR has emerged as a promising strategy for closing the an-

thropogenic cycle by converting CO2 into fuels and chemicals using renewable electricity.
Among the critical components in these electrolyzers, membranes play an essential role in
facilitating ion transport, maintaining pH balance, and preventing reactant and product
crossover. Through these functions, membrane properties strongly influence energy effi-
ciency, operational stability, and achievable reaction environments. This makes membrane
selection and design critical to overall electrolyzer performance. This review highlights
four primary membrane types: AEMs, CEMs, BPMs, and PMs, with each offering distinct
advantages and facing unique challenges that shape their applicability in CO2RR systems.

AEMs have shown strong potential for CO2RR in alkaline environments by enabling
efficient anion transport and lowering cell voltage. Their compatibility with hydrocarbon
polymers makes them cost-effective, but chemical instability and excessive swelling under
basic conditions remain key challenges. Recent advances in crosslinked structures and
more stable cationic groups have improved durability, yet large-scale commercialization
still requires standardized testing and long-term validation.

CEMs provide selective cation transport and effective anion blocking, which can
suppress carbonate crossover and enable operation under acidic or near-acidic conditions.
While C2+ products can be achieved in CEM-based systems under appropriate catalyst and
interface design, challenges related to proton availability, hydrogen evolution, and local
acidification remain.

BPMs offer unique advantages by generating H+ and OH− in situ, enabling decoupled
pH control and high carbon efficiency while mitigating CO2 crossover. However, their
broader adoption is constrained by additional voltage losses associated with water dissoci-
ation and ongoing concerns regarding mechanical and chemical durability, despite recent
advances in catalytic interlayers and interfacial engineering.

PMs offer a simple, low-cost alternative with good mechanical strength and tunable
transport properties. While they can facilitate efficient ion movement, CO2 crossover
through their open structure remains a significant drawback. Surface modification and op-
timized pore structures show promise, but further improvements in stability and selectivity
are needed for practical CO2RR applications.

Looking ahead, the development of next-generation membranes for CO2 electroly-
sis will require integrating material innovation with system-level engineering. Future
research should focus on creating chemically stable and scalable polymers, improving ion
selectivity to minimize crossover, and establishing standardized testing protocols for cross-
comparability. Additionally, coupling membrane advances with optimized electrode and
reactor designs will be crucial to achieving high energy efficiency and extended operational
lifetimes. Ultimately, no single membrane type is likely to meet all performance criteria,
but instead a hybrid or composite designs (e.g., CEM-AEM combinations or coated porous
structures) may offer the best balance of cost, stability, and selectivity. As these technolo-
gies evolve, membranes will remain central to the advancement of efficient, durable, and
commercially viable CO2 electrolyzers capable of enabling a sustainable carbon economy.
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