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Abstract
Lithium nitrate (LiNO3) has been used as the electrolyte salt for Lithium-Air Battery (LAB), both to protect the lithium metal anode and to generate NO2- anions that function as the redox mediator (RM) reducing the charging voltage. However, this RM effect minimally improves cycling performance because only a low NO2- concentration is produced. Instead, the use of lithium nitrite (LiNO2) as the supporting electrolyte salt can overcome this limitation. In this study, 1 M solutions of LiNO3 or LiNO2 in tetraethylene glycol dimethyl ether (TEGDME) or N-methyl-2-pyrrolidone (NMP) were prepared as LAB electrolytes. Walden plots of these electrolytes established a higher degree of dissociation in the NMP having a greater dielectric constant, thus enhancing ionic conductivity. Electrochemical impedance spectroscopy determined that an LAB cell incorporating the LiNO2/NMP electrolyte exhibited reduced diffusion resistance during discharge-charge cycling as a consequence of the enhanced RM effect of NO2- anions. Microscopic observation and pore distribution analysis of cathodes confirmed that the clogging of pores was minimized with the LiNO2/NMP electrolyte. As a result, the LAB cell using this electrolyte extended the cycle performance, more than doubling the cycle life. LiNO2 is considered to be an effective alternative for electrolyte salt for LAB.
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1. Introduction
Lithium-air batteries (LABs) using lithium metal and atmospheric oxygen as active materials (via the reaction 2Li + O2 ↔ Li2O2)1,2 are expected to play a key role in next-generation energy storages. These devices are of interest because they can provide high theoretical energy densities up to 3,500 Wh/kg. However, the short cycle life of LABs when employed as secondary batteries remains a challenge. At present, LABs can tolerate only several tens of cycles at the cycle capacity of practical application, far below the performance of lithium-ion batteries (LIBs). One reason for this short cycle life is that a large overpotential is associated with the decomposition of Li2O2 during charging. The high charging voltage induces oxidative deterioration of components such as the cathode and electrolyte, thus preventing improvements in cycling performance.3 A high charging voltage also results in low energy efficiency and so the charging voltage must be lowered to enhance cycling performance.
One approach to this goal is to incorporate a catalyst that accelerates the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) at the air electrode. However, the efficiency of these materials at promoting the ORR/OER degrades with use, or worse yet, these catalysts induce side reactions with the electrolyte or the air electrode.4,5 Consequently, redox mediators (RMs) have instead been introduced into LABs.6-8 RMs are molecules or ions having a slightly higher redox potential (Eredox) than the lithium-air equilibrium potential (2.96 V). After the LAB cell reaches Eredox during charging, the RM is oxidized to RM+ (RM → RM+ + e-) after which the RM+ oxidizes Li2O2 to release O2, getting itself back to the RM (2RM+ + Li2O2 → 2Li+ + O2 + RM). Therefore, an LAB cell containing an RM can decompose Li2O2 near the Eredox without increase in the charging voltage. The RM is typically dissolved in the electrolyte although it has been reported that the shuttle effect prevents the LAB from undergoing standard charging.9 That is, when the RM is oxidized to RM+ during charging, the RM+ diffuses to the Li metal anode to oxidize the Li, rather than oxidizing the Li2O2, resulting in charging failure. Alternatively, the RM can be introduced into the cathode to suppress the shuttle effect. The authors previously applied LiBr coating serving as the RM to a carbonaceous air electrode as a means of reducing the charging voltage for a prolonged time, so as to increase the discharge-charge cycle life of the battery cell.10, 11
In prior work, LiNO3 was used as an electrolyte supporting salt to suppress the shuttle effect. NO3- anions released from this salt initially react with the Li metal anode to form a thin Li2O layer (NO3- + 2Li → Li2O + NO2-). This oxide layer prevents RM+ from coming into direct contact with the Li metal anode, thereby limiting the shuttle effect. Various RM electrolytes incorporating LiNO3 as the anode protective film forming agent have been examined. 12-14 Addition of this salt can also broaden the range of applicable electrolyte solvents. N-methyl-2-pyrrolidone (NMP) has the advantage of resistance to attack by active oxygen species,15 but this solvent tends to undergo reductive decomposition when in contact with the Li anode. The incorporation of LiNO3 as a supporting salt prevents direct contact between NMP and the Li anode, thereby permitting the use of this solvent in LABs.13
The NO2- anions generated from the reaction of LiNO3 at the Li anode can also serve as the RM species. Specifically, the NO2- anions diffuse to the air electrode where they are oxidized to NO2 (NO2- → NO2 + e-) in the case that the charge potential exceeds the Eredox value for NO2- of 3.5 V. This NO2 then breaks down Li2O2 through oxidation (NO2 + 1/2Li2O2 → Li+ + 1/2O2 + NO2-). As the result, LiNO3 added to the electrolyte has the dual function of both protecting the Li anode and serving the RM.16-18 However, because the amount of NO2- anions that is generated at the Li anode is scarcely limited, the RM effect obtained from LiNO3 is minimal.17 In addition, these effects of LiNO3 are not fully realized in practice because the salt undergoes low dissociation in glyme-based solvents. Glyme-based electrolytes, typically tetraethylene glycol dimethyl ether (TEGDME) combined with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), are currently the standard LAB electrolyte solvents because they exhibit low volatility in open cell configurations and are resistant to oxidative degradation. Unfortunately, the low dielectric constants of these solvents poorly limit the dissociation of LiNO3. The authors previously determined that the dissociation of LiNO3 is enhanced in the case that a solvent having a higher dielectric constant, such as dimethyl sulfoxide or acetonitrile, is added to the glyme-based electrolytes. The enhanced salt dissociation improves the ionic conductivity of the electrolyte and reduces the charging voltage of a LAB.17 Even so, although the use of mixed solvents that promote salt dissociation is a useful means of enhancing the RM effect of LiNO3, the issue of limited NO2- generation still remains.
In the present study, LiNO2 was investigated as a novel electrolyte supporting salt in conjunction with LiNO3. The LiNO2 electrolyte is expected to prevent the shuttle effect as with the LiNO3 electrolyte because NO3- anions can also be produced from NO2- anions via reaction with O2.19 A pronounced RM effect was obtained following the dissolution of LiNO2 in the electrolyte based on the supply of NO2- anions to the air electrode. In addition, the RM effect of LiNO2 was found to be greater in NMP compared with TEGDME as a result of greater dissociation of the salt. The use of LiNO2 in NMP allowed the construction of LAB cells exhibiting more than twice the cycle life of cells made with other electrolytes. The study indicates that LiNO2 is an optimal choice as the supporting salt when developing LABs for practical applications.


2. Experimental
2.1. Preparation of electrolytes
LiNO3 (99.0%, Kishida) and LiNO2 (n-hydrate form, Mitsuwa Chemicals) were dehydrated in a vacuum oven at 110 °C overnight before being dissolved in either N-methyl-2-pyrrolidone (NMP, super dehydrated grade, Wako) and tetraethylene glycol dimethyl ether (TEGDME, < 10 ppm H2O, Nippon Nyukazai) at a concentration of 1 M. H2O contents detected by Karl Fischer moisture meter (CA-31, Mitsubishi Chemical Corp.) were ca. 150 ppm for all the prepared electrolytes. The ionic conductivity and viscosity of each electrolyte solution were measured using a pH/ion meter (SevenExcellence S500, Mettler Toledo) and a rolling-ball viscometer (Lovis2000ME, Anton Paar), respectively. The ionic dissociation parameters of each electrolyte were calculated using the MOPAC20 in conjunction with PM7 Hamiltonian. The conductor-like screening model (COSMO) was employed to reproduce solvent effects.21

2.2. Air electrode fabrication
Ketjen Black (KB, ECP600JD, Lion Specialty Chemicals)-based air electrodes were prepared according to a procedure previously reported in the literature.10 Briefly, a slurry of KB dispersed in NMP with a KB/polyvinylidene fluoride (PVDF) mass ratio of 100/6 was coated onto a piece of carbon paper (Toray, TGP-H-060) to fabricate a KB-based air electrode with a KB loading of 1 mg/cm2. Carbon nanotube (CNT)-based air electrodes were also prepared according to a literature, 22 by dispersing a single walled CNT (ZEONANO® SG101, Zeon Corp.) in water at a concentration of 0.1 wt% using an ultrasonic homogenizer (450D, Branson). The resulting dispersion was then filtered through a poly(tetrafluoroethylene) membrane under vacuum to obtain a free-standing, binder-free CNT sheet with a CNT loading of 2 mg/cm2.

2.3. Electrochemical evaluations
Lithium-air battery (LAB) cells were assembled using a gas-tight cell holder of our own design in a dry room with a supplied air dew point of < −90 °C (< 0.1 ppm H2O) and an environmental dew point of approximately −60 to −50 °C. The cell comprised layers consisting of a Li metal foil anode (16 mm in diameter, 200 µm thick, Honjo Metal), a porous polypropylene membrane separator (20 µm thick), the as-prepared air electrode, carbon paper (100 µm thick, TGP-H-030, Toray) and a stainless steel mesh. Oxygen entered the cell through the stainless steel mesh and diffused into the electrode. The porous membrane separator and the air electrode sheet were immersed in the electrolyte. Discharge and charge profiles were recorded under a flow of pure gaseous oxygen using a battery discharge-charge system (HJ1001SD8, Hokuto Denko) at 25 °C. The lower and higher limits of the discharge and charge voltages were set at 2.0 and 4.5 V, respectively. Electrochemical impedance spectra were acquired from the cells using a Biologic VSP-300 potentiostat/galvanostat apparatus over the frequency range from 1 × 107 to 1 × 10-1 Hz at an amplitude of 10 mV. Observations of the CNT-based air electrodes before and after the discharge-charge cycle tests were performed using field emission scanning electron microscopy (JSM-7800F, JEOL). Pore size distributions were determined using a mercury intrusion porosimeter (Auto Pore IV 9500, Micromeritics) and by acquiring nitrogen adsorption isotherms (3FLEX, Micromeritics) based on the Barrett-Joyner-Halenda (BJH) method. NO2- anion concentration of electrolytes extracted from cells after discharge-charge cycle test were quantified using an ion chromatography system (ICS-2100, Dionex).


3. Results and discussion
3.1. Electrolyte properties
The extent of dissociation of the electrolyte salt affects battery performance. The degree of dissociation of each of four electrolytes was assessed by dissolving either LiNO3 or LiNO2 in TEGDME or NMP at a concentration of 1 M, after which the conductivity and viscosity of each of the solutions were measured at four different temperatures (25, 30, 35, and 40 ºC). The results are summarized in Table S1. Fig. 1 presents the Walden plots (plots of molar conductivity against the inverse of viscosity) generated from these data. The dashed line in the figure indicates the theoretical value for a fully dissociated 1 M aqueous KCl solution. 23 Data that are closer to this ideal line indicate a higher degree of dissociation of the electrolyte salt. The TEGDME solutions can be seen to significantly deviate from this line, confirming limited dissociation of both LiNO2 and LiNO3 in this common LAB solvent. The dissociation degree is even higher for LiNO3 than LiNO2, but the relatively low slope of the plot for the LiNO3/TEGDME electrolyte suggests the solvent tends to lose its solvation capability when temperature increases. In contrast, the use of NMP as the solvent resulted in much higher molar conductivity closer to the theoretical values, demonstrating that the LiNO2 and LiNO3 were more highly dissociated, comparable to the dissociation degree of 1 M LiTFSI/TEGDME as a currently common standard LAB electrolyte. This is attributed to the higher dielectric constant of NMP (εr = 32.0) 24 compared with TEGDME (εr = 9.0) 25. Furthermore, the slopes of these plots were close to that of the ideal line, suggesting that the NMP solvent hardly loses its solvation capability even when the electrolytes are heated. The greater salt dissociation enhanced the RM effect, as discussed in the battery performance section below. The use of an NMP-based electrolyte would be expected to reduce the internal resistance of the LAB by providing an ionic conductivity 10 times higher than that of a TEGDME-based electrolyte. Temperature dependency of the ionic conductivity for the electrolytes derived the activation energy of 6.1, 20.8, 10.7, and 11.6 kJ/mol for LiNO3/TEGDME, LiNO2/TEGDME, LiNO3/NMP, and LiNO2/NMP electrolytes, respectively. The data indicate that the dissociated Li+ cation in NMP freely migrates as with the conventional LiTFSI/TEGDME electrolyte (7.2 kJ/mol). The lower viscosity (higher fluidity) of NMP would be more advantageous as an electrolyte solvent than TEGDME when LiNO2 is used as a salt.
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Fig. 1. Walden plots showing the relationships between molar conductivity and reciprocal viscosity for various electrolytes. Each data was measured at 25, 30, 35 and 40 C and plotted from left to right along with the temperature increase. The dashed line indicates values for a fully dissociated 1 M aqueous KCl solution. 23

The LiNO2 showed less dissociation in both electrolyte solvents in this study compared with the LiNO3. This difference is ascribed to variations in the anion stabilization energies in each solvent following dissociation. This effect was evaluated theoretically by performing molecular orbital (MO) calculations using the MOPAC program. 20 The conductor-like screening model (COSMO) was employed to reproduce solvent effects. 21 The stability of each anion in each solvent was assessed by calculating the highest occupied molecular orbital (HOMO) levels, as provided in Table 1. In both solvents, the HOMO level of NO3- was lower than that of NO2-, meaning that the former anion would be more stable. However, NO2- can also be stabilized by the solvent effect and is more stable in NMP having a higher relative permittivity compared with TEGDME, indicating that LiNO2 should readily dissociate in NMP.

Table 1. Calculated HOMO levels (reflecting stability) for each anion in each solvent as determined using MOPAC (PM7) with the COSMO method.
	Anion
	HOMO level in each phase / eV

	
	in vacuumed
	in TEGDME
(εr = 9.0)
	in NMP
(εr = 32.0)

	NO3-
	-5.25
	-10.37
	-11.06

	NO2-
	-2.86
	-8.41
	-9.14



When discussing ion dissociation, it is important to consider both the cation and anion. It has been reported that lithium ions are stabilized in the form of cationic [Li(TEGDME)]+ complexes in TEGDME 26, 27 based on coordination with oxygen atoms in the solvent molecules. Hence, this solvation structure of lithium ions in TEGDME was employed in subsequent MO calculations. Lithium ions in NMP are thought to be stabilized by forming similar solvated structures, described as [Li(NMP)n]+, on the basis of coordination with oxygen atoms in NMP molecules. The present work estimated the value of n in such complexes by calculating the radius, a, of the [Li(NMP)n]+ complex using the experimental data together with the Stokes-Einstein equation
,					(1)
where  and  are the cation complex radius obtained from the experimental molar conductivity and viscosity values for a 1 M LiNO3 solution in NMP at 25 °C, respectively, z is the valency value, k is Boltzmann's constant, F is Faraday's constant and R is the gas constant. Using this process, the value of a for [Li(NMP)n]+ was calculated as 3.95 Å. Subsequently, the value of n was calculated as
,				(2)	
where VNMP is the Van der Waals volume of NMP (87.9 Å3 as calculated using MOPAC) and rLi+ is the radius of a lithium ion (0.6 Å).28 Using this equation, the apparent coordination number, n, for the complex between NMP and Li+ was determined to be 2.92 and so [Li(NMP)3]+ was evidently the complex formula.
 The optimized molecular structure of each cation complex and the associated contact ion pairs (CIPs), meaning the association between the cation complex and anion, are presented in Fig. 2. The estimated heat of formation values for the dissociation of the CIP into the corresponding cation complex and anion are provided in Table 2 (the data including the values for the formation of the CIP are shown in Table S2). As was also the case for the anion data shown in Table 1, the dissociation of LiNO3 was found to proceed more readily than that of LiNO2 and the dissociation of both salts was predicted to be enhanced in NMP compared with TEGDME, in agreement with the experimental data. In addition, the estimated heats of formation suggested that both LiNO2 and LiNO3 will readily dissociate in NMP. This greater degree of dissociation improves the RM effect provided by NO2- anions in the case that a 1 M solution of LiNO2 in NMP is used as the electrolyte.
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Fig. 2. Optimized structures of each cation complex and contact ion pair (CIP) as obtained from MOPAC calculations using the PM7 Hamiltonian with the COSMO method. Structures are shown for (a) [Li(TEGDME)]+, (b) the [Li(TEGDME)]NO3 CIP, (c) the [Li(TEGDME)]NO2 CIP, (d) [Li(NMP)3]+, (e) the [Li(NMP)3]NO3 CIP and (f) the [Li(NMP)3]NO2 CIP.

Table 2 Estimated heats of formation for dissociation in each electrolyte as obtained from MOPAC calculations using the PM7 Hamilton with the COMOS method.
	Chemical reaction
	H(reactants)
/ kJ mol-1
	H(products)
/ kJ mol-1
	ΔH
/ kJ mol-1

	[Li(TEGDME)] NO3 CIP ⇒ [Li(TEGDME)]+ + NO3-
	-1374
	-1329
	45

	[Li(TEGDME)] NO2 CIP ⇒ [Li(TEGDME)]+ + NO2-
	-1293
	-1233
	60

	[Li(NMP)3] NO3 CIP ⇒ [Li(NMP)3]+ + NO3-
	-1212
	-1191
	25

	[Li(NMP)3] NO2 CIP ⇒ [Li(NMP)3]+ + NO3-
	-1120
	-1097
	23



3.2. Battery performance
The four electrolytes prepared as described above were used to fabricate LAB cells and the discharge-charge cycling performances were assessed. Fig. 3 shows the voltage profiles of the cells at a cycle capacity of 0.5 mAh/cm2 using KB-based air-electrode, in which the number of cycles was determined by the number of discharges that maintained a discharge voltage above the cutoff value of 2 V. The number of cycles was increased when NMP was used as the solvent rather than TEGDME and when LiNO2 was used as the salt in place of LiNO3. The LAB cell made with the 1 M LiNO2/NMP electrolyte showed a maximum cycle number of 37 which was more than twice the values obtained with other electrolytes. In addition, the addition of a low concentration (50 mM) of LiNO2, NaNO2, or KNO2 to the 1 M LiNO3 electrolyte also increased the number of cycles in the order of the cation size (Table S3 and Fig. S1). It is evident that the presence of NO2- anions improved the discharge-charge cycling performance of the LAB, and a larger counter cation would even more enhance the cycling performance. Na+ and K+ ions have weaker acidity than Li+, which would have resulted in increasing the free NO2- anion in the electrolytes. The high number of cycles obtained from the LAB cell incorporating the 1 M LiNO2/NMP is attributed to the high level of NO2- anions acting as the RM in the cell, based on the ready dissociation of LiNO2 in the NMP. As shown in Fig. 3(e), which provides a magnified voltage profile of the first discharge-charge cycle of each cell, the LAB cell with the 1 M LiNO2/NMP electrolyte showed the lowest charging voltage. Whereas the RM effect of each LiNO3 electrolyte was limited based on the quantity of NO2- anions generated by reaction with the Li anode, the LiNO2 electrolytes readily generated NO2- anions. As such, the RM effect was more pronounced. This effect was further enhanced in the case that the LiNO2 was dissolved in NMP rather than TEGDME.
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Fig. 3. The voltage-profile curves of LAB cells including (a) 1 M LiNO3/TEGDME, (b) 1 M LiNO2/TEGDME, (c) 1 M LiNO3/NMP and (d) 1 M LiNO2/NMP using KB-based air-electrode. (e) Magnified voltage-profiles obtained from the first discharge-charge cycle of each cell. The lower and higher limits of the discharge and charge voltages were set at 2.0 and 4.5 V and the current density was set at 0.2 mA/cm2 for 2.5 h.

Electrochemical impedance measurements were conducted to evaluate the effect of each salt and solvent on the battery resistance. Fig. 4 provides the Nyquist plots generated by the LAB cells prior to discharge-charge cycling trials. It is evident from these plots that the overall resistance was decreased when NMP was used as the solvent rather than TEGDME. The LiNO3/TEGDME and LiNO2/TEGDME devices exhibited interface resistance values over the frequency range of 107 to 105 Hz of 90 and 320 ohms, respectively. The resistances accounts for 30% and 60% of the total cell resistance of the cells with LiNO3/TEGDME and LiNO2/TEGDME electrolytes, respectively. In contrast, the resistance within the same frequency range was negligibly small in NMP. This result is attributed to the electrolyte resistance stemming from the minimal dissociation of the salts in TEGDME. The LiNO3 provided a lower battery resistance compared with the LiNO2 regardless of the solvent, in agreement with the electrolyte conductivity data. Therefore, the LiNO3 electrolytes apparently improve battery performance to a greater extent. Even so, LABs incorporating a LiNO2 electrolyte showed a longer cycling life for a given solvent. This finding suggests that the concentration of NO2- anions providing an RM effect is more important than ionic conductivity in terms of improving the cycling properties of the LAB.
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Fig. 4. Nyquist plots obtained from LAB cells prior to discharge-charge cycling tests. Impedance spectra were acquired over the frequency range between 1 × 107 and 1 × 10-1 Hz with a 10 mV amplitude. The symbols ●, ▲ and ■ indicate the impedance values at frequencies of 1 × 106, 1 × 104 and 1 × 102 Hz, respectively.

The relationships between the impedance values of the LAB cells and frequency are plotted in Fig. 5. The associated Bode plots are shown in Fig. S2. The spectra show that the impedance increased within three frequency regions: (1) 107 to 105, (2) 105 to 102 and (3) 102 to 10-1 Hz. The impedance in the first range (1) is ascribed to the resistance associated with the electrolyte, as discussed in relation to the Nyquist plot shown in Fig. 4. According to previous studies, the impedances in the last two ranges, (2) and (3), are attributed to resistance resulting from the electrochemical reactions at the Li anode and air electrode, respectively.10 In the case of the TEGDME-based electrolytes, both LiNO2 and LiNO3 provided a significant increase in impedance along with increasing numbers of cycles in the first frequency range rather than in the last two ranges. This result indicates that performance loss primarily resulted from electrolyte degeneration. Comparing the LiNO3/TEGDME and LiNO2/TEGDME electrolytes, the latter provided higher battery resistance than the LiNO3 electrolyte at all cycle numbers. Nevertheless, LiNO2 gave higher cycle numbers than LiNO3. This result suggests that the RM effect of the NO2- anions obtained from LiNO2 was more important with regard to improving cycling performance.
The impedance increments in the first frequency range when using the cells containing NMP as the electrolyte solvent were negligible up to the tenth cycle but increased exponentially after that point. This behavior is attributed to the decomposition of the NMP, as is evident from the cyclic voltammetry (CV) data in Fig. 7. These plots exhibit sharp increases in the oxidation current above 4.2 V vs. Li/Li+ due to the NMP solvent oxidation. Evaporation of the electrolyte solvent could also have contributed to the sudden increase in impedance in this initial frequency range. Electrolyte solvent volatilization can cause a sharp rise of the internal resistance, which is more evident for lower boiling point solvents and hence with higher vapor pressure. 14  In situ cell mass change monitored according to the literature 29 clearly demonstrated a significant loss of NMP, in conjunction with increases/decreases in mass related to the 2e-/O2 ORR/OER (Fig. S4), suggesting depletion of the electrolyte while in the long term discharge-charge cycling. The higher volatility of NMP compared with that of TEGDME is therefore an issue but could be mitigated by an appropriate cell configuration engineering. The impedance in the third frequency range also increased greatly after the tenth cycle, confirming that the air electrode was degraded during these later discharge-charge cycles. Even so, the use of LiNO2 limited this increment, meaning that the LiNO2 electrolyte suppressed degradation of the air electrode. This result is also ascribed to the RM effect of the NO2- anion. Specifically, the NO2- anion suppressed the charging voltage and so reduced oxidative degradation of the solvent in the initial discharge-charge cycles. This finding confirms the viability of LiNO2 as a supporting electrolyte salt for LABs.
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Fig. 5. Impedance values as functions of frequency for LAB cells in the charged state. The inserted numbers indicate the quantity of cycles for each spectrum. Data were acquired in the frequency range between 1 × 107 and 1 × 10-1 Hz with a 10 mV amplitude.


Although the result shown above reveals the outstanding performance of the LiNO2/NMP among the electrolytes examined, the cycle test capacity of 0.5 mAh/cm2 fails to show practical availability. Note that most of the present LAB studies conduct discharge-charge cycle tests at capacities less than 0.5 mAh/cm2. This is due to the technical limit of the cathode capacity, but this would never meet application requirement. 11 Therefore, the cycle performance of the LAB cells at a high capacity of 2 mAh/cm2 at a rate of 0.4 mA/cm2, which would be minimally required to develop LABs with an energy density exceeding the current LIB technology (ca. 200 Wh/kg), were assessed. Here, a CNT-based air-electrode was used instead of the KB-based cathode to secure the high cathode capacity. 30 Cathode pore configuration influences ion diffusion on the ORR/OER process and hence affects cell impedance and cycling performance, where high-dimension materials, such as nanotubes and/or graphenes, are beneficial for building such cathode pore architecture. 31-34 The CNT-based air-electrode used here is able to perform a few hundred cycles at low capacity and low rate discharge-charge conditions, such as less than 0.5 mAh/cm2 capacity at a rate less than 0.1 mA/cm2, which is most comparable to the performance reported in the previous literature. 32-34 Fig.6 shows the discharge-charge curves of the LAB cells with the NMP-based electrolytes, exhibiting that the LiNO2/NMP electrolyte also attains more than twice cycle life at this high capacity cycle operation. The discharge-charge curves of the cells with TEGDME-based electrolytes were shown in Table S4 and Fig. S3. Interestingly, the data establishes that the cell with LiNO2/NMP electrolyte surpasses even the cell with currently standard LAB electrolyte of 1 M LiTFSI/TEGDME. Due to the lack of ion transport capability, LiNO3/TEGDME and LiNO2/TEGDME electrolytes were no longer cyclable at this cycle operation. This result suggests that the LiNO2/NMP is a novel alternative electrolyte for LABs of practical applications.
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Fig. 6. (a) Discharge-charge curves at a high cycle capacity of 2 mAh/cm2 and (b) their voltage profiles. The profiles were acquired using LAB cells with a CNT-based air-electrode incorporating the LiNO3/NMP and LiNO2/NMP electrolytes. The lower and higher limits of the discharge and charge voltages were set at 2.0 and 4.5 V and the current density was set at 0.4 mA/cm2 for 5 h.
The oxidation of Li2O2 in the LAB cells was evaluated by performing linear sweep voltammetry to measure the oxidation current associated with the Li2O2 decomposition after a 4 mAh discharge (Fig. 7(a)). The cyclic voltammetry (CV) curve for LiNO2/NMP electrolyte indicates that the cell almost finishes the charging before reaching 3.9V, with the largest oxidation current at the lowest potential among the electrolytes examined. Associated with the Li2O2 oxidation decomposition, the CV curves in Fig. 7(a) reveal the electrochemical behavior of the LiNO3 and LiNO2 salt electrolytes. The electrochemistry of NO3- and/or NO2- anions have been previously investigated by Bryantsev et al 35, 36, and the reaction details were briefly illustrated in Fig.7 (b). During the charging process, the NO2- anion is oxidized to NO2 at 3.5 V to decompose Li2O2 as RM. However, the NO2 generated partially undergoes the reaction cycle forming an N2O4 dimer and its subsequent decoupling to NO and NO3-, which is a possible side reaction decaying the RM effect of the LiNO2 salt electrolytes. In addition, the nitrogen oxide species of NO, NO2, and N2O4 are gaseous compounds that would be easily passed out from cells. This can also fade the RM effect through the discharge-charge cycles. According to the reaction diagram (Fig. 7(b)), the sharp peak at 3.85 V for the LiNO2/NMP can be ascribed to the NO2- anion oxidation to NO2 after the completion of Li2O2 decomposition. The subsequent sharp current rise over 4.2 V comes from the NMP solvent decomposition. 37 The CV curve for the LiNO3/NMP electrolyte indicates the cell requires a higher potential for charging, partially overlapping with the NMP decomposition potential. This suggests that the LiNO3/NMP is not suitable as an LAB electrolyte. The small peak at 4.15 V for the LiNO3/NMP electrolyte would be likely NO oxidation that was produced during the extended charging process. The backward cathodic scans from 4.5 V did not observe any reduction currents, suggesting that the oxidized species during the anodic scans were completely released in such an oxygen flow environment of the cells. The CV curves for the TEGDME-based electrolytes did not exhibit oxidative decomposition of the solvent like NMP, but the too-high charging potential makes them less attractive as LAB electrolytes. The oxidation current capacities accumulated from 2.8 to 4.1 V were 3.8, 4.3, 1.9, and 1.2 mAh for the LAB cells with LiNO3/NMP, LiNO2/NMP, LiNO3/TEGDME and LiNO2/TEGDME, respectively. Note that the LiNO2/NMP electrolyte cell can have a larger capacity than the discharged capacity of 4 mAh applied before recording the CV curve because it includes the NO2- anion oxidation current as with the Li2O2 oxidation. This result confirms that the efficiency of the Li2O2 oxidation was improved by using NMP as a solvent and by using LiNO2 as the supporting salt.
[image: ]
Fig. 7. (a) Voltammetry profiles of LAB cells obtained by an anodic sweep from 2.8 to 4.5 V vs Li/Li+ at a scan rate of 0.1 mV sec-1 after applying a 4 mAh discharge. (b) Schematic illustration for the NO2- anion reaction loops in an LAB during the Li2O2 decomposition, depicted according to the literatures. 35, 36

The LiNO2/NMP electrolyte effectively promoted functioning of the air electrode. Fig. 8 presents SEM images of a CNT-based air electrode before and after the fifth cycle in either the LiNO3/NMP or LiNO2/NMP electrolyte LAB cells. It is evident that the electrode tested in the LiNO3/NMP shows deposits clogging the voids between the CNT bundles. Conversely, the electrode tested in the other solution with the same number of cycles shows no obvious clogging, rather, the sample exhibits the original CNT structure. This result indicates that the LiNO2/NMP electrolyte was also effective at preventing clogging of the air electrode. The C/O/N atomic ratios for the CNT-based air electrodes noted above as determined by energy-dispersive X-ray spectroscopy (EDS) analysis were 99/1/0, 62/32/6 and 92/8/0, respectively. In the case of the specimen using the LiNO3/NMP electrolyte, high concentrations of oxygen (32 mol%) and nitrogen (6 mol%) were found even after charging. These elements were likely derived from degradation of the battery materials and the presence of nitrogen in particular suggests electrolyte decomposition. Interestingly, nitrogen was not detected in the air electrode processed using the LiNO2/NMP electrolyte. This finding establishes that decomposition of the battery was negligible after five cycles. Hence, the LiNO2/NMP electrolyte was highly effective at reducing the charging voltage such that degradation of the battery materials was suppressed. The pore size distributions of these specimens obtained using a mercury porosimeter (Fig. 8(d)) agreed with the SEM observations. After five cycles, the volume of the 10-1 - 101 μm scale pores was clearly decreased when using the LiNO3/NMP electrolyte but was unchanged with the LiNO2/NMP electrolyte. Similar results were obtained for pores with dimensions on the 100 - 102 nm scale based on nitrogen adsorption data (Fig. 8(e)). The electrochemical impedance data in Fig. 5 demonstrate that the LAB cell made with the LiNO2/NMP electrolyte suppressed the impedance increment in the low frequency region below 102 Hz. This is attributed to the reduced clogging of the air electrode, meaning that reactants were able to readily diffuse through the electrode.
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Fig. 8. SEM images and atomic ratios of C (red) / O (green) / N (blue) as determined by EDS analyses of CNT-based air electrodes (a) before the discharge/charge cycling (pristine CNTs), (b) after the fifth charging in 1 M LiNO3/NMP and (c) after the fifth charging in 1 M LiNO2/NMP. Pore size distributions in a pristine CNT-based air electrode and after the fifth charging as determined by (d) mercury intrusion and (e) nitrogen adsorption.


[bookmark: _GoBack]Even though, the LiNO2 salt electrolyte gradually lose its RM function. Fig. 9 shows the NO2- anion concentrations of electrolytes extracted from LAB cells using 1 M LiNO3/TEGDME electrolytes with and without 50 mM of LiNO2, as determined by ion chromatography. In the case of the 1 M LiNO3/TEGDME electrolyte, NO2- was detected after a 1 h rest period and the concentration of these anions was found to increase after five cycles. Therefore, the LiNO3 reacted with the Li anode and was converted to NO2- anions immediately after cell assembly. It is also apparent that the concentration of these anions in the cell reached equilibrium after the fifth cycle. In the case of the electrolyte with 50 mM of LiNO2, the original 50 mM NO2- concentration was reduced to 44 mM after the 1 h rest and further declined to reach an equilibrium value of approximately 3.2 mM after the fifth cycle. These changes resulted from conversion of NO2- in the cell to NO3- via reaction with atmospheric oxygen.18, 35, 36 The NO2- component can be also exhausted out from the cell, as discussed above. This result indicates that the LiNO2 electrolyte was able to protect the Li anode on the basis of NO3- anions generated through oxidation of NO2- anions, as with the LiNO3 electrolyte. The continuous decrease in the NO2- concentration also suggests that the RM effect of these anions was pronounced in the initial stage of the discharge-charge cycling, thereby extending the cycle life of the LAB. Approaches for delaying the NO2- anion conversion to NO3- will further enhance the cycle performance of LABs.
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Fig. 9. The NO2- anion concentrations in electrolytes extracted from LAB cells using 1 M LiNO3/TEGDME with/without the addition of 50 mM LiNO2 for various cycle numbers. KB-based air-electrode was used for the cells and 0.2 mA/cm2 x 2.5 h discharge-charge cycles were applied.


4. Conclusions
   LiNO2 was investigated as a novel supporting salt for LAB electrolytes, and LAB cells incorporating LiNO2-based electrolytes demonstrated outstanding cycling performance. LiNO2 electrolytes provided high ionic conductivity when dissolved in the high dielectric constant solvent NMP as opposed to TEGDME (the current standard LAB electrolyte solvent). The high degree of dissociation of LiNO2 in NMP produced an RM effect based on NO2- anions that reduced the charging voltage over a long period of time. Electrochemical impedance spectroscopy data established that a LiNO2/NMP electrolyte reduced the internal resistance of the LAB cell and significantly delayed changes in resistance during discharge-charge cycling. SEM observations and pore size distribution analyses of air electrodes after cycling tests confirmed that a LiNO2/NMP electrolyte prevented pore clogging and so ensured the continuous diffusion of reactants. As a result, this LiNO2/NMP solution produced a long cycle life, permitting more than twice the number of cycles to be achieved compared with the use of LiNO3 or TEGDME. This study therefore suggests a new approach to the design of electrolytes for long-lasting LABs.


Credit authorship contribution statement 
Shota Azuma: Methodology, Investigation, Data curation, Writing – original draft, Writing – review & editing.
Mitsuki Sano: Data curation.
Itsuki Moro: Data curation.
Fumisato Ozawa: Writing – review & editing.
Morihiro Saito: Conceptualization, Writing – review & editing, Supervision.
Akihiro Nomura: Validation, Writing – review & editing, Supervision.

Supporting Information
Supplementary data to this article can be found online at https://.

Acknowledgments
This work was partly supported by the Japan Science and Technology Agency (JST) via the Specially Promoted Research in Next Generation Batteries Area in Advanced Low Carbon Technology Research and Development Program (ALCA-SPRING, grant no. JPMJAL1301), by the National Institute for Materials Science (NIMS) Joint Research Hub Program, and by the JST Adaptable and Seamless Technology Transfer Program through Target-driven R&D (A-STEP, grant no. JPMJTM22AQ). Characterizations of materials and cell assembly were carried out at the NIMS Battery Research Platform. The authors are grateful to the Battery Research Platform of the NIMS for providing experimental facilities.


References
[1] P. G. Bruce, S. A. Freunberger, L. J. Hardwick, J. M. Tarascon, Nat. Mater. 11 (2012) 19−29.
[2] W. J. Kwak, Rosy, D. Sharon, C. Xia, H. Kim, L. R. Johnson, P. G. Bruce, L. F. Nazar, Y. K. Sun, A. A. Frimer, M. Noked, S. A. Freunberger, D. Aurbach, Chem. Rev. 120 (2020) 6626−6683.
[3] G. Girishkumar; B. McCloskey, A. C. Luntz, S. Swanson, W. Wilcke, J. Phys. Chem. Lett. 1 (2010) 2193−2203.
[4] X. Xin, K. Ito, Y. Kubo, Electrochim. Acta 261 (2018) 323−329.
[5] R. A. Wong, C. Yang, A. Dutta, M. O, M. Hong, M. L. Thomas, K. Yamanaka, T. Ohta, K. Waki, H. R. Byon, ACS Energy Lett. 3 (2018) 592−597.
[6] Y. Chen, S. A. Freunberger, Z. Peng, O. Fontaine, P.G. Bruce, Nat. Chem. 5 (2013) 489−494.
[7] W. J. Kwak, D. Hirshberg, D. Sharon, M. Afri, A. A. Frimer, H.-G. Jung, D. Aurbach, Y. K. Sun, Energy Environ. Sci. 9 (2016) 2334−2345.
[8] Z. Liang, Y. C. Lu, J. Am. Chem. Soc. 138 (2016) 7574−7583.
[9] X. G. Wang, C. Wang, Z. Xie, X. Zhang, Y. Chen, D. Wu, Z. Zhou, Chem. Electro. Chem. 4 (2017) 2145−2149.
[10] Y. Hayashi, R. Honda, I. Moro, M. Fukunishi, H. Otsuka, Y. Kubo, T. Horiba, M. Saito, M. Electrochemistry 89 (2021) 557−561.
[11] S. Azuma, M. Sano, I. Moro, F. Ozawa, M. Saito, A. Nomura, J. Phys. Chem. C 127 (2023) 7087-7094.
[12] M. Ue, H. Asahina, S. Matsuda, K. Uosaki, RSC Advances 10 (2020) 42971-42982.
[13] W. D. Kim, H. D. Lee, M. S. Ahn, Y. D. Kim, J. Suk, H. D. Choi, Y. Kang, Journal of Power Sources, 347 (2017) 186-192.
[14] V. Marangon, C. H. Rentero, S. Levchenko, G. Bianchini, D. Spagnolo, A. Caballero, J. Morales, J. Hassoun, ACS Appl. Energy Mater. 3 (2020) 12263-12275.
[15] S. V. Bryantsev, V. Giordani, W. Walker, M. Blanco, S. Zecevic, K. Sasaki, J. Uddin, D. Addison, V. G. Chase, J. Phys. Chem. A 115 (2011) 12399-12409.
[16] X. Xin, K. Ito, Y. Kubo, Appl. Mater. Interfaces, 9 (2017) 25976-25984.
[17] Y. Hayashi, S. Yamada, T. Ishii, Y. Takamuki, M. Sohmiya, H. Otsuka, K. Ito, Y. Kubo, M. Saito, J. Electrochem. Soc. 167 (2020) 020542-020550.
[18] Y. Hayashi, M. Sohmiya, H. Otsuka, K. Ito, Y. Kubo, T. Horiba, M. Saito, J. Electrochem. Soc. 167 (2020) 160531. 
[19] X. Xin, K. Ito, A. Dutta, Y. Kubo, Angew. Chem. Int. Ed. 57 (2018) 13206-13210.
[20] J. J. P. Stewart, MOPAC2016, Computational Chemistry, Colorado Springs, CO, USA, HTTP://OpenMOPAC.net (2016).
[21] J. J. P. Stewart,v“MOPAC Manual, 6th ed.”, United States Air Force Academy, Colorado Springs, (1990)
[22] A. Nomura, E. Mizuki, K. Ito, Y. Kubo, T. Yamagishi, M. Uejima, Electrochimica Acta 400 (2021) 139415.
[23] W. Xu, E. I. Cooper, C. A. Angell, J. Phys. Chem. B 107 (2003) 6170–6178.
[24] P. G. Sears, W. H. Fortune, R. L. Blumenshine, J. Chem. Eng. Data 11 (1966) 406-409
[25] C. Wohlfarth, Static Dielectric Constants of Pure Liquids and Binary Liquid Mixtures (Springer, Berlin, 2008).
[26] L. Aguilera, S. Xiong, J. Scheers, A. Matic, J. Mol. Liq. 210 (2015) 238-242.
[27] S. Saito, H. Watanabe, Y. Hayashi, M. Matsugami, S. Tsuzuki, S. Seki, J. N. Canongia Lopes, R. Atkin, K. Ueno, K. Dokko, M. Watanabe, Y. Kameda, Y. Umebayashi, J. Phys. Chem. Lett. 7 (2016) 2832–2837.
[28] R. D. Shannon, Acta Cryst. A32 (1976) 751-767.
[29] A. Nomura, K. Ito, D. Y. W. Yu, Y. Kubo, J. Power Sources 592 (2024) 233924.
[30] A. Nomura, K. Ito, Y. Kubo, Sci. Rep. 7 (2017) 45596.
[31] L. Carbone, S. G. Greenbaum, J. Hassoun, Sustainable Energy Fuels 1 (2017) 228-247.
[32] C. Li, D. Liu, Y. Xiao, Z. Liu, L. Song, Z. Zhang ACS Appl. Energy Mater. 4 (2019) 2939-2947.
[33] L. Carbone, P. T. Moro, M. Gobet, S. Munoz, M. Devany, S. G. Greenbaum, J. Hassoun ACS Appl. Mater. Interfaces 10 (2018) 16367-16375. 
[34] S. Levchenko, V. Maragon, S. Bellani, L. Pasquale, F. Bonaccorso, V. Pellegrini, J. Hassoun ACS Appl. Mater. Interfaces 15 (2023) 39218-39233.
[35] V. S. Bryantsev, J. Uddin, V. Giordani, W. Walker, G. V. Chase D. Addison, J. Am. Chem. Soc. 136 (2014) 3087-3096.
[36] J. Uddin, V. S. Bryantsev, V. Giordani, W. Walker, G. V. Chase, and D. Addison, J. Phys. Chem. Lett. 4 (2013) 21.
[37] K. Nishioka, M. Tanaka, H. Fujimoto, T. Amaya, S. Ogoshi, M. Tobisu, S. Nakanishi, Angew. Chem. Int. Ed. 61 (2022) e202112769.


32

image1.emf
1M LiNO

3

/NMP

1M LiNO

2

/NMP

1M LiNO

2

/TEGDME

1M LiNO

3

/TEGDME

1M LiTFSI/TEGDME


image2.emf
H C O N Li O coordination to Li

(a) (b) (c)

(d) (e) (f)


image3.emf
(a)

end cycle: 37

(b)

(c)

(d)

end cycle: 17

end cycle: 14

end cycle: 13

Cell voltage / V

Time / h


image4.emf
(e)


image5.emf
LiNO

3

/NMP

LiNO

2

/NMP

1M LiNO

2

/TEGDME

LiNO

3

/TEGDME


image6.emf
LiNO

2

/DEGDME

(End Cycle:14)

LiNO

3

/TEGDME 

(End Cycle:13)

LiNO

2

/NMP

(End Cycle:37)

LiNO

3

/NMP

(End Cycle:17)

Frequency / Hz

Impedance 

|Z| / 

Ohm

(3) (2) (1) (3) (2) (1)

1

5

10

5

10

1

5

10

1

15

5

10

1 15

25

35


image7.emf
(a) 

1M LiNO

2

/NMP

(b)

1M LiNO

3

/NMP

1M LiNO

2

/NMP

Cell voltage / V

1M LiNO

3

/NMP

end cycle: 7 

end cycle: 19 

Cell voltage / V

Cell voltage / V


image8.emf
1/2O

2

1/2Li

2

O

2

Li

+

+ O

2

NO

2

N

2

O

4

NO

+

NO

2

-

NO

3

-

NO

2

-

NO

e

-

e

-

RM effect

Loop of NO

2

reaction

1.0 M LiNO

2

/ solvent

Air-electrode

0.0

2.0

4.0

6.0

8.0

2.6 3.0 3.4 3.8 4.2

4.6

Current / mA

Potential / V vs. Li/Li+

1M LiNO

3

/NMP

1M LiNO

2

/NMP

1M LiNO

2

/TEGDME

1M LiNO

3

/TEGDME

(b)

(a)


image9.emf
10 μm 10 μm

10 μm

(a) (b)

(c)


image10.emf
(d)

Pristine CNT

LiNO

2

/NMP

LiNO

3

/NMP


image11.emf
(e)

Pristine CNT

LiNO

2

/NMP

LiNO

3

/NMP


image12.emf
NO

2

-

concentration / 

mM


