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Some special fields, such as deep-sea exploration, require batteries and their electrode materials to withstand extremely
high pressure. As the cathode material has the highest energy density, Li-excess Mn-based materials are also likely to be
utilized in such an environment. However, the effect of pressure on the crystal structure and migration barrier of this kind
of material is still not clear at present. Therefore, in this study, we investigate the properties of the matrix material of Li-
excess Mn-based material, Li,MnOs, under high pressure. The equation of state, bulk modulus, and steady-state volume
of Li,MnOs are predicted by the method of first principles calculation. The calculations of unit cells at different pressures
reveal that the cell parameters suffer anisotropic compression under high pressure. During compression, Li—O bond is more
easily compressed than Mn—O bond. The results from the climbing image nudged elastic band (CINEB) method show that
the energy barrier of Li™ migration in the lithium layer increases with pressure increasing. Our study can provide useful
information for utilizing Li-excess Mn-based materials under high pressure.

Keywords: lithium-ion battery, Li,MnO3, high pressure, DFT computation

PACS: 61.50.—f, 82.47.Aa, 91.60.Gf, 31.15.—p

1. Introduction

The ocean covers 70% of the Earth’s surface, and areas
deeper than 10 meters occupy more than 90% of the overall
ocean area. The deep sea contains abundant oil, gas resources,
and mineral resources. In order to develop these resources,
new types of diving technology and equipment are required
to meet the demands of deep-sea resource exploration.!-?]
In 2020, China sent a manned submersible, named “Striver”,
into Earth’s deepest ocean trench. Lithium-ion batteries were
chosen and used because of their high energy density, low
self-discharge, and long life.[>®] When used under such a
condition, the electrode materials in the battery also expe-
rience enormous pressure.!”~12l Therefore, the properties of
cathode materials under high pressure are worth studying.
So far, the characteristics of LiCoO,,[!3! LiFePOy,['*! and
Li[Lij /3Tis/3]104 [151 yunder high pressures have been studied.

However, as the material with the highest energy den-
sity, the structural evolution and migration energy barrier of
Li-excess Mn-based materials under high pressures are not
yet clear.['6-191 The Li-excess Mn-based materials can be de-
noted as xLi,MnOs3(1 — x)LiMnO, (0 < x < 1), where M is
typically Mn, Ni, and Co."?*2! This kind of material has ad-
vantages of high energy density, low cost, and high voltage,
but their rapid capacity decline and low coulomb efficiency
and other problems hinder its commercial applications.[?>-24]
The Li;MnO3 (LMO) is believed to be the matrix material

25,26

of Li-excess Mn-based materials.[>>?%] As the key compo-
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nent, LMO can not only store lithium between layers, but also
enhance the structural stability of layered Li-rich oxides.!?”!
Therefore, the study of LMO can provide ideas for solving the
problems of structural stability, lattice oxygen loss, and capac-
ity attenuation of layered lithium—oxide materials.

In this work, the equation of state, bulk modulus, steady-
state volume, and migration energy barrier of LMO under high
pressures are studied. It is reported that LMO still maintains
a monoclinic phase at 12 GPa.!?8! To avoid phase transition
caused by pressure,>”! 12 GPa was taken as the upper limit in
this research.

2. Method

In this work, the Vienna ab initio simulation package
(VASPBY) was used for spin-polarized density functional the-
ory (DFT) calculations. The exchange—correlation function
uses the Perdewe-Burkee—Ernzerhof (PBE) functional, and
the electron—ion interaction is represented by the projector
augmented wave (PAW) method. Considering the existence
of strongly correlated electrons of Mn in Li,MnOs electrode
materials, the method of GGA+U (U = 3.9)P313% was used.
In all calculations, the wave function had a plane wave cutoff
energy of 600 eV. This set of parameters could make the resid-
ual stress between atoms in the optimized unit cell less than
0.01 eV-A~!, and the total energy convergence threshold did
not exceed 1073 eV. Relaxed structure calculations were per-
formed at different constant volumes and the energy—volume
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data were fitted to a third-order Birch—-Murnaghan equation of
state (EOS):[33]
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The equation of state is a description of the P-V state rela-
tionship of a solid at constant temperature. The E-V equation
(formula (1)) and P-V equation (formula (2)) have the same
four parameters, i.e., Ey (steady-state energy), Vy (steady-state
volume), By (bulk elastic modulus), and B’l (first-order dif-
ferential of elastic modulus to volume). By fitting the E-V
equation of the LMO, the relevant fitting parameters could be
obtained to obtain the P-V equation. The migration energy
barriers of lithium ions in 2 X 2 x 1 supercell (96 atoms in to-
tal) were calculated by using the CINEB method, and the min-
imum energy for lithium-ion diffusion was obtained. Seven
images were placed between the starting position and the end-
ing position to simulate the process of lithium-ion migration.

3. Results and discussion
3.1. Structural stability of Li;MnO3; under high pressures

The calculation reproduces the monoclinic structure of
the LMO (space group C2/m), and the calculation method of
LDA+U is used to optimize the structure for comparisons.
The cell parameter values and experimental values!**! of all
optimized structures are shown in Table 1. The calculation
results show that the cell parameter values obtained by using

the GGA+U calculation method are close to the experimental

values, and the same as other research results. 35361

Table 1. Calculated and measured values of LMO cell parameters.

a(A) b (A) cd)

Exp. 4.937 8.532 5.030
LDA+U 4.855 8.397 4.906
GGA+U 4.992 8.627 5.065

The cell with optimized structure is adopted for calcula-
tion, and the third-order Birch—-Murnaghan equation of state is
used to fit the energy—volume diagram of the LMO as shown in
Fig. 1(a). According to the fitting results, the bulk modulus of
LMO is 109.1 GPa and its first derivative is 4.9. At zero pres-
sure, the equilibrium volume of the LMO is 206.46 A3. The
pressure—volume relation of LMO within 12 GPa is shown in
Fig. 1(b). The prediction shows that at 12 GPa, the volume of
LMO cell is about 189.5 A3, and the volume is compressed
by about 8%;, indicating that LMO is sensitive to high pressure

environment.
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Fig. 1. (a) The energy—volume relation and (b) pressure—volume relation cal-
culated by LMO based on the third-order Birch-Murnaghan equation of state.

The research results in Ref. [12] show that the LMO struc-
ture is still stable at 12 GPa under experimental conditions.
Therefore, we performed phonon calculation for verification,
and the results are shown in Fig. 2. There is no imaginary
frequency in the phonon spectrum calculated under each pres-
sure, which indicates that the atomic vibration is stable under
the corresponding pressures.
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Fig. 2. Orbital overlap Hamiltonian population between Mn—O in LMO at 0 GPa (a), 4 GPa (b), and 8 GPa (c).

3.2. Anisotropic compressibility of Li;MnO3; under high-
pressures
Figure 3(a) shows the variations of LMO cell parameters
a, b, and ¢ with pressures. The results show that the lattice
parameters decrease with pressure increasing. At 12 GPa, lat-

tice parameters are 4.862 A, 8.410 A, and 4.876 A, respec-
tively. After normalization, lattice parameters are reduced by
2.59%, 2.55%, and 3.72%. The compression rate of the cell
is almost the same in the direction of [100] and [010], so it

can be considered that the compression of the LMO in the di-
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rection of [100] and [010] are isotropic under high pressures.
However, the compression ratio in the direction of [001] is
significantly higher than the two pressures above: about 1.45
times the compression ratio in the direction of [010], which
shows anisotropic compression. According to the LMO struc-
ture (Fig. 3(b)), the layered structure of LMO in the direction
[001] leads to large compressible space between layers.

To further study the compression mechanism of LMO un-
der high pressures, the compression of chemical bonds and
polyhedra in the cell are compared. Figure 3(c) shows that Li—
O bond is compressed by 3.03% at 12 GPa, while Mn—O bond
is compressed by only 1.58%. Similarly, figure 3(d) shows the
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volume compression ratio of the polyhedron LiOg (8.74%) is
significantly higher than that of MnOg (4.31%). Obviously,
the calculation results indicate that the Li—O bond is easier
to compress than the Mn—O bond, resulting in stronger com-
pressibility of the octahedron LiOg, and the compression ra-
tio in the direction of cell [001] is different from that in the
direction of [100] and [010].
Ref. [37], the higher the pressure, the more serious the defor-

Like the research results in

mation is. The migration of transition metal manganese ions to
the lithium layer may also be related to the inconsistent com-

pression ratio of the polyhedron.
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Fig. 3. (a) Influence of pressure on LMO cell parameters, (b) LMO cell structure, (c) normalized bond length change of Li—O and Mn—-O bonds
with pressures, and (d) normalized volume of polyhedral LiOg and MnOg versus pressures.

3.3. Electronic structure of Li;MnO;

pressures

under high-

Figure 4 shows the calculated electronic structures of
LMO under different pressures. When the pressures are O GPa,
4 GPa, and 8 GPa, the band gaps are 1.734 eV, 1.799 eV, and
1.986 eV, respectively. When the pressure is 0 GPa, the calcu-
lated band gap is consistent with related research result, 3831
and with the gradual increase of pressure, the band gap be-
gins to expand. This means that it is harder for electrons in
the occupied state to transition to the unoccupied state, and the
electrical conductivity of the electrons will gradually decrease.
This can regulate the electrical properties of the material.

In order to better expound the influence of pressure on
the stability of the cell in terms of electronic structure, we
calculate the projected crystal orbital Hamilton populations
(pCOHPs) of Mn and O atoms under different pressures, and
the results are shown in Fig. 5. Figures 5(a)-5(c) show the

—pCOHP graphs of LMO under 0 GPa, 4 GPa, and 8 GPa, re-
spectively. The integral of pPCOHP (IpCOHP) is used to deter-
mine the influence of pressure on the stability of Mn—O bond.
According to Fig. 5(a), it can be found that at 0 GPa, there
are some anti-bonding components in a range from —1.8 eV
to 0 eV, and below —1.8 eV, bonding components are the
main components. At this time, the stability of Mn—O bond is
mainly contributed by bonding electrons. However, at 4 GPa
and 8 GPa, it can be seen from the -pCOHP diagram that there
are a large number of anti-bonding electrons below the fermi
level, which reduces the stability of Mn—O bond. This is also
illustrated in IpCOHP. The IpCOHP values at 0 GPa, 4 GPa,
and 8 GPa are —2.12, —0.73, and —0.57, respectively, show-
ing a gradually increasing trend. Therefore, pressure can affect
the stability of Mn—O chemical bond in LMO cells to a certain
extent.
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Fig. 4. LMO electronic structure changing with energy at 0 GPa, 4 GPa, and 8 GPa, respectively.
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Fig. 5. pCOHP between Mn atom and O atom at 0 GPa (a), 4 GPa (b), and 8 GPa (c), respectively.

3.4. Li-ion migration barrier energy of Li;MnQO3; under

high-pressures

The CINEB method is used to calculate the migration
path and migration energy barrier of Li™ in LMO under high-
pressure compression, 4’ and the ion migration paths are
shown in Fig. 3(b), where path 1 represents the migration of
Li* at Wyckoff position 47241 in the lithium layers to site 25
in the transition metal layers, and path 2 represents the mi-
gration of Li™" at site 4/ in the lithium layer to site 2¢ in the
lithium layer. At O GPa, the migration energy barrier of path 1

e
\]

—— Path 1
—— Path 2

(a)
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0.5

0.4 0.499 eV

0.3
0.2

0.1

o
T

Migration barrier energy (eV)
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Normalized migration path (arb. units)

and path 2 are 0.589 eV and 0.499 eV, respectively, as shown in
Fig. 6(a). The calculation of the path 2 energy barrier is almost
consistent with the related literature reports. The calculation
results show that the Li* migration energy barrier height of
path 1 is about 0.09 eV higher than that of path 2. Figure 6(a)
also shows that the energy of Li™ at site 2b is very higher than
that at site 2c. This study indicates the huge difference in en-
ergy between the two paths from the perspective of energy, and

Li" in the lithium layer is more prone to delithium.
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Fig. 6. Migration barriers of different paths at 0 GPa (a) and (b) calculated variations of Li* migration barrier energy with volume of path 2

under different pressures.
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Based on the calculation of diffusion path 2, we studied
the influence of pressure on the diffusion energy barrier. The
migration energy barrier of Li™ increases from about 0.499 eV
at 0 GPa (825.38 A3 in volume) to nearly 0.795 eV at 12 GPa
(747.37 A3 in volume), and the change process is almost lin-
ear. This indicates that under the condition of cell compres-
sion, the ion migration channel will limit the migration of Lit,
thus leading the ion conductivity to decrease. The decrease
of ionic conductivity at high pressure makes LMO unsuitable
as energy device for exploration in high-pressure environment
such as deep sea or deep ground.

4. Conclusions

The structural stability and electrical conductivity of
Li;MnOj3 under high pressures are studied theoretically by us-
ing the first-principles calculations. The results show that the
bulk modulus of the LMO is 109.1 GPa and the equilibrium
volume is 206.46 A3. Under the same pressure, the compres-
sion rate of lattice parameters in the direction [100] and [010]
are almost the same, but the compression rate of cell parame-
ters in the direction [001] is obviously larger. The Li—O bond
is more easily compressed than the Mn-O bond. The Li" at
the 4h site in the lithium layer at 12 GPa is more likely to
migrate to the 2c site in the same lithium layer, and the diffu-
sion energy barrier increases almost linearly with the increase
of the pressure. These research deepens our understanding
of the structural and electrical properties of layered Li-excess
Li;MnOs3 under high pressures and can help us predict the ef-
fect of high voltage modification, which will provide useful
information about the structural stability and conductive prop-
erties of cathode materials in the high pressure environment.
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