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ABSTRACT 

Understanding the mechanism of O2 reduction in Li+-containing aprotic solvents is essential 

to unlock the exceptional specific energy of the lithium-oxygen battery.  We describe a 

single unified mechanism, which embraces previous models as limiting cases. O2 reduction 

to form solid Li2O2  proceeds by an electrode surface or solution pathway depending on the 

influence of the solvent on the solubility of the LiO2 intermediate, more precisely the free 

energy of the reaction LiO2
*   Li+(sol) + O2

-
(sol) + ion pairs + higher aggregates (clusters). 

Ethers are intermediate solvents resulting in simultaneous formation of significant Li2O2 

surface films and Li2O2 particles in solution at high voltages. The unified mechanism shows 

that low donor number solvents are likely to lead to premature cell death, whereas high 

donor number solvents can sustain discharge and capacities more than three times that of 

low donor number solvents, encouraging research on new, sufficiently stable, high donor 

number solvents. 
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The rechargeable Li-O2 battery would transform energy storage if a significant proportion of 

its theoretical specific energy, which exceeds by some margin that of lithium-ion batteries, 

could be realized in practice1-10. At the positive electrode on discharge, O2 enters the pores 

of the electrode where it is reduced and combines with the Li+ ions from the electrolyte to 

form solid Li2O2. The process is reversed on charging. However, realizing these processes 

rapidly, efficiently, and sustainably for many cycles is a formidable challenge11-38. In order to 

overcome the challenges at the positive electrode it is essential to understand the 

electrochemical mechanism of O2 reduction in Li+ containing aprotic electrolytes. 

Two different models of O2 reduction have been proposed: one describes O2 reduction to 

form Li2O2 as a process taking place on the electrode surface11,12 and the other involves 

Li2O2 formation in solution (electrolyte)14-16 and is based on the Hard Soft Acid Base Theory 

of Pearson39. The different models have very different implications for how the hurdles of 

achieving fast, reversible, formation and decomposition of Li2O2 with low polarization and 

sustainable cycling may be achieved.  

Here we investigate O2 reduction across a range of solvents and show that O2 reduction can 

be described by a single unified mechanism, which embraces the previous models as limiting 

cases. At high voltages (low overpotentials) O2 undergoes a 1 electron reduction to LiO2 that 

is partitioned between LiO2 dissolved in the electrolyte and LiO2 adsorbed on the electrode 

surface, according to the equilibrium LiO2
*    Li+(sol) + O2

-
(sol) + ion pairs + higher aggregates 

(* indicates surface adsorbed LiO2). High donor number (DN) solvents result in strong 

solvation of Li+ or Li+ containing species and the equilibrium being displaced to the right 

resulting in mainly soluble LiO2, whereas for low DN solvents such solvation is weaker and 

the equilibrium lies to the left resulting in surface adsorbed LiO2 being dominant. In the 

latter case LiO2
* then disproportionates or undergoes a 2nd reduction to Li2O2 on the 

electrode surface, whereas in the former disproportionation of LiO2 in solution dominates, 

precipitating Li2O2.  

Ethers, such as dimethoxyethane (DME), have an intermediate DN and exhibit significant 

contributions from both solution and surface pathways, which occur simultaneously at high 

voltages. At low voltages (high overpotentials), LiO2 is transformed rapidly by a 2nd electron 

reduction to Li2O2 on the electrode surface in all solvents. We also demonstrate that the 

Li2O2 morphologies (large particles or particulate surface films) vary with solvent, in accord 

with the unified mechanism.  

The mechanism has implications for the performance of Li-O2 cells. The dominance of Li2O2 

surface films in low DN solvents is likely to lead to premature cell death. In contrast, the 

dominance of solution Li2O2 growth in high DN solvents can sustain discharge and a capacity 

more than three times that of low DN solvents. These results encourage effort on identifying 

new, sufficiently stable, electrolytes based on high DN solvents for Li-O2 batteries. 
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RESULTS AND DISCUSSION 

We examine O2 reduction in four solvents spanning a wider range of DNs than before and 

using a range of complementary techniques. We begin by presenting the electrochemical 

and spectroscopic data for O2 reduction in the four solvents. This is followed by sections 

explaining the unified mechanism of O2 reduction and its origin in the solubility of LiO2, how 

this correlates with the solvent dependence of Li2O2 morphologies and the implications the 

mechanism has for the future of the Li-O2 battery. 

 

 

Figure 1 | CVs demonstrating the significant effect solvent donor number and cation type have on 

O2 reduction. Data collected in O2 saturated (a) Me-Im, (b) DMSO, (c) DME and (d) CH3CN at a Au 

electrode with various ratios of [Li+]/[TBA+].  The total electrolyte concentration was 100 mM and 

the numbers on the plots indicate the concentrations of Li+, where the remaining concentrations are 

TBA+. The scan rate was 100 mV s-1 and the anion was ClO4
-. E1

0 and E2
0 indicate the standard 

potentials for the 1st and 2nd O2 reductions, respectively. 
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Comparison of CVs in the four solvents  

CVs for O2 reduction in each of the four solvents, collected at a Au electrode and over a 

wide voltage range, are presented in Fig. 1. This is the first report of O2 reduction in 1-

methylimidazole (Me-Im) or any solvent with such a high DN (Me-Im, 47, dimethyl sulfoxide, 

DMSO, 30), see Supplementary Discussion and Supplementary Fig. S1 for determination of the 

DN of Me-Im. For each solvent the cation is varied from 100 mM TBA+ 

(tetrabutylammonium cation) to 100 mM Li+.  In the presence of only TBA+ the CVs in all four 

solvents exhibit a single redox process. In contrast, in the presence of only Li+ there is a 

strong dependence on the CVs with DN, high DN solvents exhibit two reduction peaks and 

no oxidation peaks at potential < 3 V, whereas low DN solvents exhibit one reduction peak 

and no oxidation, < 3 V, in accord with previous studies14,16. 

 

 

Figure 2 | (a, c) CVs showing that the first step of O2 reduction in high donor number solvents is a 

reversible 1e- process in solution. Data obtained in O2 saturated Me-Im and DMSO at a Au electrode 

with various ratios of [Li+]/[TBA+] and cycled over the high voltage peak alone (see Fig. 1).  The total 

electrolyte concentration was 100 mM in all cases and the numbers on the plot indicate the 

concentrations of Li+, where the remaining concentrations are TBA+. The scan rate was 100 mV s-1 

and the anion was ClO4
-.  b and d show the shifts of E0

1 (O2/O2
-) with ln[Li+] concentration for Me-Im 

and DMSO,  obtained by fitting to the CV data in a and c. Circles ς experimental data, solid line ς best 

fit. 
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Figure 3 |  SER spectra demonstrating that at high voltages (low overpotentials) O2
- and LiO2 

species are observed on the electrode surface at short times in high and low donor number 

solvents respectively, to be replaced by Li2O2 with the passage of time. At low voltages (high 

overpotentials) Li2O2 is apparent from short times. Spectra collected at a Au electrode during O2 

reduction in the presence of 100 mM LiClO4 in various aprotic solvents and recorded at different 

times while holding at various constant potentials indicated by the matching colored markers in the 

CVs above each stack of spectra. Vertical dotted lines with grey highlighting show positions of O2
-, 

LiO2 and Li2O2. Insets show expanded areas of spectral regions outlined by the dashed circles. 

Spectra at the bottom were collected at the open circuit potential (OCP). 
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1-Methylimidazole (Me-Im) and dimethyl sulfoxide (DMSO) 

To explore O2 reduction in high DN solvents in more detail, CVs were collected at a Au 

electrode in Me-Im and DMSO and for various ratios of Li+ to TBA+ but now over a restricted 

voltage range, Fig. 2. It is well known that in TBA+ electrolytes chemically reversible O2 

reduction to O2
- occurs and the CVs in TBA+ exhibit a single redox peak in accord with this40-

43. As TBA+ is continuously replaced by Li+, there is little change in the CVs, Fig. 2, only a 

relatively small continuous shift to more positive potentials. In all cases the CVs fit a 1 

electron redox process of freely diffusing species, Supplementary Fig. S2, suggesting that on 

O2 reduction, O2
- is dissolved in solution in the presence of Li+ (i.e. LiO2 is soluble), rather 

than being confined to the electrode surface.  The small differences in the magnitudes of 

the shifts in the standard potential between DMSO and Me-Im are considered in the 

Supplementary Discussion.   

The potentials in Fig. 2 are below the thermodynamic potential for Li2O2 formation, 

therefore spontaneous disproportionation of O2
- to form Li2O2 is expected2,14. This is 

observed on reducing the scan rate from 100 mV s-1 to 5 mV s-1; the area of the backward 

(anodic) peak is now lower than the forward (cathodic) peak, consistent with an EC 

mechanism, i.e. a chemical step following the 1 electron reduction of O2 to O2
-, 

Supplementary Fig. S3, which removes the product of reduction, O2
- so that it is less available 

for subsequent oxidation. Fitting the CVs at this scan rate provided a first-order rate 

constant for the disproportionation in DMSO of 0.03 s-1, in satisfactory agreement with the 

value obtained for the same reaction carried out homogeneously using KO2 in solution, 0.07 

s-1 (see Supplementary Discussion and Supplementary Fig. S4). 100 mV s-1 is sufficiently fast 

compared with the rate of disproportionation such that disproportionation is not observed 

at that scan rate. Note that the 1 electron reduction of O2 (1e-/O2) cannot be detected by 

Differential Electrochemical Mass Spec (DEMS) because the following chemical reaction, 

2LiO2 = Li2O2 + O2, generates O2 resulting in a net 2e-/O2 ratio and the lifetime of LiO2 in 

solution is too short compared with the time to detect the mass changes in DEMS.  

Based on the standard potential for the overall formation of Li2O2 (2Li + O2  Li2O2; E
0 = 2.96 

V)44 and for the 1st reduction of O2 to O2
- (E0

1 = 2.65 V), the standard potential for the 2nd 

reduction O2
- to Li2O2, E

0
2, is located at 3.27 V45, therefore, thermodynamically the 2nd 

reduction to form Li2O2 should occur immediately upon the 1st. However, as observed in Fig. 

1, a 2nd reduction peak, associated with Li2O2 formation, occurs at a significantly lower 

potential than the 1st, therefore the 2nd reduction contributes little to the current at high 

potentials. Indeed, if this were not the case we would not observe the chemically reversible 

1 electron reduction of O2 to O2
- in solution noted above. Also evident in Fig. 1, is a strong 

dependence of the 2nd reduction peak on the Li+ concentration, the position changing by 300 

mV in DMSO on varying the lithium concentration between 1 to 100 mM. In other words Li+ 

is directly involved in the 2nd reduction step. 



7 
 

 
























