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Abstract 

Experimental evidence has demonstrated that the presence of water in non-aqueous electrolytes 

significantly affects Li-O2 electrochemistry. Understanding the reaction mechanism for Li2O2 

formation in the presence of water impurities is important to understand Li-O2 battery 

performance. A recent experiment has found that very small amounts of water (as low as 40 ppm) 

can significantly affect the product formation in Li-O2 batteries as opposed to essentially no water 

(1 ppm). Although experimental as well as theoretical work has proposed mechanisms of Li2O2 

formation in the presence of much larger amounts of water, none of the mechanisms provide an 

explanation for the observations for very small amounts of water. In this work, density functional 

theory (DFT) was utilized to obtain a mechanistic understanding of the Li-O2 discharge chemistry 

in a dimethoxyethane (DME) electrolyte containing an isolated water and no water. The reaction 

pathways for Li2O2 formation from LiO2 on a model system were carefully evaluated with different 

level of theories, i.e. PBE (PW), B3LYP/6-31G(2df,p), B3LYP/6-311++G(2df,p) and G4MP2. 

The results indicate that the LiO2 disproportionation reaction to Li2O2 can be promoted by the 

water in DME electrolyte, which explains why there is a significant difference compared to when 

no water is present in the experimentally observed discharge product distributions. Ab initio 

molecular dynamics calculations were also used to investigate the disproportionation of LiO2 

dimer in explicit DME. This work adds to the fundamental understanding of the discharge 

chemistry of a Li-O2 battery. 
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1. Introduction

The lithium-oxygen (Li-O2) battery is being extensively studied as a technology to address future 

energy storage challenges due to its potential for a high theoretical energy density.1-4 The high 

energy density is due to the formation of lithium peroxide or other lithium oxides as the discharge 

product, which can store large amounts of energy in chemical bonds.5-8 In a Li-O2 battery, an 

oxygen cathode is used to accumulate the solid products generated from the reaction of Li cations 

with O2 during discharge. The cathode may contain a catalyst in some forms to promote the 

discharge product formation as well as decomposition during charge. Studies have found that 

various factors can dictate the electrochemical reactions including the nature of the catalyst or the 

catalyst support, the type and amount of organic electrolyte used, electrolyte impurities and the 

current rate.9-13 The development of batteries based on the formation and decomposition of 

lithium-oxygen bond requires fundamental understanding of Li-O2 electrochemistry, whereby a 

product such as lithium peroxide (Li2O2) is formed during discharge and decomposed during 

charge. 

One interesting aspect of the Li-O2 discharge chemistry is that addition of different amounts of 

water to the electrolyte can have a significant effect on Li2O2 morphology and discharge capacity 

in a Li-O2 battery.14-18 Luntz et al15 found that adding 500-4000 ppm H2O to the dimethoxyethane 

(DME) electrolyte could promote Li2O2 toroid formation on the cathode, while in the anhydrous 

(<30 ppm H2O) electrolyte, a thin Li2O2 film was observed. Increased discharge capacity was also 

observed in the electrolyte with 500-4000 ppm water. Work from Shao-Horn’s group17 indicated 

that the decreased surface Li2O2 nucleation rate in DME-based electrolyte containing 5000 ppm 

H2O was the reason for the increased capacity. Gasteiger and coworkers16 suggested that different 

water concentrations (200 and 1000 ppm) in diglyme electrolyte can result in various enhanced 

amounts of discharge capacity. In addition to these studies, a very careful systematic study by 

Markovic et al18 compared 1 ppm and 40 ppm water in a DME electrolyte and revealed an 

interesting dependence of the resulting discharge product on the water concentration. The key 

conclusion based on Raman spectroscopy18 is that, the formation of Li2O2 (identified by a peak at 

785 cm-1, which corresponds to Li2O2  according to Ref 19) is promoted in the electrolyte with 40 

ppm of water while LiO2 is the main product in the ‘dry’ electrolyte (1 ppm). It is also surprising 
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that the 40 ppm of water is not consumed in promoting Li2O2 formation, even after a prolonged 

discharge reaction time. 

Both experimental and theoretical efforts have been devoted to understanding the reaction 

mechanisms for Li2O2 formation involving water presence in different conventional electrolytes. 

It is believed that water can promote the solution-based mechanism for Li2O2 formation by 

different reaction pathways.15, 20, 21 Luntz et al15 proposed that the LiO2 solubility was improved 

by a certain amount of water (500-4000 ppm), which results in the  anion being available 𝑂 ―
2 (𝑠𝑜𝑙)

as a redox shuttle to promote the solution-mediated growth of Li2O2. With 10 M water in dimethyl 

sulfoxide (DMSO) electrolyte, the activity of  to  was enhanced resulting in a Li2O2 solution-𝑂2 𝑂 ―
2

driven pathway.20 Zhou and co-workers21 proposed that  instead of  was the active 𝑂𝑂𝐻 ― 𝑂 ―
2

species and peroxide source for Li2O2 formation. Another explanation is that water serves as the 

proton source to react with Li2O2 and could benefit LiOH/LiOOH cycling during discharge and 

charge reactions in the electrolytes in the presence of large amount of water.22-27 

However all the mechanisms mentioned above do not explain the reported finding18 that very small 

amounts of water promotes Li2O2 formation. Therefore, the focus of this work is to develop an 

explanation for how very small amounts of  water can affect the discharge chemistry such as found 

in the study of Markovic et al.18 The effect of very small amounts of water is of interest because 

many electrolytes have water present as a minor impurity and its effect on the Li-O2 

electrochemistry is generally neglected or unknown. In this work, a model with  one H2O molecule 

was used to represent an electrolyte with very small amount water (40 ppm), i.e. ‘wet’ electrolyte, 

as named in the experimental study of Markovic et al18, while a model without a H2O molecule 

represents the ‘dry’ electrolyte. It is also noted that for a system with 40 ppm water there would 

be one H2O molecule per 5000 solvent molecules so that our model for the ‘wet’ electrolyte should 

be reasonable.  

Various possible reactions, both electrochemical and chemical, can be involved in the discharge 

process of a Li-O2 battery. The net discharge reaction typically produces lithium peroxide (Li2O2) 

via the oxidation of metallic lithium as in Reaction (1). 
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2𝐿𝑖 + 𝑂2→𝐿𝑖2𝑂2 (1)

One of the possible pathways to Li2O2 in a Li-O2 battery involves disproportionation of lithium 

superoxide (LiO2), the result of a one-electron reaction, as introduced by Abraham et al28 and 

shown in Reactions (2,3). 

𝐿𝑖 + + 𝑒 ― + 𝑂2 →𝐿𝑖𝑂2 (2)

2𝐿𝑖𝑂2→ 𝐿𝑖2𝑂2 +  𝑂2 (3)

Alternatively, a two-electron reaction can result in the direct formation of Li2O2.

2𝐿𝑖 + + 2𝑒 ― + 𝑂2 →𝐿𝑖2𝑂2 (4)

The LiO2 dimer disproportionation reaction without water present has been studied theoretically.29, 

30 In this paper we report detailed density functional (DFT) and ab initio molecular dynamics 

(AIMD) calculations on how the presence of an isolated H2O molecule might act to promote 

disproportionation of LiO2 to Li2O2 (Reaction (3)). The two-electron reaction mechanism in 

Reaction (4) on an Au surface is also investigated to determine whether the presence of the surface 

has an effect. 

2. Computational methods

The LiO2 disproportionation reaction was investigated with DFT calculations using the B3LYP 

functional31, 32 and PBE(PW) functional33 with spin-polarization and a plane wave basis (PW). The 

B3LYP calculations were conducted with the Gaussian 09 program.34 The PBE(PW) calculations 

were carried out with the Vienna Ab Initio Simulation Package (VASP) using the periodic 

boundary condition.35 The detailed parameters for PBE calculations can be found in Electronic 

Supplementary Information (ESI). The B3LYP geometry optimizations and transition state 

searches were performed using the 6-31G(2df,p) basis set. Then the single point energies were 

calculated with the 6-311++G(2df,p) basis set. In addition, the G4MP2 method,36 a composite 

wave function based method, is also employed, which should be the most accurate method as it is 

based on CCSD(T) with an estimate for effects of larger basis sets. The G4MP2 composite method 

uses optimized geometries from the B3LYP/6-31G(2df,p) theory to obtain the reaction energies 
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and energy barriers.37, 38 The PCM continuum solvation method39, 40 was used for implicit solvation 

calculations of solvation energies with a dielectric (7.2) corresponding to dimethoxyethane 

(DME). The B3LYP/6-31G(2df,p) harmonic vibrational frequencies scaled by 0.985 were used for 

the zero-point energies approximation.41, 42

The free energies ( ) of the species in gas phase obtained based on B3LYP/6-31G(2df,p), 𝐺

B3LYP/6-311++G(2df,p) and G4MP2 theories were calculated according to Equation (5),

𝐺 =  𝐻 ― 𝑇𝑆, (5)

where . Here  is the electronic energy,  is the zero-𝐻 = 𝐸𝑜 +𝑍𝑃𝐸 + 𝐸𝑡𝑟 + 𝐸𝑟𝑜𝑡 + 𝐸𝑣𝑖𝑏 +𝑝𝑉 𝐸𝑜 𝑍𝑃𝐸

point energy,  is the translational energy,  is the rotational energy,  is the temperature 𝐸𝑡𝑟 𝐸𝑟𝑜𝑡 𝐸𝑣𝑖𝑏

correction to the vibrational energy, and  is . The free energy with solvation effects included 𝑝𝑉 𝑅𝑇
from an implicit solvation model is referred to as . The method used for free energy estimation 𝐺𝑠𝑜𝑙

for the PBE(PW) calculations and solvation effects can be found in ESI.  

The AIMD calculations with VASP were carried out to investigate the disproportionation reaction 

discussed above with explicit DME electrolyte molecules. The generalized gradient approximation 

Perdew−Burke−Ernzerhof (GGA-PBE) functional33 was employed to obtain the exchange-

correlation energies, while projector-augmented wave (PAW) method43 was adopted to describe 

core-valence interactions. A kinetic energy cutoff of 500 eV was applied for the plane wave 

orbitals. The Brillouin zone in the reciprocal space was sampled using the Γ-point only. The 

electronic self-consistent calculation was converged when the energy difference fell below 10-5 

eV. All the calculations were spin-polarized. The canonical (NVT) ensemble was used with a 

constant temperature (i.e. 300K) controlled with a Nosé-Hoover thermostat.44 The AIMD 

simulations were run for 2 picosecond (ps) with the equations of motion integrated with a time 

step of 1 femtoseconds (fs). A  Å3 simulation box filled with 34 DME molecules 18 × 18.1 × 18.3

was utilized for the AIMD calculations. 

3.  Results and discussion
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The reaction free energies, , for the LiO2 dimer disproportionation reaction with a water ∆𝐺𝑠𝑜𝑙

molecule (denoted as ‘wet’ environment) and without a water molecule (denoted as ‘dry’ 

environment) based on the G4MP2 level of theory are plotted by blue and black lines, respectively, 

in Figure 1. The results are relative to the energies of either a complex of a H2O-(LiO2)2 complex 

or a LiO2 dimer for these two environments, respectively. The reaction network involves the initial 

reactants (H2O-(LiO2)2 complex or LiO2 dimer), the transition states (H2O-(LiO2)2TS or 

(LiO2)2TS), the disproportionation intermediate structures (H2O-Li2O2-O2 complex or Li2O2-O2 

complex), and the final products (H2O-Li2O2 plus O2 or Li2O2 plus O2). The geometries of relevant 

species are shown in the top and bottom panels of Figure 1. 

Figure 1 The reaction free energy ( ) for disproportionation reaction in ‘wet’ (blue lines) ∆𝐺𝑠𝑜𝑙

and ‘dry’ (black lines) DME electrolytes based on G4MP2 calculations, referenced to H2O-

(LiO2)2 complex and LiO2 dimer, respectively. The reaction free energies shown here include 

solvation corrections, corresponding to  of G4MP2 in Tables 1 and 2. Although the ∆𝐺𝑠𝑜𝑙

transition state was defined as the saddle point in the electronic energy between reactant and 

product,  the free energy of the (LiO2)2 TS is lower than that of the Li2O2-O2 complex in black 

lines because the B3LYP/6-31G(2df,p) geometry was used for G4MP2 calculation and the 
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solvation energy correction. The optimized ball-and-stick structures have Li, O and H in green, 

red and white, respectively.

We first discuss the ‘wet’ environment results in Figure 1, which refers to the DME electrolyte 

with a water molecule present. For this discussion the reaction energies ( ), reaction free ∆𝐸𝑜

energies in vacuum ( ) and with implicit solvation correction ( ) from PBE(PW), B3LYP/6-∆𝐺 ∆𝐺𝑠𝑜𝑙

31G(2df,p), B3LYP/6-311++G(2df,p) and G4MP2 calculations are summarized in Table 1. The 

reaction starts with a H2O-(LiO2)2 complex, optimized at the B3LYP/6-31G(2df,p) level in which 

a Li-O bond formed between water and LiO2 dimer, as shown in the left corner of the bottom panel 

of Figure 1.  A hydrogen bond is present between O in the LiO2 dimer and H in H2O with a distance 

of 1.86 Å. A small barrier (  for H2O-(LiO2)2TS in Table 1) of 0.04 eV was obtained with the ∆𝐸𝑜

B3LYP/6-31G(2df,p) method. We note that for some initial geometries investigated, the 

disproportionation reaction with a water molecule is spontaneous and barrierless, but for the 

purposes of this study we have used the pathway with a slight barrier. The hydrogen bond between 

water and the LiO2 dimer is gone in the transition state as illustrated in the H2O-(LiO2)2TS 

geometry in Figure 1. A small barrier (  for H2O-(LiO2)2TS in Table 1), 0.05 eV, is also ∆𝐸𝑜

obtained at the G4MP2 level using the B3LYP/6-31G(2df,p) optimized geometry. With inclusion 

of solvation corrections, the G4MP2 relative free energy barrier ( ) becomes negative (-0.08 ∆𝐺𝑠𝑜𝑙

eV) indicating no barrier and is plotted as 0 eV in Figure 1 (blue line). There is a very small barrier 

for PBE(PW) calculations as listed in Table 1. The reaction free energies for LiO2 

disproportionation from PBE(PW) calculations are plotted in Figure S1.

After crossing the small energy barrier, a H2O-Li2O2-O2 complex resulted with a hydrogen bond 

between water and the O2 starting to leave in this complex (see Figure 1) with a distance of 1.66 

Å. The  of the H2O-Li2O2-O2 complex is lower than that of the starting reactants by 0.11 eV ∆𝐺𝑠𝑜𝑙

at the B3LYP/6-31G(2df,p) level and by 0.10 eV at the G4MP2 level. Removal of the O2 from the 

complex is significantly uphill (  for H2O-Li2O2 + O2) by 0.86 eV at the B3LYP/6-31G(2df,p) ∆𝐸𝑜

level and by 0.66 eV at the G4MP2 level. However, the reaction free energy, , becomes ∆𝐺𝑠𝑜𝑙

exothermic with a reaction free energy of -0.11 eV, as shown by the blue line in Figure 1. The 

resulting H2O-Li2O2 complex has Li2O2 in a diamond shape (see the right corner configuration in 
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the bottom panel in Figure 1). The H2O-Li2O2 complex also includes a hydrogen bond between 

water and Li2O2 with a distance of 1.65 Å. 

In the ‘wet’ electrolyte, the reaction energies  listed in Table 1, from the PBE(PW),  (∆𝐸𝑜)

B3LYP/6-31G(2df) and B3LYP/6-311++G(2df,p) calculations give the results in agreement with 

G4MP2 energies. The  based on different levels of theories follows the same trend as . ∆𝐺  (∆𝐸𝑜)

With the implicit solvation effect included, all four theories indicate no barriers for 

disproportionation to a H2O-Li2O2-O2 complex. The  for H2O-Li2O2 and O2 formation ∆𝐺𝑠𝑜𝑙

obtained from PBE and G4MP2 are downhill (-0.08 and -0.11 eV), while the ones from B3LYP/6-

31G(2df,p) calculations are slightly uphill (0.09 eV). The driving force for the small or no barrier 

found when a water molecule is involved in the disproportionation probably is because the water 

molecule interaction with one Li of the LiO2 dimer (in H2O-(LiO2)2) weakens  the on-top O2 

(bound to both Li atoms) of the dimer, so the O2 can  rotate to bond with just one Li (in the H2O-

Li2O2-O2 complex) as shown by the structures in Figure 1. 

Table 1.  The reaction energies ( ), reaction free energies in vacuum ( ) and in implicit DME ∆𝐸𝑜 ∆𝐺

solvent ( ) at 298 K for the disproportionation reaction, ∆𝐺𝑠𝑜𝑙 𝐻2𝑂 ― (𝐿𝑖𝑂2)2 →𝐻2𝑂 ― 𝐿𝑖2𝑂2 + 𝑂2

based on different levels of theory., 

Method Relative Energy, eV
H2O-

(LiO2)2

H2O-
(LiO2)2TSa

H2O-Li2O2-
O2 complex

H2O-Li2O2 
+ O2

∆𝐸𝑜 PBE(PW) 0.0 0.08 0.0 0.89
B3LYP/6-31G(2df,p) 0.0 0.04b -0.07 0.86
B3LYP/6-311++G(2df,p)c 0.0 0.02 -0.08 0.70
G4MP2c 0.0 0.05 -0.06 0.66

∆𝐺 PBE(PW) 0.0 0.02 -0.01 0.49
B3LYP/6-31G(2df,p) 0.0 0.0 -0.05 0.49
B3LYP/6-311++G(2df,p)c 0.0 -0.02 -0.05 0.33
G4MP2c 0.0 -0.01 -0.04 0.29

∆𝐺𝑠𝑜𝑙 PBE(PW) 0.0 0.00 -0.12 -0.08
B3LYP/6-31G(2df,p) 0.0 -0.07 -0.11 0.09
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B3LYP/6-311++G(2df,p)c 0.0 -0.08 -0.10 -0.01
G4MP2c 0.0 -0.08 -0.10 -0.11

aIn some cases with inclusion of zero-point energy, entropy and solvation energies, the free energies of the 

TS become negative, although technically a barrier cannot be less than zero.
bResults given here is for a located transition state; in some cases depending on the starting geometry, the 

reaction is spontaneous to the H2O-Li2O2-O2 product. The structures at the located transition state is used 

for the G4MP2 and B3LYP/6-311++G(2df,p) single point energies.
cAt B3LYP/6-31G(2df,p) geometry.

The G4MP2 energy profile for the disproportionation of the LiO2 dimer in ‘dry’ environment is 

displayed with a black line in Figure 1 for comparison to that in the ‘wet’ environment. The 

geometries of reactant, transition state, disproportionation intermediate and final product are 

depicted in the top panel of Figure 1. The reaction energies ( ) and the free energies ∆𝐸𝑜

with/without solvation corrections ( / ) for LiO2 dimer disproportionation to Li2O2 and O2 ∆𝐺𝑠𝑜𝑙 ∆𝐺

in ‘dry’ environment can be found in Table 2 at various levels of theory. Based on the B3LYP/6-

31G(2df,p) optimization calculation, the LiO2 dimer has a pentagonal shape in a triplet state (see 

the first inset configuration in the top panel of Figure 1). One of Li-O bonds breaks giving a 

disproportionation transition state with an energy barrier of 0.38 eV (  for (LiO2)2TS in Table ∆𝐸𝑜

2) according to B3LYP/6-31G(2df,p). With a single point energy calculation at G4MP2 level using 

the B3LYP/6-31G(2df,p) geometry, the energy barrier in a ‘dry’ DME electrolyte, , is 0.77 eV, ∆𝐺

which is much higher than that in ‘wet’ electrolyte, i.e. -0.01 eV in Table 1. With the solution 

correction at G4MP2 level, the energy barrier is decreased to 0.56 eV in ‘dry’ electrolyte. 

The reaction free energy ( ) for the Li2O2-O2 complex formation without a water molecule ∆𝐺𝑠𝑜𝑙

present is computed as 0.14 eV at the B3LYP/6-31G(2df,p) level as shown in Table 2. The free 

energy in ‘dry’ DME ( ) is 0.64 eV at G4MP2 level, which is even slightly higher than the ∆𝐺𝑠𝑜𝑙

energy of (LiO2)2TS as shown with black lines in Figure 1. This trend is because the G4MP2 

calculations utilized the B3LYP/6-31G(2df,p) level geometry and the implicit solvation 

corrections. Removal of O2 from the Li2O2-O2 complex requires 0.70 eV energy (  in Table 2) ∆𝐸𝑜

based on G4MP2 calculations. The free energy (  in Table 2) for LiO2 disproportionation to ∆𝐺

Li2O2 and O2 is 0.36 eV at G4MP2 level, which is comparable with 0.29 eV based on 
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UCCSD(T)/CBS calculations of Bryantsev et al.29 With solvation energy corrections, this reduces 

to 0.01 eV as shown in Figure 1. 

As shown in Table 2, the PBE(PW), B3LYP/6-31G(2df,p) and B3LYP/6-311++G(2df,p) 

calculations resulted in the same trend of ,  and  for the LiO2 disproportionation ∆𝐸𝑜 ∆𝐺 ∆𝐺𝑠𝑜𝑙

reaction as G4MP2. The energy barrier, , obtained from PBE(PW) is 0.28 eV, the lowest one ∆𝐸𝑜

among those from different theories. The low energy barrier from PBE(PW) is due to the 4-bridge 

structure of LiO2 dimer (depicted in Figure S1) predicted by PBE(PW) compared to the twisted 

O2 for B3LYP (see Figure 1). Based on G4MP2 energies of these two possible structures, the 

B3LYP result should be the correct configuration. The implicit solvation corrections exhibited 

different effects on the values of the energy barriers from different methods. 

Table 2.  The electronic reaction energies ( ), reaction free energies in vacuum ( ) and in ∆𝐸𝑜 ∆𝐺

implicit DME ( ) at 298 K for  based on different level of theories. ∆𝐺𝑠𝑜𝑙 (𝐿𝑖𝑂2)2 →𝐿𝑖2𝑂2 + 𝑂2, 

Method Relative Energy, eV
(LiO2)2 (LiO2)2TSa Li2O2-O2 

complex
Li2O2 + O2

∆𝐸𝑜 PBE(PW) 0.0 0.28 0.18 1.12
B3LYP/6-31G(2df,p) 0.0 0.38 0.35 0.97
B3LYP/6-311++G(2df,p)b 0.0 0.37 0.36 0.83
G4MP2b 0.0 0.75c 0.84 0.70

∆𝐺 PBE(PW) 0.0 0.11 0.03 0.66
B3LYP/6-31G(2df,p) 0.0 0.38 0.28 0.63
B3LYP/6-311++G(2df,p)b 0.0 0.37 0.29 0.49
G4MP2b 0.0 0.77 0.77 0.36

∆𝐺𝑠𝑜𝑙 PBE(PW) 0.0 -0.07 0.12 0.33
B3LYP/6-31G(2df,p) 0.0 0.19 0.14 0.28
B3LYP/6-311++G(2df,p)b 0.0 0.19 0.15 0.21
G4MP2b 0.0 0.56c 0.64 0.01

aThe G4MP2 and B3LYP values for the activation energy differ from those in  Ref 30, which did not find 

the correct transition state.
bAt B3LYP/6-31G(2df,p) geometry.

Page 11 of 19 Physical Chemistry Chemical Physics



12

cThe energy of (LiO2)2TS is higher than the energy of the Li2O2-O2 complex due to the use of the 

G4MP2 single point calculation with the B3LYP/6-31G(2df,p) geometry and solvation correction. 

Figure 2. The structures at (a) 0 ps, (b) 0.3 ps, (c) 0.5 ps, (d) 1 ps, (e) 1.5 ps and (f) 2 ps for the 

disproportionation reaction in ‘wet’ DME electrolyte obtained from AIMD calculations at 300K. 

The O, H, and Li atoms are in red, white, and green, respectively. All the DME solvent 

molecules were hidden for the visualization purpose. The Li and O atoms are labeled with 

numbers one to six for visual guidance. The bond lengths of Li-O and O-O are in Å.

The LiO2 disproportionation reaction in ‘wet’ DME electrolyte was also investigated using AIMD 

calculations with an explicit water molecule and DME molecules at constant temperature of 300 

K. The PBE(PW) method was used for the AIMD calculations. The assumption that 

disproportionation occurs away from the surface in electrolyte is reasonable based on experimental 

evidence for discharge mechanisms.45-48 The configuration of the simulation box for AIMD 

modeling can be found in Figure S2. Representative snapshots from AIMD calculations in ‘wet’ 

DME are displayed in Figure 2, the explicit DME molecules were removed for the visualization 

purpose. Two Li and four O atoms were labeled with numbers one to six for visual guidance. The 

initial structure was obtained from the optimized geometry at the ground state. We set a cutoff 

distance of H2O-Li2O2 and O2 (i.e. the bond length of No.1 Li and No.3/4 O) as 2.6 Å. As a result, 
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starting from the initial H2O-(LiO2)2 complex, the disproportionation product H2O-Li2O2 is formed 

around 0.3 ps (see Figure 2(b)). Because of the very shallow PBE(PW) energy landscape as listed 

in Table 1, the simulation snapshots indicate that O2 and H2O can leave and return to the complex 

during the simulation timescale, as demonstrated in Figure 2(b-f), suggesting the availability of 

these species for further discharge reactions. The AIMD calculations with explicit DME molecules 

provides the evidence that in the presence of one water molecule, the (LiO2)2 dimer will 

disproportionate to H2O-Li2O2 plus O2. 

Figure 3. The structures at (a)0 ps, (b)0.5 ps, (c)1 ps, (d)1.5 ps, (e)1.8 ps and (f)2 ps for 

disproportionation reaction in ‘dry’ DME electrolyte obtained from AIMD calculations at 300K. 

The O and Li atoms are in red and green, respectively. All the DME solvent molecules were 

hidden for the visualization purpose. The Li and O atoms are labeled with No. 1-6 for visual 

guidance. The bond lengths of Li-O and O-O were labeled in Å.

Although the PBE(PW) method does not find a significant barrier for LiO2 dimer 

disproportionation in ‘dry’ electrolyte (Table 2) as the other methods do, AIMD simulations using 

PBE(PW) for LiO2 dimer disproportionation in ‘dry’ DME electrolyte at 300 K were also 

performed. Representative snapshots from AIMD calculations in ‘dry’ DME are displayed in 

Figure 3 with the explicit DME molecules hidden for the visualization purpose. Both Li and O 

atoms were labeled with numbers one to six for visual guidance. The starting structure was 

extracted from the geometry optimized at the ground state. In ‘dry’ DME electrolyte, during the 
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first one picosecond of the AIMD simulation, the LiO2 dimer transformed its geometries as 

depicted in Figure 3(a-c). A disproportionation intermediate, Li2O2-O2 complex, is formed around 

1.5 ps (as shown in Figure 3(d)). Thus, these PBE(PW) results as expected indicate the 

disproportionation reaction occurs in ‘dry’ DME electrolyte as well and is consistent with the static 

PBE(PW) calculations, which give a no barrier (i.e. -0.07 eV in Table 2) for disproportionation.  

It is notable that in the ‘dry’ DME electrolyte, although we set a threshold of bond length for No.1 

Li and No.3 O as 2.6 Å, we did not observe O2 molecule leave and return during 2 ps  as that in 

‘wet’ electrolyte, which may indicate that the potential energy surface is not as shallow for the 

‘wet’ electrolyte. We can see the Li2O2-O2 complex present from 1.5 ps until 2 ps, as displayed in 

Figure 3(d-f) without the bond length of No.1 Li and No.3 O exceeding 2.6 Å.

Since the electrode surface could play some role in the reaction mechanism for Li2O2 formation 

during the discharge process, we investigated three possible reactions on an Au(100) surface with 

AIMD calculations using PBE(PW) method. The computational details of the results of these 

AIMD calculations can be found in ESI. The first two mechanisms were for LiO2 

disproportionation to Li2O2 in ‘wet’ and ‘dry’ DME electrolyte on the Au(100) surface and the 

results are in Figure S3-S4. The AIMD calculations indicate that the LiO2 disproportionation 

reaction might proceed on Au(100) in both ‘wet’ and ‘dry’ DME electrolyte similar as for just in 

the electrolyte without the surface. We also calculated the LiO2 adsorption on different Au 

surfaces. The favorable adsorption geometries and adsorption energies were demonstrated in 

Figure S5. The third mechanism was for a two-electron reaction for Li2O2 (as shown in Reaction 

(4)) where a H2O molecule activates O2 to catalyze the Li2O2 formation as  proposed in Ref 18. 

The results are  displayed in Figure S7 and it is indicates that water is not able to activate O2 as 

proposed in Ref 18. We also note that these AIMD results including the surface also provide an 

explanation for the experimental observations that the dioxygen ( ) electrochemistry is 𝑂2/𝑂 ―
2

irreversible when Li+ is added to the electrolyte (as shown in cyclic voltammetry curves in Figure 

3a in Ref 18). The AIMD results show that the reduced oxygen ( ) forms an ion pair with  𝑂 ―
2 𝐿𝑖 +

(i.e. LiO2), which is the reason the dioxygen electrochemistry becomes irreversible with addition 

of Li+. 
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Our theoretical calculations for the disproportionation reaction in an implicit DME solvent provide 

an explanation for this enhanced Li2O2 formation observed experimentally in ‘wet’ DME 

electrolyte by Markovic et al.18 The G4MP2 calculations indicate that it is more kinetically 

favorable when a water molecule is involved in the LiO2 disproportionation to Li2O2 formation. 

This is consistent with the results of Markovic’s work,18 who compared the product distribution of 

the Li-O2 discharge reactions in the electrolytes with 1 ppm of H2O and 40 ppm of H2O. According 

to their Raman spectra data, in the 1 ppm electrolyte only a LiO2 peak was observed at ~1130 cm-1, 

while in the 40 ppm electrolyte a strong Li2O2 peak at ~785 cm-1 appeared along with a LiO2 peak 

with decreased intensity. These peaks were assigned based on previous experimental 

measurments49, and they are consistent with our previous calculations50 as well as some additional 

ones we carried out in this work (see Figure S8). We note that due to the relatively low barrier (i.e. 

0.56 eV) and low reaction energy (i.e. 0.01 eV) in ‘dry’ electrolyte based on the G4MP2 method, 

disproportionation will eventually occur, which is why Li2O2 is generally the dominant product 

even without any water present in the experimental measurements, which occur over a relatively 

long time. 

4. Conclusions

In summary, this study has utilized first-principles calculations to demonstrate that the very small 

amounts of water in the electrolyte is able to promote the LiO2 disproportionation reaction to form 

Li2O2 in a Li-O2 battery compared to when there is essentially no water present. The following 

conclusions can be drawn from the current work: 

1. G4MP2 calculations show that the presence of a water molecule added to a LiO2 dimer (i.e. in 

‘wet’ electrolyte) makes disproportionation spontaneous, i.e., there is no barrier for the 

formation of Li2O2 plus an O2 molecule. In contrast without a water molecule interacting with 

the LiO2 dimer (i.e. in ‘dry’ electrolyte), there is a barrier of 0.56 eV associated with 

disproportionation reaction according to G4MP2, indicating that the LiO2 dimer in such a case 

will be slower to disproportionate. 

2. AIMD calculations in explicit DME electrolyte with the PBE(PW) functional provide 

additional evidence that in a ‘wet’ electrolyte, the H2O-(LiO2)2 disproportionation to H2O-

Li2O2 plus O2 will occur. Due to the very shallow PBE(PW) energy landscape similar to that 
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of G4MP2, the O2 and H2O are able to leave and return to the complex, indicating the 

availability of these species for further discharge reactions. 

3. These theoretical calculations of the water effect on the LiO2 disproportionation reaction 

provide an explanation for why Li2O2 formation is promoted in experiments using a DME 

electrolyte containing very small amounts of water (‘wet’ DME electrolyte) compared to that 

in ‘dry’ DME electrolyte. 
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