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ABSTRACT: This study reports first-principles predictions as well as
experimental synthesis of manganese oxide nanoparticles under different
conditions. The theoretical part of the work comprised density functional
theory (DFT)-based calculations and first-principles molecular dynamics
(MD) simulations. The extensive research efforts and the current challenges

in enhancing the performance of the lithium-ion battery (LIB) provided mmmm
motivation to explore the potential of these materials for use as an anode in s::;i’tyy
the battery. The structural analysis of the synthesized samples carried out e
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using X-ray diffraction (XRD) confirmed the tetragonal structure of Mn;0, ;ﬂ,‘ﬁﬂ; Diffusion
on heating at 450 and 550 °C and the cubic structure of Mn,O; on heating ey | | S
at 650 °C. The structures are found in the form of nanoparticles at 450 and c?::‘f‘;lf;: B i inge . fimal,

550 °C, but at 650 °C, the material appeared in the form of a nanoporous e
structure. Further, we investigated the electrochemical functionality of

Mn,0; and Mn;0, as anode materials for utilization in LIBs via MD simulations. Based on the investigations of their electrical,
structural, diffusion, and storage behavior, the anodic character of Mn,0; and Mn;0, is predicted. The findings indicated that 10
lithium atoms adsorb on Mn,0O;, whereas S lithium atoms adsorb on Mn;O, when saturation is taken into account. The storage
capacities of Mn,0; and Mn;O, are estimated to be 1697 and 585 mAh g™, respectively. The maximum value of lithium insertion
voltage per Li in Mn,0; is 0.93 and 0.22 V in Mn;O,. Further, the diffusion coefficient values are found as 2.69 X 107 and 2.65 X
1079 m? s7! for Mn,O; and Mn;0,, respectively, at 300 K. The climbing image nudged elastic band method (CI-NEB) was
implemented, which revealed activation energy barriers of Li as 0.30 and 0.7S eV for Mn,0; and Mn;0,, respectively. The findings
of the work revealed high specific capacity, low Li diffusion energy barrier, and low open circuit voltage for the Mn,O3-based anode
for use in LIBs.
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1. INTRODUCTION during lithium intercalation/deintercalation, leading to subpar
cyclic performance of the battery.®

The inferior performance of current LIBs and future
technological requirements demand the fabrication of
economical and high storage capacity batteries. The research
efforts in this regard produced favorable outcomes in the form
of graphite-alternate electrodes such as silicon, germanium, tin,
and carbon nanotubes. The batteries comprising such materials
face issues related to capacity fading, structural stability,
volume expansion, and thermal management during charging
and discharging.””” The improved electrochemical perform-
ance of these materials has been attributed to hollow-shaped
nanomaterials with unique properties.'” The hollow nano-

There have been unprecedented research efforts to produce
efficient and sustainable energy devices in the recent past. The
anticipated large-scale utilization of electric vehicles in the near
future demands lightweight, low-cost, high energy density, and
efficient energy storage devices. Lithium-ion batteries (LIBs)
have been among the best-known solutions in this regard to
meet the impending issues of energy crises, depletion of
nonrenewable fuels, environmental degradation due to conven-
tional batteries, and rising demand for clean energy. Despite
remarkable successes including reasonably high energy density,
long life cycle, and good rate capability, the research efforts to
improve the performance of LIBs are still at the heart of
research related to energy devices.”” Graphite is the most

commonly used anode material employed in LIBs that offers a Received: ~September 11, 2023
theoretical capacity of 372 mAh g '.»* The utilization of Revised:  December 13, 2023
nanostructured materials for use as electrodes in LIBs has been Accepted:  December 15, 2023

extensively investigated in the recent past.” However, these Published: January 3, 2024

materials have been found suffering from structural degrada-

tion, low electrical conductivity, and significant volume change
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structure can improve the properties of lithium storage by
allowing a significantly reduced diffusion path for lithium ions
by increasing the electrode’s area of contact for Li intercalation
and deintercalation. Further, it provides additional free volume
to reduce structural strain during charge/discharge cycles.'""*

The preparation of new electrode materials based on the
alloying of silicon, phosphorus, and tin has been a strategy to
exhibit higher values of storage capacity. The theoretical
capacities of carbon are 372 and 830 mAh g~', respectively,
while silicon, phosphorus, and tin have extremely high specific
capacities of 4007, 2596, and 959 mAh g~' and very high
volumetric capacities of 9330, 6982, and 7066 mAh cm™,
respectively.”” Many studies have been conducted to prepare
novel electrode materials in the form of nonporous and
nanotube architectures for improving the functioning of LIBs.
The material engineering of nanostructures offers ways to
improve performance by enhancing the rate capability and
storage capacity. In the case of nanostructures, the distance
across which Li* must diffuse in the solid state is reduced,
which encourages the utilization of such materials for
electrodes in LIBs. The low-cost nanoscale materials have
been predicted for use as an anode in order to prepare
economical, ecologically friendly, highly efficient, and func-
tional LIBs."*

The experimental synthesis of ruthenium oxide nanoplates,
followed by ex situ lithiation in line with the theoretical
predictions of these materials, has proven to be beneficial for
conducting meaningful research and gaining a better under-
standing of the complex mechanisms involved."”~"” The
integration of computational and synthesis methodology by
bridging the gap between corresponding theory and exper-
imental schemes has been found helpful in shedding light on
the potential of ruthenium oxide nanoplates as cutting-edge
anode materials. The synergistic approach to simultaneously
utilize the experimental synthesis and first-principles compu-
tations to investigate the lithiation mechanism in W3O, has
been found advantageous.'® This study has been helpful to
shed light on the material’s electrochemical behavior during
charge/discharge cycles by revealing the fundamental inter-
actions between the matrix and lithium ions. Further, the
recent upgradation of computational resources has made
efficient theoretical predictions possible to facilitate the
experimental synthesis of new materials. The synergistic
methods are thus found very helpful in expanding our
knowledge on electrode materials and their utilization in
designing high-performance LIBs.

The nanomaterials have been found to offer exceptionally
high surface energies, which improve their electrochemical,
electronic, and transport properties. It is envisaged that high-
energy-density electrode materials can be created by using
nanomaterials to improve battery performance. This study is
dedicated to exploring the structural, electronic, and transport
properties of Mn,O;- and Mn;O,-based nanomaterials for
application as anodes in LIBs. The study was carried out by
experimentally synthesizing the materials using chemical routes
and density functional theory (DFT)-based first-principles
simulations.

2. METHODOLOGY

The work was carried out using experimental methods (given
in the Supporting Information) and first-principles-based
theoretical strategies in the following.
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The Amsterdam density function (ADF) BAND and DFTB
modules were used to implement all of the density functional
theory (DFT)-based calculations.'* The Perdew—Burke—
Ernzerhof (PBE) functional was used with the generalized
gradient approximation (GGA) to handle exchange—correla-
tion interactions,'® taking into account the van der Waals
interactions in the host materials Mn,0; and Mn;0,, and the
dispersion-corrected Grimme D3 technique was used.'” The
structure is optimized using the quasi-Newton method.” In
order to achieve the optimized geometry of the structures, the
energy convergence threshold was set at 1 X 107> Ha with full
relaxation of atomic positions until the force gradient was less
than 0.02 eV, with a step size of 0.001 eV and 8 K-points. In
order to perform the calculations, the triple zeta-polarized
(TZP) fundamental function from ADF-BAND was used.
Becke fuzzy cell integration and the frozen core approximation
were utilized to set the numerical quality to be good.

The first-principles computations on Mn,O; and Mn;0,
under periodic boundary conditions are described in this study,
beginning with 28 atoms with lattice constants a = b = 5.74 A,
¢ = 9.41 A. To develop zero-dimensional nanostructures, the
initial configuration of the materials was taken from the bulk
structures and then downscaled to obtain the optimized
models. We were able to achieve the targeted nanostructure
while maintaining the structural characteristics and fundamen-
tal properties of the materials. The minimum energy
configurations of these downscaled structures were obtained
using complete geometric optimization, ensuring the accuracy
and stability of the materials for subsequent calculations. This
strategy and the employed computational details provided a
foundation to correctly predict the properties of the prepared
nanostructures.

The nanostructures of Mn,0O; and Mn;O, were then
optimized. In order to find the chemical potential, the metallic
phase of Li with the BCC structure was also optimized. A
single Li atom was positioned in the host structures Mn,O;
and Mn;0, at different symmetry locations to conduct energy
profiling. We identified favorable adsorption sites in the
structures of Mn;0, and Mn,O; to introduce Li atoms. This
process allowed us to determine energetically suitable lithium
configurations in the hosts and subsequently placed lithium
atoms on the sites to optimize their positions for the accurate
simulation of the lithiation process.

The lithiation mechanism of Mn,0; and Mn;O, can be
defined using eq 1*'7**

Mn,O, + (b-n)Li* + (b-n)e” & a Mn + b Li,O (1)

where a and b are the stoichiometries of Mn,O, and n is the
stoichiometry of Li,X. The predicted lithium-ion storage
capacity of Mn,0Oj is higher than that of Mn;0, due to distinct
manganese oxidation states. Mn,O; primarily consists of
manganese in the +3 oxidation state (Mn’"), while Mn;0,
contains a combination of Mn?* and Mn®* ions with +2 and +3
oxidation states, respectively. Mn** ions in Mn;0, contribute
to the lithium storage capacity, as they can accept lithium ions
during charging. However, the presence of Mn?* ions in the
structure limits the overall capacity because Mn?* ions cannot
accept as many lithium ions as Mn®" ions due to their lower
charge (+2). Mn,O; can accommodate more lithium ions per
unit of manganese because it has only Mn** ions with a higher
charge (3+) compared to Mn;O,, which also has Mn*" ions
(2+) along with Mn®" ions (3+). The difference in the
oxidation states of manganese in Mn,O; (Mn*") and Mn;0,

https://doi.org/10.1021/acsomega.3c06913
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Figure 1. Optimized structures of (a) Mn;O, (bulk) and (b) Mn,O; (bulk) along all possible directions.

(Mn** and Mn**) is a key factor influencing their lithium-ion
storage capacities. Mn,0O;, with its higher charge per
manganese ion, can theoretically store more lithium ions per
unit mass, making it have a higher capacity compared to
Mn, 0,22

By relaxing the geometry and utilizing the energy difference
between lithiated and delighted structures, the calculations are
carried out to determine the favorable site for lithium
intercalation.”” The process of lithiation is taken into account
when lithiation energy is negative, which refers to an
exothermic reaction.”® The sites in the host structure with
the higher negative lithiation energy value are designated as the
most favorable sites and are capable of hosting more Li atoms
to search for the enhanced concentration of Li. The value of
lithiation energy is calculated using eq 2*

Eiithiation = (ELixhost — xEy; — Ehost)/x (2)
where E,q is the adsorption energy (eV), Ejjnos is the total
energy following the adsorption of lithium in the host (Mn,0,
or Mn;0, in this study), E, is the optimized energy of the
host prior to the adsorption of lithium, and Ey; is the energy of
a single lithium atom. The value of x gives the number of
lithium atoms in the structure.

The main criterion for choosing an anode in LIBs is its
storage capacity, which can be calculated using eq 3*°

C=

Mhost (3)
where F is Faraday’s constant, having a value of 26.801 Ah/
mol, x is the number of lithium atoms used in the simulation,”'
and M, is the molecular weight of the host structure Mn,0,
or Mn;0,.
To test the performance of Mn,0; and Mn;0O, as anodes,
calculations are performed for voltage profiling using eq 4°>**

Epj host — (%, — x)Ey;

(%, = x,)e

V= ELixzhost -

(4)
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where Ej; o and Ej; o are the energies of Lip. and

Li, pos respectively, Ej; represents the chemical potential of
lithium, and e is the electronic charge.

Molecular dynamics (MD) simulations offer a resourceful
computational tool to explore the intricate dynamics of atoms
and molecules in a variety of structures. These simulations are
particularly instrumental in elucidating the behavior of systems
to bridge the gap between theory and experimentation. In the
context of an NTV ensemble, which maintains a constant
number of particles, temperature, and volume, it has emerged
as a reliable framework for simulating molecular systems under
realistic conditions. The MD calculations were conducted at
various temperatures within the canonical ensemble NTV.
Throughout the simulations for unfolded trajectories, we
determined the mean square displacement (MSD), which
describes the particle’s distance from a reference point at
regular intervals of 0.25 fs. Subsequently, we calculated the
MSD and diftusion coeflicient using eqs S and 6, respectively.

MSD = (|r(t) — r(0)]*) (8)
Ea
D(T) = D,exp — (k—T] ©)

In this context, “r(0)” signifies the initial position, while
“r(t)” corresponds to the particle’s ultimate location. We
computed the diffusion coefficients for lithium over a
temperature range spanning 300 to 800 K and depicted the
Arrhenius relationship of D as a function of 1/T.

In order to investigate lithium’s minimal energy path in
hosts Mn, 05 and Mn;0,, a nudged elastic band (CI-NEB) was
used with eight intermediate images.”* The spring constant
value was set at 1.0 Ha/Bohr?, and skewness was set to 1.0.%
To avoid image overlapping, global optimization was used
rather than local optimization.” Spring forces were pooled
rather than taking into consideration the parallel forces along
the reaction channel with the force determined using eq 7°’

E = |F], - VE(R)|, @

https://doi.org/10.1021/acsomega.3c06913
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Figure 2. ELF plot of (a) Mn;0, (bulk) and (b) Mn,0; (bulk) along the y-axis and z-axis.
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Figure 3. Hirshfeld analysis of (a) Mn,O; (bulk) and (b) Mn;0, (bulk). Optimized structures of (c¢) Mn;O, (0D) and (d) Mn,O; (0D).

where F; is the sum of all forces on the ith image, |F; | is the
spring force, and IVE (R))I; is the true force. The maximum
energy image is found in eq 8.

= VE(Rpny) + 2VER, .,

(8)

Different transition paths were taken into account in the
simulation, out of which only two paths with the minimum
transition barrier were reported.

Emax

3. RESULTS AND DISCUSSION

3.1. Structural Properties. Bulk Mn;0O, exhibits a
tetragonal structure with the space group I4,/amd, and
optimized lattice constants are a = 5.74 A, ¢ = 9.42 A, and «
= 90° that agree well with reported experimental values (a =
5.76 A, ¢ =9.44 A, and @ = 90°). The unit cell consists of 14
atoms, including 6 Mn atoms and 8 O atoms, in such a way
that each Mn is bound to four O atoms to form a MnO,
tetrahedron that shares corners with 12 MnOj octahedrons.”®
The Mn—O bond length is 2.0 A. On the other hand, bulk
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Mn,O; exhibits a cubic structure with the space group Ia3~,
and optimized lattice constants area=b=c=4.17 Aand a =
p =y =90°. Its unit consists of 40 atoms, 16 Mn atoms, and 24
O atoms. In the initial Mn>* site, Mn®" is connected to six
identical O®” atoms, creating a combination of MnOg
octahedra that share both edges and corners. The Mn—O
bond length is 1.93 A. Figure 1 represents the view of the
Mn;0, and Mn,O; structures in different directions.

3.2. Bonding Analysis. The electron localization function
(ELF) is a valuable tool for analyzing electronic structure and
delocalization in solids to describe the bonding characteristics
of the materials.>” ELF offers values between 0 and 1 in such a
way that the value of 1 signifies perfect electron localization,
while ELF = 0.5 indicates full electron delocalization. The
minimum ELF value, ELF = 0, represents a low charge density.
In the context of Mn;O,, as shown in Figure 2a, a distinct
electron localization surrounding the O atom is observed.
However, a red region (ELF = 0) is observed around the Mn
atoms, which points to electron deficiency. This observation

https://doi.org/10.1021/acsomega.3c06913
ACS Omega 2024, 9, 2457—-2467
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suggests the presence of significant ionic bonding character-
istics in the Mn—O bonds. In the meantime, the Hirshfeld
analysis shown in Figure 3b reveals a substantial charge transfer
of 0.33e from each Mn atom to the O atom. These findings
further substantiate the ionic bonding nature of the Mn—O
bonds. The material was then structurally downscaled to 0D,
and the optimized structure is shown in Figure 3c. The Mn—O
bond length for 0D is calculated as 1.94 A.

In the case of Mn,0; (Figure 2b), distinct electron
localization via the area surrounding the O atom is evident.
However, a red-colored region (ELF = 0) is observed around
the Mn atoms, indicating electron deficiency. This observation
suggests the presence of significant ionic bonding character-
istics in the Mn—O bonds. In the meantime, the Hirshfeld
analysis shown in Figure 3a reveals a substantial charge transfer
of 0.28¢ from each Mn atom to the O atom. These findings
further substantiate the ionic bonding nature of the Mn—O
bonds. The material was downscaled to 0D, and the optimized
structure is shown in Figure 3d. The Mn—O bond length for
0D is calculated as 1.73 A.

To analyze the structural stability of MnO-based compounds
in bulk and 0D, the formation energy is calculated using eq 9

xEyy — YEo — EMn,,oy

E form —

x+y ©)
where E are respective energies, and x and y are the numbers of
corresponding atoms.

In order to check the stability of Mn;0,, we calculated the
formation energy, which appeared as 1.35 eV per atom, and
similarly, for 0D, it was found to be 1.20 eV. The reported
values of formation energies of FeO, Fe,03, K,0O, and Sb,0;
are 2.82, 8.56, 3.76, and 3.39 eV, 1respectively.40_42 The
formation energy estimation provided clear evidence that
Mn;0, was a stable structure.

Similarly, the calculated value of formation energy in the
case of Mn,0; appeared as 1.52 eV per atom, and for 0D, it is
calculated as 1.45 eV. To explain the trend in MnO-based
compounds, the phase diagram is shown in Figure 4. The
formation energy is a parameter that serves as an indicator of a
compound’s thermodynamic stability, where a lower formation

0.0F--@ - ®--
Mn o
= -0.2 1
=3
= -044
z
Eﬁ -0.6 4 MnO
S 084 <
=
E -1.0 4
=
§ -1.2 1 Mn,0,
= 14+ 1
1.6 Mn,0; .\
® MnO,
'1-8 L] L] L] L] L] L]
0.0 0.2 0.4 0.6 0.8 1.0
Fraction

Figure 4. Phase diagram of MnO as a function of atomic fraction.
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energy suggests higher stability. The minima on the diagram
represent the most stable compounds or phases for particular
compositions, essentially revealing which compounds are
preferred at specific atomic fractions. The phase diagram
indicates that Mn,O; is more stable as compared to Mn;0,, so
phase change is probable under specific conditions.

3.3. Electronic Properties. In order to investigate the
electronic properties of Mn;O, we calculated its band
structure at the PBE level by adding Hubbard (DFT + U)
correction.”™* Figure 5 indicates that Mn;O, in bulk
possesses an indirect band gap of 0.092 eV. Since the PBE
functional tends to underestimate band gaps, an alternative
calculation was performed using the TB-mBj level of theory,
known for its accuracy in describing electron correlation
energies in various solids.*® The band diagram of bulk Mn;0,,
as calculated by TB-mBj, is presented in Figure Sb, revealing a
band gap of 0.80 eV. The density of states (DOS) with the
presence of spin-restricted effects is shown in Figure 6. The
TDOS plots show that there is a clear difference between spin-
up and spin-down states, exhibiting spin polarization around
the Fermi level, which suggests the magnetic behavior of the
material. Further, upon observing electronic configuration for
Mn and O, respective electronic configurations are [Ar] 3d°,
4s* and 1s%, 2%, 2p4. The d orbitals of Mn and p orbitals of O
clearly form conduction and valence bands according to the
electronic configuration, which is consistent with the PDOS of
Mn;0, shown in Figure 6b. Therefore, Mn d and O p states
are the reason for the majority of the DOS at the near Fermi
level in the valence band and the reason for p—d hybridization
along higher energy levels, while in the conduction band, the
majority of the Mn d states contribute to the spin-down region
and very small contribution comes from O p states. Figure 6b
makes it clear that the spin-up and spin-down channels of the
total density of states (PDOS) are asymmetric and consistent
with TDOS results, suggesting that Mn;0, has the properties
of a magnetic ground state.

3.4. Phase Change. To investigate the phase of the
materials, molecular dynamics (MD) simulations were
conducted under the NVT ensemble framework, employing
a time step of 0.25 fs and maintaining a temperature of 450,
650, and 950 K. The temperature was controlled using the
Nose—Hoover chain (NHC) thermostat. The equilibration of
Mn;0, was achieved over a duration of 6 ps through 25,000
simulation steps.”” The MD simulations were carried out at
450 and 650 K, spanning a time evolution of 25 ps.
Throughout this simulation, no deformations or bond
breakages in the structure are observed, which points to the
excellent thermal stability of Mn;0,.

In Figure 7a,b, temperature and energy profiles at 450 and
950 K are plotted against the time steps. Figure 7c presents
snapshots captured at intervals of 170 ps during the MD
simulation, providing insights into the simulation’s progress.
Notably, after the initial 20 ps, the overall energy of the
structure remained nearly constant. Upon concluding the
simulation, it becomes evident that the Mn;O, structure (0D)
changes the phase to Mn,0O5. In the new structure, two Mn**
sites are inequivalent. Mn®* is bound to six corresponding O**
atoms at the initial Mn®" site to form a mixture of edge- and
corner-sharing MnOy octahedra. The second Mn*" site is a
mixture of deformed edge and corner-sharing MnOgq
octahedra, where Mn®* is linked to six equiv 0%~ atoms. The
Mn—O bond distances range from 1.63 to 1.74 A.

https://doi.org/10.1021/acsomega.3c06913
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3.5. Experimental Validation of Phase Change. The
data are provided in the Supporting Information of the
manuscript.

3.6. Lithiation Energy. The concentration of the Li atom
in the host material was steadily increased in order to calculate
storage capacity. Li atoms are permitted to interact with the
host structures Mn,0O; and Mn;O, in the fully optimized
environment to occupy a stable position. The calculated
optimum energy values are used to monitor the nature of the
reaction and to determine the lithiation energies at various Li
concentrations. The host structures did not significantly distort
as Li concentration was increased, which indicates the
durability of the host structure to resist deformation. The
computed values of lithiation energy as a function of lithium
concentration are shown in Figure 8. The value of the lithiation
energy increases linearly with an increase in Li concentration
for both host materials. At 10 Li atom adsorption in Mn,0O;,
the value of lithiation energy remains in the negative region,
resulting in an exothermic reaction, and lithiation energy
reaches its maximum value. This is due to the fact that at 10 Li
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atom adsorption, the maximum charge transfer occurs.
Following this, the lithiation energy continues to rise until
there are 10 Li atoms, at which point the process is still
exothermic. The value turns positive, and the reaction shifts to
an endothermic state with the addition of 11 Li atoms. For the
case of Mn;0,, the reaction remains exothermic until S Li
atom intercalation when we increase the Li from S atoms to 6
atoms, the system turns out to be endothermic, and the
reaction is no more favorable.

The value of storage capacity calculated using eq 3 with
various Li concentrations in the host is depicted in Figure 9,
and the capacities of Mn,0; and Mn;0O, matrices turned out to
be 1697.66 and 585.67 mAhg ™', respectively, with 10 and S Li
intercalation within the limit of an exothermic reaction.

3.6.1. Graphite Capacity. Since graphite is a commonly
used electrode in LIBs, we utilized it as a benchmark material
to assess the reliability of Mn,O; and Mn;0,. The calculations
conducted for this work identified several crucial characteristics
of the proposed material that make it preferable to graphite. In
the case of Mn,0O5; and Mn;0,, an exothermic reaction was
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Table 1. Comparison of Current Work with Potential Anode Materials Having Special Characteristics Necessary for LIBs

anode materials adsorption energy (eV) gravimetric capacity (mAh g™') open circuit voltage/lithium (OCV) transition energy barrier (eV) refs
Mn, 0, —0.24 1697.66 0.93 0.30% this work
Mn;0, -0.14 585.67 0.22 0.75* this work
graphite - 372 22-016 S0
Mn,C —-1.93 879 oos S1
PNT 222 432 --- 0.086 52
SIS —0.44 446 - 0.31 53
Mo,C —0.26 526 --- 0.015 54
Fe,0, 1293 e S5
C040,/RGO 96.63 e 56
V,04 --- 527 01-3 57
FeV,0, 97 S — 58

observed up to 10 Li atoms and 5 Li atoms, respectively, but in
graphite with a 372 mAh g_1 capacity,48 the reaction persisted
exothermic up to 5 Li atoms. It has been observed that in
graphite, charge does not transfer after S Li intercalation;
however, in the instance of Mn,0O; the intercalated Li
transported charge up to 10 Li atoms. The fact that Mn,O,
and Mn;O, have high capacities, i.e., 4.5 and 1.5 times higher
than that of graphite, respectively, suggests that our proposed
material is suitable for LIBs.
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3.6.2. Voltage Profiling. The voltage profile is useful for
assessing the electrode performance in LIBs. Equation 4 is used
to determine how the intercalation voltage varies with varying
lithium concentrations, and the resulting voltage profile is
shown in Figure 10. The maximum calculated values of the Li
insertion voltage per Li are 0.93 V for Mn,0; and 0.22 V for
Mn;0,. The results are consistent with the literature
reported.*’

3.6.3. Transition Energy Barrier. In order to further shed
light on the lithiation/delithiation process, it is vital to explore
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Figure 12. Calculated diffusion coefficient of anode materials: (a) Mn,O; and (b) Mn;O, for application in LIBs at different temperatures.

Li routes in the host and to calculate the energy barrier as the
ligand moves through Mn,0; and Mn;O,. The transition
barrier is critical in determining how much energy is needed to
charge the LIB. In order to calculate energy losses and the
lowest energy barrier, CI-NEB calculations were used in each
of the pathways depicted in Figure 11. In our simulations, we
have taken different transition pathways but reported only two
pathways that exhibited minimum energy barriers of 0.30 eV
for Mn,O; and 0.75 eV for Mn;O,. The transition energy
barrier in the case of Mn,O; is lower than that of the
commercially available graphite anode (0.40 eV).>

3.6.4. Diffusion Coefficient. The study of lithium diffusion
in Mn,0; and Mn;O, matrices is important when evaluation of
the rate capability of lithium-ion batteries (LIBs) is taken into
account. The comparison of the values calculated in this work
and the reported literature is given in Table 1.

We conducted diffusion coefficient calculations (Figure 12)
for lithium diffusion in Mn,0O; and Mn;O, across a broad
temperature range spanning from 300 to 800 K, which involves
molecular dynamics (MD) simulations, utilizing the NVT
ensemble along with a Berendsen thermostat.””%’

The mean square displacement (MSD) for the materials
under study was determined using eqs 5 and 6. Generally,
diffusion coefficients tend to increase with temperature until
the solid reaches its melting point. The ease of ionic diffusion
hinges on the interactions between diffusing ions and the host
atoms. Trajectory analysis indicated slower diffusion at lower
temperatures, attributed to the stronger bonding of Li with
host atoms.”' "®* It appears that the interaction is enhanced
with an increase in temperature, which activates the diffusion
process to produce faster diffusion. Specifically, in the case of
Mn, 05, the diffusion coeflicient is found to be increased from
426 X 107 to 11.4 x 107 m’/s with an increase in
temperature from 600 to 700 K. On the other hand, in the case
of Mn;O,, the diffusion coefficient appeared to have
significantly increased from 3.86 X 107" to 4.0 X 107° m?
s~ with an increase in temperature from 500 to 700 K. These
materials exhibited a higher diffusion coefficient when
compared to commercially available graphite having the
value as 4.43 X 107 to 5.24 X 107'% cm® s71.%
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4. SUMMARY

The potential of Mn,0; and Mn;0, as anode materials to be
used in LIBs was examined in detail using first-principles
methods. The findings revealed the capacity of 1697.66 mAh
g~! for Mn,0;, which points to its worth for use as an anode in
LIBs without undergoing any structural change in comparison
to Mn;0,, which exhibited a capacity of 585.67 mAh g'. The
open circuit voltages per Li are found as 0.93 and 0.22 eV for
Mn,0; and Mn;0O,, respectively. The intercalation process is
exothermic until 10 Li insertion in the host Mn,05 and 5 Li in
host Mn;O, because charge transfer only occurs when Li
atoms are very close to the host structure. An analysis of the
lithium transition energy barrier reveals the route of Li within
the host structure. CI-NEB shows that the Li transition barrier
in the host Mn,Oj; is 0.30 and 0.75 eV for Mn;0O,. The phase
change study reveals that an increase in temperature from 950
K causes a change in phase from Mn;O, to Mn,O;. In the case
of Mn, O, the diffusion coefficient increased from 4.26 X 107"
to 1.14 X 107 m® s! as the temperature was increased from
600 to 700 K. For Mn;0,, the diffusion coefficient significantly
increased from 3.86 X 107'° to 4.0 X 10~ m* s™! when the
temperature was increased from 500 to 700 K. The study
revealed high specific capacity, low Li diffusion energy barrier,
and low open circuit voltage for Mn,O;-based anodes for use
in LIBs.
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