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The study examined the properties of Li-rich layered oxide cathode
material, xLi;MnOs-(1-x)LiMnO,, in an attempt to improve its
electrochemical performance and capacity. The process included the Li-
Na pair potentials. Using first-principles density functional theory (DFT)
calculations to fit the Li-Na pair potentials, the mechanical and
structural characteristics of the LiNaO structure were created as a model
to fit the pair potentials. The calculated values of the lattice parameters
had less than 2% difference, and the elastic constants of LiNaO were in
good agreement with the experimental values of Na;O. The elastic
constants suggested that the LiNaO system was mechanically stable. The
Buckingham pair potential parameters A and rho were fitted to the DFT
pair potential and were found to be 28250.500 and 0.231 respectively.
After refining the Buckingham potential parameters with the GULP code,
the values of A and rho were 38500.500 and 0.177 respectively. The
obtained Li-Na pair potentials were used in amorphisation and
recrystallisation studies to determine the structural stability and
mobility of lithium ions on the Lij.2;.<NaxMng 780, (x = 0.00, 0.01, and
0.05) nanoparticles using the DL_POLY molecular dynamics simulation
package. We observed that <5% Na doping results in an ordered structure
with regular cubic morphology and larger Li layer spacing, preventing
the layered structure from turning into spinel.

OPSOMMING

Die studie het die eienskappe van Li-ryke gelaagde
oksiedkatodemateriaal, xLi2MnO3-(1-x)LiMnO2, ondersoek in 'n poging
om die elektrochemiese werkverrigting en kapasiteit daarvan te
verbeter. Die proses het die Li-Na-paarpotensiale ingesluit. Deur gebruik
te maak van eerste-beginsel digtheidsfunksionaalteorie (DFT)
berekeninge om die Li-Na-paarpotensiale te pas, is die meganiese en
strukturele eienskappe van die LiNaO-struktuur as 'n model geskep om
by die paarpotensiale te pas. Die berekende waardes van die
roosterparameters het minder as 2% verskil gehad, en die elastiese
konstantes van LiNaO was in goeie ooreenstemming met die
eksperimentele waardes van Na20. Die elastiese konstantes het daarop
gedui dat die LiNaO-stelsel meganies stabiel was. Die Buckingham-
paarpotensiaalparameters A en rho is by die DFT-paarpotensiaal
aangepas en is onderskeidelik 28250.500 en 0.231 gevind. Nadat die
Buckingham-potensiaalparameters met die GULP-kode verfyn is, was die
waardes van A en rho onderskeidelik 38500.500 en 0.177. Die verkrygde
Li-Na-paarpotensiale is in amorfiserings- en herkristallisasiestudies
gebruik om die strukturele stabiliteit en mobiliteit van litiumione op die
Li1.22-xNaxMn0.7802 (x = 0.00, 0.01 en 0.05) nanopartikels te bepaal
deur die DL_POLY molekulére dinamika-simulasiepakket te gebruik. Ons
het waargeneem dat <5% Na-dotering lei tot 'n geordende struktuur met
gereelde kubiese morfologie en groter Li-laagspasiéring, wat verhoed
dat die gelaagde struktuur in spinel verander.
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1. INTRODUCTION

To fulfil the increasing demand for consumer electronics, electric vehicles, and energy storage stations,
lithium-ion (Li-ion) batteries with a high energy density and long lifespan are desperately needed.
Currently, olivine LiFePOy, spinel LiMn;04, and layered Li [Co, Mn, Ni]O; oxides are the most widely used
cathodes for Li-ion batteries; nevertheless, each has its pros and cons. Some of the disadvantages include
poor capacity, low-rate capability, thermal instability, and high cost [1]. Lithium-rich layered oxides
(LRLOs) do not contain cobalt, making them a viable alternative to cobalt-based cathodes. This feature
makes LRLOs suitable for low-cost and environmentally friendly Li-ion batteries [2, 3]. This is because LRLOs
offer a high theoretical energy density owing to the anionic redox activation, the affordability of earth-
abundant Mn-rich compositions, and their extraordinarily high capacity. However, LRLO cathodes’ frequent
operating voltage degradation has restricted their commercialisation and practical use. In addition, the
irreversible capacity loss during the first charge cycle, voltage fading, voltage hysteresis, low-rate
performance, and poor cycling stability have all hindered LRLO’s performance. In addition, because of the
migration of the transition metal ions to the Li layers, it was discovered that both the Li;MnO; and the
LiMO2 components transformed into the spinel phase, resulting in poor rate performance and considerable
capacity fading. The amount and size of Li;MnO3z in the composites were also found to have an impact on
their performance [4]. To enhance the electrochemical performance of various cathode materials, such as
LizMnOs, doping is the most used method to address the intrinsic instability of these materials. Although
dopants will rarely use cationic lithium (Li) sites during electrode cycling, it is well known that this
opportunity increases through intralayer or interlayer diffusion when the battery is operating normally.
Two main factors make the study of electrochemical actuation in Li;MnOs important: (i) upgrade the key
arrangement first regarding the electrochemistry of cathode materials that include Mn“**; and (ii) gather
the necessary data to plan a possible class of “Li-rich” cathodes, of which Li;MnOs is an essential
component. Doping with alkaline elements, such as sodium (Na) or potassium (K), is a distinct approach
that is currently being used. Alkali metals are crucial for enhancing the densification of commonly used
electrolyte materials, which leads to improved ionic conductivity. These elements cannot replace either
the oxygen anion or the transition-metal elements [1]. Rather, they replace Li because the monovalent
ions Na* and K* can replace Li* without disrupting the Coulombic connection, making it easier for them to
be inserted into the Li-slab [5]. To improve the segregation between the transition metal and the alkali
ions, the current study focuses on partially substituting Na* ions for the mobile Li* ions. This is done by
using the larger radius of the Na* cation (1.02 A) compared with Li+ (0.76 A) [5], and by improving the
structural stability and Li diffusion kinetics’ contribution to longer cycle life.

2. METHOD

We required lattice parameters and mechanical characteristics from a structure with Li and Na atoms to
prepare to fit Li-Na Buckingham interatomic potentials. To create the LiNaO structure, we substituted half
of the Na atoms in the Na;O parent structure with lithium atoms. Using the CASTEP code, we optimised the
geometry, performed k-point convergence and convergence tests for the cutoff energy on the LiNaO
structure. The improved LiNaO structure was then used to calculate its mechanical properties. K-point
mesh of 5x5x5 or 0.04 k-spacing and a kinetic energy cut-off of 700 eV were used in the CASTEP geometry
optimisation of LiNaO.

2.1. Fritz Haber Institute ab initio materials simulations

Short-range repulsive potentials for both periodic and non-periodic systems were computed using Fritz
Haber Institute ab initio materials simulations (FHI-AIMS). Two input files were needed for the calculator:
control.in, which specifies the basis set and computational parameters; and the geometry.in atomic
positions, crystal structure. In this case, we set the energy of two particles at a great distance - roughly 10
angstroms. With eV as the sole degree of freedom, the energy of two particles is shown as a component of
the distance between molecules. Instead, we would rather assess an analytical equation [6]. By fitting a
function to the data, we would obtain an analytical form. We carried out the regression for the Buckingham
potential, which is a classic:

-ty Gy
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where E(r) represents the potential energy between two atoms at a distance r. The parameter A is
associated with the repulsive energy and is proportional to the exponential term. The parameter p relates
to the steepness of the repulsive potential, while C is associated with the attractive (Van der Waal’s) forces.
Last, r denotes the distance between the two atoms. Since we worked on LiNaO, Buckingham’s pair
potential for the parent structure Na;O, the objective of this study was to derive the interaction of Li-Na.
A non-periodic structure was created consisting of Li and Na atoms using an atomic simulation environment
(ASE). FHI-aims computed single-point energy at distances from 1.2 to 10 A in increments of 0.125 A, then
subtracted the total energy obtained at 10 A from all other total energies. A short-range repulsive graph of
total energy versus Li-Na separation distance was constructed using the matplotlib library for visualisation.

2.2. Refining potentials with the general utility lattice program

Lattice parameters and elastic constants of the Li-Na interaction were calculated by setting variables in
the general utility lattice program (GULP) input file using the interatomic potentials from FHI-aims and the
constructed LiNaO parameters from CASTEP. To achieve the best results on both lattice parameters and
elastic constants that matched well with the computed CASTEP mechanical characteristics, the potentials
were changed using the known potentials from the parent structures.

2.3. Molecular dynamics

The DL_POLY code was used to perform all the molecular dynamics simulations [7]. The Li-Li, Li-O, 0-O,
Mn-Mn, Mn-0, Na-Na, and Na-O Buckingham potentials used in this study were derived from previous studies
[8] along with the calculated Li-Na potentials. The MD simulations were performed using NVE at 50 ps
simulation time for amorphisation and NVT ensembles at 12 ns simulation time for recrystallisation. Three
supercells were created, starting with a pure structure of Lii.22Mng.780;2. Sodium was then introduced into
the structure at two different concentrations, 1% and 5%, resulting in the formation of Lis.21Nao.01Mng.s02
and Liq.17Nag.0sMno g0, respectively. The sodium dopant was randomly substituted in the structures of 444,
each having 10800 atoms. Subsequently, these structures underwent a process of amorphisation at
temperatures ranging from 1400 K to 2000 K, followed by recrystallisation from 1900 K to 1600 K, and finally
annealing from 1700 K to 10 K.

3.  RESULTS AND DISCUSSION
3.1. Structural and mechanical properties

The GGA-PBE functional was used to perform the DFT geometry optimisation on 70 LiNaO structures, each
with a unique configuration of Na and Li. A cut-off energy of 700 eV and k-points of 5x5x5 were used in the
calculations. The configuration that was found to be the most stable had the lowest energy of -7793.443
eV, and was used to perform mechanical properties calculations. The most stable LiNaO structure had
lithium and sodium atoms occupying adjacent sodium sites, shown in Figure 1(c).

Figure 1: The unit cell of structures (a) Na;0, (b) Li.O, and the most stable unit cell of (c) LiNaO with
a space group of Fm3m
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Table 1 compares the lattice parameters of the optimised LiNaO with those of the parent Na;O structure.
It shows a -7.37% decrease in lattice parameters a and b, and a -7.17% decrease in lattice parameter c. The
lattice parameters of LiNaO were smaller than those of Na,0 because the ionic radius of lithium (0.76 A) is
less than that of sodium (1.02 A), resulting in a size reduction. The LiNaO lattice parameters of a=b = 5.10
A and c = 5.11 A, shown in Table 3-1, lie in the range between those of Li,0 and Na;O, and are in better
agreement with those of the Na;O structure compared with Li;0.

Table 1: Lattice parameters of Exp Li2O, Exp Na;0, Na;O and LiNaO

Lattice parameters (&) Li,0 Exp [10] NaO LiNaO %Diff %Diff

Exp [9] vs Li,0 vs Exp Na;O
4.62 5.49 5.59 5.10 9.88 -7.37
4.62 5.49 5.59 5.10 9.88 -7.37

c 4.62 5.49 5.59  5.11 10.07 -7.17

DFT calculations on LiNaO using the generalised gradient approximation (GGA-PBE) were performed to
obtain the mechanical properties shown in Table 2.

Table 2: Material properties of experimental Li;0, Na;0, and opt LiNaO

Elastic constants (GPa) Li.O Exp [9] Na;O Exp [10] LiNaO
Ci 217 114.00 147.22
Ci2 25 34.71 17.85
Cua 68 27.40 32.76
Bulk modulus 88.00 55.60 49.22

LiNaO has three independent elastic constants: Cq1, C12, and Cs4. The elasticity in length is represented by
Ci1, while the elasticity in shape is represented by Cy; and Cu4. In general, we observed that Cyy had the
highest value, indicating that the length deformation was higher than the shape deformation. A key
attribute for understanding and predicting stiffness and mechanical stability is hardness, as indicated by
the C44 value. According to the present study, LiNaO exhibits superior shear elasticity to that of the
experimental data of Na20, confirming that replacing Na with Li has a greater effect on maintaining
resistance to deformation. In contrast, LiNaO has a low bulk modulus and is thought to change volume
easily, which is advantageous when deformation and significant pressure changes are required.
Furthermore, mechanical stability can be used to determine crystal stability. The mechanical stability of a
cubic structure must meet Born’s requirements [11], as defined by the following elastic constant
limitations: C11> 0; C44> 0; C41-C12> 0; Cqq + 2C12> 0.

Calculations:

Ci1> 0=147.22>0

Ci11-Cy2> 0= 147.22 - 17.85 =129.37 >0

Ci1 + 2C12> 0= 147.22 + 2(17.85) > 0 = 182.92 > 0.
Css>0=32.76 > 0.

Since all three stability requirements are met, LiNaO is mechanically stable. Experimentally, LiNaO’s
mechanical characteristics Cq1, C12, and Cs4 correspond well with those of Na;O.
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3.2. Derivation of interatomic potentials
3.2.1. Fitting the Li-Na Buckingham pair potential

In Figures 2(a) and (b), nlinfit and Scipy-optimisation (curve-fit) were used to fit the Buckingham potential
parameters A;; and p;; to the pair potential obtained from DFT, while the value of C;; was set to zero
because the dispersion interactions were negligible in the short-range fitting range used. The 95%
confidence intervals for A and rho were [18914.9856, 37585.9967] and [0.2287, 0.2341] respectively. In
2(d) the neural model approximates the expression for the total energy of the system and does not use the

Buckingham equation. DL_POLY does not currently support the neural network potentials, known as
machine-learned potentials.
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Figure 2: (a) Short-range pair potentials for the Li-Na obtained from FHI-aims DFT calculations. Fit of
the Buckingham potential parameters using (b) nlinfit, (c) Scipy-optimisation (curve-fit), and (d)
scikit-learn neural network regressor (artificial neural network)

3.2.2. Refinement of Li-Na Buckingham potential parameters

The FHI-aims results served as the foundation for fitting those potentials with the GULP code. A Fortran 90
algorithm was developed and used in conjunction with the GULP code to determine the parameters of
Buckingham interatomic potentials within a given range to speed up the optimisation of correct potentials.
The Buckingham potential parameters are presented in Table 3, along with the potentials optimised using

the GULP algorithm, the DFT pair potential obtained from FHI-aims, and the known Li-Mn-O potentials
listed in Table 6.

Table 3: Buckingham parameters of Li-Na using DFT and Li-Na GULP optimisation

Li-Na interaction

Buckingham parameters DTF pair potential GULP
A 28250.5 38500.5
P 0.231 0.177

C 0 0
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In Table 4, the lattice parameters of the DFT pair potentials of Li-Na and CASTEP LiNaO are contrasted with
those of the Li-Na GULP refined below. The data indicate that the lattice parameters a and b increased by
1.56%, whereas the lattice parameter ¢ decreased by 1.58%. This was because of the defined potentials of
Li-M-O and calculated Li-Na. A strong agreement existed between the optimised Li-Na GULP results and the
LiNaO CASTEP results, validating the accuracy of the calculated pair potentials, thereby enabling better
reproduction of Li/Na mobility, phase stability, and transformation pathways in MD simulations.

Table 4: Lattice parameters of DFT pair potential, CASTEP, and GULP

Lattice parameters  DFT pair potentials CASTEP GULP % diff.
a=b 5.13 5.10 5.18 1.56
c 5.79 5.11 5.03 1.58

Table 5 compares the mechanical properties for Cy1, C12, and C44 of LiNaO and Na;O based on the GULP-
optimised structures, experimental data, and CASTEP DFT calculations. C44+ demonstrated a lower value of
enhanced compressibility for LiNaO under GULP optimisation, indicating that this material is less
compressible to changes in volume when pressure is applied. Essentially, this means that LiNaO will not
easily shrink or expand under varying pressure conditions. Furthermore, this characteristic suggests that
the material is stiff and rigid, exhibiting strong intermolecular forces, as evidenced by its bulk modulus
value of 57.910. The lattice constants and elastic constants closely matched those from first-principles DFT
calculations. According to Born’s criteria, we could conclude that LiNaO is mechanically stable.

Table 5: The elastic constants (GPa) for experimental Na;0, LiNaO and Li-Na GULP structure

Mechanical properties Exp Na,O [10] LiNaO CASTEP GULP % diff.

Ci1 114.00 147.220 144.700 1.73
Ci2 34.71 17.850 17.596 1.41
Casq 27.40 32.760 21.900 39.3
Bulk modulus 55.600 49.220 57.910 17.7

3.3. Molecular dynamics

The derived Buckingham pair potentials for Li-Na interaction, combined with the known potentials of Lij ;-
xNaxMno s02, were used in the 0.00%, 1.00%, and 5.00% doping of Na into Lis.2.xNaxMng 802, and have been
tested through molecular dynamics simulations. Molecular dynamics presents the results of the
amorphisation and recrystallisation of Lii.2.xNaxMno.gO2, calculated using the DL_POLY molecular dynamics
simulation package. Analysis of the results was performed using diffusion coefficients.

Table 6: Buckingham potential parameters used to model Na-doped Li1.2Mng s02

Interaction A (eV) p(A) C(evA6) Charge (Qij)
Mn# - Mn**  33883.9200 0.1560 16.0000 2.20

Mn“* - Mn3+  28707.2100  0.1560 16.0000

Mn* -0 18645.8400 0.1950 22.0000

Li-Li 270000.0000 0.1430 00.0000 0.55

Li-O 30000.0000 0.1542 00.0000

Mn3* - Mn3*  23530.5000 0.1560 16.0000 1.65
Mn3*-0 15538.2000 0.1950 22.0000

0-0 11782.7600  0.2340 30.2200 -1.10
Na-O 29000.0000  0.1900 00.0000

Na - Na 64500.0000  0.1900 00.0000 0.55
Li - Na 38500.5000 0.1770 00.0000
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The simulation temperature was varied from 1400 K to 2000 K in increments of 100 K, using a timestep of
0.001 picoseconds and 50 000 simulation steps. The NVE ensemble was used in the amorphisation
calculations. We found that our systems start to amorphise from 1600 K, and were completely amorphised
from 1700 K. The structure at 1800 K was sufficiently amorphised and was selected for the recrystallisation
phase. The NVT ensemble was then used to carry out a recrystallisation calculation for 4 000 000 simulation
steps, equilibration of 25% at a temperature of 1700 K. The recrystallisation process was followed by the
cooling process at temperatures of 1300 K, 800 K, 300 K, and 10 K. A timestep of 0.003 picoseconds and
100 000 steps with an equilibration of 25% steps were used.

The Liy.22.xNaxMng.780;2 supercell system is shown in Figure 3 at 10 K, 1700 K, and 1800 K respectively.
Because of the temperature increase, the peaks in Figure 3(b) are not as distinct as those in Figure 3(a). In
addition, there is a discernible difference between the temperatures of 10 K and 1700K, or between ~2.76A
and 10A. The system is subjected to high temperatures, which scatter and transport the atoms across the
structure. At 1800 K, the structure is in an amorphous form, suggesting that the system is totally amorphous
and in a liquid phase.

—— LijpMng 760, 18 4 — LipnMng 750,
30 —— Lil21Na001Mn0.7802 —— Li121Na001Mn0.7802
— Lip17NagsMng 7802 16 4 — Liz178agsMng 7502

r (ngstrom) r (ngstrom)
(a) 10K (b) 1700 K

—— Lij2pMng 780y
—— Li121Na00IMn0.7802
— Lip17NagosMng 7802

r (ngstrom)

(c) 1800 K
Figure 3: Radial distribution function (RDF) for Li1.22-xNaxMno.7802 (0.00 < x <0.05) nanoparticle

3.4. Diffusion coefficients

Figure 4 shows the plots of the Li-ion diffusion coefficients for the following nanoparticles: Lii.22Mng.7802
(0.00 % Na), Li1.21Nag.0otMng 7802 (1.00 % Na), and Lij.17Nag.0sMno.7802 (5.00 % Na). Na* doping widens the gaps
between Li layers in materials, allowing Li* ions to move through them more easily. These materials show
a nonlinear effect of Na on Li mobility, which appears to decrease at 5.00% concentrations but increases
at low concentrations owing to the complex role that Na plays in altering the crystal structure of the system
and creating defects that impede ion transport[2]. At low concentrations, Na disrupts the existing lattice
by creating new channels, which increases Li mobility. Li-ion mobility is the highest in Lii 22Mng.7802 up to
a temperature of 1300 K, second highest in Lis 21Nag.01Mno.7802, and lowest in Li1.17Nag.osMno.7s02. However,
from 1300 K to 1700k K, the nanostructure with 1% Na concentration showed the highest Li diffusivity,
followed by 5% Na. This indicates that Li-ion mobility in the nanoparticles slowed down as more lithium
ions were replaced by sodium ions. Above 1300 K, the Li-ion mobility in the undoped Lij.22Mng.780;
nanoparticle was the lowest. We observed that the nanoparticle started to amorphise at around 1400 K,
which may explain the discrepancies in the Li-ion mobility at temperatures above 1300 K. At a higher
concentration of Na, the Na-O interaction forms a stronger bond compared with 1.00% because, during
recrystallisation, the Na atoms have been observed moving to the surface of the structure, and they act as
“pillars”, creating structural defects that obstruct the path for Li-ion movement, which is observed from
temperatures > 600 K between Na - 1.00% and 5.00%.
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Figure 4: The diffusion coefficient plots for Li1.22.xNaxMno.7802 (0.00 < x <0.05) for lithium ions in the
temperature range of 10 K to 1700 K

4.  CONCLUSION

The initial guess parameters of the Li-Na interatomic potential were calculated from the DFT repulsive
potential and refined using GULP. In this study, we computed the properties of LiNaO to fit the Li-Na
potential parameter using the DFT pair potential, as few experimental properties are available in the
literature. LiNaO’s mechanical and structural properties were deduced, and all the lattice parameters were
confirmed to agree with the available experimental data. The obtained Li-Na Buckingham interatomic
potential values, when combined with the known interatomic potentials for O-O, Li-O, Li-Li [8], Mn-0O, and
Mn-Mn [8], precisely reproduced the lattice parameters a and b, and c, of LiNaO to within 1.56% and 1.58%
increase respectively. The elastic constants obtained were Li-Na adequate in comparison with their CASTEP
values. Li1.22.«NaxMng 780, (x = 0.00, 0.01, and 0.05) nanoparticles were successfully amorphised and
recrystallised using the Li-Na Buckingham pair potential fitted in this study and the computed RDFs, which
corroborate the success of the A + R. It has been demonstrated that doping Liy.22.xNaxMng 760, with Na
(0.00%-5.00%) enhances the structural and mechanical stability of the structure and inhibits the layered
structure from turning into a spinel [5], which is in good agreement with previous research.
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