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Abstract. Surface stability and reactivity of cathode materials is one of the key aspects in 

improving the electrochemical performance of secondary Li-ion batteries. Lithium manganese 

oxide spinel attracted the most attention as a potential cathode material for lithium-ion batteries 

because of its three-dimensional crystal structure that allows a smooth diffusion of Li+ in and out 

of the material. However, its application as a cathode material is limited by irreversible capacity 

fading due to manganese dissolution In the current paper, we employ the spin-polarized density 

functional theory calculations with on-site Coulomb interactions and long-range dispersion 

corrections [DFT+U−D3− (BJ)] to investigate the stability of (001), (011) and (111) surfaces 

during charge/discharge processes. Based on the calculated surface energies, it was observed that 

the Li-terminated (001) surface is the most stable with γr = 0.04 eV/Å2, which is in agreement 

with the reported literature. To mimic charge/discharge processes, delithiated surfaces were 

modelled from the most stable surfaces terminations, and their stabilities were evaluated by 

calculating the surface free energies. As compared to the surface energies of the pure pristine 

facets, we observed an increase in energy during delithiation process, which indicate that the 

surfaces are destabilizing. However, the most stable surface upon delithiation was the (111) 

surface with the most dominant plane on the particle morphologies.  Our work gives an insight 

about the surface stability and particle morphologies during charge/discharge processes.  

1. Introduction

Alternative energy sources became the world’s leading technology due to global warming and depleting

natural resources. Although there have been many studies aimed to facilitate the movement away from

the reliance on fossil fuels [1], there is still no replacement for commercially used lithium-ion batteries.

Li-ion batteries are widely used because of their high-power density, long cycle life, and low self-

discharge property [2]. However, recent Li-ion batteries have a limited cycling life which cannot keep

up with the current advanced technologies. An improvement of the positive electrodes can facilitate the

implementations of Li-ion batteries in the currently used electronic devices, electric vehicles and storage
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systems. Many cathode materials such as LiCoO2 [3], LiMn2O4 [4], LiFePO4 [5], etc. were studied and 

gave an improved electrochemical performance. 

Lithium manganese oxide (LiMn2O4) spinel attracted the most attention as potential cathode material 

because of its 3D crystal structure that allows a smooth movement of Li ions in and out of the cathode 

materials [6, 7]. It was considered as a suitable cathode material for Li-ion batteries because of its 

environmental friendliness, affordability, thermal stability, high energy density and high earth 

abundance of manganese [8]. However, it suffers from capacity fading due to manganese dissolution 

caused by the presence of the highly corrosive hydrofluoric acid continuously produced by degradation 

of the common LiPF6-based electrolytes [9]. 
Various strategies were implemented to reduce Mn2+ dissolution into the electrolyte, which including 

cation doping [10, 11], replacement of commercially used electrolyte component [12] and surface 

coating to create an artificial barrier that limits the direct electrode-electrolyte contact [13]. Most 

recently, studies focused on exposing the (111) surface since it is resistant to Mn dissolution [14, 15, 

16]. However, the effect of surface delithiation on the fully LiMn2O4 spinel is not completely 

understood. In this paper, we study the effect of delithiation on the LiMn2O4 low Miller index (001), 

(011) and (111) surfaces using spin-polarised density functional theory calculations. We investigate the

effect of surface delithiation by calculating surface free energies of surface as we reduce the Li content

and constructing their respective particle morphologies.

2. Method

The density functional theory (DFT) calculations as implemented in the Vienna Ab-initio Simulation

Package (VASP) [17] was used to investigate the effect of surface delithiation on the surface stability.

All calculations were carried out within the generalized gradient approximation (GGA) using the

Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional [18]. We used the kinetic energy

cut-off of 560 eV and the k-points of 5×5×5 for the integration of the reciprocal space. The projector

augmented-wave (PAW) method [19] in the implemented by Kresse and Joubert [20] was used to

describe the core electrons and their interaction with the valence electrons. To improve the description

of the localized 3d electrons, we used the Hubbard correction [21] in the formulation of Dudarev et al.

[22] and the U parameter was set at 4.0 eV, which was in the range of values reported in the literature

[23]. We also included the semi-empirical method to model the long-range interactions [24]. We set a

Gaussian smearing width of 0.05 eV to improve the convergence of the Brillion zone integrations during

geometry optimizations [24].

Lithium manganese oxide (LiMn2O4) commonly known as spinel is a face-centered cubic structure 

with a space group Fd-3m (No. 227) and the lattice parameter of a = 8.247 Å [25]. The lithium atoms 

occupy the 8a tetrahedral sites, manganese atoms at the 16d octahedral sites and oxygen atoms at the 

32e sites [26].  

Figure 1: The crystal structure of lithium 

manganese oxide (LiMn2O4) spinel. 
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3. Results

3.1.  Surface models 

All the surfaces modelled in this study were created by cutting the fully optimised bulk using the dipole 

method implemented in METADISE code [27]. The resulting surfaces were represented by keeping 

fixed the bottom atoms at their ab-initio relaxed bulk positions while the rest of the atoms were allowed 

to relax during geometry optimization to simulate the half-relaxed slabs. The surfaces composed of the 

same 56 atoms (8 formula units) as in the bulk structure, with 8 Li, 16 Mn and 32 O atoms. The LiMn2O4 

(001), (011) and (111) surfaces were modelled with slabs have surface areas 69.72, 48.30 and 60.38 Å2, 

respectively.  

(001) surfaces

(011) surfaces

(111) surfaces

Figure 2. Top and side view of the modelled low Miller index surfaces from a fully optimized 

LiMn2O4 bulk structure. Crystallographic directions for the top view of (001) surface terminations 

is [100] for the abscissae towards the right, for the (011) surface terminations it is [01̅1] for the 

abscissae towards the right, and for the (111) surface terminations it is [01̅1] for the longest axis 

towards the top. 

In each surface termination, a vacuum region of 15 Å was added perpendicularly to avoid interactions 

with the successive slabs. Various slabs, vacuum thickness and number of relaxed layers were tested 

until the convergence was within 1 eV per cell. In each surface orientation, we modelled two 

terminations which were both symmetrical and non-polar as outlined by Tasker [28]. The (001), (011) 

and (111) surfaces composed on two terminations, which are the Li and Mn/O-terminated slabs for 
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(001), Li/Mn/O and Mn/O-terminated for (011), and Li/Mn and Mn-terminated slabs for (111) surfaces 

(see Figure 2).  

3.2.  Surface energies 

Energy minimization of (001), (011) and (111) surfaces were carried out to obtain their respective 

surface energies. We determined the surface energies for the unrelaxed surface from a single point 

calculations of the slabs before relaxation. The unrelaxed surfaces energies (γu) were calculated as:  

𝛾u =
𝐸u − 𝐸b

 (1) 
2𝐴

where 𝐸u is the total energy of unrelaxed facet, 𝐸b is the energy of the fully optimized bulk with the

same number of formula units as in the slabs and 𝐴 is the surface area of each slab. During surface 

relaxation, the uppermost atoms were allowed to relax and the bottom atoms were kept fixed at bulk 

positions. The relaxed surface energies (γr) for these half-relaxed slabs were calculated using:  

𝛾𝑟 =
𝐸r − 𝐸b

𝐴
− 𝛾u  (2) 

where 𝐸r is the energy of half relaxed surface. The degree of relaxation (R) was also calculated for

all the surfaces as: 

𝑅 =  
𝛾u − 𝛾r

𝛾u
 × 100  (3) 

Table I. Surface energies of the low Miller index surface for the relaxed (γr) and 

unrelaxed (γu) slab. 

Surface Termination γu (eV/Å𝟐) γr (eV/Å𝟐) R (%) 

(001) Li 0.07 0.04 43.7 

Mn/O 0.15 0.11 28.7 

(011) Li/Mn/O 0.10 0.05 50.0 

Mn/O 0.10 0.07 37.2 

(111) Li/Mn 0.08 0.05 38.0 

Mn 0.21 0.09 57.9 

Table 1 summarizes the surface energies (for both unrelaxed and relaxed slabs) and the degree 

relaxation for the modelled surface shown in Figure 2. Considering the most stable surface as the one 

with the lowest surface energy, the (001) surface is observed as the most stable in both relaxed and 

unrelaxed slabs. The calculated surface energies indicated that the Li-terminated (001) surface has the 

lowest surface energy of γr = 0.04 eV/Å2 compared to other facets. With reference to the reported 

literature, the calculated surface energy for the Li-terminated (001) facet was in the range between 0.26-

0.96 J/m2 (0.02 and 0.06 eV/Å2) [29]. Surface energies of both the relaxed and unrelaxed slabs show an

increasing trend for the most stable termination, {(001) < (011) < (111)}, and therefore a decreasing 

surface stability. The most stable surface terminations for (001), (011) and (111) facets are the Li, 

Li/Mn/O and Li/Mn-terminated slabs, respectively. The relaxation percentages indicate that the (111) 

Mn–terminated (111) surface had the highest geometry relaxation while the Mn/O-terminated (001) had 

the lowest geometry relaxation percentage.  

3.3.  Surface free energies 

To mimic the Li intercalation during charge/discharge processes, we modelled the partially delithiated 

surfaces by removing the Li atoms from the uppermost atomic layer of the most stable surface 

terminations. The delithiated surfaces were modelled by removing only the Li atoms from the atomic 

layers which were allowed to move during geometry optimization.  The stability of the modelled 
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delithiated surfaces were investigated by calculating surface energies for different Li concentrations 

using equation:  

𝜎 = 𝛾r +
𝐸d−𝐸r+(8−𝑁Li)𝐸Li

𝐴
 (3) 

where 𝐸d is the energy of the delithiated slab, 𝐸r is the energy of the pristine slab, 8−𝑁Li is the number

of lithium atoms removed from the slab and 𝐸Li is the energy of one atom in the bulk of the body-

centered cubic (bcc) lithium. Table II summarize the surface free energies (σ) for slabs with different Li 

concentration. Note that when there are no surface modifications (such as surface doping, adsorption or 

delithiation), the surface energies and the surface free energies have the same magnitude [30]. In every 

surface orientation, we modelled slabs with compositions Li8Mn16O32, Li7Mn16O32 and Li6Mn16O32. 

Generally, we observe an increase in surface free energies upon delithiation compared to the surface 

energy for the fully lithiated surfaces, indicating surface destabilizing effect. After removing a single Li 

atom (x = 0.125), we observe that the (001) surface destabilises but still remain the most stable surface 

with σ = 0.12 eV/ Å2, followed by the (111) facet with σ = 0.14 eV/ Å2 and then (001) surface with the 

highest surface free energy of σ = 0.31 eV/ Å2. Upon the removal of two Li atoms (x = 0.250), the lowest 

surface free energy was the (111) facet with σ = 0.09 eV/Å2, while the slab with the highest surface free 

energy was the (001) facet with σ = 0.10 eV/Å2.  

Table II. Surface free energies (σ) for the partially delithiated surfaces at different Li content, 

showing the surface compositions and the number of Li atoms removed (x). Note that for x = 0, 

the surface free energy is equivalent to the surface energy (σ = γ). 

Surface Composition x σ ( eV/ Å2) 

0 0.04 

0.125 0.12 

0.250 0.10 

0 0.05 

0.125 0.31 

0.250 0.14 

0 0.05 

0.125 0.14 

(001) Li8Mn16O32

Li7Mn16O32

Li6Mn16O32

(011) Li8Mn16O32

Li7Mn16O32

Li6Mn16O32

(111) Li8Mn16O32

Li7Mn16O32

Li6Mn16O32 0.250 0.09 

3.4.  Particle morphologies 

The Wulff construction for particle morphologies was based on the famous paper on the heterogeneous 

substances by J.W. Gibbs [31]. Figure 3 summarizes the constructed particle morphology for the fully 

lithiated and partially delithiated surfaces. The particle morphologies were constructed from the surface 

free energies of respective Li concentrations. The fully lithiated particle morphologies are dominated by 

the (001) Li terminated surface, which is similar to the octahedron-shaped observed in literature [25]. 

Upon delithiation, the morphology clearly indicates that as we reduce the Li content, the (001) surface 

plane decreases, while the (111) plane becomes the most dominant facet. The (011) surface turn to 

disappear in the Wulff morphology upon delithiation because of its higher surface free energy with 

respect to the (001) and (111) planes. 
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Figure 3. The effect of delithiation onto the LiMn2O4 spinel surfaces at different 

Li content. This was investigated by calculating the surface free energies of 

partially delithiated surfaces at various Li concentrations and contracting their 

respective particle morphologies. 

4. Conclusion

Using the density functional theory calculations, we successfully investigated the effect of

delithiation on the three low Miller index (001), (011) and (111) Surfaces. We modelled the fully 

lithiated and partially delithiated surfaces from an optimised bulk and the most stable surface 

terminations, respectively. The calculated surface energies show that Li-terminated (001) facet is the 

most stable surface with γr = 0.04 eV/Å2, which is in agreement with the reported literature. To mimic 

the charge/discharge surfaces, we modelled the delithiated surfaces from the most stable termination by 

removing the Li atoms from the uppermost atomic layers. The surface free energies (σ) calculated for 

the modelled partially delithiated surface were higher as compared to the surface energies of the fully 

lithiated facets, which indicated that the surfaces were destabilising as the Li content decreases. 

Furthermore, we observed a decrease in (001) plane on the particle morphologies, while (111) surface 

become the most dominant slab upon delithiation.  
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