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Methods
Materials synthesis
Synthesis of FeCoNi LDH
FeCoNi LDH was synthesized through a previously reported method1, which involves hydrolysis of metals ions and co-deposition of the hydroxides. Briefly, Co(NO3)2·6H2O (3.49 g) and 2-methylimidazole (3.94 g) were dissolved in 300 mL methanol, respectively. The 2-methylimidazole solution was poured into the Co(NO3)2·6H2O solution with stirring, and then kept at room temperature for 24 h. Then the reaction product was separated by centrifugation, washed several times with methanol and dried in vacuum at 60oC to obtain the purple power Co-ZIF. Subsequently, the obtained Co-ZIF (about 0.60 g) was ultrasonically dispersed in 150 mL ethanol for about 10 min, and a Ni(NO3)2·6H2O (1.10 g) solution (dissolved in 50 mL ethanol) was added to the above dispersion and stirred for 90 min. The separation and drying processes were the same as for Co-ZIF. The obtained Co-ZIF@CoNi LDH product (about 0.38 g) was then dispersed in 10 mL ethanol. Finally, the FeCl2·xH2O (about 1.05 g) (dissolved in 10 mL ethanol) solution was poured into the Co-ZIF@CoNi LDH solution, and then stirred for 2.5 h. The final FeCoNi LDH product was collected after centrifugation, washed with ethanol/H2O for several times and then dried in vacuum at 60ºC.
Synthesis of Co LDH
Co-ZIF powder (0.2 g) and Co(NO3)2 (0.45 g) were firstly dispersed in 100 mL and 25 mL methanol, respectively. The above two solutions were homogeneously mixed and stirred at room temperature for 2 h. The resulting products were then centrifuged three times with ethanol and dried under vacuum at 60oC. The dry powder was then ultrasonically dispersed in 75 mL of ethanol and followed by an addition of 25 mL of ultrapure water. The mixtures were stirred at room temperature for 3 days. At last, the product was centrifuged twice with ethanol and subjected to vacuum drying at 60oC.
Synthesis of CoNi LDH
CoNi LDH was synthesized by using similar method. Another precursor Ni(NO3)2 solution (0.45 g dissolved in 25 mL methanol) was added and the final mixtures were stirred at room temperature for 1 day. 
Synthesis of FeCo LDH
FeCo LDH was synthesized by using similar method. Another precursor FeCl2 solution (0.31g dissolved in 25 mL methanol) was added and the final mixtures were stirred at room temperature for 1 day. 
Cathode electrode preparation and Li-O2 battery assembly
For FeCoNi LDH/SP cathode preparation, the FeCoNi LDH powder, Super P (marked as SP) and polytetrafluoroethylene (PTFE, a dispersion of 60 wt%, Macklin) with a mass ratio of 1:2:0.5 were homogeneously mixed in a mortar and prepared into cathode films with 15 mm diameter (about 1 mg/cm2). The FeCoNi LDH/13C (purity 97.1%, isotope enrichment 99.0%) cathode was prepared in the same way as FeCoNi LDH/SP. 
For FeCoNi LDH/Au cathode preparation, the FeCoNi LDH powder, gold powder (marked as Au) and PTFE with a mass ratio of 1:4:0.5 were homogeneously mixed and prepared into cathode films (about 1 cm2), which was then pressed on a stainless steel mesh. The counter electrode consisting of lithium iron phosphate (LFP)/ferric phosphate (FP)/SP was prepared through a previously reported method18. These films were transferred into glovebox after dried under vacuum at 160°C for 12 h. 
All Li-O2 batteries were assembled using a Swagelok design in a glovebox. The detail for making a Swagelok cell can refer to our previous work18. Specially, The FeCoNi LDH/SP cathode was utilized together with a lithium iron phosphate/ferric phosphate/SP counter electrode, a glassy fibre separator, and electrolytes for the assembly of a Swagelok cell under argon atmosphere in a glovebox. The Li-O2 Swagelok cell was cycled galvanostatically on a Neware battery test system. The electrolyte used in Li-O2 battery was 1 M LiTFSI/single organic solvent with 5% H2O or 18O-enriched H218O addition. The enrichment level of 18O is 97% (97% H218O and 3% H216O, Shanghai Maotu Gases Co., Ltd.). The single organic solvent is one of the those following solvents such as sulfolane (TMS, >99%, Macklin), dimethyl sulfoxide (DMSO, >99.9%, Macklin), tetraglyme (G4, ≥99.9%, Dow Chemical).  The reaction atmosphere of Li-O2 battery was 20% 16O2/Ar or 20% 18O2/Ar. 
Electrochemical measurements
The catalyst/carbon-based Li-O2 Swagelok cells were cycled under the galvanostatic mode on battery test systems (Neware, CT-4000) at 0.25 mA. The catalyst/Au-based Li-O2 Swagelok cells were discharged at 0.1 mA and charged at 0.25 mA. The voltage was ranged from 2.0 V to 5.5 V. 
Characterizations 
In situ UV-vis Measurement (detection of reactive oxygen species)
The assembly of the in situ three-electrode UV-vis cell can refer to previous work30. Generally, the surface of the gold disk working electrode was covered with a LiOH-preloaded FeCoNi LDH/SP slurry, which is formed by homogeneously mixing the LiOH, FeCoNi LDH, SP with polyacrylic acid binder (PAA, a dispersion of 4 wt%, the solvent was H2O, Guangdong Canrd New Energy Technology Co., Ltd.). Gold wire reference/counter electrode surfaces were covered with pastes composed of lithium iron phosphate/ferric phosphate, SP and PAA binder. All coated electrodes were dried at room temperature under Ar atmosphere. 0.1 mol/L LiTFSI/solvent added 5% H2O and ROS specific indicator were used as electrolyte. The prepared electrodes are inserted into a UV cell filled with a certain volume of electrolyte, and then sealed in an Ar-filled glovebox. In situ UV-vis measurement was conducted using UV-2800 equipment (Shanghai Yixin Scientific Instrument Co., Ltd.), which could provide the range of wavelength of 190~1100 nm. The step width for UV-vis data collection was set to 1nm.
For the detection of hydroxyl (*OH), the electrolyte used in UV-vis cell was 400 μL 0.1 mol/L LiTFSI/TMS with 5% H2O added 1 μL 0.01 mol/L p-nitrosodimethylaniline (RNO)/TMS (25 μmol/L). The cell was potentiostatically charged at the specified potential (3.65, 3.70, 3.75 and 3.80 V) for 2 hours, while the change of the RNO UV-vis absorbance (434 nm) was monitored in real time.
For the detection of singlet oxygen (1O2), the electrolyte used in the UV-vis cell was 400 μL 0.1 M LiTFSI/TMS with 5% H2O containing 32 μmol/L 9,10-Dimethylanthracene (DMA). The cell was again potentiostatically charged at the specified potential (3.65, 3.70, 3.75 and 3.80 V) for 3 hours. The corresponding changes of the DMA UV-vis absorbance was acquired in real time. 
For the detection of hydroperoxides (H2O2/HO2-), the electrolyte used in the UV-vis cell was 400 uL 0.1 M LiTFSI/TMS with 5% TiOSO4/H2O. The detail for the preparation of electrolyte is as follows: the TiOSO4 powder (15 wt.% in dilute sulfuric acid, Rhawn) was firstly added to 0.2 M H2SO4/H2O solution to form an TiOSO4/H2O solution. Then, 50 μL TiOSO4/H2O solution was mixed into 1 mL 0.1 M LiTFSI/TMS. The cell was potentiostatically charged at 3.75 V for 1 hours. Again, the change of TiOSO4 UV-vis absorbance was detected in parallel.
Online electrochemical mass spectrometry 
The OEMS system settings can refer to our previous work8. In OEMS testing, all batteries using FeCoNi LDH/SP as cathode were discharged to 0.5 mAh (~283 mAh/g) at 0.25 mA (0.14 mA/cm2) and then charged at different current densities (0.14, 0.4, 0.8, and 1.0, 1.4 mA/cm2). For batteries based on FeCoNi LDH/Au cathode, their discharge capacity and current were 0.5 mAh (~100 mAh/g) and 0.1 mA, respectively, and the charge current was set to 0.25 mA. The OEMS system composed of a Swagelok-type cell, a mass flow controller (Bronkhorst), and a mass spectrometer (QMG250M1, Pfeiffer, Linglu Instrument Co., Ltd). The entire system was hermetically sealed.
In situ attenuated total reflectance Fourier transform infrared spectroscopy
[bookmark: _Hlk167372020]Firstly, a Li-O2 battery with FeCoNi LDH/SP as cathode and TMS added with 5% H218O as electrolyte, was discharged to 0.5 mAh under an 18O-enriched 18O2 atmosphere and the discharge product is Li18OH. Then, all the components inside the Swagelok battery were transferred to the in situ infrared cell in the Ar-filled glovebox. Cyclic voltammetry (CV) measurement of the cell was carried out on a Hukuto Denko battery system (HJ series, Japan) in the potential range of 3.0 – 5.2 V at a scan rate of 0.3 mV/s, while in situ FTIR was performed on a Nicolet 6700 spectrometer instrument. When the cell was assembled, the cathode material is pressed tightly against the diamond test window. During the testing process, infrared light was reflected on the cathode surface and will penetrate the sample with a certain depth to obtain infrared spectrum.
In situ X-ray diffraction measurement
The in situ X-ray diffraction patterns were collected using a DX-2700B powder diffractometer (Dandong Haoyuan Instrument Co., Ltd.). The in situ XRD test procedure can refer to our previous work18. Firstly, the Swagelok battery using FeCoNi LDH/SP as cathode was discharged to 2 mAh at a current of 0.25 mA in a pure oxygen environment. The cell components were then removed from the Swagelok cell and reassembled into the in situ XRD device in an argon-filled glovebox. The XRD measurement parameters were set to a 2θ rang of 19 - 39°, a step width of 0.02° and 4 seconds per step. The collection time of each XRD pattern was approximately 1.11 hours. The battery was then charged to 5.2 V at 0.25 mA.
Ex situ X-ray photoelectron spectroscopy (XPS) 
The four FeCoNi LDH/SP-based Swagelok Li-O2 batteries were discharged to 1 mAh. One of the batteries stopped discharging, and the other three batteries were continuously charged to 3.7, 3.9 and 5.0 V at a current of 0.25 mA, respectively. Subsequently, the cathodes in different states were extracted from these batteries, soaked in acetonitrile solvent and washed three times, and then dried under vacuum at 25℃. These processed cathodes were used for XPS testing.
XPS was conducted on a Thermo Scientific K-Alphaspectrometer equipped with monochromatic Al Kα radiation (hν = 1486.6 eV). The working voltage and filament current of the equipment were set to 12 kV and 6 mA, respectively. For ex situ XPS measurement, in order to accurately analyze the composition of the products on the electrode surface, a portable transfer vessel was used to process samples in a glovebox and loaded into the XPS without exposure to air. 
Titration experiments (quantification of the discharge-charge products)
The titration quantification method can refer to our previous work8. Generally, the FeCoNi LDH/SP cathodes, extracted from the cells at different states of discharge and charge, were completely dissolved in 20 mL of ultrapure water (18.2 MΩ cm, Millipore). The obtained solution was then titrated with 1 mol/L HCl solution. Combining the above acid-base titration with UV-vis and MS, the charge by-products such as Li2CO3, Li2O2 and LiOH can be well quantified. For example, with the aid of MS, the amount of Li2CO3 can be calculated via the evolution of CO2. The amount of Li2O2 can be obtained via the UV-vis measurement using specific indicator TiOSO4. TiOSO4 is sensitive to H2O2, and H2O2 is the water dissociation product of Li2O2. The amount of LiOH was then determined from the amount of HCl solution consumed only by LiOH by-product, already deducting the consumption of HCl solution from Li2O2 and Li2CO3.  

FeCoNi LDH/13C-carbon cathodes, removed from cells at various depths of discharge/charge, were dissolved in 1 mL of ultrapure water. Then, using MS to detect the 12CO2 and 13CO2 gases after the reaction of the above solution (0.8 mL) and the HCl solution (1 mL, 1 mol/L). 12CO2 and 13CO2 gases come from the decomposition of Li212CO3 and Li213CO3, respectively. The discharge capacity of these titration electrodes was 1 mAh. 


Computational methods 
Spin-polarized density functional theory (DFT) calculations were performed by employing the CP2K quantum chemistry software package. The Perdew-Burke-Ernzerhof (PBE) parametrization of generalized gradient approximation (GGA) was adopted to describe the exchange-correlation interactions in Hamiltonian. The GTH potential and Molopt basis set (DZVP-MOLOPT-SR-GTH) with a cutoff energy of 400 Ry was used to calculate. The Grimme‘s D3-type of the semiempirical method was taken into account to depict the van der Waals (vdW) interactions. All calculations were spin-polarized. The Fukui Index is calculated by the following formula:


The models are built by 3 grouped molecules to compare the redox properties of these molecules.
	Group1
	Group2
	Group3

	TMS
	TMS
	TMS

	DMSO
	DMA
	DMI

	G4
	Pyr14TFSI
	DMDMB

	
	HMPA
	


[bookmark: _Hlk166263901]
[bookmark: _Hlk167370780]All the calculations of binding energy, Bader charge and charge density difference are performed in the framework of the density functional theory with the projector augmented plane-wave method, as implemented in the Vienna ab initio simulation package2. The generalized gradient approximation proposed by Perdew-Burke-Ernzerhof (PBE) is selected for the exchange-correlation potential3. The cut-off energy for plane wave is set to 450 eV. The energy criterion is set to 10−4 eV in the iterative solution of the Kohn-Sham equation. All the structures are relaxed until the residual forces on the atoms have declined to less than 0.02 eV/Å. To avoid interlaminar interactions, a vacuum spacing of 15 Å is applied perpendicular to the slab. 
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Supplementary Fig. 1. (a) XRD patterns, (b) Raman spectrum and (c) SEM images of the pristine Co LDH, CoFe LDH, and CoNi LDH.

Co-, CoFe-, CoNi-layered double hydroxides (LDH) were synthesized through a previously reported method1, which involves hydrolysis of metals ions and co-deposition of the hydroxides. These XRD patterns ( Supplementary Fig. 1a) confirmed the formation of crystallized β-phases hydroxides4 for these obtained materials. For Co LDH, there are still some peaks (Supplementary Fig. 1a) arising from Co-ZIF (marked with solid black circle), indicating that Co-ZIF has not been fully hydrolyzed and converted to LDH. Due to the insensitivity of XRD to the composition of amorphous phases, Raman Spectroscopy were performed for these materials. As shown in Supplementary Fig. 1b, the presence of characteristic peaks centered at 455 and 523 cm-1, which are assigned to the Eg bending mode and A1g stretching mode, respectively, of TM2+-O in the LDH structure5, again corroborates the successful synthesis of the transition metal (TM) layered double hydroxides. For Co LDH, the vibrational peak located in 672 cm-1 was attributed to 2-methylimidazolate6, which comes from the residual Co-ZIF, consistent with XRD results. For CoFe LDH, the Raman peak at 677 cm-1 could be assigned to the Fe-O vibration in amorphous FeOOH, which is probably the reaction product resulting from the reaction between the surface Fe atom of CoFe LDH and the oxygen and water molecules during the synthesis. In addition, the SEM images (Supplementary Fig. 1c) of these synthesized catalysts all exhibit nanosheet morphology, providing more catalytic active sites for the ORR/OER reaction.
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Supplementary Fig. 2. SEM images of the intermediate product such as (a) Co-ZIF, (b) Co-ZIF@CoNi LDH and the final product (c) FeCoNi LDH during synthesis and their corresponding (e) XRD patterns. (d) EDS mappings and (f) Raman spectrum of FeCoNi LDH.
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Supplementary Fig. 3. The first discharge/charge curves of Li–O2 batteries based on different catalyst/TMS-based electrolyte and the corresponding gas consumption and evolution tracked by (a) OEMS, and the corresponding (b) XRD patterns of discharge product from these cells.
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Supplementary Fig. 4. The first discharge/charge curves of Li–O2 batteries based on different catalyst/solvent and the corresponding gas consumption and evolution tracked by OEMS. (a) Ru/SP cathode and DMSO (or G4, or TMS)-based cell. (b) FeCoNi LDH/SP cathode and DMSO-based cell. (c) FeCoNi LDH/SP cathode and G4-based cell. FeCoNi LDH/Au cathode and TMS-based cell with an average operating voltage at (d) 4.1 V and (e) 4.7 V. (f) LSV and OEMS measurement of a cell comprising an FeCoNi LDH/SP cathode and a TMS electrolyte with 18O-enriched H2O. The amount of H2O (H218O) added to the 1 M LiTFSI/solvent electrolyte of the above batteries was 5%. The discharge/charge current of above batteries was 0.25 mA.

The discharge curves of Li-O2 batteries based on Ru/SP or FeCoNi LDH/SP (Au) in difference electrolytes exhibited a single reaction plateau, corresponding to ~4e-/O2 stoichiometry in the OEMS measurement, ascribed to LiOH formation. For batteries with Ru/SP electrodes, LiOH decomposition upon charge did not release any O2 in the three electrolyte systems (Supplementary Fig. 4a). For batteries with FeCoNi LDH/SP electrodes, changing the solvent from DMSO to G4 has increased oxygen recovery by 10.5% (Supplementary Fig. 4b and c). For batteries based on the FeCoNi LDH catalyst, when SP substrate changed to Au substrate and the working potential of the battery increased (Supplementary Fig. 4d and e), and corresponding the oxygen recovery rate has increased up to 75%. Of note, the amount of CO2 evolution is usually inversely related to the quantity of O2 evolution. These OEMS results demonstrated that the interfaces of catalyst | solvent | conductive substrate as well as the operating conditions can significantly impact on the reversibility of the system. 
To further demonstrate that the evolved O2 comes from LiOH decomposition rather than purely by H2O oxidation, we performed OEMS measurement on the FeCoNi LDH/SP catalyzed system, by linearly sweeping the potential up to 7 V. The TMS electrolyte used contained 5% H218O (97% 18O enrichment level), so if there were H2O oxidation, significant m/z = 36 MS signals would be observed. As shown in Supplementary Fig. 4f, there was no change in the MS signal until 6.5 V, where water oxidation signals (m/z = 36, 34, 32) and carbon corrosion signals started to rise. This result shows: 1) the added water in the TMS electrolyte did not decompose until 6.5 V; 2) TMS electrolyte has an excellent electrochemical stability with a wider voltage window up to 6 V; 3) the observed O2 evolution in predischarged Li-O2 cells results from the decomposition of LiOH discharge products. 
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Supplementary Fig. 5. Discharge/charge curves of the first three cycles of the Li-O2 battery.
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Supplementary Fig. 6. Ex situ C 1s XPS spectra of FeCoNi LDH/SP cathode at (a) discharged state and charged to different states such as (b) 3.7 V, (c) 3.9 V and (d) 5.0 V.  (e) S 2p XPS spectra and (f) 13C solution NMR spectra of FeCoNi LDH/SP cathode extracted from a cycled battery at the end of charge state (5.0 V).
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 Supplementary Fig. 7. (a) C 1s XPS spectra, (b) Nyquist plots, and (c, d) SEM images of a failed battery based on FeCoNi LDH/SP cathode after 7 cycles. (e, f) SEM images of the pristine FeCoNi LDH/SP cathode.

To explore the possible failure mechanism for FeCoNi LDH/SP/TMS-based cell, the Raman, Electrochemical Impedance Spectroscopy (EIS), and SEM were performed to characterize the FeCoNi LDH/SP cathode extracted from fully charged battery. We found that there were still trace amounts of by-products such as Li2CO3 and Li2C2O4 remained on the electrode surface after 7 cycles, as seen from the C 1s XPS spectra (Supplementary Fig. 7a). It is reasonable to conclude that these by-products will gradually accumulate upon cycling and eventually lead to the failure of the battery. As seen from the SEM images of the failure battery after 7 cycles, compared with the pristine electrode, the surface of the cycled cathode was covered by a film-like by-products (Supplementary Fig. 7c and f), which completely blocks the active sites. This could lead to serious cell polarization, which is further confirmed by the EIS measurement (Supplementary Fig. 7b), as the impedance of cycled battery increased significantly. 
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 Supplementary Fig. 8. F 1s XPS spectra of a failed battery based on FeCoNi LDH/SP cathode after 7 cycles. No other product from PTFE degradation was detected. 
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Supplementary Fig. 9. Comparison of the amount of CO2 released from FeCoNi LDH/SP/TMS-based cell and FeCoNi LDH/Au/TMS-based cell during charge process tracked by OEMS.
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Supplementary Fig. 10. 12CO2 and 13CO2 MS signals obtained by titrating 13C-labelled FeCoNi LDH cathodes under different charge states, and the corresponding changes in the amount of 12CO2 and 13CO2 extracting from the integrated areas of 12CO2 and 13CO2 MS signals.
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Supplementary Fig. 11. (a) The second discharge/charge curves of FeCoNi LDH/SP/TMS-based Li–O2 batteries and the corresponding O2 and CO2 evolution tracked by OEMS. (b) The first and second discharge/charge curves of FeCoNi-LDH/TMS-based Li–O2 batteries using 13C isotope labelled carbon and the corresponding 12CO2 and 13CO2 evolution tracked by OEMS. 




[image: ]
Supplementary Fig. 12. (a) In situ UV-vis measurement of a cell using an FeCoNi LDH/SP cathode without preloaded LiOH and a TMS electrolyte with 5% TiOSO4/H2O, held at 3.75 V for 1 h. (b) UV-vis absorption spectra of the TMS electrolyte with 5% TiOSO4/H2O solution, before and after H2O2 addition. (c) UV-vis absorption spectra of the TMS electrolyte, before and after TiOSO4/H2O solution addition. (d) In situ UV-vis measurement of a cell using a Ru/SP cathode with preloaded LiOH and a DMSO electrolyte with 5% TiOSO4/H2O, held at 3.50 V for 1 h.  (e) UV-vis absorption spectra of a cell based on FeCoNi LDH/SP without preloaded LiOH and an electrolyte comprising of 1M LiTFSI, 5% H2O, and 64 μM DMA in TMS, before and after adding H2O2 solution.

We have designed some comparative experiments to demonstrate that the indicator is selective for ROS. TiOSO4, as a commonly used indicator for detecting peroxide in nonaqueous Li2O2-based Li-O2 batteries7, is used to detect whether peroxide will be produced during the decomposition of LiOH. As shown in Fig. 3a, when recharging a LiOH-preloaded working electrode (FeCoNi LDH/SP cathode) at 3.75 V for 1 h in a TMS-based electrolyte containing TiOSO4, the UV-vis absorbance at 462 nm gradually increases, which indicates H2O2/HO2- formation. To verify their formation, similar in situ UV-vis experiment was conducted without the preloaded LiOH (Supplementary Fig. 12a). After one hour of constant potential charging at 3.75 V, the absorbance of UV-vis remained unchanged, indicating that the absorbance changes in Fig. 3a was indeed related to the decomposition of LiOH. Besides, when H2O2 was added directly to the same electrolyte containing TiOSO4, a UV peak at 462 nm was observed (Supplementary Fig. 12b). We also tested the UV-vis of TMS solvent before and after adding TiOSO4, and there was no UV peak at 462 nm (Supplementary Fig. 12c). 
Additionally, to rule out the possibility of a reaction between *OH and TiOSO4, we further designed another experiment by charging a LiOH-preloaded Ru catalyst electrode in a DMSO electrolyte with TiOSO4 at 3.5 V for 1 h. In this Ru-based system, *OH was generated, but no O-O recombination and the subsequent O2 evolution occurred during recharge, which thus acts as a perfect system to solely investigate the effect of *OH. The resulting spectra showed that no absorbance of the [TiO2]2+ complex was observed (Supplementary Fig. 12d). Therefore, these above experimental results altogether strongly support that the TiOSO4 indicator is selective for H2O2/HO2 and does not react with *OH. 
As mentioned in the manuscript, singlet oxygen is not an intermediate species during the decomposition of LiOH; we speculate that the H2O2 intermediate catalytically decomposes to H2O and O2, i.e., triplet oxygen instead of singlet oxygen. In order to verify this conjecture, we added H2O2 (1 μL) into a UV-vis cell containing 0.5 mL electrolyte with DMA, and then inserted the electrode coated with the catalyst (FeCoNi LDH) into the cell. Immediately, we observed O2 bubbling due H2O2 decomposition. After the bubbling at the electrode almost ceased, we tested the DMA absorbance (Supplementary Fig. 12e) and observed that the intensity did not change after the bubbling, confirming that the decomposition of H2O2 did not produce singlet oxygen. 
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Supplementary Fig. 13. (a-d) In situ UV-vis measurements of potential reaction oxygen species (*OH) upon recharging a LiOH-preloaded cell containing 25 μmol RNO indicator holding at different potentials. (e) Current response at different potentials. (f) Moles of electrons generated and RNO consumed at different potentials.
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Supplementary Fig. 14. (a) CV curve and (b, c, d) corresponding in situ ATR-FTIR spectra of the predischarge Li18OH-based FeCoNi LDH cathode of Li-O2 battery using TMS electrolyte added 5% H218O. 

[bookmark: _Hlk166854385]To verify the presence of *OH and *H2O2/*HO2-, in situ ATR-FTIR spectroscopy measurements were conducted during the charge of the fully 18O-labelled Li18OH discharge product.  As the cell was charged from 3.0 to ~4.6 V, a few distinct peaks gradually emerged at 760, 787, 854, 1330, 3220 cm-1. The two bands around 3200 cm-1 are ascribed to the O-H stretch8. The intensity of O-H vibrational mode enhanced with increasing potentials, indicating more *H218O and *18OH formation9 (18OH- → *18OH + e-) at the electrified interface of the catalyst. In addition, the IR band at 787 cm-1 is  likely due to 18O-18O stretch of hydroperoxide (*H18O2-)10,11 and the band at 854 cm-1 is assigned to *H218O210. It is worth noting that in parallel to the formation of oxygen intermediates, signatures from Li2CO3 (760 cm-1 for the out-of-plane deformation mode of O-C=O and 1330 cm-1 for the stretching mode of O-C=O) 12,13 could also be detected upon charging. 
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Supplementary Fig. 15. (a) OEMS analysis of the SO2 gas evolution during chemical reaction between TMS solvent and hydroxyl produced by Fenton reaction. (b) Proposed pathways for degradation of TMS by electrophilic attack of *OH.

The OEMS was carried out to detect the SO2 gas after the reaction between TMS and hydroxyl (Supplementary Fig. 15a). Firstly, the TMS solvent and 30% H2O2 solution (v : v = 1:1) were evenly mixed, and 1 mL of the mixed solution was added to the Swagelok battery cavity with three channels. Then, a syringe was used to draw 1 mL of FeCl2/H2O solution (0.089 g of FeCl2‧4H2O dissolved in 1 mL of H2O) and fixed in a channel of the battery. The remaining two channels were connected to the pipeline of the flow controllers and the pipeline of the mass spectrometer, respectively. The flow rate of the carrier gas (Ar) was controlled at 1 mL/min via mass flow controllers. After the mass spectrometer gas signal baseline was stable, FeCl2/H2O solution was slowly injected into the battery and the battery was shaken slowly to allow the system to fully react.
Since the S and O atoms in the TMS structure are saturated sites, they are thus unlikely to accept radical addition. Therefore, we propose that *OH could attack the C site of C-S bond, leading to C-S cleavage and producing SO2 and H2C2O4 (Supplementary Fig. 15b)14; then H2C2O4 converts to Li2C2O4 and is decomposed by *OH to CO215, and SO2 and CO2 could be eventually converted into Li2SO3 and Li2CO3 in an alkaline environment16,17.
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Supplementary Fig. 16. Proposed OER mechanism of (a) adsorption evolution mechanism (AEM), (b) lattice oxygen mechanism, (c) electrochemical-chemical reaction (ECR) mechanism. 

Three distinct OER mechanisms have been proposed and occurred in the FeCoNi LDH catalyzed system, i.e., the adsorbate evolution mechanism (AEM), lattice oxygen mechanism (LOM) and an electrochemical-chemical mechanism (ECR). For the traditional AEM pathways (Supplementary Fig. 16a), OER usually occurs at metal sites with simple valence state changes and follows the elementary steps of *OH, *O, *OOH, and O218. In the LOM pathway (Supplementary Fig. 16b), the active oxyhydroxide phase is first deprotonated and the lattice oxygen is exposed. The exposed lattice oxygen adsorbs the foreign OH- to form *OOH. Then, the *OOH continues to deprotonate and release O2, and this process creates oxygen vacancies. Subsequently, the oxygen vacancies are refilled with OH-19,20. In a third scenario, an electrochemical-chemical reaction mechanism (ECR) could be proposed. The ROS generated during the LiOH decomposition were *OH and H2O2; adsorbed H2O2 subsequent was catalytically decomposed to yield O221 (Supplementary Fig. 16c), following a nominal four-electron reaction pathway. 
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Supplementary Fig. 17.  In situ UV-vis measurements of potential reaction oxygen species (1O2) upon recharging (a-e) LiOH-preloaded cells and (f) cells without preloaded LiOH containing 64 μmol DMA indicator holding at different potentials.
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Supplementary Fig. 18. Differential charge distributions for negative Fukui functions of solvents derived from different groups of calculations.
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Supplementary Fig. 19. Comparing the maximum Fukui function (f-) values for TMS, DMI, and DMDMB solvent molecules.
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Supplementary Fig. 20. The first (a, c) discharge/charge curves and (b, d) the corresponding OEMS results of the Ru/SP and FeCo LDH/SP based Li-O2 battery systems that were discharged at the same current density (0.14 mA/cm2), but then charged at different rates.
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Supplementary Fig. 21. Summarizing the effects of catalytic surfaces and charging potentials (varying the current density) on oxygen recovery rates.
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Supplementary Fig. 22. OEMS results showing the FeCoNi-LDH catalyzed cells discharged at the same rate, but then charged respectively at increasingly higher rates and potentials.
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[bookmark: _Hlk162470057]Supplementary Fig. 23. Differential charge distribution and Bader charge of *OH absorbed on the (a) Co and (b) Ni active sites in the surface of the FeCoNi-LDH catalyst. The binding energies of *OH at these different sites were also indicated in the figures. 
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Supplementary Fig. 24. XRD patterns of discharge products of 1st，5th and 10th cycle of FeCoNi LDH/Au cathode Li-O2 batteries.


Supplementary Table 1. Quantification of Li2CO3, Li2O2 and LiOH discharge products of FeCoNi LDH/SP cathodes at discharge state and different charge states via titration. 
	n (μmol)
	HCla
	Li2O2b
	Li2CO3c
	LiOH

	discharge (1 mAh)
	37.72
	1.53
	\
	34.66

	charge (0.05 mAh)
3.64V
	32.40
	\
	0.50
	31.40

	charge (0.1 mAh)
	31.65
	\
	0.93
	29.79

	charge (0.25 mAh)
	23.98
	\
	1.78
	20.42

	charge (0.4 mAh)
	19.22
	\
	2.44
	14.33

	charge (0.50 mAh)
	17.80
	\
	2.80
	12.19

	charge (~0.65 mAh)
	8.31
	\
	3.28
	1.74

	charge (0.75 mAh)
	5.54
	\
	2.79
	0.05

	charge (1 mAh)
	\
	\
	0.90
	\


Note: a (by acid-base titration); b (by UV-vis); c (by MS).
Supplementary Table 2. Rate constants for reactions between hydroxyl radicals and organic solvents or scavengers22,23.
	Solvent
	TMS
	DMSO
	G2
	DMAc
	RNO
	DMPO

	к
	1x108
	5.8~7x109
	1.6x109
	3.5x109
	1.25x1010
	3.6~4.9x109


Note: к refers to reaction rate constant and its unit is L mol-1 s-1.


Supplementary Table 3. Quantification of Li2CO3, Li2O2 and LiOH discharge products of FeCoNi LDH/Au cathodes at discharge/charge states of 1st, 5th, 10th cycle via titration. 
	cycle number
	capacity
(1 mAh)
	HCl
(μmol)
	Li2O2
(μmol)
	Li2CO3
(μmol)
	LiOH
(μmol)

	1st
	discharge
	37.4
	\
	0.30
	36.8

	
	charge
	
	\
	0.08
	\

	5th
	discharge
	37.3
	\
	0.60
	36.1

	
	charge
	
	\
	0.12
	\

	10th
	discharge
	37.4
	\
	0.70
	36.0

	
	charge
	
	
	0.10
	\
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