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Redox flow batteries, in particular, aqueous organic redox flow batteries (AORFBs) and zinc (Zn) slurry-air flow batteries are considered to be very attractive candidates for large-scale electricity storage due to their safety and environmental friendliness, economic feasibility and high storage capacity. In these batteries, the membrane allows the transport of ions between the catholyte and the anolyte while providing a physical barrier between the two compartments in order to prevent electrical short circuits.

The performance, lifespan and cost of these batteries are greatly affected by the physicochemical properties and type of the employed membrane. However, a critical discussion of the state-of-the-art studies on membranes showed that the research and development of appropriate membranes for these batteries has received insufficient attention.

In this PhD thesis, aiming at first understanding the correlations between the membranes properties and cell performances, commercial porous and prepared anion exchange membranes were ex-situ characterized and tested in the Zn slurry-air flow battery and AORFB, respectively. This was followed by various membrane synthesis and modification strategies to prepare membranes with reduced active species crossover and improved battery performances. The results in this work not only contribute to the basic understanding of the relationship between membrane properties and RFBs performances but also greatly contribute to the future market of the RFBs with low cost and high performance.

Résumé

Les batteries à flux redox, en particulier, les batteries à flux redox aqueux organiques (AORFB) et les batteries Zn-air sont considérées comme des candidats très intéressants pour le stockage d'électricité à grande échelle en raison de leur sécurité élevée, de leur impact environnemental faible, de leur faisabilité économique et de leur forte capacité de stockage. Dans ces batteries, la membrane permet le transport des ions entre l'anolyte et le catholyte tout en assurant une barrière physique entre les deux compartiments afin d'éviter les courts-circuits électriques. Les performances, la durée de vie et le coût de ces batteries sont fortement affectés par les propriétés physico-chimiques des membranes employées.

Cependant, l'étude de l'état de l'art montre que la recherche et le développement de membranes spécifiques pour ces batteries ne sont encore pas assez importants.

Dans ce manuscrit, visant à mettre en évidence les corrélations entre les propriétés des membranes et les performances en systèmes, des membranes denses échangeuses d'anions et des membranes poreuses commerciales modifiées par un ionomère ont été préparées, caractérisées et testées dans les batteries AORFB et Zn-air. Cette étude a été menée sur différentes familles de membranes, obtenues par diverses stratégies de synthèse ou de modifications de membranes poreuses, afin d'obtenir des membranes à forte conductivité et faiblement perméables aux espèces actives et ainsi améliorer les performances en batterie. Les résultats de ces travaux contribuent non seulement à avancer dans la compréhension de la relation entre les propriétés de la membrane et les performances des RFB, mais également au développement futur des RFB à faible coût et hautes performances. 
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Chapter 1: Scope of the thesis work and co-authorship statement

Renewable energy storages, mainly solar and wind, generate intermittent electrical power depending on the time (day/night) and climatic factors [1]. One strategy to address the intermittency is by coupling them with an appropriate energy storage device. Among them, redox-flow batteries (RFBs) are promising electrochemical energy storage systems since they exhibit high efficiency, room temperature operation, long charge/discharge cycles and independent energy/power sizing [2].

The thesis work took place from April 2018 to April 2021 under research and training project, FlowCamp, funded by the European Union's Marie Skłodowska-Curie programme, in which three different RFBs (Zn slurry-air RFB, aqueous organic RFB (AORFB) and H2/Br RFB) which meet different demands of the market were being developed and optimized. Zn slurry-air flow battery presents high-potential energy storages because of its high energy capacity, environmental friendliness and economic viability. Whereas, the organic and H2/Br2 RFBs are known for their environmental friendliness (since it uses organic redox species in aqueous electrolytes) and high power densities, respectively.

FlowCamp involves 15 PhD students and 11 partner organizations from 8 different countries. In this project, five PhD students work on the different components, including membrane, redox-active species (electrolyte), cell design, modelling, electrode and sealing of one of the batteries. My PhD thesis focuses on the design, synthesis and characterization of anion exchange membranes for aqueous organic redox and zinc slurry-air flow batteries. Anion exchange membranes are an important part of these batteries since they conduct charge-carrier ion and prevent mixing of redox-active species. Therefore, the lifespan, performance and stability of these batteries are influenced by the membranes used. However, despite the importance of the membranes, they remain to be less investigated. Membranes that were designed for other applications are commonly used in these batteries.

The thesis is divided into two parts. Membrane development and characterization for the AORFBs are presented first (part I). Whereas, the next section is focused on the synthesis of membranes for Zn slurryair flow batteries. In both systems, first a detailed state-of-the-art studies on membranes for AORFB and Zn-air batteries are summarized and critically discussed. The membranes developed are ex-situ characterized in terms of ionic conductivity, selectivity and stability and are then tested in the AORFB (in collaboration with JenaBatteries GmbH, Germany) and Zn slurry-air flow battery (in collaboration with Fraunhofer ICT, Germany). In this thesis, in both battery systems, the main effort has been given to understanding and investigating the correlations between membrane properties and RFBs performance. This was followed by various membrane synthesis strategies and optimization to prepare RFBs with improved cell performance.

Chapters and co-authorship statement:

Chapter 2: State-of-the-art membranes for neutral aqueous organic redox flow batteries. The first two pages of the introduction are taken from our mini-review paper "Prospects for Anion-Exchange Membranes in Alkali Metal-Air Batteries" published in Energies [3] by Misgina Tilahun TSEHAYE, Fannie ALLOIN and Cristina IOJOIU. The other part is intended to be submitted for publication with a title of recent progress on membranes for aqueous organic redox flow battery.

Chapter 3: Study of Anion exchange membrane properties incorporating N-spirocyclic quaternary ammonium cation and aqueous organic redox flow battery performance. The polymer, monomer and membrane preparation and ex-situ characterization were done by Misgina Tilahun TSEHAYE. Battery testing was performed at JenaBatteries (Jena, Germany) by Xian YANG, who also wrote the cell test and characterization part of the manuscript. Misgina Tilahun TSEHAYE wrote the remaining parts of the manuscript, involved in the interpretation of the battery performance and compiled the work. This manuscript has been published in Membranes [4].

Chapter 4: Anion exchange membranes with high power density and energy efficiency in neutral aqueous organic redox flow battery. Similar to the work in chapter 3, the membrane design, preparation and ex-situ characterization was done at LEPMI (CNRS, France) by Misgina Tilahun TSEHAYE. Battery testing was done at JenaBatteries (Jena, Germany) by Xian YANG, who also wrote the cell test and characterization part of the manuscript. Misgina Tilahun TSEHAYE wrote the other remaining parts of the manuscript, involved in the interpretation of the battery performance and compiled the work. This manuscript is currently being written and will be submitted for publication.

Chapter 5: Membranes for zinc-air batteries: Recent progress, challenges and perspectives. This work is adapted from our review paper published in the Journal of Power Sources [5]. The manuscript was written by Misgina Tilahun TSEHAYE. All co-authors have contributed to the work by editing the manuscript.

Chapter 6: Porous and modified porous membranes for Zinc slurry-air flow battery. Misgina

Tilahun TSEHAYE performed the polymer synthesis, membrane preparation and ex-situ characterizations, while the battery testing was performed at Fraunhofer ICT (Karlsruhe, Germany) by Nak Heon Choi. Misgina Tilahun TSEHAYE interpreted all of the data and wrote the complete manuscript. This manuscript has been published in Molecules [6]. The gradual depletion of fossil fuels and environmental concerns associated with their use have been challenging the energy sector. Thus, vast development and deployment of sustainable renewable energy sources, such as solar and wind are required [1]. Wind and solar are the world's fastest-growing energy sources [2]. Despite their economic feasibility and environmental friendliness, their intermittent nature and geographical limitations are the major challenges for their full employment as next-generation energy sources. To counteract their fluctuating energy outputs and, thus improving the stability of the electrical grid, efficient and stable electrical energy storage is needed [3][4][5].

Over the years, various electrical energy storages have been identified and used. Currently, lithium (Li)ion and lead (Pb)-acid batteries are the leading employed energy storage technologies. Li-ion battery is playing an important role in our daily lives as it is the most commercialized system and commonly used battery in electric vehicles and electronics today. Unfortunately, its high cost per kWh and recent concern over its safety have restricted its application, thus calling for the development of new storage technology for next-generation [3,6,7]. The thermal runaway of the cell which leads to the whole battery pack failure is believed to be caused by mechanical, electrical, or thermal abuses [8]. Moreover, its energy density is only about 100-200 Wh Kg -1 , which cannot achieve the requirements of large stationary applications, especially for long-term utilization [9]. Similarly, Pb-acid batteries are wellestablished electrochemical energy storage for stationary applications [10]. However, they have a low energy density (30-50 Wh kg -1 ), low cycling life (500-1000 cycles) and are dependent on toxic Pb [11,12]. Therefore, new energy storage technologies, which are safe and high energy density systems are desired. Figure 1 shows the chemistries and principal components of Pb-acid and Li-ion batteries.

Figure 1: Chemistries and principal components of Pb-acid (left) and Li-ion (right) batteries [10].

Several other electrochemical energy storage candidates, including metal-air batteries and redox-flow batteries (RFBs), such as vanadium and organic RFBs have been developed. Metal-air batteries are promising and competitive high-energy alternatives to Li-ion batteries [13]. Metal-air batteries are high energy density electrochemical cells that use air at the cathode and metal as the anode with aqueous electrolyte [14]. Therefore, they can be applicable in a wide range of energy transfer stations and energy storage device applications, including automotive and larger passenger vehicles and a large station for stationary application. However, despite their promising capacities, they have not fulfilled their full potentials due to several challenges in their anode, air cathode and membrane components [15].

Redox flow batteries

Another promising electrochemical energy storage devices replacement to Li-ion and Pb-acid technologies are RFBs, in particular aqueous organic RFBs, which are one of the batteries investigated in this thesis work. A short introduction to the basic working principles, components, main parameters and classification of the systems are introduced in this section. Flow batteries store energy using redoxactive species via electrochemical reactions [16]. RFBs are an attractive choice for large-scale energy storage alternatives because of their ability to separate power and energy, and operate at ambient temperature and pressure [17][18][19][20][21]. In such batteries, the redox-active molecules, which are dissolved in liquid supporting electrolytes, are used on the anode (called anolyte) and cathode (called catholyte) compartments during the discharge.

Generally speaking, the performance of RFBs can be expressed by their energy density, power density, energy efficiency and cycling stability. These parameters are affected by several factors, mainly by the design of the battery, active materials and membrane employed, to mention a few. The equations used to determine these parameters are summarized in Table 1. The theoretical energy density which indicates the amount of charge stored depends on mainly three parameters: (i) cell voltage (redox potential difference between the catholyte and anolyte), (ii) solubility of the redox-active species and (iii) number of electrons involved in the oxidation-reduction reactions, which governs the functioning of RFBs. Power density mW cm -2 Power density = J 𝑥 U

The power density of the battery depends on several parameters, including the voltage, internal resistance of cell (resistance of the electrolyte, electrodes and connectors), kinetics of the redox reactions and operation factors, including temperature, flow rate and flow field used [22]. The cycling stability, on the other hand, depends on the (electro)chemical stability and degree of crossover of redox species.

Until recently, the electroactive materials used in aqueous RFBs have been limited to transition metal redox couples, such as Vanadium RFB (VRFB) (stores energy by employing vanadium redox couples:

V 2+ /V 3+ in the negative and V 4+ /V 5+ in the positive half-cells) (electrochemical reactions are shown in Table 2), which is one of the most commonly used RFB systems [23][24][25]. In VRFBs, VO2 +/VO 2+ and V 2+ /V 3+ are used as catholyte and anolyte active species, respectively. These are separated by a membrane. Figure 2 presents the redox reaction during the charge and discharge processes in VRFB.

Figure 2: VRFB reaction during the charge and discharge processes [26].

Table 2: Electrochemical reaction in vanadium redox battery.

Reaction in the catholyte side VO2 + + 2H + +e -↔ VO 2+ + H2O

Reaction in the anolyte side V 2+ ↔ V 3+ + e - Cell reaction V 2+ + VO2 + + 2H + ↔ VO 2+ + V 3+ + H2O

In the conventional aqueous RFBs, there are limited active materials choices and they are mostly expensive. The widespread adoption of the VRFB system has been limited due to the high cost of vanadium [27] and limited energy density of the system (about 20-60 Wh L -1 ) due to the low solubility of vanadium ion in the electrolyte (2.0 -3.0 M) [28][29][30]. Thus, cheap and large-scale energy storage is highly needed.

Aqueous organic redox flow batteries

The idea of replacing the corrosive molecules used in the other RFBs with new environmentally benign aqueous soluble redox couples, which exhibit fast electrochemical reaction kinetics, has received increasing research interest in recent years [31,32]. Redox-active organic molecules in the application of RFBs have been identified as promising energy storage devices because of their diverse molecular moieties, high structural tenability, a wide range of redox potentials, material abundance and low material cost [29,33,34]. In the past few years, various organic materials-based chemistries have been developed. As shown in Figure 3, organic RFBs (ORFBs) can be classified as aqueous ORFBs (AORFBs), non-aqueous ORFBs (NAORFBs), and hybrid aqueous/non-aqueous ORFBs (HORFBs)

based on the solvent used in the electrolyte [22]. Furthermore, depending on the pH of the electrolyte, AORFBs can be classified into acidic, basic and neutral. Compared to NAORFBs, the AORFBs provide relatively low-cost electrolyte, high ionic conductivity and fast kinetics [35,36].

Figure 3: Classification of organic redox flow batteries (ORFBs) [22].

Redox-active species in AORFBs

A typical AORFB consists of redox-active materials, membrane and electrode (Figure 4). Various catholyte and anolyte active species, including the well-known active species, such as quinone, anthraquinone, viologen, TEMPO, ferrocene and alloxazine ferrocene have been studied and reported in the literature. A number of molecular designing strategies of the organic redox-active materials have been employed in order to increase their solubility, cell voltage, stability, chemical reversibility, cyclability and performance at a high charge rate (C-rate) [34,37]. This renders to enhance the power and energy density of AORFBs and this technology becomes a promising electrochemical energy storage devices [38]. The addition of electron-withdrawing groups (for e.g., SO3 -) and electron-donating groups (for e.g., OH -) has been reported to shift the potential to forward (positive) and backward (negative) directions, respectively. Whereas, ammonium groups have been shown to increase both the solubility and electrochemical reaction kinetics [31]. For instance, the tuning of redox potential and solubility of quinone via substitution of the side groups has been explored with density functional theory [39,40]. A good review of the redox-active materials in AORFBs can be found in the literature [29,31,34,41].

Figure 4: A schematic diagram of AORFBs [42].

One of the promising active anolyte molecules for AORFBs are viologen because of their low cost, high solubility in water, fast electrochemical kinetics and stability at neutral conditions [43][44][45]. Various viologen derivative employing AORFBs, including 1.2 V methyl viologen (MV, anolyte)/ 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (4-HO-TEMPO, catholyte) [43], N,N′-dimethyl-4,4-bipyridinium dichloride (MV)/ N,N,N-2,2,6,6-heptamethylpiperidinyl oxy-4-ammonium chloride (TEMPTMA) [4] have been reported in the literature. The former MV/4-HO-TEMPO based AORFB with a cell voltage of 1.25 V was reported to cycle for 100 cycles with coulombic efficiency of about 100% and operate at high current densities (20 to 100 mA cm -2 ). Due to the good solubility of both active materials, the TEMPTMA/MV battery has been reported to deliver high energy density (38 Wh L -1 at 1.4 V of cell voltage) [4]. With peak current density of up to 200 mA cm -2 , it was reported to be a promising candidate for high-power applications.

Membranes for AORFBs

The membrane in AORFBs is used for the conduction of charge-carrying ions and prevention of crosscontamination of redox-active chemicals and short-circuit. The membranes should exhibit high chemical and electrochemical stabilities in the medium used, especially in the case of alkaline and acidic media.

The membrane used depends on the type of medium, charge carrier ions and redox couples. Generally speaking, due to the higher conductivities (migrations) of H + or OH -than that of K + , Na + or Cl -, the operating current density used (which is closely related to the membrane used) in acidic or basic media based AORFBs is higher than that of neutral AORFBs [46]. Thus, the former AORFBs could deliver higher power densities than the later ones. Moreover, cell potential and solubility of the redox couple depends on the pH of the media. On the other hand, compared to the alkaline and acidic AORFBs, the non-corrosive nature of neutral AORFBs is less aggressive for most membranes, thus the membrane could have a longer lifespan and cyclic stability. The key requirements and characteristics of the membranes used in neutral AORFBs are discussed in section 2. A summary of recent advances in membranes for neutral AORFBs is discussed in section 3. Strategies for overcoming the remaining issues are also highlighted. Lastly, a conclusion and perspective for understanding membrane-cell relations and developing membranes for high-performance AORFB systems are provided in section 4.

Moreover, thesis works planned to fill the research gaps in this topic are outlined.

Requirements and characteristics of membranes used in AORFBs

The main properties of membranes that affect the battery performance and life span will be discussed in this section. These parameters include ion conductivity, redox-active species crossover, chemical and mechanical stabilities. Additionally, the cost of the membrane is discussed since it affects the overall cost of the battery. In each subsection, strategies for optimizing those key properties are forwarded.

Membrane resistance (ionic conductivity)

Since the main function of the membrane is ion conduction, a membrane with high ion conductivity or low resistance is needed for enhancing the power density and voltage efficiency of the battery. In general, membrane resistance depends on its thickness and ion exchange capacity (IEC). IEC (in meq g -1 ) is the amount of ion-exchange groups in a gram of dry membrane. Membranes with low thickness and high IEC deliver low membrane resistance [29]. Therefore, the most straightforward method to increase the ionic conductivity of a given membrane is to increase its IEC. IEC of a membrane is determined by titration of counter ion or by spectra analysis i.e. nuclear magnetic resonance (NMR).

In a recent study, five commercial AEMs (Neosepta ® AFX, Neosepta ® AHA, Selemion ® AMV, Selemion ® ASV, and Selemion ® DSV) with different IEC and thickness were tested in AORFB containing N, N'-dimethyl-4,4'-bipyridinium dichloride (MV) as the redox-active species in the anolyte, and 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) as the active species in the catholyte [47]. These membranes were designed for acid recovery applications. As shown in Table 3, the Selemion ® DSV exhibited the lowest area resistance since it has the lowest thickness and one of the highest IEC among the investigated membranes. Whereas, the membrane with the lowest IEC and highest thickness, Neosepta ® AHA exhibited the highest area resistance (4.8 Ω cm 2 ). *The ionic resistances of the membranes were determined using electrochemical impedance spectroscopy in a Swagelok-style cell following immersing them in 1.5 M NaCl for one week.

Voltage efficiencies (VE) of the batteries containing the different membranes are shown in Figure 5.

Figure 5a andb show the VE of the membranes as a function of cycle number and area resistance of the membranes, respectively. The VE of the batteries was found to depend on the cell resistances and their associated ohmic losses, a linear correlation between VE and the area resistance was reported. As expected, DSV and AFX, membranes with the lowest area resistances displayed the highest VE (about 75%) among the tested membranes after 100 cycles. Whereas AHA and ASV, membranes with high cell resistances exhibited the lowest VE. Moreover, DSV and AFX produced RFBs with coulombic efficiencies of above 98%, while the other batteries yielded slightly lower.

Figure 5: Voltage efficiency for 100 cycles (a) and 100 th cycle vs. membrane area-specific resistance (b) [47].

A similar impact of cell resistance on voltage and energy efficiency of AORFB employing FcNCl (ferrocenylmethyl)trimethylammonium chloride and MV has been reported by Hu et al., [48]. In this study, DSV, AMV and ASV-based cell displayed area resistance (in 2 M NaCl) of 1.13, 2.8 and 4.86 Ω cm 2 , respectively, which is similar to the previously discussed finding [47]. Slightly lower cell resistance was found when KCl is used as an electrolyte. The thinnest DSV membrane (which exhibited the lowest cell resistance among the tested membranes) exhibited the best battery performance, energy efficiency and power density (discussed in section 3). For example, at 60 mA cm -2 , the Selemion ® DSV-employing cell exhibited higher energy efficiency (76%) than that of AMV-based (60%) and ASV-based (44%) cells.

Moreover, four commercial AEMs from Fumatech (Germany), namely the FAA-3-PE30 ® , FAP-PK-3130 ® , FAS-30 ® and FAA-3 ® have been tested in an AORFB employing 0.5 M MV and TEMPObased polymers with 1.5 M NaClaq. as electrolytes [49]. The membranes were intended for desalination application. The FAA-3-50 ® membrane exhibited the lowest area resistance of 1.67 Ω cm 2 . This is in agreement with the high IEC of the membrane compared to the others (Table 4). Due to its lowest electric cell resistance, the FAA-3-50 ® AEM delivered the best cell performance (see section 3 for detailed battery performance). Table 4 summarizes the properties and area resistance of the membranes. 

Redox-active species crossover

In asymmetric RFBs, cross-contamination of redox-active species causes capacity fade. In addition to the permeation of active material through the membrane, capacity fade can also be caused by chemical decomposition of the active organic species and electrolyte leakage. The chemical degradation mechanism and lifetime of electrolytes in AORFBs, with the main focus on capacity fade, has been discussed elsewhere [50]. In this review work, the authors classified capacity fade rates in AORFs into extremely low (≤0.02%/day), low (0.02-0.1%/day), moderate (0.1-1%/day) and high (>1%/day) groups depending on the percentage of capacity fade per day. Active organic molecules decomposition which results in loss of redox activity could take place through various mechanisms, including nucleophilic addition/substitution, disproportionation to redox-inactive center, dimerization/polymerization and tautomerization, depending on nature, the structure of the reactant and the pH of the electrolyte used (Scheme 1).

Scheme 1: Common chemical decomposition mechanisms for redox-active molecules [50].

The permeation/crossover of active species through a membrane is another main cause of capacity fade [51]. This can be caused by the physical crossover of the species due to the high permeability of membrane to those species and/or due to the membrane aging and/or pinholes within manufacturing defects. A diffusion cell composed of two cells, separated by a membrane, is usually used to study the permeability of the active species through the membranes, level of ex-situ membrane permeability.

Voltammetric or UV-Vis analysis of the active species is usually used to determine the concentration crossing through the membrane. However, there is no standardized protocol on the concentration which should be used to balance the ionic strength of the solutions at the receiving and donating sides. Different protocols (type, volume and concentration of species on the receiving and donating compartments) have been used in the literature [47,52,53]. This calls for a standardized protocol to be used by researchers so that the reported results can be compared.

The permeability P of the redox active species (cm 2 s -1 ) can be calculated from Fick's law [54]:

𝑃 = ln(1 - 2𝐶 𝑟 𝐶 𝑜 )(- 𝑉𝑙 2𝐴 ) 𝑡
Where Cr and Co are the concentration (M) at the receiving and donating side, respectively. A and l are the effective area (cm 2 ) and membrane thickness (cm), respectively. V (mL) is the initial volume of the receiving side and t (s) is the sampling time.

For instance, the permeabilities of bis(3-trimethylammonio)propyl viologen tetrachloride (BTMAP-Vi), bis((3-trimethylammonio)propyl)ferrocene dichloride (BTMAP-FC) and MV through Selemion ® DSV membrane were reported to be 6.7 × 10 -10 cm 2 s -1 , 6.2 × 10 -10 cm 2 s -1 and 3.4 × 10 -9 cm 2 s -1 , respectively. Slightly higher permeability value (9.5×10 -10 cm 2 s -1 ) were reported for BTMAP-Vi through a prepared PPO-based AEM in another study [53]. Whereas the permeability of TMAP-TEMPO electrolytes through the same membrane was found to be 3.4 × 10 -9 cm 2 s -1 , thus more than 5 times higher. The capacity retention was reported to be 90.4%. The high diffusion process was suggested to be due to the swelling of the membranes and the small size of the TMAP-TEMPO species (crossover process accounted for 56% of the capacity fade). In a different study, Liu et al., [43] reported a water-based MV/4HO-TEMPO flow battery with an AEM (120 μm thickness, pore size <10 Å, Selemion) displayed a high apparent capacity fade (∼28%/day), which is recoverable. However, no chemical analysis was performed on the cycled electrolytes. Moreover, the specific Selemion membrane used was not mentioned.

To better understand the impact of crossover on the capacity retention of a cycling battery, based on the permeability values and assuming the same set of conditions, Beh et al., [52] used the following equation to predict the time (year) for 50% capacity loss (𝜏 50% ):

𝜏 50% = 𝑖 𝑐 l 𝑡 𝑑 𝑙𝑛( 1 0.5 ) 

𝑃 𝐶 𝑛 𝐹

where P is permeability, ic is the cycling current density (mA/cm 2 ), l is the membrane thickness, td is the discharge time (h). And C is the concentration of electroactive species (M), n is the number of electrons per mole of redox-active species (e -) and F is Faraday's constant. For instance, based on the permeability reported above [52], it would take 2.1, 10.8 and 11.6 years, respectively, for the crossover of MV, BTMAP-Vi and BTMAP-Fc through the Selemion ® DSV membrane used and cause a 50% loss in cell capacity.

The capacity retentions of TEMPO/MV-based AORFBs employing five different commercial AEMs (Neosepta ® AFX and Neosepta ® AHA, and Selemion ® AMV, Selemion ® ASV and Selemion ® DSV)

after 100 cycles at 50 mA/cm 2 were reported [47]. The capacity fade was mainly attributed to the crossover of the redox-active species through the membranes. The crossovers of TEMPO and MV through the membranes were dominated by the different transport mechanisms, including pressuredriven flow, diffusion, migration, or electroosmotic drag. Membranes with higher IEC (and water uptake) displayed lower fluxes of electroosmotic drag as the cation might repel redox-active species with the same charge. For example, Neosepta ® AHA, the worst-performing membrane because of its lowest IEC and water uptake, displayed the lowest diffusion coefficients and highest electroosmotic drag for the redox-active species. This shows the need for preparing a membrane with optimized IEC and water uptake. However, there was a difference between the maximum crossover of redox-active species determined theoretically and experimentally especially in the case of the Selemion ® DSV membrane (Figure 6). As the membrane chemistry and structure are not known, it is difficult to predict the crossover merely from the membrane properties.

Figure 6: Experimental capacity losses vs theoretical number of moles crossed over [47].

Chemical and electrochemical stability

The chemical stability of a membrane in the given electrolyte and condition can be studied by comparing the performance and structure of the membrane before and after immersing the membrane in the prepared solution for a certain period of time. Microscopic and mechanical properties comparison can be done to investigate and study possible morphological and mechanical degradation of the membrane.

Another way is to compare the membranes IEC and conductivity before and after the immersion.

However, in this system, usually a non-corrosive electrolyte (neutral medium) is used. Therefore, the chemical stability of commonly used AEMs, which are prepared for aggressive acidic and basic environments are expected to work well. Nevertheless, long term investigation of electrolyte-membrane interaction should be studied for a possible reactivity between certain active groups. There are various mechanisms in which a reaction between the electrolyte/redox-active species and the membrane could take place. One possible way is the oxidation of secondary and tertiary amines groups present in the membrane by the nitrox radicals as shown in Figure 7 [55].

Figure 7: Electrochemical reactions of nortropine N-oxyl with different amines [55].

An intense visual discoloration of Nafion ® (NR212) membrane after cycling in an AORFB based on dihydroxyphenazine sulfonic acid (DHPS) was reported in the literature [56]. This was suggested to be due to a possible reactivity of DHPS with the Nafion ® or crossover of the species through the membrane inducing a capacity fade. As a result, an increase in the membrane resistance after cycling was reported.

Mechanical strength

A membrane with high mechanical strength is necessary for a continuous safe operation of the battery.

The polymeric membrane mechanical properties depend on its tensile strength, elastic modulus and ductility [57]. During cell assembly, the membranes must be mechanically robust to withstand the winding process tension and stacking stress. Besides, during a flow battery, depending on the flow rate and type of active redox species, the electrolyte will continuously contact the membrane.

However, as discussed previously thickness of a membrane, in addition to its IEC determines the membrane/cell resistance. Usually, the internal electrical resistance of a thin membrane is low, however too low thickness might have a negative effect on the mechanical strength of the membrane. On the other hand, thicker membranes have good mechanical properties with better battery safety. However, very thick membranes normally induce high internal resistance. Therefore, an optimum membrane thickness (usually between 20 and 50 µm) is needed for long rechargeable batteries operation [58]. In addition to thickness, IEC and polymer backbone (molecular weight and type) of the membrane affect its mechanical property.

Membrane cost

To realize a wide deployment of renewable energy with a convenient energy storage system, it is necessary that the cost of the energy source and storage technology together are comparable or lower than the other energy sources, such as fossil fuels. Thus, it is important to produce a feasible AORFB at a low cost. Usually, the capital cost of electricity storage is expressed in terms of capital cost per kWh ($/kW) [37]. In addition to installation material costs, maintenance is also important. The European Strategic Energy Technology Plan (SET Plan) aims to develop cheap and high durability (10,000 cycles and 20 years lifetime) (stationary) energy storage by 2030 [59].

In order to achieve this goal, low-cost membranes are required. Nowadays, polymer electrolyte-based state-of-the-art ion-exchange membranes (typically, Nafion ® ) accounts for about 30-40% of the VRFBs stack [60,61]. Generally speaking, the final cost of a membrane is determined by both the raw materials used and synthesis procedures. Low cost and sustainable raw materials and processes should therefore be used.

AEMs usually used in AORFBs, such as Fumatech ® FAA-3-50, Selemion ® DSV and Selemion ® AMV are sold at $17.00 for a 10 cm × 10 cm [62] and 392 $/m 2 [63], respectively. Thus, the use of Fumatech ® membrane would reduce the cost of the membrane by about 30-70% compared to using Nafion ® [49].

Another possible option is the use of porous membranes, which is only 5%-10% of Nafion ® 's cost [45].

Recent progress in membranes for neutral AORFBs

The membrane-type used in AORFB depends on various factors, such as the chemistry/pH, nature and molecular size of the redox-active species/electrolytes, charge carrier ion, availability and cost of the membrane. Although the catholyte and anolyte could be conceptually separated by a porous membrane, the smaller sized organic species can pass through the larger pores of the membrane. Various membrane types including cation-exchange membranes (CEM), AEMs, porous membranes, composite membranes and inorganic membranes have been tested in AORFBs. Usually, AEMs are composed of an anionic conducting polymer i.e. a polymer backbone onto which cationic groups are covalently bound. This makes the membrane capable of selectively allowing the passage of anions while blocking the passage of cations.

The previous Tables 3 and4 summarize a list of the available commercial AEMs that are commonly used in neutral AORFBs, showing the limited availability of such membranes. Almost all of them were developed for other applications, such as desalination. Moreover, only limited research works on the synthesis of membranes for AORFBs have been reported. The performance of AORFBs employing the different membranes is summarized in Table 5. The table contains reported battery performance in terms of energy efficiency, coulombic efficiency voltage efficiency, peak power density and cycle numbers.

In this part, the commercial membranes are first reported. The results and improvement obtained by using lab-made membranes are presented at last.

In 2015, Janoschka [45] used a cellulose-based porous dialysis membrane with a molecular weight cutoff (MWCO) of 6000 g mol -1 in a polymerized viologen/nitroxide radical-based AORFB (Figure 8 a and b). NaCl (aq.) was employed as a supporting electrolyte. The cell displayed a capacity fade rate of 0.75% per day. This moderate capacity fade rate was due to the fact that the polymerized actives redox species used had molecular masses of three times higher than that of the MWCO of the porous membrane. The cells were reported to be able to charge and discharge at a current density up to 40 mA cm -2 with an energy efficiency of 75-80%. Figure 9 shows the capacity retention, voltage, coulombic and energy efficiencies as a function of current density used (between 1 and 16 mA cm -2 ) for the four membranes.

Due to their low electric cell resistance (see Table 4), the cells employing FAA-3-50 ® and FAS-30 ® membranes displayed better overall battery performance than the other two systems. In particular, as shown in Figure 9 c and d, the cells employing the former membranes delivered excellent coulombic (up to 97%) and energy efficiencies (80-87% at above 1 mA cm -2 ). Furthermore, combined with optimized flow rate and salt concentration, the FAA-3-50 ® -based battery exhibited an energy efficiency of 85% and coulombic efficiency up to 95% after 100 cycles at a low current density of 5 mA cm -2 . Due

to the increase in the potential gap between the charging and discharging plateaus associated with the polarization phenomenon, the voltage efficiency decreases linearly with increasing of current density whereas the coulombic efficiency increased in a parabolic pattern in four of the cell test. On the other hand, the charging capacities of all cell tests were reported to decrease with increasing current densities. (ferrocenylmethyl)trimethylammonium chloride [48]. The properties of the membranes are given in Table 3. The Selemion ® DSV AEM based cell exhibited better overall performance, energy efficiency of 79% at 60 mA cm -2 and power density of 123 mW cm -2 . The battery performance, in terms of capacity, voltage, energy efficiencies and power density as a function of cycle number or current density is summarized in Figure 10. The thinnest Selemion ® DSV membrane (which exhibited the lowest cell resistance among the tested membranes) exhibited the best battery performance, capacity utilization, energy efficiency and power density. For example, at 60 mA cm -2 , the Selemion ® DSV-employing cell exhibited higher energy efficiency (76%) than that of Selemion ® AMV-based (60%) and Selemion ® ASV-based (44%) cells. As shown in Figure 10d, the Selemion ® DSV/NaCl-employing cell delivered the highest peak power density of 113 mW cm -2 at about 200 mA cm -2 , whereas the same cell employing AMV exhibited a much lower peak power density (66 mW cm -2 at 114 mA cm -2 ). Moreover, the cell delivered 95 mW cm -2 at about 100% state of charge [53].

The performance of AORFBs employing different membranes is summarized in Indeed, more attention is given to the development of new redox-active species. However, to fully implement these devices, there is a need for the development and optimization of appropriate membranes as well. Few points on the direction to achieve these goals are discussed in the perspective section (4.2). Moreover, the membrane should be available at a reasonable price.

However, due to the fact that the technology is still at an early stage of development, compared to other energy storage systems, and the less attention given to the membrane, compared to the other components, remains to be a less developed component. The area resistances of various commercial membranes were found to depend on both the IEC and thickness of the membranes. Overall, due to their low electric resistance, Selemion ® DSV and Fumatech ® FAA-3-50 have been reported to perform better in neutral AORFBs among the tested commercial membranes.

Commercial membranes developed for desalination and acid-base recovery applications are often used.

As a result, the crossover of redox-active species is widely reported as those membranes are not specifically designed for this system. Moreover, there are limited choices of commercially available AEMs that can be readily used in the system. On top of that, the high-cost of state-of-the-art membranes is a bottleneck for the widespread adoption of AORFB [67]. Therefore, the development of alternative low-cost appropriate (ion-selective) membranes for this system is needed.

Perspectives and thesis plan

To address the expensive cost and limited selectivity of state-of-the-art commercial membranes, we believe there is a need for detailed correlations study between the various membrane (with defined chemistry and structure) properties and cell cycling performances as well as stability and crossover, and preparing high performance membrane accordingly.

Understanding the correlation between the various membrane properties and cell cycling performance and stability in a controlled and systematic way should be done as this would help to develop an optimized membrane with high performance. Once a clear understanding of the membrane properties and cell performance is established, development of a battery with high performance (capacity retention, coulombic efficiency, energy efficiency and power density) by employing low-cost membranes should be the next target. This would require optimizing several properties of the membranes, such as IEC, ionic conductivity, water uptake, swelling degree, mechanical, chemical stability, redox-active species permeability and interaction with electrolyte. Various strategies, such as crosslinking, surface modification, lowering IEC and controlling ionic channels or pore size could be employed to minimize water uptake, thus minimize or avoid cross-contamination of redox-active species.

Last but not least, the membrane should be synthesized in an environmentally friendly synthetic method and a reasonable low cost. A general strategy to lower the cost of the membrane is to use economical raw materials and prepare the membrane in an optimized simple way. This is due to the fact that AORFBs are chosen over other electrochemical storage devices because of their environmental friendliness and possibly lower cost.

In this thesis, as part of the FlowCamp project, neutral AORFB based on water-soluble redox-active species, TMA-TEMPO (N,N,N-2,2,6,6-heptamethylpiperi-dinyl oxy-4-ammonium chloride)

(catholyte) and dimethyl viologen (MV, N,N'-dimethyl-4,4'-bipyridinium dichloride) (anolyte) (Scheme 2) are used [4]. The redox-active species have been demonstrated as stable and high performing in the system developed by a FlowCamp project partner -JenaBatteries GmbH (Jena, Germany), a spinoff from the University of Jena (Germany). However, in this thesis work, only the membrane part will be studied in order to further improve the cell performance.

Scheme 2: Representation of the electrode reactions employed in the TMA-TEMPO (catholyte) /MV (anolyte) RFB.

Following summarizing and a critical analysis of the state-of-the-art studies on membranes for pHneutral AORFBs, in this thesis work, to address the above-mentioned issues of membranes used in (TMA-TEMPO/MV) AORFBs, two research works were performed. In the first work, series of membranes were synthesized and the correlations between the membrane properties (such as IEC and water uptake) and cell performance (such as cell resistance, capacity fade, coulombic and energy efficiencies) were investigated. This work is discussed in chapter 3. In the second work, based on the finding obtained on the first work, various membrane synthesis strategies were followed to prepared a membrane with optimized properties, that is conductive and low-water uptake membrane which delivered excellent battery performance (discussed in chapter 4).

TMA-TEMPO

MV

Chapter 3: Study of Anion exchange membrane properties incorporating N-Spirocyclic quaternary ammonium cation and aqueous organic redox flow battery performance

Introduction

Redox flow batteries (RFB) are promising large-scale energy storage devices for many reasons, such as the power and energy are independently scalable, they allow for modular production, operate at ambient temperature and are environmentally benign [1][2][3][4]. In recent years, organic redox flow batteries (ORFBs) have grown and became very promising candidates to fulfill the requirements of ''green'', safe and sustainable energy storage [5]. Among them, aqueous ORFBs (AORFBs), which use water as solvent, are of high interest for both industry and academia [6][7][8][9][10][11]. Particularly, near neutral pH AORFB employing water-soluble dimethyl viologen (MV, N,N'-dimethyl-4,4'-bipyridinium dichloride)

(anolyte) and TMA-TEMPO (N,N,N-2,2,6,6-heptamethylpiperi-dinyl oxy-4-ammonium chloride) (catholyte) molecules has been demonstrated as a stable and high performing flow battery system [12].

A relatively high capacity of 54 Ah L -1 giving a total energy density of 38 Wh L -1 at a cell voltage of 1.4 V has been reported using TMA-TEMPO (2.3 M)/MV (2.4 M) as the active materials [12]. The relatively high energy density of this system is due to the high solubility of both active materials.

Furthermore, the solubility of the organic active materials and, hence, energy density can be further improved by modifying the functional group or tuning the composition of the supporting electrolytes [13,14].

Over the years, most of the research efforts have been focused on the redox-active organic compounds only [16,17]. However, the membrane that is separating the catholyte and anolyte, has been identified as one of the major obstacles in the deployment of various RFBs [15]. The battery performance is strongly defined by the membrane, since the key roles of the membrane is to avoid the mixing of redoxactive species and to conduct charge carrying ions (e.g., Cl -ion for TMA-TEMPO/MV system) for the electrochemical reaction. In other words, for a high power density battery, a membrane with high ionic conductivity is required, while for a high coulombic efficiency and capacity retention, the membrane should avoid the cross-contamination of active species. Additionally, a well performant membrane should possess certain properties: (i) low ohmic resistance, (ii) good mechanical stability, (iii) good chemical stability, (iv) chemical inertness and (v) acceptable cost [5,[22][23][24]. In spite, the state-of-theart ORFB systems mostly use commercial membranes developed for other applications [12,[18][19][20][21] that are not optimized for this type of flow battery.

The transport phenomena through a membrane used in RFBs are more complex and challenging as compared to those involved in others broadly studied systems such as fuel cells, as more ionic species are involved in transport activities driven by diffusion, osmosis and migration [17]. Therefore, to optimize the cell performance and to develop adapted membranes, there is a need to understand the correlation between polymer structure/membrane properties/transport phenomena and its influence on the overall cell performance. After all, it is the polymer structure (backbone, ionic moieties, ion exchange capacity (IEC), etc.) and microstructure of the membrane that endow the membrane with the different properties.

However, to date, only two systematic studies were reported on the influence of the cell performance parameters in ORFBs by cell/membrane resistance and crossover/membrane selectivity [25,26] ,

respectively. In 2017, Bo Hu et al. [25] performed a systematic study on the effects of commercial ion exchange membranes (Selemion ® AMV, DSV, ASV) and supporting electrolytes (NaCl, KCl) on the cell resistance and cell performance of a neutral aqueous ORFB (FcNCl/MV). It turned out that the thinnest membrane DSV with the lowest area resistance displayed the best current dependent performance, energy efficiency and power density. This work emphasized the battery resistance as the primary factor to reach high battery performance. However, the crossover issue was neglected and the potential impact of the membrane structure was not studied. In 2019, Leo J. Small et al. [26] compared the performances of five different kinds of commercial AEMs (AFX, AHA, AMV, ASV, DSV) in TEMPO/MV based ORFB. Taking into consideration the cumulative contributions of pressure-driven flow, osmosis of solvent and redox-active species, migration and the electroosmotic drag, capacity loss of each membrane was traced back to their corresponding water content and IEC. However, since different commercial membranes (different polymer, cation, design and preparation procedures) were used, it is difficult to solely attribute the variation to the IEC of the membranes.

In this work, poly-(phenylene oxide) (PPO) was chosen as polymer backbone because of its good mechanical strength, good chemical stability and commercial availability in large quantities [27].

Moreover, it offers versatile synthetic routes and can be easily adjusted to meet various application requirements [28]. Recently, N-spirocyclic quaternary ammonium (QA) cations have been reported to be more chemically stable (against elimination and ring-opening substitution reactions) than other ammonium species due to their geometric constraints (unfavorable bond angles and lengths) in the reaction transition states [29]. Despite of this, very few AEMs bearing such N-spirocyclic QA cations were reported [30][31][32] because of the challenge to attach it to the polymer backbone [30,33].

Herein, we first provide a simple and convenient synthetic method to incorporate the N-spirocyclic QA to the membrane structure via a rapid UV irradiation approach. The PPO polymer backbone was first functionalized with methylbenzyldiallylammonium groups (PPO-Q) via a two-step process and then crosslinked in the presence of N, N-diallylpiperidinum chloride (DAPCl) via UV-induced free radical polymerization. Five membranes with different IECs were synthetized by varying the feed ratio of the DAPCl and PPO-Q. Subsequently, the membranes were characterized in terms of IEC, thickness, water uptake and chloride conductivity before they were used into battery test cell. Besides, for the assessment of the reproducibility of the improved synthetic method, three samples of each membrane type were tested in the TMA-TEMPO/MV based ORFB system and their charge/discharge cycling performance were recorded. Taking into account both cell resistance and cross-contamination, the effect of membrane properties (IEC, water uptake, chloride conductivity and thickness) on the corresponding cell performance (capacity utilization, coulombic efficiency, energy efficiency and power density) were discussed. 

Experimental

Polymer synthesis

Brominated PPO (PPO-Br): In order to introduce the N-spirocyclic QA cation, commercial PPO (Mn = 20,000, Mw/Mn = 2.5) was first functionalized by free-radical bromination, using NBS as a brominating agent and AIBN as initiator [34]. In a two-neck round bottom flask equipped with a condenser, PPO (6 g, 50 mmol repeating units) was dissolved chlorobenzene (60 mL) with stirring. Then NBS (2.07 g, 11.6 mmol) and AIBN (0.115 g, 0.7 mmol) were added. The reaction mixture was heated at 136 °C under reflux for 3 h, in order to ensure benzylic bromination [35]. Afterward, the mixture was poured into excess methanol (600 mL) to form a light-brown precipitate of brominated PPO (PPO-Br). The PPO-Br polymer was filtered, dried overnight in a vacuum oven at 60 °C and re-dissolved in chloroform (60 mL), followed by precipitation in 10-fold excess of ethanol. The precipitate was dried in a vacuum oven at 60 °C for 24 h before next use. The extent of bromination was calculated based on the 1 H NMR spectrum by comparing the integrals of the brominated methylene at 4.3 ppm and aromatic methyl group at 2.1 ppm.

Quaternized PPO (PPO-Q):

The quaternized PPO (PPO-Q) polymer was prepared by reacting PPO-Br with diallylmethyllamine [31]. Diallylmethylamine (molar ratio diallylmethylamine to Br in PPO-Br = 2.5) was added to 10 wt.% PPO-Br dissolved in THF solution under argon at room temperature. A long reaction time (48 h) was used to assure the complete reaction. The quaternized product was precipitated in diethyl ether and dried in a vacuum oven at 35 °C for 48 h. The successful substitution of the Br atoms by diallylmethylamine and quaternization of the product was confirmed by 1 H NMR.

The reaction protocol is summarized in scheme 1.

Scheme 1: Schematic representation of the preparation of PPO-Q polymer (m = 0.15 and n = 0.85).

N,N-Diallylpiperidinum chloride (DAPCl)

N-Allylpiperidine [30]: In a 250 mL reaction flask, sodium hydroxide (14.5 g, 0.36 mol) was dissolved in deionized water (20 mL) at 0 °C and piperidine (30 mL, 0.30 mol) was added to the solution. Finally, allyl bromide (26.3 mL, 0.30 mol) was added dropwise (ca. 30 min). The temperature was raised to room temperature and the solution stirred for 6 h. The oil layer was collected using a separatory funnel and the remaining aqueous layer was extracted once with chloroform. The chloroform was removed via distillation. The product was washed with deionized water until pH = 7 was reached. Finally, the product was dried over MgSO4 and filtered. The remaining colorless liquid (32.3 g, 86% yield) was collected. 

Membranes preparation

Five membranes with different expected IECs ranging from 1.96 to 3.25 mmol Cl -g -1 polymer were prepared and characterized. To manipulate the IEC, the DAPCl to PPO-Q ratio was tuned. In a typical example, a DAPCl to PPO-Q ratio of two (referred as 'M1.7') was used to prepare an AEM with a theoretical IEC of 2.23: a 0.075 g PPO-Q (0.076 mmol diallylmethylammonium), 0.0306 g DAPCl (0.152 mmol) and 0.01023 g (20% excess with respect to the diallylmethylammonium in the polymer) initiator (Irgacure® 2959) were dissolved in 1.2 mL of 1,2-dichloroethane (13 wt/v.%). After addition of 0.41 mL NMP (28.5 wt/v. %), the mixture was stirred for ten minutes.

The solution was filtered and poured into a petri dish with a 5 cm diameter. The glass petri dish was kept away from light to avoid decomposition of the initiator. After almost complete evaporation of the 1,2-dichloroethane under a fume hood at room temperature after ca. 30 minutes, the petri dish containing the viscous solution was put in a vacuum chamber (Figure 1) and degassed in order to remove oxygen.

The film was then cross-linked using UV radiation (P300MT power supply, Fusion UV Systems) with a UV light exposure for 3 minutes. The obtained membrane was kept in a vacuum oven to evaporate the residual solvent at 60 °C for 24 h. 

Membrane chloride conductivity

The membranes were immersed in aqueous NaCl solution (1 M) at room temperature for 24 h to exchange bromide ions for chloride ions. Afterwards, they were immersed, and slowly stirred, in excess deionized water overnight to remove the excess of salts. Finally, they were rinsed with deionized water.

The conductivity of the membranes was measured at room temperature via a through-plane impedance technique using a homemade measuring cell Figure 2 and a Hewlett Packard Model response analyser (HP Model 4192A LF Impedance Analyzer, Yokogawa Hewlett Packard, Japan) by two-point probe impedance method in the AC frequency range 13 MHz to 5 Hz. The membrane resistance is represented as the high-frequency intercept with the real impedance axis in Nyquist plot. The conductivity was calculated using equation (1):

𝜎 = 𝐿 𝑅 𝑥 𝐴 (1)
Where 𝜎 is the ionic conductivity (S cm -1 ), L (cm) is the distance between the electrodes (wet membrane thickness), R (Ω) is the resistance of the membrane obtained at high frequency, and A (cm 2 ) is the membrane area (0.0314 cm 2 ). The conductivity for each membrane was reported as the average of at least three measurements. 

Ionic exchange capacity and water uptake

The membranes were converted to Cl -form by soaking in aqueous NaCl (1 M) solution for 48 h. Afterwards, excess salt was removed by washing the membranes about seven times with deionized water. The IEC, meaning the number of charged functional groups per gram of polymer was measured by Mohr titration method [36,37]. Membrane samples (~ 0.05 g) were dried in a vacuum oven at 50 °C for 24 h. The dry weight of the samples was recorded before immersion in 0.5 M aq. Na2SO4 (25 mL) for at least 48 h under stirring, thus replacing the Cl -with SO4 2-. Three samples of the resulting solution (containing released Cl -ions) were titrated with 0.01 M aq. AgNO3. K2CrO4 was used as an indicator.

The IEC of the membranes was calculated using the following equation (2):

𝐼𝐸𝐶 (mmol g -1 ) = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 AgNO3 (mL) 𝑥 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 AgNO3(mmol•𝑚𝐿 -1 ) 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 (g) (2) 
Water uptake (WU) of the membrane after immersing in water at room temperature for 24 h was calculated using the weight of the dry and wet membrane samples. The WU of the membrane was calculated using equation (3):

𝑊𝑈(%) = 𝑊 𝑤𝑒𝑡 -𝑊 𝑑𝑟𝑦 𝑚 𝑑𝑟𝑦 𝑥 100 (3) 
The hydration number (or membrane water concentration) (λ), defined as the number of water molecules per (functional) ion-exchange group, is estimated as follow (equation 4): 

𝝀 = ( 𝑊 𝑤𝑒𝑡 -𝑊 𝑑𝑟𝑦
The water uptake, IEC and hydration number for each membrane were reported as the average of at least three measurements.

Differential scanning calorimetry experiments

Differential scanning calorimetry (DSC) measurements were carried out using a Mettler-Toledo DSC1 instrument in order to determine the freezable (Nfree) and non-freezable (Nnon) water molecules in the membranes. Membrane samples were immersed in deionized water for at least a week to fully-hydrate them. The samples (about 10 mg) were surface-dried with tissue paper and quickly sealed in aluminum pans. They were analyzed on thermal cycles of cooling from 25 to -50 °C, following by stabilization at -50 °C for 10 min and successive heating up to room temperature under N2 gas (50 mL min -1 ) at a scan rate of 5 K min -1 . The amount of freezable (ratio of the mass of freezable water to the total mass of water in the membrane) and non-freezable water molecules was calculated using equations (5 and 6) [38,39]:

𝑁 𝑓𝑟𝑒𝑒 = 𝑀 𝑓𝑟𝑒𝑒 𝑀 𝑡𝑜𝑡 𝑥 𝜆 = Δ𝐻 𝑓𝑟𝑒𝑒 /Δ𝐻 𝑖𝑐𝑒 𝑀 𝑡𝑜𝑡 x λ (5) 
Where Mfree and Mtot are the masses of freezable and total water molecule absorbed in the membrane.

ΔHf is the enthalpy obtained by the integration of the DSC freezing peak and ΔHice is the enthalpy of fusion for water (334 J g -1 ). The non-freezable bound water (Nnon) was estimated by subtracting the freezable water content from the total hydration number.

𝑁 𝑛𝑜𝑛 = 𝜆 -𝑁 𝑓𝑟𝑒𝑒 (6) 

Thermal analysis

The thermal stability of the monomer, polymer and membranes were measured by using a thermogravimetric analysis instruments TGA Q500 (Mettler-Toledo AG). Prior to analysis, the samples were dried at room temperature under vacuum for at least 24 h. The samples were preheated at 120 °C for 60 min in the TGA to remove traces of water. The measurement was performed under a N2 atmosphere from 25 to 600 °C at a heating rate of 10 K min -1 .

2.5.6. Flow battery test 2.5.6.1.

Charging/discharging tests

All cell tests carried out in this study were based on a lab scale single cell modified from the setup reported previously (JenaBatteries GmbH, Germany, active area: 5 cm 2 ) [40] using a VMP3 potentiostat/galvanostat (Bio-Logic, France). For each membrane type, three samples were tested. A representative protocol of the charging/discharging test is described as follows: Membranes were cut to squares of 3 cm × 3 cm and immersed in 0.5 M NaCl aqueous solution for 24 h before use. TMA-TEMPO (aq.) (10 mL, 1.12 mol L -1 ) as catholyte and MV (aq.) (10 mL, 1.49 mol L -1 ) as anolyte were used. Peristaltic pump (Heidolph Pumpdrive 5201, MASTERFLEX pump) was used for electrolyte circulation with a flow rate of 16 mL min -1 in an air-conditioned room of 22 °C. The first charge/discharge cycle was run at current density of 20 mA cm -2 . The cut-off voltages were 1.5 V and 0.9 V. Afterwards, it was charged/discharged at 80 mA cm -2 for consecutive 100 cycles. The final two cycles were performed at 20 mA cm -2 .

Resistance: An empty cell was manufactured with electrolytes while removing the membrane and the resistance was recorded as Rempty through electrochemical impedance spectroscopy (EIS) using the highfrequency real axis intercept in the Nyquist plot. The full cell resistances before and after the cycling tests were recorded by EIS and denoted as Rcell. The membrane resistance was calculated by Rmem (Ω cm 2 ) = (Rcell -Rempty) × active area.

Efficiency: The coulombic efficiency (CE), voltage efficiency (VE) and energy efficiency (EE) were calculated with the following equations:

CE = t d t c 𝑥 100% (7) 
VE = U d U c 𝑥 100% (8) 
EE = CE 𝑥 VE (9) 
Where td is the discharging time, tc is the charging time, Ud is the average discharging voltage and Uc represents the average charging voltage. The same current was used for charging and discharging.

Cyclic voltammetry

After each charging/discharging experiment, the electrolyte solutions were characterized by cyclic voltammetry (CV) (VMP3 potentiostat/galvanostat Bio-Logic, France). The measurements were performed in 0.5 M NaCl (aq.) at room temperature via a three-electrode setup, where glassy carbon serves as working electrode, platinum wire as counter electrode, AgCl/Ag as reference electrode. The background was scanned first and then 100 µL of the investigated electrolyte solution was added into 4.6 mL NaCl (aq.) (0.5 M) under protective gas atmosphere. The potential was scanned six times within the range of -0.75 ~ 1.05 V at a scan rate of 200 mV s -1 . Background was subtracted and the fourth scan was chosen to prepare comparative graphs.

Polarization curve

Polarization curves were acquired directly after the cell cycling test without changing electrolytes.

Following program was employed: The cell was fully charged at a constant current density of 50 mA cm -2 until it reached the upper limiting voltage of 1.5 V and then discharged at 10 mA cm -2 for 30 s. It was again charged at the same 50 mA cm -2 to 1.5 V, then discharged for 30s at 20 mA cm -2 . Every second cycle, the discharging current density was increased by 10 mA cm -2 until it reached 600 mA cm - cell voltage at the corresponding current density. The power density was calculated by multiplying the cell voltage by the current density.

Microscopy

The morphologies of the membranes before and after cell test were checked using microscopy (Carl Zeiss Microscopy GmbH) in order to detect potential morphological changes. The membrane samples were wetted with water and then placed under the camera lens. The studied area of the sample was roughly divided into five regions, four corners and the center. All regions were thoroughly examined.

Results and Discussion

Synthesis of the membrane

Commercial PPO was brominated in the benzylic position. The bromination degree was calculated by analysis of 1 H NMR spectrum from the ratio between the integrals of characteristic peak of protons of -CH2Br at 4.3 ppm and the remaining unbrominated CH3 groups (2.1 ppm) (Figure 3a). Moreover, the absence of a signal at 6.1 ppm indicated that no phenyl-brominated polymers were formed as side products. The bromination degree was calculated to be 15%, which corresponds to a bromination yield of 65%. In a second reaction step, the PPO-Br was reacted with diallylmethylamine to form quaternized PPO-diallylmethylamine bromide (PPO-Q). New signals corresponding to the protons of the diallylmethylammonium moiety appeared in the 1 H NMR spectrum (Figure 3b). The ratio between the integrals of the backbone and the substituent signals confirm the complete transformation of CH2Br to quaternized ammonium group. DAPCl was prepared via a two-step process by a nucleophilic substitution reaction as outlined in Scheme 2 [30]. The structure and purity of the monomer were confirmed by 1 H NMR spectroscopy as well (Figure 4). Different amounts of DAPCl were copolymerized with the PPO-Q (Table 1) in order to vary the theoretical IEC between 1.96 and 3.3 mmol of Cl -g -1 and to study its impact on membrane properties and cell performance. The blend of PPO-Q polymer, DAPCl monomer and photoinitiator was cast from a solution of 1,2-dichloroethane and NMP (section 2.4). The photo-polymerization initiator Irgacure ® 2959, a highly efficient non-yellowing radical Type I photoinitiator for UV curing systems [41,42], was used to initiate the reaction. Irgacure® 2959 was chosen as radical photoinitiator because of its solubility in 1,2-dichloroethane, good overlap of absorbance spectrum with the emission spectrum of the light source (visible light absorbance) and commercial availability. To assure a good yield of the crosslinking reaction, a good mobility of double bonds is required. Therefore, NMP was employed as a co-solvent ("plasticizer") during the irradiation as 1,2-dichloroethane is a highly volatile solvent.

The dried membranes were washed with water to remove the unreacted monomers, non-grafted oligomers, remaining initiator and NMP. Amounts corresponding to 10 to 20 wt.% of the total membrane dry weight were removed. The 1 H NMR spectra of the residues revealed the presence of a mixture of DAPCl and poly(DAPCl) in a molar ratio close to 50:50.

The experimental IECs were determined by titration and are summarized in Table 1. From these values and taking into account that only the DAPCl and poly(DAPCl) were removed from the cast membrane, the actual ratios between the polymer side chain and DAPCl monomer, which were converted by the crosslinking reaction, were calculated (Table 1). The DAPCl conversion varied between 46 and 66% and increased with the increase of IEC. This increase can be explained by the (i) lower viscosity and (ii) higher double bond concentration in the polymer/monomer blend before irradiation. Flexible and transparent membranes with thickness between 39 and 60 µm were obtained. Similarly, Strasser et al. [30] and Jannasch et al. [31] reported the preparation of water-insoluble, chemically stable and mechanically robust AEMs using poly(DAPCl) cation prepared via UV-initiated radical and reactive casting cyclo-polymerization, respectively. 

Ex-situ membrane characterization

Thermal stability: The thermal stability of the prepared polymers, cation and membrane (M2.8) was evaluated with thermogravimetric analysis (TGA) (Figure S1). The membrane reveals a high thermal stability, the weight loss associated with the degradation of M-2.8 membrane was registered to be above 250 °C corresponding to the degradation of benzylic quaternary amine side chains. The second thermal degradation step of the membrane occurred at 320 °C, in agreement with the poly(DAPCl) degradation temperature [31]. The last degradation step at about 440 °C corresponds to the PPO polymer backbone [43] and additional degradation of the poly(DAPCl) side chain. Similar two steps degradation of the poly(DAPCl) cation was reported elsewhere [31]. Therefore, the membranes have shown good thermal stability, which is far than what is needed in the battery, typically operated at a room-temperature.

Water uptake: Figure 5 shows the water uptake of the membranes (Cl -form) at room temperature. At lower IEC values, the water uptake slightly increased between M1.5 and M1.7 membranes, an increase of only 5% is observed. Whereas, at higher IEC, a much sharper increase (more than 50%) in water uptake between M2.1 and M2.8 membranes was recorded. This sudden increase is due to (i) the increase of proportion of the hydrophilic ionic side chains in the membrane, i.e. the higher the IEC, the longer the lengths of poly(DAPCl) and (ii) the decrease of the crosslinking stiffness [44].

The hydration number values (, the number of absorbed water molecules per QA cation) of the membranes followed a similar trend. At relatively low IEC,  is roughly the same in M1.5 and M1.7 membranes, averaging 11.6 and 11.8, respectively. As the IEC increases, the corresponding  increased significantly (M2.1, ~14; M2.8, 21.5 water molecules). A similar hydration number increase with increase of IEC has been reported in the literature [45,46]. Based on our results, it can be assumed that for M1.5 and M1.7 membranes, the IEC drives the water uptake, by the interaction of water with the anions and cations, whereas in the other three membranes with higher IECs, the osmotic pressure becomes too high and water clusters are formed. It should be noted that the cation hydration [47] corresponds to the amount of water molecules directly interacting with the cation, whereas hydration shell indicates the number of water molecules surrounding the ion, but not necessarily directly interacting with it [48,49]. For instance, the cation hydration of a chloride ion was reported to be six in water solution [50,51]. Whereas, the cation hydration of poly(DAPCl) is not reported yet. However, the  of a PPO-based AEM which has the same structure with ours, in OH -form (2.34 mequiv g -1 IEC and 101% water uptake at 20 °C), was reported to be 25 [31].

To have more information about the state of water, i.e. in interaction with the ions or free water, we performed DSC measurements. Generally speaking, the water absorbed in the membrane can be classified into freezable and non-freezable water states [52]. The freezable or free state water has the physical characterization of as bulk water, including freezing temperature close to 0 °C. On the other hand, the non-freezable water is in strong interaction with the ionic function or polymer polar groups of the membrane. DSC measurements were done to investigate the water states in four of the prepared membranes. As shown in Table 2, there seems to be non-freezable water of about 11.4 -14.5 molecules per ionic functions of the prepared membranes. There were no freezable water molecules in the case of M1.5 membrane. For the other membranes, the freezable amount of water was found to increase in line with their water uptakes.

For instance, the freezable water molecules within M2.8 membranes were found to be about 7 ± 0.8 per ionic function and were found to melt at about 0 °C, indicating the bulk water behavior of part of the absorbed water molecules, whereas for the other membranes, the melting occurs at lower temperature which can be associated with confinement or interaction effects. In conclusion, we expect that the membranes with higher amount of Nfree to result in a higher degree of cross-contamination of TMA-TEMPO and MV compared to the membranes with low or no Nfree as the Nnon are mainly associated with the ionic functions, and less available for active species mobility. b. ΔHf DSC (J g -1 water) = (ΔHf DSC, J g -1 wet membrane) x (sample weight, g)/ (water weight in the sample, g).

c. Melting enthalpy of pure water is taken as 334 J g -1 .

d. Freezable λ in the membrane was calculated using equation ( 5).

e. Tm (K) is the melting temperature of the water absorbed in the membrane.

Conductivity: Similar to the water uptake, IEC has an impact on the conductivity of the membranes [53]. The conductivity is related to the number of charge carriers and their mobility, both of which are enhanced by IEC. Moreover, the charge carrier mobility increases with increasing water uptake as well as the connectivity between the ionic domains [54]. Figure 5 presents the conductivity of the membranes as function of their IECs. It is interesting to point out that the trend of the evolution of conductivity with IEC flattens at high IEC, thereby indicating a saturation effect. For the membrane with IEC between 1.5 and 2.1 mmol Cl -g -1 , the conductivity increases linearly with factor of more than 2.5 while above 2.1 mmol Cl -g -1 , the increase is much lower (less than 1.4) despite the much higher water uptake. Hence, for these high IEC membranes, where the presence of bulk water was evidenced, the impact of IEC on conductivity efficiency has a lower impact. The commercial reference membrane FAA-3-50 ® (thickness: 50 + 5 µm; IEC: 1.85 mmol Cl -g -1 polymer; WU: 17 wt.%) was found to have a Cl -ion conductivity of 1.57 + 0.2 mS cm -1 in pure water at room temperature. By contrast, the conductivity value reported by the manufacturer is 3 -8 mS cm -1 (0.5 M NaCl at 25 °C, through-plane measuring cell), higher than that found in this study. The method of measuring and the presence of free salt could be the main reason for the variation in the membrane conductivity [55]. by two additional charging/discharging cycles. Table 3 presents the initial capacity of the cell measured at 20 mA cm -² and the capacity retained after 103 charging/discharging cycles. This value indicates the capacity fade due to the cross-contamination of the redox-active species through the membrane [26,56,57]. In addition, the capacity that is accessible at 80 mA cm -² is displayed. This value is typically lower since ohmic overpotentials limit the cell performance. It allows to evaluate the overall power capability of the membranes and provides an indication on their resistance. For each membrane type, three independent membrane samples were measured to avoid accidental error during membrane preparation. Membrane properties and cell performance of each independent sample are summarized in Table S1. For comparison, results of AEMs prepared in this study and a commercial reference membrane FAA-3-50 ® are shown.

In this work, it is reasonable to neglect the impacts of electrolyte degradation on the overall cell performance as the cycling stability of TMA-TEMPO/MV was evidenced in literature [12]. Thus, the evaluation of the cell performance is focused on the selectivity and retention capability of the membranes. The capacity fade is exclusively related to the crossover of the redox active species through the membrane, i.e. membrane ion selectivity. Using cyclic voltammetry, the crossover was evaluated. According to Table 3, the capacity retention of the four AEMs after 103 charging cycles has a negative correlation with their ion selectivity. Cyclic voltammetry was used as a tool to qualify the crosscontamination of the electrolytes after cell cycling test for each membrane. Electrolyte solutions of TMA-TEMPO and MV both before and after the cell tests were measured under the same condition. In principle, the degree of cross-contamination can be quantified through comparison of the redox peak intensities. In practice, however, the concentrations of the starting electrolyte solutions are unequal, which implies inevitably osmosis-induced water transfer during the cycling experiments. It means that the concentrations of TMA-TEMPO/MV solutions will change accordingly in some degree. For example, in Figure 6, the redox peak intensities of TMA-TEMPO with the M1.5 membranes are stronger than that before cell test, whereas in MV side, the trend reversed. This is because water was driven from TMA-TEMPO side to MV side by the osmosis pressure originated from the concentration difference.

However, one can still tell from the curve whether crossover of electrolyte happens or not and to how large extent the crossover is. As a result, no crossover occurred for FAA-3-50 ® (Figure 7) and M1.5, small crossover for M1.7, middle crossover for M2.1 and strong crossover for M2.8. This is in agreement with the distinctly higher water uptake of the two membranes and the presence of bulk water.

More precisely, from M1.5 to M2.8, the capacity retention decreased from 98.5 ± 0.5% to 29 ± 5%.

Correspondingly, increased peak intensity of MV was observed in the recorded cyclic voltammograms of the electrolyte solutions of the TMA-TEMPO half-cell (Figure 6a). Similarly, increasing amount of TMA-TEMPO occurred in the MV half-cell of the battery at the end of the charge/discharge tests (Figure 6b). Only in the post-cycling analysis of the M1.5 cell no additional peaks emerged, indicating that neither MV nor TMA-TEMPO crossed the membrane. As for the other three membranes, they displayed different levels of capacity fade with respect to their IECs and/or water uptake values. Compared to M1.7, both M2.1 and M2.8 display low capacity retention regardless of the current applied, which mainly resulted from the irreversible high level of cross-contamination.

Moreover, the initial capacity associated with the different membranes was found to be different.

Especially membranes with high degree of crossover revealed a relatively low initial capacity. This can be associated with crossover already taking place during the first charging cycle. Background subtracted before plotting; the fourth scan was chosen to prepare the comparative graphs.

For practical application, low cell resistance is essential for high current density operation [56] and high performance battery [5]. In this sense, charge/discharge cycling behavior was recorded at a relatively high current density of 80 mA cm -2 , when the cell resistance can have a large impact due to ohmic drop or ionic species diffusion limitation. To be more direct and comparative, all the cell resistances were corrected as membrane resistances by subtracting the cell resistance without membrane. Within expectation, both of the ex-situ and in-situ membrane resistances declined with the increasing chloride ion conductivity and hence, the IEC value, as plotted in Figure 8. The deviation between the in-situ and ex-situ membrane resistance for the more conductive membranes i.e. M2.1 and M2.8 could be attributed to the different electrolyte media, the ex-situ membrane resistance was measured in water while the in situ resistance was performed in the presence of redox active species (aq). In general, both thickness and ionic conductivity of the membrane affect the membrane resistance, i.e., higher thickness and lower ionic conductivity lead to higher membrane resistance [58]. However, in the current work, as the thickness of the membranes does not vary notably, the IEC is the main parameter defining the membrane resistance. Even though the thickness increased from about 39 µm (M1.5) to about 60 µm (M2.8), the corresponding membrane resistance dramatically fell from 3 to 0.7 Ω cm 2 . The commercial FAA-3-50 ® membrane has 1.28 Ω cm 2 in-situ area resistance in the same conditions. It becomes obvious that the membrane resistance has a strong influence on the overall cell performance, which reflects in the power capability of the test cells. When the current density is increased from 20 to 80 mA cm -2 , the capacity that remains accessible becomes increasingly limited as the ohmic drop gets higher. The starting charge/discharge cell voltage gets higher/lower and the cell reaches the cutoff voltages earlier than those that have lower ohmic resistance, i.e. less time is left to charge/discharge.

After priming at 20 mA cm -2 , all four AEMs were charged-discharged at 80 mA cm -2 for 100 cycles, as shown in Figure 9. In the case of M1.5 the ohmic overpotential elevated dramatically due to its rather high membrane area resistance (2.945 ± 0.055 Ω cm 2 ), limiting the accessible capacity at 80 mA cm -2 to 136 ± 18 mAh. M-1.5 that is exhibiting excellent capacity retention (98.5 ± 0.5) probed at 20 mA cm - 2 after 103 cycles, which attributes to no crossover of TMA-TEMPO nor MV as detected by CV measurements (Figure 6), comes at the price of limited power capability. However, this failure to withdraw the full capacity is not irreversible capacity fade, instead, it will be available again when the charge/discharge current density drops back to 20 mA cm -2 . With lower membrane resistance than M1.5

and lower crossover than M2.1 or M2.8, M1.7 maintained a good balance between ion conductivity and selectivity of the membrane and, therefore, displayed the best capacity retention among the four membranes at 80 mA cm -2 .

As a reference, the commercial membrane FAA-3-50 ® has nearly no crossover like M1.5. Its low resistance; however, allows it to withdraw and store high capacity even at high current density (94%, 80 mA cm -2 ). In fact, FAA-3-50 ® has a chloride conductivity close to the conductivity of M1.5, thickness between the thickness of M1.7 and M2.1, water uptake even lower than that of M1.5. Its membrane resistance; however, is much lower than that of M1.5 and comparable with that of M2.1. Coulombic efficiency (CE) and voltage efficiency (VE) are two additional parameters to evaluate the performance and reversibility of a battery system. As shown in Figure 10, the M1.5-based battery, using a membrane with high active material retention, exhibited an average CE of 99.1 ± 0.1%. Likewise, the cell employing M1.7, a membrane with slight crossover, was found to be above 99%. On the other hand, M2.1 and M2.8 displayed CE of 94.0 ± 5.3% and 93.9 ± 3.2%, respectively, which is an indication of the strong crossover of active species [5]. VE, on the other hand, is an indication of the internal resistance of the cell [59]. The test cells of M2.1 and M2.8, as expected, showed the highest VE (around 80% at 80 mA cm -2 ) due to their low associated cell resistances. In contrast, the cell employing M1.5, membrane with highest resistance, showed the lowest VE (65.9 ± 1.7%) among the tested membranes.

Energy efficiency (EE) indicates the energy loss of a battery system. It is typically between 50 to 90%

for RFBs depending on the material properties of the membrane, the active species used and applied current density [5]. Among the four tested membranes, M2.1 and M2.8 have the highest EE due to their higher VE (lower resistance) followed by M1.7 (Figure 10). The cell with M1.7 revealed an excellent CE of above 99% as that of FAA-3-50 ® does. However, its relatively high membrane resistance limited its EE. The same holds true for membrane M1.5. 

Polarization curve

With the best overall cell performance among the four AEMs, the discharging polarization curve of M1.7 in a single cell at 100% SOC was recorded in an effort to reveal the performance loss and evaluate its suitably for practical flow battery application. The cell was operated within the range of 10 to 600 mA cm -2 directly after the charge/discharge test, with the polarization curve of FAA-3-50 ® for comparison.

As shown in Figure 11, the M1.7-based battery exhibited slightly higher peak power density than the commercial reference FAA-3-50 ® (258 vs. 254 mW cm 2 ) at about 360 mA cm -2 with a standard flow rate of 16 mL min -1 . The linear relation of voltage and current density at low current densities suggests low activation overpotentials at the electrodes [60]. The cell voltages of M1.7 and FAA-3-50 ® both started to deviate slightly from the linear trend at current densities above 350 mA cm -2 , which suggested the gradual shift from loss caused by internal resistance to that by mass transport of the redox-active molecules. Therefore, the electrolyte flow rate was elevated to 24 mL min -1 in order to investigate the influence of mass transport. Increasing the flow rate showed minor effects on the polarization behavior of the M1.7-based cell. While the maximum power density at 16 and 24 mL min -1 revealed similar values (258 and 257 mW cm 2 ), the trend of the polarization curve becomes fully linear. It follows Ohm's law well. Hence, the performance of the test cell is dominated by its internal resistance and the resulting ohmic over-potentials. As these values mainly originate in the membrane resistance, effects of mass transport can be neglected. A test cell employing the reference membrane FAA-3-50 ® displayed a 4% increase of retrievable power density at current densities above 350 mA cm -2 and a deviation from linear voltage-current behavior. In this setup, the depletion of redox-active species is compensated by an increased electrolyte flow. However, as both test cells are dominantly defined by their membrane resistance, future research needs to focus on the preparation of AEMs with high chloride ion conductivity to further increase the retrievable power. 

Membrane durability

To assess the long-term durability of the AEMs, the membrane resistances after the cell tests were recorded as a comparison to those before cell tests. As can be seen from Figure 12, the difference in the membrane resistance is small and remains within the error margin. This indicates the absence of membrane aging due to effects like a reduction of the IEC (due to ionic species loss), which would have caused an increase in resistance.

After cell disassembly, no observable breaks or holes appeared in all tested membranes. Morphology changes were further checked under the microscope. The mechanical deformation, which is visible on the surface of the membranes, is caused by the pressure applied on the membrane upon assembling the cell (Figure S2). The micrographs support the results found in the resistance measurement and suggest a good mechanical and chemical stability of the employed AEMs, benefiting from the noncorrosive nature of neutral electrolytes and the high chemical stability of the QA cations. 

Conclusions

In this study, five AEMs based on PPO grafted with various amounts of poly(DAPCl) cations were fabricated via a rapid UV-irradiation method and four of them were tested in a TMA-TEMPO/MVbased AORFB. Membranes with high IEC lead to higher water uptake, higher chloride mobility and lower membrane resistance. The membrane with low IEC and/or water uptake have been found to display low TMA-TEMPO/MV crossover and good capacity retention after 100 consecutive charging/discharging cycles. The M1.7 membranes with moderate membrane resistance and low crossover was found to display the best overall cell performance among the four tested membranes at high current density of 80 mA cm -2 , with highest capacity retention of 83.5 ± 0.5%, excellent CE of 99.5 ± 0.1% and moderate EE of 71.5 ± 0.5%. In this case, the IEC of M1.7 keeps a good balance of the chloride ion conductivity (2.22 ± 0.08 mS cm -1 ) over water uptake (37 ± 1%), which are respectively related to membrane resistance and membrane crossover in cell performance. When all the results are comprehensively considered, the M1.7 membrane appears to have the highest applicability for AORFB because of having high power density and good retention capacity. Our results show quite a promising understanding on the correlations between the different membrane properties and their corresponding cell performance and stability. Therefore, further research efforts should be focused on preparing a more conductive or less resistant AEM with reduced electrolyte crossover, increased energy efficiency and increased power density. 

M1.5-3 didn't cycle at 80 mA•cm -2 due to its high resistance.

x: not acquired. Hence, the average membrane resistance (0.585 ± 0.095 Ω cm 2 ) of M2.8 after the cell cycling test was calculated from M2.8-2 and M2.8-3.

a : Invalid data points, where capacities turned zero amid cycling, were removed from calculation of CE and EE of M1.5-1 and M1.5-2. Chapter 4: Anion exchange membranes with high power density and energy efficiency in neutral aqueous organic redox flow battery

Introduction

As discussed in the previous chapter, we investigated the detailed correlations between membrane properties and cell cycling performances by preparing series of AEMs containing the same chemical structure. The ion exchange capacity (IEC) of the membranes was varied to modulate the water uptake and ion conductivity of the membranes. Indeed, optimization of water uptake and chloride ion conductivity were key parameters for preparing AEM with a good battery efficiency and performance. Among the tested membranes, the membrane with a moderate membrane resistance and low crossover (named M1.7) exhibited excellent coulombic efficiency (>99%) and a power density that is similar with the well-performing commercial membrane (Fumatech ® FAA-3-50)-based cell. The FAA-3-50 ® -based system permitted an energy efficiency and peak power density of 78% at 80 mA cm -2 and 258 mW cm -2 , respectively.

On the other hand, there are limited choice of commercially available AEMs that can be readily used in the system. Membranes designed for other applications, such as desalination and acid recovery are usually used [1][2][3]. Overall, synthesis of appropriate membrane at a low-cost combining high ionic conductivity and selectivity is utmost importance for widespread adoption and commercialization of high-performance, efficient and stable AORFBs [4]. However, in our previous study only the impact of IECs on the overall cell performance was studied, thus the impact of other key properties, such as crosslinking vs linear nature, chemical structure of side chain, type of cations and membrane thickness remains further investigation.

Inspired by our recent findings, we here envisioned a TMA-TEMPO/MV AORFB with high energy efficiency, peak power density and excellent coulombic efficiency by preparing and employing AEM with optimized water uptake and high chloride conductivity. Herein, a series of flexible AEMs composed of PPO with six carbon side chain spacer functionalized either with 1,4-diazabicyclo [2.

2.2] octane (DABCO) or

Trimethylamine (TMA) were fabricated and tested in the TMA-TEMPO/MV AORFB. Most of the prepared membranes involve a spacer between the polymer backbone and cation in order to provide a nanophase separated morphology with well-defined ionic channels [5] and increase the hydrophobicity of the membranes. Size of ionic channels and pore size determine the selectivity of ions transport in ion exchange membranes [6]. DABCO and TMA were chosen because of their commercial availability, easy incorporation onto the polymer backbone and the possibility of preparing cross-linked membranes when DABCO is used due to the presence of two tertiary amines in the DABCO cycles and possibility to control the crosslinking degree by the molar ratio between DABCO and brominate polymer side chain. Impact of various membrane composition and properties, such as IEC, polymer crosslinking degree, membrane thickness, cation type, presence/absence of a spacer and presence of tertiary amine on the overall performance and cycling stability of the TMA-TEMPO/MV AORFB were investigated in this work. For comparison purpose, the well-performing commercial FAA-3-50 ® membrane was used as a reference. 

Polymer synthesis

PPO-6CO-Br: In order to introduce the cation, commercial PPO (Mn = 20,000, Mw/Mn = 2.5) was first brominated either by the bromination of benzylic methyl resulting in bromomethylated PPO or by acylation resulting in bromohexanone PPO (a six-carbon pendant chain spacer). The synthesis of brominated PPO with a six-carbon spacer (PPO-6CO-Br), which was carried out based on a slight modification of the method described by Hibbs [7] and Parrondo et al. [8] is discussed first. PPO-6CO-Br polymers with 57, 33 and 15% degree of bromination were prepared. To prepare a PPO-6CO-Br with 33% degree of bromination, 5

g PPO (41.67 mmol polymer repeat units) was dissolved in 200 mL of chlorobenzene in a round bottom flask and flushed with argon. The reaction flask was chilled in an ice bath for about 30 min. Subsequently, 9.6 mL of 6-bromohexanoyl chloride (62.7 mmol) and 2.5 g of AlCl3 (Lewis acid catalyst, 18.75 mmol)

were added. Finally, the cold bath was removed, and the stirred reaction mixture was allowed to react at room temperature for 24 h. The PPO-6CO-Br polymer was precipitated in methanol (1 L). It was then dried under vacuum at 60 °C for 24 h. A white solid product was obtained (7.2 g, 97.3% yield). The polymer had approximately 0.33 mol of bromomethyl groups per polymer repeats unit. The followed protocol is summarized in Scheme 1. Similar protocol was followed to prepare the PPO-6CO-Br polymer with 57% and 15% degree of functionalization. More precisely, to prepare the PPO-6CO-Br with 57% degree of bromination, the same amounts of 6-bromohexanoyl chloride and AlCl3 were used to brominate 2.5 g of PPO. Whereas, for the bromination of PPO-6CO-Br with 15% degree, 4.8 mL 6-bromohexanoyl chloride and 1.25 g AlCl3 were used for 5 g PPO. The degree of bromination/functionalization was determined from the 1 H NMR peak areas.

PPO-Br:

A brominated PPO polymer without spacer (PPO-Br) in which the Br was directly bonded in the benzylic position was also prepared following a protocol discussed in chapter 3. The PPO-Br prepared in the current work has a 26.5% degree of bromination.

Fabrication of membranes

In total, eight membranes were prepared and named from M1 to M8. Table 1 summarizes the composition and nomenclature of the membranes. For the cross-linked (M1 and M2) membranes, simultaneous quaternization and membrane preparation procedure was followed. The ratio between the quantity of bromomethyl groups in the PPO-6CO-Br polymer and DABCO was varied to prepare membranes with different degree of crosslinking. For instance, to prepare M1 using PPO-6CO-Br polymer with degree of functionalization of 57%, 0.15 g of PPO-6CO-Br (0.387 mmol Br units) was dissolved in 2 mL DMAc.

Subsequently, 0.0135 g DABCO (0.12 mmol) (in solution of 1 mL DMAc) was added dropwise under stirring for 40 min at 80 °C to initiate and promote crosslinking. The prepared solution mixture was degassed under reduced pressure, poured onto a 5 cm diameter petri dish and kept in a 60 °C drying oven for 24 h to ensure the simultaneous cross-linking and quaternization reaction. In order to replace the remaining Br units, the dry membrane was then immersed in DI water containing (3% molar excess with respect to the Br units in PPO-6CO-Br) TMA for 24 h. A similar procedure was followed for the synthesis of M2 membrane, 0.125 molar excess of DABCO with respect to the Br units in the polymer was used.

Whereas, for the linear polymers DABCO-based membranes (M3 -M6), slightly different procedure was followed. In short, the PPO-6CO-Br polymer with 33%-degree bromination and the DABCO were dissolved in DMAc (7 wt./v%). The DABCO was added in excess (see Table 1) to avoid crosslinking. As discussed for the other membranes, the solution containing the polymer and DABCO was stirred for 24 h and poured onto a petri dish. It was kept in a 60 °C drying oven for 24 h to ensure the complete quaternization and solvent evaporation. To remove the excess amines and remaining solvents, the dried membranes were soaked in deionized water for 24 h. To prepare M5, dry M4 was re-dissolved in DMAc and an excess iodomethane was added to quaternize the free tertiary amine. Whereas for the M6, PPO-6CO-Br polymer with lower degree of bromination (15%) was used. For the TMA-based membranes (M7 and M8), the brominated polymers were first dissolved in the respective solvents (7 wt./v%); PPO-6CO-Br in DMAc and PPO-Br in NMP (as the polymer was not completely soluble in DMAc). For example, to prepare M7, 0.15 g of PPO-6CO-Br was dissolved in DMAc (7 wt./v%), and TMA (3% molar excess with respect to the Br units in the polymer) was added to the container. The procedure followed to prepare the membranes are schematically represented in Scheme 1. 

Chloride ion conductivity, ionic exchange capacity and water uptake

The prepared membranes were converted to Cl -form in a saturated NaCl (1 M) aqueous solution at room temperature for 48 h followed by immersing in excess deionized water overnight to remove the excess of salt. The Cl -ion conductivity, IEC, water uptake and hydration number (λ) of the prepared membranes were measured as discussed in chapter 3. The values reported are an average of at least three measurements.

Degree of crosslinking

The degree of crosslinking of the M1 and M2 membranes was calculated from the feed DABCO (crosslinker) and brominated polymer using the following equation (1):

𝐷𝐶(%) = 𝑚𝑜𝑙 𝐷𝐴𝐵𝐶𝑂 𝑚𝑜𝑙 𝐵𝑟 /2 𝑥 100 (1) 
Where molDABCO and molBr are the amounts of DABCO (mol) added and bromine groups (mol) in the polymer, respectively.

Organic flow battery single cell tests

All membranes were investigated in a standard lab-scale flow battery single cell with an active area of 5 cm 2 (JenaBatteries GmbH), which was reported previously [9,10] curve and cyclic voltammetry measurements were performed as discussed in chapter 3. In short, since current density directly affects the observed capacity, the first charge-discharge cycle of all cells was carried out at a current density (20 mA cm -2 ) low enough to ensure that full capacity can be achieved. Then the current density was increased to 80 mA cm -2 and maintained for 100 consecutive charge-discharge cycles.

Finally, the current density dropped back to 20 mA cm -2 and held for two cycles. This program will enable to differentiate the influence of resistance and crossover on capacity. The only difference in the current work was that during the polarization curve measurements the cycled membranes were assembled in a second cell with fresh electrolytes and ten charge-discharge cycles were performed utilizing the same protocol as described in the previous chapter to reach a well-compatible condition for measuring the polarization curve.

Results and discussion

Polymers and membranes preparation

The successful bromination and degree of functionalization of PPO brominated in the benzylic position (PPO-Br) was confirmed by analysis of 1 H NMR spectrum (Figure 1). The degree of functionalization was determined from the ratio of the integrals of characteristic peak of protons of -CH2Br at 4.3 ppm (Figure 1b, peak b) and the remaining unbrominated CH3 groups (Figure 1b, peak a). The calculated bromination degree was 26.5%, which corresponds to a bromination yield of 65%. The functionalization of PPO with bromohexanone using 6-bromo-1-hexanoyl chloride in a Friedel-Crafts acylation was also determined by 1 H NMR (Figure 1c). Specifically, the peak at 3 ppm (peak i) represents the protons adjacent to the ketone group. Whereas, the protons in the bromomethyl group are shown in peak at 3.4 ppm (peak e). The degree of functionalization was found to be 33%. Similar method was used to determine the degree of functionalization in the other brominated polymers with 57 and 15% of degree of functionalization. The polymer bromination was followed by quaternization with DABCO or TMA. The complete substitution of the bromine units in the polymer by the quaternary ammonium groups and formation of the desired product was confirmed by the 1 H NMR for the non-cross-linked products. The 1 H NMR spectra of M4, M7 and M8 are shown in Figure 2 as representative of the membranes. In the case of M8 and M7 membranes, peaks corresponding to the methyl protons of the -N + (CH3)3 quaternary ammonium groups appeared and are shown in peak d (Figure 2a) and j (Figure 2c), respectively. Similarly, the replacement of the Br units by DABCO was confirmed by 1 H NMR spectrum in the case of M4 (Figure 2b). The characteristic signal corresponding to DABCO appeared at 3.27 (peak j) and 2.99 ppm (peak k). 

Membranes ex-situ characterization

The eight self-standing prepared AEMs in Cl -form were characterized in terms of their thickness, IEC, water uptake and ion conductivity and are summarized in Table 2. The values of IEC determined by titration were very close to those calculated from 1 H NMR, confirming the full quaternization of brominated PPO polymer precursors.

Water uptake is another key factor affecting the ion conductivity, the dimensional stability and cross contamination of redox active chemical species membranes [1]. In our previous work, we have shown that membranes with high water uptake were associated with high capacity fade in the TMA-TEMPO/MV AORFBs (see chapter 3). At the same time, an optimum water uptake play a significant role in formation of percolating conducting domain phase and enhancing the ion conductity of the membrane [11]. The wate uptake of the membranes (Table 2) seems to depend on the degree of crosslinking and IEC. Despite the high IECs of the M1 and M2 membranes, they exhibited low water uptakes which can be explained by the crosslinked structrue of the membranes. The theoretical degree of crosslinking of M1 and M2 membranes is estimated (equation 1) to be 31 and 12.5 %, respectively. As a result, the hydration numbers (λ) were found to be only about 2. As expected the water uptakes of linear DABCO-based membranes (M4, M5, M6) increased with their IECs. In M5 membrane, the two amines from DABCO are quaternized, thus it exhibited the highest IEC (3 mmol Cl -g -1 ) and water uptake (95% As shown in Table 2, M4 reaches a bit lower water uptake and chloride ion conductivity than M3 with the same chemical structure and IEC, yet halves the thickness. This could be due to changes in the morphology of the membrane or potential formation of free volumes during the elaboration process due to the utilization of higher amount of DABCO that will be washed from the membrane. Indeed, the thickness might have influenced the homogeneity of the quaternization reaction in the depth of the membrane and the evaporation rate of the solvent during the drying process.

The TMA-based membranes with the same IEC, M7 and M8, exhibited water uptakes of 25 and 20 wt.%, respectively. The slight higher water uptake in the case of M7 could be due to the presence of 6-C side chain spacer that allow the formation of well-clustered ionic domains which promotes distinct water rich domains [12]. As a result, the λ of M7 (8 water molecules per ionic function) was higher than that of M8 (6 water molecules per ionic function). On the other hand, the commercial FAA-3-50 ® membrane displayed a low water uptake (17 wt.%) and λ (5 water molecules per ionic function). However, its chemical structure is not known, thus difficult to compare with the prepared membranes.

Membrane with high Cl -ion conductivity is important for having an AORFB with high power density. The Cl -ion conductivity of the memrbanes, measured at room temperature, are also summarized in Table 2.

Among all the membranes, M5 recorded an outstanding Cl -ion conductivity of 30 mS cm -1 . This extremely high value could be attributed to the very high IEC (since both amine units of DABCO are quaternized) and water uptake of the membrane. However, the membrane was brittle, especially in dry form. The high-water uptake induced swelling degree might have compromised the mechanical integrity of the membrane. M1 and M2 membranes have only about 1 mS cm -1 Cl -ion conductivity due to their low water uptakes, only two water molecules per ionic function, which reduces both the ionic dissociation and the Cl -ion mobility, in addition the crosslinked structure of the membranes constrains the dynamic of the system, thus the mobility of the ionic species [13]. Whereas, the conductivities of M4, M5 and M6 agreed with their IEC and water uptake. The Cl -ion conductivity of M7 was two times higher than that of M8 membrane. This could be due to the presence of a spacer in the former membrane, which is known to promote hydrophilic-hydrophobic nanophase separation [13][14][15] and thus a more efficient ionic conductive channels. Similar increase of ionic conductivity by introducing a spacer between a polymer backbone and cation has been reported elsewhere [8]. On the other hand, the reference FAA-3-50 ® membrane had a lower Cl -conductivity of 1.7 mS cm -1 at room temperature, due to its low water uptake and IEC.

Battery performance

All membranes listed in Table 2, except M5 which was brittle, were investigated in the TMA-TEMPO/MV based AORFB single cell. Tables S1 andS2 summarize the cell performance of the prepared AEMs and of the reference membrane FAA-3-50 characterized by initial capacity, capacity retention after long-term cycling, efficiencies (CE, VE, EE), resistance and peak power density; all of which are thoroughly discussed in the following sections.

Membranes resistance

The resistance of the membranes was investigated in the TMA-TEMPO/MV based AORFB single cell, both before and after the charge-discharge cycling test. The results are in agreement with the membrane properties and structures (IEC, crosslinking/linear and thickness).

For instance, M1 and M2 displayed a rather high membrane resistance because of their low chloride ion conductivity, which is assigned to their cross-linked structures. Despite having a similar IEC, M3 showed a higher resistance than M4 due to its higher thickness, but the ratio is lower than 2 (thickness ratio: 2.1) as the M3 membrane is more conductive that M4. Surprisingly, M6 showed almost same resistance with M4 before cycling despite its much lower conductivity and a similar thickness. Despite the similarity of the two membrane resistances before cycling, the resistance of M6 was higher by more than 30% than that of M4 after the cycling. This could be due to the different swelling behavior of the membranes with cycling and time.

M7 showed much lower resistance than that of M8, well in line with the ex-situ ion conductivity, owing to the presence of the six-carbon spacer to the polymer backbone in the former membrane. Moreover, with similar IEC but much higher chloride ion conductivity than the reference membrane, M7 exhibited the same membrane resistance as FAA-3-50 ® . Together with a low water uptake like FAA-3-50 ® , M7 is expected to reach similar cell performance. 

Capacity retention

The capacity accessible at high currents (i.e., power capability at high over potentials) and capacity retention/fade of a flow battery cell over long-term operation indicates the capability of the system to deploy energy, compatibility of the redox-active materials and membrane as well as the stability of both. Being two key components in a flow battery system, redox-active molecules and membranes contribute equally to the accessible capacity (i.e. power capability) and capacity retention. The long-term cycling stability of TMA-TEMPO and MV based AORFB system has already been evidenced at concentration of 2 M in aqueous solution [9], providing a steady system for assessing and comparing the cell performance of the prepared AEMs.

The discharge capacities as a function of cycle number for all tested membranes are shown in Figure 3.

Membranes M1 and M2 reveal a relatively low accessible capacity at high current density (80 mA cm -2 ).

This effect is a result of the high membrane resistance (Table 3), i.e., low chloride ion conductivity, which causes high over potentials. Since the resistance is influenced by temperature, small day-to-night temperature changes (<2 K) in room temperature have a strong impact on the cell performance, causing a waving capacity curve. Both membranes share similar trend in capacity fade, yet have different causes as indicated by resistance measurements and cyclic voltammograms (CV) acquired of the electrolyte solutions taken from the anolyte and catholyte compartment after the cycling experiments. The CV for M2 suggests only minor cross-contamination of TMA-TEMPO and MV. Therefore, the speed-up decay in capacity of the cell after 30 th cycle stems from the increasing membrane resistance from 5.45 Ω cm 2 to 6.85 Ω cm 2 . For the cell with M1, the membrane resistance did not change considerably and no crossover of TMA-TEMPO/MV was observed (Figure 3 (A) and (B)). In Figure 3 (A), the redox peak intensities of TMA-TEMPO with M1 is stronger than that before cell test, whereas in MV half-cell, the trend reversed. This is because water migrated from the TMA-TEMPO half-cell to the MV side driven by the osmosis pressure difference and electroosmotic drag. This cell was aborted because a gradual external leakage occurred from 40 th cycle and not repeated due to the poor overall performance. After disassembling the test cells, M1 and M2 exhibited minor or no color change (Figure 6). In contrast, the active area of M3 was observed to be colored brown. The color change is probably attributed to the irreversible oxidation of the free tertiary amine groups of DABCO in M3 caused by the interaction with nitroxyl radical TMA-TEMPO [16][17][18]. The highly cross-linked membranes M1 and M2 bear nearly no free amine groups and are therefore protected from this oxidation process. M4 displayed an interesting capacity retention of 84% after 100 cycles at 80 mA cm -2 , whereas M3 exhibited only 74% partly because of the slightly higher membrane resistance. Compared to M3, the smaller number of free amines in M4 means that the polymer might have been less affected by the attack of the TMA-TEMPO redox couple. M3, M4, M6 and M7 all displayed good overall cell performance with low membrane resistance similar to the reference membrane and low water uptake to ensure low or no crossover. Among the four membranes, M3 shows the highest capacity fade upon long-term cycling. Small crossover of MV and TMA-TEMPO was observed, the main cause leading to the capacity fade is attributed to the irreversible reaction of the active species with the membrane. Yet, further evidence is needed to support this hypothesis.

Three membrane synthesis strategies were introduced to avoid the aging process: (i) M5 in which the free tertiary amines were fully quaternized on the basis of M4 and (ii) M6 with lower IEC in order to lower its water uptake and (iii) M7 with TMA replacing DABCO. Because of the mechanical instability, M5 was not tested in the cell. In the case of M6 membrane, the lower degree of functionalization of polymer backbone makes less free tertiary amine in the membrane exposed to TMA-TEMPO. Meanwhile, the good chloride ion conductivity and low water uptake of M6 guarantee its low membrane resistance (Table 3) and no crosscontamination (Figure 3(C) and (D)). Therefore, a high capacity retention (83%) at the current density of 80 mA cm -2 was observed for M6. It should be noted that this value is very close with the value obtained for M4. Therefore, lowering the IEC has not resulted in an improvement on the capacity retention.

As for M7 (third strategy used), when DABCO is replaced by TMA, it is not subjected to interaction with the nitroxy radical. The high ion conductivity of M7 resulted in low membrane resistance whereas its low water uptake maintains the selectivity for chloride ion. Therefore, the capacity and capacity retention of the cell with M7 at both low and high current densities preserved at the high level (over 90%). A capacity retention of 99.94%/cycle at 20 mA cm -2 was recorded, which is comparable to the best performing membranes (see chapter 2, Table 5). In other words, 94% of the capacity was available after the 100 cycles, which is a very promising result. Similarly, the commercial membrane FAA-3-50 ® also achieved high-level capacity retention at both current densities with low water uptake, yet a moderate chloride ion conductivity (1.70 mS cm -1 ). As shown in Table S1, a capacity retention of 95% at 20 mA cm -2 was observed. As the exact polymer structure of FAA-3-50 ® is not publicly disclosed, it is hard to tell what exactly makes the difference, not to mention the complex nature of the microstructures of membranes.

With similar membrane properties as FAA-3-50 ® , M8 exhibited a higher capacity retention (97%) at 20 mA•cm -2 . However, the higher membrane resistance of M8, due to a low ionic conductivity, made it difficult to access the full capacity at a higher current density (80 mA cm -2 ), only 71% of the capacity was available. The regular fluctuation in capacity is assigned to the waving temperature during summer time, as observed in an independent experiment with FAA-3-50 ® (Figure S1). Figure 4 shows the CVs of the electrolyte solutions of the test cell using FAA-3-50 ® and M8 membranes.

In summary, the best results for the TMA-TEMP/MV flow battery can be achieved when preventing membrane aging by quaternization of free amine groups, introducing a spacer to support the formation of water-rich domains and limiting the crosslinking to a moderate level. Capacity retention correlates strongly with the hydration number, the water uptake and chloride ion conductivity, suggesting aiming at membranes being well balanced between a good conductivity and sufficiently low water uptake.

Coulombic efficiency, voltage efficiency and energy efficiency

Coulombic efficiency (CE) indicates the degree of cross-contamination, which directly relates to the membrane ion selectivity. Voltage efficiency, expressed as mean discharging cell voltage divided by mean charging cell voltage at constant current, reflects the over potentials and resistance level of the system, which is strongly determined by the membrane resistance. As shown in Figure 7, all tested membranes exhibited excellent CE of over 99.3%, indicating a high membrane selectivity of chloride ion, which was further confirmed by the cyclic voltammograms of the electrolyte solutions taken from the test cell after the chargedischarge cycling tests (Figure 3).

As the CEs are almost identical for all the membranes (close to 100%), the voltage efficiencies (VEs) and energy efficiencies are close and mainly associated with the internal resistance, which in turn is dominated by the membrane resistance. The VEs of the cells with M1, M2, M3 and M8 reduced to different extent varying with the membrane area resistance (Table 3). M6 has a similar membrane resistance as FAA-3-50 ® , resulting in similar voltage efficiency. With slightly lower membrane resistance than FAA-3-50 ® , M4 and M7 displayed a bit higher voltage efficiency (80%) at 80 mA cm -2 . Therefore, the energy efficiency was enhanced to a certain level by further lowering the membrane resistance without sacrificing the membrane ion selectivity. 

Power density

Owing to their good battery performance, the power density of M3, M4, M6, M7, M8 and FAA-3-50 ® membranes were chosen for an in-depth study of their power capability. Therefore, polarization curves were acquired at two different flow rates (16 and 24 mL min -1 ) after the cycling tests. Due to the well optimization of the system, unlike the Zn-air batteries, in the polarization curves of the AORFBs, the decrease of the potential is mainly due to the resistance of the cell, no other limitation associated with redox reaction and mass transport limitation in the range of the current density investigated.

As can be seen from Figure 5, the peak power densities of M3, M4, M6 and M7 were improved comparing to the reference membrane. Within the expectation, the peak power density of the tested membranes has a reverse relation to the corresponding membrane resistance (Table S2), except for M3, whose power density was probably influenced by the aging process upon interaction with the TMA-TEMPO redox couple. In a way to uncover the power density undisturbed from aging, the polarization curve of a freshly prepared M3 was recorded using fresh electrolytes. The peak power density of the cell with pristine M3 turned out to be 376 mW cm -2 at flow rate of 16 mL min -1 , promoted by 60% comparing to that of FAA-3-50 ® . As shown in Table S2, whereas, the aged M3 displayed a peak power density of 269 mW cm -2 .

With respect to the other membranes, the peak power densities were found to be in agreement with the ion conductivities (cell resistances since the membranes have same thickness) of the membranes. Accordingly, M4, M7, M6 and M8 delivered a maximum power density of 316, 293, 284 and 183 mW cm -2 at flow rate of 16 mL min -1 . While the order is expected, M8 membrane seems to be indeed affected by the absence of a flexible six-carbon spacer in its structure, it exhibited a low peak power in accordance to its lower ion conductivity (Table 2). The peak power density of cell with FAA-3-50 ® (235 mW cm -2 ) is between that of M8 and M3 (aged), thus several of our membranes present better performances.

Finally, the influence of battery operating conditions was simulated by variation of the electrolyte flow. An increased mass transport is supposed to counteract the depletion of TMA-TEMPO and MV during the redox reaction. By increasing the flow rate from 16 to 24 mL min -1 , the peak power density of all tested membranes was raised by 1.4 to 4.7%. Hence, the cell with pristine M3 achieved the highest peak power density of 388 mW cm -2 at flow rate of 24 mL•min -1 for the TMA-TEMPO/MV system (Figure S2). Intended for practical application, we compared the highest peak power density value achieved in this work to those reported in different flow battery systems including the conventional vanadium system, semiorganic systems and all-organic systems. Technically, power density is determined by the cell voltage and the cell resistance including over potentials. Therefore, any factor in a battery that makes a difference to those two parameters can ultimately change the acquired power density. As the complex of methods and systems was involved in the literature, a comparison under the same condition is beyond possibility.

Nevertheless, it allows us to assess the power capability achieved in this work for its practicability. To the best of our knowledge, the power density achieved with membranes M3 to M7 (except M5 is too brittle to test) is superior to the reported all-organic flow systems.

Comparing outside all-organic systems, the peak power density of 388 mW cm -2 in TMA-TEMPO/MV with M3 ranks in the middle in the listed systems. The main reason lies in the different nature of the membrane and the supporting electrolyte. While the system described above uses AEM and chloride ions, the literature examples employ highly conductive, but corrosive acid-based solutions (e.g. H2SO4) and cation exchange membranes. Hence, the results are within expectation and demonstrate that milder electrolyte solutions in combination with optimized membranes have become suitable for practical application.

Looking into detail, the extra high power density of 2780 mW cm -2 of VRFB system involved accumulated efforts on optimizing the flow field, electrode material, flow rate and membrane [19]. Similarly, in the semiorganic system employing 2,7-(anthraquinone-2,6-disulfonate) AQDS/Br2, a peak power density of 1000 mW cm -2 was achieved in an optimized condition of electrolyte composition, electrode, membrane, flow rate and temperature. For instance, when the flow rate of VRFB system increased from 20 to 50 mL min -1 , the mass and ion transport was distinctly enhanced, which also significantly contributes to the ultimate power density [19]. By increasing from room temperature to 40 °C, the peak power density of the semiorganic system 2,7-AQDSNa2/Br2 could be elevated from 400 to 450 mW cm -2 [20]. In comparison, the peak power density achieved in this work is simply based on optimized membrane; other aforementioned parameters are beyond the scope of this work. Therefore, we are convinced that by further optimization of electrode, electrolyte composition, flow field design, flow rate and temperature, higher power density in TMA-TEMPO/MV based AORFB can be reached using the membranes presented here.

Conclusion

A series of eight AEMs based on PPO backbone varying the degree of functionalization, cation type and polymer architecture were prepared, followed by ex-situ membrane characterizations featured IEC, water uptake and chloride ion conductivity. M5, with high chloride ion conductivity of 30 mS•cm -1 , turned out to be brittle, whose mechanical strength is expected to be compromised by its swelling degree. All other membranes were investigated in the TMA-TEMPO based ORFB single cell to probe how the cell performance is manipulated by polymer structure and the corresponding membrane properties. The partially crosslinked M1 and M2 membranes, despite the absence crossover of redox species, exhibited fast capacity fades with cycling and low energy efficiencies due to their high cell resistance. Whereas, the DABCO based linear membrane (with free tertiary amines) showed capacity fade following a permanent coloration of the membranes showing a possible interaction between the tertiary amine of M3 and the nitroxyl radical like TMA-TEMPO. M3 membrane with a high chloride ion conductivity (6 mS cm -1 at room temperature), thus when the 100 charge-discharge cycles were skipped, the measured peak power density of the membrane at 16 mL min -1 is extensively promoted by 60% as compared to the reference membrane FAA-3-50 ® (235 mW cm -2 ), reaching a rather high power density of 376 mW cm -2 . When the aging issue is avoided or hindered by either lowering the degree of functionalization or replacing the DABCO cation, the resulting membranes M6 and M7 exhibited improved performance in capacity retention, energy efficiency as well as peak power density. Overall, the M7 membrane-cell achieved the best overall cell performance with appreciable high capacity retention (91% at current density of 80 mA cm -2 after 100 consecutive cycles) comparable with FAA-3-50 ® , delivered higher peak power density (293 mW cm -2 at 16 mL min -1 ) and energy efficiency (80 vs 78%) than a well-performing commercial membrane FAA-3-50 ® . In addition, the production cost of M7 is estimated to be 4 € per 100 cm 2 , which is much lower than that of FAA-3-50 ® (Table S3). These results

will greatly contribute to the future market of ORFBs with competing low cost and high performance. The standard protocol for measuring the polarization curve is described as 100c-10c-pc. It means that the cell was first cycled at 80 mA cm -2 for 100 times, disassembled and re-assembled with the tested membrane using fresh electrolytes. Before acquiring the polarization curve, the cell was cycled at 80 mA•cm -2 with the fresh electrolytes to initialize the system, followed by the polarization curve measurement at different current densities from 10 to 600 mA cm -2 .

Membrane cost

The cost of M7 with the best overall battery performance is listed in Table 4. PPO (5 g) was dissolved in chlorobenzene and then AlCl3 and 6-bromo-1-hexanoyl chloride were added. The product was precipitated in methanol and dried in vacuum oven. The brominated product (7.2 g), dissolved in DMAC and quaternized with TMA. The final cost of the membrane was estimated to be 2.5 € for a 5 cm diameter membrane (19.63 cm 2 ). However, the purchase of the raw chemical was done at a lab-scale. Usually, the final cost is divided by about three as it is less expensive to purchase large amount of solvents and polymers. Therefore, the final cost of M7 could be estimated to be about 0.8 €/19.63 cm 2 , which equals 4 €/100 cm 2 . In contrast, the price for purchasing a 100 cm 2 of FAA-3-50 ® as acquired from the official website of Fumatech GmbH is 13.8 € (17 $). Therefore, M7 is a promising alternative for large production in terms of its good cell performance and low production cost. Chapter 5: Membranes for zinc-air batteries: Recent progress, challenges and perspectives

Introduction

The ever-increasing global concerns over environmental and energy issues, such as air pollution, climate change and fossil fuel depletion has triggered substantial development of renewable energy technologies, including wind energy, solar, tidal/ocean currents, wave energy, bioenergy, geothermal and hydropower [1][2][3]. Replacement of fossil fuels by renewable sources of energy is one of the major challenges, which humanity has been facing during the last years. On the bright side, it is estimated that the world could possibly reach 100% renewable electricity by 2032 if the current installation rate of photovoltaic cells and wind power is maintained [4].

However, the intermittent nature of these sources has a significant impact on the operation, making the match between energy supply and demand difficult. To address these problems, low-cost, energyefficient, safe and large-scale energy storage systems are needed [3,5]. It is essential to level off the variation in the grid and securing a reliable, steady and efficient energy supply [6][7][8].

Various types of electrochemical energy storage technologies, including, Li-ion batteries [9][10][11][12], Pbacid batteries [13][14][15][16][17][18][19][20], metal-air batteries [21][22][23][24][25], RFBs [5,[26][27][28][29][30], fuel cells [31][32][33][34][35][36] and supercapacitors [37][38][39][40][41][42] have been developed. Nowadays, Li-ion battery is widely used; however, because of its low energy density and concerns over safety, researchers have been seeking for better replacements [9]. In this regard, metal-air batteries have drawn great attention due to their several advantages, such as low-cost, high theoretical energy densities and for some due to environmental benefits [43]. Various metals, such as Zn, Mg, Al, K, Na and Li can be used to fabricate rechargeable metal-air batteries. The theoretical energy density, voltage, specific capacity and electrolyte of the various metal-air batteries are summarized in Table 1. Metal-air batteries have drawn special attention, because of their half-opened nature that uses inexhaustible oxygen from the air as oxidant, resulting in a high theoretical energy density [45]. Among them, the Zn-air batteries have so far received increasing attention because of their reasonable energy density in combination with a relatively low cost [46] and environmental friendliness as Zn is a nontoxic element. A typical Zn-air battery consists of four main components: an air electrode, membrane, an alkaline (concentrated KOH [47], NaOH [48] or LiOH [49]) electrolyte and a Zn negative electrode (Figure 1). It has a theoretical maximum output voltage of 1.65 V based on the electrochemical reactions of oxygen reduction at the cathode and Zn oxidation at the anode under alkaline condition. The electrode reaction equations and their standard potential are shown below (R1-R4) [48,50,51]. Overall reaction:

2Zn + O2 ↔ 2ZnO (Ecell = E o cathode -E o anode = +1.65 V) (R4)
The Zn-air system started to be commercialized in 1932 for hearing aids [52]. Mechanically rechargeable Zn-air systems showed significant progress in the 1990s. However, after about 50 years of intensive research, rechargeable Zn-air batteries are still in an early stage of commercialization because of various challenges, such as water evaporation, dendrite formation, atmospheric CO2 reaction with OH -ions and resulting in carbonate precipitation, lack of bifunctional air cathode (allowing both oxygen reduction and evolution reaction) and appropriate selective membrane [53]. Regarding the CO2 contamination, it can have a large impact on battery performance. For example, the stability of bifunctional La0.6Ca0.4CoO3 oxygen electrodes for rechargeable Zn-air battery as a function of the CO2 concentration in the feed gas has been investigated by Drillet et al. [54]. When air containing up to 1000 ppm was used as a feed gas, the oxygen reduction reaction (ORR) became life-limiting and run for only about 270 h (2500 h when pure oxygen as feed gas was used) due to pore clogging by carbonate precipitation. Similarly, 1% CO2 in oxygen stream caused a drop in Ag/PTFE ORR electrode current density with time due to the formation of K2CO3 in the micropores [55]. To address these issues and endure the life and performance of Zn-air batteries, various strategies, such as passing the inlet air through a scrubber of alkaline filter materials or amines [56], replacing electrolyte to remove any accumulated carbonate [57], operating at higher temperatures to increase the solubility of carbonates and slow down its precipitation [44] and/or ionic liquids electrolytes which are CO2-tolerant [58] have been suggested. However, it must be noted that most of these strategies result in much poorer battery performance. Moreover, the impact of CO2 on AEM fuel cell performance has been reported to significantly decrease when operating the cell at high current densities (above 1000 mA cm -2 ) [59].

When a high current density was applied on the operating fuel cell, the OH -ions formation at the cathode was increased. The OH -ions are transported through the membrane, thus diluting the carbonate anions and consuming more CO2 in the membrane. Similar high current densities operation technique might be used to avoid CO2 effects in Zn-air batteries.

Recently, a number of research groups have been working to address these issues in order to realize rechargeable Zn-air flow batteries. This is clearly visible by the number of published papers in recent years (Figure 2). The number of scientific publications in this field has revealed steady growth in the last 10 years, which points out that the Zn-air battery technology for energy storage is indeed a potential candidate attracting wide interest. The increasing attention to these batteries is attributable to the abundance and low cost of Zn [60] in combination with a relatively high energy density (theoretically 1087 Wh kg -1 , including the weight of oxygen in the capacity calculation), high safety and environmental friendliness [61]. Moreover, the battery generally exhibits a flat, constant discharge voltage and low equilibrium potential, which is an additional reason why it has received great attention [51]. Furthermore, Zn can be easily recycled using current recycling technologies [62]. which are used in primary/secondary Zn-air batteries have been reviewed elsewhere [67].

Due to the intense research efforts on the cathode electrocatalysts, the performance of Zn-air batteries is no longer limited by electrocatalysts and air electrode [START_REF] Zhang | Zinc-air batteries: Are they ready for prime time?[END_REF]. Various researchers have bypassed the cycling stability issue by adapting a three-electrode configuration, in which the oxygen evolution reaction (OER) and ORR electrodes are decoupled [START_REF] Toussaint | Development of a Rechargeable Zinc-Air Battery[END_REF][START_REF] Li | Advanced zincair batteries based on high-performance hybrid electrocatalysts[END_REF]. Therefore, a shift in a research direction from cathode electrocatalysts to the Zn negative electrodes has been suggested to truly commercialize this a century-old technology. However, in comparison to the other parts of the battery [START_REF] Mainar | An overview of progress in electrolytes for secondary zinc-air batteries and other storage systems based on zinc[END_REF][START_REF] Hilder | The effect of binder and electrolyte on the performance of thin zinc-air battery[END_REF][START_REF] Chen | Highly durable and active non-precious air cathode catalyst for zinc air battery[END_REF][START_REF] Zhu | Nitrogen-doped carbon nanotubes as air cathode catalysts in zinc-air battery[END_REF][START_REF] Neburchilov | A review on air cathodes for zinc-air fuel cells[END_REF][START_REF] Zhang | Fibrous zinc anodes for high power batteries[END_REF][START_REF] Lee | Novel alloys to improve the electrochemical behavior of zinc anodes for zinc/air battery[END_REF], the membrane has not yet received its deserved attention [START_REF] Zhang | Metal-air batteries : Fundamentals and applications[END_REF]. Therefore, the present review is focused on the membrane, which is a critical component of the Zn-air battery system. The main role of the membrane is to separate the electrodes, thus avoiding electrical short circuits, and to selectively conducting hydroxide (OH -) ions from the air electrode to the Zn electrode and vice versa [START_REF] Sapkota | An experimental study on the performance of a zinc air fuel cell with inexpensive metal oxide catalysts and porous organic polymer separators[END_REF].

Additionally, it is very important to design a membrane that exhibits high structural resistance to avoid possible perforation by Zn-dendrites in order to assure the safety and long-term reliability of the battery [44,[START_REF] Lu | Inhibition of zinc dendrite growth in zinc-based batteries[END_REF]. Zn-dendrites growth retarding membranes are discussed in section 4.

There are several partially contradicting requirements for an appropriate membrane to be used in rechargeable Zn-air batteries. The membrane should exhibit high chemical and electrochemical stabilities in an oxidative medium [START_REF] Chakkaravarthy | Zinc-air alkaline batteries -A review[END_REF][START_REF] Zhang | High alkaline tolerant electrolyte membrane with improved conductivity and mechanical strength via lithium chloride/dimethylacetamide dissolved microcrystalline cellulose for Zn-Air batteries[END_REF], a high ionic conductivity and should be able to swell in the electrolyte [51,[START_REF] Chakkaravarthy | Zinc-air alkaline batteries -A review[END_REF] without compromising its mechanical robustness. The membrane should also reduce the crossover of zincate ((Zn(OH)4 2-) ions [START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF][START_REF] Dewi | Cationic polysulfonium membrane as separator in zinc-air cell[END_REF][START_REF] Lee | Electrospun polyetherimide nanofiber mat-reinforced, permselective polyvinyl alcohol composite separator membranes: A membrane-driven step closer toward rechargeable zinc-air batteries[END_REF]. Moreover, the membranes should be manufactured at an acceptable cost. The key requirements of membranes to be applied in high-performance Zn-air battery systems are discussed in detail in section 2.

Most of the membranes currently used in Zn-air batteries i.e., porous membranes, have been adapted from Li-ion and nickel batteries. Despite the relatively good chemical stability and low costs of these commercial membranes, such as Celgard® 4560 and Celgard® 5550 (Celgard LLC), a crossover of significant amounts of Zn(OH)4 2-species from the Zn electrode to the air one has been reported to increase cell polarization and resulting in capacity fading of the battery (section 2.3) [START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF][START_REF] Kim | Artificially engineered, bicontinuous anion-conducting/-repelling polymeric phases as a selective ion transport channel for rechargeable zinc-air battery separator membranes[END_REF][START_REF] Koros | Gas separation membranes: needs for combined materials science and processing approaches[END_REF]. This indicates the need for designing and developing dedicated membranes that can block zincate permeation in order to achieve a highly-effective rechargeable Zn-air flow battery [START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF][START_REF] Dewi | Cationic polysulfonium membrane as separator in zinc-air cell[END_REF][START_REF] Kim | Artificially engineered, bicontinuous anion-conducting/-repelling polymeric phases as a selective ion transport channel for rechargeable zinc-air battery separator membranes[END_REF].

To address this challenge, various types of membrane chemistries, including anion or cation-exchange membranes (AEM/CEMs), composite membranes and electrospun nanofiber membranes have been explored. Each of these membranes has different sets of advantages and drawbacks, which influence the performance of Zn-air batteries. In conventional batteries, the term "separator" is often used to refer to a porous membrane, which mechanically separates two compartments without functionality, imbibed with electrolytes [START_REF] Gubler | Membranes and separators for redox flow batteries[END_REF]. Moreover, in the literature, the terms membrane, separator and membrane separator have been used interchangeably. To avoid a possible misinterpretation, the basic definition and classification of the term "membrane" is revised more closely here. A membrane can be defined as a permselective barrier material between two phases [START_REF] Geert | Nomenclature and symbols in membrane science and technology : on behalf of the European Society of Membrane Science and Technology[END_REF] that allows some species to pass while preventing others on application of a transmembrane driving force [START_REF] Mulder | Introduction[END_REF][START_REF] Van Der Bruggen | A review of pressuredriven membrane processes in wastewater treatment and drinking water production[END_REF], which could be a hydrostatic pressure gradient, vapor pressure gradient, electrical potential gradient or concentration gradient [START_REF] Arribas | Advances in membrane technologies for water treatment (chapter 8) novel and emerging membranes[END_REF].

Based on their morphology, membranes can be classified into two main categories of porous and nonporous (dense) membranes [START_REF] Zirehpour | Nanostructured polymer membranes[END_REF]. Porous membranes, which are made up of a solid matrix with defined pore sizes varying from 0.2 nm to about 20 μm [START_REF] Strathmann | An Introduction to Membrane Science and Technology[END_REF] separate target solutes mechanically by their size exclusion, whereas in non-porous membranes transport occurs by a solution-diffusion mechanism [START_REF] Ulbricht | Nanoporous polymer filters and membranes, selective filters[END_REF] inside the membrane. Porous membranes can be further referred to macroporous (average pore diameters larger than 50 nm), mesoporous (average pore diameters between 50 and 2 nm) and microporous (average pore diameters between 2 and 0.2 nm) according to the classification adopted by the IUPAC [START_REF] Sing | Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and porosity[END_REF].

For this reason and to avoid confusion, only the term membrane will be used throughout the present treatise, which, to the best of our knowledge, is the first review on the state-of-the-art membranes used in Zn-air batteries. The properties and performance of seven types of membranes used in Zn-air batteries (following a classification done on the basis of their composition and structure), namely porous polymeric membranes prepared by phase inversion and electrospinning, modified porous membranes, ion solvating membranes, AEMs, CEMs and inorganic membranes are discussed and compared. The existing research gaps and strategies proposed to solve the problems associated with the currently used membranes are also discussed.

Performance determining properties of membranes in zinc-air batteries 2.1. Chemical and electrochemical stability

The most commonly used electrolytes in Zn-air batteries are aqueous alkaline (KOH or NaOH) solutions because of the higher stability of Zn in alkaline media and the use of non-noble catalyst in air electrodes.

Usually, KOH has been used as the electrolyte in Zn-air batteries because of its higher ionic conductivity, higher oxygen diffusion coefficients, and lower viscosity compared to that of NaOH [START_REF] See | Temperature and concentration dependence of the specific conductivity of concentrated solutions of potassium hydroxide[END_REF].

The specific conductivity of an aqueous KOH electrolyte depends on its concentration and temperature.

Generally, the conductivity of the electrolyte increases up to a certain concentration and then it decreases due to an increase of viscosity and lower dissociation due to lack of water and formation of ion pairs, precipitates, etc. An increase in viscosity decreases the mass transport rate of OH -ions [START_REF] Gilliam | A review of specific conductivities of potassium hydroxide solutions for various concentrations and temperatures[END_REF][START_REF] Zhang | Corrosion and electrochemistry of zinc[END_REF][START_REF] Hosseini | Ethanol as an electrolyte additive for alkaline zinc-air flow batteries[END_REF]. For this reason, 6 M KOH solution is most commonly used to provide both an appropriate ionic conductivity and viscosity [START_REF] Hosseini | Ethanol as an electrolyte additive for alkaline zinc-air flow batteries[END_REF][START_REF] Xu | Rechargeable Zn-air batteries: Progress in electrolyte development and cell configuration advancement[END_REF].

The chemical stability of membranes in such a highly alkaline harsh environment is critical since the OH -ions, which are strong nucleophilic bases, could degrade the membrane. In a study done by Sapkota and Kim [START_REF] Sapkota | An experimental study on the performance of a zinc air fuel cell with inexpensive metal oxide catalysts and porous organic polymer separators[END_REF], microporous synthetic resin filters (Yumicron MF-250), cotton cloths, polyimide-based nylon net filter and polypropylene resin membrane were tested in a Zn-air fuel cell. Despite the known resistance of the cotton cloths and Yumicron MF-250 to alkalis, the membranes were reported to be stiffened and easily fractured, whereas the polypropylene resin membrane and Nylon net filter showed a good stability. However, the mechanisms responsible for the degradation of the membranes used were not identified.

The alkaline stability of a membrane is usually determined by comparing its chemical structure, mechanical properties and/or performance (e.g., conductivity) before and after immersing into an alkaline media (e.g., 2 M KOH solution at 60 °C), for defined time. A decrease in ionic conductivity and/or ion-exchange capacity with immersion time indicates degradation of functional groups.

The alkaline stability issue is more critical when AEMs are used since most of their functional groups are prone to a nucleophilic attack. The alkaline stability/degradation of AEMs is well-reviewed in the literature [START_REF] Dekel | Review of cell performance in anion exchange membrane fuel cells[END_REF][START_REF] Maurya | A review on recent developments of anion exchange membranes for fuel cells and redox flow batteries[END_REF][START_REF] Gottesfeld | Anion exchange membrane fuel cells: current status and remaining challenges[END_REF][START_REF] Merle | Anion exchange membranes for alkaline fuel cells: A review[END_REF][START_REF] You | Alkaline-stable anion exchange membranes: A review of synthetic approaches[END_REF][START_REF] Wang | Alkaline polymer electrolyte membranes for fuel cell applications[END_REF]. Operations under electrical current flowing conditions make the chemical stability problem more complicated as a result of a possible formation of free radicals. Therefore, a membrane with a high stability in the alkaline solution, which withstands during electrochemical operations is required [START_REF] Sapkota | An experimental study on the performance of a zinc air fuel cell with inexpensive metal oxide catalysts and porous organic polymer separators[END_REF]. For instance, commercial porous membranes based on polyolefins (e.g., polypropylene, polyethylene), such as Celgard®3501 and 5550, and inorganic membranes are known for their good alkaline chemical stability. Similarly, the commercial CEMs based on a perfluorosulfonic acid polymer i.e. Nafion® has a good chemical stability.

Conductivity

Hydroxide conductivity has a major influence on the performance of Zn-air batteries. A membrane with a high OH -conductivity is desirable since a low resistive OH -ion transport allows high conversion rate of the electrochemical reaction. As the OH -mobility through the membrane must be as high as possible, the formation of swelling nanochannels in the membrane thickness is very important. Due to the larger size (1.6 x) and, thus, lower diffusivity of OH -ions compared to that of H + ions, the rate of OH -transport is expectedly lower than that of H + . However, it must be noted that the transport easiness of OH -is not only associated with its size, which is important for diffusion process, but also with its transport via

Grotthuss mechanism [START_REF] Ramírez | Hydroxide transport in anion-exchange membranes for alkaline fuel cells[END_REF][START_REF] Dong | Grotthuss versus vehicular transport of hydroxide in anion-exchange membranes: Insight from combined reactive and nonreactive molecular simulations[END_REF][START_REF] Grew | A dusty fluid model for predicting hydroxyl anion conductivity in alkaline anion exchange membranes[END_REF].

Understanding the transport mechanism of OH -ions is important in order to increase the OH -ion conductivity. The transport mechanisms of hydrated OH -ions in aqueous solution have been discussed

elsewhere [START_REF] Tuckerman | Structure and dynamics of OH -(aq)[END_REF][START_REF] Tuckerman | The nature and transport mechanism of hydrated hydroxide ions in aqueous solution[END_REF]. It is considered that OH -(aq) exhibits a nonclassical, hypercoordinated solvation structure. The main transport mechanisms of OH -ions through AEMs that have been proposed in the literature are schematically shown in Scheme I. Similar to the transport of protons in proton exchange membranes, Grotthuss and vehicle mechanisms are believed to be the dominant OH -transport mechanisms through membranes [START_REF] Grew | A dusty fluid model for predicting hydroxyl anion conductivity in alkaline anion exchange membranes[END_REF][START_REF] Takaba | Molecular modeling of OH-transport in poly(arylene ether sulfone ketone)s containing quaternized ammonio-substituted fluorenyl groups as anion exchange membranes[END_REF]. In Grotthuss mechanism, the OH -ions transports from one water molecule to the next via hydrogen-bonding [START_REF] Tuckerman | Structure and dynamics of OH -(aq)[END_REF][START_REF] Tuckerman | The nature and transport mechanism of hydrated hydroxide ions in aqueous solution[END_REF][START_REF] Marx | Aqueous basic solutions: Hydroxide solvation, structural diffusion, and comparison to the hydrated proton[END_REF]115]. In addition to the membrane properties, the operating conditions, such as temperature and relative humidity, affect the OH -mobility through a membrane. The OH -ion conductivity increases with increasing temperature and relative humidity. The increment in ionic conductivity of the membrane with the temperature increasing can be explained for two reasons: The trend can be explained by faster OH -ions motion [START_REF] Kim | Copoly(arylene ether)s containing pendant sulfonic acid groups as proton exchange membranes[END_REF] and wider ion transport channels [START_REF] Song | Novel Alkaline Anion-exchange Membranes Based on Chitosan/Ethenylmethylimidazoliumchloride Polymer with Ethenylpyrrolidone Composites for Low Temperature Polymer Electrolyte Fuel Cells[END_REF] at an elevated temperature.

Surface site hopping is another mechanism discussed in the literature as a possible OH -ion transport in the membrane. It involves the movement of hydroxide ion by hopping between strongly interacting groups in the polymer chain [START_REF] Merle | Anion exchange membranes for alkaline fuel cells: A review[END_REF][START_REF] Grew | A dusty fluid model for predicting hydroxyl anion conductivity in alkaline anion exchange membranes[END_REF][START_REF] Choi | Thermodynamics and Proton Transport in Nafion[END_REF]. In this mechanism, the -N + OH -grafted functional group is solvated and dissociated by water molecules. Subsequently, the OH -ion is attracted by the adjacent cationic chain, then the process repeats. The distance between the neighboring functional fixed groups and the ion exchange capacity influence the transport rate of OH -ions via the surface site hopping mechanism.

On the other hand, the conductivity of non-functionalized porous membranes depends on their electrolyte wettability. The wettability of porous membranes depends on the polarity and tortuosity of the membrane porous structure. For instance, some Celgard® membranes are treated with a (cationic/nonionic) surfactant to increase their hydrophilicity leading to higher electrolyte uptake. This has been discussed in section 3.1.3.2.

Ionic conductivity of gel-polymer electrolyte membranes is achieved by the transport of salt ions through the water [START_REF] Fan | Investigation of the Environmental Stability of Poly(vinyl alcohol)-KOH Polymer Electrolytes for Flexible Zinc-Air Batteries[END_REF]. In other words, the conductivity is mainly related to the water diffusive motion across the membrane. In such membranes, ions motion paths can be eventually blocked by the ions aggregation unless the salt concentration is optimized [START_REF] Naderi | Composite Gel Polymer Electrolyte for Lithium Ion Batteries[END_REF]. Another challenge associated with gel-polymer electrolyte membranes is the progressive loss of electrolyte, which leads to an increasing ohmic resistance and decline of the battery performance [START_REF] Wang | High-performance binary cross-linked alkaline anion polymer electrolyte membranes for all-solid-state supercapacitors and flexible rechargeable zinc-air batteries[END_REF]. One option to address this issue is to fix the functional charged groups functions on the polymer backbone, as it is done in ion-exchange membranes.

Scheme I: Dominant transport mechanisms for hydroxide ions in AEMs. Reproduced with permission from Ref [START_REF] Grew | A dusty fluid model for predicting hydroxyl anion conductivity in alkaline anion exchange membranes[END_REF]. Copyright 2010, The Electrochemical Society.

The OH -conductivity (σ) of a membrane can be measured by impedance spectroscopy [START_REF] Song | Novel Alkaline Anion-exchange Membranes Based on Chitosan/Ethenylmethylimidazoliumchloride Polymer with Ethenylpyrrolidone Composites for Low Temperature Polymer Electrolyte Fuel Cells[END_REF][START_REF] Zhang | Hydroxyl anion conducting membranes poly(vinyl alcohol)/ poly(diallyldimethylammonium chloride) for alkaline fuel cell applications: Effect of molecular weight[END_REF].

Usually, fully hydrated membranes (in OH -form) are sandwiched in a Teflon cell equipped with Pt foil contacts. The in-plane ionic conductivity, in mS cm -1 , of a sample is calculated from equation ( 1):

σ = L R x A (1)
where L (cm) is the distance between electrodes (thickness of the membrane), R is the resistance of the membrane (Ω) and A is the cross-sectional area of the sample (cm 2 ).

Selectivity and permselectivity

Another important membrane requirement for rechargeable Zn-air batteries is its selectivity. In strong alkaline solutions, OH -reacts with Zn 2+ and forms Zn(OH)4 2- [44,50] via a number of elementary firstorder reactions [START_REF] Bockris | On the deposition and dissolution of zinc in alkaline solutions[END_REF][START_REF] Sunu | Transient and failure analyses of the porous zinc electrode[END_REF] (Equations R5-R6). The membranes need to be selective for OH -ions, without any crossover of Zn(OH)4 2-formed in the Zn electrode compartment [44,51]. In practice, Zn(OH)4 2- crossover is a common problem as it is able to cross due to the concentration gradient, especially when porous membranes are used. Therefore, to address the crossover of Zn(OH)4 2 ions issues, a membrane that is able to block the transportation of Zn(OH)4 2-ions without significantly affecting the OH -ions transportation would be one major requirement to achieve a long cycle life. Due to the low solubility of ZnO at the air electrode, the Zn(OH)4 2-to ZnO conversion (Zn(OH)4 2-→ ZnO (s) + H2O + 2OH -) is accelerated, resulting in the formation of resistive ZnO layers. This leads to a loss of battery capacity with cycling [START_REF] Lee | Electrospun polyetherimide nanofiber mat-reinforced, permselective polyvinyl alcohol composite separator membranes: A membrane-driven step closer toward rechargeable zinc-air batteries[END_REF]. Moreover, ZnO powders could clog the porous air electrode, resulting in large cell polarization [START_REF] Gu | Rechargeable zinc-air batteries: A promising way to green energy[END_REF]. Thus, Zn(OH)4 2-crossover could affect the durability of the battery by decreasing its lifespan. This indicates the substantial need for avoiding Zn(OH)4 2-ions crossover [START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF]. One possible way is by using a porous membrane with a proper pore size and porosity.

Another method that has been widely proposed to solve the problem is to use an AEM that has welldefined and controlled ionic nanochannels [44,63]. Moreover, different membrane surface modification techniques could also be performed to minimize the permeation of Zn(OH)4 2-ions.

On the other hand, the size of the Zn(OH)4 2-anionic complex consisting of four OH -groups and a Zn 2+ cation is far larger than that of a single OH -anion. The solvodynamic radius of the Zn(OH)4 2-ion in 4 M NaOH and at 25 °C was reported to be 3.41 Å [START_REF] Jorge Pessine | Evaluation of the diffusion coefficient of the zincate ion using a rotating disk electrode[END_REF]. The Stokes radii were reported to decrease with increasing alkali concentration, due to the competition between solvation of Zn(OH)4 2-, Na + , and OH - ions by water molecules. Here, the ionic radius of Zn(OH)4 2-is assumed to be the same as the ionic radius of Zn 2+ [START_REF] Mulder | Introduction[END_REF][START_REF] Van Der Bruggen | A review of pressuredriven membrane processes in wastewater treatment and drinking water production[END_REF] i.e., much higher than that of OH -. The relative diffusivity easiness of OH -ion compared to that of the Zn(OH)4 2-ion is favoring the OH -transport across the membrane [START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF]. Table 2 presents the ionic Stokes radii of the different species involved (OH -, Zn 2+ and Zn(OH)4 2-) and their diffusion coefficients at infinite dilution at 25 °C. Depending on the electrolyte used (KOH or NaOH), K + or Na + will be present, whereas CO3 2-is due to the possible carbonation unless the CO2 is removed, as the air electrode is open to the air. A simple diffusion cell composed of two chambers, separated by a membrane, filled one side with a KOH electrolyte solution (a typical example is, 6 M, 100 mL) and Zn(OH)2 and a second side with only a KOH (6 M, 100 mL) solution is usually used to determine the diffusion coefficient of Zn(OH)4 2-ions through the membrane. This is similar to the method employed to determine the vanadium ion crossover in Vanadium RFB [START_REF] Xi | Self-assembled polyelectrolyte multilayer modified Nafion membrane with suppressed vanadium ion crossover for vanadium redox flow batteries[END_REF][START_REF] Zhang | Silica modified nanofiltration membranes with improved selectivity for redox flow battery application[END_REF][START_REF] Zhang | Nanofiltration (NF) membranes: the next generation separators for all vanadium redox flow batteries (VRBs)?[END_REF]. However, it should be noted that this procedure does not compensate for ionic strength. Best practice procedure would be to use a non-active ion (e.g., Mg(SO4) in the case of Vanadium) to compensate for the loss in ionic strength and to exclude osmotic pressure as an additional driving force. The change of concentration of Zn(OH)4 2-ions with time is usually monitored using elemental analysis methods, such as inductively coupled plasma atomic emission spectrometry (ICP-OES) [START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF][START_REF] Lee | Electrospun polyetherimide nanofiber mat-reinforced, permselective polyvinyl alcohol composite separator membranes: A membrane-driven step closer toward rechargeable zinc-air batteries[END_REF][START_REF] Kim | Artificially engineered, bicontinuous anion-conducting/-repelling polymeric phases as a selective ion transport channel for rechargeable zinc-air battery separator membranes[END_REF], ICP-mass spectroscopy (ICP-MS) [START_REF] Duay | Evaluation of a ceramic separator for use in rechargeable alkaline Zn/MnO2 batteries[END_REF], polarographic response [START_REF] Krejčí | Transport of Zn (OH)42-ions across a polyolefin microporous membrane[END_REF], or complexometric titrations [START_REF] Duay | Stripping voltammetry for the real time determination of zinc membrane diffusion coefficients in high pH: Towards rapid screening of alkaline battery separators[END_REF]. To avoid a long experimental period and sample post-processing steps associated with ICP-MS analyses, an anodic stripping voltammetry (ASV) sensing platform which provides real-time concentrations of Zn(OH)4 2-crossing the membrane has been reported [START_REF] Duay | Stripping voltammetry for the real time determination of zinc membrane diffusion coefficients in high pH: Towards rapid screening of alkaline battery separators[END_REF]. The diffusion coefficient (D, m 2 s -1 ) of Zn(OH)4 2-ions can be calculated using a mass balance equation:

𝑉 𝐵 𝑑𝐶 𝐵 (𝑡) 𝑑𝑡 = 𝐷𝐴 𝐿 (𝐶 𝐴 -𝐶 𝐵 (𝑡)) (2) 
which after integration (by assuming VB to be constant) can be rearranged as:

𝑙𝑛( 𝐶 𝐴 𝐶 𝐴 -𝐶 𝐵 ) = 𝐷𝐴 𝑉 𝐵 𝐿 𝑡 (3) 
where A and L are the effective area (m 2 ) and thickness (m) of the membrane, respectively; VB is the volume of the depleted side and t is the elapsed time (s). CA (mol L -1 ) and CB (mol L -1 ) are the concentrations of Zn(OH)4 2-in the enriched and depleted chambers, respectively. As an example, the dependence of the Zn(OH)4 2-ion diffusion coefficient on NaOH concentration (1-4 M) and temperature has been reported elsewhere [START_REF] Jorge Pessine | Evaluation of the diffusion coefficient of the zincate ion using a rotating disk electrode[END_REF].

Another important parameter which should be taken into consideration is the permselectivity (S cm s -1 ) of the membrane, which can be calculated as the ratio of hydroxide conductivity (σ (OH -), mS cm -1 ) to Zn(OH)4 2-diffusion coefficient (D (Zn(OH)4 2-), cm 2 s -1 ) [START_REF] Lee | Electrospun polyetherimide nanofiber mat-reinforced, permselective polyvinyl alcohol composite separator membranes: A membrane-driven step closer toward rechargeable zinc-air batteries[END_REF]. Permselectivity indicates the preference of the membrane for OH -ions over Zn(OH)4 2-ions. Therefore, in practice, this parameter should be taken into consideration when selecting a suitable membrane for a specific application. For instance, a porous membrane, such as Celgard® 3501, might have a high hydroxide ion conductivity but exhibits also a high crossover of zincate ions. On the other hand, an AEM could have a comparably acceptable hydroxide ion conductivity, but offer much better zincate ions retention. In this case, the membrane permselectivity can be used as the final decision factor to select the most appropriate membrane.

Mechanical strength

The membranes must be mechanically robust to withstand the tension of winding operation and stacking stress during continuous cell assembly. For a stable and long battery lifespan, an optimal and uniform membrane thickness is required [START_REF] Lee | A review of recent developments in membrane separators for rechargeable lithium-ion batteries[END_REF]. Usually, thin membranes have lower internal resistance, but a small thickness can have a negative impact on the mechanical strength. On the other hand, thicker membranes are generally less prone to fail mechanically, which improves better battery safety. However, the internal resistance increases with increasing thickness, and the mechanical robustness on one hand must therefore be balanced against the ohmic resistance on the other. The typical thickness of membranes used for rechargeable batteries is reported to lie between 20 and 50 µm [START_REF] Palacín | Recent advances in rechargeable battery materials: a chemist's perspective[END_REF].

Mechanical properties of a polymeric membrane are dependent of its elastic modulus, tensile strength and ductility [START_REF] Narducci | Mechanical properties of anion exchange membranes by combination of tensile stress-strain tests and dynamic mechanical analysis[END_REF]. Typical mechanical strength values of commercial Celgard® membranes have been summarized in [START_REF] John | Battery separators[END_REF][START_REF] Zhang | A review on the separators of liquid electrolyte Li-ion batteries[END_REF]. The minimum requirement of puncture (i.e., the maximum load required for a given needle to puncture a membrane) and mechanical strengths for a 25 μm thick membrane is 300 g and 1000 kg cm -2 , respectively. Trilayer structured (PP/PE/PP) Celgard® membranes display exceptional puncture strength, whereas AGM membranes exhibit a low puncture resistance [START_REF] Zhang | A review on the separators of liquid electrolyte Li-ion batteries[END_REF].

Water uptake and anisotropic swelling ratio

The membrane should possess optimized water retention capacity in order to facilitate the mobility of OH -ions and to avoid drying out by evaporation since the air electrode is exposed to the atmosphere [START_REF] Fu | A flexible solid-state electrolyte for wide-scale integration of rechargeable zinc-air batteries[END_REF]. Compared to other types of aqueous batteries, in which in general both sides of the membranes are in contact with aqueous electrolytes, Zn-air batteries are usually half-closed system, in which only one side of the membrane is in contact (immersed) in the aqueous alkaline solution, whereas the other side of the membrane is contacted to a gas-diffusion electrode, the system is therefore asymmetric. The air electrode has to maintain its hydration even during the discharge process and water consumption associated with O2 reduction.

The water consumption due to both electrochemical reactions and electro-osmosis can induce electrode or/and AEM drying out, membrane shrinking and lead to a shortened battery lifespan. Moreover, the membrane may undergo mechanical stress and deformation from the volume expansion of the Zn electrode due to the formation of oxidized Zn species. This can lead to ineffective interfacial contact between the electrode and electrolyte. Thus, the active materials become less accessible to the ionic species. Accordingly, the anisotropic swelling ratio of the membrane is another crucial parameter that affects the Zn-air battery cycling performance [START_REF] Fu | A flexible solid-state electrolyte for wide-scale integration of rechargeable zinc-air batteries[END_REF][START_REF] Zhang | Laminated cross-linked nanocellulose/graphene oxide electrolyte for flexible rechargeable zinc-air batteries[END_REF][START_REF] Zarrin | Molecular functionalization of graphene oxide for next-generation wearable electronics[END_REF][START_REF] Wei | Alkaline exchange polymer membrane electrolyte for high performance of all-solid-state electrochemical devices[END_REF]. An anisotropic swelling degree is defined as the ratio of through-plane swelling to in-plane swelling of the membrane [START_REF] Fang | Electrochemical polymer electrolyte membranes[END_REF]. A membrane with a low anisotropic swelling degree, combined with high water retention and OH -conductivity is expected to improve the specific capacity and the cyclic stability of the battery [START_REF] Fu | A flexible solid-state electrolyte for wide-scale integration of rechargeable zinc-air batteries[END_REF]. On the other hand, membrane with high anisotropic swelling degree, for instance, the A201®-based Zn-air batteries exhibited a rapid voltage and capacity loss after some cycles, which was attributed to the progressive loss of water and ionic conductivity in the membrane during the constant current conditions applied [START_REF] Fu | A flexible solid-state electrolyte for wide-scale integration of rechargeable zinc-air batteries[END_REF][START_REF] Zhang | Laminated cross-linked nanocellulose/graphene oxide electrolyte for flexible rechargeable zinc-air batteries[END_REF][START_REF] Zarrin | Molecular functionalization of graphene oxide for next-generation wearable electronics[END_REF][START_REF] Wei | Alkaline exchange polymer membrane electrolyte for high performance of all-solid-state electrochemical devices[END_REF].

Classification of membranes used in zinc-air batteries

The membranes used in Zn-air batteries can be classified into seven major types: 

. Phase inversion membranes

The early development of Zn-air batteries was limited by the lack of suitable membranes. As a result, inorganic filter paper (Whatman) impregnated with poly(vinyl acetate) (PVAc) aqueous solution (24 wt.%) [START_REF] Hosseini | Discharge performance of zinc-air flow Bbatteries under the effects of sodium dodecyl sulfate and pluronic F-127[END_REF][START_REF] Lao-Atiman | Discharge performance and dynamic behavior of refuellable zinc-air battery[END_REF] and porous membranes [START_REF] Sapkota | An experimental study on the performance of a zinc air fuel cell with inexpensive metal oxide catalysts and porous organic polymer separators[END_REF] developed for other applications were used. In the latter work, the performance of various porous membranes was compared in a Zn-air fuel cell. An Yumicron MF-40 (pore size of 0.4 μm) membrane was reported to have lower performance in terms of cell voltage than Yumicron MF-250 (pore size of 2.5 μm).

Later on, nonwoven porous membranes made of polyethylene (PE), poly(vinyl alcohol) (PVA), polyamide, poly(etherimide) (PEI), poly(acrylic acid) (PAA) and polypropylene (PP) have been commonly used in Zn-air batteries [48,[START_REF] Dewi | Cationic polysulfonium membrane as separator in zinc-air cell[END_REF][START_REF] Kritzer | Nonwovens as separators for alkaline batteries[END_REF]. Nowadays, commercial membranes with a well-defined porous structure, such as Celgard® 5550 [START_REF] Kritzer | Nonwovens as separators for alkaline batteries[END_REF], which has a PP/PE/PP trilayer structure are commonly used in Zn-air batteries. The PP is used to maintain the integrity, providing mechanical support to avoid internal shorting, whereas the core PE due to its low melting point is able to shut down when the battery is overheated [START_REF] Kritzer | Nonwovens as separators for alkaline batteries[END_REF] since the PE layer melts and closes the film pores, thus blocking ions migration [START_REF] Liu | Materials for lithium-ion battery safety[END_REF]. These laminated porous membranes are prepared via a dry process i.e., the polyolefin is melted, thermally annealed to increase the size and amount of lamella crystallites, and then precisely stretched to form tightly ordered meso-pores, which are usually coated with surfactants to increase water-based electrolyte wettability [START_REF] John | Battery separators[END_REF][START_REF] Kritzer | Nonwovens as separators for alkaline batteries[END_REF]. The closely ordered nature of the meso-pores of these membranes allows them to be highly OH -ion conductive [44,[START_REF] Kritzer | Nonwovens as separators for alkaline batteries[END_REF][START_REF] Peng | Effects of water chemistries and properties of membrane on the performance and fouling-a model development study[END_REF]. For instance, Celgard® 3501 was reported to have an OH -conductivity of 12.8 mS cm -1 and 80.1 wt.% KOH solution (6 M) uptake at room temperature [START_REF] Kim | Artificially engineered, bicontinuous anion-conducting/-repelling polymeric phases as a selective ion transport channel for rechargeable zinc-air battery separator membranes[END_REF].

The porous membranes commonly used (PP-based) in rechargeable batteries have an average pore size which is much larger than the size of solvated zincate ions, which results in their crossover. For example, Celgard® 5550 has an average pore size of 100 nm [START_REF] Yang | Study of microporous PVA/PVC composite polymer membrane and it application to MnO2 capacitors[END_REF], 64 nm [START_REF] Celgard | Celgard high performance battery separators[END_REF] (according to Manufacturer's datasheet), which is much larger than the size of zincate ions. Therefore, the Zn(OH)4 2- species are able to diffuse across them to the air electrode [START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF][START_REF] Cheng | Metal-air batteries: from oxygen reduction electrochemistry to cathode catalysts[END_REF]. Significant zincate ions crossover has been reported in a number of studies when such porous membranes were used [START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF][START_REF] Lee | Electrospun polyetherimide nanofiber mat-reinforced, permselective polyvinyl alcohol composite separator membranes: A membrane-driven step closer toward rechargeable zinc-air batteries[END_REF][START_REF] Kim | Artificially engineered, bicontinuous anion-conducting/-repelling polymeric phases as a selective ion transport channel for rechargeable zinc-air battery separator membranes[END_REF][START_REF] Abbasi | Poly(2,6-Dimethyl-1,4-Phenylene Oxide)-based hydroxide exchange separator membranes for zinc-air battery[END_REF].

The diffusion coefficient of zincate ions through Celgard® 3501 and Celgard® 5550 was reported to be 3.2 x 10 -11 [85] and 1.1 x 10 -5 m 2 s -1 [START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF], respectively. This is a very large difference in the zincate ions diffusion coefficient value despite the fact that both membranes have exactly the same porosity (55%)

and pore size (64 nm) [START_REF] Celgard | Celgard high performance battery separators[END_REF]. The notable difference between the two membranes, which might explain the large difference in zincate ion diffusion, is that Celgard® 3501 is only coated, whereas Celgard® 5550 is laminated and coated membrane [START_REF] Celgard | Celgard high performance battery separators[END_REF]. The use of two Celgard® 3401 membranes (50 nm pore size) together was reported to have a lower zincate ions diffusion coefficient (6.9 x 10 -12 m 2 s -1 ) [START_REF] Kiros | Separation and permeability of zincate ions through membranes[END_REF].

To improve the performances and avoid the crossover of Zn(OH)4 2-ions, a membrane with pores that are large enough to permit the OH -ions but small enough to prevent the permeation of Zn(OH)4 2-ions is required [51].

Other membrane materials, including cellulosic films, such as cellophane, have also been investigated in Zn-air batteries [START_REF] Turney | Rechargeable zinc alkaline anodes for long-cycle energy storage[END_REF][START_REF] Wagner | Secondary Zinc-air cell investigations[END_REF]. The diffusion coefficient of zincate ions for cellophane® 350PØØ membranes (unsoften cellulose film) (Innovia Films Company), wet ionic resistance of > 96.8 mΩ cm 2 using 40% KOH [159], was measured using anodic stripping voltammetry (ASV) [START_REF] Duay | Stripping voltammetry for the real time determination of zinc membrane diffusion coefficients in high pH: Towards rapid screening of alkaline battery separators[END_REF]. The cellophane membrane (6.7 × 10 -12 m 2 s -1 ) was found to have a lower zincate crossover than that of Celgard® 3501.

The diffusion coefficient of Zn(OH)4 2-through Celgard® 3501 reported in this study was coherent with the value discussed previously in [START_REF] Lee | Electrospun polyetherimide nanofiber mat-reinforced, permselective polyvinyl alcohol composite separator membranes: A membrane-driven step closer toward rechargeable zinc-air batteries[END_REF]. The cellophane membrane's diffusivity to Zn(OH)4 2-was reported to be similar (3.7 × 10 -12 m 2 s -1 ) in another study [START_REF] Turney | Rechargeable zinc alkaline anodes for long-cycle energy storage[END_REF]. It should be noted that cellophane typically has a less porous (about 3-10 nm [START_REF] Seymour | Cellophane membrane permeability[END_REF]) structure and is more negatively charged than that of Celgard® 3501 [START_REF] Cao | Strategies to optimize lithium-ion supercapacitors achieving high-performance: Cathode configurations, lithium loadings on anode, and types of separator[END_REF]. Thus, the smaller and (negatively) charged pores of the cellophane were thought to be more selective in excluding the negatively charged Zn(OH)4 2-ions. A contradictory result was reported in another study, in which a cellophane membrane was reported to show no zincate blocking effect at all when used in Zn/MnO2 cell [START_REF] Huang | Rechargeable alkaline battery comprising metal hydroxide separator[END_REF].

In addition to commercial porous membranes, various composite porous membranes have been reported in the literature. Phase inversion is a process, in which a homogeneous polymer solution (polymer and solvent) casted on a suitable support is immersed in a coagulation bath containing a nonsolvent (usually water) and is converted into two phases (polymer-rich and liquid-rich phases) [START_REF] Trommer | Nonrigid microporous PVC sheets: Preparation and properties[END_REF][START_REF] Ulbricht | Advanced functional polymer membranes[END_REF][START_REF] Drioli | Membrane Operations: Innovative Separations and Transformations[END_REF]. Phase inversion has been so far the most commonly used method to prepare (porous) membranes due to its simple processing and flexible production scales [START_REF] Mulder | Phase inversion membranes[END_REF][START_REF] Liu | Progress in the production and modification of PVDF membranes[END_REF]. Porous membranes used so far in Zn-air batteries are presented in Table 3.

Wu et al. [START_REF] Yang | Poly(vinyl alcohol)/poly(vinyl chloride) composite polymer membranes for secondary zinc electrodes[END_REF] prepared PVA/ poly(vinyl chloride) (PVC) porous membrane and studied its potential electrochemical performance on a secondary Zn battery. The PVA and PVC polymers were dissolved in water, and the dried composite PVA/PVC film was immersed in THF in order to form a macroporous structure (pore size range of 60-180 nm) via a partial dissolution process. This allowed a high KOH electrolyte uptake by the membrane. The membrane pore size and its distribution were controlled by varying the amount of PVC, the partial dissolution time and the etching temperature. The PVA/PVCbased secondary Zn battery exhibited a stable charge potential. This was claimed to be due to the high ionic conductivity (37.1 mS cm -1 at 30 °C for PVA/10 wt.% PVC) and macroporous structure of the membrane. As a result, the cell potential during the charge period was much less polarized; thus, the current efficiency (70-80%) and the life-span (50 cycles) of the battery were improved.

Moreover, solid PVA/PAA membranes with a uniform structure were prepared via a solution casting method [START_REF] Wu | Alkaline Zn-air and Al-air cells based on novel solid PVA/PAA polymer electrolyte membranes[END_REF]. The room temperature ionic conductivity of these membranes reached 140-300 mS cm -1 depending on the ratio of PVA to PAA. The ionic conductivity of membranes was reported to increase with the increase of PAA content. The percent utilization of the Zn-air cell capacity was as high as 90%

when the PVA/PAA (10:7.5) membrane was used and the cell was discharged at a C/10 rate. The power density was reported to reach 50 mW cm -2 . *Manufacturer datasheet [START_REF] Celgard | Celgard high performance battery separators[END_REF].

Electrospun nanofiber-based membranes

Electrospinning is a versatile membrane preparation technique widely used to produce membranes with large specific surface area and small fiber diameter and pore size [START_REF] Kim | Electrospun PVdF-based fibrous polymer electrolytes for lithium ion polymer batteries[END_REF][START_REF] Choi | An Electrospun Poly(vinylidene fluoride) Nanofibrous Membrane and Its Battery Applications[END_REF][START_REF] Ding | Electrospinning: Nanofabrication and applications[END_REF]. Membranes prepared by this method are referred to as electrospun nanofiber membranes [START_REF] Gude | Emerging technologies for sustainable desalination handbook[END_REF]. The entangled fibers provide integrity and mechanical strength to these membranes. Non-woven mat membranes are commonly used in Li-ion [START_REF] Cho | Composite nonwoven separator for lithium-ion battery: Development and characterization[END_REF][START_REF] Zhang | Renewable and superior thermal-resistant cellulose-based composite nonwoven as lithium-ion battery separator[END_REF], lead-acid [START_REF] Zguris | A broad look at separator material technology for valve-regulated lead/acid batteries[END_REF] and in some types of alkaline [START_REF] Kritzer | Nonwovens as separators for alkaline batteries[END_REF] batteries. High electrochemical performances [START_REF] Kim | Electrospun PVdF-based fibrous polymer electrolytes for lithium ion polymer batteries[END_REF] and oxidation stability [START_REF] Choi | An Electrospun Poly(vinylidene fluoride) Nanofibrous Membrane and Its Battery Applications[END_REF] were reported in Li-ion polymer batteries using such membranes. Recently, few electrospun-based nanofibrous membranes have been reported in the literature and have been tested in Zn-air battery applications.

Membrane-based on syndiotactic polypropylene (syn-PP) nanofibers were prepared using electrospinning [START_REF] Ali Abbasia | Discharge capacity improvement of zinc-air battery using electrospun polypropylene nanofibrous separator[END_REF]. Granular syn-PP was dissolved in a mixture of decalin, acetone and DMF and the resulting solution (7.5 wt%) was electrospun (Potential 10.5 kV; distance 15 cm; flow rate 0.8 mL h -1 ).

The syn-PP nanofibers (coated with PVAc glue)-based Zn-air battery was found to exhibit more than 40% discharge capacity improvement compared to the Whatman filter paper-based battery. The improvement in the performance of the batteries was attributed to the membrane non-ordered and layered-fibrous structures.

A promising electrospun nanofiber mat-reinforced composite membrane (ERC) for Zn-air battery was reported by Lee et al. [START_REF] Lee | Electrospun polyetherimide nanofiber mat-reinforced, permselective polyvinyl alcohol composite separator membranes: A membrane-driven step closer toward rechargeable zinc-air batteries[END_REF]. The membrane was fabricated by impregnating KOH liquid electrolyteswollen PVA into PEI nanofiber mats (referred to ERC membrane, with a thickness of 27 ±5 μm). Figure 3 represents the electrospun PEI nanomat (a) and impregnation of PEI nanomat with PVA (b), respectively. Here, the PEI nanofiber provides a mechanical strength and dimensional stability, whereas the relatively entangled electrolyte swollen PVA is believed to allow the small-sized OH -and prevent the bulky zincate ions passage. This unusual OH -permselective transport behavior of the electrospun composite membrane is illustrated schematically in Figure 3 (c andd).

The prepared composite membrane and reference membranes (PVA film and Celgard®3501) used were compared in terms of OH -ions conductivity, Zn(OH)4 2-ions crossover (in mol min -1 ) and permselectivity. The Zn(OH)4 2-ions diffusion coefficient of the ERC membrane was four times lower than that of Celgard® 3501 membrane (Figure 3e and3f), which induced a better permselectivity of OH -ions over Zn(OH)4 2-ions (1.7 x 10 11 vs. 6 x 10 9 S.s m -3 ). This better permselectivity improved the cycle capacity retention of Zn-air batteries, since the 2 nd discharge capacity of the ERC-based cell was about 7 times higher than that of the Celgard® 3501 membrane (∼213 vs. ∼34 mA h g -1 ). 

Modified porous membranes

To prevent the permeation of Zn(OH)4 2-ions through porous polymeric membranes, further optimization of these membranes have been achieved through surface modification approaches, which can be classified into two broad categories as nanoparticle-filled (composite) membranes and ion selective polymer-coated membranes.

Composite membranes

One possible method to minimize the crossover of Zn(OH)4 2-species is by plugging the pores of the porous membranes using inorganic particles. The preparation of composite membranes can involve incorporation of inorganic nanoparticles into the polymeric matrix during the fabrication process or filling/coating of a porous membrane with particles once the membrane is prepared. In both cases the aim is to prevent passage of zincate ions [START_REF] Noack | The chemistry of redox-flow batteries[END_REF]. These techniques have been extensively investigated also for other batteries, such as Li-ion batteries. Similarly, pore filling with inorganic salt containing fluoride ions has been employed in cross-linked PVA-based membranes and used for a silver-Zn battery [START_REF] Cheiky | Battery separator with fluoride-containing inorganic salt[END_REF]. The fluoride salt due to its relative insolubility is expected to remain in the polymer gel.

On the other hand, despite the potential role of nanoparticle-filled composite membranes in minimizing the crossover of Zn(OH)4 2-ions, few studies are reported in the literature. ZIRFON® PERL (Agfa Specialty Products) membrane (pore size of 130 nm) that consists of a polysulfone network and zirconium oxide [START_REF] Lee | The synthesis of a Zirfon-type porous separator with reduced gas crossover for alkaline electrolyzer[END_REF][START_REF] Vermeiren | Evaluation of the ZirfonS separator for use in alkaline water electrolysis and Ni-H2 batteries[END_REF][START_REF] Rodríguez | Simple and precise approach for determination of ohmic contribution of diaphragms in alkaline water electrolysis[END_REF] has been used in Zn-air flow battery [START_REF] Vallejo | Rechargeable Zinc-air flow battery[END_REF]. The ZIRFON® PERL-based battery exhibited above 50% round trip efficiency and the performance was not altered after l00 h of cycling at 25 mA cm -2 . Kiros [START_REF] Kiros | Separation and permeability of zincate ions through membranes[END_REF] modified Celgard® 3401 (50 nm pore size, electrical resistance of 0.1 Ω.cm 2 at room temperature and in a 6 M KOH solution) using insoluble inorganic compounds, such as Al(OH)3, CaF2, Mg(OH)2 and Mn(OH)2. Since they possess a very low solubility, after gelation/precipitation, they were sandwich between two Celgard® 3401 membranes, as schematically shown in Fig. 4a. Coating the membrane with Mn(OH)2 produced the highest Zn(OH)4 4a) resulted in Zn(OH)4 2-crossover of 28.46 mg h -1 (close to 1000 times higher).

Nevertheless, the ohmic resistance of the membrane was dramatically increased especially with a higher amount of Mn(OH)2 coating due to the plugging of the pores of the membrane by the fine colloidal particles (Figure 4b). The electrical resistance of the Celgard® 3401 increased from 0.1 to about 150 Ω cm 2 (factor of 1500) when 0.3 g of Mn(OH)2 were coated on the membrane in a 6 M KOH solution at room temperature. This has a negative impact on the OH -ion conductivity and, thus on the overall performance of the battery. Therefore, the coating of porous membranes with an optimized amount of insoluble particles without a significant increase in their resistance is required in order to justify their use in Zn-air batteries. permission from [START_REF] Kiros | Separation and permeability of zincate ions through membranes[END_REF]. Copyright Elsevier 1996.

Coating porous membranes with ion-selective polymers

Another method to minimize the crossover of zincate ions is coating the porous membranes with an ionselective layer. The coat is expected to allow OH -transfer through the membrane and to minimize the migration of zincate ions to the cathode compartment without significantly affecting the ionic conductivity. Moreover, the porous part of the membrane can serve as a mechanical support and an additional barrier to the zincate ions passage based on their size exclusion effect. Various layer support options are available commercially, such as cellophane 350PØØ and Celgard®5550 and 3501 etc.

On the other hand, there is still a need for developing alkaline stable, water-insoluble anionic-exchange whereas, the Celgard® 5550 membrane did not. The ORR characteristics was found to remain unchanged, whereas the OER process exhibited difficulties manifested as overpotential growth, which resulted in a higher final voltage. The OER catalyst is expected to be more sensitive toward Zn(OH)4 2- exposure. The energy efficiency plot of PEBIH-PBMA coated membrane is presented in Figure 5d. Reprinted with permission from [START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF].

Copyright © 2016 American Chemical Society.

Nafion®117 (CEM) has been reported to improve the selectivity of Celgard®3401 and Celgard®3501 membranes [START_REF] Krejčí | Transport of Zn (OH)42-ions across a polyolefin microporous membrane[END_REF]. Celgard® membranes are usually hydrophilized by treatment with a (cationic/nonionic) surfactant. In this work, to prepare hydrophobic membranes, the surfactant was removed by washing it out several times with methanol. The Celgard® membranes (with and without surfactant) were coated with a solution of Nafion® 117 (from its alcoholic or aqueous dispersions of various concentrations) using several techniques. When the Celgard® 3401 without surfactant was coated with a 1% Nafion® solution, no zincate ion transport during 5 h was reported. However, a high resistance was obtained (186 Ω cm 2 at 50 kHz) due to the hydrophobization of the membrane. The hydrophobic pores of the membrane have probably excluded the Nafion® solution and remained filled with trapped air (rendering low conductivity). An increase in both conductivity and zincate ion flux through the membrane was observed when a membrane with surfactant was used (Table 4). Moreover, higher zincate crossover and ionic conductivity were observed with an increase in the amount of Nafion® coated on Celgard® 3501 without surfactant. For example, the Zn(OH)4 2-ion diffusion coefficient for the Celgard® 3501 coated with 0.047 mg cm -2 of Nafion® was 1.1 × 10 -12 m 2 s -1 and with 0.079 mg cm -2 of Nafion®, it was much higher: 8.3 × 10 -12 m 2 s -1 . Based on this study, coating with Nafion® seems to be not an efficient method to improve permselectivity of the membranes.

Sulfonated porous membranes

A limitation associated with the use of some commercial porous membranes is their hydrophobicity, which could decrease the pore wettability with KOH aqueous solution. A common strategy to enhance the hydrophilicity is by membrane surface modification. Sulfonation is a unique chemical treatment that can increase polymer hydrophilicity by incorporating sulfonic acid functional group on the surface of polymer [START_REF] Bergbreiter | Annealing and reorganization of sulfonated polyethylene films to produce surface-modified films of varying hydrophilicity[END_REF]. Wu et al. [START_REF] Wu | Preparation and characterization of high ionic conducting alkaline non-woven membranes by sulfonation[END_REF] prepared sulfonated membranes with a high ionic conductivity and evaluated their performance in a Zn-air battery. These membranes were prepared by sulfonation of commercial non-woven PP/PE membranes (thickness = 0.2 mm, porosity = 60-70%) using concentrated sulfuric acid (Figure 6a). The sulfonation reaction took place by immersing the PP/PE membranes in a 98 wt.% sulfuric acid at 90 o C and atmospheric pressure for 3 to 128 h. The highly sulfonated s-PP/PE membrane (sulfonation time 128 h) is shown in Figure 6b. As shown by the infrared spectra of the membranes (before and after the sulfonation treatment) in Figure 6c, the peaks at around the wavenumbers of 1150-1200 and 550-585 cm -1 can be attributed to the asymmetric SO3 -stretching modes and deformation of the S-O bonds, respectively, showing successful incorporation of sulfonic acid groups to the polymer membrane. However, after sulfonation, many of the filaments (originally, 10-20 μm) showed a reduced diameter indicating that part of the polymer had been degraded or/and dissolved by the sulfuric acid.

The water contact angles decreased from 58 o (commercial PP/PE membrane) to 18 o after 128 h of sulfonation, showing the effectiveness of the sulfonation in increasing surface hydrophilicity. The sulfonated membrane exhibited a higher ionic conductivity than that of the unsulfonated with 17.5 mS cm -1 vs 8.8 mS cm -1 at 25 °C (32 wt.% KOH solution) and, thus, a higher power density of 38 mW cm - 2 vs 20 mW cm -2 (Figure 6d). However, compared to the pristine membrane, the sulfonated membrane showed a decrease in both tensile strength (21%) and thermal resistance (4%). The decrease in mechanical strength can be attributed to the surface etching effect of sulfuric acid, leading to decrease filaments diameter and, probably lower polymer molecular weight. 

Inorganic membranes

Inorganic membranes refer to membranes which are made from materials such as ceramic, magnesia, alumina and titania. Inorganic membranes are known for their high chemical and thermal stabilities.

These membranes are interesting as potential candidates for Zn-air batteries because of their good alkaline chemical stability [START_REF] Gordon | Advanced metal-air battery having a ceramic membrane electrolyte[END_REF]. Additionally, hydrotalcite clay is an interesting alkaline AEM material [START_REF] Tadanaga | Direct ethanol fuel cell using hydrotalcite clay as a hydroxide ion conductive electrolyte[END_REF], but has never been exploited for Zn-air batteries. A ceramic membrane could provide the required dimensional rigidity that could be effective in avoiding internal short circuit problem. Moreover, ceramic membranes are known to have better chemical stability (against oxidative agents) compared to polymeric membranes [START_REF] Tsehaye | Stability of polyethersulfone membranes to oxidative agents: A review[END_REF][START_REF] Tsehaye | Development and characterization of polyethersulfone-based nanofiltration membrane with stability to hydrogen peroxide[END_REF]. However, despite the excellent alkaline stability, almost no attention has been given to the preparation of such membranes for Zn-air flow batteries. This could be due to the fact that inorganic porous membranes are usually fragile [START_REF] Le | Advanced polymeric and organic-inorganic membranes for pressuredriven processes item type book chapter[END_REF][START_REF] Wang | Coaxial electrospinning[END_REF]. Therefore, it is difficult and expensive to fabricate large inorganic membranes [START_REF] Koros | Gas separation membranes: needs for combined materials science and processing approaches[END_REF].

Ceramic membranes which are impermeable to Zn(OH)4 2-has been evaluated in rechargeable alkaline Zn/MnO2 batteries [START_REF] Duay | Evaluation of a ceramic separator for use in rechargeable alkaline Zn/MnO2 batteries[END_REF]. In this study, a commercial sodium super-ion conducting ceramic membrane (NaSICON) was used. Here, the Na + cation is the charge carrier, rather than the OH -ion. Due to its inherent property (cation conductor) and solid-state nature of the membrane, no Zn(OH)4 2-crossover was detected. Nevertheless, the membrane (1.17 cm 2 ) had high resistance values: 26 Ω for the 1.0 mm thick and 11 Ω for the 0.5 mm thick NaSICON membrane, strongly suggesting that a decrease in membrane thickness is required. However, such strategy will probably result in a brittle membrane.

Saputra et al. [START_REF] Kim | Electrospun PVdF-based fibrous polymer electrolytes for lithium ion polymer batteries[END_REF] prepared microporous MCM-41 membrane by a facile, dip-coating technique from a solution consisting of cethyltrimethylammonium bromide (CTAB), hydrochloric acid, DI water, ethanol and tetraethylorthosilicate (TEOS). MCM-41 membrane (thickness ca. 5 µm and average pore size 2.2 nm) with hexagonally ordered, narrow, pore structure formation was verified using X-ray diffraction. The membranes tested in Zn/MCM-41/air cell using KOH electrolyte displaying a good performance: a maximum power density of 32 mW cm -2 and energy density of 300 Wh L -1 , which was comparable to that of commercial Zn-air button cells of equivalent size was reported. groups. The use of AEMs in Zn-air batteries have been widely proposed [65] since a typical AEM exhibit only a 10% loss in performance after 1000 h [44]. This performance is more than satisfactory for meeting the required shelf life and cycle life of the battery. However, no information has been provided regarding the AEM type and battery testing conditions. The prospects for AEMs in Zn-air batteries, including the major recent developments and strategies to overcome the remaining challenges has been reviewed recently [START_REF] Tsehaye | Prospects for anion-exchange membranes in alkali metal-air batteries[END_REF]. Indeed, the performance and cyclability of the batteries have been found to be dependent on the properties of the AEMs (such as water uptake, anisotropic swelling ratio and hydroxide conductivity). Additionally, the common AEMs chemical degradation ways and their mitigation strategies have been discussed.

A commercial AEM A201® (Tokuyama Soda, Japan) has been tested in Zn-air batteries. The A201®based battery showed a rapid voltage and capacity loss after some cycles. This was attributed to the continuous loss of membrane water content and ionic conductivity during the constant current operation [START_REF] Fu | A flexible solid-state electrolyte for wide-scale integration of rechargeable zinc-air batteries[END_REF][START_REF] Zhang | Laminated cross-linked nanocellulose/graphene oxide electrolyte for flexible rechargeable zinc-air batteries[END_REF][START_REF] Zarrin | Molecular functionalization of graphene oxide for next-generation wearable electronics[END_REF][START_REF] Wei | Alkaline exchange polymer membrane electrolyte for high performance of all-solid-state electrochemical devices[END_REF]. To solve this issue, AEMs following different synthesis strategies have been prepared and tested in Zn-air batteries [START_REF] Fu | A flexible solid-state electrolyte for wide-scale integration of rechargeable zinc-air batteries[END_REF][START_REF] Zhang | Laminated cross-linked nanocellulose/graphene oxide electrolyte for flexible rechargeable zinc-air batteries[END_REF][START_REF] Zarrin | Molecular functionalization of graphene oxide for next-generation wearable electronics[END_REF][START_REF] Wei | Alkaline exchange polymer membrane electrolyte for high performance of all-solid-state electrochemical devices[END_REF]. The prepared AEMs which exhibit superior OH -ion conductive properties, water retention and low anisotropic swelling were reported to boost the specific capacity and improved the cycling stability of the battery compared to that of A201®-based battery (Table 5).

However, the effect of zincate ions crossover was not investigated in these studies.

Dewi et al. [START_REF] Dewi | Cationic polysulfonium membrane as separator in zinc-air cell[END_REF] synthesized AEM by using polysulfonium cation (poly(methylsulfonio-1,4phenylenethio-1,4-phenylene trifluoromethanesul-fonate). The prepared polysulfonium-based membrane was effective in preventing zincate ions crossover from the negative to the positive electrode, leading to a more than 6-fold discharge capacity increase of the cell compared to the case of using a Celgard® 5550 membrane. It was assumed that Zn (II) species in the electrolyte are able to cross through the membrane to the air electrode in the form of Zn 2+ . However, in a strongly alkaline solution, the Zn 2+ ions combine with OH -ions, instantly forming Zn(OH)4 2-ions.

Fu et al. [START_REF] Fu | A flexible solid-state electrolyte for wide-scale integration of rechargeable zinc-air batteries[END_REF] prepared a flexible, highly conductive (21 mS cm -1 at 30 o C) nanoporous membrane from natural cellulose nanofibers with very high water retention (96.5%) and low anisotropic swelling degree (1.1). The membrane was prepared via functionalization of the cellulose fibers using dimethyloctadecyl [3-(trimethoxysilyl)propyl] ammonium chloride (DMOAP) (in methanol) as a precursor. The mixture of DMOAP and cellulose fibers was stirred (12 h at room temperature), centrifuged and washed (with ethanol and distilled deionized water) to remove unreacted traces of DMOAP. The QA-functionalized cellulose (QAFC) membrane was prepared by vacuum filtration, followed by drying and crosslinking. The reference A201® membrane exhibited an anisotropic swelling degree of 4.4 and water uptake of 44.3%. As a result, the 2-QAFC (cellulose nanofibers modified with 200 mol. % concentration of DMOAP with respect to the cellulose repeating glucose unit) membranebased battery was reported to have a higher discharge capacity with a more stable voltage compared to the A201®-based battery.

Zhang et al. [START_REF] Zhang | Laminated cross-linked nanocellulose/graphene oxide electrolyte for flexible rechargeable zinc-air batteries[END_REF] prepared a laminated, cross-linked nanocellulose/graphene oxide membrane functionalized with QA for a flexible rechargeable Zn-air battery. Here, Graphene oxide (GO) was incorporated in order to enhance the ionic conductivity since it has abundant oxygen-containing groups which can be easily functionalized. Cellulose fibers are used as interconnected framework to integrate GO into a flexible membrane with a high water content, which can be cross-linked to achieve the required structural stability and (low) anisotropic swelling degree. Figure 7a shows the procedure followed for the preparation of the 2-QAFGO membrane. The QA-functionalized nanocellulose/GO (QAFCGO) membrane showed superior OH -conductivity of 33 mS cm -1 at room temperature. The QAFCGO-based battery was reported to show higher performance compared to the A201®-based battery, with smaller over potentials for both discharge and charge processes. At current densities above 20 mA cm -2 , the QAFCGO-based battery remarkably outperformed the A201®-based battery (Figure 7b). The former battery had a better cycling stability performance than the latter one (Figure 7c).

Moreover, the QAFCGO-based battery reached a higher peak power density (44 mW cm -2 ) than the A201®-based one (33 mW cm -2 ) (Figure 7d). Furthermore, Abbasi et al. [START_REF] Abbasi | Poly(2,6-Dimethyl-1,4-Phenylene Oxide)-based hydroxide exchange separator membranes for zinc-air battery[END_REF] prepared three AEMs using poly (p-phenylene oxide) (PPO) as polymer backbone and three different cations -trimethylamine (TMA), 1-methylpyrolidine (MPY), and 1methylimidazole (MIM). PPO was chosen as a polymer backbone due to its commercial availability, high thermal, mechanical, and acceptable chemical stability and facile postfunctionalization [START_REF] Zhou | Ion exchange membranes from poly(2,6-dimethyl-1,4phenylene oxide) and related applications[END_REF][START_REF] Dang | Poly(phenylene oxide) functionalized with quaternary ammonium groups via flexible alkyl spacers for high-performance anion exchange membranes[END_REF].

The cations were directly attached on the PPO backbone. The PPO-TMA membrane was reported to have OH -ion conductivity equal to 17 mS cm -1 , 89 wt.% water uptake at room temperature and to prevent the crossover of Zn(OH)4 2-ions (Table 6). Moreover, the membrane showed excellent alkaline stability for at least 150 h in an alkaline solution commonly used in Zn-air batteries (7 M KOH solution at 30 o C). The PPO-TMA-based Zn-air battery exhibited low zincate diffusion coefficients (1.9 ×10 -14 m 2 s -1 ) and high specific discharge capacity (~800 mAh gZn -1 ). The low zincate diffusion coefficient of the PPO-based membrane was ascribed to the formation of ionic channels in the polymer structure through hydrophilic/hydrophobic microphase separation. However, no experimental evidence was provided for the formation of such a hydrophilic/hydrophobic microphase separation structure.

Well-defined hydrophilic-hydrophobic phase separation is crucial for enhancing ionic conductivity of AEMs [START_REF] He | A novel methodology to synthesize highly conductive anion exchange membranes[END_REF]. However, not all AEMs develop a phase separation structure. Different strategies, such as block copolymers [START_REF] Jiang | Free-standing functionalized graphene oxide solid electrolytes in electrochemical gas sensors[END_REF] and cation functionalization via a long-spacer-chain [START_REF] Dang | Exploring different cationic alkyl side chain designs for enhanced alkaline stability and hydroxide ion conductivity of anion-exchange membranes[END_REF] have been used to design an AEM with a phase separation structure. AEMs composed of PVA/guar hydroxypropyltrimonium chloride (PGG-GP) displaying a hydrophilic-hydrophobic microphase separation structure and large ionic clusters was developed by using GA and pyrrole-2-carboxaldehyde as binary cross-linking agents. The prepared PGG-GP membrane exhibited a high OH -ion conductivity (123 mS cm -1 at room temperature) and an excellent dimensional stability. The PGG-GP-based, flexible, all-solid-state Zn-air battery displayed a peak power density of 50.2 mW cm -2 at 48 mA cm -2 and a promising cycling stability (9 h at 2 mA cm -2 ) [START_REF] Wang | High-performance binary cross-linked alkaline anion polymer electrolyte membranes for all-solid-state supercapacitors and flexible rechargeable zinc-air batteries[END_REF]. On the other hand, formation of ionic channels with appropriate sizes in the two domains is required to develop AEMs with high selectivity [START_REF] Tsehaye | Prospects for anion-exchange membranes in alkali metal-air batteries[END_REF].

Recently, an interesting investigation of effect of microdomain morphology on selective Zn(OH)4 2-and OH -ions transport was performed [START_REF] Sun | Anion exchange membrane electrolyte preserving inverse Ia3‾d bicontinuous cubic phase: Effect of microdomain morphology on selective ion transport[END_REF]. PILs-based liquid-crystalline AEM with inverse bicontinuous cubic (Ia3 ̅ d) structure was prepared through a one-step chemical synthesis. The AEM-Ia3 ̅ d, with IEC of 0.76 mmol/g, had an OH -conductivity of 12.6 mS cm -1 at 30 °C. Whereas, the crossover of hydrated Zn(OH)4 2-was found to be hindered (Zn(OH)4 2-diffusion coefficient of 1.6 × 10 -13 m 2 s -1 ). This welldefined 3D-interconnected ionic channels and the size-exclusion effect played a role to enhance the OH - permselectivity of the membrane. The cell was discharged at a constant discharge current in the range of 2.5 to 15 mA cm -2 All experiments, the cut-off voltage was 0.9 V.

Zn electrode: anode was a 1 × 1 cm 2 pure zinc plate Cathode electrode: Ni-foam used as the current collector and gas diffusion layer. Mixture of MnO2 and VXC-72 was used to prepare catalyst.

M KOH solution PPO-MPY based cells:

-maximum discharge current density of 117 mA/cm 2 with a maximum power density of 70 mW cm -2 .

-Specific capacity: 772 mAh gZn -1 at 2.5 mA cm -2 -Power of the cell was 996 mWh gZn -1 for 2.5 mA cm -2 discharge current density. [START_REF] Abbasi | Poly(2,6-Dimethyl-1,4-Phenylene Oxide)-based hydroxide exchange separator membranes for zinc-air battery[END_REF] Porous AEM based on QA and nanocellulose Functionalization, followed by crosslinking.

High flexible, thickness of 30 µm

Solid state rechargeable Zn-air battery

Zn electrode (40 [121] * It should be noted that the theoretical specific capacity of Zn is 820 mAh gZn -1 .

Cation exchange membranes

Nafion ® , composed of a perfluorinated polymer backbone with pendant perfluoro ether terminated sulfonic acid side chains (PFSA), is the most frequently used material as a proton exchange membrane in fuel cells. It is chemically stable and has a high phase-separated morphology which makes it of possible interest for Zn-air battery applications. The water domains in PFSA membranes have been reported to be organized as locally flat and narrow (around 1 nm) channels [START_REF] Kreuer | A critical revision of the nano-morphology of proton conducting ionomers and polyelectrolytes for fuel cell applications[END_REF]. This agrees with the finding of cryo-TEM tomographs of hydrated Nafion® membrane [START_REF] Allen | Morphology of hydrated as-cast Nafion revealed through cryo electron tomography[END_REF]. However, the hydrophilic negatively-charged sulfonate group in the Nafion® film allows the transportation of positively charged species while blocking negatively charged species, such as OH -and Zn(OH)4 2-ions.

Therefore, when Nafion® is used in Zn-air battery, both Zn(OH)4 2-and OH -ions will be repulsed by the Donnan exclusion mechanism; however, some OH -ions (co-ions) can still permeate through the hydrophilic phase since the Nafion® membrane swelling is high in aqueous media [START_REF] Yuan | Ion conducting membranes for aqueous flow battery systems[END_REF] and especially in electrolyte solutions of the high ionic strength [START_REF] Münchinger | Selective ion transport through hydrated cation and anion exchange membranes I. The effect of specific interactions[END_REF]. Indeed, the diffusion coefficient of Zn(OH)4 2- ion of Nafion® 521 film tested in a Zn-air battery was reported to be very low, 6.67 × 10 -14 m 2 s -1 [START_REF] Kim | Artificially engineered, bicontinuous anion-conducting/-repelling polymeric phases as a selective ion transport channel for rechargeable zinc-air battery separator membranes[END_REF].

However, the Nafion® 521 film showed also a rather low OH -transference number of 0.14 [START_REF] Kim | Artificially engineered, bicontinuous anion-conducting/-repelling polymeric phases as a selective ion transport channel for rechargeable zinc-air battery separator membranes[END_REF] since as expected the protons conductivity was favored resulting in extremely low (0.8 mS/cm) OH -ion conductivity at room temperature. As a result, the Nafion® film-based Zn-air battery showed considerably large discharge/charge polarization, resulting in a very poor cyclic stability. Similarly, in another study, Nafion®117-based Zn-air fuel cell was reported to exhibit a poor performance (0.4 V at 1.3 mA cm -2 ) [START_REF] Sapkota | An experimental study on the performance of a zinc air fuel cell with inexpensive metal oxide catalysts and porous organic polymer separators[END_REF].

Overall, Nafion® membranes afford a low voltage efficiency, even at low working current densities, in batteries using alkaline electrolytes. Therefore, given its low performance and high cost, it can be concluded that Nafion® membranes are not suitable for alkaline electrolyte-based batteries [START_REF] Yuan | Ion conducting membranes for aqueous flow battery systems[END_REF].

On the other hand, since Nafion® film has negative fixed charged groups that prevent the passage of Zn(OH)4 2-ions, it can be used to improve the selectivity of the membranes in Zn-air batteries. For example, Kim et al. [START_REF] Kim | Artificially engineered, bicontinuous anion-conducting/-repelling polymeric phases as a selective ion transport channel for rechargeable zinc-air battery separator membranes[END_REF] fabricated polymer blend electrolyte membranes (PBE membranes) (24 µm thick) by impregnating Nafion® films into an electrospun PVA/PAA nanofiber mat for rechargeable Zn-air battery. The Nafion® acts as an anion-repelling continuous polymeric phase. This was reported to effectively block Zn(OH)4 2-ions crossover with only slightly reducing the OH -conduction. As a result, the PBE membranes had better cyclic stability compared to Celgard® 3501 membrane (over 2500 min vs. 900 min).

A summary of zincate permeation through AEMs and CEMs is presented in Table 6. Porous membranes are also included in the table for the sake of comparison. Evidently, the reported Zn(OH)4 2-diffusion coefficients for AEMs are quite similar to that for the Nafion®521 membrane. They were a much lower than those for the porous membranes and Nafion® bearing electrospun PVA/PAA mat (PBE membrane). For instance, the PPO-TMA membrane had a selectivity which is three order of magnitude higher than that of the Celgard® 3501 membrane. As stated in the previous section, this could be due to the formation of proper hydrophilic ions-conducting channels forming a hydrophilic-hydrophobic phase separation. The order of effectiveness in hindering zincate crossover of the membranes is: PPO-MPY > PPO-TMA > Nafion® 521 > AEM-Ia3 ̅ d > PBE > Celgard® 3501.

123 Table 6: Zincate crossover through ion-conducting membranes.

In most studies, only the observed decrease in zincate ions crossover is reported as an improvement.

However, usually, this comes at the cost of a reduced OH -ions conductivity. For instance, as shown in Table 6, Nafion® membrane has a quite low zincate ions crossover. Nevertheless, its OH -conductivity was reported to be low as well. On the other hand, the AEMs displayed low diffusion coefficients of Zn(OH)4 2- and high OH -conductivities, showing their superior degree of selectivities. Therefore, a concept rarely used, permselectivity, should be considered for comparing the membranes. The order of the membranes in terms of permselectivity is: PPO-MPY > PPO-TMA > AEM-Ia3 ̅ d > Nafion® 521 > PBE membrane > Celgard® 3501.

It is worth noting that the comparison is dependent of the zincate ion crossover testing conditions and measurement techniques. For instance, the electrolyte used has been reported to have an effect on the degree of crossover. For the same membrane, a higher zincate diffusion coefficient was reported when KOH was used instead of NaOH. This was attributed to the larger conductivity of (35 wt.%) KOH (620 mS cm -1 ) [START_REF] Gilliam | A review of specific conductivities of potassium hydroxide solutions for various concentrations and temperatures[END_REF] over (30 wt.%) NaOH (190 mS cm -1 ) [START_REF] Artemov | Conductivity of aqueous HCl, NaOH and NaCl solutions: Is water just a substrate?[END_REF]. Therefore, it is difficult to compare the membranes performance when the same electrolyte is not used. This requires further investigation for developing reliable standard membrane performance protocols.

Last but not least, it is worth identifying the zincate concentration at which a detrimental effect is seen in the air electrode activity and cell capacity. For example, in alkaline Zn/MnO2 batteries, detrimental Membrane Zn(OH)4 Ion solvating membranes (gel-polymer electrolyte membranes) are usually used as membrane. Conventional aqueous electrolytes cannot maintain a steady form and, thus cannot effectively separate the electrodes to prevent a short circuit [START_REF] Li | Recent advances in flexible Zincbased rechargeable batteries[END_REF]. On the other hand, gel polymer electrolytes, composed of one or more polymers gelled by an aqueous electrolyte, have been widely employed in flexible Zn-based batteries as a membrane [START_REF] Sumboja | All-solid-state, foldable, and rechargeable Zn-air batteries based on manganese oxide grown on graphene-coated carbon cloth air cathode[END_REF]. Ion solvating membranes rely on the aqueous alkaline electrolyte (typically, KOH in water) to provide their ionic conductivity and when swelled with the KOH solution, they tend to form a homogenous ternary polymer/water/KOH system [START_REF] Kraglund | Ionsolvating membranes as a new approach towards high rate alkaline electrolyzers[END_REF]. The performance of these membranes greatly depends on the choice of polymer matrix and the proportion of each ingredient. Usually, vinyl polymers and cellulose derivatives are used as matrices since they swell well upon exposure to an alkaline aqueous solution [63].

Mostly, composite polymeric membranes with high swelling degree are used in Zn-air batteries. For instance, a cross-linked PAA/ PVA gel polymer electrolyte (thickness = 28 µm) was prepared by thermal crosslinking (heat treatment: 140 o C for 3 h) method and used in a Zn-air cell [START_REF] Lee | Flexible/rechargeable Zn-air batteries based on multifunctional heteronanomat architecture[END_REF]. The crossover of Zn(OH)4 2-ions through the crosslinked PVA/PAA (about 0.1 mmol) was significantly reduced compared with that of the Celgard® 3501 membrane (0.25 mmol) within 35 h of operation. More recently, Kim et al.

[86] also prepared cross-linked PVA/PAA gel polymer electrolyte membrane (thickness, 24 µm) via thermal treatment of PVA and PAA mixture. Compared to the Zn-air cell with Celgard® 3501 membrane, the cell with the PVA/PAA electrolyte membrane showed a better OH -permselectivity and electrochemical properties. The membrane was effective (lowered by about a half), the Zn(OH)4 2-ions crossover compared to that of the Celgard® 3501 membrane.

Yang et al. [START_REF] Yang | Preparation of alkaline PVA-based polymer electrolytes for Ni-MH and Zn-air batteries[END_REF] reported the synthesis of a PVA-based gel polymer electrolyte that was doped with KOH.

The PVA/KOH/H2O electrolyte membrane exhibited a high ionic conductivity (47 mS cm -1 at room temperature) and good electrochemical performance. They also measured the anionic transport number (t -)

for PVA, PVA/PECH, and PVA/tetraethyl ammonium chloride (TEAC) polymer electrolytes using the Hittorf's method at 25 °C. The t -(varying between 0.82 and 0.99) was found to be dependent on the types of alkali metal salts and the chemical compositions of polymer electrolytes [START_REF] Yang | Study of ionic transport properties of alkaline poly(vinyl) alcoholbased polymer electrolytes[END_REF]. The PVA/TEAC (50/50 wt.%) blend membranes displayed an ionic conductivity of 23 mS cm -1 at room temperature.

A porous PVA-gelled polymer electrolyte prepared by a phase inversion method was used in rechargeable Zn-air battery [START_REF] Fu | Flexible high-energy polymer-electrolytebased rechargeable zinc-air batteries[END_REF]. After the phase inversion, the PVA membrane was cross-linked using a solution of 10 wt% glutaraldehyde (GA) in acetone at 30 °C for 10 min and immersed in a solution of KOH/PVA (35/2 wt%) for 24 h. The battery employing the PVA-gelled electrolyte membrane (20-50 μm) and highly flexible electrodes exhibited an excellent cycle stability over 120 cycles (at a volumetric charge-discharge rate of 250 A L -1 ). The battery also demonstrated high volumetric (2905 Wh L -1 ) and gravimetric (581 Wh kg -1 ) energy densities. Furthermore, Peng et al. [START_REF] Xu | Flexible, stretchable, and rechargeable fibershaped zinc-air battery based on cross-stacked carbon nanotube sheets[END_REF] reported a flexible, stretchable and rechargeable Zn-air battery using a PVA/poly(ethylene oxide) (PEO)-based alkaline polymer electrolyte. The discharge current density reached 1 A g -1 maintained for 30 discharge/charge cycles at a voltage plateau of 1.0 V. The influence of various properties of gel polymer electrolyte membranes, such as ionic conductivities, chemical stability, electrochemical windows and mechanical properties on the performance of rechargeable Zn-air batteries have been investigated elsewhere [START_REF] Tran | A study of alkaline gel polymer electrolytes for rechargeable zinc-air batteries[END_REF]. An inverse relationship between ionic conductivity and mechanical stiffness of the gel-polymer electrolytes was noticed. PAA6M-based battery exhibited the highest initial charge-discharge efficiency of 79% at 0.5 mA cm -2 . The performance was reported to be enhanced by reducing the gel polymer electrolyte thickness.

Modified gel-polymer electrolyte membranes have been also tested in Zn-air batteries. PEO-PVA-glassfiber-mat (thickness controlled between 0.30 and 0.60 mm) with a high ionic conductivity (10 mS cm -1 ) at room temperature has been prepared and employed in solid-state primary Zn-air cells by Yang and Lin [START_REF] Yang | Alkaline composite PEO-PVA-glass-fibre-mat polymer electrolyte for Znair battery[END_REF]. The PEO-PVA polymer electrolyte showed a broad electrochemical stability window of 2.4 V (±1.2 V). The PEO-PVA-based Zn-air cell displayed a 1305 mA h capacity, thus with utilization of Zn 84%

(since the theoretical capacity is 1560 mA h) at the C/10 rate at room temperature. On the other hand, the cell based on PE/PP's utilization was only 75%. The higher capacity and utilization of the cell employing the modified gel-polymer electrolyte membrane were attributed to its much smaller (0.1-0.2 μm) pores size compared with that of a PE/PP membrane (about 10-20 μm). On the other hand, the cell based on the PE/PP membrane was reported to be easily short-circuited when it is under a high discharge rate due to its larger pore size and non-uniform pore size distribution. Similarly, a gel polymer electrolyte consists of porous PVA and silica has been tested in Zn-air battery [START_REF] Fan | Porous nanocomposite gel polymer electrolyte with high ionic conductivity and superior electrolyte retention capability for long-cyclelife flexible zinc-air batteries[END_REF]. It was reported to show a high ionic conductivity (57 mS cm -1 ) and a superior electrolyte retention capability out-performing that of the conventional PVA-KOH gel polymer electrolyte system.

Zinc-dendrites growth suppressing membranes

One of the main challenges related to the presence of the Zn-electrode of rechargeable Zn-air batteries is the formation of Zn-dendrites [START_REF] Witten | Diffusion-limited aggregation, a kinetic critical phenomenon[END_REF]. During the reduction of ZnO to Zn metal, the Zn(OH)4 2-ions close to the Zn electrode surface are first depleted and most of the remaining are retained by the membrane (inside and/or its surface) or at the exterior of the electrolyte, thus resulting in an uneven distribution of Zn(OH)4 2- ions (severe concentration polarization) [START_REF] Lu | Inhibition of zinc dendrite growth in zinc-based batteries[END_REF]. Zn-dendrites are formed as a result of the inhomogeneities in the electrode surface morphology and the electric field strength distribution across the Zn electrode, caused by the free diffusion of Zn ions in the vicinity of the electrode surface [START_REF] Lu | Inhibition of zinc dendrite growth in zinc-based batteries[END_REF][START_REF] Garcia | Complete prevention of dendrite formation in Zn metal anodes by means of pulsed charging protocols[END_REF][START_REF] Zhang | Interfacial design of dendrite-free zinc anodes for aqueous zinc-ion batteries[END_REF]. In other words, the diffusion-controlled Zn deposition process is influenced by both electric field and concentration gradients [START_REF] Pei | Nanoscale nucleation and growth of electrodeposited lithium metal[END_REF] and the inhomogeneity on the electrode surface brings about its formation since there is faster mass transport due to a non-planar Zn ions diffusion. Moreover, Zn-dendrites tend to develop at high current densities, which lead to a rapid Zn deposition, due to the resulting non-uniform concentration gradients [START_REF] Chamoun | Hyper-dendritic nanoporous zinc foam anodes[END_REF]. This is similar to the dendritic growth mechanism model proposed for copper and lithium metallic electrodes [START_REF] Chazalviel | Electrochemical aspects of the generation of ramified metallic electrodeposits[END_REF][START_REF] Rosso | Onset of dendritic growth in lithium/polymer cells[END_REF][START_REF] Monroe | Dendrite growth in lithium/polymer systems[END_REF].

The usually sharp-structured dendrites can puncture the membrane [START_REF] Porter | Zinc handbook: Properties, processing, and use in design[END_REF], especially when the amount of dendrites is increased. This can lead to an electrical short-circuit of the cell during the charging process and result in battery failure [START_REF] Porter | Zinc handbook: Properties, processing, and use in design[END_REF]. Therefore, reinforcement of the membranes is necessary in addition to the efforts to avoid the formation of dendrites.

To reduce/avoid the continuous formation and growth of Zn-dendrites, thus extending the battery life-span as much as possible, several strategies including addition of additives into electrolytes [START_REF] Bass | Methods for the reduction of shape change and dendritic growth in zinc-based secondary cells[END_REF] and electrodes [START_REF] Hampson | The electrochemistry of porous zinc V. The cycling behaviour of plain and polymer-bonded porous electrodes in koh solutions[END_REF], modification of Zn-electrode structure [START_REF] Parker | Wiring zinc in three dimensions re-writes battery performance -dendrite-free cycling[END_REF], optimization of electrolyte properties and selection of appropriate membranes [START_REF] Yang | Poly(vinyl alcohol)/poly(vinyl chloride) composite polymer membranes for secondary zinc electrodes[END_REF][START_REF] Lee | Dendrite suppression membranes for rechargeable zinc batteries[END_REF][START_REF] Xie | A long cycle life, self-healing zinc-iodine flow battery with high power density[END_REF] have been so far employed. However, despite the important role of membranes in retarding Zn-dendrite formation, there are only few reported studies focusing on their effects [START_REF] Lee | Dendrite suppression membranes for rechargeable zinc batteries[END_REF][START_REF] Zhang | Design principles of functional polymer separators for high-energy, metal-based batteries[END_REF].

The use of an ion-conductive and/or optimized porous membrane is believed to improve the cycling stability of the battery by suppressing dendrite formations [START_REF] Yu | Electrochemical energy storage with mediator-ion solid electrolytes[END_REF][START_REF] Li | Long-life, high-voltage acidic Zn-air batteries[END_REF]. This is due to the fact that (i) membrane can regulate ion transport and avoid ion concentration gradient, which is the main cause of dendrite growth and

(ii) the nanochannels in the membranes can greatly enhance the uniformity of current distribution resulting in a uniform Zn deposition [START_REF] Lee | Dendrite suppression membranes for rechargeable zinc batteries[END_REF]. For instance, prevention of Zn-dendrites formation has been observed when a membrane with a proper pore size and pore size distribution was used [START_REF] Yang | Poly(vinyl alcohol)/poly(vinyl chloride) composite polymer membranes for secondary zinc electrodes[END_REF]. In this work, the microstructures of PVA/PVC membrane with pore size in the range of 60 -120 nm were reported to effectively prevent any Zn dendritic formation during the overcharge period. As a result, over 50 cycles were attained for the rechargeable Zn electrode.

Moreover, Lee et al. [START_REF] Lee | Dendrite suppression membranes for rechargeable zinc batteries[END_REF] prepared a mechanically robust CEM for a Zn/Zn symmetric cell by crosslinking polyacrylonitrile (PAN) with lithium polysulfide (equivalent Li2S3), simultaneously leading to the formation of sulfur-containing functional fixed groups. This was then followed by hydrolysis, which resulted in the formation of a PAN-S membrane that achieved selective cationic transport (due to the sulfonic functional groups) and a homogeneous ionic flux distribution. As a result, the PAN-S membrane, with a high Young's modulus of 391 MPa, was found to suppress dendrite growth, exhibit a small polarization (<40 mV) and a long cyclic stability (>350 cycles) when tested in the Zn/Zn battery cell.

Another promising method to minimize/avoid the growth of dendrite is to fill the pores of the membranes with chemical compounds that can react with the Zn dendrites and dissolve them. Recently, Xie et al. [START_REF] Xie | A long cycle life, self-healing zinc-iodine flow battery with high power density[END_REF] utilized a 900-μm thick elastomer porous polyolefin membrane (0.1 µm pore size, 58% ±7.5% porosity) in a Zn-iodine flow battery aiming at overcoming the negative impacts of Zn dendrites. Different compositions of KI, ZnBr2, and KCl were used as electrolytes, thus I -/I2 and Zn 2+ /Zn are the positive and negative redox couples, respectively. The reaction rate of the I3 -/ I -redox couple was found to be diffusion-limited. The pores of the membranes are believed to be filled with the solution of oxidized I3 -ions. In this way, the oxidized I3 -ions are able to oxidize the growing Zn dendrites when entered into the pores and make them soluble again (Zn + I3 -↔ 3I -+ Zn 2+ ). The problem with this system is that I3 -can diffuse through the membrane and leading to a self-discharge and decrease in coulombic efficiency. Therefore, it is essential to develop and employ a membrane with a proper pore size and/or covered by a thin Nafion® layer faced to the battery positive side [START_REF] Xie | Highly stable zinc-iodine single flow batteries with super high energy density for stationary energy storage[END_REF]. Similar membrane pores functionalization/filling techniques can be considered in Zn-air batteries in order to overcome the adverse effects of Zn-dendrites formation.

Summary, outlook and thesis work plan

Summary and outlook

Because of the growing demands for grid-scale electrical energy storage and the inherent attractive attributes of rechargeable Zn-air batteries, such as high theoretical specific energy, high safety, economic feasibility and environmental friendliness, they are considered feasible devices for large-scale electricity storage. The high number of scientific papers published and projects funded so far focused on Zn-air batteries indicates their promising future as next-generation energy storage devices. Membranes have been known to be a critical component of Zn-air batteries as they must selectively transport OH -ions. Additionally, properly designed membranes should restrict/minimize Zn dendrites formation and growth. This can be achieved by preparing dedicated membranes with an optimal morphology to regulate the ions transport and appropriate chemical modifications to interact and solubilize the dendrites. However, it must be noted that the role of membrane in suppressing Zn-dendrite formations in Zn-air batteries has not been extensively investigated and explored. Therefore, more works on membrane design and investigation of its impact on suppression of dendrite formation and growth are required.

In this review, we have presented and discussed the recent developments in membranes used in Zn-air batteries. The commonly used porous membranes have not been primarily designed for this application, instead, they are adapted from other battery applications. Despite their acceptable OH -conductivities and chemical stabilities, the crossover of Zn(OH)4 2-ions restricts their widespread usage. Therefore, further research efforts from both researchers and industries on design, fabrication and characterization of highperformance membranes for Zn-air battery are of utmost importance in order to fully commercialize the battery.

One of the strategies used to minimize the crossover of Zn(OH)4 2-ions is the use of properly designed porous membranes specific for Zn-air battery. A porous membrane with an average pore size larger than the hydrated ionic radius of OH -ions but smaller than that of the Zn(OH)4 2-is needed. Recently, the use of electrospun nanofiber-based porous membranes for rechargeable Zn-air batteries has been introduced in order to improve the membrane integrity. The nanofibers materials fabricated using electrospinning technology have a large surface area, large porosity and favorable molecular orientation along the fiber axis.

A promising performance has been reported in the literature.

Another way to inhibit Zn(OH)4 2-ions crossover is by surface modification of porous membranes. The membrane pore size can be decreased by filling the pores with inorganic particles. Membrane coating with inorganic particles has been shown to minimize the Zn(OH)4 2-ions crossover; however, deposition of inorganic particles was reported to also increase the resistance of the membranes. As a result, such membranes have not been commercialized at industrial scale. Hence, an optimum content of inorganic particles not significantly reducing the conductivity of the membrane is required. Coating/filling of porous membranes with ion selective polymers, such as PILs is another promising way to improve their selectivity.

This has been reported to block Zn(OH)4 2-crossover from the Zn to the air electrode. However, the high cost of PILs might limit their practical applications. At the same time, this is not well-investigated topic.

Hence, more research is needed to explore its potential for practical implementation.

Last but not least, arguably, the most promising approach to reduce Zn(OH)4 2-ions crossover seems to be using ion-selective membranes. Such membranes are able to permeate the OH -ions while blocking the passage of the larger size Zn(OH)4 2-ions. For instance, the alkaline stable Nafion®, a typical CEM, has been used in Zn-air battery. However, it was reported to exhibit poor performance due to the low OH -ion conductivity of the membrane. Moreover, it is a well-known that Nafion® is a high cost membrane.

Therefore, a CEM with an acceptable conductivity and cost should be considered as an alternative. On the other hand, Nafion® films can be incorporated/coated onto porous membranes to further improve the selectivity of these membranes.

AEMs have been widely proposed to replace the porous membranes used in Zn-air battery applications. It must be noted that since both OH -and hydrated zincate ions have the same charge, controlling the membrane nanochannels size in a way allowing only OH -transport is required. The main challenge associated with the use of these membranes is their relatively low alkaline stability. However, this problem is less severe compared to the application of AEMs in high-temperature and low relative humidity fuel cells. Considering the impressive progress nowadays, a promising potential can be foreseen towards the development of lowcost and stable AEMs for the Zn-air battery.

One of the main reasons why Zn-air batteries are considered to be promising energy storage is due to their high specific energy density at a relatively low cost. The material costs of such batteries can be relatively low because Zn is one of the most widely abundant elements and O2 is merely obtained from air. However, to realize a feasible rechargeable Zn-air battery, reduced cost of the membrane as well as the remaining components of the battery are quite important. The final cost of the membrane highly depends on the raw materials and preparation process.

Thesis work plan

Following the critical review of the state-of-the-art studies on membranes for Zn-air batteries, two membrane synthesis strategies were used to prepare appropriate membranes for Zn-air batteries and address the problems of zincate ions crossover, alkaline stability and hydroxide conductivity. We have investigated the performance of porous, modified porous membranes and anion-exchange membranes in a Zn slurry-air flow battery, a type of Zn-air battery.

In our first work, which is presented in chapter 6, we first tested six commercial porous membranes and investigated the relationship between their structure and properties (electrolyte uptake and zincate ions crossover) and corresponding single cell performance (cell resistance and power densities). However, as expected, a significant amount of zincate ions crossover was observed which makes their application in rechargeable Zn slurry-air flow batteries in question. To minimize the zincate ions crossover, one of the porous membranes was coated with prepared and commercial ionomers, ex-situ characterized and tested them in the same battery.

In the second work, which is presented in chapter 7, a series of AEMs with good stability in alkaline medium were prepared. In this work, similar to the high-performing AEMs in the AORFBs, to improve the stability of the cationic groups, we attached the N-spiro QA cation i.e., poly(DAPCl), via a long alkyl side chain into the PPO polymer backbone. Different from our previous work, herein, the ketone group C=O in the spacer was reduced to CH2 since the protons in the α-position are acidic, they can form enolate anions that are powerful nucleophiles. The prepared membranes were characterized in terms of hydroxide conductivity, zincate ions crossover, alkaline stability and battery performance.

Chapter 6: Porous and modified porous membranes for zinc slurryair flow battery

Introduction

Redox-flow batteries (RFBs) are promising electrochemical energy storage devices for mitigating the intermittent fluctuation of solar and wind power plants [1,2]. These batteries offer several advantages, such as independent sizing of power and energy, room temperature operation, scalability, long charge/discharge cycle life and high efficiency [3]. Over the years, various types of RFBs, such as vanadium-based RFBs [4][5][6] and metal-air flow batteries have been developed [7][8][9]. Particularly, Zn-air battery presents a high potential for mobile and stationary applications because of its high theoretical energy density (1087 Wh kg - 1 , oxygen inclusive), abundant raw materials, environmental friendliness and economic viability [10][11][12][13].

To improve its cycling and discharge performance, various studies have mainly focused on preparation and improvement of Zn electrode [14][15][16], electrocatalyst air electrodes [17,18] and electrolyte formulations [7,19].

In such batteries, the Zn electrode can be a semi-solid, fluidic electrode, in which particles are mixed into the electrolyte to form a slurry [9]. In other words, Zn slurry (Zn particles suspended in alkaline electrolytes) is used as the anode electrode [20,21]. Thus, the slurry, acts as both electrode and electrolyte. In these batteries, unlike conventional Zn-air batteries, the volume of tank or the amount/concentration of Zn particles in the slurry, rather than the size of the porous Zn electrode used in the system, determine the capacity of the battery [22,23]. Moreover, such Zn slurry-based configuration is believed to minimize formation of dendrites and surface passivation since the negative electrode acts only as a current collector [23][24][25][26], thus enhance battery performance.

However, some issues, such as full utilization of the Zn particles in the electrochemical reaction, blockage of the Zn particles in the electrode [26], integral battery configuration [27] and appropriate membrane development [28,29] have been impeding the development and commercialization of rechargeable Zn slurry-air flow batteries.

The membrane is used for OH -ion conduction and avoiding mixing of the positive and negative active materials. To achieve this, membrane with high alkaline stability, OH -conductivity, mechanical stability and low/no crossover of zincate (Zn(OH)4 2-) ions is required. The overall performance and economic viability of this battery are greatly affected by the properties of the membrane employed [28]. Commercial Zn-air batteries usually use porous polyolefin-based membranes. The porous structure nature of these membranes permits crossover of the soluble Zn(OH)4 2-ions from the Zn electrode to the air electrode. An excellent review work on porous membranes for batteries can be found in the literature [30]. At the air electrode, the Zn(OH)4 2-can be converted to ZnO, depending on the pH, (Zn(OH)4 2-→ ZnO (s) + H2O + 2OH -). The formation of ZnO layers has been reported to cause loss of battery capacity [31] and large cell polarization [11] (as the ZnO powers clog the porous air electrode). Therefore, there is a need for minimizing the crossover of Zn(OH)4 2-ions through the membranes.

To address this issue, the use of anion exchange membranes (AEMs) [28,[32][33][34], inorganic-filling [35] or polymer-coating of porous membranes [36,37] have been investigated. For the former, the development of alkaline stable AEMs with well-defined and controlled ionic channels size to improve its selectivity without reducing the ionic conductivity is required. Abbasi et al. [32] prepared benzylic quaternized AEMs using poly (2,6-dimethyl-1,4-phenylene oxide) (PPO) and trimethylamine (TMA) and investigated its primary Znair battery discharge performance (specific discharge capacity of ~800 mAh/gZn). The PPO-TMA membrane exhibited a low Zn(OH)4 2-diffusion coefficient of 1.1 × 10 -8 cm 2 min -1 .

Another promising strategy, however rarely used in Zn-air batteries is surface modification of porous membranes. One way to achieve this is to coat a thin ion-selective polymer layer. The coat is expected to allow OH -transfer through the membrane and minimizes the migration of Zn(OH)4 2-ions to the cathode compartment without significantly affecting the ion conductivity. With respect to this, Nafion ® 117 solution was coated on Celgard ® 3401 and Celgard ® 3501 membranes [36]. Zn(OH)4 2-ions crossover was avoided for at least 5 h by coating with a 1% Nafion ® solution on Celgard ® 3401 without surfactant. Furthermore, Hwang et al. [37] synthesized polymerized ionic liquid and coated it on Celgard ® 5550 membrane to limit Zn(OH)4 2-ions crossover. A 96% decrease in Zn(OH)4 2-ions crossover through the membrane was reported. As a result, the lifetime of the battery was reported to increase by about 280% when compared to the pristine Celgard ® 5550-based battery (104 vs 37 cycles). Other than these two studies, the method remains to be not explored and not tested in Zn slurry-air flow batteries. Moreover, mostly polypropylene (PP)-based Celgard ® membranes have been explored, while other commercial porous membranes performance in such batteries remain to be not well-studied.

The objectives of the present work were to (i) investigate the performance of several commercial membranes in Zn slurry-air flow battery and screen out appropriate membrane for the application, and (ii) coat the porous membranes with anion-exchange polymers to improve their selectivity. Herein, six commercial membranes were tested in a 25 cm 2 Zn slurry-air flow battery and compared. Aiming at decreasing the crossover of Zn(OH)4 2-ions, Celgard ® 3501 membrane was modified with two different anion exchange polymers. A solution of quaternized PPO and N, N-diallylpiperidinium chloride (DAPCl) was casted on the top surface of the porous membrane and cross-linked via UV irradiation in the presence of a photoinitiator. Moreover, a commercial anion exchange ionomer, Fumion FAA-3-SOLUT-10 (Fumatech, Germany) was used to modify the same support membrane for comparison purpose. DAPCl was chosen because of it high alkaline stability [38,39]. Similar UV-irradiation technique for coating N-spirocyclic quaternary ammonium monomer-based ionomer on Tetratex ® PTFE porous substrate has been reported

recently elsewhere [40].

2. Experiment both its benzyl and aromatic positions, a benzyl position bromination was achieved by the high temperature used [41] while the extent of bromination was controlled by the amount NBS used [42]. The reaction continued at 136 o C for 3 hours. After 3 h of reaction, the product was precipitated in 600 mL of methanol drop wise. Finally, the product was filtered and dried at 60 °C in vacuum oven for 24 h. The obtained PPO-Br product (6.42 g, 96.8% yield) was confirmed by 1 H NMR. The degree of bromination was determined by 1 H NMR spectrum by comparing the integrals of the brominated methylene at 4.3 ppm and aromatic methyl group at 2.1 ppm. Subsequently, quaternized PPO polymer (PPO-Q) was prepared by reacting the PPO-Br polymer with diallylmethylamine [39]. PPO-Br (6.42 g) was dissolved in 150 mL THF in a 250 mL reaction flask. After the mixture was completely dissolved, diallylmethylamine (300% molar in excess with respect to the Br units in the PPO-Br) was added in excess to make sure full substitution of the Br units. The reaction continued for 48 h. The product was precipitated in diethyl ether drop wise, filtered and dried under vacuum at 35 °C overnight. The successful quaternization of the product was confirmed by 1 H NMR.

The preparation of DAPCl was performed in two steps based on the method reported elsewhere with slight modifications [38].

Membrane preparation

After the synthesis of the PPO-Q and DAPCl, coating over Celgard ® 3501 was performed as follow: 0.075 g PPO-Q, 0.0919 g of DAPCl and 0.01023 g D-2959 initiator were dissolved in 1,2-dichloroethane. After the products were dissolved, NMP (0.62 mL) was added and stirred for 30 min. The solution was covered with aluminum foil to avoid light induced initiator decomposition. The amount and ratio of DAPCl to PPO-Q (6:1, theoretical ion-exchange capacity of 3.45 mmol OH -g -1 polymer) was chosen based on preliminary optimization experiments to prepare a membrane with acceptable hydroxide ion conductivity. Once the 1, 2-dichloroethane was evaporated at room temperature, the remaining solution was poured on a 8 x 8 cm 2 Celgard ® 3501 membrane and cast using doctor blade thickness of 30 µm. The coated membrane was degassed, crosslinked using UV irradiation for 3 min and dried overnight at 60 °C. The membrane prepared are denoted as PPO-3.45 + 3501.

In a separate fabrication experiment, 0.8 g of Fumion FAA-3-SOLUT-10 (12 wt.%, determined in this study by drying at 80 °C for 24 h) (referred as FAA) was coated on a 8 x 8 cm 2 Celgard ® 3501 using doctor blade thickness of 30 µm. Similarly, the FAA modfiedied membrane (FAA + 3501) was dried overnight at 60 °C. with resolution of 2 cm -1 . SEM analysis was done to study the homogeneity of the coating.

Electrolyte uptake

Electrolyte uptake of membranes was determined by immersing the membranes in 6 M aqueous KOH for 24 h at room temperature. Membrane samples were taken out from the solution and removed their surface solution to record their wet weight. The liquid electrolyte uptakes of the membranes were calculated from the difference of wet and dry weights of the membrane samples based on the following equation (equation 1):

𝐾𝑂𝐻 𝑢𝑝𝑡𝑎𝑘𝑒(%) = 𝑊 𝑤𝑒𝑡 -𝑊 𝑑𝑟𝑦 𝑊 𝑑𝑟𝑦 × 100 (1) 
where Wdry and Wwet are the weights of the membranes before and after absorbing the liquid electrolyte.

ρ = 𝑚 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑚 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 -𝑚 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 × ρ 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 (4) 
where mambient and mtoluene are weights of the membrane at ambient and in toluene, respectively. ρtoluene is density of toluene (0.87 g mL -1 ).

Mercury porosimetry

Mercury (Hg) intrusion measurements (Quantachrome PoreMaster) were used to determine the intruded volume, volume of pores/mass of membrane (cm 3 g -1 ) of the pristine and modified membranes.

Alkaline stability

The alkaline stability of the modified membrane (PPO-3.45+3501) was studied by immersing the membranes in a typical solution used in Zn-air batteries i.e., 6 M KOH for 10 days at room temperature.

The electrolyte was replaced every 48 h. The stability of the membranes was investigated by comparing the structure (by FTIR analysis) of the membranes before and after immersion in the alkaline solution.

Zincate ion crossover

The crossover of Zn(OH)4 2-ions through both the commercial and modified membranes was tested using a self-made diffusion cell. The enriched side of the diffusion cell (left, Figure 1) consists of 0.3 M of Zn(OH)2 dissolved in 6 M aqueous KOH solution (15 mL). Whereas, the deficiency chamber was filled with only 6

M KOH aqueous solution (15 mL). The membrane sample was placed between the two compartments. At predefined period of times, 0.1 mL sample was taken from the right-side chamber. The time-dependent concentration of Zn(OH)4 2-ions in the right chamber was then determined using atomic absorption spectroscopy (AAS, PinAAcle ™ 900F). A wavelength of 213.86 nm and 0.7 nm slit was used to determine the concentration of Zn in each sample solutions. The diffusion coefficients of Zn(OH)4 2-ions (D) of the different membranes were calculated from the following equation ( 5) [43]:

𝑉 𝐵 𝑑𝐶 𝐵 (𝑡) 𝑑𝑡 = 𝐷𝐴 𝐿 (𝐶 𝐴 -𝐶 𝐵 (𝑡)) (5) 
After integration, by assuming volume of the right chamber (VB) do not change with time, equation ( 5) can be changed to:

ln ( 𝐶 𝐴 𝐶 𝐴 -𝐶 𝐵 ) = 𝐷𝐴 𝑉 𝐵 𝐿 𝑡 ( 6 
)
Where D is the diffusion coefficient of Zn(OH)4 2-ions through the membrane (m 2 min -1 ), t is the time (min),

A is the effective area of the membrane (m 2 ), L is the thickness of the membrane (m), CA and CB are the zincate concentrations (mol L -1 ) in the enriched and deficiency chambers, respectively. 2.4.9. Single cell assembly and electrochemical performance A single cell used for this study is identical with the best performing cell design in the previous study [44] with a serpentine flow field of CuNi plate (Figure 2). A catalyst coated electrode (CCE) was used for air cathode. The catalyst ink was prepared by mixing a Pt/C catalyst (40% Pt, Alfa Aesar, Germany) with Pt loading at 1 mg cm -2 , isopropanol and deionized water. The prepared ink was then sonicated in an ultrasonic water bath for 15 min and sprayed on to a geometric area of 25 cm 2 (5 cm × 5 cm × 0.0235 cm) gas diffusion layer (SGL Carbon, 29BC, Germany). The catalyst-coated electrode was placed between the membranes and the cathode bipolar plate. The Zn slurry (Table 1) was prepared by same method as previous study [44] with same chemicals. Each solution was mixed at 4000 rpm for 3 minutes. and Zirfon ® ) were characterized in terms of electrolyte uptake and zincate ions crossover and were tested in Zn slurry-air flow battery. The composition, nature and structure of these commercial membranes are summarized in Table 2. (Density used: PP = 0.92 g cm -³ and Zirfon ® = 2.37 g cm -³, apparent density [52]) and volume porosity are provided in Table 2.

**Porosity filled with the electrolyte are not determined as their porosity volumes are not available.

Among the PP-based Celgard ® membranes, Celgard ® 5550 exhibited the highest electrolyte uptake, followed by Celgard ® 3501 and Celgard ® 3401 with 113, 98 and 49 wt. %, respectively. As a result, 82% of the total porosity of Celgard ® 5550, 76% of Celgard ® 3501 and 63% of Celgard ® 3401 were found to be filled with the electrolyte. The Celgard ® 5550 and Celgard ® 3501 membranes have the same pore size, thus the small difference in their electrolyte uptake could be attributed to the membrane morphology (induced by the manufacturing process) and the wettability of the polymer matrices which depends on the surfactant used to modify the surface of these Celgard ® membranes and thus their hydrophilicity [53,54]. The lower electrolyte uptake of the Celgard ® 3401 can be explained by the lower pore size (43 nm) and may be by a less hydrophilic surface modification of Celgard ® 3401 membrane. Indeed, all Celgard ® membranes tested in this study have surfactant coated on their surfaces, however, the nature of the surfactant is not known.

Cellophane™ 350 PØØ is made up of cellulosic material with acidic functions (-COOH) on the surface.

The polymer hydrophilic character and the presence of ionic functions (-COO -, K + after neutralization) explain the highest electrolyte uptake (130 wt. %) among the tested membranes. Zirfon ® is a composite membrane made up of polysulfone that is a hydrophobic polymer and hydrophilic fillers (zirconia) [55].

The Zirfon ® membrane is manufactured by film casting and has a thickness of about 500 ± 50 μm and a porosity of 50 ± 10%, according to the datasheet provided by Agfa [47]. Due to its higher pore size (150 ± 50 nm), compared to the other membranes, and the presence of hydrophilic ZrO2 fillers (85 wt%, 22 m 2 g -1 ), the electrolyte uptake corresponds to 89% of the porosity which indicates high wettability between the composite membrane and the electrolyte. Whereas, due to its dense character, the PBI membrane displayed low electrolyte uptake (36 wt.%).

Moreover, the ion conductivities of the membranes were determined by EIS. The membrane impregnated with a solution of 6 M KOH was sandwiched between two gold electrodes, the upper one is smaller and has a diameter of 2 mm. Accordingly, Celgard® 5550 membrane showed higher ion conductivity (70 ± 5.5 mS cm -1 ) than Celgard® 3501 (17 ± 0.7) and Celgard® 3401 (14 ± 2 mS cm -1 ) proving that the efficiency of ionic conductivity pathway depends on the electrolyte uptake and size of pores (only the porous part of the membrane is conductive). Whereas, ion conductivity of the Cellophane™ 350 PØØ membrane (56 ± 6 mS cm -1 ) was found to be higher than that of Celgard® membranes, which can be associated to its higher hydrophilicity and electrolyte uptake. Zirfon® exhibited the highest ion conductivity (212 ± 7 mS cm -1 )

among the tested membranes in agreement with its high electrolyte uptake. The PBI membrane (possesses a heterocyclic benzimidazole ring) with the lowest KOH uptake exhibited a conductivity of only 5.1 ± 1 mS cm -1 . It should be noted that the conduction mechanism in PBI has to be different as compared to the studied porous membranes, the (-N=) and (-NH-) of the imidazole interact with KOH and participate to the OH - conductivity [56]. On the other hand, the conductivity of the 6 M KOH electrolyte was about 590 mS cm -1 at room temperature. However, it must be noted that the method we used to determine the porous membranes resistance is difficult due to (i) the presence of 6 M KOH electrolyte in the membranes and (ii) the electrodes which are not fully adapted for such measurements. In fact, the electrodes are in contact with the membrane under weak spring pressure and excess or lack of KOH solution in the membrane can lead to an overestimation (excess of conducting surface on the border of upper electrodes which has a smaller surface)

or underestimation (if the porosity is not completely filled).

Zincate ions crossover

The crossover of soluble Zn(OH)4 2-ions from the negative to the positive electrode must be minimized/avoided in order to have working Zn-air battery. Diffusion of Zn(OH)4 2-through the six membranes was investigated by placing the membrane between the two compartments of the diffusion cells.

The amount of Zn(OH)4 [31,57,59]. This was suggested to be due to the less porous nature [60] and negatively charge [61] of the former membrane than that of Celgard ® 3501. However, it must be noted that the measuring protocols (including electrolyte type) and technique might have a significant impact on the diffusion coefficient value as can be seen in the case of Celgard ® 3501 in [31] and [58] studies.

For instance, Celgard ® 3501 and Cellophane™ membranes were reported to have about four times larger Zn(OH)4 2-ions diffusion coefficient when KOH was used instead of NaOH [57]. Moreover, the Cellophane™ 350POO (Innovia Films Ltd., UK) used in [57] has a thickness of only 25 μm, which is much lower than that of the one used in this study.

In the present study, the Zn(OH)4 2-diffusion coefficient through the membranes was found to decrease in order as follow: Zirfon ® > Celgard ® 5550 ≈ Cellophane™ 350 PØØ > Celgard ® 3501 > Celgard ® 3401 > PBI ® . This is in agreement with ion conductivities (section 3.1.1) and porous/dense structure of the membranes.

Zn slurry-air flow battery performance

Ohmic resistance of the system is crucial factor in fixing the performance of Zn slurry-air flow battery. The resistance of the membrane has generally a large influence on the total resistance of the system. The area resistances of the Zn slurry-air flow battery employing the different membranes was determined from the slope of IV plot and are shown in Figure 4. In addition, similar area resistance results were obtained from the EIS measurement (thus, not included here). The cell with Celgard ® 3501 has the lowest area resistance (2 Ω cm 2 ) of all the tested cells. Among the Celgard ® membranes, despite the high electrolyte uptake, Celgard ® 5550 permit to exhibit the highest cell resistance of (3.2 Ω cm 2 ) due to its high thickness.

The area resistances obtained in the battery is different from the one determined using the conductivity measurement due to the different electrolyte used. The conductivity of the slurry used in the battery (261 mS cm -1 ) was about 2.5 times lower than that of the conductivity of the 6 M KOH solution electrolyte (590 mS cm -1 ) at room temperature. Additionally, the presence of particles in the slurry (Zn and ZnO) can impact the conductivity of the membranes by filling the porosity. Membrane due to the use of a non-optimized electrode performed without ionomer, which can limit the electrochemical reaction kinetic. In the second part, the cell ohmic loses are dominating the cell performance inducing a linear decrease of the voltage vs the current density [62]. The large decrease of potential at high current density is caused by the concentration polarization (probably due to transport loss into the slurry). As shown in Figure 5, the limitation associated with mass transport occured at high current density, thus the maximum power density of the cells seems to be in agreement with their in-situ area resistances. The discharge cell performance revealed that PBI ® and Zirfon ® -based cell, due to their high area resistances, exhibited the lowest peak power densities among the tested membranes. The PBI ® -employing cell displayed peak power density of only 32 mW cm -2 . Among the three Celgard ® membranes tested, the cells with ) polarization as the insoluble ZnO possibly clogs the active area of the positive electrode. However, the critical concentration at which such impact is seen in Zn-air batteries has not been investigate yet. For Zn/MnO2 batteries, the detrimental effect of Zn(OH)4 2-ion on the air-cathode has been reported to occur at a concentration of ≥ 0.1 M Zn(OH)4 2-ion [63]. Therefore, in addition to figuring out this critical concentration, methods to lower or completely avoid the crossover of Zn(OH)4 2-ions through the membrane are required. The strategy followed to minimize the crossover of Zn(OH)4 2-ions in this work is discussed in section 3.2. Other membrane synthesis and modification strategies have been discussed in our recent review paper on the state-of-the-art membrane studies for Zn-air batteries [29].

3.2. Improving the selectivity of porous membrane by ion-selective polymers coating

Polymer and cation preparation

As discussed in chapter 3, the preparation of PPO-Q polymer was done in two steps, the first step being benzylic bromination of a commercial PPO polymer. DAPCl was also successfully synthesized starting from piperidine in two steps procedure, as outlined in Scheme 2. The structure of prepared cationic monomer was confirmed by 1 H NMR (see chapter 3). Furthermore, the successful synthesis of the polymers and DAPCl cation was also confirmed by FTIR spectroscopy (Figure S1).

Modified membrane structural characterization

Celgard ® 3501 was chosen as a support membrane because of its low area resistance, high power density and commercial availability. Two solutions were cast on top of this support: (i) based on a mixture of PPO-Q and DAPCl with a theoretical ion exchange capacity of 3.45 mmol OH -/g (PPO-3.45) and (ii) a commercial FAA solution. SEM and FTIR analysis were employed to confirm the successfulness of the PPO-3.45 coating. The top and cross-section of Celgard ® 3501 and modified membranes are comparatively displayed in Figure 6. The pristine Celgard ® 3501 membrane displays porous structures (Figure 6a andd), in which the pores are lengthened and orientated in the same direction due to the dry unidirectional stretching of Celgard ® after the extrusion manufacturing process [64].

After the PPO-3.45 modification, the surface of Celgard ® 3501 membrane was homogeneously covered with the ionomer (Figure 6b). Considering the weight of PPO-Q and DAPCl used, an increase of 2.6 mg cm -2 was expected. However, the weight change recorded before and after drying and washing with water, the modified Celgard ® 3501 showed that only 2 (+ 0.1) mg cm -2 of ionomer was coated for the PPO-3.45 + 3501 membrane. The water soluble part, analyzed by 1 H NMR, was composed of the unreacted monomer DAPCl and poly(DAPCl) wtih a ratio of about 50:50. Considering the 0.6 mg cm -2 washed out with water, the IEC was recalculated to be 2.9 mmol OH -g -1 ionomer, thus 1.64 mmol OH -g -1 of composite membrane.

The modified membrane showed an increase of about 2 μm in thickness compared to the pristine membrane, as measured by micrometer. The same increase in thickness was observed in the SEM cross-section (Figure 6e). In addition, as shown in Figure 6e, it appears that some of the polymer is impregnated into the porous structure of the supporting membrane.

For the second composite membrane, a 0.8 g of FAA (12 wt. % in NMP) solution was casted on 64 cm 2 of the porous membrane, thus 1.5 mg cm -2 FAA polymer coating was expected. According to the manufacturer, the IEC of FAA-3-50 (membrane believed to be prepared from the FAA solution) is 1.6-2.1 mmol Cl -g -1 ,

which is equivalent to 1.65-2.2 mmol OH -g -1 . About 80 (+ 2) wt.% of increase in the modified membrane was noted compared to the pristine one, corresponding to 1.2 mg cm -2 coating, thus the IEC was recalculated to be 0.9-1.2 mmol OH -/(g of the composite membrane). However, no increase in thickness was noted by micrometer and SEM analysis, which indicates the complete impregnation/penetration of the polymer solution onto the porous structure of the Celgard ® 3501 substrate [37]. Indeed, the SEM cross-section image (Figure 6f) show that the pores are filled partially. The densities of dense self-standing PPO-3.45 and FAA membranes were determined to be 1.17 and 1.14 g cm -3 , respectively.

Furthermore, Hg porosimetry measurement revealed that the total pore volumes of both PPO-3.45 + 3501 (0.64 cm 3 g -1 ) and FAA + 3501 (0.72 cm 3 g -1 ) membranes to be lower than that of the pristine Celgard® 3501 membrane (0.90 cm 3 g -1 ). The drop of total porosity is seen as an indication of partial filling of the porous membrane with non-porous ionomers. Moreover, for both modified membranes, the larger pores seen in Celgard ® 3501, 100 -200 nm range, seem to be filled by the ionomers as shown in Figure 7. The coating and impregnation of the PPO-3.45 and total impregnation of FAA polymer solution could be due to the affinity/interaction between the ionomer and membrane surface in addition to the viscosity behavior of the polymer solution. Visually, the PPO-3.45 solution seems to be much more viscous than the FAA solution. To better understand the solution behavior during the casting, viscosity measurements of both PPO-DAPCl and FAA solutions are shown in Figure 8. PPO-DAPCl exhibits a non-Newtonian behavior. This means that viscosity is dependent of deformation applied to the material and in this case, PPO-DAPCl solution correspond to a shear-thinning behavior in which viscosity decreases as the shear rate (deformation) applied to the sample increases. In the range of shear rates observed, viscosity drops from 7.0 to 0.14 Pa s, decreasing 3 orders of magnitude as shear rate increases. Nevertheless, it is worth noticing that for membrane casting using a doctor blade, shear rate corresponds to a magnitude of about 555 s -1 (calculated by dividing casting speed (1.7 cm s -1 ) by the 30 µm casting polymer solution used) corresponding to a high deformation regime. Using the data in Figure 8, viscosity is extrapolated to the representative shear rate and a value of 32 mPa is found. Contrastingly, FAA solution shows a Newtonian behavior as viscosity remain constant with a value of 45.7 mPa s, which is comparable to the viscosity value of PPO-DAPCl in the range of shear rate investigated. At the casting shear rate, both solutions have comparable viscosities and hence this can explain their similar behavior of large impregnation of the pore structure by the two ionomers. 

Electrolyte uptake and ion conductivity

As it can be seen from Table 5, after modifications, the electrolyte uptakes of both PPO-3.45 + 3501 and FAA + 3501 significantly decreased compared to the pristine Celgard ® 3501 membrane. Celgard ® 3501 was added in Table 5 for comparison purposes. The ion conductivities of PPO-3.45 + 3501 and FAA + 3501 membranes were found to be about 12 and 1 mS cm -1 , respectively, at room temperature. The decline in conductivity of the modified membranes, compare to the pristine Celgard ® 3501, could be due to the filling of the pores, which greatly contributed to increase the resistance of these modified membranes, thus the ions (including OH -ions) are less mobile to diffuse through the pores. The difference in conductivities between the two composite-membranes could be due to the difference in IEC between them. Due to its higher IEC, as discussed in chapter 3 in detail, a self-standing membrane prepared from the PPO-3.45 has much higher water uptake than that of FAA membrane. As shown in Figure 9, no appearance of new peaks of C-OH (above 3000 cm -1 ) as a result of nucleophilic attack by the OH -ion was observed [40,65]. Moreover, the membranes do not show any significant change in their spectrum (for example, C-N shown at around 1300 cm -1 ) before and after immersion in the prepared solution, showing their stability in the alkaline medium. The good alkaline stability of N-spirocyclic cations employing AEMs can be explained by the high energy barrier value associated with the transition state during an OH -attack [66,67]. 

Zincate ions crossover

As shown in Figure 10, the PPO-3.45 + 3501 membrane exhibited the lower Zn(OH)4 
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Wave number (cm -1 ) Before After ion selective polymer. With the addition of PPO-3.45 ionomer, the Zn(OH)4 2-ion diffusion coefficient decreased by a factor of 18. As shown in the Figure 10, much lower crossover of Zn(OH)4 2-ion through the FAA + 3501 membrane, compared to the PPO 3.45 + 3501 membranes, was observed which can be related to the lower IEC and electrolyte uptake of FAA+ 3501 membrane. In the case of FAA modification, the Zn(OH)4 2-diffusion coefficient was reduced by a factor of more than 280. A large decrease of the zincate ions crossover was reached even if all the pores were not filled completely in the dry state, the properties of the ionomers in terms of water swelling and morphology have a large impact on it. A two orders of magnitude reduction in Zn(OH)4 2-ions diffusion coefficient after coating Celgard ® 5550 with polymerized ionic liquid has been reported elsewhere [37].

Table 6 shows the Zn(OH)4 2-diffusion coefficient through the modified membranes. Zn(OH)4 2-ions diffusion coefficient through Celgard ® 3401 membrane modified with nanoparticles from the literature is included in Table 6 for comparison purpose. ). The significant increase in cell resistance of the FAA + 3501 membrane, compare to the pristine Celgard ® 3501, could be due to the partial filling of the pores, which greatly contributed to increase the resistance of the modified membrane, thus the (OH -) ions are less mobile to diffuse through the pores. Whereas, the PPO-3.45 + 3501 employing cell resistance has slightly increased compared to the pristine membrane-based cell, probably due to the high IEC of the ionomer, permitting high OH -ion conductivity and making it a good choice for the application.

The polarization characterization of the modified membranes in Zn slurry-air battery is shown in Figure 11.

The decline in power density of the impregnated membranes, compared to the pristine Celgard ® 3501 membrane, is due to the increase in resistance of the membranes associated with the filling of the pores with ionomers. The polarization characteristics revealed that PPO-3.45 + 3501-based cell produced a peak power density of 66 mW cm -2 . Whereas, the lowest cell performance was obtained when FAA + 3501 is used which could be due to the low ion conductivity of the membrane. The reduction of internal resistance by a factor near 3, in the case of FAA + 3501 membrane compared to the pristine membrane, had a high detrimental impact on the battery performance due to the ohmic drop associated with the high current density used. 

Conclusion

The order of peak power density of the cell employing the commercial membranes in decreasing was Celgard ® 3501 > Cellophane™ 350 PØØ ≈ Celgard ® 3401> Celgard ® 5550 > Zirfon ® > PBI ® , in agreement with their respective cell resistances. To reduce the crossover of Zn(OH)4 2-ions through the porous membranes, Celgard ® 3501 was modified using two different ion-selective polymers. In PPO-3.45 + 3501, the polymers were found to be coated and impregnated on the support membrane. Whereas, on the second work, due to a different rheological behavior and low viscosity, the FAA polymer impregnated into the porous structure of the commercial membrane. Compared to the pristine Celgard ® 3501, the PPO 3.45+ 3501 membrane showed 18 times lower crossover of Zn(OH)4 2-ions (5.2 x10 -13 vs 9.2 x 10 -12 m 2 s -1 ). The modified membrane-employing battery delivered a high maximum power density 66 mW cm -2 , lower than that of Celgard ® 3501-based cell (90 mW cm -2 ) due to the increase in resistance of the membrane associated with the partial filling of the pores with ionomers. In summary, modified membranes are promising candidates to be used in rechargeable Zn slurry-air flow battery, even if some optimizations are required. As discussed in the previous chapter, the use of porous membranes has resulted in a significant crossover of zincate ions. On the other hand, the synthesized ion-selective polymer coated membranes displayed minimized crossover of zincate ions. However, compared to the pristine reference membrane, there was a decline in peak power density as well which is due to the increase in cell resistance and/or decrease in ion conductivity. To realize long-term rechargeable Zn slurry-air battery, it is important to employ a proper membrane with a low/no zincate crossover and high hydroxide ion conductivity (or low membrane resistance). In this chapter, we have prepared and employed dense anion exchange membranes (AEMs) which could significantly reduce the crossover of zincate ions while keeping high ion conductivity.

The use of AEMs that are only selective to the passage of OH -ions has been widely proposed for use in Zinc-air flow batteries [1,2]. However, despite the promising use of AEMs for Zn-air batteries, to date, it remains to be a less investigated topic. Membrane containing poly(methylsulfonio-1,4-phenylenethio-1,4phenylene trifluoromethanesulfonate) (a sulfonium cation) was reported to show lower permeation of zincate ions than a Celgard® 5550 membrane [3]. As a result, the Zn-air cell employing the prepared membrane showed six-fold higher discharge capacity than that of the polypropylene-based cell. Moreover, benzylic quaternized AEMs based on poly (2,6-dimethyl-1,4-phenylene oxide) (PPO) and three different amines, trimethylamine (TMA), 1-methylpyrolidine (MPY), and 1-methylimidazole (MIM) were prepared and tested in primary Zn-air batteries [4]. The membranes displayed low zincate ions diffusion coefficients (1.13 × 10 -8 cm 2 /min for the PPO-TMA membrane). This was ascribed to the formation of proper ionic channels in the polymer structure. Additionally, various AEMs, such as cationic polysulfonium [5], A201 ® (Tokuyama Corporation, Japan) [6,7] and FAA-3 ® (FumaTech, Germany) [8,9] membranes have been tested in Zn-air batteries.

Alkaline chemical stability is one of the major challenges for use of AEMs in electrochemical devices, including alkaline batteries. Chemical degradation of such ionomers can be caused by chemical instability of the cationic functional groups, of the polymer backbones and/or polymer-cationic group linkages.

Specifically, the cation degradation is regarded to be the main reason why present-day polymer-based AEMs rapidly degrade in alkaline conditions beyond 80 °C and results in mechanical failure. Usually, the alkaline stability is determined by analyzing the evolution of chemical structure of ionomer, mechanical properties and/or performance of the membranes before and after immersing into an alkaline media, e.g., (1 M) KOH solution (at 80 °C), for certain time.

N-spirocyclic quaternary ammonium (QA) cations, especially 6-azonia-spiro[5.5]undecane (ASU), have been reported to have better alkaline stability compared to other ammonium species. The chemical stability of these cations against Hoffman elimination and ring-opening reaction is due to the geometric constraints of the ring on the transition state [10]. Linear polyaromatic AEMs incorporating piperidinium and ASU cations via superacid-mediated polycondensation have been reported by the same research group [11,12].

The poly(terphenyl dimethyl-piperidinium)-based AEMs showed no sign of degradation in 2 M NaOH at 60 °C after 15 days [11]. Moreover, Strasser et al. [13] prepared a multiblock AEM copolymers involving Poly(diallylpiperidinum hydroxide) cation by copolymerizing the end-functionalized polydiallylpiperidinium oligomers with polysulfone monomers. The membranes were reported to maintain 92% of their conductivity after 5 days in 1 M KOH at 80 °C. Recently, PPOs containing 3,6diazaspiro [5.5]undecane (DSU) cation/cation strings were prepared by two steps quaternization method [14]. However, compared to ASU, the DSU cation was reported to have inferior alkaline stability because of the cation's tertiary N atom which resulted in both Hofmann elimination and SN2 substitution.

Another issue associated with alkaline stability of AEM is that AEMs quaternized in their benzylic positions are sensitive towards chemical degradation, thus unstable especially in highly alkaline medium at high temperature [15]. Membranes with tethered benzyltrimethyl ammonium cations were reported to broken into small pieces after 3 days, whereas, comb-shaped membranes maintained acceptable mechanical properties even after 83 days when tested in 1 M NaOH at 80 °C [16]. Moreover, cations placed directly on the benzylic positions (close to the polymer backbone) restricts the local mobility of the ionic groups and minimize/avoid the distinct phase separation, which is reported to be pre-request for highly conductive AEMs [17].

In this work, to avoid the possible benzylic position instability, the PPO polymer was functionalized with methyldiallylammonium groups via a 6-C long spacer (PPO-6CH2Q) using a two-step strategy. PPO was chosen as polymer backbone because of its high glass transition temperature of 215 °C inducing an excellent mechanical strength, good chemical, especially in alkaline medium, stability and commercial availability in a reasonable cost [18,19]. Furthermore, to overcome the challenge associated with the incorporation of Nspirocyclic ammonium cationc groups onto the polymer structures [13,20], in this work, UV curing method is employed to graft the N-spirocyclic ammonium groups onto the modified PPO polymer backbone. In order to investigate the impact of ion exchange capacity (IEC) on the water uptake, water state, ion conductivity and zincate ions crossover of the membranes, the ratio of N, N-diallylpiperidinium chloride (DAPCl) to PPO-6CH2Q polymer was varied from 0.5 to 3. The prepared AEMs were tested for their box under continuous Ar flow. The membrane ionic conductivity (σ) was calculated using formula discussed in the previous chapters.

Differential scanning calorimetry experiments

Differential scanning calorimetry (DSC) measurements (Mettler-Toledo DSC1 instrument) were performed to quantify the freezable and non-freezable water molecules in the membranes (OH -form). The procedures followed are discussed in chapter 3 (section 2.5.4). Accordingly, the freezable (Nfree) and non-freezable (Nnon) water molecules in the membranes were determined.

Thermal analysis

The membrane thermal stabilities were measured by using a thermogravimetric analysis Instruments TGA Q500 (Mettler-Toledo AG). The membranes were dried at room temperature under vacuum for at least 24 h. The membrane samples were preheated at 100 °C for 30 min in the TGA to remove traces of water. The measurement was performed under a nitrogen atmosphere from 25 to 600 °C at a heating rate of 10 K/min.

Alkaline stability

The alkaline stability of the AEMs was tested by monitoring the changes in their Cl -ion conductivity before and after being immersed in alkali solution for controlled lengths of time. To simulate the practical Zn slurry-air battery application, the stability of the membranes at higher concentration of KOH (6 M) and alkaline Zn slurry-air electrolytes at room temperature for 14 days was studied. Additionally, the alkaline stability of the membranes at higher temperature (60 °C) was also studied. Membranes (in OH -form) were immersed in N2-degassed 1 KOH (aq.) solution in sealed polypropylene container at 60 °C oven for 14 days.

The KOH solution was replaced with new solution every 48 h. The AEMs samples were taken out from the container and immersed in 1 M NaCl for 24 h at 60 °C and then DI water for 24 h prior to Cl -conductivity.

Zincate ions crossover

The Zn(OH)4 2-ions concentration crossover through the prepared AEMs and their diffusion coefficient (D, m 2 s -1 ) were quantitatively determined using home-made two-chamber diffusion cell as mentioned in chapter 6 (section 2.4.8). Moreover, permselectivity (S cm s -1 ) of the membranes, preference of the membrane for OH -ions over Zn(OH)4 2-ions, is calculated from the ratio of membrane OH -conductivity to Zn(OH)4 2-ions crossover.

2.5.9. Single Zn slurry-air cell assembly and electrochemical performance 2.5.9.1. Cell design: Air cathode and Zn slurry preparation A single Zn slurry-air cell containing air cathode, membrane and Zn slurry with a serpentine flow field of CuNi plate was used [22]. To prepare the air cathode, catalyst coated electrode (CCE) method was used. To prepare the catalyst ink, Pt/C catalyst (40% Pt, Alfa Aesar, Germany) with Pt was mixed with Fumion FAA-3 ionomer (10 wt.%, Fumatech, Germany), deionized water and isopropanol. The Pt loading was 1 mg/cm 2 , whereas the ionomer content of the catalyst layer was 23 wt.%. The prepared ink mixture was sonicated in an ultrasonic water bath for 15 min and sprayed onto a gas diffusion layer (5 cm 2 ) (SGL Carbon, 29BC, Germany). The catalyst-coated electrode was placed between the cathode bipolar plate and the membrane.

The Zn slurry containing Zn (33.8 wt. %), ZnO (4 wt.%), Carbopol (0.7 wt. %) and aqueous KOH (61.5 wt.

%) was prepared as reported in previous study [22]. The chemical mixture was stirred and mixed at 4000 rpm for 3 min.

2.5.9.2.

Electrochemical performance

The electrochemical performance of the cell employing the different prepared membranes was studied by current-voltage characteristic curves, polarization curves (BaSyTec GSM Battery Test System (BaSyTec GmbH, Germany). To measure the ohmic resistance of the Zn slurry-air flow battery containing the different membranes, EIS measurement was done at 1.3 V by using a Zahner IM6 workstation. The flow rates of the Zn slurry in the negative electrode and synthetic air in the air cathode were 160 and 100 mL min -1 , respectively. Due to the fluctuation of the Zn slurry electrode, the voltage was recorded for 30 s and averaged at each current density.

Results and discussion

Polymers and cation preparation

The synthesis reaction protocol followed to prepare the polymer is summarized in scheme I. The bromination, ketone reduction and quaternization reaction products involved during the preparation of PPO-6CH2-Q were confirmed using 1 H NMR. The bromination of PPO polymer with a six-carbon pendant chain spacer containing a ketone group in the benzylic position using 6-bromohexanoyl chloride in a Friedel-Crafts acylation was carried out based on a slight modification of the method discussed in the literature [21,23] The peak at around 3.0 ppm (denoted as peak i) corresponds to the protons bonded to the carbon adjacent to the ketone group. The bromination degree was determined from the proportion of the 1 H NMR integrals of characteristic peak of protons of -CH2Br at 4.3 ppm and the remaining CH3 groups from the PPO at 2.1 ppm (Figure 2a). The functionalization ratio was fixed at 33% bromo-alkylation of PPO structural unit. The bromination was followed by ketone reduction i.e. by the shifting of peak from i position from 3 ppm to 1.7 ppm and the appearance of new peak (k) at 2.8 ppm, and reduction of ketone (96-98%) was confirmed by the changes in 1 H NMR spectra at (Figure 2b). In the next step, the bromine alkyl was reacted with diallylmethylamine and the quaternized with methyldiallylammonium was obtained. As shown in the NMR of the PPO-6CH-Q (Figure 2c), where new peaks matching with the protons of diallylmethylammonium appeared. The QA salt based on piperidine containing allyl groups, i.e., diallylpiperidinum chloride (DAPCl) was synthesized in two steps following a procedure reported in the literature [13,24]. The structure of prepared cationic monomer was confirmed by 1 H NMR (see chapter 3, section 3.1).

Membrane preparation, thickness and ion exchange capacity

The crosslinked AEMs with thickness between 45 and 65 µm were obtained by copolymerizing PPO-6CH2-Q with DAPCl. The ratio between PPO quaternized ammonium side chain and DAPCl was varied between 0.5 to 3 in order to prepare membranes with theoretical IEC in the range of 2.3 to 3.6 mmol OH -/g. Recently, the use of UV-curing method, in order to incorporate spirocylic QAs (dimethyl pyrrolinidium monomer) by copolymerization of monofunctional and difunctional monomers into an aliphatic crosslinked polymer backbone has been reported in the literature [25]. However, the cured solution-based membranes were coated on a Tetratex® porous PTFE membrane, probably due to the inability of the film to form selfstanding membranes.

The prepared membranes were first characterized in terms of thickness and IEC (using Mohr titration method), the values are summarized in Table 1. The titrated IEC was found to vary between 2 and 3.4 mmol As shown in Table 2, the water uptake and ion conductivity varied significantly with the IEC of the membranes. Generally speaking, ion conductivity is dependent on the charge carrier concentration and their mobility. The increase in the IEC causes an increase in the amount of the charge carrier as well as their mobility. Indeed, the mobility of the charge carrier increases with an increase in water uptake. For instance, PPO-6CH2-3x membrane exhibits a OH -conductivity equal to 19 mS cm -1 at room temperature for fully hydrate membrane. This high value could be due to the formation of well-connected ion channels [14],

which is favorable for ionic conduction, as shown in the AFM image of PPO-6CH2-3x membrane (Figure 3). The ionic domains are shown in black regions and the non-ionic domains are the light ones. The microphase separation is caused by incompatibility between the hydrophilic cationic clusters and the hydrophobic chains. b. ΔHf DSC ((J g -1 water) = (ΔHf DSC, J g -1 wet membrane) x (sample weight, g)/ (water weight in the sample, g) c. Freezable water (%) = ΔHf, DSC/ΔHf, pure water. Melting enthalpy of pure water is taken to be 334 J g -1 .

Thermal stability

The thermal stability of PPO-6CH2-3x membranes was investigated with thermogravimetric analysis (TGA) under nitrogen atmosphere (Figure 4). The degradation of the membrane showed a two-step degradation behaviour. The first weight loss starting at about 300 °C belongs to the heterocyclic QA groups [31], which occurs at higher temperature than that of common QA groups [14]. The last degradation which occurred at above 400 °C is ascribed to the PPO polymer backbone, and remaining Poly(DAPCl). Similar two stages degradation of poly(DAPCl) has been reported elsewhere [31].

Therefore, the membranes are thermally stable enough for use in Zn slurry-air flow battery, which operates at room temperature. 

Alkaline stability

The long-term alkaline stability of AEM in a highly alkaline solution is required for long-term use in Zn slurry-air flow battery. Membranes in hydroxide form were immersed in a degassed 1 M and 6 M of KOH (aq.) solution for 14 days at 60 °C and room temperature, respectively. PPO-6CH2-3x (membrane with the highest IEC) was used as a sample to study the alkaline stability of the membranes since it is difficult to accurately determine the changes in IEC and/or ionic conductivity when membranes with low IEC are used, because of the quantification limits of the analytical techniques [23].

The Cl -ion conductivity of the PPO-6CH2-3x membrane remains the same before and after the membrane immersion in 6 M KOH (aq.) solution and alkaline Zn-slurry electrolyte solution at room temperature for 14 days. Moreover, the membranes retain above 92% of their chloride ion conductivity after being immersed in 1 M KOH at 60 °C for 14 days. Loss of ion conductivity of AEMs in alkaline media can be caused by the chemical degradation of the cation and/or polymer backbone [32]. However, it must be also noted that a minor decline in conductivity can also be caused by AEM morphology change instead of chemical degradation [33]. The mechanical flexibility and integrity of the membrane seem not to be affected after the alkaline stability tests. Chemically degraded membranes often are reported to become brittle and cracked into pieces [34].

The good alkaline stability of the membranes could be due to: (i) the constrained ring conformation of N-spirocyclic cation inducing high transition energies for Hofmann elimination and substitution degradations [10] (ii) microphase separation between the hydrophilic and hydrophobic domains which makes the hydrophobic domains less susceptible to chemical attack [35] and (iii) the crosslinking that can limit the mobility of OH -into the hydrophilic domain [36]. Indeed, Jannasch et al. [24] prepared Poly(DAPCl) via radical-initiated cyclo-polymerization of N, N-diallylpiperidinium chloride (DAPCl) monomer and investigated its alkaline stability in 2 M KOD/D2O solutions. The polyelectrolyte has been reported to exhibit an excellent alkaline stability, showing only minor signs of degradation at 120 °C after 14 days.

One thing worth noting is the challenge of comparing the stability of the membranes with the literature because there is no standardized testing procedure, such as immersion/testing duration, KOH concentration, temperature and methods of characterization [37]. However, a certain comparison of AEMs alkaline stability is summarized in Table 4. Indeed, both the 5-azoniaspiro [4.5]decane (ASD)

and ASU-based AEMs exhibited robust alkaline stabilities in alkaline solutions at high temperature.

However, most of these tests have been done for less than a month, thus long term stability of these membranes remains uncertain. In summary, compared to the most stable membranes reported in the literature, the prepared membranes showed relatively comparable and good alkaline stability for use in Zn slurry-air flow batteries, usually using (6 M aq. KOH) Zn-slurry electrolyte solution and operating at room temperature. Diffusion coefficients of Zn(OH)4 2-ions through the prepared membranes were determined and are summarized in Table 5. As can be seen in Table 5, the Zn(OH)4 2-diffusion coefficients of the prepared membranes relied on the IEC and water uptake of the membranes. In other words, the membranes with higher amount of freezable or bulky water exhibited a higher Zn(OH)4 2-ions crossover. A larger amount of water in the ionic domains is directly associated with larger size of ionic channels and, thus lower ionic selectivity. As a result, permselectivity, which shows the ratio of OH -ions to Zn(OH)4 2-mobility, of the prepared membranes decreases with increase of IEC, so the selectivity decreases.

The PPO-6CH2-0.5x membrane had lower diffusion coefficient of Zn(OH)4 2-(8.9 x 10 -15 m 2 s -1 ) than that of Nafion ® 521 (6.7 × 10 -14 m 2 s -1 ) [44] and PPO-TMA AEM (1.9 × 10 -14 m 2 s -1 ) [4]. As discussed in the previous chapter, the diffusion coefficients of Zn(OH)4 2-through the PPO-3.45 + 3501 and FAA + 3501 coated membranes were 5.2 x 10 -13 and 3.3 x 10 -14 m 2 s -1 , respectively. Generally speaking, the low diffusion coefficients of Zn(OH)4 2-ions across the prepared AEMs could be explained by the selectivity of ionic channels resulting from the nanophase separation between hydrophilic and hydrophobic blocks [4]. As expected, the IEC of the membranes, had a major impact on the cell resistance. For e.g., PPO-6CH2-0.5x membrane-based cell exhibited the highest cell resistance (4.5 Ω cm 2 ) among the tested systems.

Whereas, the battery using PPO-6CH2-3x membrane displayed the lowest cell resistance (only 0.8 Ω cm 2 ). Similar IEC dependency and pattern was established in the OH -ion conductivity of the membranes. Membrane the air electrode [36]. As predicted, both the cell voltage and the power density of the battery were found to depend on the discharge current. The single cell voltage drop can be seen to be divided into three parts. The first component at low current density is assigned to electrochemical polarization, which is the key voltage drop in the Zn slurry-air flow battery. A large improvement was done on the electrode elaboration compared to the work presented in chapter 6, and as a result the electrochemical polarizations are notably lower than the ones obtained in chapter 6. The second part at medium current density is attributable to the ohmic polarization induced by cell resistance (mainly the AEM). However, the cell resistance determined from the current density-voltage curve was about 2-3 times higher than that of cell resistances obtained through EIS measurement. This indicates the presence of additional resistance under current which may be due to the kinetic or ion transport effects. The last part at high current density is generally due to the polarization associated with mass transport [45].

PPO-6CH2-0.5x and 1x membranes delivered peak power densities of 35 mW cm -2 and 39 mW cm -2 , respectively. The high ohmic resistance of the membranes is really detrimental for the cell, as very high current density is used. The cell assembled with the most conductive membrane (PPO-6CH2-3x) exhibited an excellent maximum power density (153 mW cm -2 ) at about 200 mA cm -2 , which is higher than that of cell assembled with PPO-6CH2-2x (137 mW cm -2 ) membrane due to the higher OH -ion conductivity. The peak power density obtained is much higher than that of the coated and porous commercial membranes (discussed in chapter 6), however, herein, the cell was further optimized, such as the use of ionomer inside the electrode, which permits to improve the electrochemical reaction kinetic.

Moreover, the value obtained is, to the best of our knowledge, one of the highest values reported for Znair batteries. As summarized in Table 5 of chapter 5, various Zn-air batteries employing different AEMs, such as FAA®-3-based AEM (9.8 mW cm -2 ) [46], AEM composed of poly(vinyl alcohol)/guar hydroxypropyltrimonium chloride (50 mW cm -2 ) [47], QA-functionalized nanocellulose/graphene oxide AEM (44 mW cm -2 ) [48], Tokuyama® A201-based (33 mW cm -2 ) [48] has been reported to show much lower peak power densities. The cyclability of the developed system will be investigated in our ongoing work. 

Conclusion

In summary, we have prepared a series of AEMs, in which the N-spirocyclic cation was grafted to the PPO backbone with 6 C spacer via UV-irradiation, by varying the ratio of DAPCl to PPO-6CH2-Q. The ion conductivities, OH -/ Zn(OH)4 2-ions selectivity of the membranes and battery performances were varied with the ratio between the polymer and monomer (IEC of the membranes). Well-defined hydrophobic-hydrophilic separation of the membranes resulted in an excellent hydroxide conductivity.

The PPO-6CH2-3x membrane showed 19 mS cm -1 at 20 °C in water. Furthermore, the membranes displayed an excellent alkaline stability in 1 M KOH at 60 °C, with a less than 8% drop in ion conductivity after alkaline stability testing for 360 h. A single Zn slurry-air flow battery testing using PPO-6CH2-3x showed an OCV of 1.4 V and a maximum power density of 153 mW cm -2 at current density of 250 mA cm -2 . Therefore, given the low Zn(OH)4 2-ions crossovers and high peak power densities of the PPO-6CH2-2x and PPO-6CH2-3x AEMs, they are promising candidates for rechargeable alkaline Zn slurry-air flow batteries. Generally speaking, membranes with no or little amount of free water exhibited no or very small active species or Zn(OH)4 2-crossover. For instance, M7 displayed no TMA-TEMPO/MV crossover and thus excellent capacity retention after 100 consecutive charging/discharging cycles. However, it must be noted that the available capacity after 100 cycles was found to depend not only on the degree of crosscontamination but also on the current density used. In the current work, only cyclic voltammetry measurement of the TMA-TEMPO/MV active species before and after cycling was compared to estimate the degree of redox-species cross-contamination. Therefore, additional permeation experiments through the membranes to understand the mass transport mechanism of the active species is an interesting topic that requires further investigation. Similarly, the degree of Zn(OH)4 2-ions crossover through the tested AEMs was found to depend on the amount of freezable or bulky water in the membranes, which is associated with the size of ionic channels. Accordingly, the membranes with no (PPO-6CH2-0.5x) and very small amount (PPO-6CH2-1x) of freezable water had the lowest diffusion coefficient of Zn(OH)4 2-ions, 8.9 x 10 -15 and 2.8 x 10 -13 m 2 s -1 , respectively. Whereas, the membranes with higher amount of free water molecules exhibited higher Zn(OH)4 2-ions crossover. The PPO-6CH2-2x (2.3 freezable water molecules) and PPO-6CH2-3x membranes (6.2 freezable water molecules)

showed Zn(OH)4 2-ions diffusion coefficients of 9.7 x 10 -13 and 2.3 x 10 -12 m 2 s -1 , respectively. Such membranes' long-term durability and impact on the lifespan of the battery should be checked by testing them in a rechargeable Zn slurry-air flow battery.

The energy efficiency of the AORFB was enhanced by decreasing the membrane resistance. Due to their moderate membrane resistance and low crossover of redox-active species, both M7 and M4 membranes permitted to obtain high energy efficiency of 80% at 80 mA cm -2 , which is the highest value obtained for neutral AORFBs to the best of our knowledge. Our results show an excellent membrane candidate to improve the cell performance of AORFBs. More importantly, the results obtained in this thesis work provide useful insights for preparing suitable membranes to improve the efficiency and the power capability of neutral aqueous organic redox and Zn-air flow batteries.

Last but not least, the optimized and state-of-the-art TMA-TEMPO/MV-based neutral AORFB (which uses Cl -ion as charge carrier ion) employing optimized membrane reached a higher peak power density than the not well-optimized Zn slurry-air flow batteries (which uses OH -ion as charge carrier ion). This confirms the fact that the charge-carrier (OH -and Cl -) molar conductivities and membrane property are not the only parameters that determine the polarization curves. Optimization of other parameters including, electrode, electrolyte composition, flow field design, flow rate and temperature, which is all beyond the scope of this work, are needed for further improving the Zn slurry-air flow battery's power capability.
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 7 Anion exchange membranes based on poly(phenylene oxide) with a spacer incorporating N-Spirocyclic quaternary ammonium cation via UV irradiation for zinc slurry-air flow batteries. Misgina Tilahun TSEHAYE performed the polymer, monomer and membrane synthesis and ex-situ characterization, while the battery test was performed at Fraunhofer ICT (Karlsruhe, Germany) by Nak Heon Choi. Misgina Tilahun TSEHAYE interpreted all of the data and wrote the Part-I: Membranes for Aqueous Organic Redox Flow Batteries Chapter 2: State-of-the-art membranes for neutral aqueous organic redox flow batteries 1. Introduction 1.1. Role of energy storage in renewable energy

Table 1 :

 1 Main parameters in RFBs. is the discharging time, and tc is the charging time. Ud = average discharging voltage and Uc = average charging voltage when the same current was used for charging and discharging. current, U = output potential and A = active surface area of the membrane.
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 8 and d show the capacity retention of the polymer-based RFB as a function of current density and cycle number.
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 8 Figure 8: (a) schematic representation of the AORFB, (b) electrode reactions, and capacity as a function of (c) charging current density and (d) cycle number [45].Similarly, as discussed in section 2.1, Hagemann et al.,[49] tested four Fumatech AEMs (FAA-3-PE30 ® , FAP-PK-3130 ® , FAS-30 ® and FAA-3-50 ® ) in a neutral cell where TEMPO containing polymer
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 9 Figure 9: Battery performance of an AORFB employing (a) Fumasep ® FAA-3-PE30, (b) Fumasep ® FAP-PK-3130, (c) Fumasep ® FAS-30 and (d) Fumasep ® FAA-3-50 AEM [49]. Moreover, three commercial Selemion ® DSV, AMV and ASV AEMs (NaCl/KCl as supporting electrolytes) were tested in a neutral FcNCl/MV-based AORFB, where FcNCl is

Figure 10 :

 10 Figure 10: FcNCl/MV AORFBs with three commercial AEMs: (a) capacity vs cycle number, (b) energy efficiency vs cycle number, (c) Voltage profile vs. capacity at 60 mA cm -2 and (d) polarization and peak power density curves [48].Furthermore, in addition to these commercial membranes, a cheap ($9/m 2 ) AEM based on poly(phenylene) oxide) (PPO) and trimethylamine (TMA) was prepared and tested in a pH-neutral TMAP-TEMPO and BTMAP-Vi based AORFB. The cell exhibited an energy efficiency of 81% at a current density of 40 mA cm -2 with coulombic efficiency of ∼100% for 800 consecutive cycles.
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 1 Figure 1: Schematic representation of the membrane preparation procedure.2.5. Characterization 2.5.1. Structural characterization The structure of the polymers and QA cation was determined by 1 H NMR spectroscopy. A Bruker AV 400 NMR spectrometer was used to record the 1 H NMR spectra. DMSO-d6 (δ = 2.50 ppm) or CDCl3 (δ = 7.26 ppm) or D2O (δ = 4.79 ppm) were used as solvents.
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 2 Figure 2: homemade membranes ion conductivity measuring cell.
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 31 Figure 3: 1 H NMR spectra of PPO-Br (a) in CDCl3 and PPO-Q (b) in DMSO-d6.
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 41 Figure 4: 1 H NMR (400 MHz) spectra of N-allylpiperidine in CDCl3 (i) and of N,N-diallylpiperidinum chloride (DAPCl) in H2O (ii).
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 533 Figure 5: Water uptake and conductivity of the AEMs as function of IEC.

Figure 6 .

 6 Figure 6. Cyclic voltammograms of TMA-TEMPO and MV solutions for each membrane before and after the cell cycling tests: (a) TMA-TEMPO half-cell, (b) MV half-cell. Scan rate: 200 mV s -1 .
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 7 Figure 7: Cyclic voltammograms of TMA-TEMPO and MV solutions (100 µL in 4.6 mL 0.5 M NaCl (aq.)) for FAA-3-50 ® after the cell cycling test. Left: TMA-TEMPO, right: MV. Scan rate: 200 mV s -1 .
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 8 Figure 8: Membrane resistances compared to their chloride ion conductivity.
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 9 Figure 9: Charge/discharge capacity of the four AEMs at 80 mA cm -2 over 100 cycles in TMA-TEMPO/MV (1.12 M/1.49 M) based ORFB single cell. The cell was primed at 20 mA cm -2 for one cycle. Cutoff voltage: 0.9/1.5 V.
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 10 Figure 10: CE, VE and EE of the prepared AEMs and commercial membrane FAA-3-50 ® operated at 80 mA cm -2 for 100 cycles.
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 11 Figure 11: Discharging polarization curves and power densities of M1.7 and FAA-3-50 ® membranes over current density.
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 12 Figure 12: Membrane resistance of the four prepared AEMs and commercial membrane FAA-3-50 ® before and after the charge/discharge cycling tests.
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 S2 Figure S2: Micrographs of the AEMs before and after cell tests in wet form: (a) M1.5 before; (b) M1.5 after; (c) M1.7 before; (d) M1.7 after; (e) M2.1 before; (f) M2.1 after; (g) M2.8 before; (h) M2.8 after. Bar size: 200 µm.

Scheme 1 :

 1 Scheme 1: Schematic representation of the syntheses of the different AEMs based on PPO-Br and PPO-6CO-Br polymers. Bromide and iodine ions in all membranes were replaced by chloride ions for further characterizations and cell tests.
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 11 Figure 1: 1 H NMR spectra of (a) PPO, (b) PPO-Br (y = 0.265%) and (c) PPO-6CO-Br (x = 0.33) polymers.
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 21 Figure 2: 1 H NMR spectra of membranes: (a) M8, (b) M4 and (c) M7 membranes.

Figure 3 :

 3 Figure 3: Cyclic voltammograms of the electrolyte solutions with the series of AEMs before and after the charge-discharge cycling tests: (A) TMA-TEMPO half-cell for membranes M1 and M2; (B) MV half-cell for membranes M1 and M2; (C) TMA-TEMPO half-cell for membranes M3, M4, M6 and M7; (D) MV half-cell for membranes M3, M4, M6 and M7. All samples were scanned within -0.75 and 1.05 V with a scan rate of 200 mV s -1 . Background signals were subtracted and the fourth scans were taken to prepare comparative graphs.

Figure 4 :

 4 Figure 4: Cyclic voltammograms of the electrolyte solutions of a test cell using the reference FAA-3-50 ® and M8 membranes before and after the charge-discharge cycling tests: (A) TMA-TEMPO half-cell; (B) MV half-cell. All samples were scanned within -0.75 and 1.05 V with a scan rate of 200 mV s -1 . Background signals were subtracted and the fourth scans were taken to prepare comparative graphs.
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 5 Figure 5: Discharge capacities of the TMA-TEMPO/MV based single cells with the series of prepared AEMs and the reference membrane FAA-3-50 ® over cycle number at different current densities. 10 mL 1.12 MTMA-TEMPO is used as the catholyte and 10 mL 1.49 M MV as the anolyte with flow rate of 16 mL min - 1 . The first cycle was operated at 20 mA cm -2 , followed by 100 consecutive charge-discharge cycles at a constant current density of 80 mA cm -2 . The last two cycles were performed at 20 mA cm -2 .

Figure 6 :

 6 Figure 6: Photographs of membranes after the cell cycling tests. The protruding square is the tested area directly in contact with the electrodes and the electrolyte solutions: (A) M1, (B) M2 and (C) M3.
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 7 Figure 7: Mean coulombic efficiency (CE), voltage efficiency (VE) and energy efficiency (EE) of TMA-TEMPO/MV based single cells with the series of prepared AEMs and the reference membrane FAA-3-50 ® cycled over 100 cycles at a constant current density of 80 mA cm -2 .
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 8 Figure 8: Power densities of the cells with membranes M3, M4, M6, M7, M8 and FAA-3-50 ® over different current densities at the flow rate of 16 mL•min -1 after the cycling tests.
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 1 Figure 1: A schematic diagram of alkaline Zn-air battery in discharge.

Figure 2 :

 2 Figure 2: Number of publications per year from 2010 to 2020 mentioning the term "Zinc/Zn-air battery" as derived from Web of Science database (accessed on June 22, 2020).Excellent reviews on the overall status and recent progress of Zn-air batteries exist in the literature[43,44,50,51,[63][64][65][66], with the vast majority of research focused on the electrode materials and electrolyte (alkaline, acidic and neutral) components. In these studies, different air catalysts configurations, such as unifunctional ORR electrocatalyst, bifunctional air electrocatalysts and three-
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  Scheme II: Classification of membranes used in Zn-air batteries based on their composition and structure. 3.1. Porous membranes 3.1.1. Phase inversion membranes
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 3 Figure 3: Preparation of ERC membrane and characterization of Celgard®3501, Pristine PVA film and ERC membrane: (a) electrospun PEI nanomat; (b) impregnation of PEI nanomat with PVA; (c) Crosssectional SEM of ERC membrane and an illustration showing its permselective transport behavior; (d) illustration of permselectivity of ERC and Celgard®3501 membranes; (e) OH -conductivity (σ(OH -)) and (D(Zn(OH)4 2-)); (f) Zn(OH)4 2-ions across the membranes (mol). Reproduced with permission [85]. Copyright Elsevier 2015.
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 4 Figure 4: Schematic representation of a composite membrane (a) and Zn permeability and resistance as a function of amount of Mn(OH)2 (g) coated on the Celgard® 3401 (b).Figure 4b is adapted with

  polymers. Polymerized ionic liquids (PILs) are one promising class of candidates for tuning the membrane permselectivity to OH -. Hwang et al.[START_REF] Hwang | Selective ion transporting polymerized ionic liquid membrane separator for enhancing cycle stability and durability in secondary zinc-air battery systems[END_REF] coated a Celgard® 5550 membrane with PIL to prepare bilayer membranes for a rechargeable Zn-air battery. The anion exchange polymer (PEBIH-PBMA) coating layer was prepared via free radical polymerization, i.e., by copolymerization of two monomers: 1-[(4-ethenylphenyl) methyl] -3-butylimidazolium hydroxide (EBIH) and butyl methacrylate (BMA).The surface and cross-sectional FE-SEM images of the Celgard® 5550 and PEBIH-PBMA coated Celgard® 5550 membranes are shown in Figure5aand Figure5b, respectively. However, no thickness increase is seen by the SEM images after coating compared to the original thickness of the Celgard® 5550 (25 μm), thus indicating a possible penetration of the viscous anionic-polymer solution onto the porous structure of the support layer despite the use of a highly viscous solution (20 wt.% of polymer in ethanol). Over 96% reduction in the transport of Zn(OH)4 2-ions through the membrane to the cathode compartment was achieved. Compared to the Celgard® 5550 membrane, the modified membrane has over 2 magnitudes of Zn(OH)4 2-ions diffusion coefficient. Figure5cpresents Zn(OH)4 2-concentration levels of the cathode electrolyte versus cycle number. The high selectivity is explained by the lower mobility Zn(OH)4 2-ion associated with their size exclusion. This was reported to enhance the durability of the battery as its life-span was increased by about 300% compared to the same battery using a nonmodified membrane (37 vs 104 cycles).Besides this three-fold improvement in lifetime of the battery, the modified membrane-based battery exhibited comparable initial energy efficiency with the Celgard® 5550-based one (60.8 vs 59.4 %). On the other hand, the Celgard® 5550-based battery displayed higher final energy efficiency than the coated-ones (51.2 vs 41.8 %), suggesting that the Celgard® 5550-based battery has prematurely deceased due to the Zn(OH)4 2-ions rather than degradation of the air-electrode catalyst. The modified membrane displayed a similar overpotential increase during both the discharge and charge steps,

Figure 5 :

 5 Figure 5: SEM images of Celgard®5550 (a) and Celgard®5550 coated with PEBIH-PBMA (b), Zn concentration with cycle number (c) and Energy efficiency for Celgard®5550 coated with PEBIH-PBMA under the constant current mode at 10 mA cm -2 (d). Reprinted with permission from [83].Copyright © 2016 American Chemical Society.

Figure 6 .

 6 Figure 6. Schematic illustrations of the non-woven membrane structures before and after the sulfonation treatment (a), SEM micrographs of the sulfonated s-PP/PE membrane (sulfonation time 128 h) (b), IR spectra of the different membrane samples (c) and the cell potential and power density curves of the solid-state zinc-air batteries as functions of discharge current density (d). Adapted with permission from [187]. Copyright © 2006 Elsevier.

Figure 7 :

 7 Figure 7: QAFCGO and A201® membranes-based Zn-air batteries: Schematic diagram of the chemical structure evolution of the nanocellulose membrane by functionalization, cross-linking and hydroxideexchange (a), charge and discharge polarization curves (b), galvanostatic charge and discharge cyclingat a current density of 1 mA cm -2 with a 20 min per cycle period (10 min discharge followed by 10 min charge) (c) and the power density plots at a current density of 1 mA cm -2 (d). Reproduced with permission from[START_REF] Zhang | Laminated cross-linked nanocellulose/graphene oxide electrolyte for flexible rechargeable zinc-air batteries[END_REF] . Copyright 2016, Wiley-VCH.
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 4 Characterization2.4.1. Structural characterizationChemical structures and purity of the polymer and monomer were determined by 1 H NMR spectroscopy using CDCl3, deuterium or DMSO-d6 as solvents in the Bruker Ascend TM 400 MHz Spectrometer. The polymer coating was confirmed by Bruker's VERTEX 70v FT-IR Spectrometer in range of 4000-400 cm-1 

Figure 1 :

 1 Figure 1: Image of the diffusion cell used.

(

  polarization curves) and EIS were measured. BaSyTec GSM Battery Test System (BaSyTec GmbH, Germany) was used for current-voltage characterization while Zahner IM6 workstation was used for impedance spectra. The cell resistance of the battery employing the membranes was determined from the slope of the current density-voltage (IV) curves. In addition, the ohmic resistances of the cell were assessed by EIS measurements which were carried out at 1.3 V. All membranes were immersed in 1 M KOH solutions for 24 h before measuring their resistance. During the measurements, Zn slurry was flowing into anode compartment at 160 mL min -1 flow rate while synthetic air was flowing into cathode at 100 mL min -1 flow rate. At each current density, the voltage was recorded for 30 seconds and averaged due to the fluctuation of a slurry electrode flowing into the single cell. Figure2presents the schematic representation and image of the Zn slurry-air flow battery used.

Figure 2 :

 2 Figure 2: Schematic representation (a) [44] and image (b) of the single cell Zn slurry-air flow battery with a flow frame.

Figure 4 :

 4 Figure 4: Cell resistance of the Zn slurry-air flow battery employing the different membranes.

Figure 5 :

 5 Figure 5: Polarization characteristics of the Zn slurry-air battery with the different membranes.

Figure 6 :

 6 Figure 6: Surface SEM images of a) Celgard ® 3501, b) PPO-3.45 + 3501, c) FAA + 3501 and SEM cross section view of d) Celgard ® 3501, e) PPO-3.45 + 3501,and f) FAA + 3501 membranes. The densities of dense self-standing PPO-3.45 and FAA membranes were determined to be 1.17 and 1.14 g cm -3 , respectively.

Figure 7 .

 7 Figure 7. Measurements of Hg intrusion porosity for Celgard ® 3501 and modified membranes. Normalized pore volume as a function of pore diameter of Celgard® 3501, FAA + 3501 and PPO-3.45 + 3501. Data show closure of larger Celgard® 3501 pores as a result of impregnation with the ionomers.

Figure 8 .

 8 Figure 8. Viscosity as function of shear rate for polymer solutions at 25 ºC.

Figure 9 :

 9 Figure 9: FTIR spectroscopy of PPO-3.45 + 3501 before and after immersion in 6 M KOH at room temperature for 10 days.

Figure 10 :

 10 Figure 10: Zn(OH)4 2-crossover of Celgard ® 3501, and PPO-3.45 + 3501, FAA+3501 as function of time/membrane thickness.

Figure 11 :

 11 Figure 11: Polarization characteristics of the Zn slurry-air battery with the different membranes.

2 )Figure S1 :Chapter 7 :

 2S17 Figure S1: FTIR spectra of (a) PPO, PPO-Br, PPO-Q and (b) DAPCl. The spectral bands from 3600 -3200 cm -1 are characteristic peaks of OH -groups absorbed in the different samples.

Figure 1 :

 1 Figure 1: Schematic representation of the membrane preparation procedure.2.5. Characterizations 2.5.1. Structural characterization The structure of the polymers and polyelectrolyte was determined by 1 H NMR spectroscopy. A Bruker AV 400 NMR spectrometer was used to record the 1 H NMR spectra. DMSO-d6 (δ = 2.50 ppm) or CDCl3 (δ = 7.26 ppm) or D2O (δ = 4.79 ppm) were used as NMR solvents.
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Figure 2 : 1 H

 21 Figure 2: 1 H NMR spectra of (a) PPO-6CO-Br in CDCl3, (b) PPO-6CH2-Br in CDCl3 and (c) PPO-6CH2-Q in DMSO-d6.

Figure 3 :

 3 Figure 3: Tapping mode AFM phase images of PPO-6CH2-3x membranes.

Figure 4 :

 4 Figure 4: TGA curves of representative PPO-6CH2-3x membranes.

Figure 5 :

 5 Figure 5: Plots of Zn(OH)4 2-ions crossover across the prepared membranes with time/thickness. Lines in the figure are guide for the eye.

3. 8 .

 8 Single Zn slurry-air flow battery performanceHigh OH -ion conductivity, alkaline stability and low Zn(OH)4 2-ions crossover make the prepared AEMs ideal for use in Zn slurry-air flow battery. In order to further evaluate the discharge performance properties of the prepared AEMs, Zn slurry-air flow single cells were run with the prepared AEMs. The cell resistances incorporating the different membranes were measured and are summarized in Figure6.

Figure 6 :

 6 Figure 6: Cell resistance of the Zn slurry-air flow battery employing the prepared AEMs. The cell resistances were measured by EIS.

Figure 7 :

 7 Figure 7: Power density and polarization curves of the Zn slurry-air battery with the AEMs measured at room temperature and flow rates of the Zn slurry and synthetic air 160 and 100 mL min -1 , respectively.

  

  

  

  

  

  

  

  

Table 3 :

 3 Selemion ® and Neosepta ® AEMs properties and area resistance.

	Company	Membrane	Thickness	IEC (meq g -1 ) Area resistance
			(µm)		(Ω cm 2 )* [47]
		Selemion ® DSV	93	2.0	1.16
	Asahi, Japan	Selemion ® AMV	104	1.9	2.27
		Selemion ® ASV	110	2.1	4.76
	Astom, Japan	Neosepta ® AFX	137	1.3	1.24
		Neosepta ® AHA	190	1.1	4.81

Table 4 :

 4 Fumatech AEMs properties and area resistance in an AORFB[49].

	Company	Membrane	Thickness	IEC	Area resistance
			(µm)	(mmol g -1 )	(Ω cm 2)
		Fumasep ® FAA-3-PE30	20 -30	1.4 -1.6	9.62
	Fumatech,	Fumasep ® FAP-PK-130	110 -140	1.1 -1.4	7.77
	Germany	Fumasep ® FAS-30	25 -35	0.3 -0.6	3.32
		Fumasep ® FAA-3-50	45 -55	1.6 -2.1	1.67

*All information other than the in-situ area resistance were taken from the manufacturer technical data sheet.

Table 5

 5 

. The table contains reported battery performance in terms of energy efficiency, coulombic efficiency, voltage efficiency, peak power density and cycle numbers. It must be noted that only membranes-employed in a neutral AORFBs are summarized. As shown in the Table, only a limited number of AEMs are reported.

Table 5 :

 5 Cell performance in neutral aqueous-based redox flow batteries using different membranes.

	Membrane	Redox couple	Capacity retention	Performance	Ref.
			per cycle (%)		
	Selemion ® DSV	BTMAP-Vi/BTMAP-Fc	99.9989	˃ 500 cycles, 60 mW cm -2	[52]
		(~ 0.75 V),			
		(0.75 M/1.0 M)			
	Selemion ® AEM	MV/4-HO-TEMPO in 1.5 M NaCl	99.88	>100 cycles, CE ∼ 100%, EE : 62.5%	[43]
		(~ 1.25 V)		at 60 mA cm -2	
		(0.5 M/0.5 M)			
	Fumasep ® FAA-3-PE-	TEMPTMA/MV in 1.5 M NaCl	~99.963	>100 cycles, ∼ 250 mW cm -2	[4]
	30 AEM	(∼ 1.40 V), (2.0 M/2.0 M)			
	Cellulose-based	TEMPO/Viologen in 2 M NaCl	~99.74	>10000 cycles ; ∼ 100 mW cm -2	[45]
	dialysis membrane	(∼ 1.15 v) (0.37 M/0.37 M)			
	Selemion ® AMV	FcNCl or FcN2Br2/MV in 2 M	99.987	∼ 700 cycles, ∼ 125 mW cm -2	[64]
		NaCl (∼ 1.0 V)		EE : 60%	
		(0.5 M/0.5 M)			
	Selemion ® DSV	FcNCl/MV in KCl	99.955	EE: 85% at 40 mA cm -2 and 73% at 80	
				mA cm -2	
				∼ 122.7 mW cm -2	[48]
	Selemion ® AMV	FcNCl/MV in KCl	99.971	EE: 76% at 40 mA cm -2 and 56.5% at	
				80 mA cm -2	
				∼ 74.1 mW cm -2	
	Selemion ® ASV	FcNCl/MV in KCl	99.961	EE: 62% at 40 mA cm -2 and 35% at 80	
				mA/cm 2	
				∼ 67.2 mW cm -2	
	Selemion ® AMV	[(NPr)2V]Br4/FcNCl in NaCl	99.99	100 cycles, 92 mW cm -2	[65]
				CE : > 99%	
				EE :59% at 60 mA cm -2	
		[(Me)(NPr)V]Cl3/FcNCl	99.82%	CE :> 99%, EE : 65% at 60 mA cm -2	

Abbreviations: 1,1′-bis(3-sulfonatopropyl)-4,4′-bipyridinium, (SPr)2V, 1-methyl-10-[3-(trimethylammonio)propyl]-4,40-bipyridinium trichloride, [(Me)(NPr)V]Cl3, 1,1′-Bis[3-(trimethylamonium)propyl]-4,4′-bipyridinium Tetrachloride, [(NPr)2V]Cl4.

  4. Conclusion, perspectives and thesis plan 4.1. ConclusionNeutral pH AORBs are promising energy storage devices for various appealing reasons, such as safe, low-cost electrolytes and environmental friendliness. In such system, membrane, one of the critical component of the AORFB is used to separate the redox-active species and conducts the charge carrier ion. It affects the performance, lifespan and cost of the AORFBs. The membranes should exhibit low resistance, be impermeable to the redox-active species, high chemical stability and mechanical strength.

N,N-Diallylpiperidinum chloride (DAPCl): N

  

	layer was extracted once with diethyl ether. After solvent evaporation, the viscous oil was precipitated
	in acetone. The solid product was washed several times using diethyl ether and precipitated in acetone
	to collect a white solid product by filtration (32.4 g, 62 % yield).
	Scheme 2. Schematic representation of the synthesis of N-allylpiperidine and N, N-diallylpiperidinum
	chloride.
	-Allylpiperidine (32.3 g, 0.258 mol), allyl chloride (26.3
	mL, 0.323 mol) and water (50 mL) were added to a reaction flask equipped with a magnetic stir bar
	(Scheme 2). The reaction flask was sealed with a rubber septum secured by Cu wire. The mixture was
	stirred at 65 °C for 48 h. The oil layer was collected using a separatory funnel and the remaining aqueous

Table 1 .

 1 Chemical composition and membrane properties of the five prepared AEMs

	Membrane	Thickness	DAPCl to PPO-Q	DAPCl	IEC (mmol Cl -g -1
		(µm)	molar ratio		conversion	polymer)
			Feed ratio	Titration	(%)	Theoretical	Titration
	M1.5	39 + 3	1.4	0.65	46	1.96	1.52 ± 0.12
	M1.7	45 + 3	2	0.95	48	2.23	1.71 ± 0.11
	M2.1	57 + 3	3	1.7	56	2.58	2.08 ± 0.05
	M2.5	58 + 3	4	2.5	62	2.85	2.40 ± 0.07
	M2.8	60 + 3	6	4	66	3.3	2.84 ± 0.07

Table 2 :

 2 Amount of freezable and non-freezable water in the membranes, their enthalpy and melting temperature.

	Membrane	Water	ΔHf DSC (J	ΔHf DSC	Freezable	Freezable λ in	Non-freezable λ	Tm (K) e
		hydration (λ)	g -1 wet	(J g -1	water (%) =	the membrane d	in the membrane	
			sample) a	water) b	ΔHf,DSC/ΔHf,			
					pure water c			
	M1.5	11.6 ± 1.4	0	0	0	0	11.6 ± 1.4	-
	M1.7	11.8 ± 0.3	8 ± 3.1	30 ± 11	9 ± 3.5	0.4 ± 0.2	11.4 ± 0.2	255
	M2.1	14.2 ± 0.7	15 ± 1.7	45 ± 5	14 ± 1.5	1 ± 0.1	13 ± 0.1	268
	M2.8	21.5 ± 0.3	52 ± 6	98 ± 11	29 ± 3.3	7 ± 0.8	14.5 ± 0.8	273

a. Obtained from the DSC.

Table 3 :

 3 Summary of initial capacity and capacity retention of the prepared AEMs and commercial membrane FAA-3-50 ® at 20 and 80 mA cm -2 .

	Membrane	Capacity 1 st cycle	Accessible capacity	Capacity 103 rd cycle
		at 20 mA cm -2	at 80 mA cm -2	at 20 mA cm -2
		(mAh)	(mAh, retention (%) a )	(mAh, retention (%) b )
	M1.5	283 ± 48	136 ± 18 (41 ± 4)	279 ± 48 (98.5 ± 0.5)
	M1.7	297 ± 3	207 ± 8 (83.5 ± 0.5)	261 ± 2 (88 ± 0)
	M2.1	218 ± 39	174 ± 45 (55 ± 16)	107 ± 24 (49 ± 4)
	M2.8	216 ± 33	174 ± 22 (34 ± 8)	59 ± 8 (29 ± 5)
	FAA-3-50 ®	301	244 (94)	288 (95)

a : Calculated by dividing the discharge capacity of 101 st cycle by that of 2 nd cycle.

b : Calculated by dividing the discharge capacity of 103 th cycle by that of 1 st cycle.

Table S1 :

 S1 Summary of the membrane properties and cell performances of all tested AEMs.

	Membrane IEC Thickness	Water	Cl -	Membrane	CE	EE	Capacity (1 st	Accessible capacity	Capacity (103 rd
			(µm)	uptake	conductivity	resistance	(%)	(%)	cycle, mAh at	(mAh, retention	cycle, mAh,
				(%)	(mS cm -1 )	(before/after,			20 mA cm 2 )	(%) at 80 mA cm -2 )	retention (%) at 20
						Ω•cm 2 )					mA cm -2 )
	M1.5-1	1.58	39	30	1.30	3.000/3.630	99.0 a	63 a	331	119 (37)	327 (99)
	M1.5-2	1.64	38	34	1.50	2.890/3.100	99.2 a	67 a	235	154 (45)	231 (98)
	M1.7-1	1.84	46	38	2.30	1.950/2.160	99.4	71	294	199 (84)	259 (88)
	M1.7-2	1.56	46	34	1.58	1.005/1.405	98.9	74	286	236 (31)	214 (75)
	M1.7-3	1.72	44	36	2.15	2.035/2.010	99.6	72	300	215 (83)	263 (88)
	M2.1-1	2.02	51	52	3.42	0.945/0.760	86.5	70	214	137 (77)	113 (53)
	M2.1-2	1.98	58	48	3.30	1.110/0.985	97.1	74	173	148 (38)	76 (44)
	M2.1-3	2.10	64	57	4.00	0.740/0.710	98.4	81	266	237 (49)	133 (50)
	M2.8-1	2.78	56	106	4.42	0.730/x	96.5	75	255	190 (42)	69 (31)
	M2.8-2	2.94	60	115	5.30	0.555/0.490	89.4	72	219	189 (23)	49 (22)
	M2.8-3	2.81	62	110	4.82	0.730/0.680	95.8	74	174	142 (38)	60

Table 1 :

 1 Composition and nomenclature of the AEM prepared.

*Values in brackets are amount of TMA used with respect to the Br units in the polymer 2.4. Characterizations 2.4.1. Structural characterization 1 H NMR spectroscopy was used to determine the structure of the polymers and membranes. A Bruker AV 400 NMR spectrometer was used to record the 1 H NMR spectra. DMSO-d6 (δ = 2.50 ppm) or CDCl3 (δ = 7.26 ppm) were used as NMR solvents.

Table 2 :

 2 Membranes ex-situ characterizations: Thickness, IEC, water uptake and Cl -ion conductivity

*Based on the degree of polymer bromination. **Data taken from the technical datasheet provided by the manufacturer. ***The average value of IEC range (1.6 ~ 2.1) is 1.85 mmol Cl g -1 , which is used for calculating its hydration number (λ).

Table 3 .

 3 In-situ membrane resistance in the TMA-TEMPO/MV based AORFB single cell system (5 cm 2 active area).

	Membrane	Membrane resistance(Ω cm 2 )
		Before cell test	After cell test
	M1	7.2	7.05
	M2	5.45	6.85
	M3	2.2	1.8
	M4	1.4	1.3
	M6	1.4	1.7
	M7	1.3	1.4
	M8	2.65	2.9
	FAA-3-50 ®	1.3	1.5

Table S1 :

 S1 Cell performance of the series of the prepared AEMs and the reference membrane FAA-3-50 ® in the TMA-TEMPO/MV based organic flow battery single cell system. Apparent external leakage happened from 94 th charge/discharge cycle, leading to immediate irreversible capacity fade. Hence, the capacity retention of this sample at 20 mA cm -2 is not available and the cycles after 94 th are excluded from calculating the capacity retention, coulombic efficiency and energy efficiency at 80 mA cm -2 .

	Membrane Membrane resistance (Ω)	Capacity (mAh, 1st	Accessible capacity (mAh,	Capacity (mAh, 103 rd	CE/% EE/%
		before/after	cycle, 20 mA cm -2 )	2 nd cycle, 80 mA cm -2	cycle, 20 mA cm -2		
				(retention/%))	(retention/%))		
	M1	1.437/1.413	322	177 (39) a	n.a.	99.3	65
	M2	1.087/1.370	322	220 (21)	297 (92)	99.4	66
	M3	0.437/0.362	333	280 (74) b	n.a.	99.7	75
	M4	0.280/0.262	307	272 (84)	268 (87)	99.7	80
	M6	0.284/0.335	307	259 (83)	282 (92)	99.7	77
	M7	0.257/0.276	305	257 (91)	288 (94)	99.8	80
	M8	0.528/0.579	304	217 (71)	295 (97)	99.8	69
	FAA-3-50 ®	0.256/0.300	301	244 (94)	288 (95)	99.8	78

a : Apparent external leakage happened from 62 th charge/discharge cycle, leading to immediate irreversible capacity fade. Hence, the capacity retention of this sample at 20 mA cm -2 is not available and the cycles after 62 th are excluded from calculating the capacity retention, coulombic efficiency and energy efficiency at 80 mA•cm -2 . b :

Table S2 :

 S2 List of membrane chloride ion conductivity, membrane resistance and the power density at 16 and 24 mL min -1 .

	Membrane	Chloride ion	Membrane	Power density (mW cm -2 )*
		conductivity (mS cm -1 )	resistance (Ω)	16 mL min -1	24 mL min -1
	M4	5.0	0.22	316	331
	M7	4.3	0.28	293	297
	M6	3.0	0.31	284	295
	M3	6.0	0.28	269	277
	M8	2.1	0.48	183	n.a.
	FAA-3-50 ®	1.7	0.30	254	264
	*:				

Table S3 :

 S3 Cost estimation of M7 membrane in small scale.

	Chemical	PPO	Chlorobenzene	6-Bromohexanoyl	AlCl3 Methanol DMAC	TMA
				chloride				
	Amount	100 g	200 mL	100 g	100 g	1 L	1 L	100 mL
	purchsed							
	Price/ €*	102.5	58.8	282.5	23.5	49.2	139	75.8
	Amount used	5 g	200 mL	9.6 mL	2.5 g	1 L	103 mL 3.5 mL
	Total price/ €			121 € **				

* 1 € = $1.23 conversion rate was used. ** Price for preparing 48 membranes (60 µm thickness) of 5 cm diameter, thus = 2.5 €/19.63 cm 2 .

Table 1 :

 1 Comparison of different metal-air batteries[43,44].

	Battery systems Li-air Na-air	Mg-air	Al-air	Zn-air	K-air	Fe-air
	Theoretical cell	2.96	2.27	3.09	2.71	1.65	2.48	1.28
	voltage (E o cell)							
	(V)							
	Cost of metals	20	2.5	2.3	1.9	2.6	1.0	0.5
	(US $ kg -1 )							
	Theoretical	3458	1106	2840	2796	1087	935	763
	energy density							
	(Wh kg -1 ) *							
	Specific	3861	1166	3833	2980	820	377	2974
	capacity (mAh							
	g -1 )							
	Electrolyte for	Aproti	Aprotic Aprotic	Alkaline/	Alkaline	Aprotic	Alkaline
	practical	c			saline			
	batteries							
	Year invented	1996	2012	1966	1962	1878	2013	1968

*

Oxygen inclusive.

Table 2 :

 2 Ionic Stokes radii and diffusion coefficient (D) of species involved in Zn-air battery at 25 o C.

	Species	Ionic Stokes radii (Å) [127]	D (10 -9 m 2 s -1 ) in water [128-130]
	OH -	0.46	5.27
	K +	1.25	1.96
	Na +	1.84	1.33
	CO3 2-	2.66	0.96
	Zn 2+	3.49	0.72

Table 3 :

 3 Performance of porous polymeric phase inversion membranes used in Zn-air batteries.

	Membrane Preparation	Characteristics	Cell type and	Electrodes	Electrolyte	Performance		Ref.
		method		conditions				
	Celgard®	Commercial	Porosity* = 55%,	Rechargeable Zn-	Zn electrode: Zn-based gel	6 M KOH	-Discharge capacity (2 nd	[85]
	3501	(Celgard LLC)	pore size* = 64 nm	air battery	(Zn powder, PAA and 6 M	electrolyte	cycle) ∼34 mAh gZn -1
			Thickness : 24 µm		KOH electrolyte solution)	solution	-Pinwheel connected to Zn-
							air cell stopped after
					Ni foil : current collector		about18 min	
					Air electrode: commerciale			
					(ADE75 (catalyst = Co3O4),			
					MEET)			
	Celgard®	Commercial	Porosity* = 55%,	Rechargeable Zn-	Zn electrode: pure Zn plate	6 M KOH	-Initial (59.4%) and final	[83]
	5550	(Celgard LLC)	pore size* = 64 nm	air battery		aqueous	(51.2%) energy efficiencies
			Thickness: 25 µm		Air electrode : Pt and Ir carbon	solution	-Coulombic	efficiency
					composite		(99.8%).	
							-37 cycles	
	Celgard®	Commercial	Porosity* = 41%,	Zn-air fuel cell	Zn electrode: Zn powder	carboxymethyl	-Discharge current (mA) =	[170]
	3401	(Celgard LLC)	pore size* = 43 nm			cellulose with	500 mA, at constant 0.7 V
			Thickness*: 25 µm		Air electrode : MnO2 powders	8M KOH	for 40 minutes using
					was used as the catalytic	solution.	flowing KOH solution.
					material.			
	PVA/PVC Solution	Pore size: 60-180	Rechargeable Zn	Zn electrode: ZnO and Ca(OH)2	8 M KOH	-Specific	discharge	[168]
		casting method	nm	electrodes	2 wt.% of Cu conductive	aqueous	capacity: 353 mAh gZn -1 for
		and a partial	Thickness : 150 -	Galvanostatic	nanopowders	solution.	45 cycles	
		dissolution	200 μm	charge/discharge			-Coulombic efficiency: 70-
		process		measurements were			80%	
				carried out at a			-Effectively prevented any
				C/10 charge rate			Zn dendritic formation.
				and a C/5 discharge			-Life cycle reached over 50
				rate.			cycles	

  2-ion-separation capacity, with no crossover of Zn(OH)4 2-ions. Coating of the membrane (10 cm 2 ) with 0.3 g of Mn(OH)2 almost completely blocked the Zn(OH)4 2-permeation (only 0.03 mg/h of Zn(OH)4 2-ions crossover occurred). On the other hand, the use of two Celgard® 3401 membranes together (Figure

Table 4

 4 presents the diffusion coefficients of Zn(OH)4 2-ions through the pristine and porous polymeric membranes. The porous Celgard® membranes are included in the table for comparison purpose.

Table 4 :

 4 Zincate crossover through pristine and modified porous membranes.

	Membrane		Analysis method	Flux of	Diffusion	Ref.
				Zn(OH)4 2-	coefficient
				(×10 -6 mol	of
				m -2 s -1 )	Zn(OH)4 2-
					(m 2 s -1 )***
	Two Celgard® 3401			120.8	6.9 × 10 -12	[156]
	Two Celgard® 3401	Al(OH)2 + Teflon		21.2	8.5 × 10 -12
	coated with inorganic	CaF2	Electrogravimetric	15.6	1.8 × 10 -12
	molecules	Mg(OH)2		0.31	5.1 × 10 -14
		Mn(OH)2		0.14	6.0 × 10 -15
	Celgard® 5550			-	1.1 × 10 -5	[83]
	Celgard® 5550 coated with PIL	ICP-OES	-	5.0 × 10 -7
	(PEBIH-PBMA)				
				94.4	2.4 × 10 -11	[135]
	Celgard® 3501 with surfactant (hydrophilic)			
	Celgard® 3501 without surfactant (hydrophobic) Celgard® 3501 coated 0.024 mg cm -2	Polarography measurement	0 ** 1	0 2.5 × 10 -13
	with Nafion®117 *	Nafion®117			
		0.047 mg cm -2		4.4	1.1 × 10 -12
		Nafion®117			
		0.079 mg cm -2		33.3	8.3 × 10 -12
		Nafion®117			
	Celgard® 3401 coated	Without surfactant		0	0
	with Coated with 1% Nafion®117 *	With surfactant		45.6	5.8 × 10 -13

An AEM consists of polymer chains functionalized with a number of cationic groups. Most AEMs are made from hydrocarbon polymer backbones with covalently attached quaternary ammonium (QA)

Table 5 :

 5 Anion exchange membranes used in Zn-air batteries.

	Membrane	Preparation method	properties	Battery type and	Electrodes	Electrolyte Performance	Ref
				operation conditions				
	FAA ® -3-based	Commercial FAA ® -	QA cation	Bendable rechargeable	Zn electrode: stainless-steel	6 mol KOH	Maximum power	[201]
	AEM	3-SOLUT-10 in		Zn-air battery	mesh coat with Zn species	PAA gel	density of 9.8 mW	
		NMP, Fumatech					cm -2 .	
		BWT GmbH)						
					Air electrode: cobalt oxide		Cells stable for at	
		Solution casting			based commercial		least 100 cycles.	
		method.						
							Specific capacity	
							~700 mAh gZn -	
							1 under 1 mA cm -	
							2 and discharging	
							conditions.	
	A201®	Commercial	28 µm	Solid state	Zn electrode: Zn powder,	-	A201-based battery	[142]
	membrane	(Tokuyama	thickness	rechargeable Zn-air	carbon nanofiber, carbon		membrane	
		Corporation, Japan)		battery	black and		deteriorated	
					poly (vinylidene fluoride-		noticeably	
					co -hexafluoropropene)		after 720 min	
					polymer binder.			
							-The rapid voltage	
					Air electrode: Co3O4		and capacity loss due	
					nano-particles (<50 nm		to water loss	
					particle size)			
					Gas diffusion layer:			
					(catalyst loading of 1.0 mg			
					cm -2 )			

  OH)4 2-ions on the positive electrode have been reported to occur at concentrations ≥ 0.1 M Zn(OH)4 2-[START_REF] Gupta | Rechargeable cells with modified MnO2 cathodes[END_REF]. Besides, a study correlating AEM properties (mainly ion exchange capacity, nanochannel size and degree of zincate ions crossover) with cell performance and cyclic stability is missing.

	2-diffusion coefficient (D) (m 2 s -1 ) effects of Zn(3.2.3. Ion solvating membranes (gel-polymer electrolyte membranes) OH -ions conductivity (σ) in water (mS cm -1 ) (at room temperature) Permselectivity (σ/ D) (S.s m -3 )	Ref.
	AEM	PPO-TMA	1.9 × 10 -14	17.4	9.2 × 10 13	
						[155]
		PPO-MPY	4.7 × 10 -15	16.3	3.5 × 10 14	
		AEM-Ia3 ̅ d	1.6 × 10 -13	12.6	7.9 × 10 12	[200]
	CEM	Nafion® 521 film	6.7 × 10 -14	0.8	1.2 × 10 12	[86]
		Nafion® bearing	6.8 × 10 -13	6.6	9.7 × 10 11	
		electrospun				
		PVA/PAA mat				[85]
		(PBE)				
	Porous	Celgard® 3501	3.20 × 10 -11	13.7	4.3 × 10 10	
	(reference)					

  Cellophane™ PØØ was purchased from Futamura Chemical Co. Ltd. (Hamburg, Germany). Celgard ® membranes were kindly provided by Celgard, LLC (France). Zirfon ® and PBI ® were provided by AGFA and Fumatech (Germany), respectively. All chemicals were used without further purification.

	2.1. Materials
	PPO (Mn 20,000 and Polydispersity ~ 2.5) was purchased from Polysciences, Inc. Chlorobenzene (ACS
	reagent, ≥ 99.5%), N-methyl-2-pyrrolidone (NMP, reagent grade), tetrahydrofuran (THF, ACS, >99%),
	diethyl ether (>99%), 1, 2-dichloroethane (99.8%), allyl bromide (98%), allyl chloride (98%) and
	chloroform (99.8%) were purchased from Alfa Aesar. Diallymethylamine (97%) and piperidine (≥99%)
	were bought from ABCR GmbH. Dimethyl sulfoxide-d6 (DMSO-d6, 99.9%) was supplied from Acros
	Organics. N-bromosuccinimide (NBS, 99%), 2,2'-azobis(2-methylpropionitrile) (AIBN, 98%), methanol
	(99.9%) and chloroform-d (CDCl3-d, 99.9% D) were purchased from Sigma-Aldrich. 2-hydroxy-4'-(2-
	hydroxyethoxy)-2-methylpropiophenone (Irgacure D-2959) was bought from Ciba Specialty Chemicals Inc.
	2.2. Polymer and cation preparation
	PPO (6 g, 50 mmol PPO repeating unit) was dissolved in 60 mL of chlorobenzene in a 100 mL flask
	equipped with mechanical stirrer and a condenser under Ar gas. NBS (brominating agent) (2.07 g, 11.65
	mmol) and AIBN (initiator) (0.115 g, 0.7 mmol) were added at 136 °C. Since PPO can be brominated on

Table 1 :

 1 Composition of the Zn slurry used.

	Chemicals	Mass fraction (wt. %)
	Zn	33.8
	ZnO	4
	Carbopol	0.7
	KOH + H2O	61.5
	In order to perform electrochemical performances of each membrane, current-voltage characteristic curves

Table 3 :

 3 Characterization of commercial membranes: electrolyte, swelling degree and conductivity

	Membrane	Electrolyte uptake	Percent (%) of porosity filled	Swelling degree: 𝛥𝑉
		(wt. %)		with electrolyte *	(%)
	Celgard ® 3501	98 ± 2		76		3
	Celgard ® 3401	49 ± 2		63		3.6
	Celgard ® 5550	113 ± 3		82		4.1
	Cellophane™ 350	129 ± 3		**		3.2
	PØØ					
	PBI ®	36 ± 0.4		**		1.2
	Zirfon ®	51 ± 0.5		89		3.1
							(	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 (%) 𝑐𝑚3 1.26 𝑔	)
	*Percent of porosity filled with electrolyte =	𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑓𝑖𝑙𝑙𝑒𝑑 𝑤𝑖𝑡ℎ 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦	=	(	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 (%) 1.26 𝑔 𝑐𝑚3 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (𝑣/𝑣) )+ ( 100 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 )	* 100

Table 4 .

 4 exhibited significant crossover within about a week of testing. Whereas, Celgard ® 3401 exhibited the lowest Zn(OH)4 2-ions crossover among the Celgard ® membranes. On the other hand, nearly zero crossover of Zn(OH)4 2-ions was detected in the case of PBI ® membrane during the week of operation, due to its dense and cationic characters. The high crossover of Zn(OH)4 2-ions through Zirfon ® membrane could be due to the high electrolyte channels formed as a result of the large amounts of hydrophilic ZrO2 powder within the membranes[46]. Figure 3: Zn(OH)4 2-crossover concentration vs time of Celgard ® 3501, Celgard ® 3401, Celgard ® 5550, Cellophane™ 350 PØØ, and Zirfon ® and PBI ® . Lines in the figure are guide for the eye. For comparison purpose, diffusion coefficient of Zn(OH)4 2-ions of Celgard ® 3501 and Cellophane™ 350 PØØ from the literature were included in the Table 4.

	2-ions (in M), determined by AAS, crossed through the membranes as function of
	testing time/membrane thickness (normalized by membrane thickness) is shown in Figure 3. Celgard ® 3501
	membrane has the largest diffusion of Zn(OH)4 2-with a concentration of 0.077 M after 4 days. Considering
	the 0.3 M of Zn(OH)2 used as starting concentration, about 26% of the initial Zn(OH)4 2-crossed through the

membrane in only 4 days, half of the equilibrium concentration, 0.15 M. This can be accredited to the large pore size and porosity, good wettability and small thickness of the membrane. Celgard ® 5550 and Cellophane™ 350 PØØ with a concentration of Zn(OH)4 2-equal to 0.074 and 0.061 M, respectively,

Table 4 :

 4 Diffusion coefficients of Zn(OH)4 2-ions through the membranes.

	Membrane	Zn(OH)4 2-diffusion coefficient, D (m 2 s -1 )	Ref
	Celgard ® 3501	9.2 x 10 -12	
	Celgard ® 3401	6.6 x 10 -12	This work
	Celgard ® 5550	1.4 x 10 -11	
	Cellophane™ 350 PØØ	1.3 x 10 -11	
	Zirfon ®	6.6 x 10 -11	
	PBI ®	ND*	
	Celgard ® 3501	3.2 x 10 -11	[31]
		1.3 x 10 -11	[57]
		9.5 x 10 -12	[58]
	Cellophane™ 350 PØØ	3.8 × 10 -12	[59]
		6.7 × 10 -12	[57]
		3.3 x 10 -12	[58]
	* Not detected, too low to be detected by AAS within three days of experiment.	
	As shown in Table 4, the Cellophane™ 350 PØØ, membrane exhibited similar Zn(OH)4 2-ions diffusion
	coefficient with that of Celgard ® 5550, however the two membranes have different chemical composition
	and structure. Cellophane™ membranes have been reported to exhibit lower Zn(OH)4 2-diffusion coefficient
	than that of Celgard ® 3501 in the literature	

  Celgard ® 3401 and Celgard ® 3501 showed maximum peak power density of 69 and 90 mW cm -2 , respectively, whereas Celgard ® 5550-based cell showed the lowest peak power density (58 mW cm -2 ), consistent with the highest resistance (highest thickness) of the membrane. Cellophane™ 350 PØØ membrane, with an area resistance similar to that of Celgard ® 3401-based cell, displayed a peak power density of 72 mW cm -2 . It is interesting to note that the peak power densities delivered in decreasing order is Celgard ® 3501 > Cellophane™ 350 PØØ ≈ Celgard ® 3401 > Celgard ® 5550 > Zirfon ® > PBI ® , which is in agreement with the cell resistances obtained.

			Celgard® 3501					100
			Cellophane™ 350 PØØ				
			Celgard® 3401				
		1,5	Celgard® 5550 Zirfon® PBI®					80
									cm -2
	(V)	1,0							60	(mW
	Voltage								40	density
		0,5							20	Power
		0,0							0
		0	50	100	150	200	250	300	350
				Current density (mA cm -2 )	

Overall, Zn(OH)4 2-ions crossover remains an open challenge regarding the performance and lifespan of Znair batteries. All the membranes tested, except PBI, present too high crossover of Zn(OH)4 2-to be useful in a rechargeable Zn slurry-air flow battery. Zn(OH)4 2-crossover leads to capacity lose with cycling and cell

Table 5 :

 5 Characterization of the prepared membranes: Electrolyte and ion conductivity.Alkaline stability of the membranes is important in Zn-air batteries because the membranes have to work efficiently in the highly alkaline solution. The highly basic and nucleophilic OH -might degrade the membrane. Therefore, stability of membranes in highly alkaline solution must be investigated before use in Zn slurry-air batteries. The stability of PPO-3.45 + 3501 membranes was investigated by comparing their structure before and after immersion in 6 M KOH aqueous solution for 10 days. FTIR analysis was used to investigate the alkaline stability of the membranes.

	Membrane	Electrolyte uptake (wt.%)	Ion conductivity (mS cm -1 )
	Celgard ® 3501	98 ± 2.5	17 ± 2.5
	PPO-3.45 +3501	55 ± 1.9	12.1 ± 0.9
	FAA + 3501	46 ± 2.1	1 ± 0.7

Table 6 :

 6 Zincate ions diffusion coefficient through the modified membranes

	Membrane

Table 2 :

 2 Water uptake and ion conductivity of prepared AEMs.

	Membranes	IEC (mmol OH -g -1 )	Water uptake (%) *	Ion conductivity (mS cm -1 ) **
				Cl -	OH -
	PPO-6CH2-0.5x	2.03 ± 0.04	32 (± 0.7)	0.94 (±0.15)	3.3 (± 0.2)
	PPO-6CH2-1x	2.33 ± 0.05	55 (± 1.5)	1.9 (± 0.10)	5.2 (± 0.25)
	PPO-6CH2-2x	2.85 ± 0.03	80 (± 3)	3.1 (± 0.2)	13 (± 0.32)
	PPO-6CH2-3x	3.4 ± 0.02	105 (± 4)	6.6 (± 0.2)	19 (± 0.4)
	*in OH -form,				
	** Tested at 20 °C.				

Table 3 :

 3 Freezable and non-freezable water in the AEMs.

	Membrane	λOH-	ΔHf DSC (J g -	ΔHf DSC	Freezable water (%) c	λ in the membrane
			1 wet sample) a				
				(J g -1 water) b		Freezable	Non-freezable
	PPO-6CH2-0.5x	7.8 ± 0.3	0	0	0	0	7.8 ± 0.3
	PPO-6CH2-1x	11.6 ± 0.2	4.1 ± 0.7	11.6 ± 2	1.9 ± 0.33	0.22 ± 0.04	11.4 ± 0.1
	PPO-6CH2-2x	13.9 ± 0.5	31 ± 2.3	69.2 ± 5.1	16.6 ± 1.3	2.3 ± 0.16	11.6 ± 0.3
	PPO-6CH2-3x	16.4 ± 0.4	62 ± 3	121± 5.8	38.1 ± 1.8	6.23 ± 0.3	10.2 ± 0.4

a. Obtained from the DSC by integrating the DSC freezing curve area.

Table 5 :

 5 Diffusion coefficient of Zn(OH)4 2-ions through the membranes.

	Membrane	D of Zn(OH)4 2-(m 2 s -1 )	Permselectivity (S.s m -3 )
	PPO-6CH2-0.5x	8.9 x 10 -15	3.7 x 10 13
	PPO-6CH2-1x	2.8 x 10 -13	1.9 x 10 12
	PPO-6CH2-2x	9.7 x 10 -13	1.3 x 10 12
	PPO-6CH2-3x	2.3 x 10 -12	8.2 x 10 11

or the lower limiting voltage of 0.2 V. The last point of each discharge curve was taken as the discharge
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Figure S2: The power densities of the test cells employing membranes M3 and FAA-3-50 ® over different current densities at the flow rate of 16 and 24 mL min -1 . The cell was assembled with a fresh membrane and fresh electrolytes, cycled at 80 mA cm -2 for 10 times, followed by the polarization curve measurement.

Part-II: Membranes for Zinc Slurry-air Flow Batteries

Volume swelling degree: dried membranes were immersed in 6 M KOH for 24 h at room temperature and the volume of all the membranes was measured. The difference between the wet volume and dry volume was used to calculate the swelling ratio of the membranes with the following equation (2):

Ionic conductivity

The ionic conductivity of the membranes was measured by electrochemical impedance spectroscopy (EIS) in the frequency range 13 MHz -5 Hz at room temperature. All membranes were immersed in 6 M KOH solutions for 24 h before measuring their conductivity. The membranes were taken out from the electrolyte solution, removed the surface KOH aqueous solution and measured for their resistance. The membrane ionic conductivity (σ) was calculated by the following formula (equation 3):

Where l is the thickness of the membrane (cm), A is the active area of the membrane sandwiched between two electrodes (0.0314 cm 2 ) and R is the electric resistance of the membrane (Ω).

Rheometry

Rotational rheometry was performed using a stress-controlled rheometer Discovery HR-3 (TA instruments). PPO-DAPCl viscosity was determined with a cone-plane geometry (D = 60 mm, 1º angle), whereas FAA viscosity was determined using a bob-in-cup geometry (bob diameter = 28 mm, bob length = 42 mm and cup diameter = 30 mm), due to sample lower viscosity. Measurements were performed at 25 ºC with the aid of a Peltier plate integrated system and an anti-evaporation tool was used to prevent changes in sample properties. Steady state measurements were obtained by applying a constant shear rate from 0.01 to 100 s -1 and when shear stress (or torque) signal was stabilized, the measurement was taken. Validation of measurement was performed by applying decreasing steps from 100 to 0.01 s -1 and no significant differences were found. Lower shear rates yielded torque values out of the rheometer range of measurement, so these values were not included.

Polymer density

The density (ρ) of the membranes was measured by density measurement kit (Mettler-Toledo), which contains weighting pans at ambient and immersed in a solvent at 20 °C using toluene as liquid phase. The prepared membranes in OH -form were dried at 50 °C under vacuum for 24 h. The membranes density in g cm -3 was calculated by the following equation 4: [46,47] Liquid electrolyte uptake: The wettability of the membranes with the electrolyte affect both electrolyte filling time during the assembly process and the ability to retain the electrolyte solution, thus affecting the overall performance of the battery [48,49]. The wettability of a membrane, usually investigated by contact angle measurement, depends on various parameters, such as the chemical affinity between the membrane surface and the electrolyte, porosity (in the case of porous membranes), surface roughness and viscosity of the liquid electrolyte [50]. The wettability of a porous membrane influences its ability to uptake an electrolyte.

In this work, we measured the electrolyte uptake of the membranes (Table 3) and calculated the percentage of porosity filled with the electrolyte by considering the density of 6 M KOH (1.26 g cm -3 ) and the density of the polymers (for example, 0.92 g cm -3 for PP-based Celgard membranes) and added in Table 3. To determine if the membranes change their volume, which indicate the swelling of the polymer matrix and can affect percentage and size of the pores, the dimensional change of the membranes in 6 M KOH was also investigated. In all studied membranes, no significant volume change was observed (all membranes recorded less than 5% volume change), therefore it can be considered that the electrolyte uptake was mainly inside the pore structure and the initial % of porosity was used in the calculation of pore filling. Similarly, electrolyte uptake-induced zero dimensional change has been reported for Celgard® 3501 elsewhere [51].

Supplementary information

Polymer and Cation synthesis: FTIR

Characteristic peaks of C=C stretching and C-H stretching of benzene ring in PPO appeared at around 1600 cm -1 and 1470 cm -1 , respectively [1,2]. A new characteristic peak at 987 cm -1 , which is attributed to the C-Br groups [3] was observed in the FTIR spectra of PPO-Br. After quaternization, the C-Br peak disappeared which confirms the reaction of CH2Br side chains of PPO with diallylmethylamine to form the PPO-Q. The characteristic peaks in DAPCl, including C-N stretching, and quaternary ammonium are shown around 1300 cm -1 and 955 cm -1 , respectively [4]. Moreover, the C-H stretching, C=C stretching, and CH2 bending are shown at 2977 cm -1 , 1635 cm -1 , and 1456 cm -1 respectively [4]. 

PPO-6CH2-Q:

The PPO-6CH2-Br polymer was first dissolved in 5 wt. % NMP at 40 °C. To fully replace the bromine groups, methydiallylamine was added in excess (2.5 molar) to the reaction flask and the reaction continued for 72 h. The quaternized product (PPO-6CH2-Q) was slowly precipitated in diethyl ether and dried under vacuum at 35 °C for 72 h. The complete replacement of bromine atoms with the amine has been confirmed using 1 H NMR. The protocol followed to prepare PPO-6CO-Br, PPO-6CH2-Br and PPO-6CH2-Q is summarized in scheme 1.

Scheme 1: Schematic representation of PPO-6CO-Br, PPO-6CH2-Br and PPO-6CH2-Q polymers preparation.

N, N-Diallylpiperidinum chloride (DAPCl) synthesis

The preparation of DAPCl was performed in two steps based on the method reported on chapter 3 (section 2.3).

Membrane preparation

After the synthesis of the PPO-6CH2-Q and DAPCl, membrane preparation was performed as follow. The appropriate amounts of the different species (polymer, monomer and initiator) are solubilized in a mixture of 1, 2-dichloroethane and NMP and the solutions are cast on a petri dish. Four membranes with different IECs, by varying the ratio of DAPCl to PPO-6CH2-Q, were prepared. For instance, to prepare AEM with a DAPCl to PPO-6CH2-Q ratio of 3 (theoretical IEC of 2.8 mmol Br -g -1 ), 0.075 g PPO-6CH2-Q (0.115 mmol diallylmethylammonium), 0.0695 g DAPCl (0.345 mmol) and 0.0155 g (20% excess with respect to the diallylmethylammonium in the polymer backbone) Irgacure® 2959 initiator were dissolved in 1.2 mL of 1, 2-dichloroethane (13 wt./v %). Next, 0.56 mL NMP (28.5 wt./v %) was added to the mixture and stirred for about 15 minutes. The prepared solution was poured into a glass petri dish (5 cm diameter) and was kept away from light by covering aluminum foil with small holes to avoid decomposition of the initiator and permit the 1, 2-dichloroethane evaporation at room temperature. The film-containing petri dish was put in a vacuum chamber and degassed to remove oxygen. The viscous homogenous solution was cross-linked using UV-radiation ((P300MT power supply, Fusion UV Systems) for 3 min under argon. After irradiation, the membrane is placed in an oven at 60 °C to evaporate the NMP. After 24 h, the membrane is removed from the petri dish and immersed in a large excess of DI water to wash out any remaining solvents, monomers and non-grafted poly(DAPCl). Figure 1 shows the schematic representation of the membrane preparation procedure.

Morphological characterization

The surface morphology analysis of the membranes investigated by tapping mode atomic force microscopy (AFM) analysis of wet membranes in the OH -form at room temperature. The topographical and phase images were obtained simultaneously. 

The IEC of the AEMs in OH -form was calculated from the 𝐼𝐸𝐶 𝐵𝑟 using eqn (2):

Water uptake (WU) and the hydration number (λ) of the membrane samples (in OH -form) at room temperature were determined as discussed in the chapters 3 and 4. The reported water uptake and IEC titration of the membranes are an average of at least three measurements.

Membrane chloride and hydroxide ion conductivity

The Cl -and OH -conductivities of the membranes were measured by exchanging the bromide/chloride mixture form of the resulting membranes in a saturated NaCl (1 M) and KOH (1 M), respectively, at room temperature for 24 h followed by immersing in excess DI water overnight to remove the excess of salt and residual KOH. The ion conductivities of the membranes were measured via through-plane electrochemical impedance spectroscopy (EIS) and a Hewlett Packard Model response analyser (HP Model 4192A LF Impedance Analyzer) by two-point probe impedance method in the AC frequency range 5 Hz to 13 MHz at room temperature. To avoid carbonation process (exchange of OH -in the membrane for CO3 2-and HCO₃ - by CO2), the resistance measurement of the membranes in OH -form was performed in a home-made glove-OH -/g, slightly lower than the theoretical one due to both incomplete polymerizations of DAPCl and the formation of poly(DAPCl) not-bonded to PPO-6CH2-Q which were removed from the membrane during the water washing step. Based on the titrated IEC values, the practical amount of DAPCl incorporated into the PPO-6CH2-Q was calculated (Table 1). The efficiency of degree/amount of monomer attached to the polymer backbone (DAPCl conversion %) was found to increase with increasing of DAPCl to polymer ratio due to, probably, the higher number of double bonds and/ or low viscosity of the solution. 

Water uptake and ions conductivity

Sufficient water uptake in AEMs is necessary for the formation of percolating hydrated ionic domain for high ion mobility. However, the content of water uptake must be optimized to keep the mechanical strength and selectivity of the membranes. Table 2 shows the water uptake of the membranes (OH -form) at room temperature. The water uptake of the PPO-6CH2-0.5x reached 32 wt%. Under the same condition, PPO-6CH2-1x and PPO-6CH2-3x membranes took up 55 wt% and 105 wt%, respectively. The increase of IEC of the membranes induces a large water-uptake increase due to the increase of the ionic side chains, which enhances the hydrophilic character of the polymer and decreases the crosslinking stiffness i.e. the lengths of side chains between two bonded polymer chains are longer.

The OH -ion conductivity of the AEM is an important factor in the power density performance of a battery.

As the Zn slurry-air flow battery operates at room temperature, an AEM with high OH -ion conductivity at room temperature is needed. Table 2 shows the IEC dependence of the OH -ion conductivity in the prepared crosslinked AEMs. In addition, the chloride ion conductivity of the prepared membranes was also measured for comparison purpose. The OH -ions conductivity of the membranes seems to be 2.7-4 times higher than that of their respective Cl -ions conductivity mainly due to the molar conductivities of the ions (Cl -= 7.631 and OH -= 19.86 mS m 2 mol -1 ), in agreement with findings reported in the literature [26].

Hydration number and water states in the membrane

The hydration number (λ), the number of water molecules per functional group, of the membranes was calculated from the IEC and water uptake of the membranes using eq. ( 4). The λ of the membranes was found to increase with the IEC. As shown in Table 3, the λ of PPO-6CH2-1x membranes have roughly three water molecules per functional group higher than that of PPO-6CH2-0.5x membranes, averaging 7.8 and 11.6, respectively. Moreover, PPO-6CH2-2x and PPO-6CH2-3x exhibited much higher hydration number, with about 14 and 16.4, respectively. Similar values have been reported for other AEMs in the literature [14,27].

To identify whether the water molecules are in interaction with the ionic species or in water clusters, DSC measurements in the prepared AEMs were performed. As shown in Table 3, there is no freezable water detected in PPO-6CH2-0.5x. Similarly, very small amount of freezable water was detected on PPO-6CH2-1x membrane. It can be concluded that almost all the water absorbed in these two membranes are in strong interaction to the ionic functions [29]. Contrarily, the other two membranes showed a freezable water molecule of about 2 and 6 water molecules, indicating the presence of bulk water not associated with the ionic functions [30]. All in all, except for the PPO-6CH2-0.5x membrane, regardless of the IEC and water uptake of the membranes, it seems about 10-11 water molecules/ionic function are in strong interaction with the polymer. Whereas, the excess water molecules are freely available in the membrane. 

Zincate ions crossover

To realize electrochemically rechargeable Zn slurry-air flow batteries, minimizing Zn(OH)4 2-ions crossover from the anode to the cathode is essential. To determine the good compromising between OH - conductivity and selectivity in relation with ionic concentration and water uptake, the crossover of Zn(OH)4 2-ions through these membranes were measured and compared (Figure 5). As shown in Figure 5, the concentration of Zn ions in the right chamber increased with time for all the membranes. For e.g., for PPO-6CH2-3x membrane, after one week, less than 5% of the Zn species crossed to the second compartment.

Chapter 8: Conclusions and future perspective

The replacement of fossil fuels with renewable energy sources is a hot research topic of the energy sector for the past some years. The main challenge of these energy sources is their intermittent energy generation, which results in a mismatch between energy supply and demand. To balance the fluctuating power output of the renewable energy sources, scalable and safe electrical energy storage is required.

Among the various electrochemical energy storage systems, RFBs have promising potentials because of their scalability and decoupled energy and power output. To widely commercialize those batteries, there is a need for more research and development on their components, including the membrane.

In this work, the design, synthesis, characterization and testing of membranes in TMA-TEMPO/MVbased aqueous organic redox and Zn slurry-air flow batteries were performed. The relationships between various membrane properties and cell performances were investigated. Various types of AEMs were prepared using PPO as the backbone and the impact of their structure and properties, such as IEC, presence/absence of spacer, membrane thickness, degree of crosslinking and cation type i.e. TMA, DABCO and poly(DAPCl) were ex-situ characterized and tested in the batteries. In addition to the prepared (composite and anion exchange) membranes, several commercial porous membranes and an AEM were ex-situ characterized and tested in the Zn slurry-air flow battery.

Six commercial porous membranes were characterized in terms of electrolyte uptake, zincate ions crossover and tested in Zn slurry-air flow batteries. The electrolyte uptakes of the membranes were found to depend on various membrane parameters including the material type, composition, structure (dense or porous nature), porosity, pore size, morphology or the wettability of the polymer matrices.

The order of peak power density of the cell employing the membranes was found in agreement with their respective cell resistances, the cells employing Celgard ® 3501 (2 Ω cm 2 ) and PBI ® (5.5 Ω cm 2 ) displayed the highest (90 mW cm -2 ) and lowest (32 mW cm -2 ) peak power densities, respectively. On the other hand, all the investigated commercial porous membranes, except PBI, exhibited high zincate ions crossover (for example, the Zirfon ® and Celgard ® 3501 showed 6.6 x 10 -11 and 9.2 x 10 -12 m 2 s -1 zincate ions diffusion coefficients, respectively) in agreement with their ion conductivities and porous/dense structure of the membranes. This shows the need for preparing a porous membrane with lower than 2 Ω cm 2 cell resistance and much lower zincate ions crossover.

To reduce the crossover of Zn(OH)4 2-ions through the porous membranes, Celgard ® 3501 was modified using two different ion-selective polymers. Due to the similar low viscosities of the ionomers used, both modifications resulted in a large impregnation of the pore structure by the two ionomers. The properties of the ionomers (such as IEC and water uptake) had a major impact on the zincate ions crossover and discharge capacity performance of the membranes. Compared to the pristine Celgard ® 3501, the PPO 3.45+ 3501 membrane showed 18 times lower crossover of Zn(OH)4 2-ions (5.2 x10 -13 m 2 s -1 ). The modified membrane-employing battery delivered a high maximum power density 66 mW cm -2 , lower than that of Celgard ® 3501-based cell due to the increase in the cell resistance from 2 to 2.6 Ω cm 2 associated with the partial filling of the pores with ionomers. The performance of the coated membranes in the TMA-TEMPO/MV-based AORFB is under investigation and will be discussed in our future publication. All in all, this is a proof of concept that shows coating/impregnation of ionomer is an efficient strategy to reduce ions crossover without significantly impacting the battery performance.

Further optimization of the coat thickness (by varying the viscosity of the solution) could be performed to optimize the membrane resistance, degree of crossover and minimize the negative impact on the battery performance.

In addition to the porous and modified porous membranes, AEMs were prepared, ex-situ characterized and tested in the aqueous organic redox and Zn slurry-air flow batteries. To solve the challenge associated with the incorporation of N-spirocyclic quaternary ammonium (DAPCl), which exhibits higher chemical and thermal stabilities than that of commonly used quaternary ammoniums, into the modified PPO polymer backbone, a rapid UV irradiation method was employed. Indeed, the poly(DAPCl) employing AEMs were found to be chemically stable in both TMA-TEMPO/MV aqueous organic and Zn slurry-air flow batteries. The IECs of the membranes were modified by varying the monomer to polymer ratio and was found to affect the ion conductivity, water uptake, ions crossover and cell performance. The TMA and poly(DAPCl) cations were attached to the PPO backbone either at the benzylic position or via a 6-C spacer unit. The presence of a 6-C side-chain spacer allowed the membranes to exhibit about two times higher ion conductivity at room temperature than that of the membranes without a spacer. The former membranes had slightly higher water uptake due to the possible formation of well-clustered ionic channels.

The spacer involving AEMs (such as M4 and M7) with IEC of 1.65-1.8 mmol Cl -g -1 and about 60 µm thickness permitted to obtain cell resistances of about 1.5 Ω cm 2 in the TMA-TEMPO/MV-based AORFB, whereas the membranes without spacer exhibited higher cell resistance (2-2.6 Ω cm 2 ) regardless of the cation type. On the other hand, the PPO-6CH2-2x AEM with IEC of 2.8 mmol OH -g - 1 displayed cell resistance of about 1.5 Ω cm 2 in the Zn slurry-air flow battery. As a result, the membranes with the spacer displayed an excellent battery performance. Among them, the AORFB employing M4, which exhibits 4.3 mS cm -1 Cl -ion conductivity, displayed a much higher peak power density (388 mW cm -2 ) than a well-performing commercial membrane (FAA-3-50 ® ) (244 mW cm -2 )-based cell at a flow rate of 16 mL min -1 . Whereas, the membranes without a spacer, M1.7 (2 Ω cm 2 ) and M8 (2.6 Ω cm 2 ) achieved lower maximum power densities of 258 and 183 mW cm -2 , respectively.

On the other hand, the Zn slurry-air flow battery employing PPO-6CH2-3x membrane (6.6 mS cm -1 Cl - and 19 mS cm -1 OH -ion conductivities) reached a maximum peak power density of 153 mW cm -2 , much higher than the cells employing porous commercial or modified porous membranes.