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The large capacity of batteries is always the fundamental prerequisite for the high mileage of electric
vehicles. Lithium-rich layered oxides (LLOs) have a higher capacity than the traditional cathode materials
(LITMO,, TM =Transition metal). But the capacity attenuation of LLOs after the first cycle is still a
limitation. Therefore, it is necessary to systematically study the oxidation mechanism of Li,MnO;, which is
the main component of Li-rich cathode material, at highly charged states. This work shows that Li,_,MnO,
with Mn migration (1.5 <x <2, 50% Mn atoms in the tetrahedral positions of Li layer and 50% Mn atoms

in the octahedral positions of transition metal layer, called LMO-T) has lower formation energy than
Li,_,MnO; without Mn migration (1.5 <x< 2, all Mn atoms in the octahedral positions of transition metal
layer, called LMO). When the Li concentration is under 25% (except Li concentration =18.75%), LMO-T has
semiconductor properties similar to the initial Li,MnO;, and O atoms in LMO-T are more stable than those
in LMO. O bonded with Mn in octahedral position in LMO-T is still likely oxidized during the charging
process. The strength of the Mn-0 bond is enhanced through S doping by stabilizing O in LMO-T. LMO-T
may be an intermediate phase during the charging process from the perspective of electrochemical
stability, electronic structure, and chemical bonds. This work reveals the reasons for the instability of
layered cathode materials in the late stage of the charging process and also provides a theoretical basis
for the design of new LLO cathode materials by enhancing the Mn-O bonding strengths.

have shown that Li,MnO;, encounters phase transformations
The development of the high-energy-density cathode material during the charging process, and the structural evolution affects

is of great interest for lithium-ion batteries (LIBs). Recently, lith- the voltage hysteresis [7]. But the redox mechanism is not fully

jum-rich layered oxides (LLOSs), such as Licy_,/;Mn, 5., TM,O, understood, as well as its correlation with the structural evo-

(TM=Ni, Co, etc.) [1], show high theoretical capacities up to lution of Li,MnOj is not distinct during charging. It has been

460 mAh/g. Previous work has shown that the Li-rich cathode previously reported that the localized holes on oxygen atoms

materials are generally inhomogeneous and composed of a 3T critical to the formation of peroxide-like species, such as
— - 2— .

mixture of Li,MnO; and other traditional Li cathode materials 07, O, and O, but these configurations are not stable and

(LiITMO,, TM = transition metals, and their mixings) [2]. How-

ever, LLOs usually are subjected to severe capacity degradations,

would eventually form molecular O,, which would come out of

cathode or stay in bulk [6, 8].

especially during the first cycle, compared with the traditional Moreover, it has been theoretically reported that octahedral

LiTMO, cathode materials [3-5] Mn atoms in the transition metal layer migrate to the tetrahe-
) .

The degradation of LLOs has been considered to be related dral sites in the Li layer during the charging process [9-11]. The

to the redox reactions of the O anions, which is accompanied formation of MnO, tetrahedron was observed in the Li, sMnO;

structure after 6 ps AIMD at 1000 K from Zhang’s work [11].
However, there is no direct experimental evidence to prove the

by the formation of peroxy oxygen dimer, the release of O, gas,

and the migration of the transition metals [6]. The prior studies
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presence of tetrahedral manganese in the delithiated struc-
ture. Thus, the delithiated Li,MnO; with the tetrahedral Mn
is reported in some recent works as an intermediate transition
product [6, 12, 13]. For example, Radin et al. apply first-princi-
ples calculations and show that some Mn atoms migrate from
the octahedral sites in the transition metal layer to the neighbor-
ing tetrahedral positions in the Li layer, and the Mn** cations
are oxidized to Mn”* [10]. Mn®* and Mn* in Li; ;sMnO, are also
observed by AIMD at 1000 K [11]. Vinckeviciute et al. argue that
the Mn redox reactions have two steps (Mn*" first oxidized to
Mn’*/Mn®" and then Mn”*/%* reduced to Mn**) and Mn’" ions
migrate from the tetrahedral sites in the Li layer back to the
octahedral sites in the transition metal layer with the formation
of the trapped O, [9]. Up to now, far too little attention has been
paid to the oxidation mechanism and structural transformation
of Li,MnO; upon Li extraction more than 75%, which is essen-
tial to improve capacity utilization.

This work studies the structure, stability, and electronic
structures of Li,_ MnOj; with Mn migration (1.5<x<2, 50%
Mn atoms in tetrahedral positions of Li atoms layer and 50%
Mn atoms in the octahedral positions of transition metal layer,
called LMO-T) and without Mn migration (1.5<x<2, all Mn
atoms in the octahedral positions of transition metal layer, called
LMO) during the late-charging process. We show that when the
Li extraction concentration is more than 75%, LMO-T contain-
ing tetrahedral Mn is more stable than LMO and O bonding
with Mn in octahedral position affects the stability of LMO and
LMO-T. S-doping would further enhance the bonding strength
of the octahedral Mn ions and the O ions in LMO-T compared

to the undoped material in the late-charging process.

The stability of Li,MnO, during the late charging
process

It has been reported that during the late-charging process
of Li,MnO;, especially when the Li concentration is lower
than ~ 25%, the charging voltage of Li,MnO; will increase to
4.8 V [7], and the layered structure will change to the non-
layered spinel structure [7]. The formation of spinel LMO is
believed to be related to the migration of Mn from the transition
metal layer to the Li layer [14]. Thus, in this work, we first assess
the thermodynamic stabilities of LMO and LMO-T, whose crys-
tal structures are shown in Fig. 1(a). The top panel of Fig. 1(a)
shows the layered Li,MnOj structures, namely LMO, and the
bottom panel of Fig. 1(a) shows the non-layered Li,MnO; with
Mn in tetrahedral positions of Li layer, namely LMO-T. We ana-
lyze the distortions of Mn-O polyhedrons using the continuous
symmetry measures (CMS) [15, 16], as shown in Supplementary
Table S2. It can be noted that during the delithiation process, the

MnOg octahedrons in LMO do not have significant distortions

©The Author(s), under exclusive licence to The Materials Research Society 2022

till the Li concentration is lower than 6.25% (Lij ;,5MnO3).
Meanwhile, the MnOg octahedron and MnO, tetrahedron in
LMO-T do not experience significant distortions upon the
extraction of Li, while the MnOg octahedron has a slightly larger
distortion compared to that in LMO.

Figure 1(b) shows the calculated formation energies of two
phases, each defined by the lowest-energy configurations within
our calculations, as shown in Supplementary Table S1. Similar to
other researches, we also evaluated the formation energy (E)) of
LMO and LMO-T, following the equation below [17]:

Ef = E(Liy_MnO3) — (1 - §>E(Li2MnO3) - ;E(Mn03)

(1)
where E(Li,_,MnOs3), E(Li,MnO;) and E(MnO,) are the
DFT energies of the delithiated and perfect O3-Li,MnO; and
03-MnO;, respectively. As shown in Fig. 1(b), we can see that
the formation energy of LMO-T is lower than that of LMO. The
difference between the formation energies of LMO and LMO-T
increases with the delithiation process. This phenomenon indi-
cates that it is energetically favored for octahedral Mn in the
transition metal layer to migrate towards the tetrahedral sites in
the lithium layer upon the extraction of Li in Li,MnO;.

It had been reported that there is an unusual behavior of
Li,MnO;, a 4.5V ‘activation’ plateau during the first charge in
experiments [18]. To assess the relationship between the migra-
tion of Mn and the voltage plateau, we calculated the charging
voltages of the LMO and LMO-T systems, as shown in Fig. 1(c).
The calculated voltages of E(LiyMnOs3),y = 2 — x were obtained
according to Eq. 2 [19].

E(Liy, MnO3) — E(Liy,MnOs) — (y1 — y2) E(Li)
zF

Vin) =
)
It is interesting that the voltages of LMO-T for late charg-
ing process fluctuate between 4.3 and 4.5 V. The voltage of
Liy sMnO;-T (4.39 V) is similar to the result 4.34 V reported in
the Radin’s work [10]. Both of them are lower than the experi-
mental results. The voltage is predicted to increase slightly from
4.39V in Li; sMnOj; to 4.47 V in Li, ;,sMnO; (with Li concentra-
tion is 17.25%), which is in an agreement with the experimen-
tal voltage curve for 75-80% extracted lithium (~ Li; 3,sMnO3)
[20] and around 80% of Li atoms were extracted during the
experiment. Similar steady or slightly fluctuated voltage has
been reported in the Li,MnO;-LiNiO, Li-rich cathode when
Li concentration was lower than 20% [21]. But the voltages of
LMO (Li concentration =25%, 18.75%, and 12.5%, correspond-
ing to Li; sMnOs, Li; ;,sMnO;, and Li, ,sMnO;, respectively) are
higher than 4.8 V.
In general, these results indicate that for Li concentration
lower than 25% LMO-T is more stable than LMO in thermo-

dynamics, which is consistent with the previous study that
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Figure 1: The stability of Li,_ ,MnO;(1.5<x<2). (a) The crystal structure of LMO (top panel) and LMO-T (lower panel). The green, purple and red spheres
represent lithium, manganese, and oxygen ions. (b) The formation energy of LMO and LMO-T. (c) Calculated voltage of LMO and LMO-T.

in Lij ;sMnOj there is the phase transformation from LMO
to LMO-T [10]. Julija’s study showed Li,MnO; underwent
a transformation from LMO to LMO-T phase under the
Li, ;sMnO; composition, and the LMO-T phase changed to a
new structure in the discharge process. Mn ions move from
the tetrahedral sites to other octahedral sites in the transition
metal layer when Mn ions have the secondary migration. As
mentioned in the literature, Mn is not observed in the tetrahe-
dral position of the final structure in the experimental works.
So LMO-T is an intermediate phase during delithiation. In

© The Author(s), under exclusive licence to The Materials Research Society 2022

addition, a small amount of distorted layered structure existed
in the cathode, which affected the voltage during the late-
charging process.

Redox mechanism of O oxidation in Li,MnO,
during delithiation

Prior studies of Li-rich cathode materials reported that the
O anions with the local Li-O-Li configuration in Li,MnO,

change the local environment and electrochemical activity
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upon charging [22]. The density of states (DOS) of LMO
and LMO-T are examined in this work (Supplementary Fig.
S$2), revealing that LMO is metallic when Li concentration is
under 25%, while the LMO-T with the same Li concentration
is mainly semiconducting (except Li concentration of 18.75%).

To investigate the oxygen redox reactions and the elec-
trochemical activity of O ions in Li,MnO;, we study the
electronic structures and local environments of O ions
with different local environments, as shown in Fig. 2. The
initial Li,MnO; before charging is reported to have a band-
gap of ~2.1 eV. [23] It is shown that for Li; ;MnO; of LMO
[Fig. 2(a, j)], O(2p) lone-pair band is above Fermi level
(marked with the red dashed line). In contrast with O in
LMO, the energy of O(2p) orbital in Li, ;MnO, of LMO-T is
below the Fermi level [Fig. 2(e, 1)], which is probably a result
of the migration of Mn atoms. It can then be concluded that
the O(2p) orbital of LMO has a higher energy level than that
of LMO-T, suggesting that the O are more easily to be oxi-
dized during the charging process. The oxidation of O ions is
reported to be responsible for the phase transformation and
makes the Li,MnO; unstable [14]. Compared to LiMnO,,
Li,MnO; has two splitting isolated O(2p) orbitals (b and b*,
b* higher than b) because of the Li-O-Li configuration [24].
The b orbitals exist along with the Li-O-Li bonding direc-
tion and the cationic vacancies also influence the energy of
b* orbitals [25]. The energies of b* orbitals in Li,MnOj; are
under the Fermi level [24]. The cationic vacancies in Li,MnO,
result in reduced bonding along the Li-O-Li and Li-O-Mn
directions. So, the energy of the two 2p orbitals increases until
part of them is higher than the Fermi level. As the charging
process continues, the number of --O-Mn increases (- repre-
sents cationic vacancies), and the energy level of b rises until
the b orbital and b* orbital combine around Fermi energy in
LMO [Fig. 2(a-d)].

When Mn ions migrate from octahedral positions in the
transition metal layer to tetrahedral sites in the Li layer, Mn
ions are oxidized from inactive Mn** to Mn’" to compensate for
the loss of positive charge caused by deintercalation of lithium,
which is indicated by the magnetic moments of Mn ions [26] in
Fig. S1 in the SI. As manganese migrates, there are three kinds
of oxygen atoms with the various local environments, result-
ing in different oxygen activities. O atoms in LMO and LMO-T
bonding with Mn at the octahedral position are named O;, O
atoms in LMO-T bonding with Mn at the tetrahedral positions
are named Oy, and O atoms in LMO-T bonding with Mn at the
octahedral and tetrahedral positions simultaneously are named
O,;- It is directly observed in Fig. 2(f-h) that when lithium
concentration is lower than 18.75% (Lij 5,5MnOs, Lij ,sMnOs,
Liy 1,5MnQO;), the O(2p) orbital splits into two peaks in LMO-T.
In addition, the increase in the number of .--O-Mn raises the b*
energy level. As shown in Fig. 2(f-h), the O(2p) orbital splits

©The Author(s), under exclusive licence to The Materials Research Society 2022

into two orbitals in LMO-T when the lithium concentration is
below 18.75%. LMO-T is more stable than LMO when the Li
concentration is lower than ~ 25% based on the analysis of elec-
tronic structures. This result is also consistent with the previous
work by Radin’s [10].

According to the local coordination of Mn and O atoms
in LMO and LMO-T, after Mn migration, the binding mode
of Mn and O is transformed from octahedron complex MOy
into tetrahedral complexes MO,. To distinguish the activity of
O in MO, and MOy, we studied the DOS of O anions at differ-
ent positions in LMO and LMO-T using PBE+U, as shown in
Fig. 3. O; in LMO and LMO-T has different activities around
the Fermi level. The PDOS of O; in the LMO passes through
the Fermi energy (denoted as 0 eV), while the PDOS of O, in
Li, sMnO; for LMO-T is under Fermi energy and hence has
better electrochemical stability than the former. The PDOS of O;
in others structures (Li, ;,sMnO3, Liy ,sMnO; and Li; ;,sMnO;)
of LMO-T and LMO has the same regularity as the electronic
structures of O in Fig. 2. The PDOS of O;; and O;; of LMO-T do
not appear near the Fermi level. Therefore, we observe that O; is
likely to be responsible for the activity of O in LMO-T. This view
is echoed that the O, is produced and released in phase trans-
formation during the late delithiation [27]. Upon the lithium
extraction, the amount of --O-Mn increases and the DOS for
O, and O
and Oy;. Therefore, it is feasible to dope with other elements to
enhance the Mn-O (especially the Mn-O,) bond and reduce the
possibility of oxygen releasing in LMO-T.

do not vary obviously, indicating the stability of Oy

iii

Charge transfer with phase transformation in Li,MnO,

Li,MnOj; is considered stable but electrochemically inactive due
to the presence of Mn**. When Mn migrating from octahedral
position to tetrahedral position, 50% of Mn** ions convert to

Mn”*, and the chemical equilibrium is as follows,

Lig MnQ*T 0% — Lif MnQ** Mn)7 T 0%, + 6LiT + 6e~
€)

To further investigate oxygen reactions after Mn migration,

the Bader charge of O and Mn ions in Li, ;sMnO; is evaluated
by its electron transferability. We calculated the Bader charge
of O and Mn ions in Lij, sMnOj in different local environments
(Table 1), showing that Bader charges within LMO and LMO-T
are distinct. O; in LMO-T is more negatively charged and hence
more stable than O; in LMO, which is consistent with the DOS
analysis in the previous section. The Mn in tetrahedral posi-
oct- The
oct—O bond in LMO-T.
oct bonds with O; and Oy; in LMO-T
but only bonds with O; in LMO, the Bader charge around
Mn,, differs in LMO and LMO-T. The length of the Mn_ O

tion, named Mn,,,, is more positively charged than Mn
Mn,~O bond is more stable than Mn
Moreover, since the Mn,

oct” “iii
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Figure 2: The electronic structures and local environments of O atoms in LMO and LMO-T. (a-h) The schematic draw about the electronic structures.
The hollow black area, filled yellow region, and filled gray represent the empty antibonding (M-O)* states, O(2p) lone-pair states, and bonding
(M-0) states, respectively. The manganese and oxygen ions are shown in purple and red, respectively. (i-) The DOS of Mn and O for LMO and LMO-T
(Lig sMnO; and Lij 1,5MnO3).
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Figure 3: Project density of state (PDOS) of LMO and LMO-T. The O, (bonding with Mn in octahedral position) in the LMO and LMO-T; O;; (bonding with
Mn in tetrahedral positions) and Oj; (bonding both with Mn in octahedral position and tetrahedral position) in the LMO-T.

TABLE1: The Bader charge (e) of Li, sMnO; in LMO and LMO-T structures.

Atomic species LMO LMO-T
o} 0.7795 0.9219
Oj \ 0.6268
Oji \ 0.7739
Mnee —1.8907 -1.8367
Mniee \ —1.9047

Positive (negative) Bader charge values represent negatively (positively)
charged ions.

bond in LMO-T is 2.11-2.17 A longer than the Mn,~O, bond
1.93-1.95 A in LMO. But the length of the Mn,~O; bond in
LMO-T is 1.85-1.90 A, shorter than the Mn, O, bond in LMO.
It could be concluded from the above results that the Mn__-O;
bond in LMO-T is more stable than that in LMO.

To quantify the charge state of O during delithiation, we fur-
ther calculated the Bader charge of O and Mn atoms for LMO and
LMO-T phase at four delithiated states and analyzed the atomic
charge difference of Lij ;,;MnOj, Li; ,sMnO; and Li; 1,;MnO;
with respect to those of Li, ;MnO; (shown in Fig. 4). A nega-

oct™

tive (positive) value for the change of Bader charge (with respect
to Li; sMnO,) indicates losing (obtaining) electron of the ions,

corresponding to the oxidation (reduction) reaction. The Bader

©The Author(s), under exclusive licence to The Materials Research Society 2022

analysis shows that the oxidation of O with more electron loss
dominates the charge compensation of the whole system upon
charging. And the value of charge transfer between O atoms with
the different Li concentrations is similar between the LMO and
LMO-T during the late-charging process seen from Fig. 4.

The reduction of Mn, . in LMO indicated that O is activated.
The oxidation of Mn, ., in LMO-T during delithiation is surpris-
ing. It is likely that after Mn migration from octahedral position
to tetrahedral position, the MOy is distorted, and the strength
of the Mn-O bond is changed. When lithium concentration is
equal to 25.0%, the charge transfer of Mn in tetrahedral position
in LMO-T is significantly different from that at 18.75%.

This result may be explained that the LMO-T is not the most
stable structure and will continue change to another phase.
These charge transfer analyses may also show that LMO-T is
more stable than LMO, which is consistent with the results of

electronic structures.

Doping of S stabilizes O;in LMO-T

O, is excessively oxidized upon the generation of lithium
vacancies and the local environment change of Mn. Our goal

is to introduce new kinds of anions to combine with Mn and
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reduce O activity. The inductive effect in polyanion com-
pounds achieves the effect of stabilizing oxygen mentioned
in the early work [28].

Sulfur (4.17%) atom is utilized to stabilize O; in Li,MnO,
[25, 29]. LMO-T has three kinds of O sites shown in Fig. 2.
The doping energy of S at the O; position is lower than that at
O;; by 0.069 eV per formula (at Oy; by 0.030 eV per formula).
So, the S appearing at O, position of LMO-T is the most stable
structure. After doping S, the strength of the Mn-S bond is
weaker than the Mn-O bond and impacts other surrounding
Mn-O bonds. Then, we dope LMO and LMO-T with the S
element, replacing an O, atom with the S atom. The structures
and DOS of LMO and LMO-T after doping an S are compared
in Fig. 5. After structural optimization, we find that the shape
of the LMO unit cell does not change significantly, but the lat-
tice constants increase and the volume of the cell also raises.

The volume expansion of LMO upon S doping
increases from to 14.87% during the late charging stage con-
sidered in this work (Supplementary Table S3). As shown in
Fig. 5(a), when lithium concentration is lower than 25%, the
local structure changes significantly near the doped S atom,
forming a small polarization tetrahedral molecular structure
of (§O5)*". S replaces O, and combines with Mn in Li, ;sMnO,
without forming (SO;)*".

Red solid lines represent the DOS for the Mn element, and
black dashed lines denote the DOS of the neighboring O ele-
ment in Fig. 5. In LMO (Li concentration = 25%, 18.75%, and
12.5%), after S doping Mn and O have weak hybridization, the
electrons of O ions are easy to be oxidized up to empty O(2p)

orbitals. When Li concentration is 6.25%, the hybridization

©The Author(s), under exclusive licence to The Materials Research Society 2022

between Mn and O is enhanced. As shown in Fig. 5(b), S
replaces O to bond with Mn forming an Mn-S bond which
does not activate the inductive effect in polyanionic LMO-T.
LMO-T (Li concentration = 18.75%) displays semiconductor-
like properties in Fig. 5(b). When Li concentration lower than
12.5%, Mn and O has strong hybridization than Mn-O bond
before S doping in LMO-T (as shown in Fig. 2). According
to these data, we infer that the distortion of Mn octahedron
induced by doping with S enhances the Mn-O bond and sta-
bilizes O; in LMO-T. But the effect of doping S is unobvious in
LMO. It is argued that doping S anions stabilizes O; in LMO-T
and reduces the possibility of O releasing. Compared with the
results in Supplementary Fig. S4, the average length of the
Mn-S bond is 2.316 A in LMO-T after doping, longer than the
Mn-O bond (1.876 A) in LMO-T without doping. The Mn-$
bond causes the distortion of the surrounding MnO;S octahe-
dron and MnOjy octahedron, because the S has a larger atomic
radius than O. This finding has the implications for develop-
ing a new method of doping anions (such as S) in Li,MnO,

to reduce the O activity and hence the phase transformation.

We investigate the structural stabilities and redox mechanisms
of LMO-T and LMO during the late-charging process based on
first-principles calculations. This study shows that the new phase
LMO-T is generated by Mn in an octahedral position of transi-
tion metal layer migrating to the tetrahedral sites in the lithium
layer. LMO-T is more stable than LMO during delithiation,

showing semiconductor-like properties, similar to the initial
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material Li,MnOj,. Different from LMO-T, the LMO has metallic
properties upon delithiation, which may be related to the forma-

tion of --O-Li and --O-Mn structures and the high oxidation
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state of Mn ions. When the Li concentration is lower than 25%,
O, in LMO-T is easily oxidized. Bader charge analysis indicates
Mn,, in different phases has opposite oxidation-reduction
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behavior. And the doping of the anion S enhances the strength of
the Mn-O bond, stabilizes the O,, potentially reduces the release
of oxygen in LMO-T, and improves the stability of Li,MnOs.
According to this work, anions could be doped into cathode

materials when designing a high-capacity cathode.

The density functional theory (DFT) [30] calculations were
performed by using the Projector-Augmented Wave (PAW)
method [31, 32] implemented in Vienna ab Initio Simulation
Package (VASP) [33]. The Perdew-Burke-Ernzerhof (PBE) [34]
version of the generalized gradient approximation (GGA) is
chosen for all the calculations [35, 36]. The effective on-site
Hubbard U, correction on the 3d or 4d electrons for all the
transition metals is included in our calculations. In this work,
U parameter of 3.9 eV and 5.0 eV on Mn in Li,MnO; were
applied for energy and DOS calculations, respectively [10,
19, 37]. It has been reported before that when the U value of
Mn is 3.9 eV (J=1 eV), the formation energy of the PBE+U
method is similar to that of other methods (HSE and SCAN)
[10]. When we calculate the density of states (DOS), the 5.0 eV
of U value has been used, which was theoretically estimated
for Mn*" in spinel-type MnO, [37]. Our calculated DOS of
Li, ;MnO; in LMO-T is similar to that in Radin’s work [10].
Xiao [23] has calculated the band structure of Li,MnO; with
GGA+U (U=5.0 eV) and predicted an indirect band gap of
~2.1 eV, close to the experimental optical band gap deter-
mined by X-ray photoelectron spectroscopy (XPS). The cutoff
energy of the plane-wave basis set was 500 eV. The Gamma-
centered grids 2 x 2 x 5 k-point mesh was applied for integra-
tion in the Brillouin zone of LMO, while 2 x 5 x 2 k-point mesh
was employed for LMO-T. Cell parameters and atomic posi-
tions were fully relaxed for bulk calculations. All calculations
were converged to 107> eV/atom for total energy and below
0.02 eV/A for interatomic forces. Delithiated Li,MnO, was
modeled by using a 2 x2x 1 supercell. For a specific lithium
concentration, the structure of LMO with the lowest DFT
energy was adopted for further analyses, as shown in Supple-
mentary Table S1 [38]. The initial structure of Li; sMnOj in
LMO-T was adopted from Radin et al’s wok [10]. Data process-
ing and structure visualization were performed based on the
pymatgen package [39] and VESTA software [40].
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