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1 INTRODUCTION
Ion exchange membranes are essential components in electrochemical systems, playing a crucial role in energy and environmental applications. These membranes are broadly classified into proton exchange membranes (PEMs) and anion exchange membranes (AEMs). Despite being a relatively young technology, AEMs have attracted considerable attention for energy applications due to their potential to achieve a significant reduction in materials and device costs thanks to their alkaline character. This cost reduction facilitates mass production and commercialization, thereby expanding the applicability of electrochemical energy technologies.
AEMs serve as barriers between the electrochemical device’s anode and cathode, enabling selective anion transport between the electrodes, while preventing the undesired crossover of reactants and gases. Since the first energy-related application was demonstrated about a decade ago for fuel cells (Dekel, 2013), AEM-based technologies have expanded their applications to water electrolysis, redox flow batteries, CO2 electrolysis, CO2 separation, and, very recently, electrochemical oxygen separation. Figures 1, 2 show different AEM-based electrochemical systems and their schematic representations, respectively. Intensive research efforts have recently been dedicated to developing innovative AEMs for specific targeted activities to meet the diverse needs of both established and emerging AEM-based electrochemical systems.
[image: Hexagonal diagram showing "Anion Exchange Membranes" at the center, surrounded by six applications: "Fuel Cells," "Water Electrolysis," "Redox Flow Batteries," "CO2 Electrolysis," "CO2 Separation," and "O2 Separation."]FIGURE 1 | Anion-exchange membrane-based electrochemical systems.[image: Diagram of six anion exchange membrane reactor types: (a) AEMFC, showing hydrogen oxidation and reduction; (b) AEMWE, depicting water electrolysis; (c) AEM-Vanadium RFB, illustrating vanadium redox flow; (d) AEM-CO₂E, showing CO₂ conversion; (e) AEMCS, depicting CO₂ absorption; (f) AEMOS, illustrating air separation. Each schematic highlights anion exchange membranes with corresponding chemical reactions, inputs, and outputs.]FIGURE 2 | Schematic representation of different electrochemical systems based on Anion-Exchange Membranes (AEMs). (a) AEM fuel cell (AEMFC); (b) AEM water electrolyzer (AEMWE); (c) Redox flow battery (RFB); (d) CO2 electrolysis (CO2E); (e) AEM CO2 separator (AEMCS); (f) AEM oxygen separator (AEMOS). Hydrogen oxidation reaction (HOR); Oxygen reduction reaction (ORR); Hydrogen evolution reaction (HER); Oxygen evolution reaction (OER); CO2 reduction reaction (CO2RR).Structurally, AEMs consist of a polymeric backbone embedded with fixed positively charged functional groups (Dekel, 2017). Various polymer backbones such as polysulfone (Parrondo et al., 2014), poly (phenylene oxide) (Parrondo and Ramani, 2014; Willdorf-Cohen et al., 2018; Chu et al., 2019), fluoropolymers (Ponce-González et al., 2018; Adhikari et al., 2020; Soni et al., 2021), polystyrene (Vengatesan et al., 2015), and polybenzimidazole (Aili et al., 2017), have been developed, along with different cationic functional group chemistries including piperidinium (Lu et al., 2020; Xiao et al., 2021), trimethyl ammonium (Arges et al., 2012; Li et al., 2012; Cha et al., 2020), spirocyclic (Xue et al., 2020; Qiao et al., 2021), imidazolium (Fan et al., 2019; Park et al., 2020) and carbazolium (Gjineci et al., 2020) groups to optimize ion conductivity and chemical stability.
Each electrochemical system has different specific requirements for AEM properties, and a thorough understanding of these requirements is crucial for determining optimal membrane performance. Understanding their impact on overall system performance is essential for advancing AEM technology. Numerous studies have explored and developed new approaches to tailor and improve the properties of AEMs (You et al., 2020; Clemens et al., 2023; Zhang et al., 2025) and evaluated their performance in different AEM-based systems. Yet, significant gaps remain in understanding the interactions between AEM properties and the specific demands of diverse electrochemical systems. Addressing these challenges will provide insights to drive further research and innovation in AEM technology, ultimately advancing both scientific understanding and practical implementation of AEMs in electrochemical systems.
2 CHALLENGES IN ANION EXCHANGE MEMBRANES ACROSS DIFFERENT ENERGY-RELATED APPLICATIONS
2.1 AEM fuel cells (AEMFCs)
AEMFCs (Figure 2a) have gained considerable attention in recent years as a promising technology for sustainable energy production due to their ability to utilize a wide range of affordable and abundant precious-metal-free catalysts and cost-effective fluorine-free hydrocarbon AEMs (Dekel, 2017). As the core component of the AEMFC, AEMs allow the transport of hydroxide anions and water between the electrodes and prevent fuel, usually H2, crossover.
Remarkable progress has been reported in AEMFCs in the past few years, including the development of highly active platinum group metal (PGM)-free catalysts (Lilloja et al., 2020; Santori et al., 2020; Hossen et al., 2023) and critical raw material (CRM)-free AEMFCs (Biemolt et al., 2021). An AEMFC lifetime of 5,000-15,000 h was theoretically demonstrated (Yassin et al., 2020), and a cell lifetime of 2,000 h was experimentally proven (Ul Hassan et al., 2020). Altogether, the research community has made very impressive progress in such a short time. Despite these significant advances in AEMFCs, certain AEM-specific challenges still need to be addressed to bring the performance and stability of this technology closer to practical levels. A recent study identified key parameters and ideal properties required to design future advanced AEMs for AEMFC technology (Yassin et al., 2024). This provides a framework for developing highly stable membranes capable of long-term operation of AEMFCs.
Water management poses a significant challenge during AEMFC operations, particularly at high current densities. The anode produces excess water while the cathode consumes it, leading to an imbalance that can cause flooding at the anode and dehydration at the cathode (Omasta et al., 2018; Eriksson et al., 2023). This decrease in hydration reduces the hydroxide conductivity of the ionomeric materials, resulting in increased ohmic losses and resulting in poorer cell performance and stability (Dekel et al., 2019). Strategies to enhance water transport include developing AEMs with higher water diffusivity and thinner thickness (Leonard et al., 2020; Yassin et al., 2020) and increasing operating temperature to facilitate water redistribution in the cell (Douglin et al., 2020; Yassin et al., 2021).
The cathode dehydration also affects the AEM chemical stability, which remains a critical challenge for achieving long-term AEMFC operation (Dekel et al., 2019). Under high pH and low hydration conditions, the cationic functional groups become susceptible to severe chemical attack by poorly solvated and highly reactive hydroxide anions (Dekel et al., 2018). The cation degradation causes a reduction of the polymer ion exchange capacity and, in turn, a reduction in membrane ionic conductivity, resulting in a rapid decline in cell performance (Dekel et al., 2019; Adabi et al., 2021; Lorenz et al., 2022). Therefore, developing chemically stable AEMs capable of long-term exposure to alkaline conditions at low hydration levels is crucial for advancing AEMFC technology.
Another key issue in AEMFCs is the carbonation of the AEM when ambient air containing CO2 is introduced to the cathode (Ziv et al., 2018). The literature highlights the lack of experimental studies examining the impact of carbonation on AEMFCs and the underlying factors responsible for the marked deterioration in performance in the presence of CO2 (Ziv et al., 2018). The OH− anions generated in the cathode react with CO2 to form (bi)carbonate anions. The impact of CO2 on AEMFCs is very complex, involving multi-anion transport phenomena, concentration polarization, and back diffusion, as well as changes in water distribution, cation stability, and local pH. These interconnected processes alter the behavior of the electrocatalysts and ionomeric materials, significantly reducing the performance and durability of the cell. Enhancing our understanding of the transport mechanisms and electrochemical effects of CO2 will assist in addressing the challenges associated with carbonation and evaluating the feasibility of operating AEMFCs using ambient air. The challenge also calls for the design and development of AEMs that can adsorb less CO2 as well as AEMs with higher (bi)carbonate anion conductivity (Yassin et al., 2025).
Fuel versatility in AEMFCs also presents a unique avenue of research. In addition to hydrogen, AEMFCs can utilize other fuels such as methanol (Vecchio et al., 2023), ethanol (Roschger et al., 2023), urea (Kim et al., 2021), hydrazine (Sakamoto et al., 2018), and ammonia (Dekel et al., 2023), offering advantages in terms of higher energy density and simplified storage and handling. However, operating with liquid fuels presents unique issues for AEMs, such as fuel crossover and probable chemical degradation due to reaction intermediates. Tailoring AEM features like selectivity, fuel crossover, and chemical stability against fuels is critical for ensuring long-term performance and durability in liquid-fuel-based AEMFCs.
2.2 AEM water electrolysis (AEMWE)
Water electrolysis is a promising technology for producing high-purity, pressurized hydrogen through electrochemical conversion, which involves breaking down water into hydrogen and oxygen using electricity (Chatenet et al., 2022). AEMWE technology (Figure 2b) has recently attracted significant attention, mainly due to the ability to remove the expensive and scarce iridium and other precious metal catalysts from the cells, significantly alleviating the bill of materials (López-Fernández et al., 2021). Despite the numerous reports demonstrating AEMWE performance data, most studies present AEMWE operation with liquid electrolytes, commonly with concentrated KOH solution. This highly alkaline environment enhances the ionic conductivity of the ionomeric materials and improves oxygen evolution reaction (OER) kinetics (Liu et al., 2021); however, it also introduces challenges related to material durability, safety, and hydrogen purity.
Pure water operation has emerged as a goal for high-performance AEMWE offering safer and more flexible operation (Santoro et al., 2022). However, this shift poses issues in ensuring appropriate ionic conductivity and water transport for OER. When pure water substitutes alkaline electrolytes, membranes must be capable of efficiently transporting hydroxide anions throughout the cell. This emphasizes the need for AEMs with higher hydroxide conductivity and superior water diffusivity to maintain optimal hydration across the membrane and the cathode catalyst layer (Muhyuddin et al., 2025).
Efficient water management within AEMWE cells operating in dry-cathode mode (Wang et al., 2022) is crucial to prevent cathode dehydration and ensure adequate water delivery to the anode. Although water management strategies are frequently studied in AEMFCs, this research topic on AEMWE is scarce. Improving water transport from the anode to the cathode is critical, especially when the cathode is operated under dry conditions (Koch et al., 2022). Potential approaches include designing AEMs with increased water diffusivity and/or developing cell designs that encourage water back-diffusion.
2.3 AEM redox flow batteries (AEM-RFBs)
In recent years, a pronounced focus has been placed on researching and developing low-cost hydrocarbon AEMs, demonstrating a promising substitute for the PEMs in RFB technologies such as organic and vanadium RFBs (Figure 2c) (Yang et al., 2024). AEMs play a vital role in all types of RFBs by acting as physical separators between the anode and the cathode electrodes, allowing ion passage to maintain electrical neutrality and preventing internal short circuits in the system. Key properties of ideal AEMs include high ion selectivity, low electrical resistance, mechanical strength, and chemical stability. Despite advancements, challenges remain, especially related to membrane properties that affect efficiency and durability.
In AEM-RFBs, the membrane must conduct selected anions while preventing the crossover of active redox anions/cations between the anolyte and catholyte chambers. The AEM selectivity is essential for maintaining charge balance and avoiding self-discharge, which can dramatically lower battery efficiency and cycle life. Furthermore, the anion transport behavior in AEMs is complex and poorly understood since various anions with variable valences coexist in the system. For example, preventing vanadium ion crossover in vanadium AEM-RFB is particularly challenging due to the small ionic radii and high diffusivity of vanadium species, leading to efficiency losses and capacity fade (Zhao et al., 2023). However, achieving great selectivity frequently comes at the expense of ionic conductivity, resulting in a difficult balance between performance and durability.
The chemical stability of the AEM is another major concern due to the highly alkaline environment and the high concentrations of metal ions and oxidative species like VO2+, Ce4+, and Br2. These harsh conditions can break down the polymer backbone and functional groups of the AEM (Herrmann et al., 2021; Hao et al., 2022). This degradation affects the ionic conductivity of the membrane, causes structural weakness, and increases ion crossover, resulting in worse battery efficiency and capacity decline (Herrmann et al., 2021; Hao et al., 2022). Developing robust AEMs capable of withstanding these harsh alkaline oxidative media is critical for maintaining long-term stability in operando AEM-RFBs.
Mechanical robustness is especially important for AEMs in RFB applications. The physicochemical characteristics and ion accumulation significantly influence tensile strength and elongation at break. Metal ion fouling can further reduce mechanical stability; however, research into these issues is limited (Gao et al., 2022). This emphasizes the significance of developing mechanically and chemically stable AEM to ensure long-term stability. Overall, the chemical stability and mechanical integrity of the AEM are controlled by the polymer matrix, while its functionality determines properties such as physicochemical, electrochemical, and ion selectivity. Consequently, innovative design approaches and advanced synthesis strategies are crucial for driving progress in the development of high-performance AEMs for RFB applications.
2.4 AEM CO2 electrolysis (AEM-CO2E)
Electrochemical CO2 reduction (Figure 2d) has been achieved in several cell architectures, including the zero-gap reactor (or membrane-electrode assembly) originally developed for low-temperature water electrolysis and fuel cell systems. The AEM-CO2E offers a sustainable method to convert CO2 into high-value chemicals (Salvatore et al., 2021), producing carbon monoxide and multi-carbon products like ethylene, methane, and ethanol. Gaseous products exit through the cathode, while liquid products diffuse through the AEM to the anode, where they are collected. The anode, typically supplied with an aqueous electrolyte (e.g., KOH, HKCO3), facilitates the OER to complete the electrochemical circuit. Despite the promise of this configuration, AEM-CO2E systems face numerous operational and material challenges. AEMs have been extensively studied in the context of fuel cells and water electrolysis, but established performance metrics for CO2 electrolyzers remain unavailable.
Water management seems to be a critical factor affecting the performance of the AEM-CO2E, as observed in other AEM-based technologies such as fuel cells and water electrolyzers (Weng et al., 2019). Water acts as a reactant in the conversion of CO2, but excess water can hinder the diffusion of CO2 to the catalyst and shift the reaction preference toward OER. Water transport within the system–via diffusion, electro-osmotic drag, or convection–is influenced by the microstructure and chemical composition of the membrane and operating conditions. This underscores the need for AEMs with improved water transport properties to balance water availability for CO2 reduction while minimizing flooding and unwanted side reactions (Reyes et al., 2020).
Product and reactant crossover further complicates the operation. Negatively charged products (e.g., formate) migrate across the positively charged AEM while neutral molecules (e.g., ethanol) can diffuse through the AEM, reducing efficiency. Moreover, the reaction of CO2 with the produced OH− in the CO2 reduction reaction generates CO32- and HCO3−, further reducing the free CO2 available to the catalyst in the cathode. The produced HCO3− and CO32- ions are transported through the AEM to the anode electrolyte, where they are reconverted to a significant amount of CO2, often surpassing the CO2 converted into the desired product (with up to 60% of the total CO2 being neutralized) (Larrazábal et al., 2019). These effects highlight the need for AEMs with enhanced selectivity for the transport of desirable anions (such as carbonate and bicarbonate) over undesirable negatively charged products (e.g., formate), reducing crossover and improving system efficiency (Banerjee et al., 2022).
Additionally, AEMs used in CO2 electrolysis face mechanical and chemical stability issues. The high pH and harsh conditions (high temperature and high pressure) at the cathode degrade AEMs, limiting cell longevity. Combined with interfacial and ohmic losses that contribute to high operating voltages (Salvatore and Berlinguette, 2020), these challenges demonstrate the need for innovative membrane materials tailored to AEM-CO2E systems. Recent advances in AEMs have shown promise for gas-phase CO2 electrolysis, but substantial innovation is required to overcome these barriers and achieve commercially viable AEM-CO2E technologies.
2.5 AEM CO2 separator (AEMCS)
Electrochemical processes offer promising alternatives for CO2 separation, achieving energy requirements up to 80% lower than traditional chemical absorption methods (Rigdon et al., 2017). Despite the promising aspects of AEMCSs (Figure 2e), the technology is in its very early stages, and its potential remains largely unexplored due to limited research carried out until now. In an AEMCS, the AEM plays a crucial role by selectively transporting carbonate or bicarbonate anions from the cathode to the anode, where they are electrolyzed back into CO2 and O2. This process enables the capture and separation of CO2 from ambient air in a more energy-efficient manner, with the membrane ensuring both the selective transport and effective separation of CO2 from other gases (e.g., N2, O2).
Carbonate species have long been recognized and addressed as a significant challenge in AEMFCs as they impart thermodynamic, kinetic, and ohmic overpotentials. Selectivity for carbonate species is a significant difficulty in AEMCS applications, especially in mixed-gas settings. To efficiently separate CO2, AEMs must transport carbonate or bicarbonate anions to the anode. Increasing selectivity for CO2-derived anions may affect the total conductivity of the AEM by limiting ionic mobility. Finding the right balance between ion selectivity and conductivity is thus a major challenge.
CO2 separation requires chemical stability due to prolonged exposure to alkaline environments that produce carbonate and bicarbonate ions. Under these conditions, the polymer backbone and functional groups of the AEM are expected to degrade, reducing membrane durability and decreasing separation efficiency. Having said that, initial research recently suggested that the presence of (bi)carbonate anions in the AEM helps to stabilize the cationic functional groups, and therefore, increases the AEM durability in alkaline medium (Willdorf-Cohen et al., 2025). This requires further research to confirm initial findings.
Mechanical stress or vibrations can also contribute to membrane degradation, as they can cause cracks or other defects in the membrane structure. This can be exacerbated by the presence of reactive species and high temperatures, which can make the membrane more susceptible to mechanical damage. Therefore, AEMs with high mechanical resilience are essential.
2.6 AEM oxygen separator (AEMOS)
In the realm of electrochemical oxygen separation technologies in alkaline media, a few studies have contributed to the understanding and advancement of the feasibility of using an electrochemical driving force to efficiently separate oxygen from nitrogen (Arishige et al., 2014; Tian et al., 2022; Zhang et al., 2022). However, these studies relied on high concentrations of corrosive KOH solutions as a liquid electrolyte, which introduces safety risks and requires additional purification steps for oxygen. Therefore, there is a clear need for all-solid-state-based technology that eliminates these risks and enables pure oxygen generation through a safe, reliable, and affordable technology.
Recently, a novel technology based on an electrochemical AEM-oxygen separator (Figure 2f) device, achieving >96% oxygen purity from synthetic air, was proposed (Faour et al., 2024). This technology offers a promising solution to generate oxygen on-site from the air using an efficient electrochemical driving force and suitable solid-state AEM polymer electrolytes. This design provides the necessary alkaline environment while eliminating the need for corrosive liquid electrolytes. In AEMOS operation, the cathode is fed with air, and a low potential difference (0.7–1.2 V) is applied between the cathode and anode electrodes. The OH−anions generated during the oxygen reduction reaction at the cathode transport through the AEM to the anode, where oxygen is produced by OER. This results in the net selective transport of oxygen from the cathode to the anode, potentially producing pure oxygen gas at the anode.
A significant challenge for this technology is its ability to operate in the presence of carbon dioxide from ambient air. Previous studies on AEMFCs show that even low levels of CO2 can lead to carbonation of the AEM (Krewer et al., 2018; Ziv et al., 2018), which reduces anion conductivity and hinders overall performance. Thus, further research is needed to assess the impact of CO2 on the alkaline stability of AEMs and to evaluate AEMOS performance with CO2-containing gas mixtures.
Since AEMOS technology is still in its very early stages, there is limited information on the specific requirements for the AEMs used or the challenges of this technology. Thus, the investigation of AEM properties and their impact on AEMOS performance remains a critical area of study. Studying the key material properties of AEMs and ionomers and their impact on the performance and stability of AEMOS is critical to optimizing the AEMs and the technology and enhancing their durability.
3 CONCLUDING REMARKS
AEMs are pivotal to advancing electrochemical energy systems, driving efforts to enhance their performance, efficiency, and scalability. As a critical component in various electrochemical devices, including fuel cells, water electrolysis, redox flow batteries, CO2 electrolysis, CO2 separators, and oxygen separators, AEMs enable efficient ion transport, supporting more sustainable and cost-effective energy conversion and storage technologies. Optimizing these membranes not only improves device operation but also contributes to addressing global energy challenges, aiding the transition to cleaner energy systems. Ongoing development of AEMs, particularly improvements in chemical stability, anion conductivity and selectivity, water diffusivity, and mechanical robustness, is essential for their integration into next-generation energy systems.
In this section on “Energy” within the Frontiers in Membrane Science and Technology journal, high-quality original research articles and comprehensive review articles are encouraged and welcomed. Such contributions are expected to make significant strides in membrane development, particularly in the context of energy applications. The section aims to highlight studies that address practical challenges, propose innovative solutions, and provide insights that help bridge the gap between laboratory-scale membrane development and industrial-scale manufacturing.
AUTHOR CONTRIBUTIONS
KY: Conceptualization, Writing – original draft. DD: Resources, Funding acquisition, Conceptualization, Writing – review and editing, Supervision.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was partially funded by the Nancy & Stephen Grand Technion Energy Program (GTEP); by the Ministry of National Infrastructure, Energy and Water Resources of Israel through grant No. 2033527 (222-11-055); by the Israel National Institute for Energy Storage (INIES); by the European Union’s Horizon 2024 research and innovation program under grant agreement 101192454; and by the council for higher education, Flagship Initiatives and Applied Research Strategy and International Affairs Div. on Sustainability and the Climate Crisis, grant No. 2072133.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision. The handling editor MG declared a past co-authorship/collaboration [-High-temperature anion exchange membrane fuel cells with balanced water management and enhanced stability, 10.1016/J.JOULE.2024.02.011 (2024)] with the authors [DRD and KY].
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Adabi, H., Santori, P. G., Shakouri, A., Peng, X., Yassin, K., Rasin, I. G., et al. (2021). Understanding how single-atom site density drives the performance and durability of PGM-free fe–n–c cathodes in anion exchange membrane fuel cells. Mater. Today Adv. 12, 100179. doi:10.1016/j.mtadv.2021.100179

	Adhikari, S., Pagels, M. K., Jeon, J. Y., and Bae, C. (2020). Ionomers for electrochemical energy conversion and storage technologies. Polymer 211, 123080. doi:10.1016/j.polymer.2020.123080

	Aili, D., Wright, A. G., Kraglund, M. R., Jankova, K., Holdcroft, S., and Jensen, J. O. (2017). Towards a stable ion-solvating polymer electrolyte for advanced alkaline water electrolysis. J. Mater. Chem. A 5, 5055–5066. doi:10.1039/C6TA10680C

	Arges, C. G., Parrondo, J., Johnson, G., Nadhan, A., and Ramani, V. (2012). Assessing the influence of different cation chemistries on ionic conductivity and alkaline stability of anion exchange membranes. J. Mater. Chem. 22, 3733. doi:10.1039/c2jm14898f

	Arishige, Y., Kubo, D., Tadanaga, K., Hayashi, A., and Tatsumisago, M. (2014). Electrochemical oxygen separation using hydroxide ion conductive layered double hydroxides. Solid State Ionics 262, 238–240. doi:10.1016/j.ssi.2013.09.009

	Banerjee, S., Gerke, C. S., and Thoi, V. S. (2022). Guiding CO 2 RR selectivity by compositional tuning in the electrochemical double layer. Accounts Chem. Res. 55, 504–515. doi:10.1021/acs.accounts.1c00680

	Biemolt, J., Douglin, J. C., Singh, R. K., Davydova, E. S., Yan, N., Rothenberg, G., et al. (2021). An anion-exchange membrane fuel cell containing only abundant and affordable materials. Energy Technol. 9, 2000909–9. doi:10.1002/ente.202000909

	Cha, M. S., Park, J. E., Kim, S., Han, S. H., Shin, S. H., Yang, S. H., et al. (2020). Poly(carbazole)-based anion-conducting materials with high performance and durability for energy conversion devices. Energy Environ. Sci. 13, 3633–3645. doi:10.1039/d0ee01842b

	Chatenet, M., Pollet, B. G., Dekel, D. R., Dionigi, F., Deseure, J., Millet, P., et al. (2022). Water electrolysis: from textbook knowledge to the latest scientific strategies and industrial developments. Chem. Soc. Rev. 51, 4583–4762. doi:10.1039/d0cs01079k

	Chu, X., Liu, L., Huang, Y., Guiver, M. D., and Li, N. (2019). Practical implementation of bis-six-membered N-cyclic Quaternary ammonium cations in advanced anion exchange membranes for fuel cells: synthesis and durability. J. Membr. Sci. 578, 239–250. doi:10.1016/j.memsci.2019.02.051

	Clemens, A. L., Jayathilake, B. S., Karnes, J. J., Schwartz, J. J., Baker, S. E., Duoss, E. B., et al. (2023). Tuning alkaline anion exchange membranes through crosslinking: a review of synthetic strategies and property relationships. Polymers 15, 1534. doi:10.3390/polym15061534

	Dekel, D. R. (2013). Alkaline membrane fuel cell (AMFC) materials and system improvement - state-of-the-art. ECS Trans. 50, 2051–2052. doi:10.1149/05002.2051ecst

	Dekel, D. R. (2017). Review of cell performance in anion exchange membrane fuel cells. J. Power Sources 375, 158–169. doi:10.1016/j.jpowsour.2017.07.117

	Dekel, D. R., Willdorf, S., Ash, U., Amar, M., Pusara, S., Dhara, S., et al. (2018). The critical relation between chemical stability of cations and water in anion exchange membrane fuel cells environment. J. Power Sources 375, 351–360. doi:10.1016/j.jpowsour.2017.08.026

	Dekel, D. R., Rasin, I. G., and Brandon, S. (2019). Predicting performance stability of anion exchange membrane fuel cells. J. Power Sources 420, 118–123. doi:10.1016/j.jpowsour.2019.02.069

	Dekel, D. R., Yassin, K., Rasin, I. G., and Brandon, S. (2023). Modeling direct ammonia anion-exchange membrane fuel cells. J. Power Sources 558, 232616. doi:10.1016/j.jpowsour.2022.232616

	Douglin, J. C., Varcoe, J. R., and Dekel, D. R. (2020). A high-temperature anion-exchange membrane fuel cell. J. Power Sources Adv. 5, 100023. doi:10.1016/j.powera.2020.100023

	Eriksson, B., Santori, P. G., Lecoeur, F., Dupont, M., and Jaouen, F. (2023). Understanding the effects of operating conditions on the water management in anion exchange membrane fuel cells. J. Power Sources 554, 232343. doi:10.1016/j.jpowsour.2022.232343

	Fan, J., Willdorf-Cohen, S., Schibli, E. M., Paula, Z., Li, W., Skalski, T. J. G., et al. (2019). Poly(bis-arylimidazoliums) possessing high hydroxide ion exchange capacity and high alkaline stability. Nat. Commun. 10, 2306. doi:10.1038/s41467-019-10292-z

	Faour, M., Yassin, K., and Dekel, D. R. (2024). Anion-exchange membrane oxygen separator. ACS Org. Inorg. Au 4, 498–503. doi:10.1021/acsorginorgau.4c00052

	Gao, M., Salla, M., Zhang, F., Zhi, Y., and Wang, Q. (2022). Membrane fouling in aqueous redox flow batteries. J. Power Sources 527, 231180. doi:10.1016/j.jpowsour.2022.231180

	Gjineci, N., Aharonovich, S., Dekel, D. R., and Diesendruck, C. E. (2020). Increasing the alkaline stability of N, N-diaryl carbazolium salts using substituent electronic effects. ACS Appl. Mater. Interfaces 12, 49617–49625. doi:10.1021/acsami.0c14132

	Hao, X., Chen, N., Chen, Y., and Chen, D. (2022). Accelerated degradation of Quaternary ammonium functionalized anion exchange membrane in catholyte of vanadium redox flow battery. Polym. Degrad. Stab. 197, 109864. doi:10.1016/j.polymdegradstab.2022.109864

	Herrmann, E., Dingenouts, N., Roth, C., Scheiba, F., and Ehrenberg, H. (2021). Systematic characterization of degraded anion exchange membranes retrieved from vanadium redox flow battery field tests. Membranes 11, 469. doi:10.3390/membranes11070469

	Hossen, Md. M., Hasan, Md. S., Sardar, Md. R. I., Haider, J., bin, M., Tammeveski, K., et al. (2023). State-of-the-art and developmental trends in platinum group metal-free cathode catalyst for anion exchange membrane fuel cell (AEMFC). Appl. Catal. B Environ. 325, 121733. doi:10.1016/j.apcatb.2022.121733

	Kim, J. M., Wang, Y., Lin, Y., Yoon, J., Huang, T., Kim, D.-J., et al. (2021). Fabrication and characterization of cross-linked phenyl-acrylate-based ion exchange membranes and performance in a direct urea fuel cell. Ind. Eng. Chem. Res. 60, 14856–14867. doi:10.1021/acs.iecr.1c02798

	Koch, S., Disch, J., Kilian, S. K., Han, Y., Metzler, L., Tengattini, A., et al. (2022). Water management in anion-exchange membrane water electrolyzers under dry cathode operation. RSC Adv. 12, 20778–20784. doi:10.1039/D2RA03846C

	Krewer, U., Weinzierl, C., Ziv, N., and Dekel, D. R. (2018). Impact of carbonation processes in anion exchange membrane fuel cells. Electrochimica Acta 263, 433–446. doi:10.1016/j.electacta.2017.12.093

	Larrazábal, G. O., Strøm-Hansen, P., Heli, J. P., Zeiter, K., Therkildsen, K. T., Chorkendorff, I., et al. (2019). Analysis of mass flows and membrane cross-over in CO 2 reduction at high current densities in an MEA-type electrolyzer. ACS Appl. Mater. Interfaces 11, 41281–41288. doi:10.1021/acsami.9b13081

	Leonard, D. P., Maurya, S., Park, E. J., Delfin Manriquez, L., Noh, S., Wang, X., et al. (2020). Asymmetric electrode ionomer for low relative humidity operation of anion exchange membrane fuel cells. J. Mater. Chem. A 8, 14135–14144. doi:10.1039/d0ta05807f

	Li, N., Zhang, Q., Wang, C., Lee, Y. M., and Guiver, M. D. (2012). Phenyltrimethylammonium functionalized polysulfone anion exchange membranes. Macromolecules 45, 2411–2419. doi:10.1021/ma202681z

	Lilloja, J., Kibena-Põldsepp, E., Sarapuu, A., Kikas, A., Kisand, V., Käärik, M., et al. (2020). Nitrogen-doped carbide-derived carbon/carbon nanotube composites as cathode catalysts for anion exchange membrane fuel cell application. Appl. Catal. B Environ. 272, 119012. doi:10.1016/j.apcatb.2020.119012

	Liu, J., Kang, Z., Li, D., Pak, M., Alia, S. M., Fujimoto, C., et al. (2021). Elucidating the role of hydroxide electrolyte on anion-exchange-membrane water electrolyzer performance. J. Electrochem. Soc. 168, 054522. doi:10.1149/1945-7111/ac0019

	López-Fernández, E., Sacedón, C. G., Gil-Rostra, J., Yubero, F., González-Elipe, A. R., and de Lucas-Consuegra, A. (2021). Recent advances in alkaline exchange membrane water electrolysis and electrode manufacturing. Molecules 26, 1–24. doi:10.3390/molecules26216326

	Lorenz, J., Janßen, H., Yassin, K., Leppin, J., Choi, Y.-W., Cha, J.-E., et al. (2022). Impact of the relative humidity on the performance stability of anion exchange membrane fuel cells studied by ion chromatography. ACS Appl. Polym. Mater. 4, 3962–3970. doi:10.1021/acsapm.2c00415

	Lu, W. T., Yang, Z. Z., Huang, H., Wei, F., Li, W. H., Yu, Y. H., et al. (2020). Piperidinium-functionalized poly (vinylbenzyl chloride) cross-linked by polybenzimidazole as an anion exchange membrane with a continuous ionic transport pathway. Ind. Eng. Chem. Res. 59, 21077–21087. doi:10.1021/acs.iecr.0c04548

	Muhyuddin, M., Santoro, C., Osmieri, L., Ficca, V. C. A., Friedman, A., Yassin, K., et al. (2025). Anion-exchange-membrane electrolysis with alkali-free water feed. Chem. Rev. 125, 6906–6976. doi:10.1021/acs.chemrev.4c00466

	Omasta, T. J., Wang, L., Peng, X., Lewis, C. A., Varcoe, J. R., and Mustain, W. E. (2018). Importance of balancing membrane and electrode water in anion exchange membrane fuel cells. J. Power Sources 375, 205–213. doi:10.1016/j.jpowsour.2017.05.006

	Park, H. J., Lee, S. Y., Lee, T. K., Kim, H.-J., and Lee, Y. M. (2020). N3-butyl imidazolium-based anion exchange membranes blended with poly(vinyl alcohol) for alkaline water electrolysis. J. Membr. Sci. 611, 118355. doi:10.1016/j.memsci.2020.118355

	Parrondo, J., and Ramani, V. (2014). Stability of poly (2, 6-dimethyl 1, 4-phenylene) oxide-based anion exchange membrane separator and solubilized electrode binder in solid-state alkaline water electrolyzers. J. Electrochem. Soc. 161, F1015–F1020. doi:10.1149/2.0601410jes

	Parrondo, J., Arges, C. G., Niedzwiecki, M., Anderson, E. B., Ayers, K. E., and Ramani, V. (2014). Degradation of anion exchange membranes used for hydrogen production by ultrapure water electrolysis. RSC Adv. 4, 9875–9879. doi:10.1039/c3ra46630b

	Ponce-González, J., Ouachan, I., Varcoe, J. R., and Whelligan, D. K. (2018). Radiation-induced grafting of a butyl-spacer styrenic monomer onto ETFE: the synthesis of the Most alkali stable radiation-grafted anion-exchange membrane to date. J. Mater. Chem. A 6, 823–827. doi:10.1039/c7ta10222d

	Qiao, X., Wang, X., Liu, S., Shen, Y., and Li, N. (2021). The alkaline stability and fuel cell performance of poly(N-spirocyclic Quaternary ammonium) ionenes as anion exchange membrane. J. Membr. Sci. 630, 119325. doi:10.1016/j.memsci.2021.119325

	Reyes, A., Jansonius, R. P., Mowbray, B. A. W., Cao, Y., Wheeler, D. G., Chau, J., et al. (2020). Managing hydration at the cathode enables efficient CO 2 electrolysis at commercially relevant current densities. ACS Energy Lett. 5, 1612–1618. doi:10.1021/acsenergylett.0c00637

	Rigdon, W. A., Omasta, T. J., Lewis, C., Hickner, M. A., Varcoe, J. R., Renner, J. N., et al. (2017). Carbonate dynamics and opportunities with low temperature, anion exchange membrane-based electrochemical carbon dioxide separators. J. Electrochem. Energy Convers. Storage 14, 020701. doi:10.1115/1.4033411

	Roschger, M., Wolf, S., Billiani, A., Mayer, K., Hren, M., Gorgieva, S., et al. (2023). Study on commercially available membranes for alkaline direct ethanol fuel cells. ACS Omega 8, 20845–20857. doi:10.1021/acsomega.3c01564

	Sakamoto, T., Serov, A., Masuda, T., Kamakura, M., Yoshimoto, K., Omata, T., et al. (2018). Highly durable direct hydrazine hydrate anion exchange membrane fuel cell. J. Power Sources 375, 291–299. doi:10.1016/j.jpowsour.2017.05.052

	Salvatore, D., and Berlinguette, C. P. (2020). Voltage matters when reducing CO2 in an electrochemical flow cell. ACS Energy Lett. 5, 215–220. doi:10.1021/acsenergylett.9b02356

	Salvatore, D. A., Gabardo, C. M., Reyes, A., O’Brien, C. P., Holdcroft, S., Pintauro, P., et al. (2021). Designing anion exchange membranes for CO2 electrolysers. Nat. Energy 6, 339–348. doi:10.1038/s41560-020-00761-x

	Santori, P. G., Speck, F. D., Cherevko, S., Firouzjaie, H. A., Peng, X., Mustain, W. E., et al. (2020). High performance FeNC and Mn-oxide/FeNC layers for AEMFC cathodes. J. Electrochem. Soc. 167, 134505. doi:10.1149/1945-7111/abb7e0

	Santoro, C., Lavacchi, A., Mustarelli, P., Di Noto, V., Elbaz, L., Dekel, D. R., et al. (2022). What is next in anion-exchange membrane water electrolyzers? Bottlenecks, benefits, and future. ChemSusChem 15, e202200027. doi:10.1002/cssc.202200027

	Soni, R., Miyanishi, S., Kuroki, H., and Yamaguchi, T. (2021). Pure water solid alkaline water electrolyzer using fully aromatic and high-molecular-weight poly(fluorene-alt-tetrafluorophenylene)-trimethyl ammonium anion exchange membranes and ionomers. ACS Appl. Energy Mater. 4, 1053–1058. doi:10.1021/acsaem.0c01938

	Tian, B. Y., Deng, Z. F., Xu, G. Z., Song, X. Y., Zhang, G. Q., and Deng, J. Y. (2022). Oxygen electrochemical production from air by high performance anion exchange membrane electrode assemble devices. Key Eng. Mater. 920, 166–171. doi:10.4028/p-o3mj79

	Ul Hassan, N., Mandal, M., Huang, G., Firouzjaie, H. A., Kohl, P. A., and Mustain, W. E. (2020). Achieving high-performance and 2000 h stability in anion exchange membrane fuel cells by manipulating ionomer properties and electrode optimization. Adv. Energy Mater. 10, 2001986. doi:10.1002/aenm.202001986

	Vecchio, C. L., Lyu, X., Gatto, I., Zulevi, B., Serov, A., Baglio, V., et al. (2023). Performance investigation of alkaline direct methanol fuel cell with commercial PGM-Free cathodic materials. J. Power Sources 561, 232732. doi:10.1016/j.jpowsour.2023.232732

	Vengatesan, S., Santhi, S., Jeevanantham, S., and Sozhan, G. (2015). Quaternized poly (styrene-co-vinylbenzyl chloride) anion exchange membranes for alkaline water electrolysers. J. Power Sources 284, 361–368. doi:10.1016/j.jpowsour.2015.02.118

	Wang, R., Ohashi, M., Ishida, M., and Ito, H. (2022). Water transport analysis during cathode dry operation of anion exchange membrane water electrolysis. Int. J. Hydrogen Energy 47, 40835–40848. doi:10.1016/j.ijhydene.2022.09.181

	Weng, L.-C., Bell, A. T., and Weber, A. Z. (2019). Towards membrane-electrode assembly systems for CO 2 reduction: a modeling study. Energy & Environ. Sci. 12, 1950–1968. doi:10.1039/C9EE00909D

	Willdorf-Cohen, S., Mondal, A. N., Dekel, D. R., and Diesendruck, C. E. (2018). Chemical stability of poly(phenylene oxide)-based ionomers in an anion exchange-membrane fuel cell environment. J. Mater. Chem. A 6, 22234–22239. doi:10.1039/C8TA05785K

	Willdorf-Cohen, S., Li, S., Srebnik, S., Diesendruck, C. E., and Dekel, D. R. (2025). Does the presence of CO2 affect the alkaline stability of anion-exchange membranes?J. Mater. Chem . 

	Xiao, J. W., Oliveira, A. M., Wang, L., Zhao, Y., Wang, T., Wang, J. H., et al. (2021). Water-fed hydroxide exchange membrane electrolyzer enabled by a fluoride-incorporated nickel-iron oxyhydroxide oxygen evolution electrode. ACS Catal. 11, 264–270. doi:10.1021/acscatal.0c04200

	Xue, J., Liu, X., Zhang, J., Yin, Y., and Guiver, M. D. (2020). Poly(phenylene oxide)s incorporating N-spirocyclic Quaternary ammonium cation/cation strings for anion exchange membranes. J. Membr. Sci. 595, 117507. doi:10.1016/j.memsci.2019.117507

	Yang, R., Zhang, S., and Zhu, Y. (2024). A high performance, stable anion exchange membrane for alkaline redox flow batteries. J. Power Sources 594, 233974. doi:10.1016/j.jpowsour.2023.233974

	Yassin, K., Rasin, I. G., Brandon, S., and Dekel, D. R. (2020). Quantifying the critical effect of water diffusivity in anion exchange membranes for fuel cell applications. J. Membr. Sci. 608, 118206. doi:10.1016/j.memsci.2020.118206

	Yassin, K., Rasin, I. G., Willdorf-cohen, S., Diesendruck, C. E., Brandon, S., and Dekel, D. R. (2021). A surprising relation between operating temperature and stability of anion exchange membrane fuel cells. J. Power Sources Adv. 11, 100066. doi:10.1016/j.powera.2021.100066

	Yassin, K., Rasin, I. G., Brandon, S., and Dekel, D. R. (2024). How can we design anion-exchange membranes to achieve longer fuel cell lifetime?J. Membr. Sci. 690, 122164. doi:10.1016/j.memsci.2023.122164

	Yassin, K., Willdorf-Cohen, S., Guiver, M. D., and Dekel, D. R. (2025). Addressing the challenge of carbon dioxide in anion-exchange membrane fuel cells. Nat. Energy . 

	You, W., Noonan, K. J. T., and Coates, G. W. (2020). Alkaline-stable anion exchange membranes: a review of synthetic approaches. Prog. Polym. Sci. 100, 101177. doi:10.1016/j.progpolymsci.2019.101177

	Zhang, Y., Xie, K., Zhou, F., Wang, F., Xu, Q., Hu, J., et al. (2022). Electrochemical oxygen generator with 99.9% oxygen purity and high energy efficiency. Adv. Energy Mater. 12, 2201027. doi:10.1002/aenm.202201027

	Zhang, X., Yu, Z., Tang, J., Huang, J., Tang, X., Chen, Y., et al. (2025). Advances in composite anion-exchange membranes for fuel cells: modification approaches and synthesis strategies. Mater. Today Chem. 43, 102496. doi:10.1016/j.mtchem.2024.102496

	Zhao, N., Platt, A., Riley, H., Qiao, R., Neagu, R., and Shi, Z. (2023). Strategy towards high ion selectivity membranes for all-vanadium redox flow batteries. J. Energy Storage 72, 108321. doi:10.1016/j.est.2023.108321

	Ziv, N., Mustain, W. E., and Dekel, D. R. (2018). The effect of ambient carbon dioxide on anion-exchange membrane fuel cells. ChemSusChem 11, 1136–1150. doi:10.1002/cssc.201702330


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Yassin and Dekel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Grand challenges in anion exchange membrane energy applications		1 INTRODUCTION

		2 CHALLENGES IN ANION EXCHANGE MEMBRANES ACROSS DIFFERENT ENERGY-RELATED APPLICATIONS		2.1 AEM fuel cells (AEMFCs)

		2.2 AEM water electrolysis (AEMWE)

		2.3 AEM redox flow batteries (AEM-RFBs)

		2.4 AEM CO2 electrolysis (AEM-CO2E)

		2.5 AEM CO2 separator (AEMCS)

		2.6 AEM oxygen separator (AEMOS)





		3 CONCLUDING REMARKS

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiers in Membrane Science and Technology

Grand challenges in anion
exchange membrane energy
applications





OPS/images/frmst-04-1691096-g001.jpg
Water
Electrolysis

Anion
Exchange
Membranes

co, Redox Flow
Separation Batteries

co,
Electrolysis





OPS/images/frmst-04-1691096-g002.jpg
()  AEMFC () AEMWE

OH~,CO,2",
HCO,"

Anion Exchange Anion Exchange
Membrane Membrane

(¢) AEM-Vanadium RFB

OH~,CO.7,
HCO,~

Anion Exchange [ Anion Exchange
Membrane Membrane

HSO,”

OH~,C0,2, OH~,C0,?",
HCO,~ HCO;™
—

Anion Exchange Anion Exchange
Membrane Membrane

H,0
——

l N,-rich air










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Membrane Science and Technology





