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Supplementary Methods

Photochemical generation of 1O2. 1O2 was generated photochemically by illuminating O2 saturated solutions 

containing 1 μM of the photosensitizer palladium(II) meso-tetra(4-fluorophenyl)tetrabenzoporphyrin (Pd4F) at 

a wavelength of 643 nm.1 Photosensitization transfers energy from absorbed light to triplet oxygen. The 

process is initiated by the excitation of the photosensitizer from its S0 ground state to its excited singlet state 

Sn, which then relaxes to the lowest excited singlet state S1 and yields the triplet state T1 via intersystem 

crossing (ISC). T1 then transfers the energy to 3O2 to form 1O2.

Measuring the quenching efficiency. We measured the quenching efficiency by monitoring the disappearance 

rate of the 1O2 trap 9,10-dimethylanthracene (DMA) in presence of the quencher during photochemical 1O2 

generation as frequently used in the literature.2, 3 A hermetically sealed quartz cuvette with a 1 mL head space, 

equipped with a stirring bar, was filled with 1 mL of a TEGDME solution containing Pd4F and DMA in an Ar 

glovebox. The solution was bubbled with high purity oxygen at a flow rate of 1 mL·min–1 for 20 min as well as 

during illumination. The cuvette was then placed in the UV-Vis spectrometer with a temperature controlled 

sample holder (22 °C). Prior to photooxygenation, a spectrum of the sample was recorded between 200 nm 

and 800 nm, to calculate the initial DMA concentration CDMA,0 according to Beer-Lambert’s law A =  ·C∙d using 

the absorbance A at 379 nm.  and d are extinction coefficient and light path length, respectively. 

Photooxygenation was performed by illuminating for a given time, followed by 60 s stirring without 

illumination to ensure a homogeneous solution. After each photooxidation step, an absorbance spectrum was 

recorded. In consideration of the photo-sensitizer self-absorbance, all recorded spectra were subject to solvent 

background correction and baseline correction. Photo-bleaching and reactions with singlet oxygen of the 

photosensitizer were not observed, as the absorbance values of the Q- and Soret-band of the photosensitizer 

Pd4F stayed constant over the time of the experiment. The decay of the DMA concentration was fitted to C = 
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C0·exp(–kt) to obtain the slope of DMA decay. The derivative –C0·k was used to compare the efficiency of the 

quenchers. This allows determining the relative rate of 1O2 reacting with DMA or being quenched by dividing 

the DMA consumption rate with quencher by the rate without quencher.

Supplementary Figures and Tables

Fig. S1 Comparison of the impact of the salt anion on disproportionation experiments. Obtained O2, 1O2, and 
Li2O2 upon reacting KO2 in TEGDME that contained equimolar 18-crown-6, 30 mM DMA, 0.5 M LiTFSI or 
Li+/TFSI+ mixtures (5:1) with either TFSI– for ClO4

– as the anion. For LiClO4/TFSIClO4 the total concentration was 
0.2 M. In either case Li+/TBA+ mixtures result in vastly increased 1O2 fractions and lower 3O2 evolution.

Fig. S2 Computed structures of the neutral M(O2)2M’ dimers with M, M’ = H, Li, Na, K. 



Fig. S3 Computed structures of the M(O2)2
– dimer anions with M, M’ = Li, Na, K. 

Fig. S4 Error bars for the measurements shown in Fig. 1a. Values are obtained from at least three repetitions. 



Fig. S5 Pressure evolution during the disproportionation of KO2 solubilized by equimolar amount of 18-crown-6 
in TEGDME electrolytes that contained 0.5 M Li+ and 30 mM DMA and either no additive (a) or 0.1 M EMIm+ 

(b), EM2Im+ (c), TBA+ (d). Fits (black curves) are done with .𝑝(𝑡) = 𝑝0 + ∆𝑝(1 ‒ 𝑒 ‒ 𝑘𝑡)

Fig. S6 1H-NMR spectra of EMIm+ and EM2Im+ dissolved in TEGDME in contact with KO2 for 1 h.



Fig. S7 1H-NMR spectra of EMIm+ and EM2Im+ dissolved in TEGDME in contact with 1O2 for 1 h. 1O2 was 
generated photochemically by adding 1 M of the sensitizer palladium(II) meso-tetra(4-
fluorophenyl)tetrabenzoporphyrin (Pd4F) and illuminating the O2 saturated solution at 643 nm.

Supplementary Note 1: 1O2 quenching by imidazolium

Tertiary amines are known 1O2 quenchers that physically deactivating (quench) 1O2 to 3O2.4 Imidazolium cations 
may hence potentially act as quenchers. If they quench they lead to an underestimation of the 1O2 amount that 
is derived from the DMA-to-DMA-O2 conversion. We measured the quenching efficiency by monitoring the 
disappearance rate of the 1O2 trap DMA in absence/presence of the quenchers during continuous 
photochemical 1O2 generation as frequently used in the literature. Since DMA and quencher compete for 
reacting with/quenching 1O2, a slower decay of DMA concentration indicates better quenching efficiency and 
hence a larger 1O2 fraction quenched. Fig. S4 shows that the here used imidazoliums concentration shows a 
noticeable quenching effect. Reported 1O2 yields with imidazoliums present are hence underestimated.

 

Fig. S8 Probing the 1O2 quenching ability of EMIm+. 



Fig. S9 O2 consumption vs. capacity upon discharge of carbon black electrodes at a rate of 100 mA·gC–1 in O2 

saturated TEGDME electrolytes that contained 30 mM DMA and a total of 1 M salt with a Li+:TBA+ ratio of 1:99. 

Fig. S10 (a) Voltage versus capacity for discharge of of carbon black electrodes at a rate of 100 mA·gC
–1 in O2 

saturated TEGDME electrolytes that contained 30 mM DMA and either 0.1 M Li+ or a total of 1 M salt with a 
Li+:TBA+ ratio of 1:9 or 1:99. (b) Voltage vs. time upon charge of carbon black/Li2O2/PTFE (9/1/1, m/m) 
composite electrodes in TEGDME electrolyte containing 30 mM DMA and 0.1 M Li+ (a) or 0.1 M Li+ and 0.9 M 
TBA+. Discharge voltages drop with increasing fractions of TBA+ since the electrolyte becomes increasingly 
viscous and O2 diffusion and Li+ conduction more impeded.



Supplementary Note 2: Discharge of Li-O2 cells with imidazolium cations 

Figure 3 has shown that discharging a Li-O2 cell with a mixed Li+/TBA+ electrolyte resulted in a significantly 
lower e–/O2 ratio of 1.74 as opposed to ~2 e–/O2 for pure Li+ electrolyte which came along with a drop in Li2O2 
yield from 94% to 85%. Using mixed Li+/EMIm+ and Li+/EM2Im+ electrolytes results in 1.2 and 1.42 e–/O2, 
respectively (Fig. S5). Concurrently, the Li2O2 yields dropped to 82% with EMIm+ and 85% with EM2Im+ and the 
1O2 yields increased. The even lower e–/O2 compared to Li+/TBA+ electrolyte is in accord with the reactivity of 
the imidazoliums with O2

– (Fig. S3), which represents an additional sink for the 1 e– product O2
– than a second 

reduction or disproportionation to 3O2.

Fig. S11 (a) O2 consumption vs. capacity upon discharge of carbon black electrodes at a rate of 100 mA·gC
–1 in 

O2 saturated TEGDME electrolytes that contained 0.1 M Li+ and 30 mM DMA and either no additive or 0.9 M 
TBA+, EMIm+, or EM2Im+. For TBA+ also a Li+: TBA+ ratio of 1:99 was measured. The 1:99 ratio is given in Fig. S9. 
(b) Obtained Li2O2, 1O2, and Li2CO3 (expressed as CO2) per 2 e– passed in the cells shown in (a).

Supplementary Note 3: Recharge limited to 3.45 V 

To exclude the suggested 1O2 evolution from a direct 2 e– oxidation of Li2O2 above 3.5 V,5 we also performed 
charging as in Fig. 4 with a restricted charging voltage of 3.45 V. The current was set to a relatively small value 
of 10 mA·gC

–1 to reach an appreciable capacity up to 3.45 V whereafter the cell was kept at open circuit until 
the pressure was stable. Pressure evolution with pure Li+ electrolyte (Fig. S7a) shows similarly to previous 
reports6-8 an elevated value of 2.15 e–/O2 and thus ~93% of the expected O2 evolved based on charge passed. 
1O2 formation shows that the 3O2 loss is connected with 1O2 formation. When Li2O2 was charged in Li+/TBA+ 
electrolyte (Fig. S7b), the e–/O2 ratio rose to 3.77 and hence only ~53% of the expected 3O2 evolved. 
Proportional correlation between missing 3O2 evolution and 1O2 yield at either cut-off voltage suggest in either 
case superoxide disproportionation to be a major O2 evolution and 1O2 generation pathway.



Fig. S12 Superoxide disproportionation and 1O2 formation during Li-O2 cell charge. (a,b) O2 evolution vs. time 
upon charge of carbon black/Li2O2/PTFE (9/1/1, m/m) composite electrodes in TEGDME electrolyte containing 
30 mM DMA and 0.1 M Li+ (a) or 0.1 M Li+ and 0.9 M TBA+ (b). Electrodes were charged at a rate of 10 mA·gC

–1 
until 3.45 V and then kept at open circuit until the pressure was stable. (c) 3O2 and 1O2 obtained per 2 e– passed 
for the cells shown in (a) and (b).

Fig. S13 Literature reported reaction free energy profiles for 3O2 release from LiO2 disproportionation. Species 
in the solvated and solid state are denoted by (sol) and (s), respectively, and in the gas phase otherwise. (a) 
Reactions in the gas phase as reported by Bryantsev et al.9 and Curtiss et al..10 Bryantsev et al. estimated the 
stabilization by Li2O2(s) precipitation, which is accounted for in the last step. (b) Reactions in the solution phase 
(DMSO) as reported by Peng et al..11

Supplementary Note 4: Relative stability of 1M(O2)2M and 3M(O2)2M dimers  

The relative stability of the singlet/triplet dimers is the result of the interplay between the electrostatic 
interaction and direct / bonding among monomers/anions/cations. In order to shed light on the trend of the 
singlet/triplet stabilities we carried out new calculations on the K(O2)2K adducts to complete the homologous 



series with Li(O2)2Li and Na(O2)2Na. In all cases we considered and calculated four prototypal molecular 
geometries for both spin states (see above). Once we identified the minimum energy structures for the three 
symmetric dimers, we checked their vibrational stability and carried out natural bond orbital and second order 
perturbation theory analyses of the electron densities in order to understand the quantum-mechanical origin 
of the dimers/spins stability. In the following table we report the Gibbs energy differences (eV/formula unit) 
among the various symmetric dimers in the different structures computed in simulated solvent (C-PCM 1,1,2-
trichloroethane that has a dielectric constant of 7.28 resembling glyme) at 298K, including all vibrational 
contributions.

Table S1 Gibbs free energies G°298K (eV/formula unit) for singlet and triplet M(O2)2M dimers with M = Li, Na, K. 
Structures refer to Fig. S1.

Singlet spin state Triplet spin stateStoichiometry
Bi-
pyramid

Cage Chain Chair Bi-
pyramid

Cage Chain Chair

Li(O2)2Li 1.07 * * * 1.23 0.00 * 0.01
Na(O2)2Na 0.00 * * * 0.35 * * *
K(O2)2K 0.00 * * 0.72 0.47 * * *
* vibrationally unstable (at least one imaginary vibrational frequency)

For both Na and K superoxide dimers the ground state structures are the singlet bi-pyramids whereas in the 
case of Li the caged triplet structure is the most stable one. 

In all stable molecules with singlet spin state, the Natural Bonding Orbital (NBO) analysis suggests a (2p)–(2p) 
orbital overlap with bond formation between the (O2)––(O2)– fragments that in the bi-pyramidal structure are 
coplanar (i.e., the chair structure is a distorted bi-pyramid). On the other hand, the same pi-pyramidal 
structures in the triplet state are less stable for all alkaline metals superoxide dimers. NBO analysis of the 
bonding in the triplet bi-pyramids suggests the absence of effective orbital overlap and bond formation, 
whereas the second order perturbation theory (SOPT) analysis suggest that these molecules are stabilized only 
by electrostatic interactions. In this view, triplet bi-pyramids can be seen as electrostatic adducts whereas the 
singlet bi-pyramids are chemically bounded molecules.

Turning to the cage structure, this molecular structure is unstable for all the three alkaline superoxide dimers in 
the singlet spin state. For what concerns the triplet spin state, the only stable molecule is 3Li(O2)2Li whereas 
3Na(O2)2Na and 3K(O2)2K with cage structure are thermodynamically unstable as their structural energy minima 
show one imaginary vibrational frequency.

NBO suggests that the 3Li(O2)2Li caged molecule is an electrostatic adduct similarly to the bi-pyramidal triplet 
structure due to the absence of atomic orbital overlaps to form bonds. In fact, SOPT analysis of the 3Li(O2)2Li 
caged molecule suggests strong lone pair donor-acceptor interactions between Li and O. Compared to the bi-
pyramidal structure the Li-O distances are smaller in the caged molecule being ~1.88 Å to be compared to 
~1.98 Å. Thus, the size of lithium ions allows the stabilization of the caged structure in the triplet state 
compared to the bi-pyramid thanks to a stronger O–Li lone pair dative interaction. We may argue that similarly 
due to the larger size of Na and K a similarly strong metal–O coordination does not occur and the resulting 
triplet caged molecules become vibrationally unstable. The intrinsic reaction coordinate analyses of the 
3Na(O2)2Na and 3K(O2)2K cage energy minima suggest the adduct break-up to give the monomers.



Fig. S14 Reaction free energy profiles for asymmetric NaO2–HO2 disproportionation. Pathways to release 3O2 
and 1O2 are indicated by full and dashed lines, respectively.

Table S2 Numerical values for the superoxide dimerization free energy rG°298K / eV shown in Fig. 5. * denotes 
vibrationally unstable molecules (C-PCM 1,1,2-trichloroethane that has a dielectric constant of 7.28 resembling 
glyme)

 (eV)∆𝑟𝐺
𝑜

298𝐾Stoichiometry

Singlet Triplet

2 LiO2 → Li(O2)2Li 0.99 –0.08

LiO2 + O2
–→ Li(O2)2

– –0.49 –0.52

LiO2 + HO2 → H(O2)2Li 0.45 *

2 NaO2 → Na(O2)2Na 0.83 1.18

NaO2 + O2
–→ Na(O2)2

– –0.29 –0.32

NaO2 + HO2 → H(O2)2Na 0.38 *

Table S3 Precipitation free energy of the solid alkaline peroxides from solvated molecules (C-PCM 1,1,2-
trichloroethane that has a dielectric constant of 7.28 resembling glyme), rG°298K / kJ/mol.

Peroxide rG°298K (eV)

Li2O2(solvated) → Li2O2(solid) –1.71

Na2O2(solvated)→ Na2O2(solid) –1.40

K2O2(solvated)→ K2O2(solid) –2.31



Table S4 Free energy of the dissociation and ion exchange reactions (C-PCM 1,1,2-trichloroethane that has a 
dielectric constant of 7.28 resembling glyme), rG°298K / kJ/mol.

Reaction  / eV∆𝑟𝐺
𝑜

298𝐾

𝐿𝑖𝑂2⇄𝐿𝑖+ + 𝑂 ‒
2 1.21

𝑁𝑎𝑂2⇄𝑁𝑎+ + 𝑂 ‒
2 1.36

𝐾𝑂2⇄𝐾+ + 𝑂 ‒
2 0.71

𝑇𝐵𝐴𝑂2⇄𝑇𝐵𝐴+ + 𝑂 ‒
2 0.44

𝐿𝑖+ + 𝑇𝐹𝑆𝐼 ‒ + 𝐾𝑂2⇄𝐿𝑖𝑂2 + 𝐾𝑇𝐹𝑆𝐼 –0.87
𝑁𝑎+ + 𝑇𝐹𝑆𝐼 ‒ + 𝐾𝑂2⇄𝑁𝑎𝑂2 + 𝐾𝑇𝐹𝑆𝐼 –1.02
𝑇𝐵𝐴+ + 𝑇𝐹𝑆𝐼 ‒ + 𝐾𝑂2⇄𝑇𝐵𝐴𝑂2 + 𝐾𝑇𝐹𝑆𝐼 –0.10
𝐿𝑖+ + 𝐾𝑂2⇄𝐿𝑖𝑂2 + 𝐾+ –0.50
𝑁𝑎+ + 𝐾𝑂2⇄𝑁𝑎𝑂2 + 𝐾+ –0.64
𝑇𝐵𝐴+ + 𝐾𝑂2⇄𝑇𝐵𝐴𝑂2 + 𝐾+ 0.27

Supplementary Note 5: disproportionation of asymmetric alkali superoxides 

Several recent works have proposed mixed alkali cation electrolytes for metal-O2 cells to influence 
solution equilibria and hence to possibly improve cell characteristics12-16. In the following, we 
investigate the impact of such mixtures on the energetics of 1O2 formation. Reaction free energy 
profiles for the disproportionation of asymmetric pairings of LiO2 and NaO2 with the lesser Lewis 
acidic alkali superoxides are considered in Figures S15 to S17. These are LiO2 with NaO2 or KO2, and 
NaO2 with KO2. In general, the pathways towards both 3O2 and 1O2 are less favourable than the 
symmetric cases with 2 LiO2 or 2 NaO2. Disproportionation to Li2O2 or Na2O2, respectively, will hence 
more likely first involve ion exchange (NaO2 + Li+→ LiO2 + Na+ or KO2 + Li+→ LiO2 + K+, or KO2 + Na+→ 
NaO2 + K+) and then proceed via the pathways discussed in the main text.

Fig. S15 Reaction free energy profiles for asymmetric LiO2 + NaO2 disproportionation. Pathways to release 3O2 
and 1O2 are indicated by full and dashed lines, respectively. 



Fig. S16 Reaction free energy profiles for asymmetric LiO2 + KO2 disproportionation. Pathways to release 3O2 
and 1O2 are indicated by full and dashed lines, respectively.

Fig. S17 Reaction free energy profiles for asymmetric NaO2 + KO2 disproportionation. Pathways to release 3O2 
and 1O2 are indicated by full and dashed lines, respectively. 
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