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Abstract
LiI-promoted LiOH formation in Li-O2 batteries with wet ether electrolytes has been investigated by Raman, nuclear magnetic resonance spectroscopy, operando pressure tests and molecular dynamics simulations. We find that LiOH formation is a synergistic effect involving both H2O and LiI additives, whereas with either alone Li2O2 forms. LiOH is generated via a nominal four-electron oxygen reduction reaction, the hydrogen coming from H2O and the oxygen from both O2 and H2O, and with fewer side reactions than typically associated with Li2O2 formation; the presence of fewer parasitic reactions is attributed to the proton donor role of water which can coordinate to O2- and the higher chemical stability of LiOH. Iodide plays a catalytic role in decomposing H2O2/HO2- thereby promoting LiOH formation, its efficacy being highly dependent on the water concentration. This iodide catalysis becomes retarded at high water contents due to the formation of large water-solvated clusters, and Li2O2 forms again. 
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Introduction
Non-aqueous Li-O2 batteries have garnered considerable research interest because of their much higher theoretical capacities than current Li-ion batteries.1-5 Their operation typically relies on the formation and decomposition of lithium-oxygen containing compounds6-10 during battery discharge and charge, respectively. The discharge products, be they LiO2, Li2O2 or LiOH, are poor electronic and Li+ ionic conductors,11-13 and therefore require large overpotentials for their decomposition on charging. One effective strategy to mitigate this issue is the use of soluble redox mediators (RM) in the electrolyte:14 during charge, RM molecules become electrochemically oxidized on electrode surfaces and subsequently diffuse towards the discharge products and chemically oxidize them releasing O2; as a result, a charge transfer pathway via the electrolyte is enabled, circumventing the high barriers associated with the charge transfer through the insulating bulk discharge products. 
Among the many RMs15-27 used to facilitate the charging process, LiI has been extensively studied so far, partly because of its compatibility with a Li metal anode. Earlier reports15,26 suggested that LiI can effectively catalyze the decomposition of Li2O2 on charging, significantly improving the cycling life of a tetraethylene glycol dimethyl ether (TEGDME)-based Li-O2 battery. More recently, LiI was also found to have a significant influence on the discharge process. When coexisting with water, LiI can promote the formation of a number of different product types other than Li2O2 on cell discharging,7,27 including LiOH, LiOOH and LiOH•H2O in a dimethoxyethane (DME)-based electrolyte, where the formation of LiOH was proposed to occur via a nominal four-electron oxygen reduction reaction (ORR):7 
(1) 4Li+ + O2 + 4e- + 2H2O → 4LiOH. 
These fundamental changes in the reaction mechanism have a profound impact on the battery electrochemistry and have thus inspired further studies to understand the synergistic effect due to the coexistence of H2O and LiI in ether electrolytes.27-34 Three key questions concerning the discharge process are discussed. Does electrochemical LiOH formation occur due to an (ether) electrolyte decomposition that provides protons, or does it occur via a stoichiometric ORR (Q1)? What is the role of LiI in promoting LiOH formation (Q2)? Why, with increasing water contents, do various other discharge products (Li2O2, LiOOH) form (Q3)? 
To answer the 1st question, some of the authors performed 2H solid state NMR measurements7 on discharged electrodes, prepared in a wet ether electrolyte using either deuterated DME or D2O. We found that the latter led to LiOD formation, whereas deuterated DME electrolyte generated only LiOH, confirming that the H of the formed LiOH is from water, not DME. Burke et al.28 later studied the discharge process in a wet LiI/DME-based electrolyte using operando pressure measurements to determine the number of electrons per consumed O2 molecule. They found that at 2000 ppm water levels, the cell first underwent a 4 e-/O2 process along with LiOH formation and then a 2e-/O2 process to generate Li2O2; this transition was ascribed to the depletion of water in the electrolyte via the reaction (1). Although the 2H NMR7 and pressure results28 support a four-electron ORR on discharging, a recent study by Qiao et al.32 using TEGDME-based Li-O2 cells with only LiI as the electrolyte salt questioned on this conclusion. They observed that even in nominally dry cells (<50 ppm H2O), large LiOH crystals are formed as the major discharge product together with other side reaction products (which is inconsistent with earlier work by Kim et al.15); this observation led them to conclude that LiOH is a consequence of TEGDME decomposition reactions, posing a question as to whether LiI is suitable as a redox mediator in a glyme-based electrolyte at all. 
To understand the role of LiI in LiOH formation (Q2 and Q3), several groups investigated the cell chemistry as a function of water concentrations. It was generally found that at low water contents, LiOH is the main discharge product, whereas at higher water contents Li2O2 and/or LiOOH coexist with LiOH. Tulodziecki et al.31 observed a much higher chemical shift for the 1H NMR signal of water (closer to that of bulk water) in the presence of LiI at low water contents, as compared to that in the presence of LiTFSI, the 1H nuclei becoming more shielded (resulting in lower chemical shifts) with increasing water contents. The authors thus proposed that the formation of LiOH was a result of the chemical reaction between formed Li2O2/LiO2 and H2O,31 e.g., Li2O2 + 2H2O ↔ H2O2 + 2LiOH, where the strong iodide-water interaction (supported by 1H NMR and FTIR) increased the acidity of the water proton (i.e., it becomes a stronger H+ donor to Li2O2/LiO2) and thus facilitated LiOH formation. Iodide then subsequently converts H2O2 to LiOH via a redox reaction, H2O2 + 3I- + 2Li+ → 2LiOH + I3-, which is followed by electrochemical reduction of I3- to I-, again resulting in a nominal four-electron ORR on discharge. Increasing the water content, however, was proposed to make water a weaker H+ donor and thus results in formation of more Li2O2. Qiao et al. 32 recently examined the discharge process in a LiI/TEGDME electrolyte and they put forward a different explanation for the role of LiI. Using Raman and IR spectroscopy, the authors observed HO2- and H2O2 (rather than Li2O2 or LiOOH) in the wet discharged electrode. In addition, the existence of IO- in discharged samples was detected using UV-vis spectroscopy. They hence suggested that the processes that lead to LiOH formation occur via the intermediate HO2-: 
(2) O2 + 2e- + H2O → HO2- + OH-, 
(3) 2HO2- +2Li+ → 2LiOH + O2,
overall being equivalent to four-electron ORR. The role of LiI was ascribed to its catalysis of the HO2- decomposition reaction: 
(4a) HO2- + I- → IO- + OH-,
(4b) IO- + HO2- → OH- + O2 + I-.
At higher water contents, the observed inactivation of this I-/IO- catalysis for LiOH formation was rationalized by an increased OH- concentration in the electrolyte that in turn stabilizes the existence of HO2-, eventually resulting in Li2O2 formation. Comparing the above two studies,31-32 it remains an open question whether the LiOH formation and then a transition to Li2O2 at high water contents is mainly a result of a changing water acidity mediated by iodide-water interactions, or is a consequence of the ability of iodide to cleave the O-O bond of HO2- in a catalytic cycle. Further, the proposed role of protons in these solvents which are in equilibrium with LiOH and Li metal (on the anode), and are thus intrinsically basic, requires further examination. 
This paper focuses on the discharge reaction to form LiOH and addresses the aforementioned issues and often contradicting observations. We use operando electrochemical pressure measurements, Raman and NMR spectroscopy, aided by isotopic labelling, to investigate systematically the discharge processes in different anhydrous ether electrolytes and at various water concentrations. By exploring the chemical reactions of model salt and electrolyte solutions, we further examine the mechanisms and determine whether LiOH is indeed due to decomposition of ether electrolytes or a result of a stoichiometric oxygen reduction reaction. In addition, molecular dynamics (MD) simulations are employed to provide insights into the electrolyte structures and dynamics, and to understand why at high water contents, the Li2O2 chemistry again starts to dominate. The results show that the LiOH formation is a four-electron ORR rather than due to ether electrolyte decomposition. The role of iodide is primarily connected to catalytic decomposition of the reaction intermediate H2O2. This LiI catalysis, however, becomes retarded at high water contents due to a distinct formation of large water-(Li+/I-) ion clusters within the ether solvent and as a result, two-electron Li2O2 electrochemistry reappears.    
Results and Discussion
Electrochemistry and Pressure Measurements
- Anhydrous LiI/ether Electrolytes: Two-electron Li2O2 Formation  
Figure 1 shows the O2 pressure response on discharging Li-O2 cells using mesoporous carbon electrodes (ENSARCO) and anhydrous ether electrolytes, with either only LiI or only LiTSFI (lithium bis(trifluoromethanesulfonyl)imide) as the salt. The electrochemistry for electrolytes with only LiI in DME (A), DEGDME (diethylene glycol dimethyl ether or diglyme) (B), and TEGDME (C) exhibit typical discharge plateaus at ~2.7 V. The pressure drops upon discharging correspond to electron, e/O2 molar ratios of 2.2, 2.1 and 2.4 for DME, DEGDME and TEGDME respectively, which is similar to that obtained using a 0.3 M LiTFSI/DME electrolyte (Figure 1D), consistent with Li2O2 chemistry.35 The slight deviation from an ideal two-electron process is attributed to electrolyte decomposition processes caused by LiO2 and Li2O2.36-46 The corresponding XRD measurements of the electrodes at the end of discharge with DME and DEGDME (Figure S1a) show weak reflections at angles expected for Li2O2, consistent with a surface dominated discharge process in a low donor number electrolyte in the absence of solvating additives.47-49 Some weak reflections from the by-product LiOH were also observed in the XRD patterns of DME and DEGDME electrodes, but no reflections from either Li2O2 or LiOH can be seen in the 1 M LiI/TEGDME case, reinforcing the notion that TEGDME is a poorer solvating solvent than DME and DEGDME.50 SEM images (Figure S1b-d) reveal that the discharge products in the TEGDME case are thin films/small particles; this observation is in contrast with the earlier report of Qiao et al.32 that LiOH is the dominant discharge product when using a nominally anhydrous 1 M LiI/TEGDME electrolyte (<50 ppm H2O), where the size of the formed crystalline LiOH particles exceeds a few microns in size. When these authors used a 1 M LiTFSI/TEGDME electrolyte (without LiI), toroidal Li2O2 crystals were formed,32 which suggests that some solvating impurities (as proton donors) other than H2O existed in their undistilled electrolyte, (e.g., the possible presence of a glycol precursor used in the TEGDME synthesis). When we used a nominally dry but undistilled TEGDME electrolyte in an attempt to reproduce their conditions, we indeed observed that crystalline LiOH forms as the dominant discharge product (Figure S1a, and e-f). We therefore conclude that for a chemically pure and anhydrous LiI/ether (DME, DEGDME, TEGDME) electrolyte, two-electron Li2O2 formation is the dominant discharge process, which is in agreement with Kwak et al.,25 Burke et al.,28 and Tulodziecki et al.31
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Figure 1. Operando electrochemical pressure measurements of Li-O2 batteries under pure O2 using different electrolytes: 0.2 M LiI/DME (A), ~0.1 M LiI/DEGDME (B), 1 M LiI/TEGDME (C) and 0.3 M LiTFSI/DME (D). The current rates used for the discharge for (A-C) were 0.1 mA/cm2 and 0.05 mA/cm2 for (D). LiI saturates at ~ 0.3 M in DME and ~0.15 M in diglyme; thus, 0.2 M and 0.1 M LiI were used to avoid LiI precipitation. Of note, adding water increases the LiI solubility. The two discharges separated by resting periods of 2 hours were performed in A-C, to check consistency in e/O2 ratios at deeper discharges in the presence of LiI. 
-LiOH Formation: A Four-Electron ORR:  
Next we explored the effect of water on the e/O2 molar ratio. It is now established that adding up to several thousands of ppm water to an ether electrolyte (without LiI) does not change the discharge product from Li2O2 to LiOH.7,48 A pressure measurement of a Li-O2 cell using 2 vol% (20,000 ppm) water confirms a two-electron oxygen reduction to form Li2O2 during discharge (Figure S2a and b). However, when LiI was added together with water to the electrolyte, the discharge product becomes LiOH (Figure S2b), consistent with previous reports.7,27-28 
To investigate the synergistic effect of LiI and H2O systematically, we performed pressure measurements28 as a function of an increasing water content in 0.3 M LiI/DME (0.2% (2000 ppm), 0.5% (5000 ppm), 1% (10,000 ppm), 2% (20,000 ppm), and 5% (50,000 ppm), which correspond to H2O/LiI molar ratios of 0.3, 0.8, 1.6, 3.3, and 8.2). At water contents of less than 0.5% (Figure 2A and B), the cells exhibit two consecutive discharge plateaus (or relatively flat voltage regions), corresponding to first an e/O2 ratio of 3.9 and then 2.1, a discontinuity being observed at the transition point between plateaus (indicated by the broken line); this is consistent with the previous study using a 0.25 M LiTFSI/0.05 M LiI/DME electrolyte.28 Weak XRD reflections of LiOH and Li2O2 are observed for the 0.2% H2O case (Figure 2F), whereas only LiOH is detected in the XRD pattern for 0.5% water, the absence of Li2O2 reflections being ascribed to the much lower electrochemical capacity associated with the e/O2=2.1 region (Figure 2B). When a higher water content (1%) was used (Figure 2C), an e/O2 molar ratio of 4 was observed throughout and the discharge product only contained LiOH (Figure 2F), strongly supporting our prior proposal7 that the LiOH formation is formally a stoichiometric four-electron oxygen reduction reaction, i.e., 4Li+ + O2 + 4e- + 2H2O → 4LiOH. On increasing the cycling rate to 1 mA/cm2 in the DME-based electrolyte or on swapping to a DEGDME electrolyte, this molar ratio is still close to 4 (Figure S3(a-b)), showing that LiI effectively promotes LiOH formation in the presence of water. This reaction consumes water. Hence, the distinct regions of the voltage profile and the pressure curve in the 0.2% and 0.5% H2O cases (Figure 2A and B) represent consecutive LiOH and Li2O2 formation, the transition being caused by the depletion of water in the electrolyte (2000 ppm water in 50 μl electrolyte corresponds to 0.25 mAh of LiOH formation). The significant reduction in the solvating ability of the electrolyte after the depletion of the water, is most likely the cause of the poor crystallinity of the Li2O2 and thus the corresponding weak XRD reflections (Figure 2F). On increasing the water content to 2% (D), the e/O2 molar ratio remains at around 4. Li2O2 now re-appears in the discharge product along with LiOH, the LiOH reflections still dominating the XRD pattern (Figure 2F). At an even higher water content of 5%, the e/O2 molar ratio deviates considerably from 4 (Figure 2E), being ~2.9 on average, which suggests that a mixture of Li2O2 and LiOH is formed, consistent with the corresponding XRD pattern (Figure 2F).
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Figure 2. Operando electrochemical pressure measurements of Li-O2 batteries using a 0.3 M LiI/DME electrolyte with different water contents: 0.2% (A), 0.5% (B), 1% (C) 2% (D) and 5% (E); the corresponding XRD patterns of the electrodes extracted from the cells at the end of discharge are shown in (F). The discharge rate used is 0.1 mA/cm2. 
Solid-State NMR and Raman Studies of LiOH formation:
To characterize the LiOH chemistry that occurs with water contents below 2% further, we performed Raman and solid-state NMR measurements, aided by isotopic labelling. First, the solid products generated chemically by adding KO2 to LiTFSI/DME or LiI/DME electrolytes31,42 were dried in vacuo and then investigated by Raman spectroscopy (Figure 3A) and XRD (Figure S4). This method was chosen so as to chemically generate LiO2 in situ, which is the first species generated upon electrochemical reduction of O2, to explore its reactivity as a function of water and LiI concentrations. In the case of LiTFSI/DME with 1% (10,000 ppm) water (Figure 3A), Li2O2 was the main reaction product with only a small quantity of LiOH being observed; a similar result was observed for the case of dry LiI/DME, consistent with electrochemically discharged products in Figures 1 and S2. When both LiI and H2O are present in the electrolyte, only LiOH was detected, and replacing H2O by D2O led to the formation of only LiOD, evidenced by a characteristic υO-D isotopic redshift versus υO-H, and consistent with previous 2H solid-state NMR results.7 These observations generally agree with the conclusions based on XRD and pressure measurements: LiI and H2O alone cannot promote LiOH formation but when they coexist, LiOH forms, the H coming from the water rather than the DME solvent. 
Next, either gaseous O2 or H2O were enriched by 17O to verify the O source in LiOH on electrochemical reduction. In both cases, the resulting 17O NMR spectra (Figure 3B) revealed a resonance at around -50 ppm with a characteristic 2nd-order quadrupolar broadened line shape, which is assigned to LiOH.51 It is thus clear that oxygen atoms in both O2 and H2O contribute to the formation of LiOH. These isotopic labelling experiments (Figure 3A and B) are in agreement with a stoichiometric four-electron oxygen reduction reaction for the LiOH generation. Quantitative 1H solid-state NMR spectra (Figure 3C) comparing the discharged electrodes generated using water-added LiI/DME and LiTFSI/DME electrolytes show that the Li2O2 electrochemistry clearly generated Li formate, acetate, methoxide and hydroxide side-reaction products (1H resonances in -2 to 10 ppm),7 whereas only a single 1H resonance at -1.5 ppm was seen for the LiOH electrochemistry, suggesting fewer side reactions are involved in the LiOH chemistry; 7 the same phenomenon was already observed for Ru-catalyzed LiOH formation.51
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Figure 3. Characterization of the LiOH formation using Raman (A), and 17O and 1H solid-state NMR spectroscopy (B and C). The LiI or LiTFSI concentration in a DME electrolyte is 0.3 M and water content is 1% in A-C. The solid precipitates were dried in vacuo prior to Raman measurements (A). The 17O NMR spectra were acquired at 16.7 T, with a MAS rate of 60 kHz. 1H solid-state NMR spectra were acquired at 11.7 T, with a MAS rate of 30 kHz, where a 30º flip angle and a sufficiently long enough recycle delay, 200 s, were used to ensure quantification of 1H signals. 
Effect of Iodide Ions on Water Structure and Reactivity: NMR, FTIR and MD Simulations
In the previous sections, we have unambiguously shown that LiOH formation is a stoichiometric four-electron ORR reaction on discharge. We now discuss the role of iodide on the cell chemistry and specifically on water in the electrolyte, since only when iodide is also present does water become a reactant to generate LiOH. 
In order to focus on the effect of I- anion alone on water (Figures 4A and B), 1H solution NMR and FTIR spectra of either only 0.3 M LiI or only 0.3 M LiTFSI in a DME electrolyte were compared. Different water contents were investigated, where 0.2% (2000 ppm), 0.5% (5000 ppm), 1% (10,000 ppm), 2% (20,000 ppm), and 5% (50,000 ppm) water contents correspond to H2O/LiI molar ratios of 0.3, 0.8, 1.6, 3.3, and 8.2, respectively. By comparing the NMR spectra at a specific water content, we can evaluate the anion effect on water; by following the spectra with rising water contents, we can derive the dependence of the water 1H chemical shift on the I-/H2O ratio.31 
For 0.3 M LiTFSI, the 1H chemical shift of water (Figure 4A) deviates significantly from that of bulk water (4.8 ppm), and stays almost constant at 3.50 ppm until 5% water content. Very different behavior is observed in the case of 0.3 M LiI (Figure 4A): at a 0.2% water concentration, the presence of iodide results in higher 1H chemical shifts of the water molecules (closer to the bulk water value) in comparison to those seen in the corresponding LiTFSI case; a concomitant lower O-H stretching frequency was seen in the IR spectra (Figure 4B). On increasing the water content up to 5%, the δ(1H) of water in the LiI electrolyte shifted towards that of LiTFSI case (deviating further from bulk water). Beyond 5%, the 1H resonances of water in both series of solutions shifted towards the bulk water value of 4.8 ppm. A similar trend was observed in the FTIR spectra with increasing water contents (Figure 4B) in terms of the shift of the O-H stretch vibration. These 1H solution NMR and FTIR results are generally consistent with a recent study on the same system.31 Compared to TFSI-, the increased interaction between I- anions and the H atoms of water appear to result in a weakened O-H bond (as seen by the redshifted υO-H) and increased dipole moments that result in increased υO-H intensity; at higher water concentrations (up to 5%), this effect becomes attenuated.
To understand iodide effect on water in the electrolyte better, molecular dynamics simulations were performed to reveal local structures and the coordination of ions as a function of the water content (Figure 5). For the dry LiI/DME case, the Li+ and I- ions are homogeneously distributed in the electrolyte (Figure 5A is an illustrative snapshot of this anhydrous scenario with DME removed for clarity) and they tend to form ion pairs; see Figure S5 for the equivalent cases with DME shown. At H2O/I- ratios of 0.5 and 1.5 (i.e., at 0.25% and 0.75% added water where LiOH forms, Figure 5B and C), H2O coordinates with Li+ via its oxygen atom, and to I- through its hydrogen atom in their respective first solvation shells, which is also shown in the corresponding radial distribution function plots (Figure S6). Connections of Li+ and I- ions through a water molecule or H-O bonding network among water are observed (Figure 5B-D, enlarged areas). Nonetheless, isolated Li+, I- and their ion pairs are still the dominant coordination types. On further increasing the water content (Figure 5D-F), the clustering effect by water becomes more prevailing and the clusters grow much larger, which seems to be a collective effect of the interactions among Li+, I- ions and water molecules and the weaker interactions involving DME molecules. Meanwhile, the average number of coordinated water to I- within its first solvation shell (<0.3 nm) rise considerably with the water concentration, whereas that of coordinated Li+ to I- stays more or less constant, which is clearly illustrated in the coordination plots of iodide (Figure 5G). 
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Figure 4 Analysis of the electrolyte by 1H solution NMR (A) and FTIR (B) spectroscopies. 1H solution NMR spectra were acquired at 11.7 T using only 5vol% CD3CN solvent to minimize its effect on the H2O chemical shift. 1H resonances of DME are shaded in (A).
These MD simulation results are generally consistent with the view from 1H NMR and FTIR experiments. Because of the high proton affinity of I- (higher compared to TFSI-, but lower than OH- 52), I- interacts with water via hydrogen-halogen bonding, weakening the O-H bond of water, and resulting in the observed lower υO-H stretch and less shielded 1H signal than in the LiTFSI/DME case. With increasing water contents up to 5% (H2O/I- ratio of 10), the iodide anion becomes ‘surrounded’ by more water molecules. As a result, the average I-H interaction becomes weaker and thus the effects of I- on weakening the O-H bond and inducing shifts of the 1H nuclei are attenuated. Beyond 5% water, the hydrogen bonding effect among water molecules takes over, resulting in 1H NMR and FTIR spectra that approach that of bulk water. 
[image: C:\Users\tgliu\Desktop\2018 tasks\papers\published\2018 ACS Catalysis LiI-H2O-LiOH mechanism\manuscript\final version submitted\submission after revision\Figure 5-final version.tif]Figure 5 Molecular dynamics simulation snapshots, showing Li+, I- and H2O of the LiI/DME electrolyte as a function of increasing water contents (A-F) and the corresponding coordination plots of iodide anion (G). The H2O/I- ratios are indicated at the bottom right corner of each case. The water molecules are shown by the white (hydrogen) and red spheres (oxygen). Iodine and Li ions are shown by the purple and yellow spheres. Some areas in B and D are enlarged to illustrate the coordination in electrolytes more clearly. 
Effects of Water and Iodide on the ORR
The electrochemical reduction of O2 in anhydrous nonaqueous media is generally observed to proceed first via electrochemical formation of superoxide (Li+ + e- + O2 → LiO2)47,53 and then through a chemical disproportionation reaction to form Li2O2 (2LiO2 → Li2O2 + O2), the first step determining the discharge voltage. The introduction of water to the non-aqueous electrolyte can alter the ORR mechanism via H2O reactions with O2-. It has been established54-56 that the disproportionation rate of O2- increases with proton concentration: 2O2- + 2H+ ↔ H2O2 + O2. Under alkaline conditions, it occurs via, 2O2- + H2O ↔ HO2- + OH- + O2. Indeed, peroxide species such as HO2- and H2O2 in discharged electrodes and TEDGME-based electrolytes with a few percent water have been observed by Qiao and coworkers,57 consistent with the proposed view in the earlier studies.54-56 The two-electron ORR process in a largely non-aqueous electrolyte with added water (without LiI) can thus be summarized as below (where we have estimated ∆G° for the listed reactions, in order assess their feasibility) : 
(5) 2O2 + 2e- → 2O2- 
(electrochemical, aqueous ∆G°=31.8 kJ/mol, nonaqueous (DMSO) ∆G°=47.1 kJ/mol); 
(6a) 2O2- + H2O → HO2- + OH- + O2 (chemical, aqueous ∆G°=-51.2 kJ/mol); 
(6b) HO2- + OH- + 2Li+ ↔ Li2O2 + H2O (chemical, aqueous ∆G°=-95.1 kJ/mol);
this is consistent with the observation that the cell discharge voltage in the presence of water is similar (slightly higher than) to that in anhydrous conditions, because they are both dictated by the electrochemical superoxide formation step, i.e., reaction (5) where equilibrium potentials differ by 0.16 V. The calculations used to estimate the quoted ∆G° values are given in Supporting Information (page S11).  
In the case with both LiI and H2O, it has been observed via Raman experiments that in a wet carbon electrode discharged in TEGDME electrolyte (>5% water), both HO2- and H2O2 species also exist;32 this observation suggests that the ORR in this case involves the H2O2/HO2- route and iodide effects on H2O2/HO2- rather than Li2O2. This view is further supported by the fact that iodide alone does not prevent Li2O2 formation in nominally dry ether electrolytes (Figure 1) and also that no significant transformation of Li2O2 to LiOH (or oxidation of I- to I3-) occurs after soaking Li2O2 in a dry LiI/DME electrolyte.31 
The interaction of iodide/iodine/iodates with H2O2 in aqueous media has been systematically studied before by Bray, Liebhafsky and co-workers.58 It was found that the iodide (I-), hypoiodide (IO-) and iodate (IO3-) can all catalyze H2O2 decomposition via redox reactions. For example:
(7a) 3I- + 2H+ + H2O2 → I3- + 2H2O (aqueous ∆G°=-236.7 kJ/mol),
(7b) I3- + H2O2 → 3I- + 2H+ + O2 (aqueous ∆G°=30 kJ/mol).
This reaction formally involves the disproportionation of H2O2 to the thermodynamic products H2O and O2. The first step is favoured in acid media, while the second is disfavoured. In a largely non-aqueous media where LiOH forms, we propose that the interaction of H2O2 with LiI is similar to that in neutral or alkaline aqueous media. For example, the equivalent reaction to (7) in neutral (8) media can be written as:  
(8a) 3I- + 3Li+ + H2O2 → I3- + 3Li+ + 2OH- (aqueous ∆G°=-77 kJ/mol),
(8b) I3- + 3Li+ + 2OH- + H2O2 → 3I- + 3Li+ + 2H2O + O2 (aqueous ∆G°=-129.2 kJ/mol).
-Water-Dependent H2O2 Reaction with LiI in DME:  
To explore the effect of water on the proposed chemical reactions of H2O2 with LiI in DME, H2O2 was added into a 0.3 M LiI/DME electrolyte with various water contents (0.5%, 5%, 20%, 50% and 100%) (Figure 6A). Evident differences in terms of gas evolution and color change exist among these electrolytes. Compared to the case with 0.5% water, more O2 gas evolution (detected via an O2 sensor), less solid precipitation and lighter yellow color generation were observed at higher water contents (Figure 6A; observations summarized in Figure S7), demonstrating water-dependent reaction mechanisms. In situ UV-vis measurements of these reactions at up to 20% water (Figures 6(B, C) and S8) show that I3- is the dominant form of oxidized iodine species (295 and 365 nm). No characteristic IO- (457 nm) or IO3- (282, 228 nm) absorption peaks (Figure S9) were observed. These results were compared with the UV-vis spectrum of the electrolyte from a cell containing 5% water-added electrolyte after electrochemical discharge, where I3- peaks (rather than IO- or IO3) were observed in the UV-vis spectrum (Figure 6B, inset). We thus suggest that I-/ I3- is the primary iodine redox couple participating in the battery discharge process at below 20% water content. 
Further examining 0.5% water content case, the reactant H2O2 was consumed (Figure S10a) with I3- and LiOH generated (Figures 6B and S10b), all consistent with reaction 8(a). Moreover, the accumulation of I3- implies that reaction (8b) is quite sluggish at 0.5% water concentration, which is consistent with the absence of O2 bubbling. The UV-vis signal is a measure of the steady state I3- concentration, and is expected to increase and then decrease with time, as the reactant H2O2 is consumed; this anticipated decreasing intensity with time was indeed observed at a 20% water content (Figure 6C), suggesting that the reaction of LiI3 with LiOH in the presence of H2O2 accelerates with added water. 
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Figure 6. Optical images and UV-vis characterization of the reactions of H2O2 with LiI/DME (in excess) as a function of water concentration in the electrolyte. (A) shows the optical images of the electrolyte before reaction, during reaction and after reaction (overnight). (B, C) show the UV-vis measurements of the electrolyte at a 0.5% or 20% water content, respectively. Inset in (B) shows a UV-vis spectrum of an electrolyte (at a 5% water content) extracted from the separator of a discharged cell. 
-Water-Dependent Reaction of LiI3 with LiOH-H2O2 Mixtures:  
To further verify that reaction (8b) can take place, and to investigate its dependence on the water content, we evaluated the reactions of LiI3 (0.05 M, in deficit) with a LiOH (solid) -H2O2 slurry in DME with increasing water contents of up to 20% (Figure S11). Gas bubbling and rapid color fading were seen at 5% and 20% water contents (Figure S11), but very little bubbling was seen at 0.5% water. O2 evolution was confirmed by connecting the reaction to a mass spectrometer: an O2 signal (m/z=32) was immediately observed (Figure 7A, inset) after injection of 0.05 M LiI3/DME to the LiOH-H2O2 DME mixture, and compared to the nominally dry condition, the rate of O2 evolution increasing considerably with added water (Figure S12). The corresponding UV-vis (Figure 7A) and 1H solution NMR measurements (Figure S13) of the reaction revealed that the I3- and H2O2 were consumed and more H2O was generated, and LiOH solids gradually disappeared. All the above observations support that reaction (8b) is indeed feasible and its rate becomes faster with added water. 
Raman measurements on the wet LiOH solid during its reaction with LiI3 reveal that the reaction is more complex, and that a chemical reaction between LiOH and H2O2 also occurs to form Li2O2 via LiOH•H2O, and then LiOOH (Figure 7B), essentially:
(9) 2LiOH + H2O2 ↔ Li2O2 + 2H2O (aqueous ∆G°=-40 kJ/mol), 
the forward reaction being more favorable than the reverse one. 
This suggests that H2O2 aids the LiI3-mediated removal of LiOH by converting LiOH to Li2O2/LiOOH and H2O (more discussions on this reaction in Figure S14). Of note, although by adding H2O2 to the ether electrolyte promotes LiI3-mediated O2 evolution, this does not necessarily suggest that the released O2 stems from LiOH/H2O, which can alternatively come from peroxide species (Li2O2/LiOOH). Raman measurements (Figure 7C) on the reaction of Li18OH with H216O2 confirmed that the oxygens in the resulting Li2O2 originated from H216O2, and 18O in Li18OH likely ended up in water (i.e., 2Li18OH + H216O2 → Li216O2 + 2H218O). This water-assisted O2 evolution was also observed on reacting LiI3 reaction with Li2O2 (Figures S11 and S15). The water likely facilitates the decomposition of Li2O2/LiOOH solid products by increasing their dissolution, thereby enabling a facile homogeneous catalytic reaction rather than relying on reactions on the limited solid surfaces. 
[bookmark: _GoBack]The question that whether LiOH can be decomposed via four-electron oxygen evolution reaction at low overpotentials (<3.5 V) has the subject of much discussion27-28,32,59-61, as it is connected to the reversibility of the battery. In the LiI mediated ether electrolyte system, LiOH removal on charging has been shown to involve iodate formation due to reactions with I3-/I2 rather than O2 evolution,28,59,60 whereas in another study27 O2 evolution by mass spectrometry was detected when mixing I2 with LiOH in DME/H2O solutions and LiOH decomposition via O2 evolution was considered feasible on battery charging. In a ruthenium catalyzed system, LiOH removal on charging can occur at 3.1 V via a coupled DMSO electrolyte oxidation to form DMSO2,51 i.e., no O2 evolution was observed, although in another study62 LiOH oxidation via O2 evolution in the same Ru electrode/DMSO electrolyte system (but differing in water contents) was detected using gas chromatography at 3.27 V. It is clear that the mechanism of electrochemical LiOH oxidation in nonaqueous media is complex and worthy of further systematic investigation. We recently found that the process of LiOH decomposition via lithium iodide is highly dependent on the concentration and types of co-additives, which will be discussed in a separate publication. 
[image: C:\Users\tgliu\Desktop\2018 tasks\papers\published\2018 ACS Catalysis LiI-H2O-LiOH mechanism\figures\figures\Figure 8 final version.jpg]
Figure 7. Characterizing the reaction of LiI3/DME with a LiOH-H2O2 mixture in DME electrolytes: (A) shows the in situ UV-vis spectra of the reaction (inset: O2 evolution from the reaction); (B) shows Raman measurements on the wet solids during the reaction. The black, red, green, orange and grey dashed lines indicate major vibrations from LiOH, LiOH•H2O, LiOOH, Li2O2 and DME, respectively; (C) shows Raman spectra using 18O labelled LiOH to react with naturally abundant H2O2 aqueous solution. A redshift of around 30 cm-1 (indicated by the red dash line) is expected for the O-O stretch in Li218O2 compared with Li216O2.    
-A Summary of the Discharge Mechanism
The reaction mechanisms under the synergistic effects of LiI and H2O are summarized in Scheme 1. In the presence of water alone: electrochemically formed O2- can chemically react with water to form H2O2, which subsequently reacts with Li+ ions to precipitate out Li2O2. When iodide and water coexist: at low water contents (<0.5%), electrochemically formed O2- chemically reacts with water to form H2O2; H2O2 then oxidizes LiI to form LiI3 along with LiOH, the former being electrochemically reduced back to LiI. Overall, there are nominally four electrons per reduced O2. At higher water contents (~5%), the following process becomes dominant: the generated H2O2 subsequently disproportionates to H2O and O2 via I-/I3- catalysis; overall it is also a nominally four-electron ORR. Nonetheless, the efficacy of iodide catalysis on H2O2 decomposition at higher water contents is retarded due to the formation of large LiI-H2O clusters, where iodide anions are heavily coordinated and surrounded by a large number of water molecules (Figure 5E, F and G). Because the iodide anions are now deeply embedded inside the clusters, the accessibility for H2O2/HO2- species to interact directly with iodide is considerably reduced. These remaining H2O2 will eventually be converted to Li2O2, as if in the case without LiI; the cell thus exhibits a mixed chemistry (2 < e-/O2 < 4) with both LiOH and Li2O2 being present in the discharge product. 
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Scheme 1 A summary of the potential ORR mechanisms in the presence of only water, and with water and iodide both present in a DME electrolyte. Note: because HO2- and H2O2 coexist in equilibrium, the equivalent pathway for HO2- may also occur. E and C correspond to electrochemical and chemical steps, respectively. 
Conclusions
In conclusion, the major role of iodide in promoting LiOH formation is connected to its catalytic role in decomposing H2O2 or HO2-. At low water contents, H2O2 is then chemically reduced to LiOH via oxidation of LiI to LiI3; on cell discharging, the operating oxygen reduction potential is low enough to concomitantly reduce LiI3 to LiI, allowing the chemical reaction to continue. At higher water contents, the reaction rate of LiOH-H2O2 with LiI3 increases fast, the overall catalytic reaction involving an I-/I3- redox couple mediated disproportionation of H2O2 to form H2O and O2. Both pathways generate a nominally four-electron ORR. 
At high water contents, large clusters form due to the collective polar interactions among the ions and water molecules. Iodide thus becomes embedded in the clusters, its catalytic actions on H2O2 being hindered. As a result, Li2O2, H2O2, LiOOH, LiOH and H2O coexist at the electrode/electrolyte interface after discharge. 
Water is clearly shown by NMR spectroscopy to be the proton source for LiOH formation, rather than the ether electrolytes. Compared with the Li2O2 chemistry, electrochemical LiOH formation involves fewer side reactions, which is attributed to the preferential proton donor role of water over DME to disproportionate superoxide into H2O2 and O2, and the lower chemical reactivity of LiOH with ether electrolyte compared to Li2O2. This work highlights the synergistic effect of water and iodide-based redox mediators on modulating the mechanism of lithium-oxygen electrochemistry. 
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