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Applying supersoft pseudopotential plane wave method of the first principle based on functional
theory to investigate the band and density of states of LiNipsMnis0s and Sr** doped
LiNiosMn1504.Theoretical caculations demonstrated that LiNiosMnis04 is a conductor material as
well as the site of Mn doping Sr?* will increase the bands number of LiNiosMn1s04.Furthermore,after
LiNio.sMn1504 doping Sr?*,it will help to shorthen bond length between Mn-O and Ni-O bond, making
the crystal structure more stable.The distance of Li-O bond is elongated,which will benefit the
diffustion in the 3D channel thereby increasing the electronic conductivity and the rate performance of
LiNiosMn1s504.According to electronic density analysis,the hybridization of Mn 3d and O 2p states is
more obvious,which indicating that the covalent bond formed by the two atoms is stronger and the
crystal structure is not easily collapsed, thereby improving the cycle stability of the material.

Keywords: LiNiosMn1504;lithium-ion batteries;first-principles

1. INTRODUCTION

Rechargeble lithium-ion batteries have been considered as the most promising and attractive
new power sources[1-3].Recently,it is widely utilized in various fields such as electric devices
including digital cameras and mobile phones,electric vehicles and energy storage systems may be
attributed to their long cycle life and high energy density.Cathodes materials play an important role in
lithium-ion batteries,which will directly affect the performance of batteries[4-6].Spinel LiNiosMn1504
material is one of the potential candidates cathode materials for secondary lithium-ion battery not only
due to its price moderate and non-toxicity compared to the present applicationt of LiCoO> but also it
possess a good deal of advantages such as high energy density,environment friendly,high voltage and
so on[7].Spinel LiNiosMn1504 material has been studied extensively becuase of it shows significant
value and bright application prospect in the fields of hight performance battery.Ohzuku [8] investigated
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the redox potentials for LiMosMn1504 (M: 3d-transition metal).It is found that the chromium, iron,
cobalt, nickel, or copper containing sample exhibited common solid-state redoxpotentials at 5.0+0.2 V
in addition to 4.0+0.1 V wvs. Li*/Li. Aurbach[9] studied the electrochemical properties of
LiNiosMn1504 at 60°C,and the voltammograms indicated that the resolution of the sets of anodic and
cathodic peaks at 60°C is better, it means that the LiNiosMn1504 electrodes should conduct faster
Kinetics.

However, Spinel LiNiosMn1sOs4 material still suffers from the serious capacity
attenuation,which is surely ascribable to corrosion reaction between the cathode surface and the
electrolyte and is the primary obstacle to its applications in practice.To address these issues, a number
of research groups have investigated the effects of coating oxide and doping on the cathode materials
Spinel LiNiosMnys0s,which are effective ways to enhance its performance.For instance,Jaesang
Yoon[10]investigated the effects of LiNiosMn1.504doped Zr on its structural behavior,The results show
that Zr doping has great potential for high performance applications. If the material is optimized, it is
expected to provide structural stability during repeated cycles.In addition,MaoHuang Liu[11] studied
the LiNiosMn1s504 gradient-doped with Mg by the methods of co-precipitation,which indicates Mg
doping LiNiosMn1504 cathode material has an excellent electrochemical performance due to it can
effectively reduce the side-reaction between the cathode and the electrolyte as will as restrain the
formation of the SEI layer during the electrochemical cycle. In addition, 4d-transition metal ions such
as Rh, Ru etc. were also adopted as dopants to significantly enhance the electrochemical performance
of the Ni-Mn spinels.[12-16] Doping different elements into the crystal of LiNiosMn1504 can alter and
enhance its properties to achieve better performance.To some extent,the density of states and the band
structure of the material will determine the physical and chemical properties of the material. Therefore,
accurate simulation calculations of the crystal structure of the material can identify potential doping
mechanisms,which can guide experiments and design high performance cathode materials.

The above review of the previous studies shows that it is necessary to study the structural of
spinel LiNiosMn1504 theoretically.In the present work,we carry out first-principles calculations on the
crystal and electronic structures of pure LiNiosMn1504 and after doping Sr** on LiNigsMn1504 . The
parameters including band structure,density of states,as well as its bonds population analysis.

2. CALCULATION METHOD

The analysis of the electronic structure of materials is based on the density functional theory of
Kohn-Sham theorem [17].In this investigation,the first-principle calculations of the electronic structure
of materials were implemented in CASTEP code of Material Studio 6.0[18].The optimization of crystal
structure is carryed out by the framework of DFT (density functional theory)[19].In addition,plane-
wave pseudopotentia [20-22] are often utilized to investigate the behavior of interaction between ions
and electrons because of their advantages in efficiency and reliability.For the purpose of further
enhance the accuracy of calculation,a gradient approximation method of electron density, such as
generalized gradient approximation (GGA), which is introduced in the exchange correlation function
to deal with the problem of electron density non-uniformity.The Perdew-Burke-Ernzerhof (PBE)
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method is utilized to describe the exchange-related potentials to acquire the charge density and total

energy of the electronic structure of the material[23-25]. A Hubbard-type correction U was considered

thanks to the extremely correlated property of the transition metal 3d electrons[26,27].Here,the (Ni,Mn)
site U value was set to 6.0 and 5.0 eV, respectively [28].

The Kohn-Sham wave functions of valence electrons are expanded by a plane-wave basis.In
this work,the convergence tests of k-points and energy cut-off were carefully carried out before
optimization of the crystal structure calculations.After the convergence analysis we choose the energy
cut-off of the plane-wave basis was 500 eV, which was enough to the total energy and geometry of
LiNiosMn1s04 structure.Applying a 5x5x5 Monkhorst pack K-point mesh[29]for structural of the
LiNiosMn1504 optimizations, which are relaxed till the force on each atom is less than 0.03 eV/A and
an energy convergence criteria is 1.0x10° eV/A for the gradient.The states of Li(1s%2s%),
Mn(3s23p®3d°4s?),Ni(3s23p®3d84s?),0(2s°2p*)and Sr(4s?4p®5s?)are treated as valence states.

3. RESULTS AND DISCUSSION

3.1 Structure characterization

LiNiosMn1504 has cubic spinel structure and it posses two crystal structure,one depending type
is the Ni/Mn ordered P4332 phase and the other one is Ni/Mn disordered Fd-3m phase[30].It mainly
depend on the temperature and atomosphere ,as well as the other conditions in the heat treatment
process.The structural results demonstrate that employing the ordered crystal structure of materials to
build mode will be more effective due to the disordered structure distribution feature complexity will
bring difficulties in the calculation of the first principle.In the ordered spinel structure,the transition
metal ions nickel and manganese occupy 4b and 12d position,respectively. The oxygen atoms occupy
the 8c and 24e position, and the lithium ions occupy the 8c position. Octahedral vacancy 16c¢ is split
into ordered 4a and 12d positions,a ratio of 1:3.Lithium ions diffuses along two paths,which the one
diffusion path of lithium ions is 8c to 4a and the other one is 8c to 12d.The calculated and experimental
lattice parameters are listed in Table 1, where the results available from other works are also given for
comparison. It is found that our calculated results are reasonably in agreement with other reports and
experimental values.The ordered structure applied to calculate is shown in Fig.1(a) and (b).

After the crystal cell is established in the software and its geometric structure is optimized.The
lattice constants of LiNiosMn1504 before and after optimization are shown in the following table 1 and
the model establishment is reliable due to the error between the optimized value and the experimental
value is small.Then,the structure of the cell was optimized again by replacing one manganese atom
with one indium atom.The lattice constants,volume and Fermi energy levels before and after structural
optimization are also shown in the following tablel.As we can see clearly,the volume of
LiNiosMn1504 doped with indium atoms is smaller than it used to be.lt is demonstrated that the doped
crystal structure is more stable and also means that the improvement of material’s cycle
performance,which is in agreement with reports of TingFengYi et al.[31],demonstrating the
substitutions of Cr3" simultaneously for both Mn** and Ni?* will suppress the 4V plateau and increase
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the 5V capacity and has an excellent capacity retention ,as well as better coulombic efficiency.

Figure 1. Cell model of the (a) LiNiosMn1504and (b) LiNiosMn1.375Sr0.12504.

Table 1. Lattice parameter and volume of LiNiosMn1504and LiNio.sMnz1.375Sr0.12504

Sample Lattice parameter Angle ) \olume

(a/A) (alA)
LiNi0_5Mn1_504(ExperimemaI)[32] a:b:C:8.174 a =90 546187
LiN i0_5M n1_504(|nitia| value) a=b=c=8.245 o=9( 560.495
LiNio.sMn1504(0ptimized) a=b=c=8.143 =90 540.659
LiNio5Mn1.375Sr0.12504(0ptimized ~ a=b=8.282 ¢=8.283 0=92.567 y=87.58% 566.486

)

3.2. Band structure

To further understand the microstructure of pure phase LiNiosMnisOs and Sr?* doped
LiNiosMn1504,the band structure and density of states (DOS) of them were also calculated by using
GGA method.The energy band structure of the high-symmetry direction of the first Brillouin zone pure
phase LiNiosMn1s0sand after the Sr** doped LiNiosMn1504is calculated. The final calculation results
are shown in the figure2(a) and (b),respectively.As we can see it clearly that the number of energy
bands of Sr?* doped LiNiosMn1504is more than pure LiNiosMn1504.1t is worth noting that the value
are small than the experiment result,which mainly caused by the calculation value of generalized
gradient approximation(GGA) which widespread the calculated value error.But the overall trend
change of energy structure is consistent with the experimental value so that the energy gap based on
density functional calculation is reliability.By compare figure (a) with figure (b),It can be found that
the number of Sr?* doped LiNiosMn1504 bands increases and the forbidden band width narrows. This
phenomenon demonstrated that the narrow band gap is beneficial for electron transition and thus
increases the electrical conductivity of the material.
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Figure 2. Energy bandstructures of the (a) LiNiosMn1504and (b) LiNiosMn1.375Sr0.12504

3.3. Density of state

The calculation of electron density of states ( DOS ) and projected electron density of states
(PDOS) were shown in Fig. 3.From Fig. 3,they have almost the same total density of states,which
means the crystal structure did not change obviously after doping.It was also indicated that the energy
band of Sr* doped LiNiosMn1504system is mainly distributed between -44.5 and 0.12eV.The density
of states is mainly determined by the interation of Mn,Ni,O and Sr. It is also noteworthy that valence
bands near the Fermi level were mainly attributed to Mn 3d, and O 2p states hybridized and/or mixed
with small amount of Ni 3d states,while the energe span of Li is between -44.5 and -42.7eV.The peak
shape of Li is sharper, indicating a smaller contribution to the total density of states.In other words,the
sharp peak shape of lithium ions indicates that the localization of electrons is severe,which makes it
easier for lithium ions to be inserted or removed in the crystal lattice of Sr?* doped LiNiosMn1504. The
conduction bands between -20 eV and -14 eV were dominated by the O 2p states with some
hybridization with Sr 2p states.Furthermore,it is worth addressing that the replacements of Mn atoms
by Sr atoms also make the energy band of O 2p states increased evidently,presenting a correlation
between O 2p and Mn 3d states more strengthen by the induction of Sr ions.It also reveals strong
hybridization between Mn-3d and O-2p states,which covalent bond of them are hard to destroy.On the
whole,the crystal structure of Sr?* doped LiNiosMn1504 become more stable,which is beneficial to
improve the cycling perfomance of the material. The result agrees with Jing Mao[33] ,where Co doping
is found to improve the cycling stability and and rate capability of the Ni-Mn spine.
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Figure 3. Density map of LiNiosMn1504(a) and distribution of Li(b),Mn(c),Ni(d),O(e) element
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Figure 4. Density map of LiNiosMn1375Sro.12504 (a) and distribution of Li(b),Mn(c),Ni(d),O(e) and
Sr(f) element

3.4. Population analysis

The height hybridization also demonstrates strong covalent interaction between Mn and O
ions.In order to further disccution,the population analysis of pure phase LiNiosMn1504 and Sr?* doped
LiNiosMn1504is performed and the results are shown in Table 2,3,4 and 5. The population number can
be understood as the arrangement of electrons outside the nucleus. In this module ,the s,p,d and total
electron numbers and the number of charges of each atom in the unit cell are calculated.From Table 2
and 3,it is clear the Li ions calculated value of the charge is +1.04e and +1.01e,respectively,which is
close to the theoretical value of +1e.This kind of phenomenon reveals that the Li ions exhibits strong
ionic bond characteristice,it will ensure the Li ions to move more freely without destroying the layer
sructure of the anode material,so as to improve the material recycling performance.However, O and
Mn exhibit strong covalent bond characteristics, such as oxygen 2P electrons,only 4.74,not 6.Figure 3
after doping is compared with Figure 2, the charge number of lithium ion is small and remains near
1.The ion is always +1 means it does not participate in electron sharing and exhibits strong ion
characteristics. The 2p eletronic of O appeared to differentiate, which may be due to the induction of
the d orbital of Sr.
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Table 2. Atomic orbital distribution of LiNigsMn1504

S p d Total Charge(e)
Li 1.96 0 0 1.96 1.04
@) 1.88 4.74 0 6.62 -0.62
Mn 0.3 0.4 5.58 6.28 0.72
Ni 0.42 0.57 8.33 9.32 0.68

Table 3. Atomic orbital distribution of LiNiosMn1.375Sr0.12504

S p d Total Charge(e)
Li 1.99 0 0 1.99 1.01
@) 1.88 4.81 0 6.68 -0.68
Mn 0.3 0.42 5.56 6.29 0.71
Ni 0.42 0.61 8.33 9.35 0.65
Sr 2.17 5.99 0.84 9 1

It can be seen from the comparison between Table 3(a) and (b),the overlapping population
value of Mn-O bond and Ni-O bond increased significantly from 0.29 to 0.42 ,0.32 to
0.36,respectively.These observations consistent with the previous LSDA calculations that are
performed by Koyama et al.[34]This phenomenon indicates that the larger positive value of the
overlapping population, the stronger the covalent bond formed between the two atoms, and the
combination of them is also more stable.Table 3(a) and (b) also can found that the length of Li-O bond
Is increased from 1.89 to 1.92.

Table 4. The overlap population and bond length change of LiNigsMn1504

Bond Population Length(a)
Li-O -0.02 1.89190
Mn-O 0.29 1.93679
Ni-O 0.32 1.95069

Table 5. The overlap population and bond length change of LiNio.5sMn1.375Sr0.12504

Bond Population Length(a)
Li-O -0.02 1.92459
Mn-O 0.42 1.87263
Ni-O 0.36 1.90684
Sr-O 0.13 2.35567

The significant increase in bond length means that Li ions are more easily separated from the
bond and are freed in the crystal lattice.In addition,the length of Mn-O bond and Ni-O bond slightly
reduced,this will mean that when the lithium ion is deintercalated in the crystal structure, the crystal
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structure will be more stable and not easy to collapse.In general,the crystal structure of the Sr?* doped
LiNiosMn1504 is more stable, thereby improving the cycle performance of the material.

4.CONCLUSIONS

First-principles calculations in the GGA have been employed to investigate the pure phase
LiNiosMn1504 and the effection of Sr?* doped LiNiosMn1504.1t is found that Li atoms will be easier
diffuse into the doping Sr?*of LiNiosMn1504 lattice due to the Li-O bond is increased from 1.89 to
1.92 and the strong covalency of Mn-O and Ni-O bond,it also means the improvement of material
cycle stability and makes doping Sr?* of LiNiosMn1504to be a potential application in the positive
electrode material of the battery.We believe that the exploration of this research will provide a
powerful reference for the application of cathode materials for next-generation high-power lithium-ion
batteries.
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