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Abstract

In this work we performed fundamental investigations of the adsorption of O2 and Li2O2

molecules on seven transition-metal carbide (TMC) surfaces, which present 3d, 4d and 5d TM,

where TM = Ti, V, Zr, Nb, Mo, Hf and Ta. We employed density functional theory (DFT)

with the semilocal meta-GGA SCAN functional. The oxide layer behaves as a passivation layer

on the TiC(111), ZrC(111) and MoC(001) systems upon Li2O2 adsorption, but promotes the

formation of the Li1O3TM1 layer on the VC(111), NbC(111), MoC(111), and HfC(111) surfaces

due to the change in stoichiometry which is caused by the �rst adsorbed Li2O2 molecule. We

showed that with increasing the number of the Li2O2 molecules on the TMC surfaces, the

contribution of the TMC surface states turns out less important to the adsorption energy of

the molecules. After the �rst layer of Li2O2 it approaches the native crystal values, which

occurs faster with the occupation of the TM d-bands. This work can make a contribution in

fundamental understanding and development of new, TMC-based, catalysts for alkali-metal

batteries.

Introduction

Rechargeable Li−O2 batteries have attracted
great interest due to their excellent theoreti-
cal speci�c energy ( 11700 Wh/kg), which is
about 5 times higher than that of conventional
Li-ion batteries. In Li−O2 batteries, the chem-
ical reaction occurs between lithium as the an-
ode material and air oxygen, and leads to the
formation (discharge, the oxygen reduction re-
action, ORR) and decomposition (charging, the
oxygen evolution reaction, OER) of Li2O2, that
is 2Li+ + O2 + 2 e� 
 Li2O2.

1�4

The air cathode takes an active part in the
performance of Li−O2 batteries, in particular
it a�ects Coulombic e�ciency, charge/discharge

overpotential and power capability. A good
cathode catalyst should be able to facilitate
both ORR and OER, especially OER, because
of higher energetic barriers, which result in slow
OER kinetics.5 Thus, design of suitable cathode
materials for Li−O2 batteries is a great chal-
lenge.
A number of catalytic materials have been

suggested recently in the literature.2,3,5 Initial-
ly, porous carbon was proposed as a promising
cathode material for Li−O2 batteries.

1 Howev-
er, it is found to be unstable at the Li2O2 oxi-
dation stage.6 Other catalysts which were pro-
posed in literature are: modi�ed carbon, met-
als, metal alloys, oxides, and others (see re-
views2,3,5 and citations therein).
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Among the perspective catalytic materials,
it is worth to point out transition-metal car-
bides (TMC). Recent experimental studies sug-
gested TiC7,8 and Mo2C

9 based catalysts as
having a great potential as cathode materials
for Li−O2 batteries, Faktorovich-Simon et al.

10

have also evaluated TiC as a cathode mate-
rial for Na−O2 batteries. For example, TiC
cathode, with electrolyte based on dimethyl
sulphoxide, yields excellent reversibility of the
formation/decomposition of Li2O2 (> 98% ca-
pacity retention after 100 cycles). Moreover,
TiC catalyst was found to weaken side reactions
originating from the degradation of electrolyte
and electrode at Li2O2 deposition.

7 It is found
to be stable due to the formation of TiO2 (and
some TiOC) surface layers7 or other protective
surface layers containing elemental carbon, ox-
ides and oxycarbides on the oxidized TiC sur-
face.8 Hence, theoretical investigations of the
interaction of Li2O2 with TMC surfaces can be
useful for the design of new catalysts.
The adsorption of Li2O2 on TiC surfaces was

theoretically investigated by several works.11�14

In a previous work13 we have also analyzed the
adsorption of Na2O2 and NaO2 on TiC and
found similar trends to that of Li2O2 adsorp-
tion. Yang et al.15,16 analyzed the adsorption
of LixO2 (x = 1, 2 and 4) molecules on 3d TM-
C surfaces and found the correlations between
ORR overpotentials and the adsorption ener-
gies of Li, LiO2 and surface energies of 3d TMC
surfaces.
An important question by itself, is the surface

oxidation processes and the formation of oxide
layers at the TMCs surface. This question is
also relevant to Li2O2 adsorption as the Li2O2

molecules can adsorb on either a clean or an
oxidized surface.
Here, we use density functional theory (DFT)

to explore the trends in the adsorption of oxy-
gen and nLi2O2 (n = 1− 4) molecules on TMC
surfaces, which comprise 3d, 4d and 5d TM,
speci�cally TM = Ti, V, Zr, Nb, Mo, Hf, Ta.
We show the binding of oxygen atoms and then
the adsorption of Li2O2 molecules on the clean
and oxidized TMC surfaces. We show trend-
s in the oxygen binding on the TMC surfaces
and compare our results with the experimental

�ndings. We also demonstrate the main trends
in structural and adsorption energy properties
of the Li2O2 molecules on the pristine TMC sur-
faces and examined the role of the oxygen layer
on the adsorption of Li2O2 molecules.

Theoretical Approach and

Computational Details

We performed total energy calculations of the
systems applying Density Functional Theory
(DFT) within the recently proposed strongly
constrained and appropriately normed (SCAN)
semilocal meta-GGA density functional.17 S-
CAN was found to have a good prediction of
energies and structures for covalent, metallic,
ionic, hydrogen, and van der Waals bonds with
the accuracy of hybrid functionals, but it is a
signi�cantly less costly method.18 For compar-
ison, we also calculated the total energy and
structural parameters of the TMC bulks and
pristine and oxydized TMC surfaces with the
GGA-PBE19,20 functional.
We employed the projected augmented wave

method (PAW)21,22 for the DFT calculation-
s, as implemented in the Vienna Ab-initio
Simulations Package (VASP).23,24 We applied
a Monkhorst-Pack k-point sampling scheme25

with k-point meshes of 10× 10× 10, 5× 5× 1
and gamma points for the bulk, surface and gas-
phase molecules, respectively, and a cuto� ener-
gy of 500 eV for all the calculations, except for
the bulk calculations, for which we increased
cuto� by 2 for the stress tensor minimization
procedure. The structural energy minimiza-
tion procedure was stopped when the atomic
forces per atom were smaller than 0.02 eV per Å
and a total energy convergence of 10−6 eV was
achieved.
We calculated the total energy and relaxed

structural parameters for the bulk of the 7 TM-
Cs (TM = Ti, V, Zr, Nb, Mo, Hf, Ta), and the
Li2O2 crystal using initial values from the ICS-
D database26 and built from them the surface
models with the AFLOW package.27,28 We ap-
plied the repeated geometry slab model in order
to built the (111) surfaces for fcc TMC surfaces,
while for the MoC system we also created (001)
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surface for the hcp MoC and Mo2C phases. For
every fcc system and hcp MoC we employed a
2× 2 surface unit cell, 8 layers, and a 21 Å vac-
uum region between the slabs, which we found
enough to prevent interactions between neigh-
boring slab replicas. For the hcp Mo2C we em-
ployed 3 layers (12 atoms) in the slab.
We calculated the surface energy (γ) as

γ = (Eslab −NEbulk)/2Au . (1)

Here Eslab and Ebulk are the total energies of
the slab and the total energies per atom of the
bulk, respectively, N is the number of atoms in
the surface slab , and Au is the area of surface
unit cell.
Applying geometrical lattice match algorith-

m,29 we found that (0001) Li2O2 surface with
1× 1 unit cell matches well with the 2× 2 unit
cell of TMC surfaces. Depending on the TM-
C surface area, the Li2O2(0001) crystal can be
compressed or expanded on the TMC surfaces,
which can be determined by mis�t factor (η, in
%) suggested in12 and area ratio (α).

η = (1− 2Au

Au + A
) ∗ 100% , (2)

α =
A

Au

, (3)

where A is the surface area of the Li2O2(001)
surface unit cell.

Results

TMC bulks and surfaces and
molecule in gas-phase

Most of the TMC bulks are crystallized in a face
centered cubic lattice with a rock salt struc-
ture, similar to the NaCl crystal. In the case
of MoC, multiple phases can be synthesized,
for example, by heating amine-metal oxide hy-
brid at 7500 C fcc β-MoC is produced, while
by heating at 8500 hcp α-MoC and Mo2C are
formed.30 Also the choice of hydrocarbons a�ec-
t the MoC phase formation, for example, utiliz-
ing the mixture of hydrogen and methane, as a
source of carbon, leads to the MoC hcp struc-

ture formation, while the mixture of hydrogen
and butane results in the fcc MoC phase.31 In
order to obtain more understanding of the role
of MoC phase on the adsorption properties of
the molecules, we used here the fcc phase of
MoC and hcp phases of MoC and Mo2C. The
Li2O2 bulk has a hexagonal lattice structure
with the P63/mmc space group.
We present the equilibrium lattice constants a

(and c) calculated by us using PBE and SCAN
along with literature theoretical27,28 and exper-
imental32�37 values in the supporting informa-
tion (SI). Our PBE results for the a and c values
are in a good agreement with the PBE results in
the AFLOWLIB project.27,28 We found that S-
CAN yields shorter lattice constants compared
with the PBE results (by up to 1% for TM-
C and 2% for Li2O2). These shorter a and c
are closer to experimental data for all the cas-
es, except for VC, HfC, Mo2C and Li2O2, for
which PBE provides better agreement with ex-
perimental results. In this work we used the
SCAN results of lattice parameters for the fur-
ther modeling of the slabs.
Table 1 presents surface properties of the

systems, such as the surface area (A in Å2);
the surface energy for the TM-terminated sur-
faces (γ, in meV/Å2), the surface energy for
the TM-terminated surfaces relative to the C-
terminated surfaces (∆γ in meV/Å2); the work
function (Φ in eV); the mis�t factor (η, in %)
and area ratio (α).
We obtained a clear trend for the surface en-

ergies for the TM-terminated surfaces (γ). Ac-
cording to this trend, γ decreases with the oc-
cupation of the d-bands, which is consistent
with the surface areas of the systems. We al-
so found that the TM-terminated TMC surfaces
are more stable than the C-terminated surfaces,
that is, ∆γ is negative in all the cases. This
is supported by previous results.38 We found
that ∆γ correlates with the occupation of the
d bands of the TMC. As the TM-termination is
more stable than the C surface termination for
TMC surfaces, we use them for further simula-
tions of the surfaces.
We obtained that the area, A, of Li2O2(001)

(33.223 Å2), has a larger value than that of the
matching surface cells of TiC(111), VC(111),
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and MoC surfaces. This leads to the compres-
sion (η > 0, α > 1) of Li2O2(0001) on these
surfaces, while on the remaining surfaces, ex-
pansion (η < 0, α < 1) of Li2O2(001) occurs.
We found that both η and α increase in their
absolute values with the occupation of the d
bands.
We discussed the lowest energy structure of

the gas-phase Li2O2 molecule in a previous
work.13 We obtained that the lowest energy
structure is the planar rhombus, in which two O
and two Li atoms are at opposite corners and
Li−O and O−O bond lengths of 1.74 Å and
1.59 Å, respectively. We used this structure as
an initial guess for the molecular dynamics sim-
ulations on the TMC(111) and MoC surfaces.

Oxygen binding at TMCs surfaces

To investigate the binding energy trends of O2

molecules at full coverage on the TMC sur-
faces, we calculated the binding energy per O2

molecule as:

E
O2
b = (E

4O/TMC
tot − 2E

O
2

tot − ETMC
tot )/2 , (4)

where E4O/TMC
tot , EO

2

tot , and E
TMC
tot are the total

energy of TMC-O, pristine TMC and the O2

molecule in gas-phase.
The possible binding sites for O atoms on the

TMC surfaces are top (T), bridge (B), and hol-
low hcp (HC) and hollow fcc (HTM) on the TM-
terminated TMC surfaces (Figure 1). We found
that the O atoms prefer binding on the HTM

sites on the TMC(111) surfaces and HC sites
on α-MoC(001) and Mo2C, which correspond-
s to the ABC and AB stacking, respectively
(Figure 2). As in this work we are interested in
the role of O layer on the TMC on the adsorp-
tion properties of the molecules, we simulated
full coverage of O atoms on the surfaces (ML =
4/4).
We found that O atoms binding to the TM-

C surfaces is strong and the calculated bind-
ing energy EO2

b is in the range from −6.65 to
−11.74 eV (PBE result), while SCAN yields
stronger binding, by 3 − 10%. We obtained
a clear trend for EO2

b , which becomes small-
er with the increase of TM d-band occupation

for (111) surfaces, i.e. EO2
b (TiC) > E

O2
b (VC),

E
O2
b (ZrC) > E

O2
b (NbC) > E

O2
b (MoC), and

E
O2
b (HfC) > E

O2
b (TaC). The EO2

b of oxygen
molecules on the α-MoC(001) and Mo2C(001)
surfaces are −8.29 eV and −8.42 eV, which
is larger than that of the β-MoC(111) surface
(−6.35 eV), however still within the EO2

b trend,
i.e. EO2

b (ZrC) > E
O2
b (NbC) > E

O2
b (MoC). The

oxygen binding energy also increases when go-
ing down in the periodic table column. Those
trends also correlate with the O−TM perpen-
dicular distance.

B

B

T

TH H

H

H

TMC

C

TM

Figure 1: Possible oxygen atoms binding sites
on the TMC surfaces.

TMC(111)−O −MoC(001)−Oα Mo C(001)−O2

to
p
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e 

v
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Figure 2: Lowest energy binding sites of
O atoms on the TMC(111), α-MoC(001) and
Mo2C(001) surfaces.

In Figure 4 we check the correlation between
the experimentally measured oxidation poten-
tial of several TMCs, as reported by Kimmel
et al.,39 and our SCAN functional calculated
binding energy, EO2

b . While the correlation is
not perfect, it is evident that a lower |EO2

b | cor-
relates with a lower oxidation potential.
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Table 1: Surface properties of the TiC(111), VC(111), ZrC(111), NbC(111), β-
MoC(111), α-MoC(001), Mo

2
C, HfC(111) and TaC(111) surfaces, such as surface area

(A, in Å2), surface energies for TM-terminated surfaces (γ, in meV/Å2), surface en-
ergies for TM-terminated surfaces relative to C-terminated surface (∆γ, in meV/Å2),
work function (Φ, in eV), mis�t factor (η, in %), and area ratio (α), obtained by SCAN.
The surface area of Li

2
O

2
(001) is 33.223 Å2.

TiC VC ZrC NbC β-MoC α-MoC Mo2C HfC TaC
A 32.40 29.68 38.35 34.63 32.84 29.26 28.11 36.85 34.25
γ 366 306 318 291 211 355 57 352 297

∆γ −398 −405 −712 −790 −824 −935 −672 −1598 −1748
Φ 4.58 4.44 4.46 4.40 4.72 4.68 4.59 4.84 4.72
η 1.25 5.63 −7.16 −2.07 0.58 6.34 8.34 −5.18 −1.52
α 1.03 1.12 0.87 0.96 1.01 1.14 1.18 0.90 0.97

TiC VC ZrC NbC MoC HfC TaC
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-MoC(001)

Mo
2
C(001)
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3d (SCAN)

4d (PBE)

4d (SCAN)

5d (PBE)

5d (SCAN)

Figure 3: Binding energy of O2 molecules on
the TMC(111), α-MoC(001) and Mo2C(001)
surfaces. The α-MoC(001) and Mo2C(001) val-
ues are almost the same for both PBE and S-
CAN. Full symbols show the PBE results while
empty symbols show the SCAN results.
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Figure 4: Carbide oxidation porential (taken
from Kimmel et al.39) vs. the binding energy
of O2 molecules on the TMC(111), α-MoC(001)
and Mo2C(001) surfaces.
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Figure 5: Projected DOS of the pristine (T-
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and oxydized (TM states are shown with a sol-
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solid red line) TMC surfaces. Vertical (green)
line corresponds to the Fermi level.
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The electronic structure of the pristine and
oxidized TMC(111) surfaces can provide ad-
ditional information on the potential of the
molecular adsorption and explain some of the
main trends. A detailed analysis of the density
of states (DOS) of the TMC bulks and (111)
surfaces can be found elsewhere.38,40 Here we
focus on the main characteristics of the atom
resolved local density of states (LDOS) of the
pristine and oxidized TMC(111) surfaces. Fig-
ure 5 presents the LDOS averaged on the sur-
face layers of TMC and O atoms. The following
features are found:
(i) states from −30 eV to about −10 eV con-

sist of the C and TM peaks derived from C s-
states and TM s-, p- and d-states; states from
−10 eV to Fermi level are characterized by C
and TM peaks, in which C p-states and TM d
states dominate, and states above Fermi level
present mostly TM d states;
(ii) overall, there is a shift of the TMC states

away from Fermi level due to the interaction
with the adsorbed oxygen atoms. Moreover, the
peaks derived mostly from TM d states around
the Fermi level disappear upon oxygen adsorp-
tion, which implies the loss of reactivity on the
oxidized surface;
(iii) hybridization of the O p-states with the

TMC d states, which implies the strong inter-
action of O layer with the surfaces;
(iv) overall, there is a shift of the TMC states

away from Fermi level within a period, with the
occupation of TM d states, from Ti to V, from
Zr to Nb to Mo and from Hf to Ta, which cor-
relates with the binding energy of O on these
surfaces.

Li2O2 adsorption on the TMC

surfaces

Modelling of Li
2
O

2
adsorption on

carbides

We built the initial models for the adsorbed
nLi2O2 molecules on the TMC and TMC-O sur-
faces with the following procedure:
(i) We placed the Li2O2 molecule(s) about 5 Å

above the TMC and TMC-O surfaces and ap-

plied �rst-principles molecular dynamics simu-
lations with temperatures from 300 K to 0 K for
30 ps by employing the Nosé thermostat. Then,
we optimized the �nal structures with the con-
jugated gradient algorithm as implemented in
the VASP code.
(ii) After the MD simulation, in most of the

TMC-O systems, we found highly distorted
molecular and surface layers. In order to cover
more possibilities in �nding the lowest energy
strutures we employed a cross-check procedure
in the following way - We took the molecular
and surface layers of every lowest energy struc-
ture obtained in (i) and exchanged them be-
tween the TMCs.
We put the molecules on one side of the slab

and allowed the molecules to move along with
6 surface layers. For all the total energy cal-
culations we employed a dipole correction. We
performed full geometrical relaxation for all the
structures. Finally, we collected the structures
and selected the lowest energy con�gurations
for further analysis.
The lowest energy structures of nLi2O2 (n =

1−4) on the pristine and oxidized TMC(111)
surfaces are presented in Figures 6, 8 and 9;
their structural parameters, such as average
perpendicular distances between TM−C and
TM−O (in Å), are given in Figure 7; their ad-
sorption energies (Ead1 and Ead2) are in Fig-
ures 10 and 11.

Li
2
O

2
adsorption on pristine TMC

surfaces

In the lowest energy con�gurations the Li2O2

molecules form O and Li layers on the TM-
C surfaces due to a break of the Li−O bonds
and stronger binding to the reactive TM sur-
face atoms. At that, the O atoms bind to the
reactive TM-terminated TMC surfaces on the
hollow fcc positions, adopting the positions of
the missing C atoms, and Li atoms are arranged
above the O atoms at the hcp positions of the
missing TM atoms, which correspond to the
ABC stacking of the TMC. The 2Li2O2 ad-
sorbed molecules on the TMC surfaces form a
full coverage of O and Li atomic layers. This
�nding agrees with previous results obtained
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n
 =

 1
n

 =
 2

n
 =

 3
n

 =
 4

TiC(111) VC(111) ZrC(111) NbC(111) TaC(111)HfC(111)Mo C(001)

nLi O /TMC2    2

2−MoC(001)α−MoC(111)β

Figure 6: The lowest energy structures of nLi2O2 (n = 1− 4) on the TMC surfaces.
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in12,13 for the adsorption of Li2O2 molecules on
TiC(111) surface.
At larger molecular density, n = 3 and 4, we

found that molecules proceed assembling into
O/Li/O/Li molecular layers on the TMC sur-
faces, however, with slight displacement of O
and Li atoms from their ideal atomic hcp and
fcc hollow positions, as well as in z direction.
These structural changes at the second O/Li bi-
layer can be explained by the beginning of the
formation of the native Li2O2 crystal structure.
Meanwhile, O and Li layers above the TMC

surfaces a�ect the atomic positions of TM layers
in z direction. In order to characterize this phe-
nomenon, we measured the averaged perpendic-
ular TM−C and TM−O distances of systems
upon the molecular adsorption and compared
them with the pristine and oxidized surfaces
(Figure 7). We also calculated a ratio (r) of
TM−C and TM−O perpendicular distances be-
tween the nLi2O2/TMC(111) and TMC(111).
If r > 1 (r < 1), there is an expansion (com-
pression) of the layer, which occurs in order to
release the strain and reach structural relax-
ations due to the tensile (compressive) strain
arised from above atomic layers.
We found that the TM−C bilayer expand-

s with every subsequent molecular layer, that
is, the �rst two molecules adsorption lead-
s to TM−C expansion by factor r = 0.98 −
1.07, while at the adsorption of the next two
molecules the layers expand more, i.e. r =
1.04− 1.22, which can be explained by the ad-
ditional stress caused by addition of the next
moleculer layer.
Moreover, the O layers directly bound to the

TM atoms and second O layers in the surface
Li/O bilayers also expand. For example, we
found the larger expansion at n = 1,2 (r =
1.28−1.58), and smaller one with the forma-
tion of the next O/Li layers, from n = 3 (r =
1.15−1.32) to n = 4 (r = 0.97−1.06), which im-
plies the Li2O2 crystal formation, that is, they
are close to the magnitude of Li2O2 crystal. For
example, for 4 Li2O2 on TiC(111) the Li−O per-
pendicular distances for inner layers are 1.77 Å
and for the surface layers there is a compression
with the distances of 0.65 Å, while for Li2O2

crystal the distances are 1.12 Å and 0.35 Å, re-

spectively.
Thus, initially adsorbed Li2O2 molecules form

O/Li layers on the TMC surfaces, which retain
the atomic positions dictated by the TMC crys-
tal, and subsequent growth of the O/Li layers
over TMC surfaces leads to the formation of the
native Li2O2 crystal structure. However, the
adsorption of the 4 molecules is still not enough
in order to observe the Li2O2 crystal structure
and more layers are required to achieve it.

TiC VC ZrC NbC MoC HfC TaC
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T
M
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Å
)

nLi
2
O

2
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nLi
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Figure 7: Averaged perpendicular TM−C and
TM−O distances in the surface TMC layers up-
on the nLi2O2 molecules adsorption. Here ◦,
�, � and 4 with the dashed lines correspond
to 1, 2, 3 and 4 Li2O2 molecules on the TM-
C(111), respectively, and solid lines present the
TMC(111) and TMC(111)-O surfaces.

Li
2
O

2
adsorption on the oxidized

TMC(111) surfaces

The presence of the O layer on the TMC sur-
faces has a passivation e�ect, which implies no
direct binding of the Li2O2 molecules with the
reactive TM surfaces. Still a similar behavior
appears for the Li2O2 adsorption. That is, a
break of the Li2O2 molecular bonds and a for-
mation of the Li/O layers over the O layer of the
surfaces. The presence of the additional O lay-
er between the molecules and the TMC surfaces
leads to two scenarios of the structural forma-
tion, depending on the TMC surface, which as
highly distorted Li/O layers and TM/C surface
layers and less distorted retaining the positions
of the TMC crystal.
As demonstrated above, O and Li layers on

the TMC surfaces induces the expansion of the
TM and O layers. It is important to note that
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nLi O /NbC(111)−O
2   2 nLi O /MoC(111)−O

2   2

nLi O /TaC(111)−O
2   2         nLi O /HfC(111)−O

2   2

n = 1
n = 2

n = 3

n = 4

n = 1
n = 2

n = 3

n = 4

nLi O /VC(111)−O
2   2

n = 1

n = 2
n = 3

n = 4

n = 1

n = 2

n = 3 n = 4

n = 1 n = 2

n = 4n = 3

Figure 8: The lowest energy structures of nLi2O2 (n = 1− 4) on the oxidized VC(111), NbC(111),
MoC(111), HfC(111) and TaC(111) surfaces.
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−nLi O /MoC(001)−O
   2   2

nLi O /Mo C(001)−O
2   2          2

nLi O /TiC(111)−O
2   2 nLi O /ZrC(111)−O

2   2

α

n = 1
n = 2 n = 3

n = 1 n = 2
n = 3

n = 4

n = 4n = 3

n = 2
n = 1

n = 4

n = 3
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Figure 9: The lowest energy structures of nLi2O2 (n = 1− 4) on the oxidized TiC(111), ZrC(111),
α-MoC(001) and Mo2C(001) surfaces.
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the O layer itself (without the molecules) caus-
es a small expansion of the TM layer, by r =
1.17−1.40, due to the tensile strain caused by O
atoms. When the Li2O2 molecules adsorb above
the O layer, strain increases more, which leads
to larger distortions of individual TM, O and
even Li atoms in some systems. For example,
the expansion of individual TM atoms increas-
es up to r = 1.74 for the VC(111), Nb(111),
Hf(111), Ta(111).
Besides, noticeable structural distortions of

TM, O and Li atoms in the interface between
the Li2O2 molecules and TMC(111) (TM = V,
Nb, Hf, Ta) surfaces can be explained as the fol-
lowing. The addition of O atoms between the
Li2O2 and TMC(111) systems may imply the
new stoichiometry of Li-oxide, which is above
the TMC surfaces, that is the interaction be-
tween Li2O2 and 2O2 creates Li2O6, which is
more stable in a metal lithium oxide compound,
i.e. 2 LiO3TM1.
Such metal lithium oxide formations with the

stoichiometry Li1O3TM1 for the particular sys-
tems of TM = V, Nb, Ta was also found experi-
mentally.41�43 In the case of β-MoC(111), large
structural distortions are found, however it can
be also explained by the unstable β-MoC(111)
surface at room temperature.
Furthermore, this Li1O3TM1 layer formed on

the TMC(111) surfaces can be considered as a
protective layer, which eliminates further TMC
surface degradation at the Li2O2 crystal forma-
tion.
For the remaining systems, such as the ox-

idized TiC(111), ZrC(111), α-MoC(001) and
Mo2C(001) surfaces, except for some cases,
there are no observable TM and O atomic dis-
tortions, rather a small expansion and even
compression for TM and O atoms, while Li2O2

molecules are adsorbed above. This can indi-
cate that in this systems the O layer functions
as a passivation layer in the interface between
the Li2O2 molecules and the TMCs surfaces.
This is in an agreement with literature �nding,8

reported on the creation of the protective TiO2

layer on the surface, which can also play a role
of a reasonable electron transport.
Thus, the presence of the additional O layer

in the interface between the nLi2O2 molecules

and TMC surfaces leads to the change in the
stoichiometry of Li-oxide. This results in the
formation of the protective Li1O3TM1 layer
on the VC(111), NbC(111) and TaC(111) sur-
faces, and the passivation oxygen layer on the
TiC(111), ZrC(111) and MoC(001) surfaces.
These layers may prevent the surfaces from fur-
ther degradation upon the adsorption of Li2O2

molecules, which allow the Li2O2 crystal growth
above.

Trends in adsorption energies of
Li

2
O

2
on the TMC surfaces

We calculated the average adsorption energy
per Li2O2 molecule on the TMC(111) surfaces
as

En
ad1 = (E

n*mol/TMC
tot − nEmolecule

tot − ETMC
tot )/n ,

(5)
where n is the number of molecules in the sys-
tem and En*mol/TMC

tot , Emolecule
tot and ETMC

tot corre-
spond to the total energies of the lowest energy
structures for nLi2O2 molecules on the prisine
and oxidized TMC, a single gas-phase molecule,
and prisine and oxidized TMC surfaces, respec-
tively.
It is also interesting to calculate the adsorp-

tion energy of the nth molecule when it adsorb-
s on a surface that already has on it n − 1
molecules, this is given by:

En
ad2 = E

n*mol/TMC
tot − E(n-1)*mol/TMC

tot − Emolecule
tot

= nEn
ad1 − (n− 1)En−1

ad1 . (6)

Here En
ad1 and E

n−1
ad1 correspond to the adsorp-

tion energies of the n and n − 1 molecules on
the TMC surfaces and we de�ne E0

ad1 = 0.
Figures 10 and 11 demonstrate the average

adsorption energy per molecule (Eq. 5) and the
contribution of the last molecule to the adsorp-
tion energy (Eq. 6), respectively. We found the
largest adsorption energies, Ead1, (Figures 10)
at n = 1,2 of nLi2O2 on the TMC(111), which
implies the strong binding of the molecules with
the reactive TM atoms. The main contribution
to Ead1 comes from the binding of O atoms to
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Figure 10: Adsorption energy (Eq. 1) of
nLi2O2 on pristine and oxidized TMC surfaces.
Here ◦, �, � and 4 correspond to 1, 2, 3 and 4
Li2O2 molecules, respectively.
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Figure 11: Adsorption energy (Eq. 2) of
nLi2O2 on pristine (full symbols) and oxidized
(empty symbols) TMC surfaces. Here ◦, �,
� and 4 correspond to 1, 2, 3 and 4 Li2O2

molecules, respectively.

TM atoms, as Ead1 (in the range from −8.17
to −11.23 eV ) is close to the binding energy of
O layer, i.e. E

O2
b . It is also evident that the

same trend is observed for the oxygen binding
and the Li2O2 adsorption at the clean surfaces,
that is � the clean TMC surface is less reactive
with a higher d-occupation of the metal.
An addition of the third and fourth Li2O2

molecules to the TMC surfaces leads to reduc-
ing Ead1, as they form the next O and Li layers
above the previous Li/O layers. This is can be
also seen from Figure 11, that is Ead2 is larger
for n = 1,2 and decreases for n = 3 and 4.
At the adsorption of the nLi2O2 molecules on

the oxidized TMC surfaces, the trend is di�er-
ent. The magnitude of the Ead1 adsorption en-
ergy is up to 4−5 times smaller for 1 and 2
molecules and slightly increases at larger molec-
ular size. At some point Ead1 tends to reach
some constant value, close to the value for the
Li2O2 crystal growth.
We also found that Ead1 on the pristine car-

bide surfaces decreases with the occupation of
d-band, e.g. from TiC to VC, from ZrC to MoC,
and from HfC to TaC. This trend is opposite on
the oxidized TMC surfaces, thus implying that
with the occupation of the d-bands there is a
faster formation of the Li2O2 crystal, so that the
type of surface and its oxidation state become
less important for the Li2O2 crystal formation
above them.
The values of Ead1 for the Li2O2 molecules

on the α-MoC(001) and Mo2C(001) surfaces
are ranging within the general trend and ly-
ing around β-MoC(111) results, i.e. for pristine
surfaces from −6.92 to −7.82 eV for Mo2C(001)
and from −7.06 to −8.17 eV for α-MoC(001),
while for oxidized surfaces from −1.71 to −3.12
eV for Mo2C(001) and from −2.89 to −3.21 for
α-MoC(001).

Summary and Discussion

We performed DFT calculations and analysis
of the adsorption of O2 and Li2O2 molecules
on a number of TMC surfaces, containing 3d,
4d and 5d elements in order to investigate the
main trends in structural and adsorption energy
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properties.
We found good qualitative correlation be-

tween the oxygen adsorption energy (full mono-
layer) to the experimentally measured oxidation
potential for the di�erent TMCs surfaces.
We demonstrated that the initially adsorbed

Li2O2 molecules form O and Li layers on the
TMC surfaces, retaining the atomic positions
determined by the TMC crystals. The O and
Li layers induces the tensile strain on the TMC
surface atoms, which leads to the expansion of
the TM and O layers. The expansion increases
when O layer is added to the TMC(111) sur-
faces. This also leads to the change in stoi-
chiometry of Li-oxide, and hence, to the forma-
tion of the protective Li1O3TM1 layer on the
VC(111), NbC(111), MoC(111), HfC(111) and
TaC(111) surfaces which prevent the surfaces
from further degradation. For the TiC(111),
ZrC(111), α-MoC(001) and Mo2C(001) surfaces
the passivation O layer remains. Above these
passivation layer the Li2O2 crystal is formed.
We showed that with more than one Li/O

molecular bilayer on the TMC surfaces, ad-
sorption energies of the molecules strives to ap-
proach their native crystal values.
The adsorption energies of the �rst Li2O2

molecules at the TMCs surface show an oppo-
site trend for the clean and the oxygen passivat-
ed cases. For example, the �rst Li2O2 molecule
binds stronger to the clean TiC surface than to
the clean VC surface, but the opposite is true
for the oxygen passivated case. Hence, it would
be interesting to compare experimental param-
eters of the TMC surfaces behavior in the pres-
ence of Li2O2 to the calculated adsorption en-
ergies of Li2O2 at both the clean and the more
realistic oxygen passivated surfaces.
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