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Introduction

Lithium manganese oxide (LiMn2O4) emerged as a promising 
alternative cathode material not only because of its affordability, 
nontoxicity, safety, and abundance of manganese, but also its 
high operating potential and high energy density (Bensalah and 
Dawood, 2016). Most especially, it attracted attention because 
of its three-dimensional crystal network that allows a smooth 
reversible diffusion of lithium (Li+) ions during intercalation (Kim 
and Marnthiram, 1997; Lee et al., 2007). However, the spinel 
LiMn2O4-based Li-ion batteries suffer from capacity fading mainly 
due to manganese (Mn2+) ion dissolution (Hunter, 1981; Park et 
al., 2011), electrolyte oxidation, and the formation of Jahn-Teller 
distorted Li2Mn2O4 tetragonal phases (Arora et al., 1998; Dai et 
al., 2013) upon cycling. It’s believed that manganese dissolution 
is the major cause of deterioration since Jahn-Teller distortion and 
electrolyte oxidation can be controlled by cycling at restricted 
voltages (Bassett et al., 2019; Xia et al., 1997).

Manganese dissolution is enhanced in the presence of hydrofluoric 
acid continuously produced by the degradation of commercially 
used LiPF6-electrolyte (Gnanaraj et al., 2003) at elevated 
temperatures (~55 ℃). The LiPF6 electrolyte salt undergoes 
oxidative decomposition in the presence of traces of water molecules 
to form this corrosive hydrofluoric acid (HF). The surface Mn4+ 
reduces to Mn3+ upon accepting electrons from the decomposition 
of LiPF6 salt. Hence the Mn3+ ions undergoes disproportionation 
reaction mechanism outlined by Hunter (Hunter, 1981), through 
the reaction: Mn3+ (solid) → Mn4+ (solid) + Mn2+ (solution).

Cation doping has been recommended to reduce the number of 
trivalent Mn3+ which can undergo a disproportionation reaction. 
Various dopants were previously explored, which includes Al 
(Ding et al., 2011; Xiong et al., 2012), Ti (Lu et al., 2014), Ni 

(Amarilla et al., 2007), Nb (Dong et al., 2020), Co (Xu et al., 2020), 
etc. Among most, Nb is considered as a potential substitute element 
for Mn due to the stronger binding energy of Nb-O than Mn-O; 
which is beneficial for suppressing surface Mn dissolution during 
intercalation (Zhao et al., 2011; Dong et al., 2020). Li and co-
workers (Li et al., 2012) reported that a small amount of niobium 
(Nb5+) doping on the Li1.02Mn2O4 can increase the conductivity and 
improve the cycling performance of the material. Several other 
studies on lithium manganese-based cathode materials showed that 
Nb-doping improves cycling performance, and cycling stability 
(Hu et al., 2018). Son (Son, 2004) found that LiNbO3 is a good 
material for the cathode materials for lithium-ion batteries and 
reported that LiNbO3 has a good function for Li+.

To avoid cation ordering that arise from the strong cation-cation 
interactions in bulk lattice, which give rise to variations in capacity 
and cycling stability observed in LiNi0.5Mn1.5O4 (Santhanam and 
Rambabu, 2010; Yang et al., 2013), we explore surface doping with 
Nb on the spinel LiMn2O4 surfaces using density functional theory 
calculations.

Computational method

Calculation details

Spin-polarized density functional theory (DFT) techniques as 
implemented in the Vienna Ab initio Simulation Package (VASP) 
(Kresse and Furthmüller, 1996) were used to study the bulk 
stability and the effect of Nb surface doping and the interactions 
with the electrolyte components. All calculations were carried 
out within the generalized gradient approximation (GGA) using 
the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation 
functional (Perdew et al., 1996). The kinetic energy cut-off was 
fixed at 560 eV for the expansion of the Kohn-Sham (KS) valence 
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states. A Γ-centred Monkhorst-Pack grid of 555 and 551 k-points 
was used for the integration in the reciprocal space of all surfaces. 
Phonon code (Parlinski et al., 1997) as implemented in Materials 
design within MedeA software was used to evaluate the vibrational 
properties of the material.

The core electrons and their interaction with the valence electrons 
were described using the projector augmented-wave (PAW) 
method (Blöchl, 1994) in the implementation of Kresse and Joubert 
(Kresse and Joubert, 1999). The semi-empirical method of Grimme 
with the Becke-Johnson damping [D3-(BJ)] (Grimme et al., 2011; 
Grimme et al., 2010) was also included in our calculations to 
model the long-range dispersion interactions, which are required 
to describe the surfaces properly (Santos-Carballal et al., 2014; D. 
Santos-Carballal et al., 2016).

Gaussian smearing with a width of 0.05 eV was set to improve 
the convergence of the Brillioun zone integrations during geometry 
optimizations (Grimme et al., 2010). The tetrahedron method 
with Blchl corrections was used to obtain accurate electronic and 
magnetic properties as well as total energies (Blöchl et al., 1994). 
The Hubbard correction (Anisimov et al., 1992) in the formulation 
of Dudarev and co-workers (Dudarev et al., 1998) was applied to 
improve the description of the localized 3d Mn electrons. We have 
used the effective parameter Ueff = 4.0 eV, which is within the range 
of values reported in the literature (Bhattacharya and Wolverton, 
2013; Karim et al., 2013; Ouyang et al., 2010).

Results and discussions

Structural properties

The calculated equilibrium lattice parameter and heats of formation 
of spinel LiMn2O4 structure are shown in Table I. It was found that 
the equilibrium lattice parameter is in good agreement with both 
previously reported theoretical and experimental results (Chitra et 
al., 1998; Strobel et al., 2004). The spinel LiMn2O4 as shown in 
Figure 1, is a face-centered cubic crystal structure with a space 
group  (No. 227) (Hill et al., 1979). The structure consists of a cubic 
close-packed array of oxygen atoms occupying the 32e sites, where 
lithium and manganese atoms occupy one-eighth of the tetrahedral 
(8a) sites and one-half of the octahedral (16d) sites, respectively 
(Mishra and Ceder, 1999). 

The heat of formation used to predict the stability of the material 
was calculated using the equation: 
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To avoid cation ordering that arise from the strong cation-
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variations in capacity and cycling stability observed in 
LiNi0.5Mn1.5O4 (Santhanam and Rambabu, 2010; Yang et al., 
2013), we explore surface doping with Nb on the spinel 
LiMn2O4 surfaces using density functional theory 
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Calculation details 

Spin-polarized density functional theory (DFT) techniques 
as implemented in the Vienna Ab initio Simulation Package 
(VASP) (Kresse and Furthmüller, 1996) were used to study 
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the interactions with the electrolyte components. All 
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as total energies (Blöchl et al., 1994). The Hubbard correction 
(Anisimov et al., 1992) in the formulation of Dudarev and 
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used the effective parameter Ueff = 4.0 eV, which is within 
the range of values reported in the literature (Bhattacharya 
and Wolverton, 2013; Karim et al., 2013; Ouyang et al., 2010). 
 

Results and discussions 
Structural properties 

The calculated equilibrium lattice parameter and heats of 
formation of spinel LiMn2O4 structure are shown in Table I. 
It was found that the equilibrium lattice parameter is in 
good agreement with both previously reported theoretical 

and experimental results (Chitra et al., 1998; Strobel et al., 2004). 
The spinel LiMn2O4 as shown in Figure 1, is a face-centered cubic 
crystal structure with a space group 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3�𝑚𝑚𝑚𝑚 (No. 227) (Hill et al., 
1979). The structure consists of a cubic close-packed array of 
oxygen atoms occupying the 32e sites, where lithium and 
manganese atoms occupy one-eighth of the tetrahedral (8a) sites 
and one-half of the octahedral (16d) sites, respectively (Mishra 
and Ceder, 1999).  
 

The heat of formation used to predict the stability of the material 
was calculated using the equation:  

∆𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓 = 𝐸𝐸𝐸𝐸LiMn2O4 −�𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
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where 𝐸𝐸𝐸𝐸LiMn2O4, and 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖 (which represent 𝐸𝐸𝐸𝐸Li,𝐸𝐸𝐸𝐸Mn, and 𝐸𝐸𝐸𝐸O) are the 
total energies of pristine LiMn2O4 bulk and elemental Li, Mn, and 
O in their respective ground states, while 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 refer to the fractional 
concentration of each constituent element. The lowest negative 
value of heats of formation indicates the most stable, while the 
highest indicates instability of the material. The calculated heats 
of formation are negative which compares well with reported 
literature (see Table 1). 

 
TABLE 1: Calculated lattice parameters and heats of formation for spinel LiMn2O4 
bulk structure. 

 This Study References 
Theoretical Experimental 

Lattice 
parameters 

 (Santos-Carballal 
et al., 2018) 

(karim et 
al., 2013) 

(Ishizawa et 
al., 2014) 

 8.247 8.350 8.43 8.25 
Heat of 

formation 
 (Yamaguchi et 

al., 1999) 
(Wang et 
al., 2005) 

 

 -1398.56 -1404.2 -1380.9  

 
Elasticity 

To study the elasticity of the LiMn2O4 spinel bulk, the elastic 
constants, moduli, anisotropy, and Pugh’s ratio were calculated 
at the strain of 0.005 (see Table 2). Mechanical stability criteria of 
a cubic system as outlined elsewhere (Mahlangu, 2013) is given 
as follows:  

C44 > 0, C11 > C44, and C11 + 2C12 > 0, C’= ½ (C11-C12) 
where C11, C12, and C44 are the independent elastic constants. The 
calculated elastic constants are all positive and obey the 
mechanical stability criteria for cubic crystals outline in equation 
3.2, for example, C11 + 2C12 = 263.98 > 0. Also, the calculated 
tetragonal shear moduli (C’) was found to be 77.06 GPa, which 
is positive and this indicates the stability of the material.  
 

FIGURE 1: Schematic diagram of the conventional unit cell of LiMn2O4, 
showing the 8a tetrahedral, 16d octahedral, and 32e sites. 

where , and  (which represent , and ) are the total energies of 
pristine LiMn2O4 bulk and elemental Li, Mn, and O in their 
respective ground states, while  refer to the fractional concentration 
of each constituent element. The lowest negative value of heats 
of formation indicates the most stable, while the highest indicates 
instability of the material. The calculated heats of formation 
are negative which compares well with reported literature (see  
Table 1).

Elasticity

To study the elasticity of the LiMn2O4 spinel bulk, the elastic 
constants, moduli, anisotropy, and Pugh’s ratio were calculated at 
the strain of 0.005 (see Table 2). Mechanical stability criteria of a 
cubic system as outlined elsewhere (Mahlangu, 2013) is given as 
follows: 

C44 > 0, C11 > C44, and C11 + 2C12 > 0, C’= ½ (C11-C12)

where C11, C12, and C44 are the independent elastic constants. The 
calculated elastic constants are all positive and obey the mechanical 
stability criteria for cubic crystals outline in equation 3.2, for 
example, C11 + 2C12 = 263.98 > 0. Also, the calculated tetragonal 
shear moduli (C’) was found to be 77.06 GPa, which is positive and 
this indicates the stability of the material. 

Furthermore, we analyzed Pugh’s ratio, which is a ratio of the bulk 
to shear moduli which indicates the brittleness or the ductility of the 
material (Wu et al., 2007). A higher value of B/G ratio indicates the 
ductility whereas a low value less than 1.75 indicates the brittleness 
of the material (If the ratio B/G > 1.75, then the material is ductile 
and otherwise brittle). The calculated B/G ratio was found to be 
1.03, which is less than 1.75, thus the structure is brittle. Then, we 
calculated the anisotropy factor (A), which measures the degree 
of anisotropy in a solid. Anisotropic solid has a value of 1 and 
measures the degree of elastic anisotropy when the value is less or 

Figure 1: Schematic diagram of the conventional unit cell of 
LiMn2O4, showing the 8a tetrahedral, 16d octahedral, and 32e 
sites

Table 1: Calculated lattice parameters and heats of formation for spinel LiMn2O4 bulk structure
This Study References

Theoretical Experimental
Lattice parameters (Santos-Carballal et al., 2018) (karim et al., 2013) (Ishizawa et al., 2014)

8.247 8.350 8.43 8.25
Heat of formation (Yamaguchi et al., 1999) (Wang et al., 2005)

-1398.56 -1404.2 -1380.9
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greater than unity ( Pugh, 1954). The value is calculated using the 
following equation:
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Furthermore, we analyzed Pugh’s ratio, which is a ratio of 
the bulk to shear moduli which indicates the brittleness or 
the ductility of the material (Wu et al., 2007). A higher value 
of B/G ratio indicates the ductility whereas a low value less 
than 1.75 indicates the brittleness of the material (If the ratio 
B/G > 1.75, then the material is ductile and otherwise brittle). 
The calculated B/G ratio was found to be 1.03, which is less 
than 1.75, thus the structure is brittle. Then, we calculated 
the anisotropy factor (A), which measures the degree of 
anisotropy in a solid. Anisotropic solid has a value of 1 and 
measures the degree of elastic anisotropy when the value is 
less or greater than unity ( Pugh, 1954). The value is 
calculated using the following equation: 

𝐴𝐴𝐴𝐴 =
2𝐶𝐶𝐶𝐶44

𝐶𝐶𝐶𝐶11 − 𝐶𝐶𝐶𝐶12
 

The calculated anisotropy (A) shown in Table 2, is greater 
than 1, which indicates that the bulk structures are 
elastically anisotropic materials.  

 
TABLE 2: Elastic constants (Cij) bulk moduli (B), tetragonal shear moduli (C’), 
shear moduli (G), Young's moduli (Y), anisotropic ratio (A), and Pugh’s ratio (K). 

Material Elastic constants 
(GPa) 

Moduli 

LiMn2O4 – 
normal 
spinel 

C11 190.75 B 88.00 C’ 77.06 
C12 36.63 G 85.09 A 2.34 
C44 90.45 Y 193.06 B/G 1.03 

 
Phonon dispersion and density of states 

To study the vibrational stability, phonon dispersion 
calculations were performed based on the small 
displacement method within the harmonic approximation 
using the PHON code (Parlinski et al., 1997). The Phonon 
dispersion curves were plotted along the W, L, Γ, X, and K 
Brillouin zone directions (see Figure 2a). The curve shows 
no imaginary vibrations along with all directions, which 
suggests that the structure is dynamically stable. From the 
phonon dispersion curve, the acoustic band ranges between 
0 and 13 eV while the optical band 15 and 18 eV. 

 

Furthermore, we explored the electronic stability and 
electronic arrangement. The density of states (DOS) was 
calculated, and the states were summarized in Figure 2b. 

 
  
 
It can be noted that there are no states observed at the Fermi (Ef), 
which indicates that the structure shows no metallic behavior, 
hence a semiconductor. Instead, a pseudo-gap was observed at 
the Ef which indicates that the structure is electronically stable. 
“Pseudo” means “false, unreal or fake”, this pseudogap can 
indicate the stability of the material in density of states (DOS). 
Figure 3b also describes the electronic arrangement according to 
their respective orbitals. The lower peak of the valence band is 
dominated by the s-orbital of the Li atom, ranging around -18 eV. 
The upper peaks ranging between -7.0 to -1.5 eV show 
hybridization between the Mn d-orbitals and the O p-orbital. At 
the conduction band, the peaks at around 1.0 and 3.2 eV are 
dominated by the d-orbitals of the Mn atom. 

 
Nb surface doping 

Herein, we study the effect of surface Nb doping on the major 
spinel surfaces as compared to the pure pristine facets. With 
reference to our previous work (Ramogayana et al., 2020), the 
surface energies of pure pristine facets were calculated for the 
relaxed and unrelaxed slabs. The calculated energies indicated a 
trend of increasing surface energies and decreasing stability, i.e. 
(001) < (011) < (111). In this study, we considered the most stable 
surface terminations which are the Li-terminated (001) surface, 
Li/Mn/O-terminated (011) surface and Li/Mn/O-terminated (111) 
surface (see Figure 4 below). 

Firstly, we explored the most preferred doping sites on the 
LiMn2O4 (001), (011), and (111) surfaces. The doping sites 
investigated include the bridging, hollow, and C-site for the 
(001) surface while only one site was found for the (011) and (111) 
surfaces (see Figure 3). The top layer Mn atom(s) were 
substituted with Nb atom(s) and the doped surfaces were then 
relaxed, allowing all the atoms to move. To study the effect of 
surface doping, we calculated the surface free energies for the 
modified surfaces, i.e. for Nb-doped surfaces calculated using: 

𝜎𝜎𝜎𝜎 = 𝛾𝛾𝛾𝛾𝑟𝑟𝑟𝑟 +
𝐸𝐸𝐸𝐸M − 𝐸𝐸𝐸𝐸r − 𝑥𝑥𝑥𝑥 ∙ 𝐸𝐸𝐸𝐸Nb + 𝑥𝑥𝑥𝑥 ∙ 𝐸𝐸𝐸𝐸Mn

𝐴𝐴𝐴𝐴
 

where γr is the surface energy for the relaxed pristine LiMn2O4 
spinel surface, 𝐸𝐸𝐸𝐸M is the energy of the Nb-doped LiMn2O4 
surface, 𝐸𝐸𝐸𝐸r is the energy of the relaxed pristine. Table 1 
summarizes the surface free energies (σ) for Nb doped surfaces 
with respect to the surface energies (𝛾𝛾𝛾𝛾𝑟𝑟𝑟𝑟) of pure pristine surfaces 
calculated in our previous work. The 𝛾𝛾𝛾𝛾𝑟𝑟𝑟𝑟 indicated a trend of 
increasing surface energies and decreasing stability, i.e. (001) < 
(011) < (111).The calculated σ also show a similar trend,  
 

FIGURE 2: The plot of the (a) phonon dispersion curve and (b) partial density 
of states (PDOS) for LiMn2O4 spinel structure. 

Figure 3: Top view of the most stable surface terminations (a) Li-terminated (001) 
surface, (b) Li/Mn/O-terminated (011) surface and (c) Li/Mn/O-terminated (111) 
surface. 

The calculated anisotropy (A) shown in Table 2, is greater than 1, 
which indicates that the bulk structures are elastically anisotropic 
materials. 

Phonon dispersion and density of states

To study the vibrational stability, phonon dispersion calculations 
were performed based on the small displacement method within 
the harmonic approximation using the PHON code (Parlinski et 
al., 1997). The Phonon dispersion curves were plotted along the W, 
L, Γ, X, and K Brillouin zone directions (see Figure 2a). The curve 
shows no imaginary vibrations along with all directions, which 
suggests that the structure is dynamically stable. From the phonon 
dispersion curve, the acoustic band ranges between 0 and 13 eV 
while the optical band 15 and 18 eV.

Furthermore, we explored the electronic stability and electronic 
arrangement. The density of states (DOS) was calculated, and the 
states were summarized in Figure 2b.

It can be noted that there are no states observed at the Fermi (Ef), 
which indicates that the structure shows no metallic behavior, hence 
a semiconductor. Instead, a pseudo-gap was observed at the Ef 
which indicates that the structure is electronically stable. “Pseudo” 
means “false, unreal or fake”, this pseudogap can indicate the 
stability of the material in density of states (DOS). Figure 3b also 
describes the electronic arrangement according to their respective 
orbitals. The lower peak of the valence band is dominated by the 
s-orbital of the Li atom, ranging around -18 eV. The upper peaks 
ranging between -7.0 to -1.5 eV show hybridization between the 
Mn d-orbitals and the O p-orbital. At the conduction band, the 

peaks at around 1.0 and 3.2 eV are dominated by the d-orbitals of 
the Mn atom.

Nb surface doping

Herein, we study the effect of surface Nb doping on the major 
spinel surfaces as compared to the pure pristine facets. With 
reference to our previous work (Ramogayana et al., 2020), the 
surface energies of pure pristine facets were calculated for the 
relaxed and unrelaxed slabs. The calculated energies indicated a 
trend of increasing surface energies and decreasing stability, i.e. 
(001) < (011) < (111). In this study, we considered the most stable 
surface terminations which are the Li-terminated (001) surface, 
Li/Mn/O-terminated (011) surface and Li/Mn/O-terminated (111) 
surface (see Figure 4 below).

Firstly, we explored the most preferred doping sites on the LiMn2O4 

(001), (011), and (111) surfaces. The doping sites investigated 
include the bridging, hollow, and C-site for the (001) surface while 
only one site was found for the (011) and (111) surfaces (see Figure 
3). The top layer Mn atom(s) were substituted with Nb atom(s) 
and the doped surfaces were then relaxed, allowing all the atoms 
to move. To study the effect of surface doping, we calculated the 
surface free energies for the modified surfaces, i.e. for Nb-doped 
surfaces calculated using:
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dominated by the d-orbitals of the Mn atom. 

 
Nb surface doping 

Herein, we study the effect of surface Nb doping on the major 
spinel surfaces as compared to the pure pristine facets. With 
reference to our previous work (Ramogayana et al., 2020), the 
surface energies of pure pristine facets were calculated for the 
relaxed and unrelaxed slabs. The calculated energies indicated a 
trend of increasing surface energies and decreasing stability, i.e. 
(001) < (011) < (111). In this study, we considered the most stable 
surface terminations which are the Li-terminated (001) surface, 
Li/Mn/O-terminated (011) surface and Li/Mn/O-terminated (111) 
surface (see Figure 4 below). 

Firstly, we explored the most preferred doping sites on the 
LiMn2O4 (001), (011), and (111) surfaces. The doping sites 
investigated include the bridging, hollow, and C-site for the 
(001) surface while only one site was found for the (011) and (111) 
surfaces (see Figure 3). The top layer Mn atom(s) were 
substituted with Nb atom(s) and the doped surfaces were then 
relaxed, allowing all the atoms to move. To study the effect of 
surface doping, we calculated the surface free energies for the 
modified surfaces, i.e. for Nb-doped surfaces calculated using: 

𝜎𝜎𝜎𝜎 = 𝛾𝛾𝛾𝛾𝑟𝑟𝑟𝑟 +
𝐸𝐸𝐸𝐸M − 𝐸𝐸𝐸𝐸r − 𝑥𝑥𝑥𝑥 ∙ 𝐸𝐸𝐸𝐸Nb + 𝑥𝑥𝑥𝑥 ∙ 𝐸𝐸𝐸𝐸Mn

𝐴𝐴𝐴𝐴
 

where γr is the surface energy for the relaxed pristine LiMn2O4 
spinel surface, 𝐸𝐸𝐸𝐸M is the energy of the Nb-doped LiMn2O4 
surface, 𝐸𝐸𝐸𝐸r is the energy of the relaxed pristine. Table 1 
summarizes the surface free energies (σ) for Nb doped surfaces 
with respect to the surface energies (𝛾𝛾𝛾𝛾𝑟𝑟𝑟𝑟) of pure pristine surfaces 
calculated in our previous work. The 𝛾𝛾𝛾𝛾𝑟𝑟𝑟𝑟 indicated a trend of 
increasing surface energies and decreasing stability, i.e. (001) < 
(011) < (111).The calculated σ also show a similar trend,  
 

FIGURE 2: The plot of the (a) phonon dispersion curve and (b) partial density 
of states (PDOS) for LiMn2O4 spinel structure. 

Figure 3: Top view of the most stable surface terminations (a) Li-terminated (001) 
surface, (b) Li/Mn/O-terminated (011) surface and (c) Li/Mn/O-terminated (111) 
surface. 

where r is the surface energy for the relaxed pristine LiMn2O4 
spinel surface, is the energy of the Nb-doped LiMn2O4 surface,  is 
the energy of the relaxed pristine. Table 1 summarizes the surface 
free energies (σ) for Nb doped surfaces with respect to the surface 
energies of pure pristine surfaces calculated in our previous work. 
The  indicated a trend of increasing surface energies and decreasing 
stability, i.e. (001) < (011) < (111).The calculated σ also show a 
similar trend, with the (001) surface being the most stable facet 
upon single Nb doping. However, the surface free energies are 
lower as compared to the surface energies for pure spinel surfaces. 
This decrease in energy as compared to the pure pristine surfaces 

Table 2: Elastic constants (Cij) bulk moduli (B), tetragonal shear moduli (C’), shear moduli (G), Young’s moduli (Y), anisotropic ratio 
(A), and Pugh’s ratio (K)
Material Elastic constants (GPa) Moduli
LiMn2O4 – 
normal spinel

C11 190.75 B 88.00 C 77.06
C12 36.63 G 85.09 A 2.34
C44 90.45 Y 193.06 B/G 1.03

Figure 2: The plot of the (a) phonon dispersion curve and (b) 
partial density of states (PDOS) for LiMn2O4 spinel structure

Figure 3: Top view of the most stable surface terminations (a) 
Li-terminated (001) surface, (b) Li/Mn/O-terminated (011) surface 
and (c) Li/Mn/O-terminated (111) surface
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indicates that upon single Nb doping, the surfaces becomes more 
stable while the (011) surface remains the most stable facet.

Table 3: Calculated surface free energies (σ) for single Nb 
doped surfaces as compare to surface energies ( calculated in 
our previous work

Surface free energies (eV/2)
Surfaces Pure  

(Ramogayana et al., 2020)
Nb doped

(001) 0.037 0.017
(011) 0.050 0.018
(111) 0.052 0.063

Density of states

Furthermore, we compared the total density of states for pure and 
Nb doped surfaces (see Figure 4). For pure pristine surfaces, we 
observed a pseudo gap at the Fermi of (001) surface, which indicates 
that the facet is the most stable as compared to the other surfaces, 
and his is in line with the calculated surface energies. However, 
the (001) surface show a reduced pseudo-gap at the Fermi which 
indicates that upon doping. From the Inserts, it shows that the Nb 
atom doesn’t contribute or have any impact on the Fermi level of 
all the surfaces. The peaks from Nb atoms in all the surfaces ranges 
from 1.5 – 2.5 eV, hence we observed the same trend of surface 
stability before and after Nb doping.

Conclusion

The LiMn2O4 spinel is a face-centered cubic structure with a = 
8.175, which agrees with the reported literature. The calculated 
elastic constants are all positive and obey the mechanical stability 
criteria for cubic crystals outline. The calculated B/G ratio was 
found to be 1.03, which is less than 1.75, thus the structure is brittle. 
The calculated anisotropy (A) is greater than 1, which indicates 
that the bulk structures are elastically anisotropic. We also explored 
the density of states (DOS), which showed a pseudo-gap at the 
Fermi-level, which indicates that the material is electronically 
stable. We finally plotted the phonon dispersion, which shows no 

imaginary vibrations along with all directions, which suggests 
that the structure is dynamically stable. Upon single Nb surface 
doping, the (001) surface remained the most stable facet but the 
calculated surface free energies as compared to the surface energies 
of pure pristine surfaces decreased. The partial density of states for 
Nb atom doped in the surfaces showed peaks at around 1.5 – 2.5 
eV, which indicates that the doped Nb atom has no contribution at 
the Fermi level, hence the we observed the same trend of surface 
stability before and after Nb doping.
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