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ABSTRACT: Understanding electrochemical and chemical reactions at the electrode−
electrolyte interface is of fundamental importance for the safety and cycle life of Li-ion
batteries. Positive electrode materials such as layered transition metal oxides exhibit
different degrees of chemical reactivity with commonly used carbonate-based
electrolytes. Here we employed density functional theory methods to compare the
energetics of four different chemical reactions between ethylene carbonate (EC) and
layered (LixMO2) and rocksalt (MO) oxide surfaces. EC dissociation on layered oxides
was found energetically more favorable than nucleophilic attack, electrophilic attack, and
EC dissociation with oxygen extraction from the oxide surface. In addition, EC
dissociation became energetically more favorable on the oxide surfaces with transition
metal ions from left to right on the periodic table or by increasing transition metal
valence in the oxides, where higher degree of EC dissociation was found as the Fermi
level was lowered into the oxide O 2p band.

L ithium-ion (Li-ion) batteries nowadays represent the most
used and viable technology for powering hybrid, plug-in

and electric vehicles.1−3 Minimizing electrochemical and
chemical parasitic reactions at the electrode−electrolyte
interface (EEI) is of fundamental importance to enhance
battery energy density, safety and cycle life. Commonly used
carbonate-based electrolytes are not stable against the negative
electrode, as the lowest unoccupied molecular orbital (LUMO)
of the electrolyte is below the Fermi level of lithium or
graphite,4−6 leading to the reduction of solvents and solvated
ions4−7 and the formation of the solid electrolyte interphase
(SEI). SEI consists of both organic, such as semicarbonates and
oligomers, and inorganic species like LiF and Li2CO3,

8−11 and
prevents further electrolyte decomposition. On the other hand,
carbonate-based solvents (oxidation potential ∼6.0 V vs Li+/
Li12−14) and electrolytes (reported oxidation potential ∼4.7 V
vs Li+/Li for LiClO4 in propylene carbonate (PC)15) can be
stable in the operating voltages16,17 of the positive electrodes,
particularly if measured with noble metals (i.e., gold or
platinum).4 However, Xu et al.18 reported that LiPF6-
containing dimethyl carbonate (DMC) electrolyte can be
oxidized electrochemically with a lower onset potential on
spinel LixMn2O4 compared to glass carbon (∼6.0 V vs Li+/Li
on the latter electrode), which difference cannot be explained
by greater surface area of spinel structure alone. In addition, the
amount of oxidized carbon species detected on the oxide-

electrolyte interface19−23 largely resulting from electrolyte
decomposition, increases from cycled LixMn2O4 and LixCoO2

to LixNi0.8Co0.2O2
7,23−26 as measured by X-ray photoemission

spectroscopy (XPS). Moreover, replacing Co with Ni in
LixCoO2 leads to larger electrode impedance during
cycling,7,27,28 which can be attributed to more resistive EEI
layers. The higher reactivity of LiNiO2 is further confirmed by
detection of CO2, resulting from the decomposition of the
electrolyte (based on PC and ethylene carbonate (EC)/DMC
mixtures with 1 M LiN(SO2CF3)2 as electrolytic salt) by
differential electrochemical mass spectrometry (DEMS) at 4.2
V versus Li+/Li, where no decomposition products where
observed for LiCoO2 and LiMn2O4.

29 These observations
highlight the critical role of transition metal oxides in
promoting the decomposition of carbonate-based electrolytes
and electrode impedance. Unfortunately, the physical origins
responsible for the enhanced reactivity between oxides and
carbonate-based electrolytes are not understood, which hinders
the design of stable positive electrodes to improve lithium ion
battery energy density, cycle life, and safety.
Here we examine the chemical reactivity of carbonate-based

electrolytes with oxides. Pioneering work from Aurbach et al.
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has proposed that the oxide anions at the more basic LiNiO2

surface can react with the solvent, i.e., ethylene carbonate (EC),
through nucleophilic attack, followed by ring-opening and
possibly starting a chain reaction toward other EC molecules.27

Theoretical ab initio molecular dynamics (MD) on
Li0.6Mn2O4

30 and static simulations on LiNi0.5Mn0.3Co0.2O2
31

indicated that when approaching the oxide surface the EC
molecule first binds with the oxygen of the carbonyl group to
the transition metal atom, which acts as a Lewis acid
(electrophilic attack). Other computational studies have
shown that after adsorption EC can dissociate, where a C−H
bond is broken and H is transferred from the solvent to the
surface, forming surface hydroxyls, on the LixMn2O4(111) (x =
0.67, 0.83, 1),32 LixNi0.5Mn1.5O4 (x = 0) (111) and (100)
surfaces.33 On Li0.6Mn2O4 (100) the dissociation is also
accompanied by oxygen extraction from the surface and the
formation of an oxygen vacancy.30 Moreover, on the LiCoO2

(101 ̅4) surface also EC ring opening catalyzed by PF6 anions or
other EC molecules has been reported.34 In this letter, we
report the energetics of these chemical reaction mechanisms
previously reported for EC on the surface of layered LixMO2

and rocksalt MO, where the role of transition metal M (M =
Mn, Fe, Co and Ni) and the amount of lithium in LixMO2 are
examined. EC dissociation on LixCoO2 (with and without
formation of oxygen vacancy) becomes energetically more
favorable with decreasing lithium content, i.e., increasing cobalt
oxidation state, while the energetics of the other reaction
mechanisms is less sensitive to the Li-content. In contrast, EC
dissociation on rocksalt MO (M = Mn, Fe, Co and Ni) is
energetically unfavorable, while is stabilized when changing M
from the left to the right of the periodic table in LiMO2. High
covalency of late 3d transition metal−oxygen bonds is
associated with more reactive surface oxygen sites due to
holes formed in the O states, and more reducible metal
ions.35,36 We show that the greater energy of EC dissociation is
correlated with the closer Fermi level to the O 2p band, which
is proposed as a chemical reactivity descriptor of carbonate-
based electrolytes on oxide surfaces.
EC Reactivity on the LiCoO2 (101̅4) Surface. We first

examined the energetics of previously reported reaction
mechanisms for the interaction of EC on LiCoO2, as shown
in Figures 1 and S1. The considered reaction mechanisms
include nucleophilic attack from the oxide ions to the solvent
carbonyl carbon atoms (Figure 1a) and alkylene carbon (Figure
S2),27 electrophilic attack, where the carbonyl oxygen of EC
interacts with the metal site of the oxide surface (Figure
1b),30,31 and dissociation of one C−H bond with the formation
of surface hydroxyl groups30,32,33 without (Figure 1c) and with
the concomitant formation of an oxygen vacancy in the oxide30

(Figure 1d). The (101 ̅4) surface orientation was chosen for
LiMO2, as it is the most stable nonpolar surface

37 and allows Li
ions intercalation, while the (100) surface orientation was
selected for rocksalt MO (see Figure 2, Computational
Methods, and Supporting Information for details of the surface
models).
The reaction energy computed with respect to the gas phase

EC molecule as ΔE = E(*EC) − E(EC) − E(*), where
E(*EC), E(EC), and E(*) are the DFT total energies of EC
adsorbed on the surface (*EC), EC in the gas phase (EC), and
of the bare surface (*), is weak for all mechanisms considered
on the LiCoO2 (101 ̅4) surface (Figure 1). The nucleophilic
attack of EC carbon atoms for both carbonyl (Figure 1a) and
alkylene carbon (Figure S2) was found to have positive reaction

energy, larger than 0.5 eV. The nucleophilic attack at the
carbonyl carbon had the ring intact, having structural
deformation from the formation of the additional C−O bond
with the lattice oxygen and the consequent change of
hybridization of the carbon atom from sp2 to sp3. This
configuration is characterized by considerable steric hindrance,
the energetic cost of which is not completely compensated by
the formation of the additional bond. The nucleophilic attack at
the alkylene carbon (Figure S2) induces the opening of the ring
as the lattice oxygen replaces one of the C−O bonds in the
molecule. The strong structural distortion can be one of the

Figure 1. Reaction energy ΔE (filled circles) and charge transfer
(empty circles) for ethylene carbonate (EC) adsorbed on the LiCoO2

(101 ̅4) surface. The structures represent the optimized configurations
for the reaction mechanisms considered: (a) nucleophilic attack27 at
carbonyl carbon, (b) electrophilic attack,30,31 (c) dissociation,30,32,33

and (d) dissociation with formation of an oxygen vacancy in the
oxide.30 H atoms are represented in light blue, C in dark gray, O in
red, Li in green, and Co in light gray. The computed charge transferred
was obtained by subtracting the sum of the Bader charges in the EC
molecule adsorbed on the oxide surface relative to that in vacuum. A
positive charge indicates a transfer of electrons from the adsorbed EC
to the oxide surface.

Figure 2. Top (upper panels) and side (bottom panels) view of the
surface models used in this study for the adsorption of ethylene
carbonate (EC) molecule. (a) (101 ̅4) surface37 of LiMO2 layered
compounds (Space Group (SG) R3̅m) and (b) (001) surface of MO
rock-salt oxides (SG Fm3̅m), where oxygen atoms are in red, lithium in
green, and transition metal in light gray.
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reasons beyond the large instability of this configuration.
Negligible charge transfer was found for the nucleophilic attack
at alkylene carbon, while the nucleophilic attack at carbonyl
carbon produced a small electron transfer from the surface to
the molecule (Figure 1).
Only electrophilic attack (Figure 1b) and EC dissociation

producing a surface OH group (Figure 1c) were found to have
a negative reaction energy. We should note that to assess
whether these reactions can take place at the interface, the free
energy of reaction should be computed and solvation effects
included. However, previous calculations of EC on
Li0.6Mn2O4(100), where MD simulations on solvent/oxide
were compared with isolated EC at the vacuum/oxide interface,
indicated that the relative stability of the different config-
urations is maintained in the latter.30 The EC molecule was
found largely unperturbed in the electrophilic attack config-
uration, physisorbed on the surface through an elongated (2.58
Å) Co−OC bond (where OC indicates the EC carbonyl oxygen
atom). The electrophilic attack induced negligible charge
transfer, in agreement with the physisorbed nature. EC
dissociation without the formation of oxygen vacancy (Figure
1c) takes place by the following reaction: C3O3H4 + 2 O−
M3+−O → *C3O3H3

+ + *H+ + 2 O−M2+−O, where *C3O3H3

and *H represent the EC (C3O3H4) decomposition products
adsorbed on the surface of the oxides (O−M−O). The newly
formed C−O bond with the lattice oxygen replaces the broken
C−H bond (d(C−Oox) = 1.38 Å, where Oox indicates a surface
oxygen atom) while the hydrogen abstracted from EC forms a
hydroxyl group at a surface oxygen site. Remarkably, a
considerable amount of electrons (≥1) were transferred to
the oxide surface associated with this EC dissociation
configuration, which reduces two transition metal ions from
Mn+ to M(n−1)+.
This finding is supported by the comparison of the charge

density difference (Δρ = ρ(*EC) − ρ(EC) − ρ(*), where ρ is
the charge density of EC adsorbed on the surface (*EC), EC in
the gas phase (EC), and the bare oxide surface (*)), spin
density maps, and density of states of electrophilic attack and
dissociated configurations (Figures 3c,d and S3−S6). While for
the electrophilic attack only some charge redistribution takes
place on the Co ion coordinated to the molecule (Figures 3c
and S6), in the dissociated configuration a clear depletion of
electron density is observed on the EC fragments (Figure 3d),
while an accumulation of spin density is detected on two Co
ions (Figure S3), indicating a Co3+ → Co2+ transition. By
contrast, EC dissociation with the extraction of the Oox atom
from the surface, leaving behind an oxygen vacancy (Figure
1d), causes ring opening and a rearrangement of the molecule
which coordinates with a Co ion (d(Co−OEC) = 1.97 Å).
Despite a considerable electron transfer to the surface, EC
dissociation with the formation of oxygen vacancy was
energetically less favorable than EC dissociation without
oxygen vacancy, indicating a relatively high cost for the
formation of an oxygen vacancy for fully lithiated LiCoO2. Such
EC dissociation described in Figure 1c and the associated
charge transfer are supported by previously reported reduction
of Co ions at the surface of LiCoO2 observed by X-ray
absorption spectroscopy (XAS) upon soaking in the electrolyte
made of a LiClO4-containing EC and diethyl carbonate (DEC)
mixture.38

Ef fect of Lithium Content in LixCoO2 on the Reactivity with EC.
We compared the energetics of electrophilic attack (Figure 1b)
and EC dissociation (without oxygen vacancy, Figure 1c) on

LixCoO2 (x = 1, 0.5, 0), which were found to be exothermic on
LiCoO2 in Figure 1. Decreasing lithium content x in LixCoO2

(x = 1, 0.5, 0) had negligible changes for the energetics (Figure
3a) and the amounts of charge transferred for the electrophilic
attack (Figure S7a). By contrast, EC dissociation became much
favorable upon delithiation from LixCoO2, reaching a reaction
energy < −2.5 eV for CoO2 (Figure 3a and S9). The amount of
charge transferred increased only slightly with decreasing
lithium content (Figure 3e and S7a), indicating that the charge
transfer is almost completed already at x = 1 and the surface
cannot be reduced further. On the other hand, the energy gain
associated with the chemical redox process which accompanies
the EC dissociation is strongly enhanced with decreasing the Li
content.
The increased reactivity of the oxide surface with higher

degree of delithiation can have a role in the accumulation of

Figure 3. Dependence of the reaction energy ΔE of electrophilic
attack and dissociation configurations on (a) the Li content in
LixCoO2 and (b) the transition metal for the adsorption of ethylene
carbonate (EC) on the LiMO2 (101 ̅4) surfaces (M = Mn, Fe, Co, and
Ni). (c−f) Charge density difference maps Δρ for (c) electrophilic
attack on LiCoO2 (see also Figure S6 for a different orientation) and
dissociation on (d) LiCoO2, (e) LixCoO2 (x = 0) and (f) LiNiO2. EC
adsorption induces some extend of charge redistribution for all
configurations. In the dissociated state, we observed accumulation of
electron density (in red) on the oxide and depletion of electron
density (in blue) on the molecule. The plane of the 2D maps, oriented
in the (100) direction with respect to the surface unit cell and passing
through the EC atom coordinated with the surface (OC for
electrophilic attack and C for dissociation), renders the charge
depletion on the molecule more visible, as the reduced transition metal
ions are not in the plane.
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decomposition products on the EEI layer and the increase of
the oligomer/polymer and salt-related (LixPFyOz) species,
which was observed by XPS on the surface of LixCoO2

7,26,39

and LixNi0.8Co0.2O2
7,25 upon charging. Moreover, EC dissoci-

ation can play a critical role in the self-discharge mechanism of
Li-ion batteries stored in the charged state, as previous studies
have shown that the self-discharge involves electrolyte
oxidation40 and increases with lower lithium content as
demonstrated for LiNi1/3Mn1/3Co1/3O2-containing punch
cells.41

Ef fect of Transition Metal in LiMO2 on the Reactivity with EC.
We further compared the energetics of electrophilic attack and
EC dissociation on LiMO2 (M = Mn, Fe, Co, and Ni). The
electrophilic attack reaction was weakly exothermic (−0.5 eV<
ΔE < 0 eV) and similar for all LiMO2 considered, indicating
similar reactivity of M3+ ions with EC, as shown in Figure 3b.
The amounts of charge transferred for the electrophilic attack
remains small regardless of transition metal ions (Figure S7b).
By contrast, the reaction energy of EC dissociation is strongly
dependent on M3+ ions, ranging from endothermic for LiFeO2

and weakly exothermic for LiMnO2 and LiCoO2, to strongly
exothermic for LiNiO2. On the other hand, the charge transfer
is almost unchanged (Figures 3f and S7b) along the series,
indicating that not the amount but the energy gain associated
with the charge transfer renders the dissociation more favorable
for LiNiO2. Interestingly, Ni-rich LiNixMnyCo1−x−yO2 layer
materials display higher reactivity and faster aging compared to
NMC materials with lower Ni-content,42 as also proved by the
improved capacity retention and lower impedance of
concentration-gradient NMC, where the Ni content is reduced
from the bulk (LiNi0.8Mn0.1Co0.1O2) to the surface of electrode
particles.43,44 The detrimental effect of Ni-rich phases at the
electrode surface can be attributed to the formation of parasitic
reaction products associated with the proposed EC dissociation.
A similar drastic decrease of the reaction energy for LiNiO2 is

observed for the dissociation accompanied by the formation of
an oxygen vacancy, which also causes a reduction of interfacial
transition metal ions, while the nucleophilic attack config-
uration is less affected by the transition metal in LiMO2 (Figure
S8).
Our results agree with previous theoretical studies30−33

reporting favorable EC dissociation on oxide surfaces. On
spinel Li0.6Mn2O4(100) the dissociation with the formation of
an oxygen vacancy reduces the total energy by 2.1 eV compared
to the physisorbed configuration.30 Interestingly, the stability of
the dissociated configuration was found to depend on the
surface orientation, and to be energetically unfavorable on
Li0.67Mn2O4(111), where the physisorbed (electrophyplic
attack) configuration is particularly stable (−1.1 eV, including
van der Waals corrections). On the other hand, by decreasing
the lithium content in LixMn2O4(111) (x = 1, 0.83, 0.67), the
barrier for H transfer becomes smaller and the stability of the
ring-opened configuration following the dissociation increases,
with an energy gain of 2 eV for Li0.67Mn2O4.

32 On
LixNi0.5Mn1.5O4(100) (x = 0) the transfer of two H to the
surface was observed for EC.33 More recently, the evolution of
the physisorbed (electrophilic attack) into the nucleophilic
attack at carbonyl carbon configuration was studied on
LiNi0.5Mn0.3Co0.2O2, where the nucleophilic attack configu-
ration was found to be about 0.1 eV more stable. Interestingly,
a similar energy gain was found after a follow-up ring opening
reaction.31 These studies indicate that the reaction mechanisms

investigated here initiate the solvent degradation, which can
then proceed in subsequent reactions.
We further show that the reaction energy ΔE of EC

dissociation (Figure 1c) decreases as the Fermi level moves
closer to the O 2p band center computed from DFT, as shown
in Figure 4. Late transition metal LiMO2 oxides and delithiated

LixMO2, with the Fermi level closer to the oxygen states, have
surfaces more prone to be reduced by EC dissociation reaction.
On the other hand, MO oxides with M2+ ions that could not be
further reduced were found thermodynamically unfavorable for
EC dissociation (Figure 4). The energetics of oxide surface
reduction associated with EC dissociation can play a critical role
in understanding the formation of reduced oxides such as spinel
and rock-salt phases on the surfaces of layered compounds,
o b s e r v ed , f o r i n s t a n c e , on L i xNi 0 . 8Co 0 . 2O 2 ,

4 5

LixNi1/3Mn1/3Co1/3O2,
46 LixNi0.4Mn0.4Co0.18Ti0.02O2,

47 and
LixNi0.8Co0.15Al0.05O2

48 by transmission electron microscopy
(TEM) upon soaking in the electrolyte for long time or cycling.

Figure 4. Dependence of the reaction energy ΔE of EC dissociation
on the oxide electronic properties. (a) Schematic representation of the
oxide density of states showing the position of the O 2p and M 3d
states relative to the molecular levels for EC (right) and
dehydrogenated EC radical interacting with the oxide surface. On
the latter, the transfer of the radical unpaired electron to the
unoccupied metal 3d states from the HOMO and the formation of a
covalent bond between the carbon atom and a surface oxygen are also
shown. (b) Energetics of the dissociated configuration as a function of
the O 2p band center for the adsorption of ethylene carbonate (EC)
on the MO(100) surface (M = Mn, Fe, Co and Ni) and
LixMO2(101 ̅4) surface (M = Mn, Fe, Co, and Ni; x = 1, 0.5, 0).
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The reactivity trend for EC dissociation in Figure 4 is
consistent with the higher tendency of Ni-rich NMC materials
to formation of reduced rocksalt interfacial layers.42,45,49 The
formation of the rock-salt layer, experimentally observed by
TEM, is then expected to block the dissociation accompanied
by solvent oxidation; however, we cannot exclude that other
reaction mechanisms31,34 can be at play at the surface of these
oxides.
We show that chemical oxidation of carbonate solvents such

as EC on layered cobalt or nickel LixMO2 oxides is
thermodynamically favorable, with a concomitant dissociation
involving proton transfer and reduction of the interfacial
transition metal ions. This mechanism can initiate in soaked
and charged oxide electrodes, where the driving force for the
reaction increases with lowered Fermi level relative to the O 2p
band center associated with less lithium content or replacement
of cobalt by nickel. The dissociation of carbonate solvents like
EC on oxide surfaces can initiate electrolyte decomposition,
where the surface intermediates from this dissociation
mechanism can further react and lead to the formation of
EEI products. Despite being beyond the focus of this work, we
discuss possible routes by which EC dissociation can have a role
in the salt anion and electrolyte decomposition. For example,
the dissociation reaction, which becomes more favorable upon
charging, can increase the electrolyte acidity by reacting with
the salt and forming HF in LiPF6-containing electrolytes.

22 The
presence of HF is considered to be the prerequisite for the
formation of LiF, through acid−base reactions with the oxide
surface,50 which is shown to be increasingly present in the EEI
layer of LiCoO2 as it charges from 4.0 to 4.4 V voltage.22 This
reaction also produces water, which reacts with LiPF6 forming
more HF or with PF5 formed by LiPF6 thermal decomposition
following the reaction H2O + PF5 → PF3O + 2HF.20 Surface
hydroxyl groups could also produce water or directly attack PF5
or PF6 anions to form P−F−O-containing species,51−54 which
have been observed in the EEI of LixMn2O4, LixCoO2, and
LixNi0.8Co0.2O2.

23,25,26 Moreover, the EC fragment from the
dissociation mechanism could further decompose, evolving into
CO2 or CO and producing protic species that can migrate to
the negative electrode, where they can be reduced to H2. The
hypothesis is supported by recent DEMS measurements that
show that the amount of hydrogen detected increases with
increasing charging voltage, which originates from protic
species produced at the positive LiNi1/3Mn1/3Co1/3O2 elec-
trode.55 Elucidating molecular details of possible (electro)-
chemical processes responsible for electrolyte decomposition
and the formation of EEI layers on oxide surfaces requires
further combined computational and experimental studies.
Here we report that EC dissociation is favorable on oxide

surfaces and that the stability of the dissociated state strongly
depends on the oxide material. The dissociation results in
hydroxylation of the oxide surface and the reduction of
interfacial transition metal ions. The tendency of EC to
dissociate is strongly material dependent and in particular
increases when by changing from early to late transition metal
in the periodic table or by lowering the lithium content, both
effects resulting in a downward shift of the Fermi level into the
oxygen p-band, which can then be used as a descriptor of the
oxide reactivity toward the electrolyte. These results can explain
the formation of interfacial reduced phases and the higher
reactivity of NMC materials with increased Ni content.43−49

The EC dissociation mechanism can also have a role in the salt

anion decomposition and in the formation of protic species,
which evolve into H2 when discharged at the negative electrode.

■ COMPUTATIONAL METHODS

Period plane wave density functional theory (DFT) calculations
were performed to study the bulk properties and EC adsorption
on oxide surfaces. We used PBE functional56 as implemented in
the Vienna Ab Initio Simulation Package (VASP) code,57,58 and
Projector Augmented Wave (PAW) for the description of the
core−electron interaction, and the plane wave cutoff was set to
450 eV. The DFT+U approach was used,59,60 where a Ueff = U
− J was added on the transition metal d states with Ueff

optimized by fitting the formation enthalpies of oxides (Ueff =
4.0, 4.0, 3.3, and 6.4 eV for Mn, Fe, Co, and Ni).61,62 The
layered structure with space group R3 ̅m was used for all LiMO2

in this work. We note that, even though the structure can be
metastable for some of the materials or compositions, the use of
the same structure allows for a direct comparison of the
different oxide chemistries. The reciprocal space of the bulk
primitive unit cells of LiMO2 and MO oxides was sampled with
9 × 9 × 9 k-points mesh. A ferromagnetic ordering was used for
all oxides in order to have a consistent and tractable set of
magnetic structures.62 The (101 ̅4) surface of LiCoO2 was
shown to have the lowest surface energy among the nonpolar
surfaces,37 being characterized by a minimal coordination loss
of Co ions (from 6-fold in the bulk to 5-fold on the surface),
and exposes the Li intercalation channels. We thus choose this
surface for the study of the interaction of EC with the LixMO2

surfaces (M = Mn, Fe, Co and Ni; x = 1, 0.5, 0). The (001)
surface was used for the rock-salt MO oxides (M = Mn, Fe, Co
and Ni). The surfaces were modeled with five and six oxide
layers for LiMnO2 and MO, respectively, separated by at least
13 Å and a dipole correction was applied in order to eliminate
spurious interactions across the periodic boundary along the
direction perpendicular to the surface. The three bottom
atomic layers were kept fixed at the bulk positions, whereas the
surface layers and the adsorbate atomic positions were allowed
to fully relax. To avoid lateral interactions between adsorbates,
(4 × 2) and (4 × 4) surface supercells were used for layered
LixMO2 and rock-salt oxides, respectively. Due to the large size
of the unit cell, the reciprocal space was sampled at the gamma
point only. The Bader decomposition method was used for the
estimation of charge tranfer.63,64 Additional computational
details and convergence tests can be found in the Supporting
Information.
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