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Abstract
Currently, the electrochemical  CO2 reduction reaction  (CO2RR) can realize the resource conversion of  CO2, which is a 
promising approach to carbon resource use. Important advancements have been made in exploring the  CO2RR performance 
and mechanism because of the rational design of electrolyzer systems, such as H-cells, flow cells, and catalysts. Considering 
the future development direction of this technology and large-scale application needs, membrane electrode assembly (MEA) 
systems can improve energy use efficiency and achieve large-scale  CO2 conversion, which is considered the most promising 
technology for industrial applications. This review will concentrate on the research progress and present situation of the 
MEA component structure. This paper begins with the composition and construction of a gas diffusion electrode. Then, 
the application of ion-exchange membranes in MEA is introduced. Furthermore, the effects of pH and the anion and cation 
of the anolyte on MEA performance are explored. Additionally, we present the anode reaction type in MEA. Finally, the 
challenges in this field are summarized, and upcoming trends are projected. This review should offer researchers a clearer 
picture of MEA systems and provide important, timely, and valuable insights into rational electrolyzer design to facilitate 
further development of  CO2 electrochemical reduction.
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Introduction

The energy shortage and environmental deterioration caused 
by reckless fossil energy consumption have become the 
most important global problems faced by mankind. Using 
renewable energy sources like solar and wind power could 
effectively address energy and environmental issues in 
the future [1, 2]. To ensure the continuity and stability of 
renewable energy generation and power supply, new energy 
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storage technologies must be developed and utilized. Using 
renewable electricity to drive the conversion of  CO2 has 
attracted much attention because it not only effectively 
solves the mismatch between electricity supply and demand 
but also enables the conversion of  CO2 into value-added 
carbon-based products (e.g., carbon monoxide, formic acid, 
methanol, ethylene, and propanol) [3, 4]. As an effective way 
to achieve clean and low-carbon energy transformation, the 
 CO2 reduction reaction  (CO2RR) technology anticipates that 
the reliance on conventional fossil fuels for energy demand 
will be eliminated. Although electrocatalytic  CO2RR has 
shown promising prospects and application potential, the 
development of this technology remains incipient and 
faces many obstacles, including high overpotential, low 
current density, unsatisfactory product selectivity, hydrogen 
evolution reaction (HER) competition, and poor stability. To 
surmount these obstacles, many attempts have been made to 
develop efficient catalysts and improve electrolytic devices 
[5, 6].

Recently, most of the strategies to enhance  CO2RR 
performance have focused on regulating electrocatalysts, 
which has remarkably expanded the knowledge and 

understanding of  CO2RR [7–9]. However, this knowledge 
remains far from being used in industrial settings, 
particularly in terms of current density [10]. It is common 
knowledge that the overall performance of the  CO2RR 
system is directly influenced by various components, such 
as electrocatalysts, electrolytes, ion-exchange membranes, 
and electrolytic cells, which form a comprehensive 
electrochemical  CO2RR system. Therefore, an economically 
feasible  CO2 reactor must be rationally designed. At the 
present stage, most studies are conducted on the basis of 
H-cells, which are easy to assemble, simple to operate, low 
in cost, reflect the intrinsic activity of catalysts directly, 
and are suitable for swift assessment and screening of 
electrocatalytic materials (Fig. 1a). Nevertheless, the limited 
capacity for  CO2 dissolution (< 0.034 mol/L) and poor mass 
transport pose challenges in achieving the desired current 
density for industrial implementation (200 mA/cm2) [11]. 
Therefore, the exploration of flow cells has developed and 
spread gradually.

At present, the  CO2RR flow cell mainly includes a three-
compartment microfluidic cell and a membrane electrode 
assembly (MEA) reactor (Fig. 1b–e). The microfluidic cell 

Fig. 1  Schematic of common  CO2 electrolyzers. a Typical H-cell 
electrolyzer. b Three-compartment microfluidic electrolyzer. c MEA 
electrolyzer. Illustrations of d a three-compartment electrolyzer and e 

a MEA electrolyzer. An anion exchange membrane (AEM) is selected 
as a membrane example. Reproduced with permission from Ref. [12]. 
Copyright 2022, American Chemical Society
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comprises three flow channels utilized for transferring 
the  CO2 gas cathode electrolyte and anode electrolyte, 
respectively (Fig. 1b, d). To separate the catholyte from 
the channels containing  CO2 gas, a gas diffusion electrode 
(GDE) is employed. The catalyst layer (CL) is deposited 
on the side in contact with the electrolyte, and  CO2 is 
transported to the catalyst through the back of the GDE. 
The design of microfluidic cells effectively addresses 
the issue of  CO2 dissolution and restricts diffusion in 
conventional H-type cells, substantially enhancing the 
reaction current. In addition, this design can be used 
with high-concentration alkaline electrolytes (such as 
KOH), which not only hinders the competition from the 
HER but also lowers the energy barrier for the  CO2RR, 
thus improving the reaction selectivity. However, many 
problems remain to be addressed, including issues such 
as electrolyte flooding and salt precipitation. The main 
difference between MEA and microfluidic cells lies in the 
use of a cathode electrolyte (Fig. 1c, e) [12]. For MEA, 
the catholyte-free design lowers the Ohmic loss and, to a 
certain extent, solves the problems of electrolyte flooding, 
the deposition of electrolyte impurities on the catalyst 
surface, and carbonate crystallization, which contributes 
to improving the stability of the entire system. Currently, 
enthusiasm for developing MEA is considerable because 
of its enhanced energy use.

Herein, we initially discussed the MEA configuration, 
including the GDE and ion-exchange membrane, and 
subsequently summarized the impact of pH and the anion 
and cation of the anolyte on MEA performance. Next, we 
analyze the  CO2RR-coupled anodic reactions. Finally, 
this paper delves into the challenges faced by MEA and 
outlines its prospective avenues for future development. 

This review aims to serve the practical application of MEA 
and understand the reaction mechanism.

Characteristics and Functions of the Core 
Components of a MEA Electrolyzer

Engineering the Cathode GDE

The GDE is the core part of a MEA, the place for 
electrochemical reactions. It promotes the diffusion of  CO2 
to the catalyst surface by providing a porous and hydrophobic 
transport channel. The use of a GDE can increase the current 
density of the  CO2RR by one to two orders of magnitude 
(> 1  A/cm2) [13]. Increasingly, more research works 
have found that designing and preparing different GDEs 
to regulate the interface is a key technology for affecting 
 CO2RR performance [14, 15]. Many excellent GDEs have 
been designed for use in flow cells [14, 16]. However, the 
optimization of GDEs for a flow cell may not be easily 
applicable to a MEA because of their distinct structural 
differences. Therefore, the composition of the GDE in an 
MEA must be understood to optimize its performance in 
the MEA. Generally, the basic GDE structure comprises a 
gas diffusion layer (GDL), a current collector (CC), and a 
CL (Fig. 2) [17]. A satisfactory combination of these three 
components helps realize the stable running of the entire 
reaction process. Among these components, the GDL not 
only provides an abundant  CO2 transport channel but also 
supports the CL to ensure a high electrolyte diffusion rate. 
The CC is mainly used to maintain satisfactory electronic 
transmission efficiency of the system to minimize resistance 
loss throughout the device. CL is the most crucial part of 

Fig. 2  Schematic of a gas 
diffusion electrode (GDE)
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 CO2RR because it directly affects product purity, production, 
and configuration.

To fabricate a GDL, the first step is to select a suitable 
macroporous substrate (MPS). Hydrophobically treated 
carbon-based matrices featuring haphazardly linked carbon 
fibers are frequently the material of choice for MPS because 
they offer a stable and flexible support structure. The average 
pore size of carbon fibers is 20–100 μm, which provides 
a desirable channel for gas transport and electron transfer 
[18]. After the MPS is determined, the next step is to build 
the microporous layer (MPL). This layer comprises carbon 
powder and a hydrophobic agent, amalgamating the MPS 
and CL. To generate porous channels, the traditional method 
of producing an MPL involves repeatedly spraying and 
heating a precursor ink comprising carbon powder and a 
hydrophobic agent [18]. The suitable hydrophobicity of MPS 
and MPL aids in creating an abundant three-phase interface 
between the reactant and the catalyst [19, 20]. Currently, a 
commonly used hydrophobic agent is polytetrafluoroethylene 
(PTFE) [21]. Velayutham et al. [22] investigated the impact 
of PTFE concentration in MPS and MPL on the performance 
of a polymer electrolyte membrane fuel cell. In the MPS 
and MPL, the ideal content of PTFE was determined to 
be 23 wt% and 20 wt%, respectively, which was further 

validated in the  CO2RR. Kim et al. [23] examined the effect 
of varying the PTFE mass fraction in the MPL (4.5–50%) on 
the electroreduction activity of  CO2 and proposed that the 
optimal mass fraction of PTFE was 20%. In this scenario, 
 CO2 reduction exhibits the least charge transfer resistance, 
resulting in the highest conversion current density of the 
CO product, reaching a value of 280 mA/cm2 (Fig. 3a–c). 
Further, Weng et al. [17] established the relationship between 
the hydrophilicity of the GDL and current density based on 
a multiphysics model and proposed that under the condition 
of high current density (> 100 mA/cm2), if the GDL is too 
hydrophilic, the cathode will suffer from flooding, which 
will affect the distribution of  CO2 in the CL. If the current 
density of  CO2 conversion is further increased, the catalyst 
load should be lowered accordingly. To overcome flooding 
damage to equipment stability, Zhong et al. [24] fabricated 
a sandwich structure, polyethylene-PTFE/catalysts/carbon 
nanoparticles, so that the densely layered PTFE offers strong 
hydrophobicity to maintain the liquid/gas/solid interface for 
100 h of electrolysis operation.

In the MPL, carbon powder also plays a vital role. The 
type of carbon powder, particle size, and proportion to the 
hydrophobic agent are crucial to the electrode’s conductiv-
ity and microstructure [25]. Graphite, acetylene black, and 

Fig. 3  Partial current density for CO varying with the potential of 
GDEs consisting of MPLs with different amounts of PTFE: a 4.5, 
7.0, 10.0, 15.0, and 20 wt%; b 20, 30, 40, and 50 wt%. c Impedance 
spectra for GDEs at a cell potential of 2.0  V. Reproduced with 
permission from Ref. [23]. Copyright 2016, Elsevier. d Depiction of 

the in situ restriction impact on  OH− for the carbon layer. e Potential-
dependent FE

C
2
H

4
 on carbon/Cu/PTFE and Cu/PTFE. Reproduced 

with permission from Ref. [26]. Copyright 2023, American Chemical 
Society
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carbon black are commonly used carbon powders. Large par-
ticles harm  CO2 transport, while the GDL is easily flooded if 
the particles are too small, and thus, it gradually loses stabil-
ity during the reaction. The ideal size range is between 5 and 
20 µm. Using the abovementioned PTFE content, Orogbemi 
et al. [25] found that a combination of 20% PTFE and 80% 
carbon black yielded optimal gas penetration. Furthermore, 
the incorporation of carbon powder can help regulate the 
catalyst’s environment. Wang et al. [26] suggested that the 
carbon layer can trap the  OH− produced in situ while under-
going the  CO2RR procedure through electrostatic confine-
ment, providing a localized alkaline catalytic interface in 
a neutral environment. The carbon layer on the Cu/PTFE 
electrode dramatically improved the Faraday efficiency (FE) 
of  CO2-to-ethylene in a neutral medium from 47 to 70% with 
a maximum jethylene of 381 ± 4.94 mA/cm2 (Fig. 3d, e) [26].

In addition, to construct GDEs, researchers often use 
binders, which are ionic monomers incorporated into 
catalyst inks, to enhance their consistency, conductivity, 
and adhesion to MPL surfaces. Most studies use Nafion as 
the binder. Interestingly, alternative binders also influence 
the  CO2RR. Liu et al. [27] compared the application of a 
GDE with silver nanoparticle catalyst inks prepared using 
two typical ionic polymer materials (Nafion and Fumion) 
as binders to an MEA electrolytic cell. Fumion-containing 
GDE can maintain very high CO selectivity for a long 
time, which is superior to that of Nafion-containing inks 

(Fig. 4a, b). The difference in electrolytic stability was not 
due to the difference in hydrophobicity. The  K+ content 
in the liquid brought out of the outlet was measured, and 
it was found that the effective expulsion of metal cations 
was more important for the life of the MEA than the GDE’s 
infiltrability (Fig. 4c), which also highlighted the superiority 
of Fumion as a binder.

Engineering the Ion‑Exchange Membrane

The ion-exchange membrane is another core component of 
the MEA system and has an important impact on overall 
 CO2RR performance [28]. The ion-exchange membrane 
can separate the anode and cathode of an electrolytic cell, 
effectively preventing the oxidation of reduction products 
in the anode and maintaining the overall ion balance of 
the system. The ideal ion exchange membrane should have 
satisfactory ion conductivity, high mechanical strength, 
and sufficient chemical stability to maintain a continuous 
working life of thousands of hours. The type of ion-exchange 
membrane affects the type and rate of ion transport [29, 30]. 
At present, the MEA  CO2RR system uses three different 
ion-exchange membranes: an anion exchange membrane 
(AEM), a cation exchange membrane (CEM), and a bipolar 
membrane (BPM) (Fig. 5a–c) [16, 31].

An AEM selectively transfers anions (such as  HCO3
− and 

 OH−) from the cathode to the anode. The use of an AEM 
provides protons to the cathode by utilizing the humid-
ity in the gas stream and/or membrane as a water source 
[15]. Because of the reduced amount of protons available, 
an AEM has been employed to handle the severe HER suf-
fered with CEM [32]. Jiang et al. [33] constructed an MEA 
with an AEM, an  IrO2 anode, and a Ni single-atom cathode. 
When the current density was 400 mA/cm2, the selectivity 
for CO achieved a remarkable 97%. Theoretically, if only 
 OH− ion transport occurs in the electrolyte membrane, it 
is helpful to maintain a relatively stable cathode reaction 
environment and relatively high ion conductivity. However, 
in the real electrode process,  OH− reacts with  CO2, resulting 
in  HCO3

−/CO3
2− species formation under alkaline condi-

tions. Figure 5d depicts the solubility of  CO2 based on pH. 
As the pH increases, the existing  CO2 progressively changes 
into  HCO3

− and  CO3
2− [34]. Therefore, the relatively low 

mobility of  HCO3
−/CO3

2− ions increases the Ohmic polari-
zation loss of the MEA [35]. At the same time, for example, 
 KHCO3 can block the pores of GDE, preventing the trans-
mission of  CO2 [36, 37]. In addition,  HCO3

−/CO3
2− species 

selectively reaching the anode through the AEM is equiv-
alent to  CO2 being transferred to the anode, considerably 
decreasing the fuel efficiency of  CO2 conversion.

The CEM electrolyzers facilitate the transfer of protons or 
other cations from the anode to the cathode via the exchange 
membrane, resulting in an acidic pH on the cathode surface 

Fig. 4  Results of the  CO2RR performance of Nafion- and Fumion-
fixed GDEs. a Variation in the  FECO over time. b Temporal variation 
in the measured electrode potential. c Amount of  K+ passed through 
the electrolyzer. Reproduced with permission from Ref. [27]. 
Copyright 2023, Elsevier
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and preventing  HCO3
−/CO3

2− formation at the cathode 
interface [38]. Nafion® membranes are typical CEMs. An 
MEA with a CEM has demonstrated improved performance 
over liquid-phase flow cells, which is related to increased 
 CO2 availability. Lee et al. [39] indicated that a catholyte-
free electrolyzer provided sufficient dissolved  CO2 for the 
cathodic reaction, considerably increasing the selectivity 
for formate compared with a liquid-phase electrolyzer. 
However, acidification of the cathode will occur at a high 
current density in the MEA with a CEM, leading to a severe 
HER, which reduces the conversion efficiency of the  CO2RR 
[40].

Recently, a BPM has been applied in  CO2RR systems 
[41, 42]. The BPM promotes water dissociation to generate 
 OH− and  H+, which are then transported to the anode and 
cathode, respectively. The problem of voltage fluctuation 
and instability caused by a pH gradient in the monopole 
membrane system is resolved using the BPM and ensuring 
consistent pH levels at the anode and cathode [43, 44]. Li 
et al. [45] constructed an MEA configuration with a  BiOx 
gas diffusion cathode and a  NiFeOx anode in which a BPM 
was used for the first time. The BPM exhibits a lower elec-
trical resistance than the AEM or Nafion® membrane. The 
BPM-MEA cell voltage can be stabilized at 3.0 V for 14 h 
at 80 mA/cm2, and the CO FE is nearly 60%. If the Nafion® 
membrane is used as a membrane, MEA will be deactivated 

after 7 h because of anodic  OH− depletion (Fig. 5e, f). It is 
seen that the ion transport mechanism of the BPM helps 
inhibit the change in cathode pH. Yang and coworkers [46] 
constructed an MEA system coupled with a BPM, which 
reduced  CO2 loss by five times compared with the AEM. 
The  FECO increased from less than 20% to 68%. The  H+ 
generated by the membrane electrode effectively inhibited 
the loss of  CO2. However, Vermaas et al. [47] noted that 
when the pH difference between the anode and cathode is 
minuscule, the energy consumption required to drive the 
hydrolysis in a BPM is relatively high, considerably reduc-
ing the energy efficiency for  CO2 conversion.

In summary, maintaining effective  CO2 mass transfer 
and the local reaction environment for a catalyst is crucial 
for improving the  CO2RR performance of an MEA system. 
At present, the material design and overall performance of 
ion-exchange membranes still have considerable room for 
improvement.

Electrolyte Effects in MEA Electrolyzers

Because an MEA electrolyzer operates without a catholyte, 
the main electrolyte effects involved here are primarily due 
to pH, cations, and anions caused by the ion-exchange mem-
brane and the anode electrolyte.

Fig. 5  Overview of ion transport pathways for the three types of ion-
exchange membranes: a AEM, b CEM, and c BPM. Reproduced 
with permission from Ref. [16]. Copyright 2021, Royal Society 
of Chemistry. d Partial pH dependence of the carbonate system. 
Reproduced with permission from Ref. [34]. Copyright 2023, 

American Chemical Society. e J–V curves for the MEA system 
comparing bipolar, anion exchange, and Nafion membranes. f 
Comparing the stability of BPM and Nafion membranes under a 
current density of 80  mA/cm2. Reproduced with permission from 
Ref. [45]. Copyright 2016, American Chemical Society
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pH Effect

The pH of the electrolyzer includes the local pH at the 
catalyst surface and the bulk pH in the solution. Because 
the  CO2RR is a proton-consuming multistep reaction, its 
process will cause a high local concentration of  OH− at 
the electrode–electrolyte interface, which could affect the 
dynamic equilibria among  HCO3

−,  CO2, and  CO3
2− during 

the  CO2RR [48, 49]. In addition, because of the competition 
with HER, the pH at the reaction interface has an important 
effect on the activity and selectivity of the  CO2RR [50–52]. 
Numerous excellent works have recently reported the influ-
ence of pH value in H-cells [53–57]. Although the pH differs 
between these two configurations during  CO2RR, common-
alities are numerous. Here, we mainly discuss the research 
progress on the effect of pH on the  CO2RR in an MEA.

The transport of reactants and products in f low 
architectures through a flow field and GDE results in a 
high current density (≥ 100  mA/cm2). Mass transfer 
and high current density affect the pH gradient near 
the catalyst surface in flow cells [58]. Zhang et al. [59] 
applied operando Raman spectroscopy to monitor the 
pH near the Ag catalyst surface profiles. The functions 
of pH and electrolytic time, operating current density, 

distance from the catalyst surface, and temperature were 
investigated. They found that increasing the current 
density and temperature increases the surface pH and 
inhibits the HER (Fig. 6a–c). The temperature effect varies 
among MEA systems. She and coworkers [60] designed 
an AEM/proton-exchange membrane (PEM) assembly 
MEA system with pure  H2O as the anolyte to suppress/
prevent carbonate formation/precipitation. They found that 
excessive reaction temperatures (e.g., 80 °C) suppressed 
the  CO2RR and made the HER dominant [60]. In addition, 
an anion exchange ionomer (AEI) layer was employed 
to enhance the localized pH within the MEA system by 
modulating the microenvironment surrounding the catalyst 
surface [61, 62]. Park et al. [63] examined the notable 
impact of AEI on local pH by in situ pH measurements in a 
CEM-based MEA system to improve the selectivity of the 
 CO2RR. They found that the local pH markedly increased 
from 5.338 to 9.628 as the AEI ratio increased from 5 wt% 
to 50 wt%, and the selectivity of CO increased from 9.8% 
to 60.4% (Fig. 6d–f). Furthermore, the authors show that 
high cation concentrations and thick carbon-containing 
CLs enhanced the neutralizing pH gradient and reduced 
the neutralizing boundary layer, which helps create an 
alkaline environment with high  CO2RR selectivity.

Fig. 6  a Assembled zero-gap bicarbonate flow cell for operando 
Raman spectroscopy. b Ratios of  [HCO3

−]/[Ctotal] and  [CO3
2−]/

[Ctotal] and the corresponding calculated pH near the catalyst surface. 
c Impact of temperature on the surface pH and  H2 production. 
Reproduced with permission from Ref. [59]. Copyright 2020, 

American Chemical Society. d Schematics depicting the in  situ 
measurement of pH in an MEA electrolyzer. e Schematic of the 
impact of AEI on pH. f Selective CO conversion at different AEI 
contents. Reproduced with permission from Ref. [63]. Copyright 
2023, Elsevier
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The local pH greatly influences the solubility of  CO2, the 
thermodynamics of the  CO2RR by the equilibrium reaction 
between  CO2/CO3

2−/HCO3
− and the rate-limiting step of 

reactions; further investigation is needed in future  CO2RR 
MEA studies to determine the exact influence of pH.

Cation Effects

Several studies have indicated that alkali metal cations 
alter the selectivity and activity of  CO2RR products 
[64–66]. Using a copper electrode in hydrogen-carbonate 
solutions containing different specific cations, Hori et al. 
[67] conducted early research on the electroreduction of 
 CO2 and CO. They discovered that the presence of cations 
in the electrolyte considerably influences the distribution 
of products. They revealed that  Li+ has favorable  H2 evolu-
tion, while the  Na+ and  Cs+ share high FE for methane and 
 C2H4, respectively. This difference in selectivity is related 
to the potential of the outer Helmholtz plane formed by 
different sizes of hydrated ions, which affects the concen-
tration of  H+ on the electrode surface.

In the MEA electrolyzers, the cation in the anolyte can 
also reach the cathode surface through the ionic exchange 
membrane, which considerably impacts  CO2RR perfor-
mance. Using  KHCO3 and  CsHCO3 electrolytes in a CEM-
based MEA electrolyzer, Park et al. [63] investigated the 
effects of cations on the performance of Ag/C electrodes. 
They observed that the CO selectivity of Ag-Cs/C elec-
trodes was higher than that of Ag-K/C electrodes, which 

offers further evidence that larger cations encourage the 
 CO2RR. Furthermore, because of the strong barrier to 
Cs production at the CEM, the Ag-Cs/C electrode has a 
much higher cell voltage than the Ag-K/C electrode, which 
affects energy efficiency.

Compared to CEM-based MEA electrolyzers, the specific 
behavior of cations in AEM electrolyzers has received less 
attention. An ideal AEM should exhibit anion permeability 
while maintaining cation impermeability. However, in the 
case of  K+, cations can be transported from the anolyte to 
the cathode through the AEM, reacting with  CO3

2− produced 
by  CO2 passing through the alkaline GDE, resulting in 
solid carbonate precipitation (Fig. 7) [36]. The presence 
of these precipitates can lead to issues such as catalyst 
surface coverage, reduction in electrode hydrophobicity, 
and gas channel blockage, considerably impeding the long-
term stability of the  CO2 electrolyzer. To alleviate this 
problem, pure water or an electrolyte containing  Cs+ can 
be used. Janaky et al. [68] proposed a method for enhancing 
the performance and durability of an AEM-based MEA 
electrolyzer operating with pure water. Their strategy 
involves deliberately introducing a small quantity of alkali 
metal cations (specifically  Cs+ and  K+) to the cathode. This 
infusion of cations activates and rejuvenates the electrolyzer, 
improving efficiency and stability. Additionally, it helps 
prevent degradation caused by carbonate precipitation.

Fig. 7  Schematic representation of the cascade of reactions and ion 
transport in an AEM-based MEA leading to salt formation on the 
cathode. The inserted graph shows the change in ion concentrations 
occurring near the cathode. After both  CO3

2 − and  K+ concentrations 

reach critical levels, the precipitation of  K2CO3 starts to occur. 
Reproduced with permission from Ref. [36]. Copyright 2022, 
American Chemical Society



125Designing Membrane Electrode Assembly for Electrochemical  CO2 Reduction: a Review  

Anion Effects

Aside from cations, many experiments have proved that 
anions can influence the activity and selectivity of  CO2 
reduction in catholyte-involved systems [57, 69, 70]. 
The anions in AEM-based MEA electrolyzers primarily 
originate from the anolyte, namely  OH− ions, as well as 
 CO3

2− and  HCO3
− generated through reactions involv-

ing  OH− and  CO2.  HCO3
− and  CO3

2− are commonly used 
electrolytes because they provide a near-neutral pH [71]. 
However, they are not the optimal option. The larger 
hydration radii and masses of  CO3

2− and  HCO3
− com-

pared to  OH− result in considerably lower intrinsic mobil-
ity, leading to a 4–fivefold decrease in the ion conductiv-
ity of AEMs, which substantially increases cell resistance 
and lowers  CO2 utilization efficiency.  OH− can effectively 
inhibit the HER. Furthermore, an  OH−-containing solu-
tion, such as aqueous KOH, has better electrical con-
ductivity than  KHCO3, which can lower the Ohmic loss. 
However, an extremely alkaline environment harms the 
selectivity of the product [72]. Therefore, designing high 
carbonate ion conductance AEMs is a promising way to 
overcome the above competition.

Halide anions promote the activity of  CO2 reduction and 
are commonly used to study the effects of anions. The study 
conducted by Salazar-Villalpando et al. [73] revealed that 
halides in a solution enhance the reduction current of  CO2 on 
copper. This enhancement is due to the covalent interaction 
between Cu and halide, which facilitates the charge transfer 
between  CO2/CO and the Cu electrode. Lv and coworkers 
[74] modified the Cu surface with  I− from the electrolyte to 
facilitate C–C coupling on Cu-based catalysts toward multi-
carbon products in a neutral PEM electrolyzer, further dem-
onstrating the importance of anions for the product selectiv-
ity of the  CO2RR. In addition, Strasser and colleagues [75] 
believed that the concentration and type of halide ion are key 
factors in adjusting the  CO2 reduction performance. They 
discovered that adding  Cl− and  Br− increases CO selectivity, 
while  I− was more conducive to methane formation. The sur-
face’s negative charge was enhanced in the following order: 
 Cl−  <  Br−  <  I−, due to the increased adsorption of halides. 
When  I− is adsorbed, the negative charge is transferred from 
 I− to the Cu surfaces, enhancing the CO protonation reac-
tion. Wu et al. [76] enriched anions near the electrode by 
periodically applying a positive potential to the cathode. By 
adjusting the composition of KF, KCl, and  KHCO3 elec-
trolytes, the ratio of  C1 and  C2+ products can be precisely 
adjusted.

Because of the absence of a catholyte in MEAs and the 
predominant use of an alkaline electrolyte in the anolyte, 
research on the impact of halide ions from the anode 
electrolyte on MEA electrolyzer performance has been 
limited. Huang et al. [77] constructed a charged imidazolium 

functionalized porphyrin-based covalent organic framework 
(Co-iBFBim-COF-X) and investigated its electrocatalytic 
 CO2RR activity in an MEA. They found that the free anions 
can stabilize the key intermediate *COOH that favors the 
 CO2RR. In addition, the free halogen ions in the system 
hinder the HER by reducing the binding energy between 
 H2O and Co-porphyrin. Moreover, this study indirectly 
demonstrated the influence of free halide ions on the 
catalytic activity and selectivity of the  CO2RR in MEAs.

Anodic Reactions Paired with CO2 Reduction

In the conventional  CO2 electrolysis process, the  CO2RR at 
the cathode necessitates an accompanying oxidation reac-
tion at the anode. The oxygen evolution reaction (OER) has 
been extensively studied and comprehended, and substantial 
expertise has been accumulated in its catalysts, carriers, and 
other aspects. Therefore, the OER is selected as the initial 
paired anodic reaction for the  CO2RR. Recently, many MEA 
cells with the OER as the anode reaction have been designed 
to enhance the performance of the cathode  CO2RR [36, 38, 
78]. However, the thermodynamic equilibrium potential of 
the OER (1.23 V vs. RHE) exceeds that of  CO2 reduction, 
leading to sluggish reaction kinetics and voltage and energy 
losses in the cell. Moreover, OER products (i.e.,  O2) have 
less economic value than other chemical compounds, result-
ing in energy wastage during the transportation of  O2 [79, 
80].

Based on the above considerations, the selection 
of organic (e.g., glycerol, methanol, and urea) anodic 
reactions with lower energy requirements than the OER 
and simultaneously yielding high-value chemicals will 
effectively reduce the overall energy consumption of 
the  CO2RR electrolytic system, thereby enhancing their 
economic feasibility (Fig.  8a) [81–84]. The methanol 
oxidation reaction (MOR) serves as a representative example 
of the overall coupling of  CO2 electrolysis. Zhou et al. [85] 
reported a partially pyrolyzed Ni-MOF electrocatalyst for 
an efficient MOR by in situ transformation of the Ni-OOH 
active phase. Applying this electrocatalyst to  CO2 electrolysis 
in an MEA system, the  CO2RR-MOR couple demonstrated 
exceptional performance for the electrosynthesis of formate 
and CO, with a high current density of ~ 500 mA/cm2 at 
2.2 V (Fig. 8b, c). Xie et al. [86] employed the glucose 
oxidation reaction to substitute for the OER at the anode 
of the  CO2RR MEA system, and by implementing a 
liquid–liquid anode process, they successfully circumvented 
the elevated energy loss associated with  CO2 recovery 
caused by  O2 mixing in conventional devices. The full-
cell operates at a reduced voltage of 1.9 V while achieving 
an impressive overall carbon efficiency of 48%, thereby 
demonstrating a remarkable 46% reduction in energy 
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intensity compared to currently available state-of-the-art 
single-stage  CO2 reduction devices.

In summary, the integration of  CO2 cathode reduction 
with the anodic oxidation of organic molecules through 
coelectrolysis in MEA cells exhibits the potential for 
reducing overall energy consumption and generating valu-
able organic products. However, studies in this area have 
been limited by the intricate nature of constructing a prac-
tical system (potential, product viability, market demand, 
and technical feasibility). Therefore, an anode system that 
complements the  CO2RR must be developed to enhance 
the economic viability of MEA electrolyzers.

Perspectives and Challenges

The conversion of  CO2 to high-value-added compounds by 
 CO2RR is an economically and technically feasible tech-
nology. This review primarily discusses the progress of 
MEA. The selection of key configurations that improve 
the overall performance of the  CO2RR is discussed. To 
date, great progress has been made in the realization of 
efficient electrochemical reduction of  CO2. However, the 
gap between the current technical level and the commer-
cial production of the  CO2RR remains large. Several key 
challenges in the area need to be further addressed:

1. To meet future commercial production needs, the satis-
factory stability of the system must be maintained. Thus 
far, the MEA has achieved a maximum recorded current 
density of 1 A/cm2, well above the industry standard 

Fig. 8  a I–V curves and required potentials at the cathode and 
anode for electrolysis. Reproduced with permission from Ref. [81]. 
Copyright 2019, Nature Publishing Group. b Polarization curves and 

c voltage-dependent selectivity of Ni-MOF@350//Ni&NiNC in the 
MEA reactor. Reproduced with permission from Ref. [85]. Copyright 
2023, American Chemical Society
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(200 mA/cm2), but can only operate for a few hundred 
hours, far less than 8000 h. The precise design of the 
GDE structure, the development of electrode treatment 
technology, and the reasonable selection of membrane 
materials are crucial for improving MEA stability.

2. The reduction of operational costs in the  CO2RR and 
the enhancement of the energy conversion efficiency are 
crucial factors for promoting advancements in this field. 
At present, the energy conversion efficiency of MEAs 
is seldom studied. With the development of this field 
and the technical maturity, it is necessary to reduce the 
electrolytic potential of the entire system and improve 
the conversion energy efficiency of the reaction. High 
value-added anodic oxidation products can be obtained 
by finding anodic reactions that can replace the OER, 
which not only helps improve the comprehensive utiliza-
tion efficiency of electrical energy but also reduces the 
comprehensive cost of  CO2 electrochemical reduction.

3. The effect of gas purity on  CO2RR performance is cru-
cial. To date, most studies on the  CO2RR have used 
high-purity  CO2 gas (> 99.999%) as a reactant, and the 
effect of gas impurities is largely unknown. Future  CO2 
electrolysis processes will mostly use combustion waste 
gases from chemical and power plants as well as air that 
has been directly caught and is invariably contaminated 
with  SOx,  NOx, and a few volatile chemicals. How to 
enrich  CO2 gas, improve  CO2 concentration, and inte-
grate it with MEAs has considerable research impor-
tance for realizing efficient and stable  CO2 reduction and 
transformation.

4. The reaction mechanism must be explored using char-
acterization methods. The reaction mechanism in the 
microchannel electrochemical reactor is only observed 
from a macroscopic perspective; therefore, the study of 
its internal microscopic mechanism needs to be further 
explored, and the quantitative relationship between mass 
transfer and the reaction needs to be further studied. 
In situ characterization is crucial for comprehending 
 CO2RR behavior in an MEA configuration, but most 
existing in situ characterization methods only apply 
to observing the  CO2RR in H-cells. At present, in situ 
infrared and Raman spectroscopy, X-ray tomography, 
and laser scanning confocal microscopy in custom 
electrolytic cells provide new methods for studying the 
 CO2RR in MEA.
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