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Abstract
Density functional theory calculations together with ab initio molecular dynamics (AIMD) simulations have been used to study the solvation, diffusion
and transformation of Li+ and LiO2 upon O2 reduction in three organic electrolytes. These processes are critical for the performance of Li-air batteries.
Apart from studying the structure of the solvation shells in detail, AIMD simulations have been used to derive the diffusivity and together with the Blue
Moon ensemble approach to explore LiO2 formation from Li+ and O−
2 and the
subsequent disproportionation of 2LiO2 into Li2 O2 + O2 . By comparing the
results of the simulations to gas phase calculations the impact of electrolytes on
these reactions is assessed which turns out to be more pronounced for the ionic
species involved in these reactions.
Keywords: Li-air batteries, Li oxide, oxygen reduction, density functional
theory, ab initio molecular dynamics, solvation, diffusivity, disproportionation

1. Introduction
Li-air batteries have shown theoretical energy densities far greater than that
of Li-ion batteries, making these contender batteries a promising candidate for
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electric vehicles and large scale energy storage stations [1, 2, 3, 4, 5, 6]. In the operation of a Li-air battery in non-aqueous aprotic solvents, O2 reduction which
is one of the most studied reactions in chemistry [7, 8] is of central importance.
In general, upon discharge Li+ from the anode reacts with oxygen anions (O−
2
and O2−
2 ) that are formed at the cathode through reduction of O2 from the gas
phase, leading to LiO2 (intermediate product), Li2 O (discharge product) and
Li2 O2 (main discharge product). Spectroscopic studies of O2 reduction in an
aprotic solvent specifically suggest that LiO2 is first formed as an intermediate
which then further disproportionates to Li2 O2 [7]. This means that the formation of Li2 O2 does not proceed via the direct two-electron electroreduction of
O2 to O2−
2 , which is the common O2 reduction pathway in water, but rather as
a one–electron reduction to O−
2 followed by a disproportionation reaction.
Ideally, during recharge associated with oxygen evolution, these products
are brought back to their initial forms of Li and molecular oxygen. However,
practically achieving the theoretically promised high energy density and maintaining rechargeability and high cyclability has posed a major challenge in the
commercialization of Li-air batteries [9]. Instability and decomposition of the
electrolyte, and deposition of the electrically-insulating main discharge product
(Li2 O2 ) on the cathode and its pore clogging effects, have been identified as the
main causes of this problem [1, 2, 10, 11, 12, 13, 14, 15, 16].
Although several theoretical studies have shown that the top layers of Li2 O2
are in fact metallic and may provide conducting pathways [17, 18, 19, 20], growth
of Li2 O2 particles in the solution phase rather than its deposition on the cathode
is proposed to be more advantageous to the cycling capability of the cell [13, 16].
Decomposition and degradation of the electrolyte has been observed mostly with
the use of carbonate based electrolytes where little or no Li2 O2 is formed during
discharge [2] to be reversed back to Li during recharge. In contrast, organic noncarbonate solvents such as dimethoxyethane (DME) (ether), dimethyl sulfoxide
(DMSO), and acetonitrile (ACN), have shown a higher stability in the presence
of reduced O2 species [2]. Studies have shown that the stability of intermediate
products (LiO2 and O anions), may strongly depend on the donor/acceptor
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number (donicity) of the solvent [21, 22, 9, 23]. High donor number solvents
such as DMSO (which has oxygen lone pairs) can solvate Li+ and Li+ -containing
species and give rise to superoxide (O−
2 or LiO2 ) in the solution [24, 25, 26, 27].
In fact, solvent donicity has been linked to the O2 reduction pathway to form
Li2 O2 , through the solubility of LiO2 and the free energy of LiO2 → Li +
O2 [26, 9, 27]. It is argued that with low donicity solvents, Li+ is weakly
solvated which leads to surface-adsorbed LiO2 and eventually Li2 O2 films being
formed near the electrode [26, 9, 25].
Therefore, it is clear that solubility and diffusion of Li+ , oxygen anions,
and LiO2 in the electrolyte solvent are critical parameters that affect reaction
mechanisms and the overall function of Li-air cells. Studies on the oxygen
reduction reaction and oxygen anion species are well-documented [22, 9, 24, 23,
28, 25]. Still, some fundamental properties of Li+ and LiO2 including solvation
structure and shell, energetics, dynamics, transport properties and molecular
mechanisms have not been explored in detail. These properties and the interplay
between them play a key role in the reaction mechanisms and the overall function
of Li-air cells.
First-principles methods such as density functional theory (DFT) and ab
initio molecular dynamics (AIMD), are based on quantum mechanics principles.
These class of simulations can provide valuable information regarding solvation
and dynamics of species in the cell, and therefore guide the design of battery
materials [29]. The papers of Das et al. [30], Ong et al. [31], Pham et al. [32],
and Chaudhari et al. [33] present a few examples of studies that have used
first-principles methods to investigate the stability of discharge products and
solvation and diffusion in electrolytes of Li-air and Li-ion batteries. Bryantsev
et al. used DFT to address the stability of LiO2 and the free energy pathway
to Li2 O2 formation in Li-air batteries [34]. Still, these calculations have all
been performed in the gas phase and in the absence of any electrolyte. Their
study demonstrated that there is a strong thermodynamic driving force for the
formation of Li2 O2 from LiO2 . Furthermore, many studies have focused on
the generation and growth of the discharge products directly on the electrode
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surface [35, 36, 37], however, to the best of our knowledge, studies addressing
lithium peroxide formation in solution are scarce.
In this work, we focus on non-electrochemical processes and use DFT and
AIMD to study the solvation and diffusion of Li+ and LiO2 in the three organic
electrolytes DME, DMSO and ACN. In addition, we use the Blue Moon Ensemble and constrained molecular dynamics to explore LiO2 dissociation (LiO2
→ Li + O2 ) and disproportionation (2LiO2 → Li2 O2 + O2 ) reactions in three
electrolytes. In particular, we will show that both reactions should occur spontaneously in all considered electrolytes, but we will identify characteristic differences in the performance of these three electrolytes.

2. Calculational details
Spin-polarized periodic DFT calculations were performed using the Vienna
ab initio simulation package (VASP) [38] with the projected augmented wave
(PAW) method [39, 40]. Exchange-correlation effects were considered within the
generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof
(PBE) functional [41] and its revised version (RPBE) [42]. The wave functions
were expanded in a plane wave basis with a kinetic cut-off energy of 400 eV.
Dispersion effects were taken into account within the DFT-D3 method [43]. In
particular the RPBE-D3 approach has been shown to yield reliable solvation
structures [44, 45] and interaction energies [46]. A convergence criterion with
an energy of 10−6 eV was used for all calculations.
Three different electrolytes were studied; DME, DMSO, and ACN. The simulation boxes chosen for these three different electrolytes had the size 12Å ×
12Å × 12Å. To ensure charge neutrality, Li+ was considered together with its
counter ion (Li+ PF6 − ) commonly used as salt in Li-based batteries. For each of
theses systems, a LiPF6 was first placed in the simulation box, with the remaining free volume of the box packed with enough electrolyte yielding its certain
density (DME: 0.87 g cm−3 , DMSO: 1.1 g cm−3 , ACN: 0.79 g cm−3 ) and ion
(or salt) concentration of 1 M. Then, geometry optimization was performed on
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each configuration with classical molecular mechanics using the universal force
field.
These relaxed structures were used for subsequent ab initio molecular dynamics simulations (AIMD) simulations. AIMD simulations were performed in
the NVT ensemble using a Nosé-Hoover thermostat [47, 48] with a time step of
0.5 fs. All systems were first equilibrated for 5 ps and then simulated for 25 ps
to gather statistics. A temperature of 300 K was used, dictated by normal battery operating conditions. Pair correlation functions were used to characterize
solvation structures. The integral of the pair correlation function was used to
calculate coordination numbers for each system.
Interaction energies between a single species X and Y in the gas phase were
calculated according to
Eint = EXY − EX − EY ,

(1)

where EXY , EX , and EY are the total energies of XY, X, and Y in the gas phase,
respectively. A large number of possible configurations of the species were tested
and optimized. Those reported belong to the most favorable configurations.
Bond lengths were extracted from optimized force field structures.
In order to illustrate the charge rearrangement and thus the nature of the
interaction [49] between ions and the solvent molecules, we have determined
charge density differences
∆ρ = ρtotal − ρion − ρsolventmolecule ,

(2)

where ρtotal , ρion , and ρsolventmolecule are the total charge density of the system,
charge density of the ion (e.g. Li), and charge density of the solvent molecule
(e.g. DME molecule), respectively. In order to illustrate areas of electron accumulation and depletion, we have determined charge difference isosurfaces at a
density of ±0.005 eÅ−3 .
We estimated the solvation energy (∆Esol ) of Li+ in different electrolytes
based on cluster calculations by
∆Esol = ELi+ ,(solvent)n − ELi+ − E(solvent)n ,
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(3)

as done previously [32], where ELi+ ,(solvent)n , ELi+ , and E(solvent)n are the total
energy of the cluster of Li+ and the electrolyte molecules in the first solvation
shell, total energy of Li+ , and total energy of the electrolyte molecules in the first
solvation shell, respectively. The clusters were extracted directly from AIMD
simulations and therefore implicitly include temperature and dynamic effects.
The solvation energy of LiO2 in the electrolytes was estimated by the same
approach, but with LiO2 substituted for Li+ .
Diffusion coefficients were calculated from the linear regression of the mean
square displacement (MSD) over time using the Stokes-Einstein equation [50]:
D=

1 < (∆r)2 >
6
∆t

(4)

The MSD was calculated by averaging over multiple trajectory windows
spanning the entire trajectory, using window lengths of 5 ps in increments of 1
ps. A linear regression of the MSD vs. time excluding the first picosecond was
used to calculate D from Eq. 4 for each system.
Here we used the thermodynamic integration slow growth approach to obtain
free energy profiles of the reactions of interest [51, 52]. This AIMD method has
been implemented in VASP as the Blue Moon ensemble method [53, 54, 55].
Starting from an initial optimized structure and an initial location (ξ1 ) the
motion is followed along the reaction coordinate (collective variable) to a final
defined location (ξ2 ), while the free energy gradient (δF/∆ξ) is collected along
this path. We used a step size of 0.00008 Å for every femtosecond, with which to
collect free energy gradients. We averaged the dynamic trajectories over every
1000 steps. The free energy (∆F) profile was then obtained by integrating over
the ξ1 → ξ2 path.

3. Results and Discussion
3.1. Interaction Energies
As a first step, we have carried out an in depth study of interaction energetics
and structure of Li and LiO2 in the three considered electrolytes. Table 1
6

shows the interaction energies according to Eq. 1, determined using the PBE
and RPBE functionals without and with D3 dispersion corrections, of a single Li
atom and a LiO2 molecule with each of the three different electrolyte molecules.
The optimized structures are shown in the Supporting Information. The trends
among the different functionals are similar to those found before [44, 46, 56]. In
general, RPBE yields a slightly lower interaction strength than PBE. For both
functionals, dispersion corrections lead to stronger interactions as expected upon
adding an attractive interaction. However, the differences are rather small. In
the following, we will use the RPBE-D3 functional for the AIMD simulations.
According to our calculations, Li atom prefers to bond to the N atom of the
ACN molecule, and the O atom of both DMSO and DME molecules. Table 1
demonstrates that the order of the interaction strength between an Li atom
and an electrolyte molecule is DME > DMSO > ACN across all considered
functionals. The same order in the interaction strength is also obtained for
the LiO2 interaction with the three different electrolyte molecules. In spite of
the strongest interaction, DME exhibits also the longest bond length with the
Li atom, as listed in Tab. 2. This is closely followed by Li-ACN, and lastly
Li-DMSO. The same trend is observed for the calculated bond length between
LiO2 and each of the three electrolyte molecules.
Table 1: Interaction energies (in eV) of Li and LiO2 with electrolyte molecules obtained from
DFT calculations using Eq. 1.

PBE

PBE-D3

RPBE

RPBE-D3

ACN (Li-N)

-0.50

-0.52

-0.47

-0.49

DMSO (Li-O)

-0.76

-0.79

-0.67

-0.72

DME (Li-O)

-0.82

-0.83

-0.70

-0.80

ACN (Li-N)

-0.84

-0.88

-0.81

-0.86

DMSO (Li-O)

-0.98

-1.01

-0.94

-1.00

DME (Li-O)

-1.05

-1.06

-0.95

-1.14

Li

LiO2
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Figure 1: Charge density difference ∆ρ upon the interaction of Li with a) ACN, b) DMSO and
c) DME molecules, and LiO2 with d) ACN, e) DMSO and f) DME molecules, as obtained from
DFT calculations using Eq. 2. Cyan and yellow regions correspond to electron accumulation
and depletion, respectively. The isosurface levels are ±0.005 eV Å−3 .

The special role of DME can easily be understood by the fact that it interacts
with the Li atom through the bonding to two oxygen atoms in a bidentate
fashion, which can also be seen in the charge density difference plots shown
in Fig. 1. Interestingly enough, these plots also illustrate that in the case of
the single Li atom interacting with the electrolyte molecules, there is a charge
depletion at the O and the N atoms, with some charge transfer towards the Li
atom, whereas in the case of LiO2 there is a charge accumulation close to the
O and the N atoms and a more complex polarization pattern within the whole
complex.
3.2. First Solvation Shell Structures
We now turn to an analysis of the AIMD runs. Note that, for the solvation
of Li+ , we performed two independent simulations for each electrolyte with one
−
+
Li+ -PF−
6 pair in the simulation box, where the Li -PF6 ion pair was either

initially associated or dissociated. For the case of ACN as the electrolyte, the
initially associated LiPF6 , dissociated within the first 2ps and remained so for
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Table 2: Bond lengths in Å for the interactions of Li and LiO2 with electrolyte molecules
obtained from DFT calculations.

PBE

PBE-D3

RPBE

RPBE-D3

ACN (Li-N)

1.94

1.94

1.99

2.00

DMSO (Li-O)

1.80

1.80

1.85

1.82

DME (Li-O)

1.98

1.99

2.00

2.04

Li-N

2.07

2.04

2.16

2.05

Li-O

1.82

1.81

1.83

1.83

O-O

1.36

1.37

1.37

1.37

Li-O

1.88

1.90

1.92

1.91

Li-O

1.81

1.82

1.83

1.83

Li-O

1.37

1.37

1.37

1.37

Li-O

2.06

2.16

2.12

2.09

Li-O

1.83

1.83

1.84

1.83

Li-O

1.37

1.37

1.37

1.38

Li

LiO2
(ACN)

(DMSO)

(DME)

the remainder of the time. The initially dissociated LiPF6 remained dissociated
for the entire simulation run time of 30ps. For the case of DMSO as the electrolyte, both the associated and dissociated LiPF6 ion pair remained so for the
duration of the simulations. In terms of thermodynamic stability, the associated
LiPF6 structure was more favorable than the dissociated, as indicated by the
lower DFT total energy along the AIMD runs. Similarly, for the case of DME
as the electrolyte, both the associated and dissociated LiPF6 ion pair also remained so for the duration of the simulations and the associated structure was
more energetically favorable than the dissociated.
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Figure 2: Radial distribution functions of the Li-O and Li-N distances, respectively, obtained
from AIMD simulations of a) Li and b) LiO2 in 1 M ACN, DMSO and DME electrolytes.
Insets show the first solvation shells for each case.

Figure 2a shows the radial distribution functions (RDF) of Li+ with the
three electrolytes (Li-N for ACN and Li-O for both DMSO and DME). At
first glance, all three solvents show sharp first solvation shell peaks and clear
coordination numbers in the first solvation shell. The integrated RDF, from
which we can deduce coordination numbers, can be found in the Supporting
Information (Figs. S1 and S2). For Li+ in each of ACN (Li-N pair correlation
function), DMSO (Li-ODMSO pair correlation function) and DME (Li-ODME pair
correlation function), a sharp peak is seen at 2.06 , 1.97 , and 2.06 , respectively.
The integrated RDFs show that Li in ACN, DMSO, and DME is bonded to 4, 3
and 2 electrolyte molecules, respectively, in the first solvation shell. Snapshots
of the solvation structures (first solvation shells) are seen in insets of Figure
2. As can be seen from the insets, Li+ in both DMSO and DME remains
associated with PF−
6 . This association, and the large size of DMSO and more so
DME prevent the Li+ from bonding to more solvent molecules. Our simulations
also show that Li+ has a tetrahedral coordination geometry in the bulk ACN
electrolyte solution, whereas Li+ in bulk DMSO exhibits an undefined structure
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most closely resembling that of a tetrahedron with one of the vertex corners
consisting of the PF6 bonded with two F atoms to the Li+ . Finally, Li+ in
the bulk of DME is bonded to PF6 and four O atoms belonging to 2 DME
molecules, exhibiting an intermediate geometry between a trigonal bipyramidal
and s square pyramidal arrangement. Note that the PF6 counterion did not
solvate in ACN, and was only weakly bonded to solvated Li+ in DMSO and
DME.
Figure 2b depicts the radial distribution functions of LiO2 with the three
electrolytes, again with respect to the Li-N distances for ACN and Li-O distances for both DMSO and DME. The peaks of the first solvation shell are
located at 2.19 , 1.97 , and 2.06 Å for LiO2 in ACN, DMSO and DME, respectively. The integrated RDFs show that LiO2 is bonded to 3 ACN, 2 DMSO and
2 DME molecules (with 3 O atoms) molecules, respectively, in the first solvation
shell. The structure of the first solvation shell of LiO2 in ACN appears to be
a tetrahedral, similar to the first solvation shell of LiO2 in DME although its
structure is less defined. In contrast, the first solvation shell of LiO2 in DMSO
acquires a trigonal planar structure.
3.3. Solvation Energy
The magnitude of solvation energy is a good criterion for the interaction
strength of the Li ion and LiO2 with the electrolytes. Figure 3a shows the
solvation energy of Li+ in 1 M ACN, DMSO and DME solutions, measured
throughout the duration of the simulations, along with the average for each
electrolyte. We note that in the solvation energy calculation for Li+ in DMSO
and DME, we have taken into account the association of Li+ with the counterion
PF6 that occurs in these two electrolytes. The solvation energy of Li+ in DMSO
and DME is similar, and considerably larger and more favorable than in ACN,
suggesting that Li+ is more tightly solvated by these larger molecules, in spite of
the lower coordination. This agrees with findings from other molecular dynamics
studies [57, 58].
Figure 3b depicts the solvation energy of LiO2 in 1 M of each of the three
11

Figure 3: Solvation energies obtained from AIMD simulations of a) Li and b)LiO2 in 1 M of
each of ACN, DMSO and DME electrolytes.

electrolyte solutions, along with the average for each electrolyte. The sharp dip
seen for LiO2 solvation energy in DMSO early on in the simulation (5 ps <
time < 10 ps) corresponds to the Li+ instantaneously bonding to several more
DMSO molecules. These bonds were then broken and remained so for the rest of
the simulation time. Overall, unlike Li+ solvation energy trends, the solvation
energy of LiO2 in all three electrolytes is quite similar to one another, although,
DMSO shows slightly more favorable solvation energy towards LiO2 . This is
followed by DME and ACN. Comparing the trends of solvation energy of Li+
and LiO2 in the three electrolytes, it is apparent that the solvation of Li+ is
more dependent upon the electrolyte.
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Figure 4: Mean square displacement (MSD) obtained from AIMD simulations of a) Li and b)
LiO2 in 1 M of each of ACN, DMSO and DME electrolytes.

3.4. Diffusion
The electrolyte provides the medium through which ions present in the battery migrate and reach the electrodes. In fact, the ion mobility in the electrolyte
can be a critical factor in the performance of a battery [59]. The solvation
strength of ions such as Li+ and LiO2 in the three electrolytes studied here may
influence their transportation in the electrolyte. This was investigated by means
of determining the mean square distance traveled by Li+ and LiO2 over time,
as shown in Fig. 4. Overall, the diffusion coefficients of either of Li+ and LiO2
are by about two to three orders of magnitude lower in the three electrolytes
studied here than in carbonate solvents studied elsewhere [32, 31, 60]. Diffusion
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coefficients derived for Li+ in 1 M ACN, DMSO, and DME at 300K are ∼0.083
× 10−9 m2 /s, ∼0.009 × 10−9 m2 /s, and ∼0.002 × 10−9 m2 /s, respectively.
Therefore, diffusion of Li+ , which follows the order of ACN > DME > DMSO,
appears to be extremely low. Results in the previous section showed that the
solvation of Li+ was the least energetically favorable in ACN. Taken together,
we conclude that Li+ is less bound by and therefore freer to move within ACN,
and that Li+ is more tightly solvated by DMSO. Compared with Li+ , LiO2
shows slightly larger diffusion in the three electrolytes. Diffusion coefficients
derived for LiO2 in 1 M ACN, DMSO, and DME at 300K are ∼0.25 × 10−9
m2 /s, ∼0.24 × 10−9 m2 /s, and ∼0.11 × 10−9 m2 /s, respectively. Therefore the
diffusion coefficient follows the ACN > DME > DMSO order. These results
agree well with the solvation energy trends of ACN < DME < DMSO from the
previous section.
3.5. Association and Disproportionation Reactions
3.5.1. Association (Li+ + O+
2 → LiO2 )
In this section, we will discuss the reactions occuring during discharge in a
Li-air battery which provide the driving force for the operation of this type of
batteries. As a first step, an oxygen superoxide anion (O−
2 ) provided by the
cathode reacts with the Li cation provided by the anode to form LiO2 . LiO2 is
unstable in its bulk phase at room temperature [34, 61] and is generally considered as an intermediate product. The LiO2 stability in the dissolved form has
been shown to be dependent on the electrolyte [9, 22]. Here we employed Blue
Moon ensemble AIMD simulations to study the LiO2 stability in the dissolved
form by obtaining the reaction energy barrier for LiO2 dissociation into Li2
and O−
2 in the three electrolytes. We then reversed this path to illustrate the
formation of LiO2 from Li2 and O−
2 . The resulting free energy profiles of this
reaction (association) in the three electrolytes are shown in Fig. 5 alongside that
of vacuum. Figures S3 and S4 in the Supporting Information show the results
in detail for each electrolyte. LiO2 in vacuum is 2.19 eV more stable than Li+
and O−
2 . As for the LiO2 stability in the electrolytes, results show that LiO2 is
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0.85 eV, 0.70 eV and 0.53 eV more stable in DME, ACN and DMSO respectively,
than Li2 and O−
2 . Thus, the resulting order of stability of LiO2 in the three
electrolytes is DME > ACN > DMSO and therefore, the association reaction is
most favorable in DME among the considered electrolytes. This is in agreement
with the experimental findings of Scheers et al.[28]. We note that these results
so far show that an individual LiO2 molecule can form instantaneously from
Li+ and O−
2 and there is a strong thermodynamic driving force to form LiO2 in
vacuum as well as in the three electrolytes studied here.
Looking at the reverse process, the results just presented above mean that
the energy barrier for LiO2 dissociation reaction to Li+ and O−
2 in vacuum is
2.19 eV, and the presence of an electrolyte lowers this barrier considerably and
thus also lowers the energy gain upon the dissociation reaction. This can be
understood by considering the fact that the solvation energy of the two ions Li+
and O−
2 is larger than the one of the neutral LiO2 molecule, as already illustrated
in Fig. 3. Still, as just mentioned above, the chosen electrolytes support the
spontaneous formation of LiO2 . However, in the next section we will see how
LiO2 molecules can easily further disproportionate to Li2 O2 species, and are
therefore unstable in the bulk solvent phase, in agreement with experimental
observations [7].
3.5.2. Disproportionation (2(LiO2 ) → Li2 O2 + O2 )
Once LiO2 is formed, it can associate with other LiO2 species to form Li2 O2
and O2 (disproportionation). Again we employed Blue Moon ensemble AIMD
simulations to find the energy barrier for this reaction in vacuum and in electrolyte, the corresponding results are illustrated in Fig. 5b. Note first, that
the energetic differences between vacuum and electrolyte calculations are much
smaller than for the association reaction Li+ + O−
2 → LiO2 . As such, the electrolyte obviously has a greater impact on the association reaction than on the
disproportionation reaction. Consistent with the arguments given for the influence of the electrolyte on the association reaction, in the disproportionation
reaction the educts and the product all correspond to neutral molecules so that
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Figure 5: Reaction energy barriers obtained from the Blue Moon method of AIMD simulations
for a) (Association) Li + O2 → LiO2 ) and b) (Disproportionation) 2(LiO2 ) → Li2 O2 + O2
in vacuum and 1 M of each of ACN, DMSO and DME electrolytes.

there are no significant differences with respect to their stabilization in the presence of the solvent. Second, the results of Fig. 5b show that the formation of
LiO2 from Li2 O2 is endothermic in all considered environments in which Li2 O2
is obviously thermodynamically more stable than LiO2 , in agreement with the
experimental results of Peng et al. [7] for ACN as the solvent.
Bryantsev et al. [34] used DFT to study the free energy profile of this reaction
in the gas phase (vacuum) by optimizing all possible intermediate structures and
finding the most stable structure at each step. We note that their results using
a hybrid functional with respect to the energy gain upon disproportionation in
the gas phase agree rather well with our results obtained with the RPBE-D3
functional. Taking both reactions together, our calculations confirm that the
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preferred pathway during discharge involves Li+ and O−
2 atoms associating and
spontaneously forming LiO2 , and the LiO2 then further reacts to Li2 O2 . The
presence of solvents reduces the thermodynamic driving force for this pathway
through the stabilization of the initial ionic educts. In other words, the electrolyte helps the recharge pathway with respect to these particular steps. Still,
it is important to note that the thermodynamic driving force for the overall
discharge reaction 2Li+ O2 → Li2 O2 is of course not affected by the presence
of the electrolyte.
Note furthermore that it is believed that insulating Li2 O2 deposits upon
discharge are supposed to be the predominant reason for the limited lifetime of
Li-O2 batteries as they can limit electron and charge transfer pathways [62, 63,
64, 18, 16]. It has been suggested that the introduction of additional cations in
the electrolyte might suppress the passivation by shifting the reaction zone of
Li2 O2 formation towards the electrolyte bulk [13, 15, 17, 16] through an overcrowding of cations [65] close to the electrode. Molecular dynamics simulations
show that it is possible to increase cation concentrations in the electric double
layer, however, accompanying experiments indicate that the resulting drop of
the Li+ concentration close to the electrode is still not sufficient to suppress the
electrode surface passivation by Li2 O2 growth [16]. This issue will need further
attention.

4. Conclusions
The properties of Li+ and LiO2 solvated in the three organic electrolytes
dimethoxyethane (DME) (ether), dimethyl sulfoxide (DMSO), and acetonitrile
(ACN) have been studied by density functional theory calculations together with
ab initio molecular dynamics simulations. The calculated diffusivities of Li+ and
LiO2 in all three solvent are rather low and follow the trend of the solvation
energies of these species. Their transformation together with oxygen reduction
are crucial reactions occuring in Li-air batteries. Our simulations using the Blue
moon ensemble confirm experimental findings that upon the interaction of Li+
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with O−
2 first LiO2 is formed which then further disproportionates to Li2 O2 .
These reactions occur spontaneously in all three considered organic solvents,
but the energy gain is reduced compared to the gas phase, in particular due to
the higher stabilization of the ionic educts with regard to the molecular products
in the electrolyte. This study represents a first step towards a more complete
first-principles based understanding of the crucial processes occurring in the
electrolytes of Li-air batteries which is needed to overcome obstacles in their
reversible operation.
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