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ABSTRACT: Li2MnO3 has garnered significant interest as a potential cathode
material due to its high electrochemical capacity, cost-effectiveness, and eco-
friendliness. Nonetheless, its practical utilization is hindered by structural
deterioration, which results in rapid capacity and voltage decay during cycling. To
mitigate these challenges, cationic dopants have been incorporated to minimize
structural collapse and enhance cathode material performance. Consequently, there is
a strong desire to identify novel doped configurations as a remedial strategy for
optimizing Li2MnO3 properties. In this study, the stability of the Li2Mn1−xTMxO3
system (TM = Ni, Co, Cr, Ru) was explored using cluster expansion and Monte
Carlo simulations. By employing cluster expansion, binary ground state diagrams
were generated, revealing 73, 65, 90, and 83 newly stable phases in Li2Mn1−xNixO3,
Li2Mn1−xCoxO3, Li2Mn1−xCrxO3, and Li2Mn1−xRuxO3, respectively. The outcomes
indicated that Li2Mn0.83Ni0.17O3, Li2Mn0.5Co0.5O3, Li2Mn0.5Cr0.5O3, and
Li2Mn0.5Ru0.5O3 represent the most stable doped phases within the Li2MnO3 system. The application of Monte Carlo simulations
enabled the assessment of high-temperature characteristics across the entire range of TM concentrations (0 ≤ x ≤ 1), facilitating the
construction of phase diagrams. The Li2Mn1−xNixO3, Li2Mn1−xCoxO3, Li2Mn1−xCrxO3, and Li2Mn1−xRuxO3 systems exhibited
favorable mixing at temperatures of 850, 700, 1700, and 1300 K, respectively. These discoveries present a clear trajectory for
optimizing the properties of Li2MnO3, offering valuable insights into conceptualizing innovative cathode materials characterized by
enhanced stability and performance.

1. INTRODUCTION
Cluster expansion (CE) is a well-established technique
extensively employed to investigate the properties that depend

on the arrangement of components in alloyed systems.1−7 The
essence of CE is to depict the properties of systems that vary
based on configuration by expressing them as a summation of
bonds. In CE, these bonds are denoted as clusters, and the

relationship between properties and configuration is estab-
lished by summing cluster functions, with coefficients
represented as effective cluster interactions (ECIs).1 This
representation is theoretically precise when accounting for all
potential clusters, but this approach becomes unfeasible due to
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Figure 1. Crystalline structure of layered Li2MnO3.

Table 1. Equilibrium Lattice Parameters and Heats of
Formation of Bulk Li2MnO3

structure lattice parameters (Å) ΔHf (eV) volume (Å3)

this work exp49

Li2MnO3 a = 4.984 4.937 −9.063 11.415
b = 8.612 8.532
c = 5.065 5.030
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its impracticality. In practice, cluster sets are truncated, and CE
yields the same outcome. This study mainly focuses on the
total energy of Li2Mn1−xTMxO3 (0 ≤ x ≤ 1) occupation
configurations in their relaxed structures. With a selected set of
clusters, ECIs are typically determined by adjusting the
energies of various configurations calculated using density
functional theory techniques.
The continued interest in the CE method underscores its

methodological complexity and ongoing relevance,8−10 partic-
ularly in light of the resurgence of machine learning (ML)
techniques.11 A primary challenge faced by researchers across
various statistical learning problems, including materials
research, is the creation of accurate, unbiased, and low-
variance models with limited data sets, often derived from
computationally intensive first-principles calculations.12 While
traditional methods like ordinary least-squares regression have
their merits, they often fall short, necessitating the develop-
ment of sophisticated strategies to address issues such as model
selection and systematic training set generation.13−17

In addition to employing predictive techniques common in
ML, it is crucial to establish criteria for evaluating the accuracy
of fitting, which ultimately aids in selecting the most suitable
model. Model selection essentially becomes a form of statistical
algorithm selection. One widely used strategy for this purpose
is cross-validation (CV). The fundamental concept of CV
involves dividing the data into segments, allowing for the
estimation of the performance of each algorithm: a portion of
the data (the training sample) is utilized to train each
algorithm, while the remainder (the validation sample) is used
to assess the algorithm’s performance. Subsequently, CV
identifies the algorithm with the lowest estimated risk. Various
approaches to CV scoring exist, such as k-fold CV, leave-one-
out validation, leave-p-out, balanced incomplete CV, Monte
Carlo (MC) CV, and bias-corrected leave-one-out bootstrap,
among others. Detailed discussions on CV procedures are
available in the literature.18 In the context of this study, the
leave-many-out approach of CV scoring is employed to
evaluate how well the energies of structures within a given
training set compare to one another in a CE19,20

Researchers are increasingly leveraging data-driven ML
techniques to drive the discovery and design of novel materials
with superior properties,21 leveraging the abundance of
materials data available in databases like materials project,22

AFLOWlib,23 and Open Quantum Materials Database.24

However, constructing precise ML models poses significant
challenges due to the complex nature of material problems and
model sensitivity to hyperparameters. In response, automated
machine learning has emerged as a promising avenue, with
innovations like Auto-MatRegressor25 specifically tailored for
materials property prediction. This approach streamlines
model construction through meta-learning, collaborative
recommendation, and hyperparameter optimization, enhancing
usability and reliability in materials research.
In materials science, generative artificial intelligence (GAI)

presents both opportunities and challenges. Ensuring high-
quality data representation and effective integration of domain
knowledge is essential for improving data quality and aligning
generated samples with scientific principles. Moreover,
enhancing the generalization ability of GAI models, improving
interpretability and credibility, streamlining usability, and
addressing security vulnerabilities are crucial steps toward
safeguarding GAI models’ integrity and reliability in materials
science applications.26

In materials science, CE is often applied to pipelining
calculation models that aim to estimate the materials’
properties. It is usually used by combining first-principles
calculations and MC simulations to investigate materials’
thermodynamics and kinetics. This approach employs super-
cells containing millions of atoms to closely approximate
reality.27 The early application of CE was by Sanchez and de
Fontaine28 to predict ordered superstructures in metallic
alloys, in which they investigated the impact of configurational
entropy in binary alloys. de Fontaine used the CE method to
construct the phase diagram of Ti−Rh and the O-order phase
diagram of YBauCuO. A study by van der Ven29 employed the
CE formalism to characterize the configurational dependence
of activation barriers and analyze the lithium diffusion
mechanisms in Li−Co−O systems. Their findings indicated
that in LixCoO2, Li diffusion was facilitated by pairs of
vacancies at all Li concentrations. Additionally, they projected
significant variations in diffusion coefficients with Li
concentration due to a pronounced concentration-dependent
activation barrier. Arroyo-de Dompablo30 constructed a phase
diagram of the LixNiO2 system using FP-MC calculations,
wherein energy dependence of the Li-vacancy configurational
disorder was parametrized using the CE. This study revealed
distinct behavior between LixNiO2 and LixCoO2, despite
having the same host structures and similar ionic radii for Ni
and Co. Yang et al. employed FPMC to explore the
arrangement of LixLa(1−x)/3NbO3, a site-deficient perovskite
material that exhibits structure dependent ionic conductivity.
The study found two plausible modulated systems for the La-
rich layers responsible for lower-than-expected conductivity.31

In the pursuit of higher energy densities for lithium-ion
batteries (LIBs) in various applications, the limited capacity of
current cathode materials remains a constraining factor. This
study will use the CE technique to generate doped Li2MnO3.
The Li2MnO3 is a layered material which has received wide
attention as a potential cathode material due to its superior
capacity, low cost and environmental benignity.32 Although
this layered material is advantageous in terms of commercial
availability, its flaws limit its practical application. The
electrochemical activation process of Li2MnO3 that occurs at
about 4.5 V is accompanied by lattice oxygen redox,
contributing considerable additional capacity. However, the
irreversible free oxygen release and the migration of transition
metal ions lead to reduced Coulombic efficiency and poor
cycle stability, which restricts their viability for widespread
commercial use.33,34 Therefore, it is imperative to modify this
article to address these problems. Different methods have been
contemplated to enhance the structural and electrochemical
aspects of the Li2MnO3 electrode. The doping strategy has
been shown to be the most effective in addressing these issues.
This work selected four transition metals, Ni, Co, Ru and Cr,
for doping Li2MnO3 at the Mn site. Extensive research has
been done on the doping of Ni,35−40 Co,39−41 Ru,38,40,42 and
Cr41,43,44 into LMO. A density functional theory (DFT) + U
study presented by Lanjan et al.39 showed that replacing 50%
Mn with Ni or Co reduces the band gap and consequently
increases the conductivity of Li2Mn0.5TM0.5O3. This study
further demonstrated that introducing these dopants stabilizes
Li2Mn0.5TM0.5O3 by preventing the spontaneous removal of
oxygen during charge/discharge, thus making the material safer
to use. Moreover, a DFT study by Kong et al.45 illustrated that
structures of Li2MnO3 doped with Ni, Ru or Co are
thermodynamically stable with positive heats of formation.
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Additionally, they observed that Ni and Ru doping not only
curbs the formation of electron polarons but also enhances
conductivity. Mori et al.46 introduced Ru to Li2MnO3. They
observed that Li2Mn0.4Ru0.6O3 exhibited an initial cycle
discharge capacity of 192 mAh/g and retained approximately
88% of the primal capacity after 10 cycles at 0.1 C. Exploring
various transition metal elements for dopants to substitute
some Mn ions, Kim et al.47 found that substituting 1% of Mn
ions with Cr in Li2MnO3 resulted in a significantly elevated
initial discharge capacity of 234.9 mAh/g, surpassing the
pristine material. However, the capacity retention ratio was
only 72% after 10 cycles at a lower current density of 0.05 C.
In an experimental study involving Ni doping conducted by
Lee’s group,37 redox reactions and prolonged cycling with
reduced voltage decay were observed. These literature findings
demonstrate a significant gap in exploring all of the possible
combinations for a wide range of TM-doped structures and
effectively attaining thermodynamically stable phases. Having

established doping Li2MnO3 with transition metals appears to
be the most effective strategy, opening room for a thorough
exploration of this doped cathode materials. As such, the
current work employs state-of-the-art ML techniques to
generate new thermodynamically stable phases with varying
symmetries and concentrations as a corrective measure to
address the challenges encountered with pristine Li2MnO3.
MC simulations will explore the thermodynamic behavior
based on the output CE models. Furthermore, X-ray diffraction
(XRD) analysis will be employed to characterize the most
stable phases. While this paper focused on the application of
the CE method to analyze the properties of Li2Mn1−xTMxO3
materials, future research will explore the complementary
approach of group-subgroup transformation.48 The group-
subgroup transformation method involves reducing the
symmetry of the parent structure to generate possible ordered
phases of electrolytes or electrodes with variable concen-
trations of mobile ions. By employing lattice transformation

Figure 2. Binary diagrams of Li2Mn1−xTMxO3 where TM is (a) Ni, (b) Co, (c) Cr, and (d) Ru.

Figure 3. Structures of Li2Mn1−xNixO3 along the red ground state diagram.
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and Wyckoff-position splitting, the group-subgroup trans-
formation method allows for the formulation of ordered
phases and the determination of stable ordered ground states.
Investigating this method will provide further insights into
predicting ordered phases in rechargeable battery materials,
expanding upon the findings presented in this study.
The structure of Li2MnO3 is described by space group C2/m

in a monoclinic cell, as shown in Figure 1. The lattice
parameters of the system used in this study and the
experimental values are listed in Table 1. The lithium ions

occupy the 2b (0, 1/2, 0), 2c (0, 0, 1/2), and 4h (0, 0.6606, 1/
2) sites, the manganese ions the 4g (0, 0.16708, 0) site, and the
oxygen ions the 4i (0.2189, 0, 0.2273) and 8j (0.2540, 0.32119,
0.2233) sites. It has an O3-type structure, which can be
redefined as Li[Li1/3Mn2/3]O2. The transitional metal layer
comprises monovalent lithium and tetravalent manganese with
Li and Mn ions occupying octahedral sites in a 1:2 ratio. The
lithium and transition metal layers are alternately arranged.49

Table 2. Stable Structures of Li2Mn1−xNixO3 along the Ground State Line

structure space group a (Å) b (Å) c (Å) ΔHf (meV/atom)

Li2NiO3 C2/m 4.866 8.424 4.982 0.0000
Li2Mn0.83Ni0.17O3 C2 9.662 8.587 8.180 −8.467
Li2Mn0.625Ni0.375O3 C2 12.613 8.546 9.883 −7.969
Li2Mn0.25Ni0.75O3 C2/m 4.889 8.478 18.943 −3.694

Figure 4. Structures of Li2Mn1−xCoxO3 along the red ground state diagram.

Table 3. Stable Structures of Li2Mn1−xCoxO3 along the Ground State Line

structure space group a (Å) b (Å) c (Å) ΔHf(meV/atom)

Li2CoO3 C2/m 4.904 8.483 5.007 0.000
Li2Mn0.75 Co0.25O3 C2/c 19.147 8.572 4.967 −49.749
Li2Mn0.67Co0.33O3 P1̅ 9.937 6.448 4.960 −64.622
Li2Mn0.5Co0.5O3 C2/c 9.641 8.528 4.947 −89.870
Li2Mn0.25Co0.75O3 C2/c 9.518 8.515 9.873 −64.446
Li2Mn0.17Co0.83O3 C2 4.967 8.482 5.739 −48.141
Li2Mn0.125Co0.875O3 C2 12.580 8.483 9.820 −38.184

Table 4. Stable Structures of Li2Mn1−xCrxO3 along the Ground State Line

structure space group a (Å) b (Å) c (Å) ΔHf (meV/atom)

Li2CrO3 C2/m 5.063 8.750 5.105 0.000
Li2Mn0.75Cr0.25O3 C2 9.696 8.623 10.006 −42.675
Li2Mn0.67Cr0.33O3 P1̅ 7.686 7.686 5.822 −50.337
Li2Mn0.5Cr0.5O3 P1̅ 8.681 5.073 4.993 −59.859
Li2Mn0.375Cr0.625O3 P1 6.487 7.741 8.657 −47.942
Li2Mn0.33Cr0.67O3 P1̅ 12.669 5.095 4.990 −43.320
Li2Mn0.25Cr0.75O3 P1̅ 8.745 7.745 6.480 −33.698
Li2Mn0.17Cr0.83O3 C2 15.040 8.725 5.085 −22.988
Li2Mn0.125Cr0.875O3 C2 9.726 8.659 10.092 −17.468
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2. RESULTS AND DISCUSSION
This section captures the study results, which aimed to
generate Li2Mn1−xTMxO3 using the CE technique and

subsequently to explore these generated systems at finite
temperatures using MC simulations.
2.1. Ground State Structures of Li2Mn1−xTMxO3. Binary

phase diagrams were generated during the CE of the
predictions of Li2Mn1−xTMxO3 structures, and the diagrams
are presented by plotting their enthalpies of formation versus
the transition metal concentration x. The green squares
represent DFT enthalpies of formation of the training set,
green crosses CE predicted enthalpies of formation of the
training set and gray the CE predicted enthalpies of formation
of all other structures considered by the CE. The most stable
phase is characterized by the lowest enthalpy of formation, and
negative enthalpy implies that the structure can be realistically
achieved through experimental methods. It is essential to
acknowledge that the calculated heat of formation is based on a
temperature of 0 K. However, arrangements with disordered
TM/Mn atoms may acquire stability in an unstable

configuration by introducing mixing entropy and lattice
vibrations at elevated temperatures.
Figure 2 shows a binary ground state diagram of the

Li2Mn1−xTMxO3 system. Illustrated as Figure 2a is the ground
state diagram of Li2Mn1−xNixO3, adapted from previous
work,50 that the system has generated 73 new structures in
the negative and positive heats of formation, the structures are
listed in Table S1 along with their space groups and formulas.
The summary of the iterative optimization progress is shown in
Table S2. The graph additionally demonstrates that the system
favors phases with lower nickel content. The system reaches
greater stability around X = 0.2.
Presented in Figure 2b, the ground state diagram of the

Li2Mn1−xCoxO3 system shows all 65 generated miscible
constituents at T = 0 K, listed in Table S3; that is, all phases
are in the negative heats of formation. The iterative process is
summarized in Table S4, the fifth column stayed vacant,
indicating that the model did not transition to a state of
miscibility gap, and the optimization process using CE
concluded successfully with a CV score of 1.6 meV/pos. The
most stable structure configuration is located at x = 0.5.
Figure 2c presents a binary ground state diagram of the

Li2Mn1−xCrxO3 system. The CE generated 90 phases listed in
Table S5, of which 10 are on the ground state diagram. The
diagram further illustrates that the most stable configuration is
also at x = 0.5. As indicated in Table S6, the CE reached
convergence with a CV score of 16.0 meV per atomic position.
Lastly, the binary ground state diagram of Li2Mn1−xRuxO3 in

Figure 2d produced 83 new structures, from which only 4
structures are on the DFT ground-state line. The structures are
shown in Table S7. The most stable phase is identified at x =
0.5. As depicted in Table S8, the optimization of the CE
concluded successfully, achieving a CV score of 8.5 meV per
position in the final iteration. These diagrams collectively offer
valuable insights into the thermodynamic stability and
structural configurations of the Li2Mn1−xTMxO3 system across
various transition metal concentrations.
2.1.1. Structural Properties of Stable Li2Mn1−xTMxO3

Phases along the Ground State Line. As mentioned, the
most important structures lie along the ground state line. The
structures of Li2Mn1−xNixO3 that are on the ground state line
are shown in Figure 3, and their properties are listed in Table
2. CE predicted Li2Mn0.83Ni0.17O3 with space group C2 as the

Figure 5. Structures of Li2Mn1−xCrxO3 along the red ground state diagram.

Table 5. Stable Structures of Li2Mn1−xRuxO3 along the
Ground State Line

structure
space
group a (Å) b (Å) c (Å)

ΔHf
(eV/atom)

Li2RuO3 C2/m 5.214 8.379 5.258 0.000
Li2Mn0.5Ru0.5O3 P1̅ 5.910 7.753 4.955 −57.545
Li2Mn0.33Ru0.67O3 P1̅ 5.925 11.415 4.884 −43.760

Figure 6. Structures of Li2Mn1−xRuxO3 along the red ground state
diagram.
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most thermodynamically stable structure, with the lowest heat
of formation.
In Figure 4, all 8 structures of Li2Mn1−xCoxO3 along the

ground state line are presented. The monoclinic structure
Li2Mn0.5Co0.5O3, characterized by the space group C2/c, was
identified as the most thermodynamically stable among them.
A detailed listing of the properties of these phases can be found
in Table 3.
Table 4 lists all the phases along the ground state line and

their respective formation energies. The structures of these
phases are visually depicted in Figure 5. The most stable phase
is triclinic Li2Mn0.5Cr0.5O3 with space group P1̅.
Table 5 presents the most stable structures, their space

groups, and their formation energies. The most stable phase
was triclinic Li2Mn0.5Ru0.5O3 with space group P1̅ the
structures are shown in Figure 6.
2.2. Thermodynamic Properties. 2.2.1. Temperature

Profiles. In this section, we delve into the high-temperature
properties of the studied systems, employing MC simulations
based on the Metropolis algorithm.51 MC simulations serve as
a powerful tool for probing the thermodynamic and kinetic
properties of materials with a specific focus in this study on the
analysis of phase transitions and phase diagrams. The code
performs simulations within either the canonical or the grand
canonical ensemble. The canonical ensemble was chosen for
the MC simulation of the Li2Mn1−xTMxO3 systems. The
decision to employ the canonical ensemble in the MC
simulation of the Li2Mn1−xTMxO3 systems was driven by the
systems’ nature. These systems were considered closed,
meaning they had a fixed and predetermined number of
particles. All the systems used periodic cells with 12,000 atoms.
The temperature was varied from 0 to 3500 K for all the
systems. Temperature profiles for Li2Mn1−xNixO3,
Li2Mn1−xCoxO3, Li2Mn1−xCrxO3, and Li2Mn1−xRuxO3 showing

phase changes across different concentrations are shown
below.
Figure 7 illustrates the changes in energies per atom and the

corresponding level of inversion within Li2Mn0.5TM0.5O3
configurations over a temperature range spanning from 0 to
3500 K. These variations were determined through MC
simulation. The diagram also presents snapshots of the
structures generated at different temperatures. The energy
gap between these configurations consistently widens as
temperature increases, with a sudden reduction in the rate of
this increase occurring around the critical temperature. This
transition coincides with the initiation of reverse inversion.
Below the critical temperature, the introduced TM element
separates to form precipitates, indicating the solubility limits
for Li2MnO3. For visualization purposes, the O and Li were
removed; pink spheres denote the transition metal dopant,
while manganese is represented by green.
2.2.2. Phase Diagrams. In this section, phase diagrams are

computed from concentrations of manganese and TM = Ni,
Co, Cr, and Ru with critical temperatures generated from the
MC interactive temperature versus energy graphs above and
are shown in Figure 8. These phase diagrams can be used to
predict the phase changes in a material after being subjected to
a specific heat treatment process. This holds importance as the
characteristics of the constituents of a material are dictated by
the phases present within the material.
Figure 8a,b,d shows two cooling curves. The phase

separation decreases as the system is cooled. Inside the curves,
the systems are phase separating, and the mixture of two
phases of Li2MnO3 and Li2TMO3 is stable. Beyond the curve,
the stability of single-phase, uniform Li2Mn1−xTMxO3 is
maintained. The temperatures at which mixing occurs are
850, 700, and 1300 K for Li2Mn1−xNixO3, Li2Mn1−xCoxO3, and
Li2Mn1−xRuxO3, respectively. The depiction of the miscibility

Figure 7. Temperature profiles cross sections through the 10 × 10 × 10 MC simulation cells of (a) Li2Mn0.5Ni0.5O3, (b) Li2Mn0.5Co0.5O3, (c)
Li2Mn0.5Cr0.5O3, and (d) Li2Mn0.5Ru0.5O3.
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gap for Li2Mn1−xCrxO3 is presented in Figure 8c. As the
temperature rises, this gap diminishes�the two phases mix at
the highest point of the curve, at 1700 K.
2.3. XRD. The XRD analysis examined the degree of

crystallinity in the phases under investigation. The peak width
observed in the analysis is inversely correlated to the size of the
crystals. A narrower peak indicates larger crystals, while a
broader peak could imply the presence of smaller crystals,
defects, or the potential for the systems to be either amorphous
or solid with imperfect crystalline structures. The XRD
patterns for various Li2Mn1−xTmxO3, systems have been
illustrated in Figure 9a−d. Notably, all systems exhibit well-
defined peaks, indicating a high level of crystallinity within the
phases. All XRDs of Li2TMO3 have weak peaks between 20
and 25° and (001) at ∼20°, consistent with monoclinic C2/m
symmetry. Additionally, splitting peaks around 65° suggest a
layered structure for these systems, a characteristic feature
observed consistently, even in the most stable doped phase.52

3. MATERIALS AND METHODS
In this section, we discuss the method used to generate
Li2Mn1−xTMxO3 and the working scheme of the code used.
3.1. Cluster Expansion. A CE technique53 describes

cluster functions as an orthogonal basis for a multidimensional
space of discrete spin variables. This technique indicates that
an Icing-like Hamiltonian for the energies of various atomic

configurations. For implementing the CE approach, the
Universal Cluster Expansion code (UNCLE)54 was used
owing to its ability to manage most of the activities involved
in calculating the thermodynamic properties of the CE
Hamiltonian. The UNCLE code was to identify the
thermodynamically stable phases of Li2Mn1−xTMxO3 within
the whole range of 0 ≤ x ≤ 1; the UNCLE program is applied
at a series of Mn/TM ratios via the MedeA package. This
method is based on the standard CE formalism coupled with
the ground-state configuration search and the DFT structure
relaxations.1

The code determines stable multicomponent crystal
structures and ranks metastable structures by the enthalpy of
formation while maintaining the predictive power and accuracy
of density functional methods. The ground-state binary phase
diagrams encompassing various structures with different
concentrations and symmetries were generated for transition-
metal-doped Li2MnO3 systems.
The fitting scheme was iterated 10 times for all systems, with

a maximum of 5 structures added in each iteration. The initial
training set consisted of 5 structures. The iterations continued
until the energies predicted by the CE surpassed the energy
computed for the structure on the ground-state line at each
sampled concentration.
3.2. Monte Carlo Simulations. The MC simulations55

were performed under a canonical ensemble using the UNLCE

Figure 8. Constructed phase diagram of (a) Li2Mn1−xNixO3, (b) Li2Mn1−xCoxO3, (c) Li2Mn1−xCrxO3, and (d) Li2Mn1−xRuxO3 using the critical
temperature at different concentrations.
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code for finite temperature studies. The code applied for
studying the thermodynamics properties is a simple Metropolis
algorithm,51 allowing the flipping of Mn and TM atoms in
arbitrary distance mutual with the aim to reach the equilibrium
configurations as fast as possible. The system randomly selects
a pair of Mn and TM atoms and then calculates the energy
difference caused by the exchange of the two atoms. The MC
simulation was used to calculate the coherent phase boundaries
of various phase diagrams. The MC simulations were carried
out for different concentrations x, and the resultant critical
temperature values were used to construct the coherent phase
boundary of the systems. A 10 × 10 × 10 supercell was used
with an initial temperature of 0 K and a final temperature of
3500 K with 100 K increments in a canonical ensemble. The
number of steps to average over was 300,000 steps, and the
convergence accuracy of the energy was set to 0.0001 eV. The
averaging times for the given precision on the average
concentration of the systems were set to 0.1% in the current
simulations.

4. CONCLUSIONS
This work used the CE method combined with MC
simulations to study Li2Mn1−xTMxO3 systems. The CE
generated 73, 65, 90, and 83 new phases of Li2Mn1−xNixO3,

Li2Mn1−xCoxO3, Li2Mn1−xCrxO3, and Li2Mn1−xRuxO3, respec-
tively. The findings predict Li2Mn0.83Ni0.17O3, Li2Mn0.5Co0.5O3,
Li2Mn0.5Cr0.5O3, and Li2Mn0.5Ru0.5O3 as the most thermody-
namically stable phases of doped Li2MnO3. MC simulations
were used to study the systems at finite temperatures, and
phase diagrams were constructed. The Li2Mn1−xNixO3,
Li2Mn1−xCoxO3, Li2Mn1−xCrxO3, and Li2Mn1−xRuxO3 systems
were found to be phase-separating at 0 K, and mixing occurs at
850, 700, 1700, and 1300, respectively. The XRD patterns
confirmed the crystallinity of the phases. These results
highlight the efficacy and utility of combining the CE method
and MC simulations in the exploration of stable multi-
component materials. The predictive power of this approach
offers valuable insights into the thermodynamic stability and
phase behavior of doped Li2MnO3, paving the way for the
discovery and design of novel materials for LIBs.
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