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ABSTRACT: Aqueous electrolytes are a safer, greener, and
cheaper solution for energy storage applications. However, aqueous
Li-ion batteries (ALIBs) suffer from faster degradation and poorer
cyclability. The presence of H" and O loss have often been claimed
to deteriorate electrode materials in aqueous electrolytes. Under-
standing the surface reactivity of the commercial LiCoO, cathode
with respect to aqueous electrolytes and O loss is essential for
designing cathode materials in such aqueous electrochemical cells.
In this work, we use density functional theory calculations to
investigate the stability and structure of several low-index surfaces
of layered Li;_,Co0O, (0 < x < 0.5) before and after H" adsorption.
We compute the binding energies of H* from low to full coverage
regimes. By employing ab initio atomistic thermodynamics, we
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determine the stability of O vacancies on protonated and nonprotonated layered LiCoO, surfaces. Our computations demonstrate
that O loss is energetically favorable on the lowest energy surfaces, i.e., on the most exposed surface terminations. We suggest that
the O vacancy formation is directly related to the transition metal (Co) coordination. Finally, the role of H* on O loss is investigated,
showing that H* can facilitate the generation of O vacancies in some surface terminations.

1. INTRODUCTION

Due to their excellent characteristics, lithium-ion batteries
(LIBs) power most of our portable devices such as
smartphones and laptops."”” Despite this great success,
unexpected fires and possible explosions have raised safety
concerns. One culprit is the liquid electrolyte, a usually
flammable organic solvent that ensures ionic mobility between
the electrodes (cathodes and anodes).”™ To overcome these
problems, electrolytes based on cheap inorganic salts in water
have attracted considerable attention as a potential alternative
due to their safety, low cost, environmentally friendly behavior,
and large ionic conductivity in comparison to nonaqueous
electrolytes.”™”

The overall electrochemistry of aqueous batteries is identical
to that of conventional rechargeable ion batteries relying on
organic electrolytes. Nonetheless, many issues have to be
expected when switching from an organic electrolyte to water.
First, the voltage window accessible to cathodes and anodes is
limited by water decomposition through O, evolution at the
cathode and H, evolution at the anode. This window is around
1.23 V'»"! compared to organic electrolytes that can operate at
higher voltages (3—4 V).® However, it can be pushed upward
by introducing highly concentrated salts in water, producing
so-called “water-in-salt” electrolytes. It can actually be brought
close to that of organic electrolytes, thereby opening the way to
a potential replacement of the organic electrolyte by an
aqueous one.'””"> Most of the water-in-salt electrolyte studies
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have focused on Li salts. Further improvements are needed to
limit electrode degradation by selecting materials appropriate
for aqueous batteries. It is well-known that the free water
fraction is one of the key factors affecting the electrochemical
stability of electrolytes.'® The interaction of the electrodes with
water leads to many deterioration mechanisms that are
currently often hypothesized but not very well explored. One
of them is the interaction with protons (H*), which has been
one of the common assumptions to explain performance issues
in aqueous electrolytes due to their possible intercalation and
degradation mechanisms.'” ™"’

One of the most relevant cathode compounds for conven-
tional LIBs is layered lithium cobalt oxide (LCO), whose
commercialization was boosted by the pioneering work of
Goodenough et al. in 1980.>° Owing to its higher working
potential, LCO is a very promising candidate as a cathode for
aqueous LIBs.”' Consequently, LCO and materials of the same
family have been extensively investigated using aqueous
electrolytes. Hydrothermal experiments in acidic media
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corroborated by computational studies revealed that LCO is
very prone to accommodate H* on Li" sites, which degrades
the cathode due to the difficulty to (re)insert Li ions.”*”*’
Nevertheless, cyclability experiments in aqueous electrolytes
have shown a similar behavior as for organic electrolytes with
excellent stability of LCO.*>*" Though LCO bulk degradation
was not observed during battery operations, a deterioration of
the surface was detected due to O loss and cobalt oxide (CoO)
formation.®'

Oxygen vacancy formation (O,,.) is not unexpected during
battery operations. In fact, O,,. can improve battery perform-
ance by promoting Li-ion diffusion and enhancing the
capacity.””>® However, the O,, formation can accelerate
cathode degradation and phase transformations due to changes
in the electronic structure and promotion of defects.**™ >
Understanding the mechanisms and processes for O,
generation and the role of the aqueous electrolyte (mainly
the H*—cathode interaction) is crucial for designing cathode
materials in aqueous batteries. In this framework, surface
processes become a major concern. The O loss and the
interaction with H* can affect the surface stability and promote
surface reconstruction. Controlling O,,. formation and H*
interaction with cathode surfaces is fundamental to improve
the cathode performance.

In this work, we have carried out an extensive study of H"
adsorption on the lowest energy LCO surface terminations
relying on density functional theory (DFT). The latter is an
effective and accurate method to study surface structures and
vacancy defects.””*® We discuss the stability of O loss at LCO
surfaces and the role of H" in the O,, formation. Water
adsorption at LCO surfaces has already been investigated in
previous works, concluding that the presence of surface defects
such as O, and Li antisites increases the LCO-—water
interaction.>”*° Nevertheless, there is no information about
the H"—LCO interaction at the most exposed surface
terminations and about the role of H" on the O,, . formation.
This study provides a fundamental understanding of the
interaction of LCO and water electrolytes at the surface level.
This will help to precisely tailor the surface properties to
enhance the optimized stability and performance of LCO in
aqueous Li-ion batteries (ALIBs).

2. COMPUTATIONAL DETAILS

2.1. First-Principles Calculations. The periodic spin-
polarized DFT calculations were performed using the Perdew—
Burke—Ernzerhof (PBE) exchange—correlation functional.*!
The DFT+U formalism was used following the method
suggested by Dudarev'” to better describe the local character
of the strongly correlated 3d electrons of the Co atoms.
Following the scheme adopted in the Materials Project
Database™ for LiCoO,, we chose a U value of 3.2 V. All
computations with Co are performed using a high-spin
ferromagnetic initialization and allowing the spin relaxation.*
The electronic density of the valence electrons was expanded
onto a plane-wave basis set. The effects caused by the core
electrons on the valence ones were described through the
project augmented wave (PAW) method of Bloch*" as
implemented by Kresse and Joubert.*> For electronic
relaxation, the self-consistent loop was stopped when the
total energy change was smaller than 107> eV. For atomic
relaxation, minimization was interrupted as soon as the forces
acting on the atoms were smaller than 0.01 eV A™". To carry
out the numerical integration in the Brillouin zone,a 5 X 5 X 1

mm

Monkhorst—Pack mesh of k-points was employed.*® All of the
calculations were performed with the VASP code.*’

2.2. Surface Models. Focusing on the low-index surfaces,
bulk LCO can be cleaved to expose the polar (001) and (012)
terminations and the nonpolar (104) and (110) surfaces. Their
morphology has already been discussed in previous DFT
studies.** " The polar (001) and nonpolar (104) surfaces are
most stable, as also found in experiments. Note, however, that
the surface energy is sensitive to the Li chemical potential yy;,
which is modified during LCO cyclability to promote the Li
insertion/extraction process.”® The nonpolar (110) presents
the highest surface energy, i.e., it is the less stable cleavage
surface.”® In fact, it has been shown that surface stability is
related to the coordination loss of the transition metal, which
increases the surface energy.”’ As a result, LCO particles are
terminated mainly by (001) planes, whereas (104) and (012)
facets are predominant at the edges.***"

In this work, we also deal with these four low-index surfaces.
Our models are depicted in Figure S1. All our LCO slab
models were constructed using eight LiCoO, formula units so
that the corresponding supercells contain 8 Co and 16 O
atoms. All of the models were generated starting from the
relaxed bulk positions. The periodically repeated slabs are
separated by more than 12 A in all cases. The half-bottom
atomic layers were relaxed while their bulk positions remain
fixed.

For the two polar surfaces, reconstruction is required to
redistribute the charge and generate stoichiometric slabs.” On
the one hand, the (001) slab consists of monatomic layers with
a repeated Li—O—Co—O pattern. Thus, Li, Co, and O
terminations are possible. Co termination is the highest in
energy due to the high cost for breaking the Co—O bond, as
shown by previous DFT computations.””">® Li termination
has been predicted lower in energy and is dependent on py;
since increasing and lowering p;; implies changes in surface
energetics."” Merely cleaving the crystal at a Li plane would
generate an infinite electric field. Indeed, the surface Li layer
will display a positive (+1) charge, whereas the following O—
Co—O layers will show a formal negative charge (—1). Instead,
if the slab is terminated with half a monolayer of Li on each
side, both surface layers are equally charged and the slab is
nonpolar. In this way, Co remains octahedrally (6-fold)
coordinated as in LCO bulk."*** On the other hand, the polar
(012) slab alternates cationic (Li—Co) and anionic (O) layers.
The most stable reconstructed slab is terminated with half a
monolayer of O atoms on both sides. It is again the one that
minimizes the loss of coordination for the Co atoms (4-fold).
Strictly speaking, the anions (O) and the cations (Li—Co) are
not placed in the same layer. Nevertheless, in contrast to
(001), the distance between anionic and cationic layers is very
small as can be observed in Figure S1.

For both nonpolar surfaces, the three species are present in a
stoichiometric ratio in each layer. Before optimization, the O
atoms are outside the Li—Co plane for the (104) termination,
but this difference is not significant. In fact, after atomic
relaxation, the Co atoms are aligned with the O ones, whereas
the Li cations are in a slightly lower position. It is also worth
mentioning that the most exposed Co ions are 5- and 4-fold
coordinated in the (104) and (110) slabs, respectively, in
agreement with previous studies.

Finally, the partially delithiated surfaces were constructed by
removing the most external Li atoms without modifying the
surface termination but allowing the atomic displacement. The
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fully lithiated LiCoO, surfaces contain 8 Li atoms, whereas the
partially lithiated Liy,sCoO, and Li;sCoO, surfaces contain 6
and 4 Li atoms, respectively. The partial delithiation does not
induce any significant surface reconstruction.

2.3. Surface Energies of Clean Slabs. The surface free
energy can be defined as the difference in the free energy
between the bulk material and the slab model per unit area.
For a clean and symmetric slab surface, it is obtained as follows

1
28

clean __

[Gslab _ Gbulk]

(1)

where § is the total surface area, G™ is the Gibbs free energy
of the surface, and G** is the Gibbs free energy of the bulk.
To investigate the effect of Li and O vacancies, the surface
energy must be computed considering the species in excess or
shortage and taking into account the effect of chemical
potential for different species y;

clean __ L

— S Gslab _ Gbulk _ Z AN,”,
i

2)

where AN is the variation of the number of atoms for species i
from the surface to the bulk.

The Gibbs free energies were approximated by the DFT
total energy of the clean surface and LCO bulk (neglecting the
entropic contribution). In our study, the amount of Co
remains constant, whereas the Li and O concentrations were
altered. The reference for yi;; was obtained from first principles
using the bulk metal,” and the reference for yio was obtained
from H,O and H, as

H,0

//lO = ﬂHzO - //lHl - AGform (3)

According to previous studies,”” this is indeed the relevant
reference value for the possible formation of OH, which avoids
the inaccuracy of the DFT value for O,.°**” Note that, in eq 3,
the references for py o and py;, were computed from DFT by
taking into account the zero-point energy (ZPE) contribution,
while AGZ;?I was taken as the experimental Gibbs formation
energy of water in the gas phase at standard conditions.™

Finally, y;; was related to the voltage with respect to Li*/Li

ref

Hy =y
zF

cathode _  anode
Ve _Ia A _

zF B

(4)

where z is the transferred charge, F is the Faraday constant,
and A represents Li". Scanning the possible values for ;;, we
could investigate the surface stability with respect to Li*/Li
voltage.

The formation energy of an O
as

vac

was calculated accordingly

E¢o = (ELixCoOZ,y,z + 2Eg) — (ELixCooz,y )

vac

()
where Ej; co0, , is the energy of the initial surface configuration

before the O,  formation, Ej; Co0,_,_. 18 the energy of the

surface configuration after the O,,. generation, Eq is the g
according to eq 3, and x represents the Li* concentration. The
y and z values are used to indicate the stoichiometry of O
atoms at the surface configuration (before and after the O,
formation), with y + z ranging from 0 to 0.5. Note that positive
values of E;o mean that the O, generation is not

energetically favorable.

112

2.4. H* Adsorption and Surface Energies of H*-
Covered Slabs. When H* adsorbs at the surface, O sites are
preferred due to the strong interaction between H and O
atoms. As depicted in Figure 1, four different possibilities were

Top-O Down

Q

H,0 Down

@]
O

o0
H,0

O
Top-O

Figure 1. Schematic representation of the four possibilities considered
for H* adsorption. Blue and red balls represent Co and O atoms,
respectively. For the sake of clarity, the atoms of the unrelaxed layers
have been depicted in gray.

considered in this work for the formation of OH bonds. Such a
bond can be created at the most exposed surface layer (Top-
O) and/or at the subsurface, i.e., at the most internal surface
layers (Top-O down). By comparing the binding energy for
both sites, the tendency of H to be intercalated in the material
can be observed. The last two possibilities involve the
formation of two OH bonds at the same O-site. These
configurations lead to the formation of a water molecule at the
surface layer (H,O) and/or at the subsurface (H,O down), as
a result of the interaction between two H* from the electrolyte
and an O atom from the surface. Since the O sites may be
nonequivalent depending on the surface structure and the Li"
content, several adsorbed configurations were computed.

The adsorption energy was calculated according to the
following formula

n
E. = Eyjrco — (ELCO + ZEHZ) ()

where E;co is the energy of the pristine surface, n is the
number of adsorbed H', Ey is the energy of the isolated H,

molecule including the ZPE contribution, and Ey o is the
energy of H' adsorbed on the corresponding LCO surface.
Ey/1co also included the ZPE contribution, though consider-
ing only the vibrations of the adsorbates, i.e., protons. Note
that the more negative the E, the more favorable the
interaction.

We investigated the surface energy after H* adsorption

(y"") at different H* coverages. 7" was calculated as the
sum of the surface free energy of the clean surface (ydea“)’ and
the Gibbs free energy related to H* adsorption (y**)***” as
follows
cover clean ads
vy =ty (7)
Then, the adsorption surface free energy (y**) was
estimated as
ads — L[Ecover _ Eilcajbo _ NH,MH]
28 (8)

where E*" is the energy of the LCO slab with the adsorbed
H', and pyy is calculated as in eq 6.
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Figure 2. Surface energy (meV/A?) as a function of voltage versus Li*/Li for the four different surface terminations of LCO with different Li*
contents. Dotted, dashed, and solid lines represent full, 75%, and 50% Li coverage of the surface models, respectively, and different colors represent

different concentrations of O,,. on the surface structure.

The role of H* in the O,  formation was also investigated.
In these cases, a OH moiety was removed after H* adsorption

(OH,,.). The formation energy was calculated as

Eon, = (EHk_ZLixCoOZ_},_Z -z Eqy) — (EHkLixCOO,__y)

)

where Ey, ; coo, , is the energy of the surface configuration
with H" adsorbed (0 <k <0.5), Eyy,__ 1, coo,.,.. i the energy of

the surface after OH extraction, and Eqy is the energy of the
OH moiety according to
1

_EH2

Eon = EHZO - >

(10)

3. RESULTS

3.1. O,,. Formation and Stability of Clean Surfaces.
The stability of bare LCO surfaces has been investigated by
comparing the stoichiometric slabs with surfaces that contain
O,.- Moreover, the surface energy has been analyzed as a
function of Li*/Li voltage. The latter controls the Li* content
on the cathode material during the charge/discharge
operations. We have explored several orderings of O, to
find the lowest energy configurations (see Figures S2—SS in
the Supporting Information).

Figure 2 shows the surface energy at different O
compositions as a function of Li*/Li voltage for all of the
fully and partially lithiated terminations considered in this
work. As shown in Figure S6, the surface energy has been
plotted as a function of Li* content per each studied slab
termination. In general terms, the O,,-free configurations
(blue lines) are most stable for most studied surfaces. This can
be directly related to the possible change in the Co local
coordination environments after the O, formation, which
strongly affects the surface energy. On the other hand, as
expected, our simulations predict a significant effect of Li*/Li
voltage on surface stability. The higher the voltage, the more
stable the delithiated surfaces.

For the (104) termination, the partially delithiated
configurations are more stable at voltages typically applied
during battery operations (3.5—4.2 V vs Li*/Li). Fully lithiated
surfaces are energetically favored only below 3 V versus Li*/Li.
With respect to the O loss, Co coordination plays a key role.
The most external Co atoms are 5-fold-coordinated, while the
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internal Co atoms remain 6-fold-coordinated prior to the O,
formation. The latter causes a coordination loss to Co atoms
placed at the most exposed layer. Consequently, the surface
energy increases when more O, is generated on surfaces with
Li contents of 100 and 75%. However, the O,,. generation is
energetically favored for configurations with 50% Li since
Lig 5oC00, g75 and Liy5,C00Q), -5 surfaces have lower y9**" than
the O,,free slab (see Figure 2). Despite the reduction of Co
coordination at the most external layer (to 4-fold coordina-
tion), the surface is reconstructed to minimize the Y. As
depicted in Figure 3a, after atomic relaxation, the O and Co

Figure 3. Ball-and-stick representation of the Lij5,CoO, ;5 (a) (104)
and (b) (001) surfaces. Li, Co, and O atoms are depicted in green,
blue, and red, respectively.

atoms are not anymore in the same layer. The Co atoms, which
were initially placed at the most exposed layer, slightly move
downward, forming 4-fold-coordinated Co. The predicted O
loss may be related to Li vacancies and the Co valence since
the formation of O,,  leads to the reduction of transition metal
cations.”® The Liy5,CoO, configuration has mixed Co**/Co>*
oxidation states. The O loss reduces Co*" to Co** and may
explain the lower y™*" in comparison to the stoichiometric
Liy50Co0O, configuration. Our simulations predict the for-
mation of O,  on the half-lithiated configurations at voltages
superior to 3.7 V versus Li*/Li

For the (001) surface, we found that partially lithiated
surfaces are lower in energy than the fully lithiated ones at
voltages superior to 2 V. With respect to fully lithiated surfaces,

https://doi.org/10.1021/acs.jpcc.1c09348
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the formation of one O,,.—LiCo0O,g;s— competes with the
O,,free configuration. At this surface, the Co atoms are 6-
fold-coordinated, like in LCO bulk. The formation of one Oy,
entails the combination of 6- and 5-fold-coordinated Co atoms
at the most exposed surface layer. Configurations with less O
content have the largest surface energies because the exposed
Co atoms are 1- or 2-fold-coordinated (see Figure S3). On the
other hand, the formation of O,, is not favored in
compositions with 75% Li content. The O,,free configuration
has the lowest 7" and is the most stable surface at voltages
below 3.7 V versus Li"/Li. Regarding the half-lithiated
structures, surface reconstruction is observed. Some of the
Co atoms placed below the exposed O atoms moved upward
during atomic relaxation in the Lij5,CoO, s configuration,
generating two Co layers (see Figure 3b). The most exposed
layer consists of alternating 4- and S-fold-coordinated Co
atoms, which minimize the y**". This reconstructed surface is
predicted to be the lowest energy surface above 3.7 V versus
Li*/Li, which indicates that it is energetically favored to form
O,,. on this surface termination. It is interesting to highlight
that if Co atoms do not evolve toward 4-fold coordination,
forming tetrahedra, the surface energy increases. As it was
predicted for the (104) termination, the formation of CoO,
tetrahedra after the O, generation and surface reconstruction
is energetically favorable with respect to S-fold coordination.

On the other hand, one might expect the O,,. formation to
be energetically favored at the terminations with high 7<%,
This is, however, not the case for the (012) and (110) surfaces.
Originally, Co atoms are 4-fold-coordinated to O atoms at the
most exposed layer for both surfaces.”’ The generation of O,
and the subsequent reconstruction leads to the formation of
structures with very low coordinated Co atoms at the most
exposed surface. These reconstructions occur for fully and
partially lithiated stoichiometries (see Figures S4 and SS in the
Supporting Information).

Our computations show that the Li vacancies, Co
coordination, and charge ordering have an important impact
on ¥ and the stabilization of O,,. The lowest energy
terminations—(104) and (001)—and therefore the most
exposed ones have more tendency to lose O and occur at
half-lithiated surfaces. These terminations have lower y9®
after the surface reconstruction favors the 4-fold Co
coordination.

3.2. H* Adsorption on Li,CoO, Surfaces. We also
investigated the adsorption of H" on Li,CoO, surfaces. A
systematic study was carried out to analyze the binding energy
and structural effects from low to high H* coverage. Here, the
H'* coverage regime (@) is indicated by the number of H' per
number of O atoms on the most exposed surface layer. Table 1
reports the adsorption energy per H' adsorbed for all of the
coverages and its respective adsorption site for the lowest
energy configuration. Tables S1—S4 in the Supporting
Information list a few more ground states for each termination,
and Figures S7—S10 illustrate the sketches of the most
favorable structures after H" adsorption.

For the (104) surface, the binding energy of H* increases
(more negative) as the surface gets delithiated. As expected,
the most favorable adsorption site is on top of the most
external O surface atoms forming hydroxyl groups (OH). The
OH formation can be characterized by the computed
vibrational frequencies for the adsorbed H' atoms, typically
ranging from 3200 to 3700 cm™L. On the other hand, the H*
adsorption on the most internal layers (Top-O down)

114

Table 1. H* Coverage (O (%)), Adsorption Energy per H*
(E,4/H* (eV)) and Adsorption Site of the Most Favorable
Configurations after H* Adsorption

Ter surface Oy (%) E,/H' (eV) site
(104)  LiCoO, 25 —0.97 Top-O
NY —0.94 Top-O
75 —1.20 Top-O
100 —0.45 Top-O
Liy,5Co0O, 25 —1.47 Top-O
S0 —1.38 Top-O
75 -135 Top-O
100 —128 Top-O
LigsCo0O, 25 =2.77 Top-O
S0 -2.01 Top-O
75 -2.03 Top-O
100 —1.67 Top-O up/down
(001)  LiCoO, 25 -321 Top-O
NU —1.55 Top-O
75 —1.14 Top-O
100 —118 Top-O
Liy75C00, 25 —-1.30 Top-O
NY —1.40 Top-O
75 —1.09 Top-O
100 —0.88 H,0
Liy5Co0, 25 —3.08 Top-O
S0 —2.81 Top-O
75 ~1.90 Top-O
100 —-1.21 Top-O
(110) LiCoO, 25 —1.61 Top-O
S0 —1.41 Top-O
75 —1.23 Top-O
100 —1.06 Top-O
Liy75C00, 25 —-1.99 Top-O
NY —1.69 Top-O
75 —145 Top-O
100 —1.39 Top-O
Lig5Co0O, 25 —1.61 Top-O
NU —1.64 Top-O
75 —1.69 Top-O
100 —-1.59 Top-O
(012) LiCoO, 25 —0.96 Top-O
S0 —1.26 Top-O
75 -1.0s Top-O
100 —0.82 Top-O
Liy75C00, 25 —1.86 Top-O down
NY —-1.72 Top-O
75 —1.61 Top-O
100 —143 Top-O
Liy5Co0O, 25 —1.93 Top-O down
S0 -1.75 Top-O up/down
75 —1.70 Top-O up/down
100 —1.67 Top-O up/down

competes with the adsorption on the most exposed layer for
LiysCoO, configurations. The adsorbed H on the internal
layers is placed at Li* vacancy sites, forming hydroxyl groups
with vicinal O atoms. As a result, the Co atoms located on the
second layer move upward between the first and second layers,
becoming 4-fold coordinated (Figure 4a). It is proved that the
presence of H' is preferable with respect to Li* due to the
stable O—H bond formation, and it negatively affects the Li"
(re)insertion/extraction, which is detrimental for the cathode
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(b)

p
OO T

Figure 4. Ball-and-stick representation of (a) the Liys,CoO, (104)
surface at 100% H* coverage, (b) the LiCoO, (001) surface at 100%
H* coverage, (c) the Liy,5Co0, (110) surface at 25% H" coverage,
and (d) the Lij5,Co0O, (012) surface at 100% H* coverage. The color
scheme is the same as in Figure 3.

performance."®*® Thus, (104) termination facilitated the H*
intercalation on the material at voltages superior to 3.7 V
versus Li"/Li, where the half-delithiated surface predominates.

The largest binding energies are found for the (001)
termination, where the adsorption of Hpreferably forms
simple OH bonds on Top-O sites. Binding energies reported in
Table 1 indicate that water formation can compete with a
simple OH moiety only for a fully lithiated surface and at high
H" coverage regime. In general, the binding energy of H" is
more favorable at low coverages. Our simulations also reveal
lower H" binding energies (less negative E,4,) on Liy,5CoO,
compared to fully and half-lithiated surfaces. This is related to
the lower y** of Li;,sCoQ, and the surface reconstruction
observed on fully lithiated surfaces after H" adsorption (Figure
4b). The Li* ions move downward and H* forms hydroxyl
groups parallel to the external surface layer. Moreover, the Co
atoms become tetrahedral. It may be explained by the Co
valence since the surface protonation at fully lithiated
configurations implies the formation of Co*".

The H' interaction with the (110) termination follows the
same tendency as for the (001) one, where the binding energy

of H" is more favorable at a low coverage regime. Figure 4c
illustrates the general behavior of this surface termination after
H* adsorption, where H* form hydroxyl groups on Top-O sites
perpendicular to the surface layers. As reported in Table 1, the
adsorption energy of H* in the Top-O sites is preferred. In
contrast, the adsorption on the most internal layers (Top-O
down) is favorable for the half-lithiated (012) surface (Figure
4d). In Table 1, we observe that the lower the amount of Li* at
the (012) surface, the higher the tendency to be adsorbed on
the deepest layers. For the Liy;sCoO, (012) termination, the
H* adsorption on the subsurface layer is predicted to be most
favorable. Again, as it is suggested for (104) slab, the H*
intercalation on LiCoO, is predicted on (012) surfaces.

Our computations show that the H*-LCO chemisorption is
strong, especially at low coverage regime due to the formation
of OH bonds. In general, the adsorption takes place on Top-O
sites, perpendicularly to the surface. However, for some
configurations, the H" are adsorbed parallel to the surface,
forming OH bonds oriented toward the Li* vacancy sites. For
the (104) and (012) terminations, the H* can be intercalated
in the material, also forming OH bonds, and placed close to
the most internal Li* vacancy sites. The H" insertion and the
occupation of Li* vacancy sites are, a priori, undesirable due to
the competition with Li"” which may affect the Li* (re)-
insertion and its diffusion on the material.'®

3.3. Covered Surface Energies (y“V¢"). Figure 5
illustrates the surface energy after H" adsorption, y**, at
different O compositions as a function of Li*/Li voltage. The
number of adsorbed H" depends on the number of O atoms in
the most exposed surface layer. Thus, O,,free surface models
(Li,CoO,) can adsorb more H* than the surfaces with O,
(Li,C0O,_,). In general, Figure S shows that the presence of
H" allows the formation of Li* vacancies at lower voltages
(3.0-3.2 V vs Li*/Li) in comparison to bare surfaces, where
the half-delithiation is predicted around 3.5—3.7 V versus Li*/
Li.

The surfaces with the lowest y correspond to
configurations without O,,. independent of the surface
termination. The adsorption of H' stabilizes the surface energy
due to the highly favorable formation of OH bonds, and

cover

= = = Liy;Co0O, H,

Lij 5C00,,H,

Surface Energy (meV/A2?)

350

300

250 1N
200
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100

50

0

-50

20 25 30 35 40 45 20 25 30 35 40 45

20 25 30 35 40 45 20 25 30 35 40 45

Voltage vs. Li*/Li (V)

— Li,CoO,H, 5 Li CoO,Hy s

— Li,CoO,H, 375 — Li,CoO,H, 15

— Li,CoO, g75Hy 375
Li,Co0; g75Hy 15

Li,CoO, g75Hp 15 Li,CoO, 7sHy s

— Li,CoO, 75Hy 5 — Li,Co0, ¢55H, 15

Figure S. Surface energy (meV/A?) as a function of the voltage versus Li*/Li of the four different surface terminations of LCO with different Li*
contents after the H" adsorption. Dotted, dashed, and solid lines represent full, 75 and 50% Li concentration on surface models, respectively.
Colored lines represent configurations with different concentrations of oxygen vacancies and different proton coverage.
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consequently, configurations that maximize the number of OH Li, ;5C00, Li, ,sCoO,H, »s

moieties have the lowest y***". As depicted in Figure S, fully
protonated surfaces without O,,. (blue lines) are the most
stable configurations, except for the (001) termination, where
the surface is partially protonated. In this particular case,
Liy 50CoO,H, 375 (solid black line) and LiyoCoO,Hy,s (solid
magenta line) are the surfaces with the lowest y*". Both
configurations are degenerate in energy and are superposed in
the plot. This result can be related to the surface geometry
after H" adsorption. H' is bonded on Top-O sites
perpendicularly to the surface maximizing the H*—H" distance,
except at full coverage, where an inclination of around 45° is
observed, increasing the H*—H" interaction (Figure S8).

With respect to O,,. formation, our simulations clearly show
that H* plays the most relevant role in terms of surface
energetics. The more the O atoms on the surface, the more
stable the OH bonds, and, as consequence, the surface
stabilization is larger on surfaces without O,,..

3.4. Effect of H* on O Vacancy Formation. Considering
the large surface stabilization that implies the interaction with
HY, it is important to investigate if O,,. can be generated after
the H* adsorption or only on clean surface terminations. We
have reported the energy needed to generate O,,. after the
adsorption of H*. O,  has been generated removing O surface
atoms with the bonded H* (OH,,.) considering the most
favorable configurations at different ®y. The energy cost of
OH,,. generation for different surfaces has been calculated
following eq 10, and the results are listed in Table SS.

For the highest energy surface terminations—(110) and
(012)—our results show that the adsorption of H does not
favor the formation of OH,,. Again, the Co coordination
becomes the most relevant factor to (de)stabilize the surface
termination, as it was predicted on clean (110) and (012)
slabs. The (110) termination may work as a H* reservoir,
without implications in terms of O loss and surface
reconstruction. Independent of Li* concentration and voltage,
the presence of H" decreases the surface energy without being
intercalated on the most internal layers. In other words, (110)
is not strongly affected by H" since the only predicted effect is
the stabilization of half-delithiated surfaces at lower voltages
(~0.5 V less with respect to bare surfaces). Nevertheless,
(012) might play a detrimental role in the cathode perform-
ance since H" can intercalate on the subsurface layer and it is
energetically unfavored to remove it. The intercalated H" on
(012) can hinder the Li* insertion/extraction process and
promote the phase transition toward cobalt oxide
spinels.”>*%3!

The OH,,. formation is not energetically favored on the fully
lithiated (104) configuration, as already observed on the clean
surface. Notwithstanding, H" can facilitate the O,,. formation
on partially lithiated (104) surfaces. As illustrated in Figure 6,
generating two O,,. on the bare Liy,;sCoO, surface is not
energetically favorable (1.55 eV/O,,.), whereas extracting two
OH moieties from Li,,sCoO,Hj,s has a negative reaction
energy (—0.18 eV/OH,,.). Moreover, our simulations suggest
that the presence of H* does not allow the formation of O,,. by
just removing O atoms. The adsorption of H* can favor the
extraction of OH moieties and simultaneously block the
extraction of neighboring O atoms without adsorbed H*. For
instance, it is energetically favorable to create an O,,. on the
Lig 50CoO, configuration (Liy5gCoO, — Lij50C00O; 75), where-
as the same process with adsorbed H* (Liy50CoO,Hg,5 —
Lig50C00;7sHy,s) has an energy cost of 1.15 eV/O,,. (see
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1.55 ¢V/O,

vac

Liy75C00, 75

Figure 6. Ball-and-stick representation of Liy,sCoO, (top left),
Liy,5sCoO,H,,s (top right), and Li;;sCoO;,s (bottom) configura-
tions of (104) termination. Orange and purple arrows represent the
generation of O,,. and OH,,,, respectively. The color scheme is the
same as in Figure 3.

Table S5). This fact is related to the intercalation of H" on the
deepest surface layers. As previously described, the Liy30CoO,
configuration of (104) termination can intercalate H* on the
Top-O down sites. These adsorbed H' ions on the subsurface
O atoms form large stable O—H—O hydrogen bonds, where
the second O atom (without adsorbed H*) is placed on the
most external layer. To break these hydrogen bonds, high
energy cost is required, hindering the formation of O, on the
most external layers after the intercalation of H' in the
material.

Finally, for the (001) termination, the same trend is
observed as for the (104) surface. In general, removing OH
moieties from fully and 75% lithiated surfaces comes with an
energy cost. However, this tendency changes for 50% lithiated
configurations. Figure 7 depicts the full reaction map that
compares the energy needed to generate O,,. (orange) and
OH,,. (purple) or to deprotonate the surface (cyan) on
Liy 50C00,_, for the (001) termination. The results reported in
Figure 7 show that the H" chemisorption facilitates the O loss.
As an example, it is more favorable to generate two OH,,.
(Lig59Co0,Hgs9 — LiggoCo0;75H,s), with a formation
energy of 2.50 eV (1.02 eV for the first OH extraction and
1.48 eV for the second one) than to create oxygen vacancies on
clean slabs.

On the other hand, the formation of O,,. on H*—Li; ;,C0O,
stoichiometries (orange ways, bottom part) is unlikely due to
the large formation energy (2.45, 1.73, 1.35, and 1.05 eV/
Oy.c)- Note that the energy cost to generate an O,,. decreases
when the H' coverage also decreases. This may be explained
due to the formation of hydrogen bonds. At full H* coverages,
it is observed that some adsorbed H" point to the vicinal O
atoms on the surface. Consequently, it increases the cost to
extract O atoms since the presence of adsorbed H" blocks the
extraction of an adjacent O atom.
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Figure 7. Reaction map for the protonated Lij5,CoO, (001) surface. Orange, purple, and cyan arrows and boxes refer to the generation of O,
OH,,, and deprotonation, respectively. Energies (eV) in red and green represent unfavorable and favorable processes, respectively. The energies for

the orange path are in eV/O,,..

One may conclude that the interaction of LCO with
aqueous electrolytes facilitates the formation of Oy, due to the
generation of OH moieties, albeit one must keep in mind that
the lowest energy terminations—(001) and (104)—tend to be
reconstructed and lose O without proton implication. On the
other hand, it is proved that Li* vacancies favor O,,. and
OH,,,, although on (104) and (012) terminations, H* remains
adsorbed on the subsurface layers. This fact hinders the
formation of O, due to the formation of hydrogen bonds and
the difficulty to remove O from the deepest layers.

4. CONCLUSIONS

We carried out a DFT investigation of four different LCO
surfaces focusing on the stability of O,,. and the effect of H"
adsorption. For each surface, we considered three models with
different Li* concentrations to mimic the effect of the charge/
discharge process on battery operations. Co coordination is
suggested as the key factor for surface stability since the O,
formation depends on Co coordination and geometry after the
surface reconstruction. Surface terminations that maximize the
Co coordination are most energetically favorable. The
formation of CoQ, tetrahedra has been predicted on stable
surfaces that contain O,,. The generation of O,,. typically
occurs on the most exposed surface terminations—(104) and
(001)—due to surface reconstruction and beyond 3.7 V versus
Li*/Li

We found that the binding energy of H' can be strong/
moderate depending on the coverage. Most often, the
adsorption of H" takes place on Top-O sites, forming OH
moieties on the uppermost layer of the surface. For most
configurations, the resulting OH groups are perpendicular to
the surface. They can, however, be parallel to the surface when
H" partially occupies Li* vacancy sites. On the other hand, for
(104) and (012), H* can be intercalated in the subsurface
layers at half-lithiated stoichiometries. For these configurations,
H* bonds to the most internal O atoms close to Li* vacancy
sites, which can drastically affect Li" insertion/extraction.
Thus, our work suggests avoiding the use of these surface
terminations to limit the possible H" intercalation.
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In addition, our computations have shown that the presence
of H" does not help the O,,. formation on terminations with
large surface energy—(110) and (012) for LCO—since
generating O,,. on (012) and (110) terminations is not
energetically favorable for either the clean or H'-covered
surfaces. In contrast, on the lowest energy surfaces—(001) and
(104) for LCO—H" can facilitate the formation of O,,. on O
atoms bonded to protons. Nevertheless, the DFT results also
show the double role of H, discouraging the formation of
single O,,.. In other words, after the H* adsorption, OH
moieties can be removed but H* can block the extraction of
single O atoms close to OH moieties.

In any case, one must consider that the O,,. generation is
energetically favored on bare surfaces as well. Thus, our
simulations suggest that the O,,. formation is not dependent
on the presence of HY, i.e., the use of aqueous electrolytes. We
observed a major dependence on the Co coordination and the
Li* content since Li* vacancies favor the O,,. formation.

In summary, we predicted that O,,. is energetically favorable
on the most exposed surfaces independent of H' adsorption,
especially when these terminations contain Li* vacancies. In
addition, we suggest the intercalation of H* on the subsurface
layers on some partially lithiated configurations (104 and 012
terminations), which is not desirable. By exploring the
behavior of several surface terminations of the LCO cathode
material, our work has detailed that the O,,  formation and the
effect of H" on the surface structure can be managed to control
the crystal growth and the applied voltage. This is important to
improve cathode stability and battery performance.
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