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Abstract

:

Lithium–oxygen (Li-O2) batteries have captured worldwide attention owing to their highest theoretical specific energy density. However, this promising system still suffers from huge discharge/charge overpotentials and poor cycling stability, which are related to the leakage/volatilization of organic liquid electrolytes and the inefficiency of solid catalysts. A mixing ionic liquid-based gel polymer electrolyte (IL-GPE)-based Li-O2 battery, consisting of a 20 mM 2,5-di-tert-butyl-1,4-benzoquinone (DBBQ) 40 mM N-methylphenothiazine (MPT)-containing IL-GPE and a single-walled carbon nanotube cathode, is designed for the first time here. This unique dual redox mediators-based GPE, which contains a polymer matrix immersed with mixed ionic liquid electrolyte, provides a proper ionic conductivity (0.48 mS cm−1) and effective protection for lithium anode. In addition, DBBQ, as the catalyst for an oxygen reduction reaction, can support the growth of discharge products through the solution–phase pathway. Simultaneously, MPT, as the catalyst for an oxygen evolution reaction, can decompose Li2O2 at low charge overpotentials. Hence, the DBBQ-MPT-IL-GPE-based Li-O2 battery can operate for 100 cycles with lower charge/discharge overpotentials. This investigation may offer a promising method to realize high-efficiency Li-O2/air batteries.
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1. Introduction


Rechargeable aprotic lithium-oxygen (Li-O2) batteries have been highlighted as a promising alternative technology for large-scale electric energy storage in recent years due to their highest theoretical specific energy density of 3450 Wh kg−1 [1,2,3,4,5,6,7]. However, the practical applications of this system are still constrained by substantial issues, such as high charge-discharge overpotentials, serious electrolyte decomposition, and short cell lifespan [8,9,10,11]. Moreover, a large number of experimental results have demonstrated that most of these problems are caused by the insulating nature of the discharge product Li2O2 and the sluggish kinetics of the oxygen reduction/evolution reactions (ORR/OER) [5,12].



In an aprotic Li-O2 battery, during the discharging process, O2 is first reduced to O2− or LiO2 intermediate [13], according to Equation (1):


O2 + Li+ + e− → LiO2



(1)







Then, LiO2 is further reduced or disproportionated to the insoluble product lithium peroxide (Li2O2), according to Equation (2) or Equation (3):


LiO2 + Li+ + e− → Li2O2



(2)




or


2LiO2 → Li2O2 + O2



(3)







During charge, the discharge product Li2O2 can be reversibly decomposed into Li+ and O2. Moreover, the ORR process is strongly related to the electrolyte’s properties of the donor/acceptor number [13,14,15]. In electrolytes with high donor number, for instance, dimethyl sulfoxide (DMSO) [15], the longer lifetime of the O2−/LiO2 intermediate can promote the growth of Li2O2 particles via the solution pathway, resulting in a high discharge capacity. However, this solution mechanism usually aggravates the chemical reactivity of O2−/LiO2 with the electrolyte [12]. Enhanced stability can be achieved in electrolytes with low donor numbers, such as ethers [15]. However, in these conditions, LiO2 quickly is disproportionate to Li2O2 film on the electrode surface, directly resulting in the passivating of the cathode and premature cell death [13]. Some byproducts, such as carbonates, could be identified on cycling in Li-O2 batteries with all ether-based electrolytes, owing to the interactions of superoxide radicals or singlet O2 and the solvents [8,16]. Thus, screening the stable electrolytes against superoxide radicals remains one of the most pressing challenges in high-performance Li-O2 batteries [17]. Recently, ionic liquids (ILs) have been employed as alternative electrolytes to improve the cycling performance of Li-O2 batteries because of their advantages over conventional liquid aprotic electrolytes, such as lower volatility, higher hydrophobicity, wider potential window, and more stability against Li anodes and superoxides [5,7,18]. Nevertheless, those Li-O2 batteries with ILs usually exhibited poor rate capability due to the relatively low conductivity of ILs [19]. Subsequently, some scientists explored a novel type of mixing solvents as the electrolyte for Li-O2 batteries [18,20,21,22,23] and enhanced ORR/OER kinetics were obtained. For instance, Scrosati B. et al. significantly reduced the ORR/OER overpotentials and promoted the reversibility of Li-O2 batteries by mixing 1-butyl-1-methyl pyrrolidium bis(trifluoromethanesulfonyl)imide (PYR14TFSI) and tetraethylene glycol dimethyl ether (TEGDME) as the electrolyte [20]. However, almost all the above IL-based Li-O2 batteries are operated with an open system, which aggravates the risks of electrolyte leakage and volatility. To mitigate these problems, Lee et al. designed a gel polymer electrolyte (GPE) [24], which contained PYR14TFSI, PVDF-HFP, and LiTFSI. Additionally, the cell showed enhanced capacity and cycling performance. Hence, developing the mixed ionic liquid-based GPE is supposed to be the most effective strategy for stable electrolytes in Li-O2 batteries.



Another formidable challenge is the large charge–discharge overpotentials arising from the sluggish kinetics of ORR/OER and the insulating nature of Li2O2. The severe charge–discharge polarizations have deteriorated both the round-trip efficiency and cycling performance of Li-O2 batteries. Even the higher charging potential usually impairs the electrolyte stability. Therefore, various catalysts have been adopted to reduce the charge/discharge voltage gap in Li-O2 batteries so far [5,6,7,8,10]. Among them, soluble redox mediators (RMs) have been testified as the fascinating candidate for lowering the ORR or OER overpotentials through the liquid–solid interfacial mechanism, such as 2,5-di-tert-butyl-1,4-benzoquinone (DBBQ) [13,25,26,27], tetrathiafulvalene (TTF) [28,29], 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) [30] and so on. These RMs could act as electron carriers either to reduce O2 forming Li2O2 or to oxidize Li2O2 releasing oxygen. For example, DBBQ was reported to generate a new complex intermediate during the discharge process, thus facilitating the solution-phase growth of Li2O2 and increasing the cell capacity [13]. TEMPO has been demonstrated to promote the decomposition of Li2O2 on charging, thus reducing the charging potentials [30]. Therefore, considering the synergistic effects of RMsdis and RMschr on ORR and OER, Gao et al. have utilized DBBQ and TEMPO simultaneously as dual RMs into the liquid electrolyte-based Li-O2 battery to form and decompose the discharge product Li2O2 in the solution at low charge/discharge overpotentials [25]. However, the redox shuttle problem involved in the liquid electrolyte has impaired the cycling performance of the Li-O2 cell. As a result, the GPE with dual RMs seems to be the rational choice for high-efficiency Li-O2 batteries. Unfortunately, this issue has not been reported thus far.



Herein, we synthesized a mixed IL-based GPE containing dual RMs (20 mM DBBQ for a discharge and 40 mM N-methylphenothiazine (MPT) for a charge) by a simple ultraviolet (UV)-crosslinking method, which integrated with single-walled carbon nanotube (SWCNT) cathode to fabricate a Li-O2 battery. DBBQ, as an ORR mediator, is supposed to accelerate the formation of sLi2O2 through the solution-phase mechanism [13]. Additionally, MPT has been demonstrated to be used as an effective RM for the OER on a charge, according to the previous work [31,32]. These dual RMs showed synergistic effects on ORR/OER by increasing capacity and lowing charge overpotentials without any interference with each other. Moreover, this dual RMs-GPE, consisting of a polymer matrix immersed with an ionic liquid electrolyte, possesses a good ion conductivity of 0.48 mS cm−1 at room temperature. The hydrophobic GPE with physical blockage and chemical interaction can effectively mitigate the chemical activity of Li anode and RM+ or H2O. Therefore, the dual RMs-IL-GPE-based Li-O2/Air batteries with SWCNT cathodes exhibit high capacity, low overpotentials, high energy efficiency, and a long cycle life.




2. Materials and Methods


2.1. Materials


The materials used were lithium bis(trifluoromethylsulphonyl)imide (LiTFSI, Aldrich, St. Louis, MO, USA, 96%), poly vinylidenefluoride-hexafluoro propylene (PVDF-HFP, average Mn of ~130,000, Aldrich), tetraethylene glycol dimethyl ether (TEGDME, Aldrich), N-methyl-2-pyrrolidinone (NMP, Aladdin), Trimethylolpropane ethoxylate triacrylate (TMPET, average Mn of ~428, Aldrich), N-methyl-N-propylpiperidiniumbis(trifluoromethanesulfonyl)imide (PP13TFSI, Lanzhou Greenchem ILs, Lanzhou, China), 2-hydroxy-2-methyl-1-phenyl-1-propanone (HMPP, 97%, Aldrich), single-walled carbon nanotube (SWCNT, Aladdin), carbon paper (Hesen Corp., Shanghai, China), 2,5-di-tert-butyl-1,4-benzoquinone (DBBQ, Aldrich), and N-methylphenothiazine (MPT, Alfa Aesar, Haverhill, MA, USA).




2.2. Preparation of IL-Based Gel Polymer Electrolyte (IL-GPE)


DBBQ-MPT-IL-GPE Preparation: PVDF-HFP/NMP (mass ratio of 1:4) was denoted as Solution A. A solution of 1 M LiTFSI/PP13TFSI + TEGDME (volume ratio: 3:1) containing 20 mM DBBQ and 40 mM MPT was denoted as Solution B, and the photo-initiator HMPP/TMPET (mass ratio: 0.01:3) was denoted as Solution C. Next, the precursor solution was held by mixing Solution A, B, and C (weight ratio of 5:4:3). Then, it was cast on a polytetrafluoroethylene (PTFE) plate as the support for the polymerization process. At last, the solidified DBBQ-MPT-IL-GPE was formed after UV irradiation (wavelength of 365 nm) for 30 s in an argon-filled glovebox. The thickness of the as-prepared IL-GPE was about 1.5 mm. In addition, the preparation procedure of pure IL-GPE without dual RMs is identical to the above preparation steps. All the IL-GPE films are punched into a disk with an 18 mm diameter.




2.3. Assembling the Li-O2 Batteries and Electrochemical Measurement


The O2 cathode was obtained as follows. Cathode active material (SWCNT, 85 wt%) and a polyvinylidene difluoride binder (PVDFs, 15 wt%) were uniformly mixed in an N-methyl-2-pyrrolidone (NMP) solution and then stirred for 12 h. Next, the slurry was coated on carbon paper (12 mm diameter) as the current collector. All the electrodes were dried for 12 h at 120 °C under vacuum to remove residual solvent. The mass loading of the electrode was about 0.1~0.12 mg. Then, the DBBQ-MPT-IL-GPE disk (18 mm in diameter) was covered on the lithium anode. The obtained Li/DBBQ-MPT-IL-GPE/SWCNT electrode was subsequently sealed into a homemade Swagelok cell, which had a 0.8 cm2 hole on the cathode top cover to allow the O2 gas to enter. All the batteries were assembled in an argon-filled glove box (<0.1 ppm H2O; <0.1 ppm O2).



Galvanostatic discharge–charge cycling tests were performed on a battery testing system (LAND 2001A Wuhan Jinnuo Corp., Wuhan, China). Cyclic voltammetry (CV) measurements were carried out on an electrochemical workstation (CHI 760E, Chenhua Corp., Shanghai, China). All the electrochemical tests were performed at 25 °C and in a chamber, which is filled with oxygen gas or simulated air with different humidity.



The in situ differential electrochemical mass spectrometry (DEMS) system (Shanghai LingLu Instrument Corp., Ltd., Shanghai, China) adopts a custom-built Swagelok cell designed to guarantee excellent hermetic integrity. Herein, we have traced the evolution of gaseous O2 (m/z = 32) and CO2 (m/z = 44) during charging. The tested cell was discharged to a fixed capacity of 0.5 mAh under an O2 atmosphere. Before the charge test, the DEMS system was also purged with an argon gas stream for 4 h to calibrate the background for O2 content. Online gas analysis was accomplished using a quadrupole mass spectrometer to quantify the O2 and CO2 that evolved during the charging process.




2.4. Material Characterization


The morphologies of as-prepared IL-GPE were characterized using field-emission scanning electron microscopy (SEM, FE-SEM S-4800). The thermogravimetric analysis (TGA) was implemented using a Netzsch instrument under the air flow with a heating rate of 10 °C min−1. Fourier transform infrared (FT-IR) spectra were performed on a Nicolet 6700 spectrometer. XPS measurements were carried out on an XSAM800 Ultra spectrometer. X-ray diffraction (XRD) was applied to characterize the pristine, discharged, and recharged electrodes on a Bruker D8 Focus Power X-ray diffractometer with Cu Kα radiation. The scanning rate was set as 4° min−1 with a step size of 0.02°. In this test, the discharged or recharged electrodes were taken out from the homemade Swagelok cell, then washed with dimethyl ether (DME) solvent and dried for 12 h at 80 °C under vacuum. During analysis, the dried electrodes were covered with a polyethylene film to prevent air exposure.





3. Results and Discussion


3.1. Characterization of Polymer Electrolyte


To alleviate those problems related to the liquid electrolytes, the pure IL-based GPE and IL-based incorporating with 20 mM DBBQ and 40 mM MPT were prepared through the UV-curable method. In our experiment, PVDF-HFP was utilized as the polymer matrix of DBBQ-MPT-IL-GPE because of its superior solubility and higher electrochemical stability toward O2− than that of PVDF [33]. The surface morphology of this dual RMs-IL-based GPE was studied by the SEM image and digital photograph (Figure 1a,b). It can be observed from Figure 1a that the DBBQ-MPT-IL-GPE shows a tight and smooth surface, which facilitates close contact with the lithium anode and SWCNT cathode. Additionally, the Li-ion conductivity of this dual DBBQ-MPT-IL-GPE was also tested by EIS measurement and further compared with pure IL-GPE. The resistance of DBBQ-MPT-IL-GPE can be obtained from the Nyquist plot in Figure 1c. The calculated ion conductivity of DBBQ-MPT-IL-GPE is 0.48 mS cm−1, which is higher than that of pure IL-GPE (0.2 mS cm−1, Figure S1a, Supplementary Materials). Such relatively high ionic conductivity of DBBQ-MPT-IL-GPE provides the rapid transport of Li+ during the discharge/charge process. Meanwhile, the linear sweep voltammogram (LSV) was performed to examine the electrochemical stability of this dual RMs-IL-GPE. As illustrated in Figure 1d, the anodic peak at 3.75 V corresponds to the oxidation of MPT to MPT+ [32]. Except for this, there is no other oxidative decomposition of DBBQ-MPT-IL-GPE before 4.5 V (vs. Li+/Li). It indicates that the DBBQ-MPT-IL-GPE possesses a stable electrochemical window, which makes it the preferred choice for long-life Li-O2 batteries. Furthermore, the thermal stability and the Li+ transference number of DBBQ-MPT-IL-GPE were also investigated (Figures S2 and S3, Supplementary Materials). The DBBQ-MPT-IL-GPE shows relatively high thermal stability below 100 °C without evident weight loss and a Li+ transport number of 0.71.




3.2. Electrochemical Performance of the GPE-Based Li-O2 Batteries


In view of the above-superior properties, the Li-O2 cells were assembled with SWCNT cathodes, DBBQ-MPT-IL-GPE or Pure IL-GPE electrolytes, and Li anodes. As shown in Figure 2a,b, the pure IL-GPE-based Li-O2 battery rapidly decays and just exhibits an initial discharge capacity of 1541 mAh g−1. After four cycles, its discharge capacity reduces to only 321 mAh g−1. In stark contrast, the dual RMs-GPE-based Li-O2 cell can maintain the capacity of 5000 mAh g−1 for 20 cycles with lower charge/discharge overpotentials. Meanwhile, we also investigated the effect of individual ORR or OER mediators on cell performance in Figure 2c,d. The IL-GPE Li-O2 cell with only DBBQ displays a charge overpotential of about 1.04 V, which is lower than that of the pure IL-GPE-based cell. This result could be ascribed to the solution-grown discharge product Li2O2 induced by DBBQ, which has demonstrated that the oxidation of these solution-formed Li2O2 is lower than that of surface-grown Li2O2. Additionally, with the help of MPT as an OER mediator, the corresponding cells exhibit a much lower charging potential than that of the pure IL-GPE-based cell. While the dual RMs-IL-GPE-based Li-O2 cell, using both DBBQ and MPT mediators, shows a lowest discharge–charge voltage gap of 1.02 V and a round-trip efficiency of 72%, indicating the synergic effects of DBBQ for ORR and MPT for OER without any interference. This is in accordance with the corresponding CV results (Figure S4, Supplementary Materials). For the IL-GPE-based Li-O2 cell with dual RMs, DBBQ promotes the O2 reduction at a cathodic potential of 3.0 V with a reduced polarization on discharging. On charging, MPT oxidizes into MPT+ at an anodic onset potential of 3.7 V, then MPT+ consumes and decomposes Li2O2 by a chemical reaction.



The cycling performance of the Li-O2 batteries with dual RMs-IL-GPE or pure IL-GPE was carried out under a current density of 100 mA g−1 with a limited capacity of 1000 mAh g−1. As depicted in Figure 3a, the discharge/charge voltage curves of the IL-GPE-based Li-O2 cell with DBBQ and MPT mediators are relatively stable, except for the slightly raised charge overpotentials during 100 cycles. Moreover, the discharge terminal voltages of the dual RMs-IL-GPE-based Li-O2 battery are almost constant at 2.75 V over 100 cycles, and the corresponding charging end voltages can keep at 4.2 V after 100 cycles (Figure 3b). It is noteworthy that the charging terminal potential increases to 3.75 V after the first five cycles due to the increase in the MPT+ concentration. These data of DBBQ-MPT-IL-GPE-based Li-O2 batteries are much better than most of the previous reports (Table S1, Supplementary Materials), which demonstrate that the utility of dual RMs-IL-GPE improves the round-trip efficiency and cycling stability of corresponding Li-O2 batteries. However, in the case of pure IL-GPE Li-O2 battery, the discharge/charge voltage profiles are not reproducible after 35 cycles. Notably, its discharge end voltage of the 35th cycle suddenly decreases to 2.0 V. In addition, the charge terminal voltages are stable above 4.3 V during cycling, which is higher than that of the cells with DBBQ and MPT. Indeed, when these Li-O2 batteries were discharged/charged at different rates of 200 and 500 mA g−1 under the limited-capacity mode, respectively, it still can be found that the GPE-based Li-O2 cells with DBBQ and MPT present a superior cycling stability than that of the cells without dual RMs (Figure S5, Supplementary Materials). Based on these above results, we can conclude that the utilization of DBBQ and MPT can reduce the charge/discharge overpotentials and thus prolong the battery lifetime. This may be related to the protective effect of superconcentrated-GPE on the Li anode, alleviating the shuttle reaction between MPT+ and Li. Additionally, considering the hydrophobic property of ILs in GPE, we also compared the cycling stability of the DBBQ-MPT-IL-GPE-based Li–air batteries in a simulated-air atmosphere with different humidities in Figure S6, Supplementary Materials. The DBBQ-MPT-IL-GPE-based Li–air battery with dried air can operate relatively at discharge/charge overpotentials for 50 cycles. In contrast, the charge voltage profiles of a similar Li-O2 battery with 15% humidity can keep at 3.75 V for 26 cycles. Even for the cell with 35% humidity, the lowest charge voltages are constant at 3.5 V for 20 cycles. These phenomena may be attributed to the following two reasons: On the one hand, the higher humidity may favor the formation of Li2O2 in the solution phase [34,35], thus accelerating the oxidization of Li2O2 and reducing the charge potentials. On the other hand, the higher humidity may be a hazard to the Li anode, resulting in the shortening of the cell lifespan.




3.3. Products Characterization of Dual RMs-IL-GPE-Based Li-O2 Batteries


To further elucidate the relationship between the outstanding electrochemical performance and the reactive products of the IL-GPE-based Li-O2 batteries with dual DBBQ and MPT mediators, we conducted additional ex situ SEM, XPS, and in situ DEMS analyses. The morphological evolution of the SWCNT electrodes with different states is shown in Figure 4a–c. Compared with the fresh electrode, it can be clearly observed that many disc-assembled spheres are formed on the discharged SWCNT cathode (Figure 4b). After recharging the dual RMs-IL-GPE-based Li-O2 cell, almost all the sphere-shaped products disappear, except for some trace products (Figure 4c). However, in the case of pure IL-GPE-based Li-O2 batteries without any RMs, the film-like products are covered on the surface of the discharged SWCNT electrode (Figure S7, Supplementary Materials). These results are different from the surface morphology of the discharged cathode in the DBBQ-MPT-IL-GPE-based Li-O2 battery. The previous literature has demonstrated that the incorporation of DBBQ can promote the formation of large particle-shaped products rather than film-like products in the solution phase [13], which may be beneficial for lowering the charge/discharge overpotentials and improving cycling stability of the Li-O2 batteries with dual RMs-IL-GPE. To determine if the discharge product of the dual RMs-IL-GPE-based Li-O2 battery is Li2O2 or not, ex situ XPS spectra of the SWCNT electrodes in different states are obtained in Figure 4d,e and Figure S8, Supplementary Materials. Figure 4d,e compares the Li 1s XPS spectra of the discharged and recharged cathodes, respectively. The Li 1s region for the discharged electrode can be assigned with the underlying Li2O2 (Li 1s: 54.4 eV) [36] and surface Li2CO3 species (Li 1s: 55.3 eV) [37] generated by the chemical reaction of carbon cathode in contact with Li2O2 [38,39]. Upon recharging, the Li 1s peaks related to Li2O2 have vanished except for the surface Li2CO3 species. This result is also in good agreement with the corresponding O 1s and C 1s XPS spectra. According to the previous study [27,28], the utilization of MPT as the OER catalyst has been demonstrated to effectively decompose Li2O2 on the solid–liquid interface, which can dramatically reduce the OER overpotential. To confirm this point, in situ DEMS was performed to study the evolved gases when recharging the DBBQ-MPT-IL-GPE-based Li-O2 cell. Before the recharge test, the corresponding Li-O2 cell was discharged to the limited capacity of 0.5 mAh in pure O2 gas. Then, the DEMS system was purged with an Ar stream for 4 h before recharging. We traced the evolution of gaseous O2 (m/z = 32) and CO2 (m/z = 44) during recharging to the capacity of 0.5 mAh at a current density of 0.3 mA (Figure 4f,g). As depicted in Figure 4g, in situ DEMS result presents that a stronger signal of O2 evolution can be detected during the overall recharging process. However, a trace of CO2 is evolved from the decomposition of byproducts Li2CO3 when recharged above 4.5 V. Moreover, the IL-GPE-based Li-O2 cell with DBBQ and MPT could yield e−/O2chg = 2.11 through the quantitative analysis, which suggests that some parasitic electrochemical processes occur during charging. Based on these ex and in situ characterizations, we can deduce the electrochemical mechanism in the IL-GPE-based Li-O2 battery with dual soluble mediators (DBBQ and MPT) in Figure 5: On discharging, DBBQ can facilitate the solution-phase nucleation of Li2O2 without passivating the electrode through forming a new intermediate LiDBBQO2. On charging, MPT can be electrochemically oxidized to MPT+ at a lower charge potential, and then MPT+ decomposes Li2O2 into O2 through a chemical reaction at the solid/liquid interface. As a result, this unique collaboration between DBBQ and MPT can improve the round-trip efficiency and the cycling stability of the IL-GPE-based Li-O2 batteries.





4. Conclusions


In summary, a Li-O2 battery was developed by utilizing a PP13TFSI-TEGDME-mixed GPE with 20 mM DBBQ and 40 mM MPT as electrolyte and SWCNT cathode, respectively. This unique DBBQ-MPT-IL-based GPE possesses a relatively high ion conductivity and wide, stable potential window, considered to be a useful protecting layer for lithium anode in Li-O2 batteries. Moreover, in this GPE, DBBQ as the ORR catalyst can promote the growth of discharge products without passivating the electrode through the solution-phase pathway, simultaneously MPT/MPT+ as an OER mediator can oxidize Li2O2 at low charge overpotentials through a solid–liquid chemical reaction. As a result, the DBBQ-MPT-IL-GPE-based Li-O2 cell can maintain the capacity of 5000 mAh g−1 for 20 cycles and 1000 mAh g−1 for 100 cycles with lower charge/discharge overpotentials. The conversion between Li2O2 and O2 was confirmed by ex situ SEM, XPS, and in situ DEMS analyses. However, it should be noted that the carbon cathode can still be unstable toward the discharge product Li2O2. Hence, optimizing the protected carbon cathodes or designing new porous carbon-free cathodes would be the next step for enhancing the Dual RMs-GPE-based Li-O2 batteries. This concept proposed here may offer a useful method to realize high-efficiency Li–air batteries.
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Figure 1. (a) SEM and (b) photographic images of DBBQMPT-IL-GPE. (c) EIS test of DBBQ-MPT-IL-GPE, two stainless steel meshes (SSM) are used with DBBQ-MPT-IL-GPE to form an SSM/IL-GPE/SSM symmetric cell, and the testing frequency range is 0.1 Hz to 100 KHz. (d) Linear sweep voltammetry (LSV) profile of DBBQ-MPT-IL-GPE, and the scan rate is 10 mV s−1. 
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Figure 2. (a) Discharge/charge profiles of the Li-O2 batteries using pure IL-GPE (dashed lines) and 20 mM DBBQ-40 mM MPT-IL-GPE (solid lines) at an applied current density of 100 mA g−1. (b) The corresponding discharge-specific capacities of the pure IL-GPE and 20 mM DBBQ-40 mM MPT-IL-GPE-based Li-O2 batteries at different cycle numbers. (c) Initial discharge–charge voltage profiles of the Li-O2 batteries using different GPE at a fixed capacity of 1000 mAh g−1 with a current density of 100 mA g−1. (d) The corresponding discharge–charge voltage gaps for the Li-O2 batteries using different GPEs. 
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Figure 3. (a) Voltage profiles of the DBBQ-MPT-IL-GPE-based Li-O2 batteries during cycling and (b) the corresponding discharge/charge terminal voltage vs. cycle number. (c) Discharge/charge profiles of the pure IL-GPE-based Li-O2 batteries and (d) the corresponding discharge/charge terminal voltage vs. cycle number. Measuring conditions: the current density of 100 mA g−1 and the specifically limited capacity of 1000 mAh g−1. 
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Figure 4. Ex situ SEM images of the SWCNT cathodes at various stages: (a) pristine, (b) discharged, and (c) recharged. Ex situ Li 1s XPS spectra of the SWCNT cathodes at different stages: (d) discharged and (e) recharged. (f) The charge voltage profile of a DBBQ-MPT-IL-GPE-based Li-O2 battery with a discharged SWCNT cathode and (g) the corresponding gaseous evolution of O2 and CO2 detected by in situ DEMS system. 
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Figure 5. Schematics of cathode electrode reactions on discharging and recharging with DBBQ and MPT. On discharging (orange area), DBBQ is first reduced to the intermediate LiDBBQ2, then disproportionation into Li2O2 and regenerating to DBBQ in solution. On recharging (blue area), MPT is oxidized to MPT+, which decomposes Li2O2 at the solid–liquid interface, evolving O2 and regenerating itself to MPT. 
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