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A B S T R A C T   

Surface coatings play a pivotal role in enhancing the performance of secondary lithium-ion batteries by miti-
gating undesirable electrolyte activity towards the cathode materials. Metal oxide candidates have been inves-
tigated extensively, with α-Al2O3 emerging as a particularly promising coating material owing to its exceptional 
mechanical and thermal stability alongside low electrical conductivity. Despite the extensive exploration of this 
application of α-Al2O3, insight into the interplay between the coating layer and the cathode substrate remains 
incomplete. To address this lack of knowledge, this study employs density functional theory calculations with a 
Hubbard Hamiltonian and long-range dispersion corrections (DFT+U-D3) to comprehensively investigate the 
interfacial geometries, stabilities, and electronic properties of α-Al2O3-coated LiMn2O4 (001) and (111) interfaces 
of varying thicknesses. The individual surfaces were modelled first before constructing the interfaces. We found 
that the α-Al2O3 (1120) and (0001) surfaces match the LiMn2O4 (001) and (111) facets well, exhibiting {1132} 
and {3121} configurations, respectively, with corresponding misfits of 2.40 and 2.75 %. We calculated the 
largest adhesion energies of 0.16 and 0.10 eV/Å2 for monolayers with the {1132} and {3121} configurations, 
respectively, with the stability decreasing as the thickness of the α-Al2O3 layer increases. Further analysis reveals 
a minor charge accumulation on the substrate, attributed to charge accumulation on the oxygen atoms that 
participate in the Al-O bond. In contrast, we observed a depletion of charge on the manganese atoms that form 
the MnO6 units. The vacancy formation energies increase following partial delithiation, prompting minor charge 
depletion on neighbouring Mn atoms in the form of charge redistribution. The calculated work function increases 
with respect to the pristine surfaces, indicating that the coated interfaces are less reactive.   

1. Introduction 

Lithium-ion batteries (LIBs) have led to remarkable advancements in 
everyday applications, and continue to evolve in terms of safety, ca-
pacity, power, cycling stability and energy density since their 
commercialization was started by Sony in 1991 [1]. This impressive 
progress has been attributed to the integration of novel and tailored 
active (cathode) materials possessing larger capacity, enhanced poten-
tial and improved thermal stability [2–4]. An early example of cathode 
material innovation was the development of lithium cobalt oxide 
(LiCoO2) with a layered rhombohedral structure (R3m), initially pro-
posed by Mizushima et al. [5] in 1980. Despite the noteworthy theo-
retical capacity of LiCoO2 of 274 mAh/g, practical applications are 

constrained by a charging voltage limit of 4.45 V, yielding merely ~170 
mAh/g (less than 50 % of its theoretical capacity) [6]. The material’s 
capacity fades after 10 cycles, primarily due to (i) structural phase 
transitions followed by lattice deformations, engendering particle strain 
and crack formation and (ii) surface-electrolyte interactions resulting in 
Co dissolution and oxygen depletion from the surface. Additionally, 
cobalt usage entails environmental concerns and substantial costs [7]. 

Various alternatives to LiCoO2 as cathode materials have been 
explored and categorized structurally into three groups: layered [8–10], 
spinels [11,12], and olivines [13–15]. The spinel material LiMn2O4 as 
introduced by Thackeray et al. in 1983 [16] is often considered an 
effective substitute for LiCoO2 due to its manganese content, which is 
abundant, less toxic, and cost-effective. Structurally, LiMn2O4 consists of 
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a three-dimensional framework with diffusion pathways that facilitate 
unhindered Li+ transport, retaining the integrity of the parent Mn2O4 
material during full delithiation [17,18]. However, when used as a 
cathode material, LiMn2O4 suffers from capacity fading due to electro-
lyte activity, which induces Jahn-Teller distortion of the Mn3+ ions 
[19–21], cathode-electrolyte interphase (CEI) formation [22,23], and 
dissolution of Mn2+ ions into the electrolyte [24–26]. To overcome these 
issues, remedies such as the introduction of protective coating materials 
[27–29], cation/anion doping [30,31,27], and enhancing the proportion 
of the LiMn2O4 (111) surface in the morphology [32–34] have been 
pursued. Among these, surface coating has emerged as a strong strategy 
to hinder electrolyte-cathode interactions while preserving the LiMn2O4 
structural integrity. Various coating materials have been explored, 
including metallic oxides (e.g. TiO2 [35,36], Al2O3 [37,38], ZnO 
[39–41], MgO [42,43]), fluorides (such as AlF3 [44,45], SrF2 [46] and 
LaF3 [47]), and phosphates (LaPO4 [48,49]), YPO4 [50], FePO4 [51], 
AlPO4 [52]). α-Al2O3 stands out as a promising candidate due to its 
exceptional mechanical and thermal stability, corrosion resistance, and 
low electrical conductivity [53,54]. A notable feature is its ability to 
react with the acidic electrolyte medium, hydrofluoric acid (HF), 
resulting in the formation of an additional coating layer AlF3 layer via 
the chemical equation: Al2O3(s) + 6HF(aq) → 2AlF3(s) + 3H2O(l), which 
further hinders electrolyte-cathode interactions [55]. 

Surface modification of LiMn2O4 via α-Al2O3, as demonstrated by 
Kanna and Manthirram [56] and Eftekari [57], offers enhanced 
long-term cyclability, sustained structural integrity, crystallinity during 
cycling, and improved capacity retention even at elevated temperatures. 
Tu et al. [58] achieved a nano-Al2O3-coated LiMn2O4 material through a 
melting-impregnation method, resulting in superior capacity retention 
at room temperature with a fading rate of only 0.037 % per cycle over 
100 cycles. Al atom incorporation in the surface of the spinel was 
confirmed through X-ray absorption fine structure (XAFS). Employing 
density functional theory calculations, Ouyang et al. [59] elucidated 
that the presence of the Al2O3 coating restores the bonding of the 
under-coordinated octahedral manganese with oxygen at the (001) 
surface LiMn2O4. 

In general, a good coating material should be thin, electrochemically 
stable, cost-effective, easy to synthesise, and display high ionic and 
electronic conductivity, as discussed by Nisar et al. [60]. Gaun et al. [61] 
reported improved electrochemical performance, suggesting that 10 
atomic layer deposition (ALD) cycles yielded better cycling compared to 
20 ALD cycles, due to the larger polarization and resistance resulting 
from increased coating thickness. Waller et al. [62] observed enhanced 
capacity retention and capability, along with the formation of Al-F 
bonds during cycling and the presence of Mn in the coating layers. 
Similar findings have been reported by Lai et al. [63] for LiMn2O4 
enveloped by Al2O3 nanosheets. Warburton et al. [64–66] have 
employed calculations based on the density functional theory (DFT) to 
investigate theoretical aspects of the Al2O3 ALD mechanism on LiMn2O4 
surfaces, in particular how the near-surface manganese oxidation 
evolves with different Al precursor ligands and the consequences for 
electrochemical performance [38] in comparison with experimental 
observations. However, pertinent ab initio studies exploring interfacial 
interactions and stability during cycling remain limited. As such, this 
study reports the results of DFT calculations of the heteroepitaxial 
interface stability of α-Al2O3-coated LiMn2O4 (001) and (111) surfaces 
with distinct coating thicknesses throughout cycling. 

2. Simulation methods 

Spin-polarized density functional theory calculations, as imple-
mented in the Vienna Ab-initio Simulation Package (VASP), [67] have 
been employed to simulate the pristine and partially-delithiated 
α-Al2O3/LiMn2O4 heterostructures. The exchange-correlation energy 
was described using the Perdew, Burke, and Ernzerhof (PBE) functional 
within the generalized gradient approximation (GGA) [68]. A kinetic 

energy cut-off of 560 eV was applied for the expansion of the Kohn-Sham 
(KS) valence states. Γ-centred Monkhorst-Pack meshes of 5 × 5 × 5 and 
9 × 9 × 5 k-points were used for the bulk structures of LiMn2O4 and 
Al2O3, respectively. The LiMn2O4 and α-Al2O3 surfaces, as well as the 
α-Al2O3//LiMn2O4 interfaces were modelled using 5 × 5 × 1 and 1 × 1 ×
1 k-points grids, respectively. The projected augmented wave (PAW) 
formalism [69] as formulated by Kresse and Joubert [70] was employed 
to treat Li: 2s1, Mn: 3d54s2, O: 2s22p4 and Al: 3s23p1 as valence electrons 
and their interaction with the core electrons. The semi-empirical method 
of Grimme with Becke-Johnson damping [D3-(BJ)] [71,72] was 
included to account for the long-range dispersion interactions. The tet-
rahedron method with Blöchl corrections was used to obtain accurate 
total energies and electronic properties [73]. To improve the conver-
gence of the Brillouin zone integrations, a Gaussian smearing technique 
with a width of 0.05 eV was applied to all geometry optimizations [72]. 
A Hubbard correction [74] based on the formulation of Dudarev and 
co-workers [75] was introduced to improve the description of the 
localized 3d manganese electrons, where we have applied the effective 
parameter Ueff = 4.0 eV following the literature [76,77] and our pre-
vious studies [78,79]. Dipole corrections were applied in the direction 
perpendicular to the surface plane to improve the convergence of the 
electronic energy. Structural convergence was achieved using the 
conjugate-gradient technique and the convergence criterion was 
deemed met when the Hellmann–Feynman forces fell below 0.01 eV/Å. 

3. Results and discussions 

3.1. Bulk α-Al2O3 and LiMn2O4 phases 

An ideal coating material for the cathode of Li-ion batteries should 
primarily be an insulator capable of forming a robust physical barrier 
with high thermal and ion conductivity. Moreover, it should exhibit non- 
reactivity towards the cathode surfaces, while offering protection 
against corrosive agents such as hydrofluoric acid (HF). Among the array 
of potential choices, corundum α-Al2O3 stands out, due to its remarkable 
mechanical and thermal stability, exceptional corrosion resistance, and 
its propensity to react with hydrofluoric acid (HF) to generate AlF3, 
which possesses promising coating attributes [80]. The simulated 
α-Al2O3 material has hexagonal bulk crystal symmetry within the R3c 
(No. 167) space group. The unit cell is composed of 30 atoms: 12 
aluminium atoms occupying two-thirds of the octahedral 12c Wyckoff 
positions with coordinate (0.000, 0.000, 0.148) and 18 oxygen atoms 
filling the 18e Wyckoff sites with the coordinate (0.306, 0.000, 0.250), 
which are aligned along the [001] direction. After optimization, the 
lattice parameters of the α-Al2O3 bulk structure are a = b = 4.776 ̊A and c 
= 13.026 Å, in agreement with reported experimental data [81–83] 
where a = b = 4.751 Å and c = 12.868 ̊A with deviations of ~0.52 and 
1.22 % for a and b, respectively. Our calculations indicate average 
atomic charges within the α-Al2O3 bulk of q(Al) = 2.48 e− /atom and q 
(O) = − 1.65 e− /atom. Corundum α-Al2O3, which is an electrical insu-
lator, has a wide band gap of 5.91 eV in its calculated density of states, in 
agreement to within 1.02 % with the experimental value of 5.97 eV. [84] 
The valence band of α-Al2O3 is primarily influenced by oxygen 2p or-
bitals, accompanied by minor contributions from Al s, Al p and O s or-
bitals spanning the range of − 6.93 to 0.12 eV. In contrast, the 
unoccupied conduction band spans from 0 to 6.10 eV, see Fig. 1a. 

For the substrate cathode material, we considered the normal 
LiMn2O4 structure which crystallizes in a cubic structure with space 
group Fd3m (No. 227). Despite LiMn2O4 exhibiting partial inversion of 
approximately 30 % [82], here we have decided to use the fully normal 
spinel where the Li cations fill the tetrahedral positions, and the Mn 
atoms occupy the octahedral holes. Considering the partial inversion 
degree in the conventional cubic cell of a spinel material containing 56 
atoms would entail simulating 4222 inequivalent configurations before 
creating the surface and interface models, which is outside the scope of 
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this work. In previous work, we have also successfully employed the 
(001), (011) and (111) surface models of the normal LiMn2O4 spinel to 
calculate their adsorption properties towards ethylene carbonate and 
hydrogen fluoride [76,83], and we are therefore confident that the 
normal spinel model will provide the insight into the interfacial struc-
tures and properties that are the subject of the current work. 

The structure consists of a conventional unit cell comprising 56 
atoms, wherein 8 Li ions occupy the 8a tetrahedral Wyckoff sites, 16 Mn 
cations are distributed across the 16d octahedral Wyckoff positions with 
an equal proportion of formally Mn3+ and Mn4+ ions averaging a charge 
of +3.5. Accompanying these are 32 O atoms located in a close-packed 

cubic array at the 32e Wyckoff sites, forming a face-centred cubic crystal 
lattice. The optimised lattice parameters a = b = c = 8.347 ̊A are in line 
with reported experimental data [30,85] of a = 8.249 Å, within 
~1.18%, see Fig. 2a. The calculated average Mn-O bond distance mea-
sures ~1.989 Å for both Mn3+ and Mn4+, in agreement with reported 
experimental values of 1.961 Å and close to another theoretical value of 
1.867 Å [21]. The calculated density of states, previously discussed in 
[86,21], shows half-metallic behaviour with the Fermi level intersecting 
the spin-up eg manganese (Mn3+) ions and oxygen 2p orbitals, see 
Fig. 1b. The occupied valence band lies within the range of − 8.5 to 2.3 
eV, consisting of hybridized Mn t2g states with O 2p orbitals, 

Fig. 1. (Left panels) Optimized crystal structures and (right panels) corresponding projected density of states (PDOS) of (a) LiMn2O4 and (b) α-Al2O3.  

Fig. 2. (Top panels) top views and (bottom panels) side views of the (001), (011) and (111) surfaces of LiMn2O4. Li is green, Mn is violet, and O is red.  
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accompanied by minor contributions from p and s orbitals of Mn, O, and 
Li atoms, respectively. Furthermore, the calculated average atomic 
charges amount to 0.88, 1.78 and − 1.10 e− /atom for lithium, manga-
nese, and oxygen, respectively. Collectively, the discussed bulk prop-
erties we in good agreement with experimental and available 
computation works noted. 

3.2. Pristine surfaces 

We employed the same models of the non-polar, stoichiometric, and 
symmetric low-Miller index surfaces of the LiMn2O4 material that we 
studied previously [79]. To facilitate the accommodation of the α-Al2O3 
coating layers on these surfaces, while avoiding interactions among 
vertical periodic images, we introduced a vacuum region of 20 Å 
perpendicular to the slabs. Considering the high symmetry nature of a 
cubic system, several low Miller index surfaces are equivalent, for 
example {001} = (100), (010), and (001), whereas {011} = (110), 
(101), (011). Thus, we have considered only three low Miller index 
surfaces, i.e. the (001), (011) and (111) surfaces. For each of the simu-
lated (001), (011) and (111) surfaces, we considered eight formula units 
(f.u.) with corresponding unit cell areas of 69.79, 49.28 and 60.40 Å2, 
respectively. The four bottom-most atom layers were held fixed at their 
relaxed bulk positions, while the uppermost atom layers were permitted 
to relax unconstrainedly during the geometry optimizations. 

The surface energies before (γun) and after (γrel) relaxation, were 
calculated using: 

γun =
EDFT

un,slab − EDFT
bulk

2Aslab
(1)  

γrel =
EDFT

rel, slab − EDFT
bulk

Aslab
− γun (2)  

where EDFT
bulk, EDFT

un, slab, and EDFT
rel, slab denote the total energies of the opti-

mized bulk, unrelaxed surface fixed at the optimized bulk positions, and 
half-relaxed surfaces, respectively, while A corresponds to their surface 
area. Their respective relaxation (R) percentages were calculated as: 

R =
γun − γrel

γun × 100 (3) 

As was discussed previously [87], Table 1 summarizes the surface 
energy and relaxation percentages of the major LiMn2O4 surfaces, 
together with their respective average atomic charges (q), and work 
functions (ϕ). The work function (ϕ) was calculated as the difference 
between the electrostatic potential energy in the vacuum (Evac) and the 
Fermi level of the material (EF): 

ϕ = Evac − EF (4) 

The Li-terminated (001) surface has the lowest computed surface 
energy, recorded at γrel = 0.037 eV/Å2, which is consistent with previ-
ously reported data [77,88,89]. Our calculations indicate that the (011) 
surface undergoes the largest relaxation percentage R = 50.0 % relative 

to the unrelaxed surface slab. The calculated average atomic charges 
observed for these stable terminations are comparable to the charges 
calculated for the bulk LiMn2O4 material [86], with the largest differ-
ence of ~2.6 % observed for the Mn atoms in the Li-terminated (001) 
surface. We also obtained the work function (ϕ) for each surface, which 
is the energy needed to extract an electron from the solid into the vac-
uum and was calculated as the difference between the electrostatic po-
tential energy of the vacuum (Evac) and the Fermi energy (EF). Our 
calculated values for the work function suggest that the (011) surface 
exhibits lower reactivity compared to the (001) and (111) surfaces, 
whereas the (111) surface is predicted to be the most reactive. 

We have also modelled the seven low-Miller index surfaces of 
corundum α-Al2O3. Fig. 3 shows the optimized surface structures of the 
most stable terminations of α-Al2O3, whereas Table 2 lists their calcu-
lated surface energies before and after relaxation, relaxation percentage, 
average atomic charges, and work function. As discussed in our previous 
work [54], we calculated the lowest surface energy of γrel = 0.11 eV/Å2 

for the Al-terminated (0001), which is predicted to be the most stable 
surface under vacuum conditions, in agreement with earlier studies 
[90–92]. The second most stable surface is the O-terminated (1120) 
facet with a surface energy of γrel = 0.15 eV/Å2. The overall order of 
increasing surface energies of the alumina surfaces is (0001) < (1120) <
(0110) < (1121) < (1011) < (0111) < (1010). 

According to the calculated percentages of relaxation, the uppermost 
layers underwent significant adjustment during the optimization of all 
surfaces to their most stable configurations. The Al-terminated (0001) 
surface displays the largest relaxation percentage at 56.9 %, primarily 
attributed to the inward relaxation of dangling bonds along the z-di-
rection. We also calculated the Bader charges for each atom on the 
surfaces, indicating a slight reduction compared to the values found for 
their fully coordinated counterparts in the bulk. For instance, we ob-
tained an average charge depletion of q(Al) = 2.45 e− /atom and an 
accumulation of q(O) = − 1.63 e− /atom for the (0001) surface, i.e. a 
difference of 1.22 % compared to the bulk. The calculated work func-
tions (ϕ) reveal that the (0111) surface is more reactive than the most 
stable (0001) surface by 0.22 eV. 

Next, we constructed the particle morphologies of both materials 
using the surface energies of their respective low-Miller index surfaces. 
According to Wullf’s theorem [93], the crystal in equilibrium has the 
height of the facet (hi) directly proportional to its specific surface free 
energy (σi, where i = Miller index of the specific surface) and the ratio of 
the two is constant, which can be summarized by the expression: 

σ(001)

h(001)
=

σ(011)

h(011)
= … =

σi

hi
(5) 

The Wulff morphology of LiMn2O4 portrays a cuboctahedral particle 
with the (001) as the dominant plane, see Fig. 4a. This morphology also 
highlights a decreasing stability trend of (001) > (011) > (111). Upon 
delithiation, we observed that the (111) plane gained prominence 
whereas the (011) surface lost significance within the morphology [87]. 
As a result, our focus now centres on modelling the α-Al2O3-coated 
LiMn2O4 (001) and (111) surfaces. We obtained a hexagonal-prism 
shape for α-Al2O3 with a dominant Al-terminated (0001) plane and 
appearance of the (1120) and (0110) surfaces in smaller proportion. The 
other low-Miller index surfaces are not expressed due to their large 
surface energies with respect to the dominant (0001) surface, See 
Fig. 4b. 

3.3. Heteroepitaxial interface 

3.3.1. Geometrical misfit 
Using the relaxed surfaces of the two materials that are prominent in 

the Wulff crystal morphology, we next investigated the deposition of 
α-Al2O3 onto the major LiMn2O4 (001) and (111) surfaces. Considering 
the incommensurate relationship of the surface lattices between the two 

Table 1 
Surface energies before (γun) and after relaxation (γrel), percentage of relaxation 
(R) and work functions (ϕ) for the low-Miller index surfaces of LiMn2O4. The 
average charge (q) of the exposed atoms is also reported [79].  

Properties Surfaces 

(001) (011) (111) 

γun (eV/Å2)  0.066  0.100  0.085 
γrel (eV/Å2)  0.037  0.050  0.052 
R (%)  43.7  50.0  38.0 
q(Li) (e− /atom)  0.90  0.90  0.89 
q(Mn) (e− /atom)  1.73  1.74  1.74 
q(O) (e− /atom)  − 1.09  − 1.09  − 1.10 
ϕ(eV)  4.21  4.26  3.66  
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materials, we first explored various potential configurations of the 
α-Al2O3 overlayer on the LiMn2O4 substrate surfaces to achieve optimal 
surface-to-surface alignment. To generate these configurations, we 
expanded the unit lattices of both the substrate and overlayer along the a 
and b directions using integers, as illustrated in Fig. 5a–b. The integers 
used to expand the spinel LiMn2O4 lattice in the a and b directions are 
denoted as k and l, while m and n represent the corresponding expansion 
factors for the α-Al2O3 overlayer surfaces. To assess the alignment of the 
surfaces, we employed the misfit (μ) calculation method introduced by 
Carter et al. [94–97]: 

μ =

(

1 −
2Ω

ALMO + AAl2O3

)

× 100 (6)  

where ALMO and AAl2O3 are the surface areas of the LiMn2O4 substrate 
and α-Al2O3 overlayer in each interface and Ω is the overlap area be-
tween the surfaces of the two materials, see Fig. 5e-f. Since low misfit 

and lattice strain values can always be achieved at extremely large 
interface areas, which are, however, prohibitively costly for our DFT 
calculations, we have limited our interface lattice area to 450 Å2. 

Furthermore, since our simulations require boundary conditions, we 
imposed a degree of interfacial coherence, by adjusting the α-Al2O3 
overlayer to accommodate the mismatch. We quantified this enforced 
strain on the overlayer with the variables δnl

1 and δkm
2 calculated as: 

δnl
1 =

la1 − nb1

nb1
(7)  

δkm
2 =

ka2 − mb2

mb2
(8)  

where a1 and a2 denote the lengths of the basis vectors spanning the unit 
cell of the α-Al2O3 overlayer while b1 and b2 correspond to the unit cell 
of the LiMn2O4 substrate. 

Experimentally, the feasibility of forming an epitaxial interface be-
tween the α-Al2O3 (0001) and LiMn2O4 (111) surfaces has been dis-
cussed [98,99]. However, understanding of the compatibility between 
the α-Al2O3 and LiMn2O4 (001) surfaces is limited. Fig. SI 1 illustrates all 
the possible configurations considered for the α-Al2O3 
(0001)//LiMn2O4(111) interface, with Table 3 showing the misfit per-
centages relative to the matching area for the four systems with the 
lowest misfits. The lowest calculated misfit percentage was 2.75 % for 
the interface with the configuration klmn = {1132}. The calculated 
strain of δnl

1 = δkm
2 = − 0.57 suggests that the α-Al2O3 overlayer should be 

compressed along both a and b to accommodate itself to the (111) sur-
face of the substrate. To validate our findings, we also employed the near 
coincidence site lattice (NCSL) theory method proposed by Sayle et al. 
[100,101]. The same {1132} interface configuration was identified as 
having the lowest misfit, with negative strain values indicating 

Fig. 3. (Top panels) top views and (bottom panels) side views of the seven low-Miller index surfaces of the α-Al2O3. Al is in blue, and O is in red.  

Table 2 
Calculated surface energies before (γun) and after relaxation (γrel), the percentage of relaxation (R) and work function for the seven α-Al2O3 low Miller index surfaces. 
The average charge (q) of the exposed atoms is also reported.  

Property Surfaces 

(0001) [54] (1010) (0110) (0111) (1011) (1120) (1121) 

γun (eV/Å2)  0.25  3.96  0.24  1.99  1.98  0.19  0.30 
γrel (eV/Å2)  0.11  3.88  0.16  1.95  1.94  0.15  0.23 
R (%)  56.9  2.0  33.4  2.3  1.9  22.3  24.8 
q(Al) (e/atom)  2.45  2.34  2.43  2.37  2.47  2.46  2.35 
q(O) (e/atom)  − 1.63  − 1.52  − 1.61  − 1.55  − 1.65  − 1.64  − 1.57 
ϕ(eV)  4.30  5.45  4.52  4.25  5.43  5.60  5.92  

Fig. 4. Constructed Wulff morphologies of the pristine (a) LiMn2O4 and (b)α- 
Al2O3 surfaces. 
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compression of the overlayer to accommodate the mismatch. A similar 
trend was observed for the second lowest misfit percentage, belonging to 
the {1133} configuration, see Table SI 2. 

Consequently, our purpose was also to model the α-Al2O3 (0001)// 
LiMn2O4(111) interface and identify the α-Al2O3 surface that best aligns 
with the substrate (001) surface. To this end, we compared the lattices of 
the seven low-Miller indices surfaces of α-Al2O3 with the lattice of the 
LiMn2O4 (001) surface in order to identify an overlayer surface that fits 
with minimal strain. Three potential surfaces were examined further, i.e. 
the α-Al2O3 (1010), (0110) and (1120) facets. We then compared the 
misfit percentages of the α-Al2O3 (1010), (0110) and (1120) surfaces on 
the substrate LiMn2O4 (001) surface (see Figure SI 2). The lowest misfit 
percentage of 2.40 % indicates that the (1120) surface fits onto the (001) 
substrate surface with the geometry configuration klmn = {3121}. The 
calculated strain variables δnl

1 = − 0.04 and δkm
2 = 0.51 suggest that the 

(1120) surface should be compressed and expanded along a and b, 

respectively, to achieve coherence between the two materials. Given 
that interfaces with lattice mismatches exceeding 5 % are unlikely to 
exist, we have considered only geometry configurations with μ below 
that value. 

3.3.2. Adhesion energies 
To gain insight into the interfacial stability, we have computed the 

adhesion energy (Eadh), which measures the energy gained upon for-
mation of the interface boundary between the two materials, as: 

Eadh =

(
EAl2O3 + ELMO

)
− EInter

A
(9)  

where EAl2O3 andELMO represent the total energies of an unsupported 
α-Al2O3 overlayer and a relaxed major surface of the LiMn2O4 substrate. 
The term EInter stands for the total energy of the relaxed heteroepitaxial 
interface while A denotes the interface area. Taking into consideration 
the influence of coating thickness on Li+ intercalation during cycling 
[60], we examined heterostructures with various α-Al2O3 thicknesses (i. 
e. n1, n2, and n3). All interfaces underwent adjustments to achieve the 
most stable configurations during relaxation. Fig. 6 summarizes the in-
terfaces with different overlayer thicknesses and their corresponding 
adhesion energies. Positive values of interfacial energies signify stabil-
ity, whereas negative values denote unstable heterostructures with 
respect to the free surfaces. Notably, the highest calculated energies 
were observed for the monolayer α-Al2O3 (n1), with the most stable 
{1132} configuration yielding Eadh = 0.16 eV/Å. As the overlayer 
thickness is increased, Eadh decreases, suggesting that greater thickness 
leads to destabilization of the system. In contrast to experiments [57, 
102,103] with amorphous coating thicknesses of up to 15 nm on an 
~500 nm LiMn2O4 substrate, our computational method was unable to 
model such large systems due to the prohibitive computational cost of 
our DFT method for a large number of atoms. Our calculations also 

Fig. 5. Top views of the unit cells of the isolated (a) and (b) LiMn2O4 substrate and (c) and (d) α-Al2O3 overlayer surfaces. Both surfaces are supercells of a surface 
unit cell expanded along the a and b directions by the k, l, m, n integers shown in red. The overlap area (Ω) of both (e) α-Al2O3 (0001)// LiMn2O4 (111) and (f) 
α-Al2O3 (1120)//LiMn2O4 (001) interfaces before coherence is outlined in orange. 

Table 3 
Geometry misfit percentages (µ) and strain parameters (δnl

1 ,δkm
2 ) for various 

configurations of α-Al2O3 (0001) and (1120) surfaces on the major (001) and 
(111) surfaces of LiMn2O4.  

Interface 
α-Al2O3//LiMn2O4 

LiMn2O4 α-Al2O3 δnl
1 δkm

2 Area 
(Å2) 

µ 
(%) 

k l m n 

(0001)//(111) 1 1 3 2  − 0.59  − 0.59  112.81  2.75 
1 1 3 3  − 0.73  − 0.73  120.76  16.14 
1 1 2 2  − 0.38  − 0.38  79.03  17.91 
2 1 3 3  − 0.45  − 0.45  146.54  27.14 

(1120)//(001) 3 1 2 1  − 0.04  0.51  206.88  2.40 
2 1 1 1  0.28  1.02  107.75  12.65 
1 1 1 1  − 0.36  0.01  68.96  22.18 
3 1 1 1  0.92  2.02  107.75  31.84  
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revealed that overlayer-surface interactions at the boundary form Al-O, 
Mn-O and Li-O bonds, while subsequent α-Al2O3 overlayers exhibit 
disorder, except for the more crystalline n3{3121} configuration. 

3.3.3. Interplanar distances 
We also investigated the interplanar distances (Δij) of both the 

substrate and coating layers within the α-Al2O3 (0001)// LiMn2O4 (111) 
and α-Al2O3(1120)//LiMn2O4(001) interfaces with respect to their 
equivalent distances in the relaxed pristine surfaces (see Fig. 7). The 
interplanar distances of the α-Al2O3 and LiMn2O4 surfaces in the in-
terfaces formed with varying number of coating layers were calculated 

as Δij =

(
dij − d0

ij
d0

ij

)

× 100, where dij represents the separation distance 

between the relaxed i and j = i + 1 layers, and d0
ij is the corresponding 

distance in the pristine LiMn2O4 surfaces or the unsupported α-Al2O3 

overlayer. As shown in Fig. 7 (a–b), it was evident that the atoms with 
dangling bonds of the (001) and (111) substrates were slightly displaced 
outward towards the interacting atoms of α-Al2O3 upon interface 
relaxation. The Mn atoms with dangling bonds in configuration {1132} 
moved outward in response to the formation of Mn-O and Al-O bonds 
with the α-Al2O3 coating, with the maximum shift of 3.8 % observed for 
n3. Similarly, on the Mn-terminated (111) surface, the dangling bonds in 
the first atomic layer of the interface with configuration {3121} 
exhibited significant outward relaxation of 3.8 % for both n3 and n2. In 
both cases, the subsequent (MnO) layer experienced inward shifts of 1.1 
and 1.9 % for n1{1132} and n3{3121}, respectively, during relaxation. 
Additionally, we noted minor relaxation in the subsequent layers of both 
interface models as we moved towards the lower planes where the atoms 
were fixed at their bulk positions. 

Similarly, as shown in Fig. 7 (c–d), we analysed the shifts of the 
interplanar distances of the overlayer within the {3121} hetero-
structures in relation to the pristine unsupported α-Al2O3 surfaces. Our 
results show that the Al and O atoms are displaced inwards and 

Fig. 6. Calculated adhesion energies for potential interfaces α-Al2O3 (0001)// 
LiMn2O4 (111) and α-Al2O3(1120)//LiMn2O4(001) with geometry configura-
tions {1132} and {3121}, respectively, for various overlayer thicknesses. 

Fig. 7. Interplanar distance relaxation (Δij) of the (a-b) LiMn2O4 (001) and (111) substrate surfaces and (c-d) α-Al2O3 (0001) and (1120) overlayer surfaces in 
heterostructures compared to their isolated pristine counterparts for α-Al2O3(0001)//LiMn2O4(111) and α-Al2O3(1120)//LiMn2O4(001) with the configurations 
{1132} and {3121}, respectively, for various overlayer thicknesses. 
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outwards, respectively, upon formation of the Al-O and Mn-O interfacial 
bonds. However, a different trend was observed for the 1132n2 inter-
face, where the Al ions moved outwards, suggesting a steric repulsion 
between the Mn/Li and Al atoms. The largest displacements were 
observed at 15.2 and 12.4 % for 1132n2 (O)− 6 and 3121n1 (Al)− 9, 
respectively, due to the formation of Al-O interfacial bonds. As the 
thickness of the coating layers was increased, we observed smaller 
interplanar relaxation, showing that the system tends to remain 
crystalline. 

3.4. Electronic properties 

We next quantified the electron charge accumulation/depletion of 
the LiMn2O4 substrate within the interface and compared it to the 
pristine surface, see Table 4. In general, we observed a minor gain in 
electronic charge on the substrate, which was provided by the α-Al2O3 

overlayer in bothα-Al2O3(0001)//LiMn2O4(111) and α-Al2O3(1120)// 
LiMn2O4(001) hetero-structures with varying α-Al2O3 layers. The largest 
charge difference of Δq = − 0.90 e− was noted for the {3121} configu-
ration with a single α-Al2O3 layer. However, a slight charge depletion of 
0.06 e− in the overlayer was observed for n3{3121}, attributed to the 
formation of Al-O and Li-O bonds, which contributed − 0.28 and − 0.002 
e− , respectively. With the increase in the number of α-Al2O3 layers, the 
charge transfer tended to decrease except for n2{1132}, which exhibited 
Δq = − 0.71 e− . We further analysed the average charge transfer on the 
exposed Mn, Li, and O atoms of LiMn2O4 interacting with the overlayer 
and forming the Al-O, Mn-O and Li-O bonds. A consistent trend emerged 
of charge depletion from the interacting Mn atom to the overlayer O 
atom, reaching a maximum of 0.41 e-/atom for n2{1132}. As for the 
interacting Li atoms in the top layer, we observed a negligible charge 
accumulation from the overlayer O atom, with a minimal charge gain of 
Δq = − 0.002 e-/atom. Similarly, a general charge accumulation was 
observed on the interacting oxygen in the top layer forming the Al-O 
bond, with a negligible charge gain of Δq = − 0.01 e-/atom observed 
in the case of n1{1132}. Notably, the charge transfer for Al-O in-
teractions increased with the number of α-Al2O3 layers for {1132}, while 
the opposite trend was observed for {3121}. 

Fig. 8 provides a visual representation of the charge density differ-
ence (Δρ) between the two materials within the heterostructures. The Δρ 
values are depicted as the charge difference between the total charge 
density of the interfaces (ρint) and the sum of the electronic charge 
densities of the isolated LiMn2O4 and α-Al2O3 surfaces in the same ge-
ometry of the heterojunction, i.e. Δρ = ρinter - (ρLMO + ρα− Al2O3

). These 
visualizations were generated using the VESTA (Visualization for Elec-
tronic and Structural Analysis) software [104], where yellow indicates 
charge accumulation and blue represents charge loss. Notably, the 
interaction involving Mn atoms exhibits charge depletion, which is 
offset by the accumulation of charge on the interacting O atoms within 
the α-Al2O3 overlayer. Additionally, we observed minor charge fluctu-
ations on the neighbouring Al atom within the overlayer. The interacting 
O atom has a propensity for charge accumulation at the expense of the 
interacting Al atom. Conversely, minimal charge gain is observed along 
the Li-O bond, which is further observed on the neighbouring O atoms in 

the substrate LiMn2O4. 
In conjunction with the charge transfer analysis, we also calculated 

the work function (ϕ), i.e. the energy required to remove an electron 
from the Fermi level into the vacuum. In both interface configurations, 
we noted the largest work function values for n = 2, with the peak value 
reaching 6.31 eV for the {3121} heterojunction. This trend of increasing 
work function values relative to the pristine surfaces implies that the 
coated surfaces become less reactive. 

3.5. Partial delithiation thermodynamics 

The mobility of lithium ions during cycling significantly impacts 
battery performance, affecting its capacity, energy density and cycle life. 
To gain insight into the effect of partial delithiation of the α-Al2O3- 
coated LiMn2O4 surfaces relative to the uncoated surfaces, we explored 
sequential Li removal from the top layers of the (001) and (111) surfaces 
of the spinel substrate within the α-Al2O3//LiMn2O4 interface, with 
varying α-Al2O3 thicknesses. The Li vacancy formation energies 
(ΔEf

inter− xLi) in the partially delithiated pristine/interface models were 
calculated and plotted against the number of Li atoms removed (see 
Fig. 9). For the pristine (001) and (111) surfaces, we consider the half- 
reaction at the cathode during cycling as follows: 

LiMn2O4→ Li1− xMn2O4 + xLi (10) 

In this process, lithium ions are extracted from the cathode and 
migrate through the electrolyte to the anode, while electrons traverse 
the external circuit to the anode, where Li atoms are formed. We 
simulated Li removal from the surfaces of the α-Al2O3//LiMn2O4 het-
erostructures as: 

Interface→ Interface1− xLi + xLi (11) 

The vacancy formation energies for the processes were calculated 
using: 

ΔEf
LMO− xLi = (ELMO− xLi + xELi) − ELMO (12)  

ΔEf
inter− xLi = (Einter− xLi + xELi) − Einter (13)  

where ELMO − xLi, Einter − xLi and ELMO, Einter are the total energies of the 
surfaces or interfaces with and without Li vacancies, while ELi is the total 
energy of an isolated Li atom in a bcc unit cell and x is the number of 
lithium atoms removed. Positive values suggest that Li removal from the 
interfaces is an endothermic process, while an exothermic and favour-
able process would have a negative energy. Fig. 9 indicates that the 
removal of Li from the pristine LiMn2O4 material requires energy, as the 
calculated vacancy formation energies are all positive for both the (001) 
and (111) surfaces. This finding is in agreement with the operation 
principle of Li-ion batteries, since the charging process requires energy 
to move the Li+ ions from the cathode to the anode material. 

Relative to the pristine (001) and (111) surfaces of LiMn2O4, the 
lower vacancy formation energies in the α-Al2O3//LiMn2O4 hetero- 
structures suggest that surface delithiation of the coated surfaces de-
mands less energy. For the α-Al2O3(0001)//LiMn2O4(111) interface, the 

Table 4 
Electronic charge transfers on the LiMn2O4 substrate (Δq(LiMn2O4)) and individual interacting atoms (Δq(Li), Δq(Mn), and Δq(Al)). Positive charge transfer values 
indicate depletion while negative indicate accumulation. The work functions (ϕ) calculated for different numbers of α-Al2O3 layers are also reported.  

Interface 
α-Al2O3//LiMn2O4 

klmn No. of layers Δq(LiMn2O4) 
(e− ) 

Δq (e− /atom) ϕ 
(eV) 

q(Mn) q(Al) q(Li) 

(0001)//(111) 1132 n1  − 0.17  0.28  0.02  − 0.023  5.78 
n2  − 0.71  0.83  − 1.09  − 0.015  5.87 
n3  − 0.08  0.28  − 0.66  − 0.004  5.39 

(1120)//(001) 3121 n1  − 0.90  0.03  − 0.25  − 0.041  5.84 
n2  − 0.13  0.04  − 0.26  0.019  6.31 
n3  0.06 –  − 0.28  − 0.002  5.76  
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monolayer (n1) shows the lowest energy with n2 and n3 showing 
approximately the same energy for x = 1 and 2, but at x = 3, n2 shows a 
relatively higher vacancy energy. At x = 1, the α-Al2O3(1120)// 
LiMn2O4(001) interface containing a monolayer (n1) and three layers 
(n3) of α-Al2O3 with the {3121} configuration show the lowest vacancy 
formation energies of 2.16 and 1.89 eV, respectively. For the {3121} 
configuration, we found that n3 has the lowest Li vacancy formation 
energy, although the monolayer n1 becomes less endothermic with 
increased lithium removal. 

Bader charge analysis of neighboring Mn atoms generally shows 
increased charge depletion, escalating as more Li vacancies are formed. 
Neighboring Mn atoms lose charge to the oxygen atoms compensating 
for the defects. The calculated work functions (ϕ) for the pristine sur-
faces rise with greater Li removal, signifying reducing their reactivity 
upon partial delithiation. Similar trends emerge for the hetero- 
structures, with ϕ decreasing for the {1132} n1 and n2 configurations 
between x = 1 and 2, and for the {3121} n1 configuration from x = 0 to 
2, and slightly declining for n2 between x = 0 and 1. However, compared 
to the pristine surfaces, lithium removal from the hetero-structures re-
sults in less reactive systems, except in the case of the{3121} n1 
configuration. 

4. Conclusions 

We have performed density functional theory (DFT+U) calculations 
to simulate the α-Al2O3//LiMn2O4 (001) and (111) interfaces to mimic 
the spinel LiMn2O4 cathode material coated with corundum α-Al2O3. We 
have followed the near coincidence site lattice (NCSL) theory method 
and determined that the {1132} and {3121} configurations provided the 

best alignment, with the lowest calculated misfit of 2.75 and 2.40 % for 
the α-Al2O3(0001)//LiMn2O4(111) and α-Al2O3(1120)//LiMn2O4(001) 
interfaces, respectively. The calculation of the adhesion energies for one 
(n1), two (n2) and three (n3) α-Al2O3 overlayers suggest that the crys-
talline heterostructures become less stable as the coating thickness in-
creases. The relaxation of the α-Al2O3 overlayer resulted in disorder at 
the boundaries for n1, and n2, but showed limited surface-surface 
changes at the boundaries for n3. We observed minor electronic 
charge gain on the substrate, with negligible charge depletion in the 
overlayer α-Al2O3 for heterostructures at different coating thicknesses. 
Notably, the largest charge transfer of Δq = − 0.90 e− was calculated for 
n1{3121}, which was because of the electronic density gains on the 
interacting O and Li atoms, forming Al-O and Li-O bonds, and partial 
depletion from the Mn atoms. For both interfaces, we observed the 
largest work function and smallest reactivity for n = 2. 

Finally, we investigated the effect of Li vacancy formation to simu-
late the charged surfaces/interfaces. Our findings aligned with the 
theoretical understanding of Li-ion battery operation, as we observed an 
increase in vacancy formation energies corresponding to the number of 
Li atoms removed from both pristine LiMn2O4 (001) and (111) surfaces. 
This trend was consistent for the hetero-structures as well. Furthermore, 
our analysis of work functions suggested that the incorporation of an 
overlayer and partial delithiation led to a decrease in reactivity, except 
for n1{3121}. These findings collectively contribute to our under-
standing of α-Al2O3 coatings and how they impact on the properties and 
behaviour of LiMn2O4 surfaces in the context of lithium-ion batteries. 

In future work, we aim to explore the effects of temperature and the 
formation of an amorphous Al2O3 deposition using molecular dynamics 
techniques. In addition, we will aim to provide a clear understading of 

Fig. 8. Charge density difference (Δq) in the α-Al2O3//LiMn2O4 heterostructures with the (a) {1132} and (b) {3121} configurations and a varying number of 
overlayers (n1, n2, n3). The isosurfaces are displayed at ± 0.0068, and ± 0.0076 e/Å3, respectively. Accumulated charge is shown in yellow and charge depletion is 
indicated in blue. 
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the kinetics and themodynmic properties of the deposition of amorphous 
Al2O3 films and their effect on the electrolyte. 
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Fig. 9. Partial delithiation thermodynamic properties for (a) {1132} α-Al2O3(0001)//LiMn2O4(111) interface and (b) {3121} α-Al2O3(1120)//LiMn2O 4(001) 
interface. The calculated properties include (i – ii) Li vacancy of formation (ΔEf

inter− xLi), (iii – iv) atomic Bader charges of Mn atoms near the vacancy (Δq (Mn)), and the 
(v – vi) work function (ϕ) as a function of number of lithium atoms removed (x). 
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