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The increasing adoption of solar and wind power for electricity production has spurred new projects for the development of cost-competitive energy storage technologies. Among the various promising options, Li-O2 batteries deserve special attention because of their potential high specific energy, which might lead to decreased manufacturing and installation costs. Regarding the manufacturing costs, one of the steps with the most impact on manufacturing time is the wetting process, which might take days to complete. Improving this process has been crucial to reduce manufacturing costs and increase battery performance for lithium-ion batteries. This work provides an assessment of the impact of time of the wetting process on the performance of Li-O2 batteries. Li-O2 batteries were assembled using an O2 electrode based on carbon paper. The separator membrane and the O2 electrode were immersed in the electrolyte solution for 1 h, 3 h, 9 h, 27 h, and 81 h, and deep discharge trials were performed for each case. The capacity of the battery was measured and compared to the standard assembly procedure, in which the battery is assembled with electrolyte and left to rest for 72 h. After discharge, the electrodes were analyzed via scanning electron microscopy to identify the impact of electrolyte filling of the O2 electrode on the distribution of the discharge product over its surface. The results demonstrate the importance of investigating this process step in the manufacturing of batteries to ensure better performance of Li-O2 batteries.
Introduction
According to recent reports, wind and solar power have become the most cost-competitive electricity sources in many regions across the globe (Lazard, 2020). However, despite costing less than other conventional, fossil fuel-based electricity sources, the wide adoption of wind and solar power for electricity production faces the resistance of grid operators because of their intermittent nature (Zalzar et al., 2020). Large-scale energy storage is one of the main solutions proposed to mitigate the effects of intermittency in electricity supply (Andresen et al., 2014). Therefore, affordable energy storage technologies must be developed to be used in cost-competitive hybrid power systems (Varbanov et al., 2019). Among the possible technologies being developed for energy storage, Li-O2 batteries deserve special attention because their potentially high specific energy might lead to decreased installation costs for large-scale energy storage systems (Leal Silva et al., 2021a).
Research fields in the development of Li-O2 batteries include electrode and/or electrolyte stability and properties, battery cycle life, mass transport, and catalysis (Mahne et al., 2017; Tan et al., 2017; Leal Silva et al., 2022). In the investigation of electrode and electrolyte behavior, the wetting of the electrode has been shown as a very important step in the manufacturing of lithium-ion batteries because of the floor space required to perform this activity in the factory and its impact on the final quality of the product (Wood et al., 2015). Currently, a typical electrode wetting process for a lithium-ion battery might be divided into three wetting steps, each one followed by 1–2 formation cycles of up to 24 h each (Wood et al., 2019). The impact of the wetting time on the performance of Li-O2 batteries has not been thoroughly discussed in the literature yet because of the early stage of development of this technology. Nevertheless, the topic is clearly of high importance for Li-O2 batteries because careful control of wettability in Li-O2 batteries ensures better battery performance (Wang et al., 2020a). This occurs because wettability impacts the delivery of reactants (Li+ and O2) to reaction sites of the porous electrode (Sauter et al., 2020). Moreover, incomplete wetting compromises battery lifetime and safety (Lagadec et al., 2018).
Many properties influence the wettability of the electrode. For the electrolyte, properties such as viscosity and surface tension deserve special attention. As for the electrode itself, properties such as surface area, morphology, porous structure, and surface chemistry are the most important (Carvalho et al., 2020; Davoodabadi et al., 2020; Xu et al., 2009). Nevertheless, time is also an important variable as shown by the manufacturing methods developed by the lithium-ion industry (Wood et al., 2019). Therefore, studies for different combinations of materials are required to provide a general view of the problem of wetting time for Li-O2 batteries. Bearing all this in mind, this work presents an assessment of the impact of wetting time on the specific capacity of Li-O2 batteries. The glass microfiber filter used as the separator membrane and the carbon paper used as the O2 electrode were immersed in the electrolyte for different lengths of time, and the batteries were assembled and tested thereafter. The results demonstrate the importance of this step to ensure the high specific capacity of these batteries, and they represent a reference in the standards for battery assembly in the research and development of Li-O2 batteries.
Methodology
Electrodes and battery assembly
The O2 electrodes were made of carbon paper (TGP-H-060, Toray) and the separators were made of glass microfiber filter (GF/A, Whatman). Both materials were cut into discs of 16 mm. The discs were left to dry overnight in an oven at 80 °C and then left to rest inside the glovebox workstation (Ar atmosphere, H2O<10 ppm, O2<10 ppm, MBraun MB10, M. BRAUN Inertgas-Systeme GmbH) for 24 h. The electrolyte solution containing 0.1 mol L-1 lithium perchlorate (LiClO4, ≥99.99% trace metal basis, Sigma-Aldrich) in dimethylsulfoxide (DMSO, ≥99.9%, Sigma-Aldrich) was prepared inside the glovebox workstation. The water content of the electrolyte was measured via coulometric Karl Fischer titration (852 Titrando Metrohm AG, Switzerland).
[bookmark: _Hlk81910768]The O2 electrodes and separator membranes were immersed in electrolyte solution inside a Petri dish that was sealed using Parafilm M and kept inside the glovebox workstation during different wetting times: 1, 3, 9, 27, and 81 h, chosen in a geometric progression. The same was carried out for the standard time of 72 h. After the wetting time has passed, the battery was assembled inside a testing cell using a Li foil (Tob Machine, 99.99%), the separator membrane, the O2 electrode, and a stainless-steel current collector/spring assembly. In this process, the electrode and separator were removed from the electrolyte solution using tweezers and the excess liquid was drawn off by touching the discs to the sidewall of the Petri dish. After assembly, the testing cell was closed and immediately removed from the glovebox workstation. Then, the cell was purged to remove Ar and filled with 3 bar of pure O2 to work in a closed pressurized system.
Deep discharge and analysis
[bookmark: _Hlk81910328][bookmark: _Hlk81910144][bookmark: _Hlk81910442]Galvanostatic deep discharge was performed on an Arbin Laboratory Battery Testing System (LBT21084, Arbin Instruments LLC, USA). The battery rested for 30 min under O2 pressure before discharge was initiated at 50 μA. After the cut-off potential of 2.2 V was reached, the battery was purged with N2 and the battery was disassembled inside the glovebox workstation. The deep discharge tests were performed in duplicate for each resting time. The total discharge capacity was normalized by the average mass of carbon paper of electrodes of 16 mm in diameter. The morphology of the discharge product was analyzed via scanning electron microscopy (SEM, Quattro S, Thermo Fischer Scientific Inc., US) at 10 kV at a working distance of ~10 mm by using a secondary electron detector.
Results and Discussion
Results of discharge capacity
Figure 1 shows the increase in the specific capacity of the battery as the wetting time increases. It is possible to observe that the largest increase in capacity occurs from 9 to 27 h, thus indicating that a higher wetting time is more desirable. A possible cause for this problem is that a wetting time lower than 27 h was not enough to promote the formation of the triple-phase interface, fundamental to the proper delivery of reactants (Li+ and O2) to reaction sites (Carvalho et al., 2020). The wetting time of 81 h provided a similar result compared to 27 h (inside their error margin), despite the large increase in wetting time. Therefore, a resting time in the range of 27–81 h yields satisfactory results. Moreover, this result indicates the importance of reporting this information on research papers as some works report resting times ranging from 1 h to 8 h (Dong et al., 2018; Hu et al., 2015; Oh et al., 2013), which is not enough. Figure 2 presents the discharge profile of all tested batteries. Instabilities in the potential drop were observed for all cases, and this problem was already observed in other trials using carbon paper as the O2 electrode (Schwenke et al., 2015). It is important to mention that these results reflect the effect of wetting time in both electrode and membrane in a situation of excess electrolyte.
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Figure 1: Average specific capacity for each wetting time
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Figure 2: Discharge profile of batteries for each wetting time: a) 1 h, b) 3 h, c) 9h, d) 27 h, e) 81 h, and f) 72 h (standard condition). The red and brown lines indicate different tests of the duplicate.
Morphology of discharge product
Figure 3 shows the morphology of the discharge product for the different wetting times considered in this study. For the smallest time, 1 h (Figure 3a, left), it is possible to observe low amounts of discharge product and that it is not well distributed over the surface of the carbon fibers. A closer look (Figure 3a, right) shows that in this case, the discharge product deposits mostly as a thin film over the surface of the carbon fibers. This thin film is observed as the initial deposition of the discharge product in many other systems (Dou et al., 2021; Lau and Archer, 2015) and might have been observed here as the final form of the film of discharge product because of the small discharge capacity. On the other hand, as the discharge progresses further, more product is deposited into the surface of the O2 electrode. This was the case for the batteries with larger wetting times. For instance, the formation of a discharge product film with many crystals of toroidal shape is observed for a wetting time of 9 h (Figure 3c). Besides that, many agglomerates of discharge product were already visible for this discharge time. These results indicate that the wetting times of 1 h and 3 h are insufficient for efficient use of the electrode.
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Description automatically generated] Figure 3: Morphology of discharge product of Li-O2 batteries with different wetting times: a) 1 h, b) 3 h, c) 9 h, d) 27 h, and e) 81 h; the image on the right shows a 10× zoom of the center of the image on the left
Figure 3d and Figure 3e show that a sufficiently long wetting time, higher than 27 h, allows the electrode to discharge to a point where the surface becomes fully covered with large crystals of Li2O2, thus producing batteries with high specific capacity. The shape of these crystals is very similar to the shape of other crystals of Li2O2 reported in the literature, which is expected since the electrolyte contains 94 ppm of water according to results of Karl-Fischer titration, and no LiOH formation is expected in these conditions (Aetukuri et al., 2015; Schwenke et al., 2015; Yang et al., 2016). Many of these crystals present a toroidal shape, and some of these shapes are covered by a layer of platelet-like crystals. This morphology leads to a less resistive layer of discharge product and helps the battery to last longer before reaching the cut-off potential (Sahapatsombut et al., 2013). However, despite these results indicating that a longer wetting process leads to increase capacity, it is important to mention that O2 is a limiting reactant in a homogeneous medium made of liquid (Silva et al., 2022). Therefore, other studies should also evaluate the impact of wetting time on electrodes with more lyophobic conditions as they have better discharge capacity when compared to lyophilic electrodes (Wang and Li, 2018), and these studies should include the effect of additives in the electrolyte solution, such as water (Leal Silva et al., 2021b) or redox mediators (Wang et al., 2020b), which play a crucial role in battery performance.
Conclusion
Li-O2 batteries represent the next frontier in the development of electrochemical energy storage devices because their high theoretical energy density might lead to decreased manufacturing costs. Currently, research and development efforts on these batteries are focused on the search for new, stable materials to provide high-performance electrodes. One important variable related to both the research stage and the manufacturing of batteries is the wetting time, which has a direct influence on the performance of the battery. This work presented an analysis of the impact of wetting time on the specific capacity of Li-O2 batteries. According to discharge capacity results, wetting times of 27 h and 81 h presented similar results compared to the current standard of 72 h, thus indicating that increasing the wetting time beyond 27 h does not yield a great increase in capacity when using carbon paper as the O2 electrode and a dimethylsulfoxide-based electrolyte. Analysis of the morphology of the discharge product showed that the low capacity observed in low wetting times might be a consequence of insufficient reactants for the deep discharge to continue. Therefore, wetting times of 1 h or 3 h must be avoided. In addition, for wetting times of 27 or 81 h, a mixture of toroids and platelet-like crystals was observed, which are structures that decrease the electronic resistance of the layer of the discharge product. It should be noted that these tests considered carbon paper as the O2 electrode and a dimethylsulfoxide-based electrolyte; other tests should also consider other electrode materials and different electrolyte compositions to draw more general conclusions regarding the wetting time for Li-O2 batteries. Nevertheless, they demonstrate the importance of this step to achieve the full potential of electrode materials.
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