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ABSTRACT: Li- and Na-ion batteries are effective energy storage
technologies. Nonetheless, currently used organic-electrolyte
batteries present well-known safety problems. Therefore, the CoO,
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research community is intensively looking for potential alternatives.
Aqueous batteries based on low-cost salts in water could be an
interesting choice since they are safe and environmentally benign.
However, working with aqueous electrolytes brings new LGP 4
detrimental mechanisms such as proton intercalation. Under- | @ @ <HJ
standing the (de)intercalation chemistry of protons and alkali is £
one of the keys for designing cathode materials in such aqueous
electrochemical cells. In this work, we carry out density functional
theory calculations to investigate the H*/alkali exchange in layered CoO(OH) LiCoO,

LiCo0O, and NaCoO, materials. By computing the grand potential

phase diagram and voltage—composition plots, we determine the relative stability of several orderings of protons, alkali, and
vacancies. The fully protonated CoO, lattice (CoO(OH)) is revealed to be the most stable insertion product due to the formation of
interlayer hydrogen bonds. Our computations demonstrate the key role of layer stacking: H* insertion is favored in prismatic (P)
stacking, while Li favors octahedral (O) stacking. While the fully protonated layered cobalt oxide is the thermodynamically favored
product when protons and alkali compete, we show that mixing protons and lithium is energetically disfavored because of the
different stacking preferences. We suggest that the kinetic difficulty in nucleating fully protonated phases in the layered oxide
prevents proton insertion when cycling LiCoO, in an aqueous electrolyte. The good cyclability and lack of proton insertion in
LiCoO, are, therefore, a result of the slow kinetics of protonation in partially lithiated cobalt oxide. On the other hand, we
demonstrate that NaCoO, is prone to proton and alkali mixing due to the different stacking preferences for sodium. We hypothesize
that this could lead to proton intercalation and poor performances in aqueous batteries for NaCoO, cathodes.

1. INTRODUCTION Such aqueous Li-ion batteries (ALIBs) were demonstrated in
the foundational work by Li et al., who combined an anode of
VO, and a cathode of LiMn,0O, in an aqueous electrolyte.” In
addition to the obvious lower energy density due to a more
restricted voltage electrochemical window, additional funda-
mental limitations of ALIBs have been identified, such as proton

As recognized by the 2019 Nobel Prize in Chemistry awarded to
John Goodenough, Stanley Whittingham, and Akira Yoshino,
Li-ion batteries (LIBs) are of great importance for our society.
This very mature technology has become the prime energy

storage in portable electronics powering our laptops and cell co-insertion.®”'? Proton insertion has been one of the common

phones." LIBs are also considered the solution of choice for rationales for performance issues in ALIBs, such as capacity

moving the automotive sector toward electrification and a key fading and the increase in Li* diffusion barriers.' "2

enabler to boosting the transition from fossil fuels to renewable Layered LiCoO, (LCO) and related compounds are the most

energy sources.” widely adopted cathode materials when using organic electro-
Current commercial LIBs are composed of an anode based on lytes. Indeed, they show a fast charge—discharge reaction for a

carbon and a transition metal oxide cathode separated by an

organic liquid electrolyte containing a lithium salt such as LiPF. Received: June 1, 2021 i

The organic electrolyte is flammable, is expensive, and needs to Revised:  August 14, 2021

be kept away from any water contamination.’”® Therefore, Published: August 30, 2021

working with an aqueous electrolyte would be extremely
beneficial, especially to lower the production cost and achieve

higher safety and lower toxicity.
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potential ranging from ~3.6 (fully lithiated state) to ~4.2 V vs
Li*/Li (charge state at Lij3C00,)."”'* LCO materials have
been significantly studied as a cathode in aqueous electrolytes as
well, raising questions on the possibilities and mechanisms for
proton insertion/exchange. Several studies have investigated
chemical proton exchange in LCO. Fernandez-Rodriguez et al.
reported the irreversible conversion of layered LCO into cobalt
oxyhydroxide (CoO(OH)) and spinel Co;0, when carrying out
a low-temperature hydrothermal treatment in acid media."
Similar results were obtained in a recent study where the
proton/ion-exchange reactions in LCO and NaCoO, (NCO) in
aqueous solutions were evaluated, reporting the full protonation
of both materials and highlighting the slower H"/Li" exchange in
comparison to the fast H*/Na* exchange.'® Other studies
reported the formation of metastable structures containing H*
and Li" intercalated in LCO after chemical treatment in acidic
media at very low Li* concentrations.'”'® Moreover, by
comparing several cathode materials, Choi et al."” concluded
that nonlayered cathode materials (such as orthorhombic
LiMnO,, spinel LiMn,O,, and olivine LiFePQ,) are less prone
to H" intercalation than layered materials such as LCO among
others. These results were corroborated by density functional
theory (DFT) computations.”” Based on these studies, LCO
and, in general, layered oxide materials should, in principle, not
be good cathodes for ALIBs due to their facility to exchange
protons. Nevertheless, cyclability experiments in ALIBs
reported an excellent performance for LCO. Ruffo et al.*’
explored the Li* insertion/extraction using a highly concen-
trated LINO; aqueous solution as the electrolyte, obtaining
results consistent with the Li (de)intercalation in organic
electrolytes. They detected a small potential difference between
redox peaks, indicating the fast kinetics of Li* ions during the
insertion and extraction, without any phase transition. A similar
observation was made by Ramanujapuram et al.,”* who observed
a high capacity and a rather stable performance using different
concentrations of Li,SO, and LiNO;. They achieved LCO
stability with less than 13% degradation (related to surface
deterioration) after 1500 cycles, without the leaching effects
observed in chemical and electrochemical experiments. These
results clearly raise the following question: why can layered LCO
perform so well in an aqueous environment while it is prone to
proton intercalation?

Here, we address this question using first-principles
calculations and investigate the chemical exchange process
between alkali ions (Li* and Na*) and H*. Computing within
DFT the energetics of Na*, Li*, H", and vacancy in different
stackings of layered cobalt oxide, we perform a thermodynamic
analysis studying the voltage—composition dependence and
thermodynamic phase stability. We compare our results to the
experimental knowledge and discuss the role of thermodynamics
and kinetics in proton insertion within LiCoO, and NaCoO,.

2. COMPUTATIONAL DETAILS

2.1. First-Principles Calculations. Periodic DFT calcu-
lations were carried out using the Vienna ab initio Simulation
Package code.”® The exchange-correlation energy was modeled
through the generalized gradient approximation (GGA) using
the Perdew—Burke—Ernzerhof (PBE)** functional. The valence
electron wavefunctions were expanded onto a plane-wave basis
set. The effect of the core electrons is taken into account through
the projector augmented wave method of Blochl™ as
implemented by Kresse and Joubert.”® The Brillouin zone was
sampled by a 5 X 5 X 3 grid of k-points within the Monkhorst—
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Pack scheme.”” The atomic positions were relaxed until the
forces were smaller than 0.01 eV A™". At each relaxation step, the
self-consistency loops on the electronic density were stopped
when the energy difference was less than 10™* eV from one
iteration to another. The DFT + U formalism was used following
the method suggested by Dudarev and Botton™ to describe
better the local character of the strongly correlated 3d electrons
of the Co atoms. We chose a U4 value of 3.2 eV as suggested by
the Materials Project database™ to describe LiCoO, and
NaCoO, materials.

2.2. Structure and Computational Models. Figure 1
shows the AC0O, layered compounds investigated in this work.
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Figure 1. Polyhedral and ball-and-stick representation of the different
layered structures of Li,CoO,, Na,Co0O,, and CoO(OH). The Co
atoms inside CoOg octahedra are depicted in blue. The Li atoms inside
either LiO4 octahedra (O3, 02, and H1-3) or LiO, tetrahedra (T2) are
indicated in green and orange, respectively. The Na atoms inside either
NaOg octahedra (O3) or NaOg prisms (P2 and P3) are sketched in pink
and yellow, respectively. The H atoms are shown in white.

They all present a structure with close-packed oxygen layers
alternating with either A cations (H, Li, and Na in this study) or
transition-metal atom (Co) layers. These layered structures can
be labeled adopting the notation introduced by Delmas et al.* in
which the coordination of the site occupied by the “A” cation
(O, T, or P for octahedral, tetrahedral, or prismatic, respectively)
is followed by the number of different layers repeated in the
structure of the material. The most stable LCO is the O3
structure (ABC stacking) with the space group R3m. Li* and
Co® occupy the 3a and 3b Wyckoff positions, respectively.*
The LiO4 and CoOy octahedra only share edges. The half de-
intercalated compound LiyCoO, evolves into a monoclinic
structure.”"* The latter is thermodynamically unstable, and, for
this reason, LCO only delivers half of its theoretical capacity in
commercial LIBs. According to different theoretical stud-
ies,”> %> cubic spinel is energetically favored over a layered
structure for Liy ;CoO,. In the present work, we have, however,
considered that the layered structure is maintained during the
H" and alkali insertion/extraction process. On the other hand,
the 02-LiCoO, phase (AB stacking) with the space group P6;mc
can also be a suitable candidate cathode in LIBs. The O2 phase is
metastable and was prepared for the first time by Delmas et al.*’
In this structure, the LiOg4 octahedra share not only edges but
also faces with the CoOg octahedra. Other phases such as the
tetrahedral (T)—where Li* cations are in tetrahedral sites—and

https://doi.org/10.1021/acs.chemmater.1c01887
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the H1-3 phase—a layered phase that alternates O1 and O3
layers, only found at large voltages and very low Li*
concentrations’—have been considered as well. The end
member of the delithiation process is CoO,, a hexagonal simple
layered phase called O1.°**” For the NaCoO, layered
compounds, the O3 phase is the most stable structure at a full
concentration of Na. Nevertheless, it is well known that the two-
layer-type phase P2 (ABBA stacking) is stable at different
concentrations of Na. In contrast with the O phases, the cations
in the P phases form prisms between the CoO, layers.”® The P2-
Na,;0CoO, phase is stable, and it was found to be the precursor
of 02-LiCoO, by Li*/Na* exchange since Li* atoms prefer O
sites.”” The P3-NaCoO, phase (R3m) has been character-
ized,"~** and it has been considered to explore the H*/Na*
exchange. In this stacking, Na atoms are located in P sites
following an ABC stacking. Note that both P phases can evolve
easily toward the O phases through a lateral stacking
displacement. As for the protonated systems, different structures
were computed to investigate the H" sites in the lattice. The P3-
CoO(OH) structure (space group of R3m) first described by
Delaplane et al.*’ and available in the Materials Project database
(mp-27913)*” was selected. The 03-CoO(OH) polymorph was
generated by substituting Li* (Na*) by H" in 03-LiCoO, (O3-
NaCoO,, respectively). The P2-CoO(OH) configuration with
the space group P6;/mmc was chosen as the reference for P2/02
structures (available in the Materials Project database, mp-
743839).

Our model contains an eight-unit formula of the ACoO, (2 X
2 X 2) supercell. The latter contains two O—alkali—O layers,
with four available sites on each layer. This is very useful to
compare the interaction of alkali, protons, and vacancies because
the presence of two layers makes it possible to investigate the
preference of alkali/H to be placed in the same layer or in a
different layer.

Several binary and ternary orderings combining [Li*—Vac],
[Na*—Vac], [H'-Li*], [H"—Na'], [H'—Li*—Vac], and [H'—
Na*—Vac] ions have been considered in both O and P stackings.
To discriminate among the different arrangements with the
same amount of H*—Na*/Li*—Vac on the host structure, the
electrostatic energy of the corresponding periodic array of
charges was first calculated using the Ewald summation
method** implemented in pymatgen.** This method calculates
the electrostatic energy of a periodic array of charges using the
Ewald technique, reproducing results similar to those obtained
with the GULP code.***” Thus, the accuracy is sufficient as a
first step to discriminate among different arrangements. Then,
the total energy was computed using DFT for 10 of the lowest
energy structures according to the Ewald sum.

First of all, the binary [Li*—Vac], [Na*—Vac], [H*—Li*], and
[H*—Na*] systems were investigated in O and P stackings,
starting from DFT-optimized fully protonated and fully
lithiated/sodiated systems. The H¥/alkali exchange was
investigated displacing the ions toward their most favorable
sites (whenever necessary) according to preliminary stability
analysis. In order to obtain the candidate structures for [H*—
Li*—Vac] and [H"*—Na*—Vac], the same approach has been
followed. To ensure that important arrangements were not
missed, additional structures with 50% or more of Na* or Li*
concentration were also generated. It is important to investigate
exhaustively these configurations since the typical voltage
applied in battery experiments ensures the presence of at least
50% of Li* and Na' in the host structure. To generate this
additional set of structures, the binary arrangements [H*—Na*]
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and [H*—Li] with the lowest DFT energy and more than 50% of
alkali concentration were selected. Then, the H* ions were
systematically removed, and these configurations were reopti-
mized by means of DFT.

2.3. Voltage. The equilibrium H*/Li*/Na" intercalation
voltage was calculated as the difference in the cation chemical
potential between the cathode and the anode. The chemical
potential is directly related to the Li*/Na" intercalated voltage:

cathode __
A

ref

Hy — By
zF

anode
A

zF

V=-

(1)

where z is the transferred charge, F is the Faraday constant, and
A may represent H*, Li*, and Na* in this work. The chemical
potential reference for metallic Li and Na (body-centered cubic)
was also obtained from first-principles calculations (—1.91 and
—1.31 eV, respectively). The cell voltage is also related to the H

chemical potential, ,u:f, obtained as the DFT energy of 1/2 H,,

following the computational hydrogen electrode model
proposed by Norskov et al."® Following eq 2, the average
intercalation voltage was estimated using DFT for fully charged
and discharged cathodes (e.g, NaCoO, and CoO,). To
compute the complete voltage curve, the stability of the phases
with intermediate H*/Li*/Na' concentrations must be ex-
plored. Thus, the formation energy of these intermediate phases
was calculated by reference to the fully charged and discharged
phases

E; = E[A,C00,] — x E[AC00,] — (1 — x) E[C00,]
()

The convex hull was determined with all of the thermody-
namically stable phases compared with the reference phases,
plotting their formation energy as a function of the composition.
Then, a voltage profile could be obtained through eq 1 applied to
adjacent phases. Combining the convex hull with the voltage
curve, it was possible to determine the phase-transition voltage
(cation insertion/extraction).

2.4. Phase Diagram and Grand Potential Phase
Diagram. The ground-state ternary phase diagram was
obtained by analyzing the stability, thanks to the convex hull
for the intermediate phases containing HY, Li*, Na%, and
vacancies for the fully charged (AC00,), fully protonated
(CoO(OH)), and fully discharged phases (CoO,). The
simulated 0 K phase diagrams compare quite well with the
experimental ones at finite temperatures, as already discussed in
previous works.>”**7%* Approaches such as the cluster
expansion can be used to include temperature effects, but this
comes to a much higher computational price for differences
between 0 K and finite temperature phase diagrams that are
subtle.”> Typically, some of the configurations with small
energies above hull might become stable at finite temperatures.
Usually, constructing the 0 K phase diagrams is thus sufficient to
gain qualitative insight to estimate the phase stability because
they are expected to reproduce fairly well the experimental phase
diagrams at finite temperatures.

In an electrochemical device, a grand canonical approach is
more appropriate with a system open to the moving species (Li*,
Na*, or H).*”*® The thermodynamic potential of each phase in
these conditions can be written as the Legendre transform of the
Gibbs free energy as follows:

Yy =G = ng X py — ny X

(3)

https://doi.org/10.1021/acs.chemmater.1c01887
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where G is the free energy approximated by the DFT energy for a
particular ordering (at low temperatures, the entropic
contribution can be neglected), ny and n, are the amounts of
hydrogen and cation A in the material, respectively, and pyy and
Uy are the chemical potentials of H* and the A cations,
respectively. The more negative the y, the higher the stability of
the system. One can explore the phase stability in any particular
HT, Li*, and Na® chemical potential, which can be directly
related to the battery voltage

ref _

,LlH ﬂH =V s (H+/H2) (4)

,quief — g, =V vs (Li*/Li) (s)
ref

Py — Hy, =V vs (Na*/Na) (6)

where V is the battery voltage with respect to the H', Li*, and
Na* reduction potential for le' transfer and the chemical
potential expressed in eV. Moreover, the voltages with respect to
HY, Li*, and Na* reduction are linked,

E°[H*/H,] = 0.00 V vs E’[H"/H,] )
E°[Li*/Li] = —3.045 V vs E°[H*/H,] (8)
E°[Na*/Na] = —2.714 V vs E’[H*/H,] (9)

Consequently, the chemical potential (and voltage) of H' can
be expressed as a function of the chemical potential of Li* and
Na* and vice versa, i.e., for a particular working voltage, these
chemical potentials are related as follows:

ref

uy =y =V s (LiY/Li) — 3.045V

(10)
(11)

The amount of Co and O is fixed since we are simulating an
insertion battery, where the layered structure is fixed (the
stacking can change). Thus, no metal dissolution or oxygen loss
is considered. In addition, we considered the effect of the pH and
the alkali concentration in the aqueous media to predict the
stable phases under experimental conditions through the Nernst
equation. Following the definition of pH in eq 10, the uy
changes and it affects the phase stability (y). The same effect
occurs including the alkali concentration

ref

Hy = iy =V vs(Na™/Na) — 2714V

In ay+
PH= =10 (12)
Hyy = ﬂI;ef + kpT In ap+ (13)
Py = ﬂIff — kT In 10pH (14)
#y = "+ ksT In ay (15)
Wy = u;ef + kT In[A'] (16)

where kg is the Boltzmann constant, T is the temperature under
standard conditions, and a is the activity of the species that is
supposed to be ideal.

3. RESULTS

3.1. Results of LCO. 3.1.1. Stability of LCO and H-
Intercalated Structures. The LCO structures reported in Figure
1 were taken as the starting structure to model the LCO
structures with vacancies (Li;_,C00,). Several orderings and
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arrangements containing Li" and vacancies have been generated,
simulating a delithiation (charging) process.

Experimentally, the O3 structure is found to be the most
stable phase in the fully lithiated state. However, the stacking of
the structures can be modified during the alkali insertion/
extraction process.”*” Figure 2 shows the formation energy of

W O3 Stacking
— ¥ H1-3 Stacking
3 40 | 02 Stacking
S v ® T2 Stacking
@ o ° 01 Stacking
> 20
o
—
[0]
o
(0]
c 04
§e]
=
@©
£
o 204
L

06 04 02

x in Li,CoO,

10 0.8 0.0

Figure 2. Convex hull of the different ordered Li,CoO, structures as a
function of the Li* concentration as computed by PBE + U.

Li;,_,Co0O, as a function of the Li* content. The convex hull
shows that the O3 structure is the most favorable phase for Li*
contents ranging from 100% to 25%. It may be possible to find
stable phases under different Li* concentrations values
considered in our model, although the obtained results are in
agreement with previous theoretical simulations as well as
experimental studies using organic electrolytes.”**> At 25%
content of Li", the calculations predict that O2 stacking becomes
the most energetically stable one by less than S meV/atom with
respect to O3. In agreement with previous computational and
experimental results, our simulations evidence that solid
solution (Li* vacancy) is energetically favored.

For hydrogenated structures, the convex hull includes two-
layered phases differing by their stacking: the experimentally
reported P3-CoO(OH) structure and O3 structure obtained
from exchanging H" with Li* in O3-LiCoO,. In the latter, H"
ions were placed at the center of the octahedra and slightly
displaced toward the O atoms. After relaxation, some
configurations stayed as O3, but the H" ions were displaced
toward one of the O atoms tending to form an —OH bond (see
Figure 3a). Nevertheless, other structures evolve toward P3
stacking. Note that the difference between both structures is the
lateral stacking shift of O—Co—O layers. In the P3-type stacking,
H* ions are accommodated between the O layers, forming
interlayer hydrogen bonds (O—H—0), as is depicted in Figure
3b. The formation of OH moieties is in agreement with other
computational studies'’ and the experimental literature.’**’
The convex hull of dehydrogenation of CoO(OH) is shown in
Figure 3c. The P3 structures are significantly more stable than
the O3 structures. The greater stability of P3 can be attributed to
the absence of hydrogen bonds in the O3 structures. None of the
partially protonated CoO(OH, _,) structures are lower in energy
than the linear combination of CoO(OH) and CoO,. In
contrast with LCO, the CoO(OH) solid solution is not
energetically favored. Co—O—H forms a biphasic system. The
geometries with partial hydrogenation are found to be 8—15
meV/atom above hull depending on the H* concentration. We

https://doi.org/10.1021/acs.chemmater.1c01887
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Figure 3. Polyhedral and ball-and-stick representation of (a) 03-CoO(OH) and (b) P3-CoO(OH). (c) Formation energies of ordered CoO(OH)
structures as a function of the H* concentration computed by PBE + U. The same atom coloring scheme is used as in Figure 1.

suggest that this is due to the large stability of the interlayer
hydrogen bonds, which energetically disadvantage the partial
protonated structures with respect to the fully protonated
compound.

3.1.2. Stability of Li,H,CoO,. Li,_,CoO, and CoO(OH,_,)
favor very different stackings of the layers (O3 vs P3). The
remaining questions are whether it is thermodynamically
favorable to have the coexistence of H" and Li* in the host
lattice and which stacking prevails depending on H'/Li*
concentrations.

In the present study, CoO,, 03-LiC00,, and P3-CoO(OH)
are considered as our reference compositions. To find the
ground-state cation arrangement, we calculated the energies of
several HY, Li*, and vacancy cationic configurations, considering
possible stacking transitions. Different H*/Li*/vacancy order-
ings were generated starting from the O3, 02, and P3 structures
owing to the different stacking preferences of H and Li*. The O-
stacking favors lithium in CoO,. Note that the P-type phase of
the LiCoO, polymorph is not experimentally stable since Li*
cannot be stabilized in the large prismatic sites.”” Nevertheless,
we have generated orderings with Li* and H" in both O and P
stackings.

Figure 4 illustrates the ground-state ternary phase diagram of
the LiCoO,—Co00,—CoO(OH) system determined from DFT
at 0 K. This phase diagram is shown as an equilateral triangle
where the three vertices represent 100% Li* (O3-LiCoO,
composition), 100% vacancy (CoO, composition), and 100%
H* (P3-CoO(OH) composition), the most energetically
favorable structures for each reference. It is important to note
that Li" placed initially on P sites moves toward O sites after
atomic relaxation. Three delithiated structures—Lij,;Co00O,,
LiysC00,, and Liy,;CoO,—are predicted to be stable with
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Energy above hull (meV/atom)

10 0

CoO(OH) LiCoO,

Figure 4. Phase diagram (0 K) of H,Li,CoO, (x + y < 1) structures
computed by PBE + U using fully lithiated, fully protonated CoO,
lattice. Circles indicate the stable compositions, while squares represent
structures with energies above hull.

respect to our references in the vertex. This is in agreement with
the solid-solution reaction to (de)lithiate the LCO cathode
material. On the other hand, our simulations do not predict any
stable structure with Li* and H* coexisting in the CoO, lattice.
The closest structures containing both ions have energies
around 15—19 meV/atom above hull. These orderings have low
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Li* concentration (50% or less) and a very low concentration of
H* (12.5%). This corresponds to the top-right region of the
phase diagram. Since the voltage window applied during battery
operations limits the delithiation process, the focus should only
be on the compositions with more than 50% of the Li* content
(bottom-right). In that part of the diagram, all of the generated
structures were found to be less favorable compared to the
references, with energies more than 20 meV/atom above hull.
With respect to the H-rich and vacancy-poor portion of the
phase diagram (bottom-left), one can observe that these
orderings present the largest energies above hull, especially
compounds without vacancies. All these results can be explained
in terms of stacking competition, structure distortion, and H*/
alkali repulsion, as illustrated in Figure S, which provides a

Figure S. (a) Co—Li—Co layers of 03-LiCoO, and (b) Co—Li/H—Co
layers of Lij ;sHg 1,5C0O, with partial stacking displacement. The same
atom coloring scheme is used as in Figure 1.

comparison between the fully lithiated (Figure Sa) CoO, layer
and the one with both ions (Figure Sb). The presence of
intercalated H" induces a significant layer shift, but the phase
transition O3 — P3 is not complete. Moreover, a significant
distortion of the octahedral site of Li" is observed due to the
displacement of Li" away from the center of the octahedral site.
The stacking competition and the subsequent structural
distortions imply an energy loss compared to the reference
endpoints in the diagram. For this reason, structures that contain
low concentrations of both ions (ie., a large concentration of
vacancies) are slightly more energetically favorable than
structures with low vacancy concentrations. The presence of
vacancies reduces H*/Li* repulsion.

3.1.3. Grand Potential Phase Diagram of H—Li—Co—O.
The grand potential phase diagrams have been constructed
considering the quaternary Li,H,CoO, (x+y < 1) structures. In
the open H—Li—Co—O system, the stable phases can also be
obtained for specific conditions. To describe the cathode
stability in battery operations, a grand canonical approach is
more appropriate with a system open to the intercalated species.
To simulate the battery operation conditions, the chemical
potentials of Li" and H" are related to the applied voltage. As a
function of the latter, the y;; and yyy increase and decrease and
the phase stability may change. Figures 6 and S1 show the grand
potential phase diagrams as a function of y;; and py; Along both
the x and y axes, the chemical potential values are indicated with
respect to their references. The solid red line represents the
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Figure 6. Stable phase of (H,Li),CoO, as a function of the Li* and H*
chemical potentials at pH = 7 and 1 M Li*. The red line represents the
voltage of the reduction potential relation between Li*/Li and H"/H,,
simulating the experimental voltage conditions.

physical meaning region where p;; and iy lead to the same
voltage equation (eq 8). The computed grand canonical phase
diagram reveals the large stability of CoO(OH) independently
of the pH conditions at voltages typically applied during battery
operations (3.5—4.5 V vs Li*/Li). From the thermodynamical
point of view, the predicted (electro)chemical H* insertion
proceeds via a first-order phase transition CoO(OH) < CoO,
at voltages between 4.3 and 5.1 Vvs Li*/Li depending on the pH
and the Li* concentration (see Figure S1). As the pH is lowered,
the stability of CoO(OH) increases with respect to Li*/vacancy
solid solution, and consequently, higher voltages are needed to
(de)intercalate H* from the host structure (5.1 V at pH = 0, 4.7
Vat pH =7, and 4.3 at pH = 14).

Nevertheless, according to cyclability experiments in aqueous
and nonaqueous electrolytes, the reaction 2proceeds via solid
solution reaction (LiCoO, < LiyC00,).”"** These results
clearly evidence that CoO(OH) is the thermodynamic product
of the H*/Li* insertion in the CoO, lattice, whereas the
cyclability process is governed by kinetics, promoting the Li*
(de)intercalation.

3.1.4. Voltage—Composition Curves. The voltage plots as a
function of H* and Li* concentration (xy and «;;) in the CoO,
lattice have been computed to investigate if the H" insertion
causes changes in the Li* (de)intercalation working voltage. The
0 K voltage curve for Li* (de)intercalation (Figure 7a) agrees
with previous DFT studies'”® and the experimental curve in
organic electrolytes®” apart from an underestimation of ~0.3 V,
which is in line with the typical error in voltages using GGA +
U.°° The DFT voltage curve has a few voltage steps, originating
from the ground-state orderings at different Li* concentrations
detected in the convex hull plot (Figure 2). The voltage steps
clearly show that the Li* (re)insertion process is governed by a
solid solution reaction. In contrast, these steps are not observed
in the (de)hydrogenation voltage curve, which is clearly flat,
displaying a two-phase behavior at a working voltage
significantly higher than Li* (de)intercalation.

Our computations predict the voltage of H* cyclability
between CoO, and CoO(OH) to be beyond S V vs Li*/Li.
Using our grand canonical potential result (Figure 6), we expect
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Figure 7. (a) Voltage—composition plot of Li* (green) and H* (pink)
insertion/extraction process. Experimental voltage of LiCoO, is
depicted by the solid black line. (b) Voltage—composition plot of the
Li* (green) and H' (pink) insertion/extraction process using Li; ;CoO,
as the end member. (c) Voltage plot of Li* insertion/extraction
assuming a constant concentration (y) of H*. Solid green, blue, orange,
yellow, and purple lines show working voltages at 0%, 12.5%, 25%,
37.5%, and 50% of H* concentration in the host structure.

that a LiCoO, cathode in an aqueous electrolyte will
thermodynamically favor its full protonation forming CoO-
(OH). If this process was indeed happening in ALIBs, the
operating voltage for obtaining current and deintercalated
protons would be much higher (and probably not achievable
without electrolyte decomposition). Indeed, Figure 7b shows
the comparison between Li* and H" intercalation processes at
partially lithiated LCO. Using Li, sCoO, as the end member, the
discharged structure with the lowest Li* concentration
according to experiments, we have predicted the intercalation
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voltage of Li* and H". The voltage to mix Li* and H" in the same
lattice is more than 1 V higher than the solid-solution reaction
between LiysCoO, and LiCoO,. The mixed H'/Li* voltage
curve from Liy3CoO, to HysLiysCoO, is clearly flat and is
described as a two-phase transition at voltages beyond 4.6 V. In
contrast, Liy ;CoO, takes up Li* in a solid-solution reaction up to
about LiCoO, at voltages applied during battery operations. We
hypothesize that the difficulty in mixing H* and Li* in the same
structure (due to their very different stacking preferences)
requires the nucleation of large fully protonated regions, a
process that is likely to be difficult kinetically. It can justify the
slow H*/Li* detected in hydrothermal experiments.'

Although cyclability experiments are governed by kinetics
(showing the LCO (de)lithiation process) and the voltage
required to (de)intercalate H* is predicted to be much higher
than the experimental working voltage, the chance of H*
insertion is not fully ruled out and to know their possible effect
in battery performance is a must. Figure 7c illustrates the
influence of H intercalation on the working voltage. The
voltage—composition curve has been plotted considering partial
H*/Li* exchange. The voltage of Li" insertion/extraction has
been computed at different H™ concentrations, ie., these
structures contain some intercalated H" instead of Li* atoms.
As shown in Figure 7c, the presence of protons in the host
structure slightly lowers the working voltage (0.1-0.2 V) of
structures that host H" with respect to the voltage curve without
H". In other words, hosting H" comes with an energy loss that
increases the number of H' that are in the layered lattice. The
energy loss is related to the small distortions generated by the
repulsion of Li* and H" in the same layer and the different
stacking preferences. Our results suggest that the H" insertion
could be detected because the redox peaks would be slightly
shifted toward lower voltages compared to the solid solution.
However, the experiments using LCO as the cathode material in
aqueous electrolytes were consistent with those expected for the
insertion and extraction of lithium, without a shift in the redox
peaks, which seems to discard a noticeable H* intercalation.”'

3.2. Results of NCO. 3.2.1. Phase Diagram. The above
results indicate that the stacking competition of H* and Li* is
central to the thermodynamics and kinetics of proton and Li*
insertion in layered cobalt oxide. Sodium cobalt oxide is also a
cathode material of interest and presents notably very different
stacking preferences. Different stackings (O3, P3, and P2) are
typically observed during the Na* charge/discharge proc-
ess.””*%*! NCO can thus be considered a good reference for
an in-depth study of the role of the ion nature and the stacking in
H" insertion. As it occurs with LCO, only half of the theoretical
capacity of NCO can be reached, although in this case, it is
because the stacking transition from O3 to P3 occurs when the
Na* content is lower than 0.5.” To ascertain if H* can
intercalate in NCO, we assessed the phase stability of P2 and
03/P3 systems, exploring different concentrations of Na*, H',
and vacancies following the same procedure carried out in the
LCO section.

The end member O3-NaCoO, is slightly lower in energy than
P2 and P3-NaCo00,.”** Nevertheless, to compute the P2-type
phase diagram, only P2-type structures were considered since
the P2—P3 phase transition does not occur during Na*
cyclability.®® As illustrated in Figure 8, one structure containing
an equimolar concentration of Na* and H* was predicted to be
stable. The simultaneous presence of both species in the P2-type
structure agrees with H' insertion experiments for the P2-
Na,CoO, material.'® The structures with higher energy above
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Figure 8. Phase diagram (0 K) of the P2-type structure of
(H,Na,),Co0, computed by PBE + U. Green circles indicate the
stable compositions. The polyhedral and ball-and-stick representation
of the stable P2-type Na, sH; sC00, is also depicted. Red squares show
structures with an energy above hull greater than 60 meV/atom.

hull are located in the central region of the phase diagram, where
the concentration of vacancies, Na*, and H" is similar. On the
other hand, two orderings that contain both ions were found to
be less than 9 meV/atom above the convex hull (cyan squares).
Both are located on the H -poor portion of the phase diagram
(bottom). One of them has high Na® concentration
(Hp.125Nagg7sC00,, bottom-left) and the other one has low
concentration of both ions (Hy1,5sNag 1,5C00,, bottom-right).
Several structures hosting only Na* or H" were also found to be
stable, showing the stable solid solutions between CoO,,
NaCo00,°"* and CoO(OH). As expected, the prismatic
stacking P2 can accommodate intercalated H" due to the
oxygen alignment between layers. Furthermore, the alternated
H*/Na* layers favor the structure stability, avoiding possible
energy loss related to H"/Na* repulsion.

Figure 9 illustrates the simulated DFT (0 K) phase diagram
using O3/P3 NaCoO, and P3-CoO(OH) as end members. In
agreement with previous computational studies,®® the homoge-
neous solid-solution reaction between Na* (re)insertion
compounds is energetically favorable, since a few Na*/vacancy
orderings were found to be stable®® (bottom region). Aside from
these structures, only the Na*-rich zone of the phase diagram
shows stable compounds; two structures containing Na* and H*
simultaneously are showing up (green circles). Besides, a few
structures with Na* and intercalated H' have energies lower than
10 meV/atom. These structures present two different kinds of
stacking distribution. Figure 10 depicts four of those structures.
Figure 10a,b (stable and 10 meV/atom above hull, respectively)
presents an O-stacking, in which H* are bonded to O atoms
close to the Na* vacancies site, without promoting the stacking
shift or the distortion of Na* sites. On the other hand, the
Nay ¢sHg17C00, structure depicted in Figure 10c (stable) and
the Nag g3H, 0sC00O, structure (Figure 10d, 10 meV/above hull)
highlight the importance of the ion nature and the stacking
regarding H" insertion. In these structures, layers containing
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Figure 9. Phase diagram (0 K) of O3- and P3-type structures of
(H,Na),Co0, computed by PBE + U. Green circles indicate the stable
compositions, while the squares represent configurations with energies
above hull. Red squares show structures with an energy above hull
greater than 60 meV/atom.

a)

Nag g3Ho.17C00,

Nag goHg sC00,
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Nag 65Ho 0sC00,

Figure 10. Polyhedral and ball-and-stick representation of different
layered structures of O/P-H,Na,CoO, (x + y < 1). The same atom
coloring scheme is used as in Figure 1. (a) Nagg;H,1,CoO, (stable),
(b) Nagg,Hgo3CoO, (10 meV/atom above convex hull), (c)
Nag¢6Hg17C00, (stable), and (d) NageHgosCoO, (10 meV/atom
above convex hull).

only Na" maintain the O-stacking, whereas Na* atoms are
displaced to P sites when H" ions are inserted in the same layer.
As a result, an O/P stacking combination is obtained. In
previous works, the O/P stacking combination containing only
Na" was not predicted to be stable compared to the O3 and P3
stackings of Na,C00,.*" Nevertheless, Kim et al. recently
discovered an O/P stacking combination at a high charge state
for 03-NaTig,sFe,5C00,5Nig,s0, as the cathode material.®”
Furthermore, Balsys and Davis reported a combined [Li,Na]-
Co0, intergrowth structure ordered with alternating Li* (O
sites) and Na* (P sites).”® These O/P structures containing
[Na*,Na*],%” [Li*,Na*],°® and [Na*,Na*/H*] (this work) are
stable due to the versatility of Na* to be placed in both O and P
sites.

Finally, the grand potential phase diagram has been
constructed considering the quaternary Na,H,CoO, (x + y <
1) structures, following the same methodology applied for LCO
configurations. We have differentiated between P3/03 (Figure
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$2) and P2/02 configurations (Figure S3). As observed in
Figures S2 and S3, the protonated polymorphs are the most
favorable configurations at battery operation conditions, as
already observed for lithiated configurations in previous
experimental studies. The P2/02 configurations are higher in
energy with respect to P3/03 structures, and some partially
protonated polymorphs are predicted as stable.

In summary, it is evidenced that the protonated polymorphs
are the lowest energy configurations independent of whether the
cathode material contains Na* or Li" in the structure. According
to our computations, the difference between LCO and NCO
cathode materials is that the latter can accommodate H" and Na*
simultaneously in the host structure, which can accelerate the H*
by Na* exchange, as observed in experiments.'®

3.2.2. Voltage—Composition Curves. The voltage plots as a
function of H* and Na* concentration (x;; and xy,) have been
computed. Figure 11a shows the voltage—composition diagram
for the different O and P stackings considered in this work,
including the P2-type experimental voltage—composition® plot
in organic solvent electrolytes. In general, an underestimation of
~0.3 V related to DFT errors is observed. As expected, the solid
solution of CoO, and NaCoO, is formed for both P2 and O3/P3
stackings. Concerning the H* (de)intercalation, the O3/P3
system shows the same two-phase solution between CoO, and
CoO(OH) obtained for the LCO voltage plot in Figure 7, since
we have used the same CoO, and CoO(OH) geometries as end
members. Nevertheless, P2 stacking stabilizes the solid solution
phase of H*/vacancies on P2-type stacking. To simulate this
voltage composition curve, only the P2-type structures have
been considered, despite P3-CoO(OH) being energetically
favorable than P2-CoO(OH). As concluded for LCO, the
required voltages to promote H" insertion and intercalation are
higher than the voltage commonly applied in ASIBs (2.31—3.53
V vs Na/Na*) due to the H, and O, evolution reactions.®”

As observed for LCO, the operating voltage to intercalate the
protons is higher than the voltages needed to cycle Na®. It
demonstrated the tendency of the CoO, lattice to host H"
instead of alkali elements either in P or O stackings. However,
these results present a remarkable difference with respect to
LCO:H" insertion is not kinetically hindered. The H*/Na*
coexistence in the same layer is predicted to be stable, and
therefore, there is no stacking competition, as is suggested for
the LCO cathode material. Thus, we hypothesize that H" may be
inserted on Na,CoO, during battery operations. Figure 11b,c
shows the effect of H/Na* exchange on working voltage during
the sodium extraction/insertion process. In total, 25% and 50%
of the Na" content have been replaced by H* to evaluate the
effect of H" insertion. In general, the same tendency observed for
the LCO material is observed for the NCO material, where the
voltage slightly decays as the concentration of H' in the lattice
increases for both stacking phases. However, at 25% of H*
concentration, a few ground states that host protons show a very
slight increase in the working voltage, showing the stability of P-
type stacking to accommodate protons compared to octahedral
LCO.

4. DISCUSSION

In this work, we have calculated the phase stability and the
voltage—composition curves for the Li* and Na" analogues of
ACo00, layered cathode materials using first-principles calcu-
lations. We have investigated the possible intercalation of H*
during the insertion/extraction process and its effect on voltage,
phase stability, and battery performance in comparison to
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Figure 11. (a) Voltage—composition plot for Na* (solid lines) and H*
(dashed lines) insertion/extraction for O/P3-type (pink) and P2-type
(green). Experimental voltage of P2-type Na,CoO, is depicted by the
solid black line. Voltage—composition plot of Na" insertion/extraction
for (b) O3/P3-type and (c) P2-type host structures, assuming a
constant concentration (y) of H'. Solid brown and solid blue lines show
the working voltages at 25% and 50% of H* concentration.

experimental knowledge. We have found that the different
stacking phases in these materials significantly depend on H*
intercalation in the host structures.

4.1. CoO(OH) Stability. The greater stability of CoO(OH)
compared to LiCoO, and NaCoO, may be explained through
the formation of interlayer hydrogen bonds. The calculated
voltage—composition curves (Figures 7 and 11) show a higher
voltage for H* than for the alkali insertion/extraction,
highlighting that the CoO, lattice prefers to host H*. We
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believe that the significantly higher energy gain for H" insertion
compared to Li* and Na' insertion can be related to the
tendency to form H—O bonds compared to Li—O and Na—O
bonds. The importance of the P-type stacking is related to the
0O-0 alignment between layers, which favors the formation of
highly stable hydrogen bonds. In addition, using DFT
computations, we have demonstrated the stability of CoO(OH)
as a function of the chemical potentials of Li* and H*, simulating
the experimental voltage and pH conditions applied in
cyclability experiments. The computed grand potential phase
diagram agrees with the hydrothermal experiments that prove
the full extraction of alkali elements and the irreversible H*
intercalation.">'® Thus, despite the fact that CoO(OH) is not
observed during cyclability experiments, there is no doubt that
the fully protonated structure is the most stable phase when Li*
or Na™ ions are competing with protons.

4.2. Kinetics vs Thermodynamics. Hydrothermal and
thermostability experiments, together with our simulated grand
canonical potential, reveal that CoO(OH) is the thermody-
namic insertion product of LCO and NCO in aqueous media.
We expect that the H" by Li*/Na" exchange reaction occurs in
LCO and NCO cathode materials when they are immersed in
aqueous electrolytes. Nevertheless, our simulations proved that
the operating voltage to obtain the protonated material and carry
out the de(intercalation) of H* is much higher (~4.8 V vs Li*/
Li) than the voltage applied during battery operations. This
voltage range is not achievable during battery operations
because it would imply the full delithiation of the LCO cathode
material and the electrolyte decomposition. Owing to the
difficulty in mixing protons and lithium in the same structure,
one can hypothesize that protonation requires first the full
delithiation of LCO and/or the nucleation of large, fully
protonated regions—as it is predicted for single LiFePO,
particles during lithiation.”””" However, these two processes
are likely to be difficult kinetically.”

According to hydrothermal experiments, the H" for Li*
exchange is slow even in acidic media, and it takes 48—72 h to
observe the conversion. Despite the fact that the full protonated
compound is thermodynamically favored, its formation is
kinetically hindered. Our computations suggest that mixing H*
and Li* in the same lattice is impeded due to the stacking
competition between H* and Li* and their repulsion, which
slows down the H*/Li* exchange. This fact implies that during
cyclability operations, the H intercalation is not observed. The
experiments at high Li* salt concentrations in water show that
the cathodic and anodic peak potentials are close. This is related
to fast kinetics and hence favors kinetic products (Li*/vacancy
solid solution) rather than thermodynamic ones (CoO(OH)).

Aside from the high voltage needed, other factors favor the
formation of solid solution through Li* (de)insertion during
LCO cyclability instead of the thermodynamic product; during
the hydrothermal investigations, the samples are immersed in
the acidic solution until complete alkali extraction and the
subsequent protonation.'>'® In addition, these experiments
were carried out under acid media conditions in pure water
without Li* salts. Notwithstanding, the H* by Li* exchange
reaction in the CoO, lattice is very slow even under these, a
priori, favorable conditions. In contrast, the Li* extraction is
limited to 50% Li* content during the cyclability process due to
the voltage applied in battery operations. Moreover, the battery
experiments were performed at pH = 7 in “water in salt”
electrolytes,”” ie., highly concentrated Li* salts. In battery
operations, the Li* concentration in the electrolyte is 6—7 orders
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of magnitude greater than the H' concentration (1 X 10~ M at
pH = 7). The influence of the electrolyte concentration may
affect the diffusion coefficients of H" and Li" in the electrolyte.
The conductivity of H* decreases in aqueous Li* salts compared
to pure water, probably related to lower mobility and the
possible attraction of H* by Li* salts anions in the electrolyte.”

Thus, using an operational voltage much lower than that
required to obtain the protonated lattice, in addition to the
battery operation conditions, leads to the kinetically favored
solid solution instead of the H* by Li" exchange reaction during
cyclability experiments.

4.3. Importance of Voltage Window, lon Nature, and
Stacking. The insertion of H* would lead to the incomplete
stacking transition predicted by our computations (O3 — P3)
with considered distortions in the Li* sites. These distortions,
together with the stacking displacement and H*/Li" repulsion,
may not be kinetically favorable with respect to the LCO solid
solution. Moreover, we have investigated the effect of possible
H* insertion on Li* (de)intercalation voltage. The voltage—
composition plots show a decay at around 0.2 V in working
voltages after H" accommodation. However, this decay is not
detected during cyclability experiments, suggesting that H ions
are not intercalated in the CoO, lattice.

According to our computations, high voltages promote the
full Li* extraction, removing the Li" and favoring the H*
insertion. Our study confirms that H" intercalation is energeti-
cally favorable than Li", which may explain the cathode
deterioration observed at high working voltages,” carrying out
the complete Li* extraction and making the H" intercalation
easier. Thus, the operating voltage used in cyclability experi-
ments avoids the electrolyte decomposition, ensures the
constant presence of Li* in the lattice, and inhibits the H*
intercalation.

To test further the key role of stacking in proton/alkali
intercalation, the H"/Na" exchange was carried out for the NCO
layered material. NCO shows remarkable differences with
respect to LCO, principally related to the great stability of both
O and P stackings. The almost invariable Li* accommodation in
octahedral LCO sites (some T stackings have been detected)
leads to a competition between Li* and H*. This poor versatility
of Li* to be placed in P sites, the H*/Li" repulsion, and the
distortions generated in the structure make the H* and Li*
mixing energetically unfavorable in O3 structures. In contrast,
our simulations have predicted the energetically favored Na* and
H* presence in the same host structure, where Na* can be
accommodated in both O and P sites. Our results show the
different ability of these crystal structures to host protons,
revealing that layers’ stacking is an important factor. Moreover,
both Na* and H* can share the same layer, suggesting that H*/
Na® repulsion is not as strong as H'/Li" repulsion. The
versatility of layered NaTmO, (Tm = transition metal) materials
to alternate between different stackings has been recently
observed in the O3/P3-NaTiy,sFe),5C00,5Nig,50, layered
structure during the charge/discharge of Na in nonaqueous
electrolytes. These alternated O/P structures for LCO were
investigated, displaying energies of more than 27 meV/atom.

Experimentally, it has been proved that the H" by Na*
exchange reaction on P-structures is much faster (~9 h) than
the H* by Li* exchange in LCO."® Our computations highlight
the role of the P-stacking to favor the H" insertion
thermodynamically and kinetically. We hypothesize that the
fast H"/Na* exchange can be related to the stable H"/Na*
coexistence, which may favor the simultaneous protonation and
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desodiation processes. In contrast, the LCO protonation would
entail first the full delithiation or the formation of the two-phase
solution with lithiated and protonated regions.

In summary, the applied voltage window, the H*/Li*
repulsion, the stacking competition, and the experimental
conditions make it possible that kinetic insertion products
(solid solution LCO) are observed instead of the thermody-
namic one (CoO(OH)) during cyclability experiments.

4.4, Li,CoO, and Na,CoO, as Cathode Materials for
Aqueous lon Batteries. Our work combined with the
experimental knowledge shows that layered oxide cathode
materials should not be discarded as positive electrode for
aqueous electrolytes one the mere fact that be layered. Both
LCO and NCO tend to accommodate H*. Nevertheless, our
computations suggest that the H" intercalation in LCO is only
possible after the full Li* extraction (higher voltages are needed)
or the nucleation of CoO(OH) in LCO, which is kinetically
difficult. Moreover, experiments have demonstrated the slow
kinetics of H" by Li" exchange in LCO under favorable
conditions (acidic pH). All these pieces of evidence, together
with the excellent performance of LCO in cyclability experi-
ments, make LCO an excellent choice of cathode material in
aqueous electrolytes. However, the investigations for NCO are
not promising. The versatility of Na* to be placed in both O and
P sites, the energetically favorable Na*/H" co-insertion
predicted by our computations, and the fast kinetics of Na*/
H" exchange in comparison to LCO are the drawbacks of this
material in comparison to Mn oxides,”* NASICON,”” Prussian
blue analogues,”® and Fe phosphates,”” typical cathode materials
for ASIBs.

5. CONCLUSIONS

Using DFT calculations, we have investigated the H"
intercalation in ACoO, (A = Li* and Na*) layered materials to
better evaluate these systems as potential positive electrode
materials for ALIBs and ASIBs. The grand potential phase
diagram and voltage—composition curves have been built
considering different LCO and NCO phases at different
orderings of protons, alkali, and vacancies. The thermodynamic
analysis of this data exhibits CoO(OH) as the most stable
insertion/extraction product at battery operation conditions due
to the formation of interlayer hydrogen bonds. This work
demonstrates, in agreement with experiments, that the H" by Li*
exchange reaction is more favorable than Li" solid solution in the
Co0, host. Our thermostability investigations suggest that a
LCO cathode material immersed in aqueous electrolytes will
favor the H' by Li" exchange reaction. Nevertheless, the
simulated voltage—composition plots reveal that the voltage
needed to insert the protons is higher than the experimental
operation voltage, which ensures the LCO stability.

Despite the fact that the full protonated polymorph is
energetically favored, the stacking competition between H" and
Li" and the structural distortion provoked by H" insertion do not
favor the mixing of both ions in the same lattice. Therefore, we
postulate that the full delithiation process as the previous step of
H* insertion or the nucleation of protonated regions is the
mechanism to obtain CoO(OH). Our results suggest that the
Li" cyclability and lack of proton insertion in LCO are the result
of the slow kinetics of protonation, in agreement with the slow
reaction rates observed in experimental investigations. These
factors make LCO as an excellent cathode material for ALIBs.

In contrast, the H" intercalation has been predicted in both O-
and P-type Na,CoO, materials, which shows the importance of
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alkali elements and stackings to accommodate protons. The
layered structure of the NCO cathode material has an excellent
versatility to become a mixed O/P stacking, showing that
Na,CoO, is more prone to H" intercalation than LiCoO,. It is
thus a less promising cathode material for ASIBs.

Finally, our study shows that to be layered is not an enough
reason to be discarded as cathode materials using aqueous
electrolytes, even though they are much prone to thermody-
namically accommodate protons. We suggest that the stacking
and the operation voltage are key factors to investigate the
suitability or not of a layered material as the positive electrode
for aqueous ion batteries.
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