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Abstract

The lithium-air battery, a powerful competitor to replace the traditional lithium-ion

battery, has attracted increasing attention due to its extremely high theoretical energy

density. However, development is limited by the cathode and electrolyte properties,

which should include high stability, conductivity, and electrocatalytic properties in

oxygen-rich environments. Here, we employ a systematic first-principles study of Li-

O2 discharge and charge reactions on the Co3O4-based cathode with the assistance

of DMSO electrolyte. The structure, stability, and electronic properties of different

surface reconstructions of the Co3O4 (100) facet are investigated. In addition, the

mechanisms and thermodynamic overpotetials of multi-step reactions between Li+/e−

and O2 are provided, where lithium suboxide products (Li2O2 or Li3O2) are formed

on the different Co3O4 (100) terminations. The solvation shell of Li+ components in

explicit DMSO solvent are investigated through ab initio molecular dynamics (AIMD)

simulations. In general, we find that the Co3O4 (100)-O (Oxidized) surface is the

most stable one at standard conditions, and the stable Li+ solvation structure is found

in a tetrahedral Li(DMSO)+4 shell in the DMSO-based electrolyte. Moreover, in the

system of Co3O4 (100)-O cathode and DMSO electrolyte, the solution model pathway

is energetically favorable for Li-O2 discharge reaction. It provides a low constant
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overpotential of 0.17 V during a long-term discharging process, thus causing the final

toroid Li2O2 formation on the cathode. During the charging process, the overpotential

of 0.36 V is required to rapidly decompose the Li2O2.

Introduction

Recently, the great commercial value and environmental friendly properties of battery electric

vehicles (BEVs) have attracted the attention of many companies. However, the development

is limited by the energy storage technology.1–4 The current rechargeable batteries are based

on Li-ion batteries (LIBs), which offer usable energy of up to 120 W·h/kg. In order to

give a car a range of 200–300 miles, an ideal energy capacity of ≈75 kW·h is required on

a single charge.5–7 Based on that, a very heavy battery (625 kg) is required on the vehicle,

which will reduce its energy efficiency. Therefore, it is compelling to search for other battery

designs to enhance BEVs. Among many candidates, the Li-air battery is a promising energy

storage paradigm which can theoretically provide a specific energy of nearly 12.0 kW·h/kg

(100 times the capacity of LIBs).8–11 However, the current Li-air batteries can only provide

a practical energy of 1.7 kW·h/kg, which is limited by many factors including cathode

materials. Therefore, more systematic studies of Li-air batteries are needed. The overall

discharge and charge reactions of the Li-air battery are12–14

2Li+ + 2e− + O2(g)
discharge−−−−−⇀↽−−−−−
charge

Li2O2, E
0 = 2.96 V. (1)

4Li+ + 4e− + O2(g)
discharge−−−−−⇀↽−−−−−
charge

2Li2O, E
0 = 2.91 V. (2)

Although the Li2O discharge product in reaction (2) delivers higher energy density, break-

ing the O–O bond makes this reaction slow and possibly irreversible. Therefore, most of the

current cathodes can only provide Li2O2 as a product following reaction (1).15,16 To date,

Co3O4 is one of the most popular cathodes among metal oxides for Li-air batteries, since it
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is active, conductive, and stable under the O2 rich environment.17–19 Moreover, according to

the experimental reports, it can provide a low discharge overpotential during operation.20

However, the mechanism of charge and discharge reactions on the Co3O4 cathode is still

unknown. Therefore, it is important to provide a systematic first-principles study of the

roles of the Co3O4 cathode towards Li-O2 reactions.

The structure and stability of Co3O4 have been studied experimentally and theoreti-

cally.18,21,22 Co3O4 is an antiferromagnetic spinel oxide, including tetrahedrally-coordinated

Co2+ (magnetic moment = 3.0 µB in experiment, 2.69 µB in density functional theory, DFT)

and octahedrally-coordinated Co3+ (0 µB) ions.22 The (100), (110), and (111) surfaces are

the most prevalent facets exposed on Co3O4 based on previous observations.23,24 Among

these, the (100) facet has been confirmed to be most stable by DFT calculations and is

considered to be the main/only facet in many sustainable catalytic processes.22,25 However,

even for the (100) surface, there are three different symmetric pristine terminations, which

are usually named as (100)-O (oxidized), (100)-S (stoichiometric), and (100)-R (reduced)

surfaces depending on the surface Co:O ratio (see Fig. 1(c)-(e)). It was reported that the

(100)-O surface is the most stable one in the standard conditions (T 0=298.15 K, P 0
O2

=

0.21 atm).22,25 However, the surface reconstruction behavior of the (100)-O facet, such as O

or Co vacancy formation, has not been studied extensively. In addition, the electronic prop-

erties of these three surfaces have not be examined. Therefore, it is important to investigate

the surface stability, properties, and reconstructions of a Co3O4 (100) slab systematically

before simulating the Li-O2 reactions on it.

The mechanism and product growth pathways for the Li-O2 discharge and charge reac-

tions on Co3O4 are still unknown. The superiority of Co3O4 as a cathode relative to other

transition-metal oxides is due to low discharge and charge overpotentials (ηdischarge ≈ 0.1-

0.3 V, ηcharge ≈ 1 V) reported experimentally.16,20 However, the current Co3O4-based battery

still must be improved in both discharge and charge processes. Therefore, a systematic ab

initio study is necessary to unveil the potential- and rate-determining steps for the multiple
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electron transfer steps in the overall Li-O2 reactions. It is also notable that most theoreti-

cal calculations simulated the thin-film growth of Li2O2 discharge product on the cathodes,

which should reduce catalytic activity from that of Co3O4 to that of Li2O2 (s). However, this

surface deactivation phenomenon is often ignored.26–29 Indeed, on some recently-proposed

Li-air battery electrodes, toroid shaped Li2O2 nanoparticles were found after discharge (not

blocking the electrode active sites).10,30,31 The morphology change from thin film to toroid

shape is attributed to the use of different electrolytes, thus indicating two different Li2O2

growth pathways: the surface and solution models.32,33

Surface model:

2Li+ + 2e− + O2(g)
discharge−−−−−→ Li2O2(s)

Solution model:

Li+ + e− + O2(g)
discharge−−−−−→ LiO2(s) (a)

LiO2(s)
desorption−−−−−−→ LiO2(sol) (b)

2LiO2(sol)
condensation−−−−−−−→ Li2O2(s) + O2(g) (c)

In the surface model, all Li-O2 reactions are completed on the cathode surface, resulting

in thin-film discharge products. Regarding the solution model, the soluble LiO2 interme-

diates form via reaction (a) and then desorb from the cathode surface into the electrolyte

(reaction (b)), followed by two LiO2 disproportionating into insoluble Li2O2 on the cathode

surface (in a toroid-shaped particle) (reaction (c)). The discrimination of the two growth

models is mainly influenced by the LiO2 desorption ability at the interface, which is closely

determined by the donor number (i.e. Lewis basicity) of the electrolyte.32,33 The donor

number is a representative parameter to indicate the ability of a solvent to solvate cations

and small molecules by donating an electron pair, where a higher donor number relates to

higher solubility. Recently, the solution model has become more important than the surface
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model in Li-air batteries because it can continuously provide a clean catalytic surface for

the discharge reactions, yielding a low and constant discharge overpotential for a long time.

Dimethyl sulfoxide (DMSO) is nearly always employed as the supporting electrolyte in recent

designs of Li-air batteries to facilitate the solution model discharge pathway.10,33,34 Therefore,

we investigate the roles of Co3O4 facets and DMSO electrolyte toward Li-O2 reactions from

a first-principles DFT perspective. In this paper, we present a systematic first-principles

study of the stability and reconstruction of Co3O4 (100) facets, Li-O2 reaction mechanisms

and overpotentials, solvation structures of Li salts (LiClO4) in DMSO, Li desolvation process

at the Co3O4/DMSO interface, and pathways for discharge product growth on the Co3O4

cathodes.

Results and Discussion

Bulk Co3O4 The optimized lattice parameter of cubic Co3O4 is 8.18 Å, in agreement

with previous DFT and experimental studies (Fig. S1(a)).22,25 The ground state of Co3O4

is antiferromagnetic, where the magnetic moment of the octahedrally-coordinated Co3+ is

0 µB, while the magnetic moment of the tetrahedrally-coordinated Co2+ is 2.65 µB. The

calculated electronic structure of bulk Co3O4 shows it to be a semiconductor with a band gap

of 1.75 eV (Fig. 1(a)), which is comparable with the previous experimental and theoretical

values ≈1.6–1.7 eV.22,25

Table 1: Surface energy and surface band gap of Co3O4(100)-O, -S, -R slabs

Surfaces ΦG(J/m2) Band gap (eV)
(100)-O 1.26 0.20
(100)-S 1.48 0.30
(100)-R 1.61 0

Co3O4 (100) surface We start the simulation from three high-symmetry terminations,

the Co3O4 (100)-O, (100)-S, and (100)-R surfaces (Fig. S1(b)). The optimized surface con-

5



Figure 1: (a), Density of states (DOS) of bulk Co3O4, (b) Projected density of states (PDOS)
of the Co3O4(100)-O surface. (c)-(e): the top view of the Co3O4(100)-O, -S, -R surfaces. (f)
Phase diagram of bulk CoO, Co3O4, Co2O3, and CoO2. (g) Surface energy diagram of 500
reconstructed terminations of Co3O4(100) obtained from ai -GCMC.
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figurations are shown in Fig. 1 (c)-(e), while the surface energies can be found in Table 1.

We found that Co3O4 (100)-O surface is the most stable one with the lowest surface energy

at T 0 = 298.15 K and P 0
O2

= 0.21 atm, and all conditions under which bulk Co3O4 is stable.

As shown in Fig. 1(c), the top layer is filled by octahedral Co3+ with one dangling bond,

resulting in a pronounced change of magnetic moment from 0 to 2.0 µB. As for the (100)-S

or (100)-R surfaces, one or two tetrahedral Co atoms are initially added (per unit cell) onto

the top layer of the (100)-O surface (see Fig. S1(b)). After optimization, the tetrahedral Co

atoms are shifted into the square surface site formed by four adjacent O atoms, while the

magnetic moment remains large, 2.6 µB. In addition, according to the electronic structure

of the three terminations, the (100)-O and (100)-S facet remains a semiconductor, but the

surface bands have a small bandgap of 0.2 (Fig. 1(b)) and 0.3 eV, respectively (Table 1). As

for (100)-R surfaces, the surface is metallic.

Next, we consider more reconstruction possibilities of the Co3O4 (100) surface by using

the ai -GCMC method.35 Co and O atoms will be moved, inserted, or deleted from the sur-

face during the simulation. We start from the Co3O4 (100)-O surface, which is determined as

the most stable high-symmetry surface (see previous paragraph). The surface energy (grand

potential ΦG T = 0, equation in Supporting Information) of all configurations obtained from

the ai -GCMC simulation are plotted in Fig. 1(g) as a function of ∆µO. We find that the

Co3O4 (100)-O surface is still the most stable one in the range of ∆µO = -0.5 eV–0 eV,

covering the ∆µO range for bulk Co3O4 stability (∆µO = -0.38 eV–0 eV, Fig. 1(f)). All

the reconstructed surfaces, including adding more Co/O atoms or making Co/O vacancies

are found to be unfavorable. Therefore, we can conclude that Co3O4 (100)-O surface is

the predominant facet for Co3O4 particles. In addition, when the ∆µO was decreased be-

yond the bulk stability region, the Co3O4 (100)-S and -R surfaces are stable (despite bulk

metastability), which is in agreement with previous DFT reports.25,36,37 Therefore, we sys-

tematically studied the catalytic activity of the Co3O4 (100)-O facet for Li-O2 reactions (see

below sections), while the catalytic performance of Co3O4 (100)-S,-R surfaces can be found
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in Supporting Information.

Figure 2: (a) The most thermodynamically favourable formation mechanisms of Li2O2

monomers on the Co3O4 (100)-O surface. * denotes an adsorption site, and pre-pended
* denotes an adsorbed species, e.g. *Li. During each step, the newly adsorbed Li and O2 are
circled in sky blue. (b) The free-energy diagram of Li+/e− and O2 reactions on the Co3O4

(100)-O surface at the ideal equilibrium potential Ueq = 2.71 V, where the ηdischarge for the
formation of first and second *Li2O2 (per surface cell) are shown.

Thermodynamic overpotential study of Li-O2 reactions on the Co3O4 (100)-O

surface Fig. 2 shows the most favourable mechanistic and thermodynamic performance

for the discharge reaction between Li+/e− and O2 on the Co3O4 (100)-O surface. The effect

of DMSO solvent can be ignored when we calculate the theoretical overpotentials in Fig.

2, based on the model of computational lithium electrode provided by Nøskov’s group.38

Because the solvation reactions are not redox reactions, the electrolyte contribution affects

the barriers of interfacial adsorption/desorption reactions through the pre-factor of the rate

expression (kinetic calculations), but not the potential dependent thermodynamics in this

study.38 In addition, the DFT-defined reference free energy of Li+/e− (transfer components

during charging and discharging) is computed from the bulk Li-metal (anode material) in

this method,38–40 while lithium ions in solution are assumed in equilibrium with the lithium

metal anode and with Li+ near the cathode surface.38 Therefore, the solvation effect on the
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calculations of Li+/e− transfer reaction is quite small, and can be ignored in the estimation

of overall discharging/charging reactions between Li-anode and cathode surface.38 Using this

model, we derived DFT-level overpotentials as shown in Fig. 2. The same method has been

well tested by many theorists on other electrode materials, obtaining very good estimates of

DFT-level overpotentials compared with experiments.10,29,39–41 Therefore, our DFT-derived

overpotentials (in Fig. 2) can be directly compared with other computationally estimated

overpotentials on various materials in this Li-air battery field.

As shown in Fig. 2, the initial Li+/e− adsorption is extremely exothermic, with ∆G0 =

-3.50 eV. The Li cation will be adsorbed on a bridge site equidistant between two surface

O anions, where there is no tetrahedral Co ion directly below in the top subsurface layer.

Then, the second pair of Li+/e− will be transferred to the neighboring O-O bridge site (right

above the subsurface tetrahedral Co), while the O2 is bonded to the adjacent Co atom on

the surface eliminating the dangling bond of a surface Co (by forming a new Co-O bond).

By that, the first *Li2O2 is formed. Another less favourable mechanism to form one *Li2O2

can be found in Fig. S2, which is also based on the *Li intermediate. We also considered the

pathways based on the *LiO2 intermediate (assumed by many experiments). However, for

this cathode we found that the Gibbs free energy (∆G0 = -3.50 eV) of *Li formation is more

favorable than that (∆G0 = -2.99 eV) of *LiO2 formation after the first electron transfer

step. In addition, we also find the free energy of the O2 adsorption reaction (*Li(s) + O2

(g) → *LiO2) is ∆G0 = 0.51 eV, while the Gibbs free energy of *Li(s) + Li+ + e− → *2Li

(s) is ∆G0 = -0.20 eV (at Ueq = 2.71 V). Therefore, we know that the second *Li formation

will proceed before the adsorption of O2, avoiding the existence of *LiO2 intermediate on

the Co3O4 (100)-O surface. The same pathway (without *LiO2 intermediate formation) has

also been found for Li-O2 reactions on the CeO2 surface in another study.41 After the first

monomer formation, the remaining half of the active sites (Co and O-O bridge sites) on

the Co3O4 (100)-O surface can provide an energetically favourable pathway to form a second

*Li2O2 (per surface cell) with the same mechanism in the first *Li2O2. The formation energy
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of the second *Li2O2 is a bit less exothermic due to the steric hindrance from the first *Li2O2.

After the second *Li2O2 formation, the surface (of our simulation model, 8.18 × 8.18 Å2)

is fully covered by Li2O2(s), and there are no active O-O bridge sites left for additional Li+

adsorption. The free-energy diagram for Li-O2 reactions on the Co3O4(100)-O surface is

plotted at the ideal equilibrium potential Ueq =2.71 V (Fig. 2(b)). As shown, the discharge

potential-determining step (PDS) is the second step (*Li + Li+ + e− + O2 → *Li2O2) with

overpotentials (making all steps downhill) of 0.17 V and 0.23 V for the formation of both

first and second *Li2O2, respectively.

The effect of DMSO solvent towards the Li-O2 reactions. Here, we consider the

solvation effects of DMSO towards the configurations in Fig. 2(a). The first step is to obtain

the structural properties of Li+ and O2 in DMSO solvent. ClO−
4 is also added into the

simulations as the counter ion, because LiClO4 is believed as the most stable Li salt.34

Fig. 3(a) shows a well-equilibrated first solvation shell of Li+ in DMSO solvent from 25 ps ab

initio molecular dynamics (AIMD) simulations (10 ps equilibration, and 15 ps production

run) and post-statistical analysis. The Li+ component is observed in a stable tetrahedral

structure with four DMSO molecules as coordinates, where O atoms in DMSO act as the

coordinating sites. The averaged distance of four Li-O bonds in the Li(DMSO)+4 solvation

shell is 2.04 Å from 15 ps production run. This well-defined tetrahedral Li(DMSO)+4 solvation

structure also corresponds to the running coordination number (red line in Fig. 3(b)) keeping

at four in the dLi−ODMSO
range from 2.0 to 4.0 Å. The distance evolution of Li+-O (from O2)

bonds and Li+-Cl (from ClO4) bond are also plotted in Fig. 3(c). As shown, the dLi−O

mainly fluctuates above 4.0 Å (4.97 Å in average) and dLi−Cl generally fluctuates above

6.0 Å (7.11 Å in average). All the above AIMD analysis confirms that the Li(DMSO)+4

configuration is the stable solvation shell for Li+ component in DMSO electrolyte, which is

taken into the adsorption (desolvation) reaction simulations at the Co3O4 (100)-O/DMSO

(electrode/electrolyte) interface in the following paragraph.
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Figure 3: (a), Simulation box created for one pair of Li+ and ClO−
4 ions and O2 molecule in

the explicit DMSO solvents. The equilibrated tetrahedral Li(DMSO)+4 structure is shown as
the obtained stable first solvation shell, together with the averaged bond distance between
Li+ and O atoms (O from the four DMSO coordinates). (b) Partial Li-O radial distribution
function (RDF) (gLi–O(r)) and running coordination number (nLi–O(r)) for Li+ in DMSO
solvents. (c) Bond distance evolution of Li-Cl (from ClO−

4 ), Li-O1 and Li-O2 (from O2)
during the 15 ps AIMD production run in the explicit DMSO solvent.
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Fig. 4 shows a systematic comparison of the adsorption configurations for an explicit

Li(DMSO)+4 solvation shell on the Co3O4 (100)-O surface. Compared with the outer-sphere

structure (Fig 4(a)), *Li(DMSO)3 is thermodynamically unfavourable (∆G0 = 1.41 eV) to

be adsorbed on the top site of surface O atom (Fig 4(b)). All the other three inner-sphere

adsorptions are found thermodynamically favourable, where Li atoms (coordinated with 0, 1,

or 2 DMSO ligands) are located on the O-O bridge site of the Co3O4 (100)-O surface. Among

them, the *Li(DMSO) adsorbate in Fig 4(d) is the most favourable configuration ((∆G0 =

-1.04 eV)). Therefore, we confirmed that the Li+/e− will be transferred on the surface O-O

bridge site (without subsurface tetrahedral Co) of Co3O4 (100)-O surface as shown in Fig. 2.

Here, it is notable that although the effect of one DMSO ligand (binding to *Li) are ignored

when we calculate theoretical overpotentials in Fig. 2, thus derived overpotentials can still

provide a reasonable prediction. The detailed explanation can be found in the above section

of thermodynamic overpotential study. After that, the DMSO ligand (in Fig 4(d)) can be

released by the further O2 adsorption on top of this *Li to form the final Li2O2 products.

Figure 4: (a), The outer-sphere structure of Li(DMSO)+4 solvation shell and ClO−
4 on the

Co3O4 (100)-O surfaces. (b)-(e) The inner-sphere adsorption structures of Li(DMSO)+n
(n=3,2,1,0) on the Co3O4 (100)-O surfaces, together with their adsorption energies, respec-
tively. (∆Gads = Ginner−sphere - Gouter−sphere).

After the first Li2O2 formed on the Co3O4 (100)-O surface, we found that the partial

LiO2 monomer (in *Li2O2 adsorbate) can be desorbed from the electrode surface to DMSO

electrolyte. As shown in Fig. 5, we considered the LiO2 desorption reaction (∆Gdes= G∗Li +

GLiO2(DMSO)n - G∗Li2O2 - n× GDMSO, where n = 1, 2, 3, and 4) assisted with n explicit DMSO
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molecules. We found that the desorption reaction is exothermic (∆Gdes = −0.59 eV) to

form a three coordinated solvation structures, while the fourth explicit DMSO only slightly

contributes to the LiO2 desorption reaction, because it will not enter into the first solvation

shell of LiO2(DMSO)3. The three-coordinated solvation structure of LiO2 has also been

reported by previous ab initio molecular dynamics simulations.42 Therefore, we confirmed

that the LiO2 desorption reaction is favourable at the interface of Co3O4 (100)-O cathode

and the DMSO electrolyte, which provides a special solution model (see below discussion)

for discharging/charging processes in the Li-air batteries.

Figure 5: (a)-(d), the desorption of LiO2 monomer from the Co3O4 (100) surface to DMSO
electrolyte with the assistance of one-four explicit DMSO molecules, respectively.

Solution model for discharging/charging process at Co3O4 (100)-O electrode and

DMSO electrolyte In the system of Co3O4 (100)-O electrode and DMSO electrolyte, the

solution model is preferred due to the desorption of LiO2 is thermodynamically favourable

from the cathode to the electrolyte. Therefore, in Fig. 6(a), the general mechanism and

overpotential for Li-O2 discharge reactions at the interface of Co3O4 (100)-O cathode and

DMSO eletrolyte is shown. The discharge pathways in such a system can be described into

three main steps:

2Li+ + 2e− + O2(g)
discharge−−−−−→ ∗Li2O2 (step I)
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Figure 6: (a), the solution model pathway for discharge reactions on the Co3O4 (100)-O
surfaces. The ∆Gdes indicates the desorption free energy of LiO2 monomer from the Co3O4

(100) surface to DMSO electrolyte shown in Fig. 5. (b), the solution model pathway for
charge reactions on the Co3O4 (100)-O surfaces.
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∗Li2O2
desorption−−−−−−→ LiO2(sol) + ∗Li (step II)

2LiO2(sol)
condensation−−−−−−−→ Li2O2(s) + O2(g) (step III)

Step I is to form a *Li2O2 monomer on the cathode, showing a discharge overpotential

of ηdischarge = 0.17 V in Fig. 2(b)). Then, step II is to desorb one LiO2 molecule from the

cathode surface to DMSO electrolyte. When the concentration of LiO2 (sol) increases in the

electrolyte, the sparingly soluble Li2O2 will precipitate, contributing to growth of a toroidal

particle (step III).32,33,43,44 Furthermore, the active O-O bridge site on the Co3O4 (100)-O

surface becomes available for the next *Li2O2 formation (after LiO2 desorbs at step II). As

a result, the long-term surface discharge reaction will be *Li + Li+ + e− + O2 → *Li2O2,

providing a constant ηdischarge = 0.17 V during the whole discharging process. Here, it is worth

noting that the Steps I and II of our mechanisms are slightly different from the the steps of

reaction (a) and (b) (see Introduction section) deduced from experiments. The reason is the

formation of *Li intermediates is more favourable than that of *LiO2 intermediates on the

Co3O4 (100)-O surface (see above mechanistic section). Therefore, the desorption of LiO2

only proceeds after the whole *Li2O2 monomer is formed on the Co3O4 (100)-O surface.

Fig. 6(b) shows the general solution model of the charge process (toroid Li2O2 (s) de-

composition) at the interface of DMSO/Co3O4 (100)-O. We consider the decomposition from

both the Li2O2 surface and the Co3O4 (100)-O surface. On the Co3O4 (100)-O surface, the

ηcharge = 0 V for the pathway of *Li2O2 → *Li + Li+ + e− + O2 is obtained. Although this

pathway provide a zero overpotential, the decomposition reaction is sluggish because almost

all of the Li2O2 (s) particle surface area is neither resting on nor adjacent to the Co3O4

(100)-O surface. To accelerate the decomposition (i.e. make the charging process rapid),

it is better to make the decomposition of Li2O2 favorable from its own surface. According

to previous studies, the ηcharge = 0.36 V is required for the decomposition reaction on the

Li2O2 (0001)-O rich surface.38 Therefore, a reasonable overpotential of 0.36 V is required for

the fast charging process in such a system, where the decomposition of Li2O2 (s) will start
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from both toroid Li2O2 and Co3O4 (100)-O surfaces together. The decomposition pathways

shown in Fig. 6(b) can be summarized into the following two steps:

2Li2O2(s)→ 2Li+ + 2e− + 2LiO2(sol) (step I)

2LiO2(sol)→ Li2O2(s) + O2(g) (step II)

Finally, it is worth noting that our calculated ηdischarge = 0.17 V (on Co3O4 (100)-O sur-

face) is in a good agreement with experimental ηdischarge ≈ 0.1-0.3 V on Co3O4 particles.16,20,45

However, the predicted overpotential of 0.36 V for Li2O2(s) decomposition is much smaller

than the reported ηcharge ≈ 1 V in the experiment.16,20,45 Moreover, according to previous

experimental reports, ηcharge > 1 V was found on most of the other cathode materials in

Li-air batteries,16 although the ηcharge demand is found in a range of 0.2-0.6 V for Li2O2 de-

composition (from all facets of Li2O2 crystal) even without any catalyst.38,40 This theoretical

and experimental ηcharge discrepancy is due to the potential required to decompose the side

product of lithium carbonate (including Li2CO3) formed during discharge, which has been

detected as the main side product on many transition-metal oxides (including Co3O4).
45,46

The decomposition voltage of lithium carbonate is about 4.0-4.5 V (vs. RHE) in experi-

ment,46,47 which corresponds to a ηcharge ≈ 1-1.5 V in Li-air battery. Therefore, in order to

decrease the large ηcharge (towards Li-air batteries) observed in realistic battery prototypes,

it is more important to deal with the formation of side-product lithium carbonate rather

than the decomposition of Li2O2 on the Co3O4 cathode.

Conclusion

In this paper, a systematic first-principles thermodynamic study of Li-air batteries consisted

of Co3O4-cathode and DMSO-electrolyte is performed. We have investigated the surface

structure, stable reconstructions, and the electronic properties of Co3O4. The Co3O4 (100)-
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O surface is found to be the most stable one at standard conditions and all conditions in

the bulk Co3O4 stability region. The Li+ solvation structure in the DMSO-based electrolyte

is determined as a tetrahedral Li(DMSO)+4 solvation shell by 25 ps ab initio molecular dy-

namics (AIMD) equlibrations. Once a *Li2O2 discharge product is formed on the cathode

surface, the partial LiO2 monomer is found energetically favourable to be desorbed into the

DMSO solvent leaving empty active sites (on the cathode surface) for the next *Li2O2 prod-

uct formation. As a result, in such a system of Co3O4 (100)-O surface and DMSO solvent,

the discharge reactions follow a solution model with a constant ηdischarge = 0.17 V. Mean-

while, a 0.36 V overpotential is required to decompose Li2O2 from itself surface in order to

get a rapid charging process. The higher ηcharge ≈ 1 V observed in experiment is due to the

voltage demand to decompose the side product lithium carbonate (including Li2CO3) formed

during discharge. Besides that, the kinetic barriers of the interface adsorption/desorption

process also limit the overall efficiency of the Li-air batteries, which requires more studies in

the future. In general, the present study shows that low ηdischarge is achievable and under-

standable, avoiding the formation of side products on Co3O4 in order to reduce ηcharge is one

of the main technical challenges on the road to efficient Li-air batteries.
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Luntz, A. C. Solvating additives drive solution-mediated electrochemistry and enhance

toroid growth in non-aqueous Li–O2 batteries. Nat. chem. 2015, 7, 50–56.

(45) Lim, H.-D.; Gwon, H.; Kim, H.; Kim, S.-W.; Yoon, T.; Choi, J. W.; Oh, S. M.; Kang, K.

Mechanism of Co3O4/graphene catalytic activity in Li-O2 batteries using carbonate

based electrolytes. Electrochim. Acta 2013, 90, 63–70.

(46) Balaish, M.; Jung, J.-W.; Kim, I.-D.; Ein-Eli, Y. A Critical Review on Functionalization

of Air-Cathodes for Nonaqueous Li-O2 Batteries. Adv. Funct. Mater. 2020, 30, 1808303.

(47) Seong, W. M.; Cho, K.-H.; Park, J.-W.; Park, H.; Eum, D.; Lee, M. H.; Kim, I.-s. S.;

Lim, J.; Kang, K. Controlling residual lithium in high-nickel (>90%) lithium layered

oxides for cathodes in lithium-ion batteries. Angew. Chem. Int. Ed. 2020, 59, 18662–

18669.

23



24


