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Abstract
Because the mass of lithium-air battery (LAB) changes due to oxygen reduction/evolution reactions (ORR/OER), weighing of the battery is an indispensable method for determining its actual energy density and analyzing the battery reactions. To this end, we have newly developed a weight monitoring system which can trace the semi-permanent weight change of air-batteries (~11 g including a holder) with a precision of 7.87 μg. The system reveals the weight decrease of LAB in each cycle before finally losing its capacity. The in-situ weighing during battery operation also provides first-hand evidence of double layer capacitance and electrolyte evaporation of LABs. Specifically, the e-/O2 ratio during discharge is determined to be 1.954 ± 0.004 based on the weight increase of an LAB cell using tetraethylene glycol-based electrolyte at a current density of 100 μA cm-2, confirming the slightly lower e-/O2 ratio than the ideal two electron ORR. During charge, the initial weight decrease is 5.4% less than the 2e-/O2 OER process, and the weight decreases sharply at the end of charge due to CO2 evolution. The main rates of weight increase/decrease remain the same throughout the cycle life, but side reactions are accelerated with cycling, causing the deterioration of LABs.
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Introduction
Lithium-air batteries (LABs) are expected to be the next-generation storage device with ultra-high energy density of 5-10 times higher than that of current lithium-ion batteries (LiBs) by using the Li-O2 reaction with theoretical energy density of ~3,500 Wh kg-1 [1]. LABs “inhale” oxygen during discharge with an oxygen reduction reaction (ORR), specifically, 2Li+ + 2e- + O2  Li2O2. The oxygen is then “exhaled” from the cell on charging through the reversed oxygen evolution reaction (OER). As a results, the weight of LAB changes along with discharge and charge, with a theoretical electron-to-oxygen molar ratio of 2 (e-/O2 = 2). While the gravimetric energy density of LAB depends on the weight of the cell, the actual change of cell mass during discharge and charge has rarely been measured. This is because in most studies, the LAB cells were only tested in a laboratory, where the cell weight change and actual energy density are not of research interest.
In the past few years, however, the use of light-weight battery materials has propelled the development of large-capacity LABs with a high energy density exceeding 500 Wh kg-1 [2-4]. For example, thin carbon nanotube (CNT) sheet cathodes enable LABs with a discharge capacity of as high as 30 mAh cm-2, which is more than 10 times higher than that of current LiBs [5, 6]. Lee et al. reported an LAB cell with an ultra-high specific energy density of 1,214 Wh kg-1, in which a double-sided porous carbon cathode coated on a gas-diffusion layer (GDL) was surrounded by a folded Li foil anode [2]. In addition, Zhao et al. demonstrated a large capacity pouch-type LAB of 8.7 Ah with an energy density of 768 Wh kg-1 [4]. At the same time, rate capability of LABs has also been improved with the incorporation of ORR/OER catalysts into the cathode [7-10], but this in turn compromise the actual energy/power densities of the cells by increasing the cathode weight. Instead, there is more evidence that oxygen permeation of the air-inhaling cathode (or air-electrode) has more effect on the rate performance of LABs [11-16]. Highly porous cathode with micrometer scale pores was demonstrated to attain homogenous cathode reaction throughout the cathode, enabling discharge current comparable to ~1C rate of existing LiBs [16]. Because the cell mass of these light-weight and large-capacity LABs varies significantly during battery operation, in-situ observation of the weight change can give better understanding of the battery reactions occurring in the cells.
In this study, a novel periodic zero-correction weight monitoring system was developed, which enables long-term monitoring of a LAB during discharge and charge with a precision of 7.67 μg. Since the system can automatically weigh the cell while keeping the same precision, it allows continuous study of the reactions in the battery for over a few weeks, which is not possible using common techniques of measuring O2 consumption, such as differential electrochemical mass spectroscopy (DEMS), in which the measurement time is typically limited to ~10 h or less due to unreliable quantification of gas mass [17-20]. Our weighing system is synchronized with the battery tester and can record the cell weight change profile during discharge/charge, which provides clear evidence of discharge by electric double layer (DL) capacitance before ORR. The system also enables the measurement of electrolyte solvent evaporation from the open perforated holes in the LABs by detecting the small weight decrease while the cell is in the rest state. In addition, e-/O2 ratio during ORR and OER can also be determined with high precision by studying the change in weight increase/decrease during the test while knowing the applied current.
The measurement system is then used to monitor the weight change of a LAB coin cell under oxygen environment using a tetraethylene glycol-based electrolyte at a current density of 100 μA cm-2. During ORR and OER, the e-/O2 ratio is determined to be 1.954 ± 0.004 and 2.107 ± 0.007, respectively, confirming the almost ideal 2e-/O2 reactions but also inferring the presence of small amount of side reactions. The main weight changes from ORR and OER remain the same throughout the cycle life of the cell, though, weight loss which is attributed to electrolyte decomposition and CO2 evolution at the end of charge became prominent with cycling, before the cell finally loses its capacity. The weight change of a stacked cell was also measured in this work. The gravimetric measurement of air-battery cells is a powerful technique for monitoring the battery reactions during the whole cycle life and gives important insights for developing long-life LABs.

Methods
Cell assembly. Batteries were assembled in a CR2032 coin cell with perforated stainless-steel cases (Hohsen Corp.) in a dry room with a supply-air dew point of <-90 ºC (< 0.1 ppm of H2O) and an environmental dew point of approximately -60 to -50 ºC. The cell is comprised of layers of Li metal foil anode (φ16 mm, 2 cm2 electrode area, 200 μm thick, Honjo Metal), glass microfiber filter separator (GF/A, Whatman®), porous carbon nanotube (CNT) sheet cathode (ZEONANO SG101®, 130 μm thick, 2.1 mg cm-2), and gas diffusion layer (GDL, 110 μm thick, TGP-H-030, Toray) facing the perforated side of the cell. An ether-based electrolyte, composed of 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Kishida Chemical Co., Ltd.) dissolved in anhydrous tetraethylene glycol dimethyl ether (tetraglyme, TEGDME, <10 ppm H2O, Japan Advanced Chemicals) was prepared in an Ar-filled glovebox, and about 32-100 μl of it is added to the separator and cathode before the battery testing. Dummy cell with a stainless steel plate was also prepared with just the CNT sheet cathode and GDL in a CR2032 cell case to evaluate the electrolyte solvent evaporation rate. Li foil was not used as the anode in the evaporation tests so as to eliminate the possibility of hydrogen gas evolution by the reduction of the electrolyte or any impurities by the lithium metal.
Battery testing with gravimetric measurement. The galvanostatic discharge and charge profiles were recorded under pure oxygen environment using a battery discharge-charge machine (ECAD-1000, EC Frontier) with discharge and charge cutoff voltages of 2.0 V and 4.5 V, respectively. The actual applied currents at each current setting were calibrated by observing voltage drops between a shunt resistor (250 Ω ± 0.1%) using a voltage logger (midi LOGGER GL240, Graphtech Corp.) to remove the effect of leakage current of the battery tester, and the values are tabulated in Table S1. Along with the battery testing, cells were periodically weighed using a home-made high-precision weight measurement system equipped with a high precision weigh module (1 μg minimum readability, 21 g max load capacity, AD-4212B-23, A&D Co., Ltd.), in which the balance automatically weighs an air-battery cell while performing zero correction each time (as shown in Figure 1a and S1). Specifically, the system repeats the following steps once every minute to obtain a sequential weight signal: putting the cell under battery testing on the weighing pan; recording the cell weight, lifting up the cell from the pan, performing tare. The ambient temperature was also simultaneously recorded by a thermocouple logger in conjunction with the weighing in order to perform weighing value correction as discussed below, but briefly, by subtracting the weight difference caused by temperature sensitivity drift. The cell was wired through thin Au bonding wires (Nilaco Corp, φ30 μm) to the battery discharge-charge machine. The whole system is installed in an air-tight chamber (inner capacity of 5 L) with pure oxygen flow of 150 ml min-1. Apart from the weighing, online differential electrochemical mass spectrometry (DEMS) measurement was performed for an LAB coin cell using a quadrupole mass spectrometer (JMS-Q1500, JEOL) with flowing He as the carrier gas to monitor the gas evolution during charge.


Result & Discussion
Gravimetric analysis of LAB coin cells
A stable and precise weight monitoring system is imperative for long-term gravimetric analysis of air-batteries. Figure 1 illustrates the home-made automated weighing system developed in this study (the photographs of the system is shown in Figure S1). The system repeatedly weighs the cell holder dish (~11 g) by a high precision electronic balance with zero correction each time to monitor the weight change of a battery cell mounted on the holder. The LAB coin cell with a total weigh of about 3 g includes ~100 mg of battery materials consisting of Li foil anode, CNT cathode, and electrolyte, and its weight change is typically less than 10 mg during the battery testing. Figure 2(top) shows the raw weight signal Wraw profile of the cell holder dish loaded with a blank coin cell case (total weight of 10,847 mg). Although the zero correction after each measurement ensures the weighing of the cell with the same precision as that of the balance used, the profile revealed that the Wraw is highly perturbed during the 150 h measurement time, with a standard deviation (SD) of 21 μg. This is due to the temperature sensitivity of the system, as the Wraw value is correlated with the recorded temperature (T profile, Figure 2(middle)). Since the measured weight is directly proportional to the ambient temperature, the weight of the cell can be calibrated with W = Wraw - (T – 25)  A, where W is the calibrated weight and A is a fixed coefficient for the temperature sensitivity of the system. Based on the raw data, the constant A is determined to be 0.03523 mg ºC-1 for the system from the linear fitting of Wraw –Wraw,ave against (T – 25) (Figure S2), where Wraw,ave is the averaged value of Wraw for the 150 h weighing. Figure 2(bottom) shows the temperature-adjusted weight change profile W (= W-W0) of the blank cell, where W0 is initial value of W, giving a flat profile with no weight change and a SD of 7.87 g. The error bar of the measured weight is slightly larger than that of the balance based on the catalog (SD of 4 g), which is attributed to the variation of the atmospheric pressure and/or the microscopic fluctuation derived from the thin leading wires. Nonetheless, the sufficiently flat W profile demonstrates the reliability of the system for long-term weight monitoring, which can be used to track a few mg weight change of LAB cells.
For the experiments, 7 different LAB coin cells were mounted on the holder and discharged/charged with different conditions (Cells 1 to 7) as tabulated in Table 1. Figure 3 shows the W, the time derivative of W (dW/dt), and the voltage profiles of Cell 1 for the whole cycle life over 500 h, which was discharged and charged for 50 h at a current setting of 200 μA (current density of 100 μA cm-2) with 1 h rest in between steps, repeated three times before the cell reaching a cutoff voltage of 2.0 V during the 4th discharge. The W profile is in accordance with battery operation, where an increase in cell weight is observed during discharge while it decreases during charge. The weight increase/decrease are resulted from oxygen reduction and evolution reactions, and the dW/dt profile shown in Figure 3(middle) reveals that the main weight increase/decrease rates during the discharge/charge are always constant, close to the red dotted lines representing a 2e-/O2 process. After the 4th discharge-charge cycles, the cycle capacity decayed rapidly, and in the end, the cell lost up to ~8 mg of its weight which corresponds to about 25 wt% of its initial amount of the electrolyte. The main mass loss comes from the high weight decrease rates near the end of each charging process. In addition, the weight change profile can tell us more details about the processes occurring inside the battery, as discussed below.
Firstly, the weight change profile is synchronous to the battery reactions, which tells the response of the battery for each battery operation. Figure 4a shows the enlarged W profiles of Cell 1 during the initial discharge process (between 0 and 0.5 h) and slightly before and after the rest process (between 49.5 and 51.5 h). The profile at the 49.5 - 51.5 h reveals that the weight change is highly synchronous with the charge-discharge processes, e.g. the weight increase stops when the discharge process ends (at 50 h) and the weight decrease starts when the charge process is initiated (at 51 h). Interestingly, during initial discharge (at 0 h), the weight change is delayed for about 0.25 h after the current is applied. That is, when discharge begins, the voltage of LAB is monotonically reduced by the accumulation of electrons on the cathode surface without weight change until ORR starts at 2.6~2.7 V. This is attributed to the double layer (DL) capacitance of the porous CNT sheet cathode. The capacitance for the test cell was calculated as 0.16 F, or 40 F/g per the CNT cathode weight, from the linear fitting of the voltage decay. LABs can discharge/charge by the capacitance of carbon cathodes, and the value of the capacitance has been reported to be proportional to the BET surface area of the cathode used [16]. In this case, the measured capacitance value for Cell1 (40 F/g) is close to the reported value, which supports that DL capacitance proceeds without oxygen reduction. To the best of our knowledge, this is the first report of DL capacitance directly detected in LABs. Note that the capacitance is only observed during the initial discharge, not during the initial charge (at 51 h), which is probably due to a significant reduction of the surface area of the cathode after Li2O2 deposition.
Besides, the weighing system can be used to determine the rate of electrolyte evaporation, which is a practical issue LABs face. The LAB coin cells in this study experience a small weight decrease even in the rest state, and the decrease rate is determined to be -5.72  0.16 μg h-1 for Cell 1 before the first discharge from the linear fitting of the W profile (Figure 4b). This is due to the evaporation of the TEGDME electrolyte from the open perforated holes on a cathode case for air intake, which can be confirmed from the comparable weight loss of the Dummy Cell 1 (-5.64 μg h-1, Figure S3) that has the same configuration and electrolyte as Cell 1 but without the Li metal anode. Actually, the evaporation rates, revap, somewhat vary in the range of 4.5-7.0 μg h-1 even for the coin cells having the same amount of electrolyte (32 μL), and the rate tends to be higher with larger amount of electrolyte (Figure S4). This is probably due to a variation of electrolyte distribution inside the coin cell. We suspect that some of the electrolyte may have leached into the GDL with larger amount of electrolyte, thus increasing rate of electrolyte evaporation. The rate is also affected by the presence of salt. A cell with pure TEGDME solvent without LiTFSI salt (Dummy Cell 2) shows an evaporation rate of -8.50 μg h-1 (Figure S3), higher than that with salt. Solvent evaporation is suppressed due to the decrease in vapor pressure by the dissolved LiTFSI salt following Raoult’s law. After long-term cycling of Cell 1 for over 480 h, the evaporation rate is reduced to -4.39 μg h-1, which is attributed to the increase in salt concentration of the electrolyte after multiple discharge/charge cycles. Since LAB is a semi-open system where the electrolyte can evaporate during operation, the weighing system can be a useful tool for evaluating the rate of electrolyte evaporation in LAB under actual working conditions.
Further analysis of the weight change was conducted to elaborate the battery reactions during the discharge-charge operation. Figure 5 shows the enlarged dW/dt profile for the first discharge and charge cycle for Cell 1, where the electrolyte solvent evaporation rate, revap (= -5.72 μg h-1), was deducted from the data to show the actual weight increase/decrease rates corresponding to oxygen reduction/evolution, assuming that the evaporation rate was constant during the cycle. The resulting profile reveals that the weight increase rate by ORR was slightly higher than the red dotted line of 2e-/O2 process. The e-/O2 ratio of the reaction can be calculated by dividing the applied current (i) by the rate of weight change (r) as obtained from the linear fitting of W with time, specifically, (3.6 × i × MO2) / (F × (r - revap) × 103), where F is the Faraday constant (96485 C mol-1) and MO2 is the molecular weight of O2 (32.00 g mol-1). For example, during first discharge for Cell 1, i =199.88 ± 0.28 μA (Table S1) and r = +116.38  0.02 μg h-1, giving an e-/O2 ratio of 1.954 ± 0.004 when the applied current setting was 100 A cm-2. The precision of the measured e-/O2 value for single measurement is the highest ever recorded so far, at least one order of magnitude higher than that determined by differential electrochemical mass spectroscopy (DEMS) technique from measuring oxygen consumption [17].
LAB cells (Cells 2 to 7) were further tested under different conditions (electrolyte amount, applied current and capacity limitation) and the corresponding data and W profiles are shown in Figure S5. The e-/O2 values of all coin cells were determined using the procedure above and were listed in Table 1. The data indicates that the e-/O2 ratio is lower when the cell is tested at a lower discharge rate and asymptotically increase to a value of 2 (ideal) when the discharge rate is increased (Figure S6). Note that even though the e-/O2 values can be determined precisely for each cell, a larger variation of about 0.02 for the e-/O2 ratio is observed across measurements, probably due to the uneven quality of each coin cell, such as electrolyte distribution and/or electrode materials loading in the cells, which causes non-uniformity in their battery reactions. The lower e-/O2 value than the ideal 2 during discharge suggests there are other one-electron-based side reactions occurring alongside the main 2e-/O2 reduction. For example, some researchers have reported the evidence of one-electron-reduction product of LiO2 (Li+ + e- + O2 → LiO2) in LAB [21-23]. The partial evolution of LiO2 along with Li2O2 as discharge products can result in the e-/O2 value less than 2. In addition, one-electron intermediate (O2-) can cause hydrogen abstraction to decompose the glyme-based solvent [20, 24]. H2O, CO2, lithium formate, and lithium acetate are finally generated as by-products of the electrolyte decomposition through a four-electron reduction process. However, the e-/O2 values slightly less than 2 observed here indicate that the four-electron process is negligible at least during discharge state.
Meanwhile, the weight decrease rate during charge is considerably lower than that during discharge. For Cell 1, the weight decrease rate during the first 7.5 h charging process (data from 0-15% of charging was selected to ensure that the weight loss is purely from O2 evolution, as discussed below) is -119.14  0.28 μg h-1, which gives an e-/O2 value of 2.107 ± 0.007. This corresponds to 5.4% less O2 evolution than the ideal 2e-/O2 process, which is opposite to the slightly larger amount of O2 absorbed by the battery during the discharge process immediately before. The less O2 evolution suggests that there are side reactions other than OER occurring in the battery right after the start of charging. After 30 h, a faster drop in weight is observed when the charge voltage is above 4.2 V due to the evolution of gasses other than O2. To further quantify which gas (e.g. O2, H2O, CO2, and CO) is evolved, the exhaust gas of the cell that is discharged/charged at 800 μA current setting (400 μA cm-2 current density, the same condition with Cell 2) was connected to a DEMS, and the gas evolution profiles along with the dW/dt profile are shown in Figure 6. The total mass of the evolved gas correlates well with the dW/dt profile. The DEMS profiles reveal that pure O2 was evolved only at the beginning of charge. After 1.5 h (15% of charging), small amounts of H2O and CO are observed while the amount of O2 evolution is slightly reduced, possibly due to the decomposition of the TEGDME electrolyte, as it is the only source of hydrogen in the system. Starting from 6 h (60% of charging), CO2 evolution starts to dominant until around 10 h due to electrochemical decomposition of the electrolyte, leading to a significant weight decrease at the end of charge. These results indicate that the gravimetric system is able to continuously monitor the weight change of an air-battery for a long period of time, giving valuable information about battery reactions and other phenomena throughout its cycle life.

Gravimetric analysis of a 330 Wh kg-1 LAB stacked cell
Apart from coin cells, the weight change of stacked cells can also be measured by the new weight measurement system. The gravimetric analysis of an LAB, comprised of a single stack of Li foil anode and CNT sheet cathode with a 2 × 2 cm2 square dimension sandwiched by two glass plates held together by Cu tapes (the schematic configuration is shown in Figure 7a) was conducted. This configuration is tested because it is the basic unit of a multi-layered LAB module [25]. The cell “inhales” and “exhales” O2 through the side of the gas diffusion layer (GDL) placed above the cathode, as there is no oxygen path from the face of the cell. LiNO3 and LiBr as redox mediators (RMs) were added to the electrolyte to suppress Li dendrite formation and reduce charge overpotential [19, 26]. The weight of the cell unit was 126.1 mg excluding the two current collector plates, giving a specific energy density of 330 Wh kg-1 at a fixed cycle capacity of 16 mAh and 2.6 V average discharge voltage. The weight decrease rate during the rest state before the battery testing was -6.51 μg h-1, corresponding to the evaporation rate of the electrolyte. This evaporation rate is similar to those of the coin cells (Cell 1-7) despite that the effective electrode area of the stacked cell is doubled (4 cm2), implying that electrolyte evaporation is more affected by the ventilation pathway of the cells instead of electrode area.
To condition the stacked cell, it was discharged and charged with a small capacity of 0.27 mAh (1600 μA × 10 min) for 3 times before starting the 16 mAh (1600 μA × 10 h) discharge/charge cycles. Figure 7b shows the W profile during the conditioning process. The first conditioning discharge increased the cell weight by 120 μg, corresponding to a capacity of 0.20 mAh assuming a 2e-/O2 ORR reaction. As the total applied capacity is 0.27 mAh, the extra 0.07 mAh discharge most likely comes from DL capacitance of the CNT cathode sheet, which agrees well with the 40 F g-1 capacitance as discussed above. However, no noticeable weight decrease was observed during the first conditioning charge of the stacked cell, which is different from that observed in the LAB coin cells (Cell 1-7). Giving that the small discharge reaction immediately before the charging probably did not affect the surface area of the CNT cathode, we expect 0.15 mAh out of the total 0.27 mAh recorded during charging comes from the DL capacitance considering each voltage step (from 3.00 V to 2.66 V for the first conditioning discharge, and from 2.84 V to 3.58 V for the first conditioning charge). The remaining 0.12 mAh comes from the oxidation of the Br- RM near 3.5 V to Br3- (3Br-  Br3- + 2e-). Br3- chemically oxidizes the Li2O2 discharge product getting itself back to Br-, which is the normal function of RM of Br-, enabling the Li2O2 decomposition without increasing charging voltage [27]. However, the produced Br3- can be diffused to the lithium metal anode to be reduced without inducing Li2O2 oxidation (shuttle effect), resulting in the no weight decrease even while in charging [19, 28, 29]. In addition, a previous report suggests that a part of Br3- could be accumulated inside the cell without Li2O2 oxidation, which also explains the no weight decrease during the charging [30]. The accumulated Br3- is reduced to Br- in the subsequent discharge, which results in the short voltage shoulders of ~0.05 mAh near 3.3~3.4 V found in the 2nd and 3rd conditioning discharge. Because the cell shows a capacity of 0.15 mAh from DL capacitance during the 2nd conditioning, ORR is only proceeded with ~0.07 mAh during the 2nd and 3rd conditioning discharge, which resulted in ~40 μg cell weight increase in the 2nd and 3rd discharge.
After conditioning, the stacked cell was discharged and charged with a capacity limitation of 16 mAh, and the W and dW/dt profiles are shown in Figure 7c. A weight increase of 9.6 mg was recorded during the 1st discharge, so the actual energy density of the battery is decreased from 330 Wh kg-1 to 300 Wh kg-1 with the reduced oxygen. The cell could be cycled for 5 times before its voltage reached the cut off value of 2.0 V at the 6th discharge. During the normal operation, the weight increase and decrease during discharge/charge correspond to e-/O2 ratios of nearly 2 (specifically, 1.984 ± 0.007 during discharge and 2.133 ± 0.008 during the beginning of charge), which indicates that the stacked battery also undergoes the same reactions as the coin cells. Figure 7d shows the enlarged dW/dt profiles for the 1st, 3rd and 5th discharge/charge cycles, and the profiles reveal the evolution of side reactions irrelevant to the 2e-/O2 ORR/OER. In particular, with cycling, the amount of weight decrease becomes smaller in the middle of the charging process, most likely due to shuttling of the RM. There is more and more weight loss due to CO2 evolution near the end of charge upon cycling, indicating the acceleration of oxidative decomposition of the electrolyte and/or the cathode. In addition, the initial weight gain at the start of each discharge process is smaller than that corresponding to ORR, which indicates that there are more and more side products accumulated during the preceding charge process which are reduced here without generating Li2O2. These side reactions not related to the ideal 2e-/O2 process cause continuous weight loss from the LAB every cycle, accelerating the deterioration of the battery. This result suggests that electrochemically stable and oxidative resistant battery materials and electrolyte are needed to improve the cycle performance of LABs, and the weight monitoring system constructed in this work will be an indispensable tool for future development of LABs.



Conclusions
A novel automatic weight monitoring system was developed in this work that can allow long-term monitoring of weight change of air-batteries with a standard deviation as low as 7.67 μg. The system was used to investigate battery reactions in LAB cells under battery testing during their entire cycle life. Because of the high precision of the system, it is able to monitor various processes in the battery such as electrolyte evaporation, double-layer capacitance and also detect small deviations in the battery reactions from the theoretical 2 e-/O2 ORR/OER. In particular, there are side reactions that cause larger weight increase during discharge and smaller weight decrease during charge. In addition, a large weight loss is observed at the end of charge. Gas analysis indicates that this is due to CO2 evolution from the cell, most likely due to electrolyte decomposition at a high applied voltage. Continuous loss of electrolyte and the accelerated side reactions are primary reasons for the degradation of the LAB with cycling. The new gravimetric analysis system will be a useful tool for future development of LABs.
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Tables & Figures
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Figure 1. Schematic illustration of the automated weighing system for LAB cells under battery testing. The photographs of the system are shown in Figure S1.
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Figure 2. The profiles of raw weight signal (Wraw), temperature (T), and weight change (W) of a holder loaded with a blank CR2032 coin cell as recorded by the weighing system developed in this study. The SD of Wraw was 21 μg during the 150 h weight monitoring. After temperature correction, the W profile confirms no weight change of the holder with a SD of 7.87 μg. The dotted lines in the Wraw and W profiles represent the range of the SD values.

Table 1. The discharge and charge conditions of the LAB coin cells investigated in this study.
	Cell
	Electrolyte amount
/ L
	revap / g h-1
	Discharge
	Charge

	
	
	
	Current setting / A
	Duration / h
	r / g h-1
	e-/O2
	Current setting / A
	Duration / h
	r / g h-1
	e-/O2

	Cell 1
	32
	-5.69
	200
	50
	116.38
	1.954 ± 0.004
	200
	50
	-119.14 ± 0.28
	2.107 ± 0.007

	Cell 2
	50
	-5.46
	800
	10
	473.71
	1.992 ± 0.003
	800
	10
	-458.00 ± 1.24
	2.115 ± 0.007

	Cell 3
	100
	-6.68
	200
	40
	113.95
	1.978 ± 0.003
	800
	10
	-451.36 ± 2.05
	2.151 ± 0.010

	Cell 4
	32
	-4.59
	200
	140
	115.64
	1.984 ± 0.003
	200
	95
	-115.84 ± 0.08
	2.149 ± 0.004

	Cell 5
	32
	-6.98
	800
	10
	469.74
	2.002 ± 0.003
	-
	-
	-
	-

	Cell 6
	32
	-5.63
	800
	10
	471.16
	2.002 ± 0.003
	-
	-
	-
	-

	Cell 7
	80
	-8.74
	100
	10
	54.03
	1.901 ± 0.012
	-
	-
	-
	-

	
	
	
	200
	10
	112.09
	1.975 ± 0.004
	-
	-
	-
	-

	
	
	
	400
	10
	232.28
	1.975 ± 0.003
	-
	-
	-
	-

	
	
	
	800
	5
	472.65
	1.983 ± 0.003
	-
	-
	-
	-

	DummyCell 1
	32
	-5.64
	-
	-
	-
	-
	-
	-
	-
	-

	DummyCell 2
	32
	-8.50
	-
	-
	-
	-
	-
	-
	-
	-
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Figure 3. The W and its time-derivative, dW/dt, profiles for Cell 1, along with the cell voltage at a current rate of 200 A. The pale green and pink boxes in the figure show the regions of discharge and charge, respectively. The red dotted lines in the dW/dt profile show the weight increase/decrease rates by the 2e-/O2 ORR/OER.
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Figure 4. (a) The enlarged W profiles (offset on the y-axis) of Cell 1 near the first discharge, and the time slightly before and after the 1 h rest at the end of first discharge at 50 h, along with their voltage profiles. The SD of W (7.87 μg) is added as the black vertical lines in the figure. The blue dotted line in the voltage profile near the first discharge is the linear approximation for the voltage drop, and the slope of the line gives the capacitance of 0.16 F at the 200 A discharge rate. The red dotted lines in the W profiles are visual guide to the trend of the data. (b) The W profile of Cell 1 during the rest states before the first discharge (●) and after the cycle test (>450 h, ○). The W profiles of a blank cell holder without electrode and electrolyte (grey filled circle, ●) and Dummy Cell 2 with TEGDME electrolyte without salt (green filled circle, ●) are also included. The SD of W (7.87 μg) is added as the vertical lines. The red dotted lines show the linear fit of each profile. For clarity the profiles are offset on both axes.


[image: ]
Figure 5. The enlarged dW/dt profile for the first discharge/charge of Cell 1. The rate of solvent evaporation revap was subtracted from dW/dt in the plot to show the net weight increase/decrease rate due to oxygen reaction. The red dotted lines in the figure show the theoretical weight increase/decrease rates corresponding to 2e-/O2 ORR/OER.
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Figure 6. The gas evolution profiles of O2, H2O, CO2, and CO of an LAB cell tested with the same discharge/charge condition as Cell 2 at a current rate of 800 A. The absolute value of dW/dt profile of Cell 2 during charging was also plotted in gray filled circle. The red dotted line in the figure shows the weight decrease rate by the 2e-/O2 OER. The voltage profiles of the cell for DEMS (solid blue line) and Cell 2 (dotted blue line) are shown at the bottom of the figure.
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Figure 7. (a) The schematic illustration of a stacked LAB with 2 × 2 cm2 square electrodes. 64 L of LiTFSI/LiNO3/LiBr = 0.5/0.5/0.2 M in TEGDME was used as the electrolyte. (b) The W profile during the initial conditioning discharge/charge. The cell was repeatedly discharged and charged for 3 times at 1600 A × 10 min before the actual discharge/charge step of 1600 A × 10 h. (c) The W and dW/dt profiles of the stacked cell for the whole cycle life. (d) The enlarged dW/dt profiles of the stacked cell for the 1st (black lines), 3rd (blue lines), and 5th (green lines) discharge/charge cycles. Note that the pale green and pink boxes show the regions of discharge and charge, respectively, and the red dotted lines in the dW/dt profile represent the weight increase/decrease rates corresponding to the 2e-/O2 ORR/OER.
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