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ology and surface properties of
a Li-rich Li2MnO3 cathode material: a first-
principles study†

Xiaotong Yan, Xingyu Zhou, Chunwei Zhu, Weijie Huang and Yu-Jun Zhao *

Complex surface evolution plays a critical role in the rapid energy degradation of Li2MnO3 as a cathode

material for high-energy-density Li-ion batteries. Here, we demonstrate that the defect-containing (001)

surface of Li2MnO3 satisfies the stoichiometric relationship under air conditions and in the main

experimental temperature window. For Li2MnO3 cathode materials, the surface area fraction of the

terminals that satisfy stoichiometry (STO) can reach at least 70% when the synthesis environments are

under Li&Mn-mid and Mn-rich conditions, while it is hard to exceed 40% under Li-rich conditions. All the

stable surfaces exhibit excellent electrochemical properties, save the poor charge voltage and

conductivity of the (001)_STO terminal. The low p-band center of O ions and stronger Mn–O bond

strength effectively prevent the release of oxygen during Li-ion extraction in Li2MnO3. In addition, the

low surface energy of the (001)_STO terminal and the high energy barrier between the different

terminals dominates the dish-shape appearance of the grain morphology.
1 Introduction

In recent years, energy storage has become increasingly
important to the world economy,1 largely due to its critical role
in satisfying energy demand and achieving dependence on
renewable energy. As a key component of energy storage,
research on the performance and characteristics of Li-ion
cathode materials has attracted a urry of attention from
academia and industry.2–5

Due to its high voltage (as high as 4.5 V),6 high specic
capacity (theoretical capacity of up to 458 mA h g−1), and low
cost, Li2MnO3 is an attractive alternative to traditional lithium-
ion battery cathode materials. It also faces some challenges,
though Li2MnO3 has many advantageous characteristics and
application prospects. For example, its structural stability, cycle
life, and capacity degradation issues still need to be much
improved.7–10 Therefore, further research and improvement are
crucial for fully exploring the potential of Li2MnO3 and its
applications in different elds.

Earlier research has demonstrated that the evolution of
surface oxygen during the charging process is key for the rapid
performance degradation.6,11–15 To solve this issue, density
functional theory (DFT) (on its own or combined with experi-
ments) has been employed to improve the performance of Li-
ion cathode materials.15–20 Qiu et al.21 suppressed the rapid
ity of Technology, Guangzhou 510640, PR

tion (ESI) available. See DOI:

722–3733
decay in the capacity of Li-rich cathode materials by forming an
oxygen vacancy layer approximately 20 nm thick on the surface.
Ning et al.22 carried out theoretical and experimental studies on
a coating of graphene on the (010) surface of Li2MnO3. They
demonstrated that the coating of graphene and its defect
structure can improve the cycle stability of Li2MnO3. Shin et al.23

used high-throughput calculations to screen effective doping
elements that inhibit oxygen gas evolution and veried them
through experiments. Additionally, Shin et al.24 conducted
a theoretical study on the reconstruction of the low Miller index
surface of Li2MnO3 and the stability of oxygen evolution during
the charging process. Wang et al.25 studied the Wulff shape of
the low Miller index surface of Li2MnO3 at different Li or Mn
concentrations. However, the grain morphology stability and
properties of Li2MnO3 in air have not been well studied, neither
experimentally nor theoretically.9,17,26–28

In this study, a bond energy model is employed to effectively
screen stable Li2MnO3 surfaces with Miller indices less than 5,
and a crystal morphology similar to the experimental observa-
tion is obtained. Then, the transformation mechanisms of
stable Li2MnO3 surfaces at different temperatures and Li (or
Mn) concentrations are systematically investigated. We nd
that the defect-containing (001) surface of Li2MnO3 satises the
stoichiometric relationship in the main experimental temper-
ature window for the synthesis of Li2MnO3. Finally, the elec-
trochemical performance and oxygen evolution characteristics
for the stable surfaces are analyzed and compared. It turns out
that the low p-band center of the O ion and the stronger Mn–O
bond strength effectively prevent the release of oxygen during
Li-ion extraction in Li2MnO3.
This journal is © The Royal Society of Chemistry 2024
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2 Computational details
2.1 Computational method

All calculations are performed using the projector augmented
wave (PAW) scheme,29 as implemented in the Vienna Ab initio
Simulation Package (VASP).30,31 The exchange–correlation
energies are approximated in the generalized gradient approx-
imation (GGA) of Perdew, Burke and Ernzerhof (PBE).32 The
cutoff energy for the plane wave expansion is chosen to be
500 eV. The G-centered k-point Brillouin zone sampling is used
in the slab calculations, and 5× 5× 1 sampling is also included
in the convergence test. The lattice parameters and ionic posi-
tions are relaxed until the forces on each ion converge to less
than 0.01 eV Å−1. Spin polarization is considered in all calcu-
lations. In addition, to address on-site Coulomb interactions for
the localized 3d electrons of transition metals, additional
Hubbard parameter correction is carried out following ref. 33
and 34. Within the GGA+U scheme, a single effective parameter
Ueff = U − J is used, and the Ueff of 4.5 eV for Mn is determined
by a series of tests. Finally, the phonon frequencies are calcu-
lated using PHONOPY.35,36

2.2 Surface energy calculations

Generally, the most stable surface compositions and geometries
at different temperatures (T) and pressures (P) are dened by
the surface Gibbs free energy GSurf(T, P):37–39

GSurfðT ;PÞ ¼ 1

2A

"
GSlabðT ;PÞ � GBulkðT ;PÞ �

X
i

DnimiðT ;PÞ
#
;

(1)
FBulk
vib ðTÞ ¼

XN
n¼1

�
1

2

ðumax
n

0

gnðuÞħunduþ kBT

ðumax
n

0

ln

�
1� exp

�
� ħun

kBT

��
gnðuÞdu

�
(8)
where A is the surface area, and GSlab(T,P) and GBulk(T,P)
represent the Gibbs free energies of the slab model and refer-
ence bulk structure, respectively. Additionally, i represents any
element, and Dni is the difference number between the slab
model and reference bulk structure for each element i. mi(T,P) is
the chemical potential for element i and is dened as follows:

mi(T,P) = Dmi(T,P) + mBulki (T,P) (2)

Here mBulki (T,P) represents the Li, Mn, and O substances, and
Dmi(T,P) should be no more than 0 to avoid formation of
elemental crystal i. In this study, the chemical potential of
oxygen, mO(T,P), is delimited as the ideal gas expression:

mOðT ;PÞ ¼ mOðT ;P0Þ þ 1

2
RT ln

�
P

P0

�
; (3)

where P = 0.21 atm is the partial pressure of oxygen, P0 = 1 atm
represents the standard atmospheric pressure, and R is the
This journal is © The Royal Society of Chemistry 2024
ideal gas constant. mO(T,P0) is the chemical potential of pure
oxygen under standard pressure, expressed as below:

mOðT ;P0Þ ¼ mOð0 K;P0Þ þ 1

2
DGO2

ðDT ;P0Þ

¼ mOð0 K;P0Þ þ 1

2
D½HðT ;P0Þ � TSðT ;P0Þ� (4)

For mO(0 K,P0), it corresponds to the free energy of an isolated
oxygen molecule at 0 K.37 D[H(T, P0) − TS(T,P0)] can be obtained
from NIST/JANAF tables (the chemical potentials of oxygen,
mO(T,P), under air are shown in Section S2 of the ESI†).40 Here,
the Gibbs free energy of the solid can be approximated to the
Helmholtz free energy, as the contribution of PV can be
neglected. The free energy and chemical potential of the solid
structure can be expressed as follows:

GSolid
i (T,P) = FSolid

i (T) + PV z FSolid
i (T) (5)

mSolid
i ðT ;PÞ ¼ vGSolid

i ðT ;PÞ
vni

z
vFSolid

i ðTÞ
vni

(6)

In this work, the temperature-dependent part of the Helm-
holtz free energy considers only the energy contribution of the
vibrational terms of the atoms in the corresponding material.
The Helmholtz free energy of the bulk structure is dened as
follows:

FBulk(T) = EBulk
ele + FBulk

vib (T) (7)
EBulkele is the electron energy of the bulk structure obtained via
DFT calculations at 0 K. FBulkvib (T) is the vibrational energy of the
atoms in the relevant material, expressed as below:

ðumax
n

0

gnðuÞdu ¼ 3 (9)

Here, N is the total number of atoms in the system and n is any
atom in the system. un and umax

n represent the vibrational
frequency and the maximum vibrational frequency of atom n,
respectively. Moreover, gn(u) is the phonon density of states of
a particular atom n, where kB and ħ are the Boltzmann constant
and the Planck constant.

For the slab model, the vibrational frequency of the atoms in
the surface region can be replaced by the vibrational frequency
of the atoms corresponding to the material under bulk struc-
tural conditions.39 Furthermore, aer testing (as seen in Section
S2†) in the slab model, the contribution of any atom to the
J. Mater. Chem. A, 2024, 12, 3722–3733 | 3723
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vibrational free energy can be replaced by the average vibra-
tional free energy of the same element. Overall, the Gibbs free
energy, GSlab(T,P), of the slab structure also can be replaced by
the Helmholtz free energy, FSlab(T,P):

GSlabðT ;PÞzFSlabðT ;PÞ ¼ ESlab
ele þ

X
i

XNi

1

Fvib
iðTÞ (10)

Here, ESlabele is the electron energy of the slab structure obtained
via DFT calculations at 0 K. Ni is the total number of atoms of
any element i, and FvibiðTÞ is the average vibrational energy of
element i in the slab structure, which is expressed as below:
Fvib
iðTÞ ¼

(XNi

n¼1

�
1

2

ðumax
ni

0

gniðuÞħuniduþ kBT

ðumax
ni

0

ln

�
1� exp

�
� ħuni

kBT

��
gniðuÞdu

�)
1

Ni

; (11)
where uni, u
max
ni , and gni(u) represent the vibrational frequency,

maximum vibrational frequency, and particular phonon density
of states of any atom n in element i, respectively.
2.3 Surface structure construction

The surface models are constructed via implementation in the
pymatgen framework41 with relaxed bulk Li2MnO3, where the
default thresh is set to 0.2 Å along the normal direction of the
surface. The Li2MnO3 surfaces are built from a symmetric
periodic slab with a layer thickness and vacuum space of more
than 15 Å and 10 Å in all cases. In this paper, the lattice
constants for Li2MnO3 with the stable structure are a = 5.002
Å, b = 8.646 Å, and c = 5.077 Å (space group C2/m, as seen in
Section S1†), as obtained using GGA+U, and are in line with the
experimental results.24,42 Except for the fact that the bottom
one-third of the slab structure is xed as the bulk structure
when calculating the charging platform and the formation
energy of oxygen evolution (in Section 3.3), the lattice and
ionic positions of the slab structure are all relaxed in all other
cases.
Fig. 1 The thermodynamic phase diagram of Li2MnO3 at 0 K.

Table 1 Phase diagram area ratios of different products in the Li–Mn–
O system at various temperatures (in %)

Temperature
Li2O +
MnO2

Li2MnO3 +
MnO2

Li2MnO3 +
Li2O Li2MnO3

0 K 38.5 26.5 33.6 1.4
300 K 37.5 25.2 35.6 1.7
600 K 35.8 23.8 38.3 2.1
900 K 33.8 22.1 41.5 2.6
1200 K 31.3 20.1 45.4 3.3
1500 K 27.8 17.6 50.4 4.2
3 Results and discussion
3.1 Phase stability of Li2MnO3

In this study, Li, Mn, and O2 are considered as reactants for the
generation of Li2O, MnO2, and Li2MnO3 under air. For Li2MnO3,
to avoid the formation of a competitive phase, the change in
element chemical potential, Dmi(T,P), is dened as follows:43,44

2DmLi + DmMn + 3DmO = DHf(Li2MnO3) (12)

2DmLi + DmO # DHf(Li2O) (13)

DmMn + 2DmO # DHf(MnO2) (14)

Consequently, the thermodynamic phase diagram of the
system under 0 K conditions is shown in Fig. 1, and the ther-
modynamic phase diagram area ratios of the different phases
3724 | J. Mater. Chem. A, 2024, 12, 3722–3733
generated under different temperature conditions are listed in
Table 1.

Fig. 1 and Table 1 imply that the preparation of pure
Li2MnO3 gets easier as the reaction temperature increases.
However, the formation of pure Li2MnO3 is nevertheless diffi-
cult, and easily accompanied by competing phases. Points F, G,
and H represent three typical chemical potential conditions,
i.e., Li-rich, Li&Mn-mid, and Mn-rich, respectively, as shown in
Fig. 1. The surface energies under these three chemical poten-
tial conditions are studied as follows.
3.2 Surface stability and Wulff shape of Li2MnO3

To provide a more comprehensive analysis of the grain
morphology and surface properties of Li2MnO3, a combination
of a bond energy model and linear regression analysis (as pre-
sented in Section S3†) is applied in this study. We linearly t the
surface energy of the system with the number and type of
broken bonds based on relevant literature reports.45–48 In this
study, the surface energies of 309 surfaces, with a total of 1100
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The surface energies of different surfaces and terminals of Li2MnO3 are predicted for Miller indices of less than 5 by linear models.
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terminals of Li2MnO3, are predicted for Miller indices of less
than 5, and the results are shown in Fig. 2. It should be noted
that the surfaces with highMiller indices do not easily appear in
the crystal morphology because they have high surface energies
in general.49–52 Therefore, we adopt the maximum Miller index
value of 5 for the possible surfaces in this study. In fact, surfaces
with Miller index values of 3 already do not easily appear
according to our calculations (see theWulff shape in the inset of
Fig. 2).

As shown in Fig. 2, the (001) surface is the grain surface with
the lowest surface energy, in line with the experimental report
that the (001) surface is the dominant surface.17,26 Meanwhile,
the (131) and (10�1) crystal surfaces have the second and third
lowest surface energies, respectively. The grain morphology
predicted by Wulff theory53,54 for all surfaces and terminals with
Miller indices less than 5 is shown in the inset of Fig. 2, showing
a similar result to the experimental single-crystal images
(Fig. S4†). The grain morphology mainly consists of three
surfaces: (001), (131), and (10�1), which account for 32.18%,
37.89%, and 21.01% (over 90% of the total surface area),
respectively. In addition, all surfaces of Li2MnO3 with lowMiller
indices (Miller indices #1) have relative low surface energies,
except for the (101) and (100) surfaces.

It is difficult to develop a good correlation between the grain
morphology and the synthesis environment simply based on
a traditional bond energy model, which does not take into
account the synthesis environment (gas conditions, synthesis
temperature, and reactant concentration). Here, the thermo-
dynamic stability of the different terminals on the low Miller
index surfaces (including (100), (010), (001), (110), (101), (10�1),
This journal is © The Royal Society of Chemistry 2024
(011), (111), and (111�)) and (131) are investigated based on the
surface energy from the bond energy model and the linear
regression analysis. Consequently, the grain morphologies of
Li2MnO3 are obtained at various reaction temperatures and
reactant concentrations under air (all terminal structures and
their naming convention are described in Section S4†).

The changes in surface energy of Li2MnO3 are calculated
according to Section 2.2 with different temperatures and
different chemical potentials of Li and Mn. The corresponding
surface energies are shown in Fig. S11.† It is clear that the (10�1)
and (131) surfaces have low surface energies, in line with the
above expectations. However, the (001) surface has a high
surface energy throughout the typical range of experimental
temperatures and with changes in chemical potentials.

Meanwhile, the (001) surface does not appear in the Wulff
shape, in contrast to the experimental reports.9,17,25,26 Actually,
the lowest energy surface terminals of the (001) surface are (001)
_Li1.5 and (001)_Li0.5Mn1O3 (adjacent surfaces) within the
synthesis temperature range, from a Li-rich concentration to
Mn-rich concentration (cf. Fig. S11†). It is consistent with the
bond energy model results, as (001)_Li1.5 and (001)
_Li0.5Mn1O3 have the same bond density and bond type. The
structures of these two terminals are shown in Fig. 3(a).
Therefore, based on the terminal change under different Li (or
Mn) conditions, stable terminal structures are established on
the (001) surface of Li2MnO3 with different Li defect concen-
trations (the Li defect concentrations of the surfaces are one-
third, one-half, and two-thirds, respectively), as shown in
Fig. 3(b). Meanwhile, the surface energies of the (001) surface
with various terminals (as seen in Fig. S6†), including the Li
J. Mater. Chem. A, 2024, 12, 3722–3733 | 3725
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Fig. 3 (a) The changes in the terminal structures of the (001) surface of Li2MnO3 in the whole synthesis temperature and chemical potential
range. (b) Stable terminal structures of the (001) surface of Li2MnO3 with Li-defect concentrations of one-third, one-half, and two-thirds,
respectively. (c) The surface energy of the (001) surface of Li2MnO3 with different terminals changes with temperature and chemical potential;
the gray shading marks the main experimental temperature window for the synthesis of Li2MnO3.24
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defect terminals, are displayed in Fig. 3(c) as a function of the
main synthesis temperature at different chemical potentials.

As seen from Fig. 3(c), the Li defect-containing terminals on
the (001) surface exhibit low surface energy at the main
synthesis temperatures, with the (001)_STO terminal exhibiting
the lowest surface energy, i.e., only 0.955 J m−2. The (001)_STO,
(10�1)_STO, and (131)_STO terminals have low surface energy
largely due to their stoichiometric ratio. We expect that the
(100), (111�), and (110) surfaces (not generated by pymatgen)
could have low surface energy if they can satisfy the stoichio-
metric ratio. This could be realized by removing or adding
atoms on the terminals. In this study, combined with the above
analysis and the results of Section S5,† the stable terminals of
the (001) and (100) surfaces are determined to be (001)_STO and
(100)_STO. Fig. 4 shows the surface energy changes of the
common surfaces with the experimental synthesis temperature
and the different chemical potentials of Li or Mn, as well as the
Wulff shape of Li2MnO3 in the corresponding environments.

As shown in Fig. 4, the stable terminals on the surfaces of
(001), (10�1), (131), and (101) under air are (001)_STO, (101�)
_STO, (131)_STO, and (101)_STO, respectively. No terminal
transition occurs for these surfaces throughout the synthesis
temperature range at three chemical potential denition points.
Similarly, the (100)_STO terminal is the main stable (100)
surface, whose synthesis temperature is below 1355 K under
three typical chemical potential conditions (as shown in
Fig. S13†). For the other surfaces, different terminals appear
under corresponding chemical potential conditions. As shown
3726 | J. Mater. Chem. A, 2024, 12, 3722–3733
in Fig. 4(a), the terminals of (010)_Li1O1, (011)_STO, (11�1)_Li1,
(110)_Li1.5O1, and (111)_Li are stable at all synthesis temper-
atures under the Li-rich chemical potential condition. However,
as shown in Fig. 4(b), the terminals of (11�1)_Li1, (110)_Li0.5–2,
and (111)_Li1 are stable under the Li&Mn-mid chemical
potential condition, while (010) and (011) show a transition to
Mn-rich terminals with increasing temperature. As shown in
Fig. 4(c), the Mn-rich terminals of (010)_Mn0.5O0.5, (011)
_Mn0.5O0.5, (11�1)_Mn0.5O0.5, and (110)_Li0.5Mn1O2 are
stable under the Mn-rich chemical potential condition at all
synthesis temperatures. Under this chemical potential condi-
tion, the surface of (111) changes from the (111)_STO terminal
to the (111)_Mn0.5O0.5 terminal with the increase in synthesis
temperature.

It is also evident from the analysis of Fig. 4 that the surface
energy of Li&O-rich terminals increases as temperature rises.
However, the surface energy of the Li-rich and Mn-rich termi-
nals shows an opposite trend with respect to the temperature.
In addition, when analyzing the Wulff shapes at different
temperatures, shown in Fig. 4, it is interesting that only seven
surfaces appear out of the ten studied surfaces. Due to their
relatively high surface energy, the surfaces of (100), (101), and
(011) are barely visible. Meanwhile, different terminals of the
(010) surface appear under Li-rich or Mn-rich chemical poten-
tial conditions, and its surface area changes as the temperature
increases. The changes in the surface area fraction with
temperature under three typical chemical potential conditions,
determined by the Wulff theory, are shown in Fig. 5.
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The surface energy change of the stable surfaces of Li2MnO3 at different temperatures and different chemical potentials of Li and Mn ((a)
Li-rich, (b) Li&Mn-mid, and (c) Mn-rich), as well as the corresponding Wulff shapes. The regions marked with gray shadows represent the main
experimental temperature window for the synthesis of Li2MnO3.24
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From Fig. 5, we notice that the total area fractions of the STO-
terminated (131), (10�1), and (001) surfaces show a decreasing
trend as the temperature increases. Moreover, the fraction of
STO-terminals in the total surface area rst increases and then
decreases as the synthesis environment of the system transi-
tions from Li-rich to Mn-rich conditions. When the synthesis
environments are Li&Mn-mid and Mn-rich, the surface fraction
of STO-terminals can reach at least 70%, but it is difficult to
exceed 40% under Li-rich conditions. From Fig. 5(a), it can be
seen that the (131) and (11�1) surfaces are the main surfaces
under Li-rich conditions at all synthesis temperatures. For the
(111) and (11�1) surfaces, the area fraction increases with
increasing temperature, while a downward trend in area is
observed for the other surfaces. In particular, when the
temperature exceeds 1000 K, the surfaces of (010) and (101�)
This journal is © The Royal Society of Chemistry 2024
almost disappear. As shown in Fig. 5(b), the surface area frac-
tion of (111), (110), and (11�1) increases with increasing
temperature under the Li&Mn-mid condition. The area fraction
of the (001) surface remains almost unchanged. It can be seen
from Fig. 5(c) that in the case of the Mn-rich state, the surface
area fractions of the (11�1) and (010) surfaces increase with
increasing temperature. For the (110) and (001) surfaces, their
area fraction remains stable with an increase in temperature.
3.3 Properties of the surface and surface inuence zone (SIZ)
of Li2MnO3

From the analysis of the results in Section 3.2, 11 terminals of
the seven surfaces exist stably as the surfaces of the Li2MnO3

grain. Therefore, the performances of these 11 terminals are
J. Mater. Chem. A, 2024, 12, 3722–3733 | 3727
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Fig. 5 The percentage of surface area vs. the main synthesis
temperature under (a) Li-rich, (b) Li&Mn-mid, and (c) Mn-rich condi-
tions. The enriched elements in the non-STO surfaces are denoted
following their surface indices.
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investigated and compared below. The surface inuence zones
(SIZs) of these terminals are considered with a thickness (d) of 3
or 5 Å, based on the results of Section S6† and considering the
computing resources. The schematic diagram of the surface
inuence zone is shown in Fig. 6(a). It should be noted that with
the extraction of Li ions on the Li2MnO3 surface, O ions form
oxygen on the system surface and surface reconstruction occurs
according to earlier research.6,9,14,27 Therefore, the scope of this
study is mainly limited to the period prior to the initial stage of
oxygen release. In this section, we focus on the conductivity
characteristics and theoretical average charge voltage of the
different surfaces and terminals, as well as the oxygen evolution
properties on the different surfaces and terminals. Finally, the
oxygen evolution characteristics of each terminal are scored and
3728 | J. Mater. Chem. A, 2024, 12, 3722–3733
compared. The detailed research and calculation results are
shown in Fig. 6(b–f). Of note, the black dashed lines in Fig. 6(b)
and (c) represent the calculated values for the band gap and the
average platform of the bulk structure, respectively, which are in
agreement with the results of the experiments.6,55

Firstly, the electrochemical characteristics of different
surfaces and terminals of Li2MnO3 are discussed as follows.
From Fig. 6(b), in addition to the (110) surface exhibiting
conductor properties, the band gap values of the (111), (11�1),
(101�), (010), and (131) surfaces are also smaller than those of the
bulk structure (the corresponding density of states for different
surfaces and terminals of Li2MnO3, as well as the bulk struc-
ture, can be found in Fig. S16†). Meanwhile, the terminal of
(111)_Li1 has the lowest discharge platform (cf. Section S7†) as
shown in Fig. 6(c), indicating that this surface is the rst to
extract Li ions during the charging process. Except for the (001)
surface, the discharge voltages of all other surfaces are lower
than that of the bulk structure. Combining Fig. 6(b) and (c), the
band gap value and voltage platform of the (001)_STO terminal
are 1.73 eV and 4.67 V, respectively, which are higher than the
1.65 eV and 4.5 V of the bulk Li2MnO3 structure. This indicates
that (001)_STO has poor conductivity and acts as an inert
surface during the charging process.

Secondly, the oxygen evolution properties (as seen in Section
S8†) at the different surfaces and terminals are discussed below.
The terminal of (010)_Mn0.5O0.5 has the lowest Li-ion residual
rate of only 20% (cf. Fig. 6(d)), indicating that it has good oxygen
evolution prevention properties. In comparison, the (110)
_Li1.5O1 and (010)_Li1O1 terminals exhibit the worst lithium
ion residual rate of up to 83.3%, indicating that they have poor
oxygen evolution inhibition properties. Overall, Mn&O-rich
terminals can effectively inhibit the evolution of oxygen, fol-
lowed by Li-rich and STO terminals, while Li&O-rich terminals
exhibit the worst oxygen inhibition properties. In addition,
Fig. 6(e) shows that the surfaces of (10�1), (001), and (131), which
satisfy the stoichiometric relationship, have a low number of
released oxygen molecules per unit area, while the surfaces of
(010), (110), and (111�) exhibit the opposite situation, and the
surface of (111) is intermediate between the others.

Finally, to facilitate the description of the oxygen release
properties of each terminal, we attempt to evaluate the oxygen
activity of each surface based on the residual oxygen ion
concentration and the number of oxygenmolecules released per
unit area by each terminal. The scoring criteria are as follows:

SSP ¼
�
1

2

�
Omin

vc

Ovc
i

�
þ 1

2

�
Livc

i

Limax
vc

��
� 100 (15)

Here, SSP stands for the score of oxygen release properties of
different terminals. Omin

vc is the minimum value for all different
surfaces and terminals at the initial stage of oxygen release per
unit area. Limax

vc is the maximum concentration of Li vacancies
for all different surfaces and terminals with the initial oxygen
release. Ovc

i and Livc
i are the values of oxygen release per unit

area and the concentration of Li vacancies in surface i, respec-
tively, at the initial stage of oxygen release. The values of SSP are
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d3ta06692d


Fig. 6 (a) The schematic diagram of surface influence zone (SIZ). (b) The band gaps of different surfaces and terminals. (c) The theoretical
average charging voltages of different surfaces and terminals in the SIZ. (d) The Li-ion concentrations at the initial stage of the oxygen release in
the SIZ for different surfaces and terminals. (e) The numbers of oxygenmolecules per unit area at initial stage of the oxygen release from different
surfaces and terminals. (f) The scores of oxygen evolution inhibition at different surfaces and terminals.
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shown in Fig. 6(f). It shows that the terminal of (010)
_Mn0.5O0.5 has the best surface oxygen suppression perfor-
mance, followed by terminals (10�1), (001), and (131), which
meet stoichiometric ratios. However, the terminals of (110)
_Li1.5O1 and (010)_Li1O1 exhibit the worst oxygen suppression
characteristics.

In order to explain the difference in the oxygen release
suppression effect for the various terminals, the density of
states (DOS, cf. Fig. 7) of O ions at different terminals and the p-
band center (Ep) are investigated. The formula of Ep is expressed
as below (here rp(E) repersents the density of states):

Ep ¼
ÐþN

�N ErpðEÞdEÐþN

�N rpðEÞdE
(16)

The Mn&O-rich terminals are advantageous for inhibiting
oxygen evolution. As shown in Fig. 7(a), they have a low p-band
center of the O ions, indicating that the electrons of the O ions
occupy a low electronic energy level. Therefore, during the
charging process, it is more difficult to oxidize the−2 charges of
the O ions to −m (m < 2) valence O ions. This effectively inhibits
the evolution of oxygen. However, for Li&O-rich terminals, the
inhibition of oxygen release is poor. The p-band centers of the O
ions have high values (as seen in Fig. 7(b)), indicating that the
This journal is © The Royal Society of Chemistry 2024
electrons of the O ions occupy higher energy levels in these
systems. This allows them to lose electrons more easily during
the lithium removal process. Similarly, the ability of the other
terminals to suppress oxygen evolution is consistent with the
position of their O ions’ p-band center.

The different terminals have different p-band centers of O
ions. This is mainly due to the coordination number of Mn ions
around the surface O ions. According to Fig. S16,† the electrons
of Mn ions mainly occupy lower energy levels with respect to
those of O ions. Similarly, the electrons provided by Mn ions to
O2− ions also occupy low energy levels, so the p-band center of
the O ions is reduced with more Mn–O bonds. For example, in
Mn&O-rich terminals, the O ions have low p-band centers due to
their high Mn-ion coordination numbers. However, in Li&O-
rich terminals, there are the high p-band centers for their O
ions due to the small number of Mn ions surrounding the O
ions. Furthermore, according to the Mn–O bond strength from
Section S3† and the integrated crystal orbital Hamilton pop-
ulation (ICOHP)56,57 of Mn–O in Section S6,† we nd that the
Mn–O bond has a higher bond strength compared to the Li–O
bond. This is benecial for preventing the evolution of oxygen.

The Hirshfeld-I charge58–60 differences (relative to the bulk
structure) of the initially released O ions and their surrounding
Mn ions, at different Li-ion concentrations and for the different
surfaces and terminals, are also shown in Fig. 7. Here,
J. Mater. Chem. A, 2024, 12, 3722–3733 | 3729

https://doi.org/10.1039/d3ta06692d


Fig. 7 The density of states of O ions for different terminals (a)–(d) as
shown in the plots, as well as the Hirshfeld-I charge difference of the
initially released O ions and their surrounding Mn ions relative to the
bulk structure at different Li-ion concentrations. (The black and red
dotted lines represent the Fermi energy level and the bulk structure of
the O ion p-band center, respectively, and the other colored dotted
lines represent the p-band centers of different terminal O ions. The x
values in the right column are the concentrations of Li ions for the
complete structure and the initial stage of oxygen release,
respectively.)

Table 2 The values of nLi, nMn, HS, HB, and DC (in e)

Terminal nLi nMn HS HB DC

(110)_Li0.5Mn1O2 1 2 −1.004 −0.783 −0.221
(11�1)_Mn0.5O0.5 1 2 −1.001 −0.783 −0.218
(010)_Mn0.5O0.5 2 2 −1.131 −0.955 −0.176
(110)_Li1.5O1 3 1 −1.229 −0.820 −0.409
(010)_Li1O1 3 1 −0.987 −0.820 −0.167
(10�1)_STO 4 1 −1.387 −0.992 −0.395
(001)_STO 3 2 −1.340 −1.126 −0.214
(131)_STO 4 1 −1.382 −0.992 −0.390
(111)_Li1 4 1 −1.619 −0.992 −0.627
(110)_Li0.5–2 3 1 −1.334 −0.820 −0.514
(11�1)_Li1 4 1 −1.602 −0.992 −0.610
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a negative value indicates electron accumulation, while a posi-
tive value indicates electron depletion. Note that the average
Hirshfeld-I charge values of Li, Mn, and O are +1.029, +1.836,
and −1.298, respectively, under the bulk structure conditions.
This implies that electrons dissipate from the surfaces of the O
ions when Li ions are extracted. However, for the Mn ions,
during the process of Li-ion removal, except for the surface Mn
ions, which exhibit a slight electron loss, almost all of the
subsurface Mn ions gain electrons instead. This situation
indicates that the charge compensation at the surfaces of the
system during the charging process is mainly by O ions and the
participation of Mn ions is very limited.61

Moreover, compared with the Hirshfeld-I charges of O ions
in the bulk structure, the initially released O ions exhibit charge
loss at the Mn&O-rich terminals and the Li&O-rich terminals,
3730 | J. Mater. Chem. A, 2024, 12, 3722–3733
while the STO terminals and the Li-rich terminals gain elec-
trons. To clarify this issue, the values of the Hirshfeld-I charges
of the initially released O ions (HS) are listed in Table 2.
Meanwhile, the coordination numbers of the Li ions (nLi) and
Mn ions (nMn) around them are also listed. Additionally, Table 2
shows the number of Hirshfeld-I charges (HB) obtained by the O
ion in the bulk structure under these coordination conditions,
as well as the difference DC between HS and HB. From Fig. 7 and
Table 2, it is clear that the electron loss is mainly due to the fact
that the O ions are not fully coordinated at the surface. There-
fore, the number of electrons obtained is less than that in the
bulk structure. However, the gain of electrons is mainly due to
the fact that the Li or Mn ions on the surface have not reached
a fully coordinated state (as seen in Section S9†). Their large
number of unpaired electrons are redistributed around the O
ions. In summary, the number of coordinated O ions on the
surface and the redistribution of unpaired electrons are
different for any surface. Therefore, the O ions at different
terminals have different Hirshfeld-I charge numbers.
3.4 Explanation of the grain morphology of Li2MnO3

Experimental studies have shown that Li2MnO3 exhibits a dish-
shape grain morphology, growing preferentially along the (001)
surface.17,26 In general, the grains grow preferentially along the
surface that has a low surface energy, which has the advantage of
mitigating the total energy increase caused by the increase in
system surface area. When the grains grow perpendicular to the
surface, different terminals of the surface occur cyclically during
the growth process. Therefore, the smaller difference in terminal
energies is advantageous for rapid growth perpendicular to the
surface direction. From Section S10,† it is clear that the different
terminals of the (001) surface have a very high energy difference
(the minimum value is 3.867 J m−2) throughout the synthesis
temperature range at the different chemical potentials. However,
for other common surfaces of Li2MnO3 grains, the energy
difference is low (the maximum value is 2.247 J m−2), which
enables rapid grain growth. Accordingly, the surface energy of
the (001)_STO terminal of Li2MnO3 is only 0.995 J m−2 (the
minimum surface energy of common surfaces is 0.873 J m−2).
This low surface energy does not increase the total surface
energy with the increase in the surface area of the system. Based
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 The sketched growth process of the Li2MnO3 grain morphology.
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on the above analysis, the growth process of the Li2MnO3 grain
morphology is shown in Fig. 8.

As shown in Fig. 8, Li2MnO3 starts to nucleate at the begin-
ning of the reaction according to the Wulff theory. At this time,
the surface energy of the (001) surface is not sufficient to make it
the dominant surface. In the subsequent grain growth process,
it is difficult for Li2MnO3 to grow rapidly along the [001]
direction because of the high barrier. However, when other
surfaces with an angle to the (001) surface form, the grains grow
rapidly in the direction perpendicular to these surfaces due to
the low energy barrier. At the same time, the (001)_STO
terminal, with its large surface area, is also stable due to its low
surface energy. Thus, when the reaction is completed, the grain
morphology takes the form of a dish-shape.

4 Conclusions

In summary, we have systematically investigated the surface
stability, the electrochemical properties of the stable surfaces,
the oxygen evolution properties of the stable surfaces, and grain
morphology of Li2MnO3 via rst-principles calculations. It is
demonstrated that the defect-containing (001) surface of
Li2MnO3 satises the stoichiometric relationship in terms of
surface stability under air and in the main experimental
temperature range of the synthesis. The terminals satisfying the
stoichiometric ratio, (001)_STO, (131)_STO, and (10�1)_STO,
exhibit low surface energies. With increasing temperature, the
area percentage of surfaces satisfying the stoichiometric ratio
(STO terminals) decreases, while the area percentage of the
dominant (111�) surface increases. The crystal surface changes
from a Li-rich shell to a Mn-rich shell as the Mn content
increases. In terms of electrochemical properties, all the other
surfaces exhibit good electrochemical properties, except for the
poor charge voltage and conductivity of the (001)_STO terminal
This journal is © The Royal Society of Chemistry 2024
compared to the bulk structure. The differences in the inhibi-
tion performance of oxygen release during the Li-ion removal
process for the different surfaces are mainly due to the position
of the O ion p-band center and the stronger Mn–O bond
strength. The (010)_Mn0.5O0.5, (001)_STO, (101�)_STO, and
(131)_STO terminals show a better inhibition of oxygen release
under the adopted evaluation criteria. In addition, the low
surface energy of the (001) surface and its high energy barrier
between the different terminals are critical to the dish-shape
appearance of the grain morphology. This understanding of
the surface evolution may further promote Li2MnO3 as
a cathode material for high-energy-density Li-ion batteries.
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