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A B S T R A C T   

Despite the tremendous specific energy of Li-O2 energy storage technology in theory, the practically achieved 
values are still inferior to compete with conventional Li-ion batteries. A key limitation is the inability to use thick 
gas diffusion electrodes made of carbonaceous materials because of the passivation by discharge products. In this 
study, a computational methodology for searching alternative positive electrode (cathode) materials for Li-O2 
batteries based on density functional theory is proposed. The methodology includes a three-stage screening with 
a sequential selection of the best candidates according to their stability, band gap (electronic conductivity), 
normalized surface energies (stability in a highly porous form), and oxygen adsorption energies (resistance to
wards oxidation and passivation). The methodology is applied for the AxBy series of binary compounds with A =
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Ru, Ag, Mg, Al and B = B, C, N, O, Si, S and benchmarked with 
graphite. As a result, 33 potential compounds with low normalized surface energies are identified out of 2800 
initial structures taken from the material database. It is shown that only several oxides can be stable towards 
surface oxidation among the selected compounds and thus considered as potential cathode materials.   

1. Introduction 

Lithium-Air (Li-O2) batteries (LABs) have attracted significant 
attention in recent years due to their much higher theoretical specific 
energy than that for conventional intercalation-based Li-ion batteries 
(LIBs) [1,2]. The superior specific energy of LABs is achieved by 
employing a much lighter cathode - O2 gas. If O2 is taken from the 
ambient atmosphere, the cathode in this battery architecture can be 
considered nominally weightless in a fully charged state, resulting in a 
tremendous theoretical specific energy of 11 680 Wh/kg. During 
discharge, the capture of O2 reduces the specific energy to 3460 Wh/kg 
with effective values of around 7000 Wh/kg [3]. The inclusion of a gas 
diffusion cathode, required for LABs, has only a minor influence on the 
theoretical estimates of the specific energy due to its very low density. 
Meanwhile, specific capacities of typical gas cathodes given in literature 
(851–5813 mAh/g [4,5]) are far beyond that of intercalation-based 
cathodes (<200 mAh/g) [6]. 

Despite this advantage, the specific energy of a practical LAB on a 
cell level is only 100–200 Wh/kg, which is lower than that of 
commercially available LIBs. This inconsistency appears from a strong 
dependence of the cathode specific capacity on its thickness. Indeed, it 
turns out that high specific capacities are measured for very thin elec

trodes (50 μm), while thicker electrodes are passivated and overgrown 
by the main and parasitic reaction products from the side of the gas 
phase input, resulting in the termination of the discharge process [7]. 
Therefore, even primary LABs are not applicable from a practical stand- 
point. However, if the problem of the premature electrode passivation 
can be solved, the practical specific energies of LAB cells can easily 
achieve 600–800 Wh/kg, doubling that of the best LIB [8,7]. 

The majority of proposed cathodes are made from carbon-based 
materials with optional catalytic additives [9]. To name a few, highly 
porous graphite, paper, wood, fullerenes, soot coated carbon nanotubes, 
aerogel graphene are typically employed as cathode materials in LABs 
[9]. However, the high porosity of gas diffusion electrodes enables using 
heavy elements in their composition without noticeably sacrificing the 
overall specific energy [7]. Therefore, identifying alternative materials 
that would be resistant to passivation with discharge products presents 
an important milestone in the development of practically viable Li-O2 
batteries. 

Indeed, in the last few years, the search for carbon-free materials for 
cathode has gained more momentum, however, the task is challenging. 
An alternative cathode material should satisfy a specific combination of 
unique properties: high electrical conductivity, stability in a highly 
porous form, oxidation resistance, catalytic activity, and resistance to 
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passivation by discharge and parasitic products [10]. One of the po
tential alternative materials for cathode was titanium carbide [11]. 
However, it appeared to be prone to surface oxidation [12]. Cui et al. 
proposed a carbon-free electrode with a free-standing Co3O4 catalyst 
directly on a nickel foam (Co3O4@Ni), which showed a lower over
potential, higher specific capacity, and less capacity fading than the 
conventional carbon-supported Co3O4 [13]. Wang et al. used FeCo2O4 
on a Ni foam (FeCo2O4@Ni) as a carbon-free cathode, which demon
strated a higher discharge capacity with a lower overpotential compared 
to the carbon-based FeCo2O4/Ni (0.84 V vs 1.02 V) [6]. Alternatively to 
oxides, boron carbide B4C nanowires were also proposed as a cathode, 
demonstrating a higher stability (250 cycles) compared to carbon 
nanotubes (120 cycles) and titanium carbide (8 cycles) [14]. The two- 
dimensional materials for the cathode hold great potential since they 
can significantly increase the accessible surface area, reduce ion 
migration path lengths, and facilitate reaction kinetics. For example, 
Asadi et al. presented a cathode system based on MoS2 nanoflakes, 
which showed an outstanding cyclability (750 cycles with only a 6.5% 
loss in current density) in comparison with the carbon-based cathodes 
[15]. 

Despite the significant progress in the field, several disadvantages of 
the proposed carbon-free cathode materials, such as complicated syn
thesis, high overpotentials, and excessive passivation by discharge 
products, require further development. The promising candidates can be 
expected in the groups of 2D nanolayered compounds, oxides, nitrides, 
and silicides. 

One of the prospective ways to discover new materials is to use high- 
throughput computational screening (HTS) [16–20]. For example, Kahle 
et al. performed a computational screening of solid-state electrolytes 
and identified five compounds with high ionic conductivity out of 1400 
options [21]. Kim et al. used HTS to find active cathodes and inactive 
stabilizing agents in the Li2MO3 class of Li-rich oxides [22], Kirklin et al. 
- to find new Li-ion battery anode materials [23], while Greely et al. - to 
find new electrocatalytic materials for hydrogen evolution reaction 
[24]. Also, the HTS approach facilitated the development of several 
materials databases: Materials Project (MP) [25], Automatic FLOW for 

Materials Discovery database (AFLOW) [26–28], Open Quantum Mate
rials Database (OQMD) [29], Crystalium [30], and Joint Automated 
Repository for Various Integrated Simulations (JARVIS) [31]. 

In this study, we propose a methodology for high-throughput 
computational screening of positive gas diffusion electrode materials. 
The methodology is based on a three-stage screening with a sequential 
selection of the best candidates according to a specific set of properties. 
The initial crystal structures are retrieved from experimental and 
computational repositories (Materials Project in our case) for given 
chemical compositions. At the first stage, the basic properties, such as 
price, stability, and a band gap used as a descriptor of electronic con
ductivity, are extracted from the databases. At the second stage, the 
specific surface energies are calculated by DFT in a high-throughput 
manner and used as a descriptor of material’s stability in a highly 
porous form. At the third stage, the resistance towards oxidation and 
passivation is estimated from the calculated oxygen adsorption energies. 
The methodology is applied to a wide range of binary compounds and 
allows to identify several compounds such as VO2 and NiSi2 as a possible 
alternative for carbon-free air cathodes in Li-O2 battery. 

In Section 2, we provide details of DFT calculations; in Section 3, we 
describe the HTS methodology and results of DFT calculations at the 
second and third stages and then finalize with a discussion and con
clusions in Sections 4 and 5, respectively. 

2. Methods 

The DFT calculations were performed by the pseudopotential plane- 
wave method, using the VASP code [32]. We used spin-polarized 
generalized gradient approximation (GGA) implemented by Perdew, 
Burke, and Ernzerhof for the exchange–correlation energy functional 
[33]. The energy cutoff was selected to be 400 eV, and the k-spacing 
parameter was set to 0.2 Å− 1. To eliminate Pulay errors, the lattice shape 
and atomic positions optimization (ISIF  = 4) was performed at a con
stant volume for several contracted and expanded cells (11 points) using 
the quasi-Newton algorithm. The maximum force after optimization was 
less than 0.05 eV/Å. All calculations were done with the help of the 
SIMAN software package, which allows to perform VASP calculations in 
a high-throughput manner [34]. 

All slabs in the study were constructed using the Pymatgen class 
SlabGenerator [30,35] through create surface() function in the 
SIMAN package. The function allows setting the facet type, size of the 
vacuum layer, and slab thickness. A vacuum region of about 15 Å was 
added along the z-direction to avoid spurious effects stemming from the 
periodic boundary condition. To guarantee the accuracy in the Fermi 
energy alignments a dipole correction along z-direction (normal to the 
surface) was used [35]. The Wulff shape [36] construction was per
formed by using the WulffShape function implemented in the Pymatgen 
package [30]. 

The cohesive energy of a two-component phase AxBy was calculated 
as: 

Ecoh =
EAxBy − (xEA + yEB)

x + y
(1)  

where EAxBy is the total energy of the AxBy bulk unit cell, EA,B is the 
energy of the isolated atoms A and B respectively. 

For considered stoichiometric surfaces, the surface energy, Esuf , was 
calculated as: 

Esuf =
Etot − Ebulk

2A
(2)  

where Etot is the total energy of the supercell with two surfaces, Ebulk is 
the total energy of the bulk material with the same number of atoms, and 
A is the surface area. Both symmetric and non-symmetric (for non- 
centrosymmetric polar groups) slabs were used for surface energy cal
culations. Therefore, in the latter case, only the average surface energy Fig. 1. Schematic representation of the screening funnel used for identification 

of promising Li-O2 cathode materials. 
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of two non-equivalent surfaces was determined. The convergence of 
surface energy was reached for five layers. For some compounds, the 
considered number of surface orientations (3–5) is not enough to 
construct the true Wulff shape, however, it is sufficient to establish the 
anisotropy of the surface energy. 

To evaluate the resistance of the surface to oxidation, we calculated 
the adsorption energy of atomic oxygen. To find non-equivalent adsor
bate sites on the surface, we used the AdsorbateSiteFinder module 
[37]. We added an oxygen atom at the adsorbate site using the 
create ads() function of SIMAN. 

The oxygen adsorption energy was calculated as: 

Eads = Eslab− O − (Eslab +
1
2
EO2 ) (3)  

where Eslab− O is the total energy of the slab with the adsorbed oxygen 
atom, Eslab is the total energy of pure slab and EO2 is the energy of the 
isolated O2 molecule. To overcome O2 overbinding error of DFT, a 
constant shift of –1.36 eV per O2 can be applied to adsorption energies 
[38]. However, it was shown that this correction is appropriate only for 
binary s-oxides [39]. Therefore, the adsorption energies in this study are 
reported without any corrections. 

3. Results 

3.1. High-throughput computational screening methodology of cathode 
compounds 

The schematic representation of the screening process is shown in 
Fig. 1. At the first stage, given the chosen general chemical formula and 
list of elements, all suitable compounds, their crystal structures, and 
available properties are retrieved from the computational and experi
mental materials databases. The following properties are used to select 
appropriate candidates for the second stage: price, toxicity, energy 
above the hull, electronic bandgap, and unit cell size. A zero energy 
above the convex hull indicates the most stable polymorph for a given 
composition, which is a general requirement for any material. The 
electronic bandgap serves as a simple descriptor of electronic conduc
tivity. The bandgap criteria can be tuned to select materials with a 
metallic type of conductivity or small gap semiconductors, where the 
electronic conductivity can be achieved by doping/defects. The control 
of the unit cell size is important since for large unit cells the resulting 
slabs necessary for the surface calculations might require much 
computational time. 

At the second stage, the materials that should be stable in a highly 
porous form are selected. To achieve this, we propose a new descriptor - 
the ratio between cohesive energy and surface energy Ecoh/Esuf . Indeed, 
the material to be suitable for application as a cathode should be syn
thesized with a very large specific surface area and have numerous 
continuous pores available for electrolyte penetration. This would be 
possible only in the case of relatively stable free surfaces, i.e. those with 
low formation energies. Otherwise, the material will tend to reduce its 
surface by coalescence of the structure. However, due to the largely 
varying bonding strength of materials, the surface energy is not solely 
sufficient to select the best candidate out of multiple variants. Therefore, 
the aforementioned ratio Ecoh/Esuf should be used. The materials with 
the best Ecoh/Esuf ratios are selected for further consideration. Also, the 
anisotropy of the surface energy should be taken into account, which is 
achieved by calculating energies for a set of surfaces required for the 
construction of a closed Wulff shape. 

At the third stage, the oxidation resistance is estimated by calculating 
the adsorption of the atomic oxygen on the most stable surfaces and 
comparing it to that on graphite. At this point, it is difficult to judge 
about optimal values of oxygen adsorption energies. However, too 
negative values would mean a strong tendency for oxidation, while 
positive energies may prevent oxygen redox reactions. To estimate the 

Table 1 
List of chosen materials with general formula AxBy with their symmetry groups 
(SG) and calculated cohesive energies (in eV).  

Material SG symbol Ecoh  Material SG symbol Ecoh  

cubic trigonal 
Ag2O Pn3m  2.90 B2Mo R3m  6.85 

CoN F43m  5.18 Cr2N P31m  4.80 

CoO F43m  5.05 CrS2 P3m1  4.04 

CoSi P213  5.58 MgS2 R3m  3.51 

CoSi2 Fm3m  5.32 MnS2 R3m  4.00 

Cr3Si Pm3n  4.53 Nb2N P31m  7.40 

Cu2O Pn3m  3.87 Ti2O P3m1  6.60 

Fe3Si Fm3m  5.35 TiS2 R3m  5.25 

FeN F43m  5.31 Y2C R3m  5.83 

FeSi P213  5.40 Zr3O R3c  7.06 

Mg2Si Fm3m  2.70 ZrS2 P3m1  5.81 

Mn3Si Fm3m  4.38 tetragonal 

Mn4N Pm3m  4.31 Cr2B I4/mcm  5.20 

MnN F43m  4.72 CrB I41/amd  5.75 

MnSi P213  4.71 CrSi2 I4/mmm  4.79 
NiSi2 Fm3m  5.05 CuO P42/mmc  4.04 

SiMo3 Pm3n  6.27 Fe2B I4/mcm  5.89 

SiNi3 Pm3m  5.26 Fe8N I4/mmm  5.19 

SiRu P213  6.28 FeB I41/amd  6.17 
TiC Fm3m  7.50 FeS P4/nmm  4.72 

TiN Fm3m  7.02 Mn2B I4/mcm  5.12 

V3Si Pm3n  5.68 MoB I41/amd  6.91 

YN Fm3m  6.45 MoSi2 I4/mmm  5.70 

YS Fm3m  5.77 Ni2B I4/mcm  5.68 

ZrC Fm3m  8.24 RuO2 P42/mnm  5.51 

ZrN Fm3m  7.53 Ti2N P42/mnm  6.69 

monoclinic VO2 P42/mnm  6.40 
Ag2S P21  2.80 Zr2N P42/mnm  7.24 
AgO C2/c  3.07 Zr2Si I4/mcm  6.56 
FeO C2/m  5.18 ZrS P4/nmm  6.27 
NiS2 P21/c  4.04 hexagonal 
ZrS3 P21/m  5.20 CrN P6m2  5.14 

orthorhombic Fe3N P6322  5.25 
Co2N Pnnm 5.23 MgB2 P6/mmm  4.92 
CoB Pnma 6.28 MoC P6m2  7.27 

CrB4 Immm 6.25 MoS2 P63/mmc  5.15 
FeS2 Pnnm 4.39 NbB2 P6/mmm  7.37 
MnB Pnma 5.65 NbN P6m2  7.31 

Nb3B4 Immm 7.49 NbS2 P63/mmc  5.57 
NbB Cmcm 7.54 NbSi2 P6222  5.99 
Ni3O4 Cmmm 4.83 Ni3N P6322  4.92 
NiB Cmcm 5.89 TiB2 P6/mmm  7.16 
NiSi Pnma 5.22 TiO P62m  7.00 

Ti3B4 Immm 6.94 TiS P6m2  5.82 

TiB Pnma 6.77 VB2 P6/mmm  6.68 
TiSi Pnma 5.81 VN P6m2  6.47 

TiSi2 Cmcm 5.46 VS2 P63/mmc  4.83 
V3B4 Immm 6.80 VSi2 P6222  5.36 
VB Cmcm 6.75 YB2 P6/mmm  6.28 
YSi Cmcm 5.31 ZnO P63mc  3.72 
ZrSi Pnma 6.42 ZrB2 P6/mmm  7.41 
ZrSi2 Cmcm 5.85     

A.O. Boev et al.                                                                                                                                                                                                                                 



Computational Materials Science 197 (2021) 110592

4

resistance to passivation by discharge products, the interface energy of 
the cathode/discharge product pair (e.g. cathode/LiO2) is calculated. 
The materials with positive or near zero interface energies would be 
entirely resistant for surface passivation, while highly negative energies 
imply a strong tendency to passivation. The calculation of interface 
energies with DFT in a high-throughput manner is the most challenging 
part of the methodology and is not included in the current study and will 
be published elsewhere. However, our preliminary results show that 
oxygen adsorption energy can also be used to estimate material ten
dency toward passivation with lithium superoxide. 

The HTS methodology of screening is implemented into the package 
SIMAN [34], which automates the generation of input codes for DFT, 
batch submission of jobs, extraction of results in a structured represen
tation, and their subsequent analysis. An example of the query script 
used for retrieving structures from the Materials Project database is 
provided in Supplementary material. 

3.2. Application of HTS methodology for cathode materials screening 

3.2.1. Chosen compounds 
We apply the proposed methodology to compounds with the general 

formula of AxBy, where A and B are metals and non-metals, respectively. 
Using general chemical and economic considerations, we select Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Ru, Ag, Mg, Al in place of A and B, 
C, N, O, Si, S in place of B. Metallic components included 3d metals, 4d 
metals plus Mg and Al, excluding Rh and Pd due to their high price (see 
element prices in Table S1.1), Tc due to its synthesis difficulties and 
radioactivity [40], and Cd due to its toxicity. As a primary database, we 
employed the Materials Project database, which returned 2755 
compounds. 

After excluding all unstable compounds (‘e_above_hull’ > 0.005 eV 
(only one compound with the lowest energy was used), non-conductive 
compounds (‘band_gap’ > 2 eV) and compounds with a larger unit cell 
(‘nsites’ > 10 atoms), the number of compounds successively reduced to 
242, 230, and 110, respectively. Finally, we removed 11 compounds 
known to be dangerous, hydrophobic, or exist in a narrow temperature 
range. After the first stage, the resulting list of potential cathodes con
tained 99 entries (Table 1). Only 18 of them have a non-zero DFT 
calculated bandgap value (Table 2). 

3.2.2. Surface stability 
To estimate the surface stability of the selected materials in a highly 

porous form, we calculated Ecoh/Esuf ratios. The cohesive energies for 99 
compounds are provided in Table 1 and Fig. S1.1 in Supplementary. As 
expected from general considerations, carbides, borides, and nitrides 
have the highest cohesive energies, which grow on increasing a non- 
metal fraction from A2B to AB2 (Table S1.2). In contrast to that, sili
cides and sulfides with higher non-metal fractions are characterized 
with the lower Ecoh values. 

To identify the lowest-energy surfaces several candidates with small 
indices have been taken depending on the crystal system using the 
Crystalium database [30]: cubic - (110), (111), (001); monoclinic - 
(001), (110), (111); trigonal - (102), (111), (001); tetragonal - (001), 
(101), (100); orthorhombic - (001), (110), (111); hexagonal - (001), 
(110), (10–1). The sufficiency of the chosen surfaces was tested for 
several compounds by including more crystal orientations. In particular, 
we additionally considered (100) and (104) surfaces for trigonal, (104) 
for orthorhombic, and (211) and (311) for cubic and tetragonal systems 
(see Tables S2.1-S2.6). The analysis of Wulff shapes showed that the 
contribution of the newly added surfaces is small and has only a minor 

influence on the Wulff shape. Additionally, for each orientation, we 
considered all non-equivalent terminations, whose energies can vary 
significantly. For example, the energies of Nb and B terminations for 
NbB2 (10–1) are 4.04 and 1.85 J/m2, respectively (Fig. S2.1). The 
calculated surface energies for the most stable terminations and three 
representative surface orientations are collected in Fig. 2 for 99 com
pounds. The Wulff shapes with numerical data are given in Tables S2.1- 
S2.6. In most cases, the Wulff shapes correlate with the morphology of 
crystals/particles of this compound. 

The analysis of surface energies allows drawing several conclusions. 
Firstly, the surface energy is mainly defined by the non-metal compo
nent, while the influence of the metal one in many cases is of secondary 
importance (Figs. S2.4 and S2.5). Secondly, the strong anisotropy of the 
surface energies is observed for layered materials (see Wulff shape in 
Fig. S2.2), especially for sulfides and some oxides, while other com
pounds reveal relatively isotropic energies (Fig. S2.5, left). The strong 
surface energy anisotropy of the layered compounds can be compared to 
that of graphite, which has 0.02 and 4.89–6.38 J/m2 energies for basal 
(0001) and prismatic (10–10) surfaces, respectively. 

Noteworthy, the surface energies set the same trend as cohesive 
energies. In most cases, these are largest for carbides/borides and 
smallest for sulfides (Fig. S2.5). Some exceptions from this trend are 
presented by cubic TiC, ZrC, and trigonal Y2C phases. Also, some hex
agonal nitrides show higher surface energies compared to borides. 
Overall, the surface energy alone poorly suits as a criterion for surface 
stability comparison across different compounds. Therefore, the Ecoh/

Esuf ratio (further referred to as specific area) was calculated. Physically, 
it shows how much surface area can be formed at the cost of cohesive 
energy. A larger value corresponds to an easier formation of a surface for 
a particular material irrespective of its cohesive strength. The Ecoh/Esuf 

ratio is shown in Fig. 3 as a function of Esuf . It is seen that compounds 
with the same Esuf can have quite different specific areas, e.g. at Esuf=0.5 
J/m2 the areas vary from 100 to 300 Å2. At this moment, it is difficult to 
conclude which value of the specific area is needed for the material to 
serve as an air cathode (see Discussion 4). Therefore, for the next stage, 
we arbitrarily set a Ecoh/Esuf > 70 Å2 criterion, which gives 33 com
pounds with the most stable surfaces (highlighted in green in 
Tables S2.1-S2.6). 

3.2.3. Surface tendency to oxidation 
To establish a tendency of surface oxidation and passivation by 

discharge products we calculated oxygen adsorption energies for 33 
selected compounds. The top adsorption positions for the two lowest- 
energy surfaces, determined from the Wulff shapes, were considered. 
The calculated energies in comparison to that in graphite are presented 
in Fig. 4. The surface structure and adsorption positions are provided in 
Tables S3.1-S3.6. 

We identify three types of behavior depending on the sign of 
adsorption energies at the two lowest energy surfaces. Looking at 
graphite, the adsorption energies at (0001) and (10–10) surfaces are 
drastically different (1.16 eV vs –4.5 eV), which should have a large 
impact on the oxidation behavior of this material. It can be assumed that 
the prismatic surface (10–10) can be easily oxidized and passivated by 
discharge products, while (0001) should be much more stable. A similar 
behavior is observed for VO2, RuO2, Ag2O and AgO, where the basal 
surfaces demonstrate positive adsorption energies, while the prismatic 
surfaces are prone to oxidation. 

In contrast, copper oxides (Cu2O and CuO) and silver sulfide Ag2S 
display positive adsorption energies at both lowest-energy surfaces, 
which makes them highly resistant towards oxidation and passivation. 

Table 2 
Compounds with non-zero bandgap values calculated by DFT [25].  

Material Ag2S CoO Cu2O FeO FeS2 FeSi Mg2Si MgS2 MoS2 Ni3O4 NiS2 SiRu TiS2 VO2 YN ZnO ZrS2 ZrS3 

Bandgap, eV 1.33 0.59 0.50 1.27 0.88 0.17 0.24 0.92 1.78 0.40 0.20 0.23 0.02 0.89 0.15 0.73 1.05 1.10  
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Finally, all other considered compounds show strong oxygen attraction 
for both lowest-energy surfaces, making them susceptible to oxidation 
and passivation. Still, the oxygen attraction for 2D sulfides is much 
weaker than that for the prismatic surface of graphite. 

4. Discussion 

The proposed screening methodology entirely relies on DFT calcu
lated properties of compounds and has its advantages and shortcomings 
inherited from the computational method. The main advantage is the 
possibility to consider a broad spectrum of compounds consistently with 
the cancellation of inaccuracies. For example, the known tendency of 
DFT to underestimate surface energies does not prevent identifying the 
material with the lowest energy since this underestimation is more or 
less systematic across the whole set of considered materials. Another 
strong point of the methodology is using materials databases with pre
calculated properties, which significantly narrows down the list of po
tential candidates after applying a reasonable set of selecting criteria. 
The disadvantages are related to the inaccurate reproduction of 
bandgaps, no automated filtering of toxic, hydrophobic, and fragile 
materials, as well as high computational demands, especially required 
for estimation of interface energies, where large supercells are needed. 

It is well known that the PBE functional used in this study un
derestimates bandgaps of semiconductors [41]. In some cases, PBE 
predicts the material to be a metal, while it is known to be a semi
conductor experimentally. Therefore, the requirement of slightly posi
tive or even zero bandgaps does not guarantee that selected materials 
will possess high electronic conductivities. On the other hand, the con
ductivity can be increased by doping or introducing point defects, 
making such semiconductors suitable for cathode applications. Semi
conductors can possess an optimal combination of properties required 
for a cathode. Therefore, it is important not to filter them out by setting 
too strict thresholds on a bandgap. Overall, the accuracy of the bandgap 
estimation can be straightforwardly improved by single-point calcula
tions at the first stage using hybrid XC functionals. Among 33 selected 
AxBy compounds, only ten compounds have relatively small bandgaps 
(most of the oxides, sulfides, Mg2Si, YN), while the rest are metallic 
conductors. The experimentally measured bandgaps are collected in 
Table S1.3, which were taken from the ’Bandgap’ database [42]). It is 
also known that some materials are able to demonstrate a metal
–semiconductor transition, such as 1T-2H transition in MoS2 [43] and 
monoclinic insulator-rutile metal transition in VO2 at T above 340 K 
[44,45]. 

In addition to surface energies, we provide corresponding Wulff 
shapes (Tables S2.1–2.6), which are expected to determine the 
morphology of particles in an experiment. The morphology is highly 
important since certain surfaces may be more relevant due to their 
higher resistance to passivation and increased catalytic activity. To 
check the correspondence between the observed morphologies and 
predicted Wulff shapes, we compared some of our results with the 
available experimental data and found excellent agreement. For 
example, the hydrothermally synthesized VO2 (P42/mnm) phase reveals 
pencil-like morphology [46], which aligns well with the rod-like Wulff 
shape predicted by DFT (see Table S2.6). Layered sulfides are usually 
synthesized in the form of nanoflakes [47,48], corroborating with their 

(caption on next column) 

Fig. 2. Surface energies (J/m2) grouped by crystal system for considered 
compounds in accordance with the bar position: cubic - TiC, ZrC, CoSi, CoSi2, 
Cr3Si, Fe3Si, FeSi, Mn3Si, MnSi, NiSi2, Mo3Si, Ni3Si, RuSi, V3Si, Mg2Si, CoN, 
FeN, Mn4N, MnN, TiN, YN, ZrN, Ag2O, CoO, Cu2O, YS; monoclinic - AgO, FeO, 
Ag2S, NiS2, ZrS3; trigonal - MoB2, Y2C, Cr2N, Nb2N, Ti2O, Zr3O, CrS2, MnS2, 
TiS2, ZrS2, MgS2; tetragonal - MoB, Cr2B, CrB, Fe2B, FeB, Mn2B, Ni2B, CrSi2, 
MoSi2, Zr2Si, Fe8N, Ti2N, Zr2N, CuO, RuO2, VO2, FeS, ZrS; orthorhombic - CoB, 
CrB4, MnB, Nb3B4, NbB, NiB, Ti3B4, TiB, V3B4, VB, NiSi, TiSi, TiSi2, YSi, ZrSi, 
ZrSi2, Co2N, FeS2; hexagonal - NbB2, TiB2, VB2, YB2, ZrB2, MgB2, MoC, NbSi2, 
VSi2, CrN, Fe3N, NbN, Ni3N, VN, TiO, ZnO, MoS2, NbS2, TiS, VS2. 
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predicted by DFT disk-like Wulff shapes. Another example is Ag2O 
whose particles can have different morphologies depending on the 
synthesis conditions, however, one of the obtained shapes is octahedron 
[49,50], predicted by DFT as well. Therefore, the Wulff construction is a 
powerful tool for predicting morphology. In case when the experimen
tally obtained morphology is different from the prediction, the expla
nation should be rooted in a surface reconstruction or surface energy 
modification due to adsorption of some species, such as CO2 or other by- 
products of a synthesis. 

To estimate the stability of cathode material in a highly porous form, 
we introduce a new descriptor - a ratio of cohesive and surface energies 
S = Ecoh/Esuf . This is justified by the fact that the correlation between 
cohesive and surface energies is relatively weak (Fig. S2.3), meaning 
that Esuf can vary in a wide interval for a particular value of Ecoh. This 
descriptor has a dimensionality of the area and should correlate with the 
experimentally measured specific areas of porous materials. The specific 
area obtained in the experiment strongly depends on the synthesis 
conditions. However, the possibility to obtain a large specific area and 
its stability at increased temperatures should be connected with 
Ecoh/Esuf . Therefore, we have compared experimental data on specific 
areas with our predictions. For Ag2O, the S value is 100 Å2, and indeed 
many experimental studies show that it can be synthesized in the form of 
nanoparticles with the average size of 40 nm corresponding to the 

Fig. 3. Ratio Ecoh/Esuf vs. Esuf for considered compounds. Dashed line on 70 Å2 

shows criteria for compounds with stable surfaces. 

Fig. 4. Adsorption energies of the atomic oxygen on the surfaces of considered compounds, relative to the O2 molecule. The top panel shows adsorption energies for 
the lowest energy surface and the blue horizontal line is the oxygen adsorption energy (1.84 eV) at the (0001) graphite surface. The bottom panel shows adsorption 
energies for the second lowest energy surface and the blue horizontal line is the oxygen adsorption energy (–3.88 eV) at the (10–10) graphite surface. Solid and 
shaded bars correspond to the weakest and strongest adsorption sites. 
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specific area of 22 m2/g [51]. For CuO, the S value is 270 Å2, and the 
observed specific areas are 22–143.7 m2/g with 3–9 nm particles 
[52,53]. MoS2, TiS2 and NbS2 have extremely large S values (8251 Å2, 
8411 Å2 and 8924 Å2, respectively). The average sizes of experimentally 
obtained 1 nm thick nanosheets are 300–3000 nm with corresponding 
specific areas of 455–1056 m2/g [54]. This is significantly larger 
compared to other materials and close to carbon materials (<900 m2/g) 
[15]. 

Turning to surface oxidation, across oxides, Ag2O, Cu2O and CuO are 
resistant with respect to oxygen adsorption. This is reasonable as the 
materials are already in their stable oxidation states. The VO2 and FeO 
are in their intermediate oxidation states, therefore oxygen adsorption is 
relatively strong. Even the most stable surface of VO2, (110) will be 
oxidized, which is in agreement with previous theoretical investigations 
of [55] and experimental observations of [56]. 

Sulfides are even more prone to oxygen adsorption. Among consid
ered sulfides, only Ag2S has a nearly zero adsorption energy at the most 
stable surface, while other sulfides strongly adsorb oxygen. Despite the 
high stability of the basal surface in the case of layered sulfides, they 
should be easily oxidized in Li-O2 cell. This is confirmed by several 
studies, where a formation of the oxide layer was found [57,58]. 

As for carbides, nitrides, and silicides, they heavily adsorb oxygen, 
emphasizing easy oxidation in a cell. A prominent example is TiC which 
was studied in detail as a cathode for Li-air batteries [11], and the for
mation of an oxide layer was observed [12]. Among this group of 
compounds, the weakest adsorption is observed for NiSi2. Despite the 
potential formation of oxide surface layers, they are not necessary of 
detrimental nature, as it is known that Ni-O oxides may be electronically 
conductive, which will not block the discharge process. However, in this 
case, the passivation of Ni-O surface by superoxides will determine the 
performance of such cathodes. 

It turns out that VO2 [59,60] and CuO [61] from our predicted list 
were already synthesized as potential carbon-free cathode materials. 
Asadi et al. [15] obtained that MoS2 nanoflakes is a promising cathode 
material for LABs. Huang et al. [62] synthesized a composite aerogel of 
MoS2/C as an electrode material for supercapacitors. Another graphene- 
like layered transition-metal dichalcogenide VS2 has also been consid
ered as a potential cathode in LABs [63,64]. 

None of the considered binary compounds fully satisfy the chosen 
criteria, such as metallic conductivity, stability in highly porous form, 
and absence of oxygen adsorption. If only the most stable surface is 
taken into account, then graphite is the only material that meet all the 
requirements, apparently explaining the huge success of carbon mate
rials in Li-air batteries. If the condition of electronic conductivity is 
weakened then the best candidates are Ag2O (Pn3m), Cu2O (Pn3m) and 
CuO (P42/mnm). However, all of them have a bandgap of about 1–2 eV 
(Table S1.3). Thus special measures should be applied to increase the 
electronic conductivity. If the weak oxygen adsorption is allowed, then 
the best candidates are VO2 (P42/mnm), layered sulfides and NiSi2. The 
VO2 (P42/mnm) is expected to be slowly oxidized to V2O5, therefore it 
might be suitable only for a primary cell. Also, the metallic P42/mnm 
phase of VO2 should be additionally stabilized at room temperature by, 
for example, doping with W [65], as in the pure state, it shows a tran
sition into the monoclinic P21/c insulating state. 

5. Conclusions 

In summary, we proposed and developed a methodology for high- 
throughput computational screening of cathode materials for Li-air 
batteries. The methodology comprises a sequential selection of com
pounds that meet the criteria of phase stability, electronic conductivity, 
surface stability, and oxidation resistance. To estimate the surface sta
bility, a ratio between cohesive and surface energy (S) is introduced as a 
new descriptor with a physical meaning of a specific surface area. Irre
spective of the bond strength, materials with larger S should be easier 

synthesized in a highly porous form. The resistance to oxidation and 
passivation by discharge products is estimated from the adsorption en
ergy of atomic oxygen at the most stable surfaces. 

We applied our methodology to 2755 AxBy binary compounds 
retrieved from the Materials Project Database and selected 99 com
pounds with thermodynamically stable crystal structures, which are 
metals or semiconductors with DFT calculated bandgap less than 2 eV 
having a unit cell with less than 11 atoms. 

For all 99 compounds, we determined the lowest energy surfaces and 
constructed their Wulff shapes, which should correlate with the 
morphology of the synthesized particles. The cohesive energies span the 
range of 2.7–8.2 eV resulting in different S values for materials with 
similar surface energies. We set S>70 Å2 criterion, allowing us to select 
33 prospective compounds that can be prepared in a highly porous form, 
which is confirmed by the experimental data. 

The calculation of oxygen adsorption energy showed that only oxides 
have high resistance towards oxidation, which is comparable with the 
chemically stable (0001) surface of graphite. However, compared to the 
edge sites available on the prismatic surface (10–10) of graphite, all 
oxides, sulfides, and even several silicides show much better oxidation 
resistance. 

Among considered materials CuO, NiSi2 and VO2 look the most 
promising as alternative carbon-free cathode materials, though neither 
of them fully met specified criteria. Applying the developed methodol
ogy to a broader list of binary and ternary oxides should help identify 
new cathode materials well-suited for metal-air batteries. 
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