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Battery electricity storage has been one of the main strategies to reach a sustainable energy network. They are adequate to store energy and release it later, supporting a high volume of variable renewable electricity. In this context, lithium-air batteries (LABs) have the potential to be a high-capacity battery option, with theoretical energy densities higher than currently available lithium-ion ones. However, they are still commercially unfeasible. In the last few decades, there has been immense progress in LABs technology with the development of stable electrolytes, porous cathodes, and catalysts. Nonetheless, minor attention has been given to the protection of the lithium metal electrode, especially against reactive substances present in the atmospheric air, such as water and oxygen. In this work, a protective membrane was synthesized to protect the metallic lithium anode against water. The synthesis was carried out using polytetramethylene glycol (PTMEG), 4,4-diphenylmethane diisocyanate (MDI), and a blend of 1,4 butanediol with glycerine as a chain extender. The synthesized membrane was tested using an aprotic lithium-oxygen (Li-O2) battery assembled with carbon paper as the cathode, metallic lithium as the anode, and 0.1 mol.L-1 lithium perchlorate (LiClO4) in dimethyl sulfoxide (DMSO) with 550 ppm of water concentration as electrolyte. Furthermore, the cyclability of the batteries with the novel polymeric membrane was compared with the standard glass microfiber separator. The results showed a higher cyclability of the batteries assembled with the polymeric separator over the glass microfiber separator.
Introduction
To reach decarbonization of the global energy system, a higher share of renewable sources is required. Renewable energy from solar and wind are good candidates for electricity generation, but they are variable and uncertain energy sources (Ram et al., 2022), since they are dependent upon the weather conditions. Battery electricity storage has been considered one of the main strategies to support high levels of variable renewable electricity and contribute to energetic transition (Lach et al., 2018). The lithium-air batteries (LABs) have theoretical energy densities higher than the currently available lithium-ion batteries, nevertheless, many challenges need to be overcome to turn them commercially viable (Bi et al., 2020). 
Metallic lithium is considered a good choice for anode material due to its super high specific energy, low redox potential, and low mass density. Nevertheless, problems like the crossover of oxidative species such as (O2−, LiO2−, etc.), H2O, and other substances can accelerate Li loss, resulting in a reduced life cycle (Luo et al., 2020).
Some strategies have been investigated to solve this problem, such as the solid-electrolyte interface (SEI) layer and alternative Li alloys instead of pure Li as the anode (Song et al., 2017). However, the SEI layer on the surface of lithium can cause volume fluctuations, resulting in dendritic growth of Li crystals and short circuits (Luo et al., 2018), and there is a potential decrease in discharge in the Li alloy anodes (Liang et al., 2020).
The addition of water directly in the electrolyte contributes to the increase in the discharge capacity of Li-O2 battery due to changes in the reaction mechanism, resulting in alterations in the morphology of the discharge product (Policano et al., 2022). However, the addition of H2O in Li-O2 batteries also shortens the battery life because Li metal is very reactive with water, which causes the metallic lithium anode to degrade after some time (Dai et al., 2019). Therefore, the protection of lithium becomes a key point for the intended success of the use of Li-O2 batteries. 
Ion-selective separators have been one of the desired strategies to protect the metallic lithium from attack by oxidative species and obtain stability in the charge and discharge cycles of high-energy and state-of-the-art rechargeable batteries (Huang et al., 2020). The commercially available separators most common for lithium battery applications are polyolefin-based, such as polyethylene (PE) and polypropylene (PP) (Saal et al., 2021). Polyurethane is a class of polymer used in insulators, foams, elastomers, synthetic skins, coatings, adhesives and recently has been investigated in the literature for use as separator in batteries, mainly as composite nanofibrous separator using the electrospinning method (Pan et al., 2017; Cheng et al., 2022).
Polyurethane (PU) is considered a versatile polymer material because of the adaptation characteristic of its molecular structures to attend to specific property demands and it is synthesized by a reaction of polyol, isocyanate, and chain extender (Vlad et al., 2009). Its mechanical behavior depends on the synthesis method employed, conforming to the type of preparation (bulk, solution, water) and sequence of added reactants (one-step or prepolymer synthesis) (Prisacariu, 2011). PU structure is composed of soft segments (polyether or polyester) and hard segments (urethane) along the polymer conferring a microphase-separated morphology due to different polarity and chemical nature between the segments (Vlad & Oprea, 2008).
In this context, a PU polymer separator was synthesized with the purpose to protect the metallic lithium anode against water in aprotic Li-O2 batteries. In this separator, polyurethane (PU) is prepared by the bulk polymerization method and deposited on a cellulose substrate using the spin coating technique. The cellulose is a natural polymer and due to its excellent performance characteristics, such as good reproducibility, high dielectric constant and excellent chemical and thermal stability it has been considered a good candidate for use in battery separators (Zhang et al., 2014; Liu et al., 2016; Luo et al., 2021). The cellulose fibers can be woven into meshes and this results in many pores with high surface area that contribute with ion diffusion for charge/discharge operations (Lizundia et al., 2020; Muddasar et al., 2022). The analyses carried out showed an increase in the cyclability of the batteries using the novel membrane compared to the commercially available microfiber glass separator.
Method
Synthesis of polymeric separator: Polyurethane was synthesized by bulk polymerization under an inert atmosphere of nitrogen, using 4,4-diphenylmethane diisocyanate (MDI) as isocyanate, polytetramethylene glycol (PTMEG) as polyol and a blend of 1,4-butanediol (BD) and glycerine (Gly), 60% and 40% respectively as chain extender at a molar ratio of 2:1:1. Firstly, PTMEG with molecular mass M 1000 was dried (70 °C in vacuum) after MDI was added and stirred at 80°C for 1 hour to generate a prepolymer, followed by the addition of BD and Gly stirred at 80°C for 30 minutes. Next, the polyurethane synthesized was applied on a cellulose substrate (70 mm diameter, 80 g) at 5.000 rpm using Spin Coater (Chemat Technology, KW-4A) to get the polymeric separator.
Li-O2 battery assembly and electrochemical test: Carbon paper (Toray TGP-H-060) with 16 mm diameter was used as air-cathode, metallic lithium (Tob Machine, 99.99%) as the anode, 100 µl of 0.1 mol.L-1 lithium perchlorate (LiClO4) in dimethyl sulfoxide (DMSO) with 550 ppm of water concentration as the electrolyte, polymeric separator with 20 mm diameter as protective membrane and 3 bar of O2 on a closed battery. The charge and discharge electrochemical tests of Li-O2 batteries were conducted at a current of 0.05 mA in the range of 2.2 a 4.7 V and the deep discharge tests at a current of 0.1 mA using LBT21084 Arbin battery test system. 
The same parameters were used for the batteries assembled with the standard glass microfiber separator.
In situ FT-IR spectroscopy: Carbon paper (Toray TGP-H-060) with 14 mm diameter was used as air-cathode, 8 mm metallic lithium (Tob Machine, 99.99%) with a 5 mm hole in the middle as the anode, 40 µl of 0.1 mol.L-1 lithium perchlorate (LiClO4) in dimethyl sulfoxide (DMSO) with 550 ppm of water concentration as electrolyte, 10 mm polymeric separator with a 4 mm hole in the middle as protective membrane and pressure of 0,5 bar of O2 on a closed battery. In situ FT-IR spectra were acquired using an Agilent Cary 620 spectrometer in the mid-IR range (4000 to 1500 cm-1) using a Globar source, with 16 cm-1 spectral resolution and 256 scans accumulated by a DLATGS detector. The cell was analyzed in transmission mode by adapting the battery case with two ZnSe windows. The cell was connected to a VersaSTAT potentiostat from AMETEK. It was realized a discharge from open circuit potential (OCP, 2,9 V) to 2.2 V with a 50 µA current.
Characterization of polymeric separator and electrodes: The batteries were disassembled in an argon-filled glove box for the characterization. The morphology of the air-cathodes, metallic lithium anodes, and separators were analyzed using SEM (Quattro ESEM, Thermo Fischer Scientific), and the separators were sputtered with Au particles in the surface to improve the resolution of the images using Sputter (Emitech K350, England). The chemical characterization of the polymeric separator was analyzed using ATR FTIR (Vertex 70V, Bruker, USA). For the analysis of the contact angle with water was used Attention Theta Flex optical tensiometer (Biolin, Scientific AB, Sweden) and the angle was taken at the first instant the water dropped.
Results and Discussion
The chemical characterization of the polymeric separator by ATR FTIR is shown in Figure 1 (a). The presence of groups N-H (3320 cm-1) and C=O (1730 cm-1) is characteristic of the (NHCOO) urethane group formation present in polyurethane (PU). The morphology of the polymeric separator (PU) deposited on cellulose substrate was compared with the commercial glass fiber (GF) separator, as shown in Figure 2. The scanning electron microscopy (SEM) images showed different morphology between them. While there are pores in the GF separator, the PU separator presents itself as a poreless surface. 
The water contact angle was measured to verify the hydrophobic/hydrophilic characteristics of the GF and PU separators. Figure 3 shows the superior hydrophobicity of the PU separator with a contact angle of ~75º versus ~25º of the GF separator.
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Figure 1: (a) FT-IR spectrum of the polymeric separator (b) prepared polyurethane polymerization reaction.
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Figure 2: SEM images of the glass microfiber (left) and synthesized PU (right) separators at low (upper) and high (lower) magnifications.
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Figure 3: Water contact angle of the glass microfiber (left) and synthesized PU (right) separators.
The electrochemical performance of the synthesized PU separator was compared with GF separator in aprotic Li-O2 batteries at the same conditions. As shown in Figure 4a, the battery with the novel membrane presented a discharge capacity that was more than 70 % higher (164 mAh/m2BET) than GF battery (48 mAh/m2BET) and the Figure 4b shows an increase of 45 % in PU batteries cyclability (39 and 40 cycles) when compared with GF batteries (19 and 23 cycles) with a fixed capacity of 11 mAh.m-². The higher performance of the PU batteries indicates that the PU separator can reduce the passivation of the metallic lithium anode, increasing the Li-O2 batteries' lifespan.
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Figure 4: (a) Deep discharge profiles (b) charge and discharge profiles of the batteries assembled with GF and PU separators with a fixed capacity of 11 mAh.m-².  

The SEM images of the air-cathode after deep discharge revealed a higher density of discharge product in the battery assembled with PU separator than in the battery assembled with GF separator (Figure 5). This is in accordance with Figure 4 (a) which showed a higher deep discharge capacity for batteries using the synthesized membrane, emphasizing that the PU separator has good permeability to lithium ions and can protect anode passivation against reactive compounds like water.
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Figure 5: SEM images of the air-cathode after deep discharge of battery assembled with GF (upper) and PU (bottom) separators.  
The in situ FTIR experiments, presented in Figure 6, show a 6 h discharge step of two different batteries, one using GF separator (left) and the other using a PU separator (right). In the spectra, two DMSO bands were found at 2000 and 2100 cm-1, related to weak vibrations of the C-S-C and C-S=O groups (NIST, 2021). Typical bands of PU can be seen at 1535, 1608, and 1720 cm-1, respectively representative of C=C, C-N, and C=O bond vibrations (Wong & Badri, 2012). At 2350 cm-1, the characteristic band of CO2 can be observed (i.e., O=C=O vibration). When the battery with the GF membrane was discharged (Figure 6, left) it is noticed over time a decrease in the DMSO bands and simultaneously an increase in the CO2 band. This effect could indicate that the discharge step leads to partial decomposition of the electrolyte (Nepel et al., 2021). On the other hand, when the PU membrane is used (Figure 6, right) there are no changes in the DMSO bands and the CO2 band remains constant over time. Therefore, the PU separator not only protects the metallic lithium from water, but also avoids side reactions that can induce the electrolyte toward decomposition.
[image: ] Figure 6: In situ FTIR spectroscopy characterization of battery assembled with GF separator (left) and with PU separator (right).
Conclusion
The feasibility of Li-O2 batteries depends on their component’s stability. To contribute to metallic lithium anode protection, a hydrophobic polymeric separator was synthesized. The electrochemical tests showed that the use of this separator improved by 45 % the battery’s cyclability. The characterizations revealed that this increase in cyclability is related to good permeability to lithium ions combined with high hydrophobicity, protecting water to passivate the metallic lithium anode. Moreover, the in situ FTIR  results showed that the novel membrane also protects the electrolyte against decomposition. The application of the novel separator in Li-O2 batteries proved to be beneficial, especially considering real applications where atmospheric air ought to be used, carrying water into the system. However, applications are not limited only to Li-O2 batteries, as the PU membrane can be implemented in other applications in which ionic conductive is a requirement and water protection is needed.
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