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A B S T R A C T   

The basic physical properties of the layered lithium manganese oxide Li2MnO3 and the spinel lithium manganese 
oxide LiMn2O4 were investigated by the first-principles calculations based on density functional theory in this 
paper. Herein, the differences in crystal structures, electronic structures, and Li-ion transport characteristics 
between Li2MnO3 and LiMn2O4 were discussed in detail. It was found that both Li2MnO3 and LiMn2O4 are 
semiconductors, but the band gap of Li2MnO3 (2.1 eV) is much larger than that of LiMn2O4 (0.36 eV). The 
phonon dispersions show both the anti-ferromagnetic (AFM) configurations of Li2MnO3 and LiMn2O4 are 
dynamically stable. Moreover, the migration of Li ions in LiMn2O4 is faster than that in Li2MnO3. To further 
increase the Li diffusivity of Li2MnO3, the tetravalent dopants (Ir4+, Os4+, and Ru4+) were considered to sub
stitute the Mn site of Li2MnO3. Our theoretical results explain the higher stability of doped Li2MnO3 through 
enhancing the Li migrating ability.   

1. Introduction 

With the successful implementation of intelligent electronic devices, 
the rechargeable lithium-ion batteries (LIBs) have become an important 
energy storage technology today.[1,2] The cathode materials of LIBs 
with larger capacity and longer cycle life are the key factor restricting 
the energy density of the battery. Layered LiCoO2, the earliest com
mercial cathode material, has a theoretical capacity of 273 mAh/g, but 
its actual available capacity is only about 140 mAh/g owing to the 
surface reaction and structural instability.[3]. 

Since Co has the disadvantages of high cost, toxicity, environmental 
unfriendliness and so on, many works have been devoted to the inves
tigation of other lithium transition metal oxide cathode materials, 
LiTMO (TM = Mn, Ni and other transition metals), to satisfy the demand 
of high-performance batteries. There are other cathode materials 
appeared, such as Li2MnO3, LiMn2O4, and LiFePO4,. The insertion 
electrodes of lithium-ion electrochemical cells need to have a stable 
structure over a wide range of Li concentrations to insert and extract as 
much lithium as possible during repeated charging and discharging 
processes to maximize battery capacity, energy, and cycle life. 

Nowadays, layered Li2MnO3 is one of the most widely studied 
cathode materials due to high discharge capacity and rate performance. 
[4] The surface reconstruction of Li ions in Li2MnO3 is highly aniso
tropic, which is mainly along the lithium ion diffusion channel during 

the charging process. However, the stability of Li2MnO3 decreases 
significantly during the later charging process and its utilization effi
ciency is about 44%.[5] Meanwhile, the migration of Mn atoms in 
Li2MnO3 will cause its phase transition during the later charging pro
cess.[6,7] To block the phase transition, an effective method is to apply 
other transition metal elements to replace Mn atoms. Prior density 
functional theory (DFT) simulations suggested that the addition of Os, 
Sb, Ru, Ir, or Ta can improve the oxygen retention and the structure 
stability of Li2MnO3 and Ta-doping has been experimentally demon
strated to display higher electrochemical performance and better oxy
gen retention.[8] Besides, another method to improve the structure 
stability of electrode materials is by coating the spinel phase on the 
surface of Li-excess material.[9] 

The spinel LiMn2O4, another cathode material, has a much lower 
theoretical capacity of 148 mAh/g compared with the Li2MnO3 of 459 
mAh/g, but has a high utilization efficiency of 67%~81%.[10] In 
addition, the voids and defects in LiMn2O4 can enhance the transmission 
rate of Li ions. Compared with Li2MnO3, the spinel LiMn2O4 has a lower 
migration energy barrier for rapid lithium ion transport. In order to 
improve the cyclic stability and electrochemical performance, the spinel 
structure combined with the layered composite cathode materials have 
been extensively studied. For example, the cobalt-free layer-spinel 
composite cathode material 0.5Li2MnO3-0.25LiMn2O4- 
0.25LiNi0.5Mn0.5O2 was synthesized by the sol–gel method and exhibits 
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the higher capacity retention rate and good cycle stability, and the 
coulomb efficiency reaches 98%.[11] A novel cathode material 
composed of Li-rich layered material and spinel LiMn2O4, exhibits 
excellent stability, high capacity and can also prevent phase transition of 
layered Li2MnO3, but the systematic comparison of the basic properties 
of the Li2MnO3 and LiMn2O4 is still in need. 

In this work, the basic physical properties of Li2MnO3 and LiMn2O4 
were thoroughly investigated based on the DFT and phonopy calcula
tion. The lattice constants, electronic structures, Li ionic conductivities 
of the two materials were compared and evaluated in details. Li ion 
migration energy barrier is remarkable different between Li2MnO3 and 
LiMn2O4. Doping with Os, Ta, Ru, and Ir in Li2MnO3 would further 
enhance the mobility of Li ions, closer to the Li diffusion of the LiMn2O4. 

2. Methods 

The total energy of the system and the migration energy barrier of Li 
ions were calculated by first principles simulations based on Density 
Functional Theory (DFT)[11,12], which was implemented in Vienna ab 
initio Simulation Package (VASP)[13] with the projector augmented 
wave (PAW) pseudopotential method.[14,15] The generalized gradient 
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)[16] 
version was chosen for all the calculations.[17,18] We test the U value of 
3.9 eV, 4.5 eV and 5.0 eV for Mn in Li2MnO3 and LiMn2O4 to get band 
gaps similar to experimental values. The U parameters of 5.0 eV on Mn 

in Li2MnO3 and 3.9 eV on Mn in LiMn2O4 were chosen for the density of 
states calculation.[19–21] A plane-wave energy cutoff of 520 eV was set. 
The Gamma-centered 10 × 10 × 10 k-mesh was applied for integration 
in the Brillouin zone of Li2MnO3, while 8 × 8 × 8 k-point mesh was 
employed for LiMn2O4. Phonon density of states (DOS) were calculated 
with the PHONOPY code[22]. The conventional cell of Li2MnO3 and 
LiMn2O4 were fully relaxed for bulk calculations. The convergence 
criteria for structural optimization was 10− 5 eV/atom for total energy 
and below 0.01 eV Å− 1 for interatomic forces. A supercell was used to 
investigate all Li-migrations which contain 16 f.u. (96 atoms) for 
Li2MnO3 and 8 f.u. (56 atoms) LiMn2O4 using the climbing image 
nudged elastic band (CINEB) method.[23] Ab initio molecular dynamics 
(AIMD) simulations were performed to evaluate charged Li diffusivity. A 
smaller plane-wave energy cutoff of 300 eV and 1 × 1 × 1 Γ-centered k- 
mesh were selected for AIMD simulations considering computational 
efficiency. All systems were simulated for 20,000 steps with a time step 
of 2 fs and a total time of 240 ps in the NVT ensemble using a Nose- 
Hoover thermostat. The energy barrier of Li2MnO3 after doping with 
transition metals was acquired with softBV software tool using the bond 
valence pathway analyzer (BVPA).[24] After doping, there are many 
different Li migration channels. BVPA is more suitable for considering 
all unique diffusion paths than CINEB method. 

Fig. 1. The crystal structure and density of states (DOS) of layered Li2MnO3 and spinel LiMn2O4. a, b) The conventional cell of Li2MnO3 and LiMn2O4. c) The 
total DOS of Li2MnO3 and LiMn2O4. d) The Mn-3d PDOS. The Fermi levels set to be 0 eV. e, f) Local atomic positions around Mn atoms in the optimized Li2MnO3 and 
LiMn2O4 structures, respectively. Notations “+3” and “+4” on each Mn atom indicate the corresponding valence states. g) The triplet and the duplet of the d-orbit are 
split to eg and t2g, respectively. The two orbitals of the eg are labeled as dx2 − y2 and dz2 , respectively. The three orbitals of the t2g are labeled as dxy, dxz, and dyz, 
respectively. The green, purple and red spheres represent Li, Mn and O atoms, respectively. 
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3. Results  

• The crystal and electronic structures 

The conventional unit cells for layered Li2MnO3 and the spinel 
LiMn2O4 are illustrated in Fig. 1 (a) and (b). For the Li2MnO3, both anti- 
ferromagnetic (AFM) spin configuration and ferromagnetic (FM) spin 
configuration have been reported experimentally.[25] The calculated 
total energies of Li2MnO3 with the FM and AFM spin configuration are 
− 37.109 and − 37.097 eV per formula, respectively, indicating there is 
little difference in the stability of these two configurations. Unlike 
Li2MnO3, only the AFM cubic configuration for the spinel LiMn2O4 can 
been observed experimentally at room temperature, due to the 
completely disordered Mn3+/Mn4+ arrangement, which will transform 
to orthorhomic structure with the descrease of temperature.[25,26] Ou 
et al. found that LiMn2O4 with the AFM orthorhombic configuration has 
the lower total energy at 0 K compared with the constrained cubic cell 
based on DFT calculation, while the predicted properties of latter are not 
in consistency with experiment.[27] Considering the feasible cell size to 
be simulated for disordered Mn3+/Mn4+ distribution, the geometry 
parameters, electronic structure, and phonon band structure calcula
tions of LiMn2O4 presented in this paper are obtained from the AFM 
orthorhombic structure.[27,28] The AIMD results of LiMn2O4 for the 
higher temperatures were obtained based on the cubic structure model 
regardless of the magnetic orderings. The optimized lattice parameters 
of Li2MnO3 and LiMn2O4 as well as the experimental values are listed in 
Table. 1. The optimized lattice parameters of Li2MnO3 FM and AFM 
structure are similar and the space group is C2/m. Li atoms are quad
ridentate (LiO4) in LiMn2O4 and hexa-coordinate (LiO6) in Li2MnO3, as 
shown in Fig. 1(a, b). The Mn atoms in two materials both occupy the 
octahedral positions forming MnO6. There are 75% Li vacancies in 
LiMn2O4 and none in Li2MnO3. 

The density of states (DOS) of Li2MnO3 and LiMn2O4 in Fig. 1 (c) 
indicate that both of them are semiconductors, but the bandgap of 
Li2MnO3 (2.1 eV) is much larger than that of LiMn2O4 (0.36 eV), which 
is in agreement with the experimental and other calculated results. 
[29,30] The difference of DOS between Mn3+ and Mn4+ leads to the 
different bandgap between Li2MnO3 and LiMn2O4 was shown in Fig. 1 
(c). and the PDOS of Li, Mn, O in Li2MnO3 and LiMn2O4 were shown in 
Figure S1. Due to the Jahn-Teller effect for Mn3+ in LiMn2O4, the dz2 of 
Mn3+ will split from dx2 − y2 and locate below the fermi energy and reduce 
the band gap, which is different from the degenerate dz2 and dx2 − y2 for 
Mn4+ in Li2MnO3 as well as in LiMn2O4. The charges transfer from Mn3+

to O and enhance the stability of oxygen.[31] This phenomenon pro
motes Li-ion diffusion between the Li and transition metal layers. The 
projected density of states (PDOS) and corresponding electronic 
configuration of the Mn3+ ion and Mn4+ ion in the Li2MnO3 and 
LiMn2O4 are shown in Fig. 1 (d). The dz2 orbital of the Mn3+ ion is below 
the Fermi level, while the dz2 orbital of the Mn4+ is above the Fermi 
level.[32] This split effect of eg lowers the electrostatic repulsion be
tween the electrons of center Mn3+ atom and electrons in dz2 orbital, and 
thus lowering the energy of the system.[27]. 

According to Fig. 1(e) and (f), it can be seen that the six bond lengths 
of Mn-O in Li2MnO3 range from 1.932 to 1.939 Å, while the bond lengths 
of Mn-O in LiMn2O4 range from 1.935 to 2.231 Å with four short and two 
long Mn–O bonds because of the Jahn-Teller effect for Mn3+.[36] Thus, 
there are two kinds of MnO6 in LiMn2O4 and one in Li2MnO3. To 
compare the local environments of Mn atoms in the two compounds in 
more detail, we employed the continuous symmetry measures (CSM) 
[37,38] to describe the distortion of MnO6. The CSMs of MnO6 for Mn3+

in LiMn2O4 are larger than those in Li2MnO3 as shown in the Table. 1, 
because the Mn3+ in LiMn2O4 partially occupies t2g and eg orbitals and 
leads to the Jahn-Teller effect with the t2g orbital split into dxy, dyz, and 
dxz, and the eg split into dx2 − y2 and dz2 , as shown in Fig. 1(g).[27,39] 
Because the Jahn-Teller effect reduces the symmetry and the degeneracy 
of the orbital for Mn-O, it reduces the energy of the system and stabilizes 
the structure. The CSMs of MnO6 for Mn3+ is 1.454 in LiMn2O4, larger 
than 0.351 in Li2MnO3 as shown in the Table. 1. The migration barrier of 
Li2MnO3 is 0.762 eV, larger than that in LiMn2O4, 0.478 eV. Thus, the 
larger CSM in LiMn2O4 seems to help Li ion transport and enhance the Li 
ionic conductivity.  

• Phonon density of states 

Fig. 2 (a) shows the phonon density of states of Li, Mn, and O atoms 
for Li2MnO3 and LiMn2O4 based on the harmonic oscillation approxi
mation. The results show that there is no imaginary frequency, indi
cating that both phases are dynamically stable. Moreover, the medium- 
to-low frequency modes mainly correspond to Li atoms and transition 
metal atoms, while the high-frequency modes above 14 THz are mainly 
associated with the vibration of O atoms and transition metal atoms.[40] 
Yang et al reported that the phonon band center presents the softness of 
lattice dynamics.[41] They proposed that the calculated Li phonon band 
center is correlated with the ionic conductivity. And the lower phonon 
frequencies showed the lower activation energy. The phonon band 
center ωav (the average frequency), the centroid of the phonon density of 
states, evaluates the average vibrational frequency of the material, 
which can be expressed by the following equation.[38] 

ωav =

∫
ωPDOS(ω)

∫
PDOS(ω)dω (1)  

where the PDOS(ω) is the atom-projected phonon DOS and ωav repre
sents the phonon band center. 

As shown in Fig. 2, the band centers of PDOS for Li in Li2MnO3 with 
the AFM configuration and the FM configuration are 10.81 THz and 
10.82 THz, respectively, which are lower compared with the LiMn2O4 
(11.54 THz). Similar to our study, an increased activation energy was 
observed in Li10Ge1− xSnxP2S with softer lattice,[42] which was believed 
to be related to the stronger local ionic bonding interactions between Li+

and S2− . The bond lengths of Mn-O in Li2MnO3 range from 1.932 to 
1.939 Å, which is smaller than the bond lengths of Mn-O in LiMn2O4 
ranging from 1.935 to 2.231 Å. Thus, the average bader charge of O in 
Li2MnO3 (-1.21e) is more negative than that in LiMn2O4 (-1.13e), 

Table 1 
Optimized Lattice Parameters of Li2MnO3 and LiMn2O4 （/Å）.   

a b c α β γ Method CSM of MnO6 space group Magnetic 

Li2MnO3  5.01  8.66  5.09  90.0  109.4  90.0 This work 0.347 C2/m FM   
5.00  8.65  5.10  90.0  109.4  90.0 This work 0.351 C2/m AFM   
4.98  8.62  5.07  90.0  109.4  90.0 DFT[33] – C2/m –   
4.94  8.53  5.02  90.0  109.3  90.0 Exp.[34] – C2/m – 

LiMn2O4  8.22  8.22  8.75  90.0  90.0  89.6 This work 1.454 
0.304 

P1 AFM   

8.17  8.17  8.17  90.0  90.0  90.0 This work – Fd 3 m FM   
8.20  8.20  8.74  90.0  90.0  90.0 DFT[10] – Fd 3 m AFM   
8.29  8.29  8.29  90.0  90.0  90.0 DFT[35] – Fd 3 m FM   
8.24  8.24  8.24  90.0  90.0  90.0 Exp.[34] – Fd 3 m AFM  
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leading to a larger Coulombic interaction between Li and O and hence a 
higher Li migration barrier in layered Li2MnO3 with soft lattice. How
ever, the difference (2.29 THz or 2.23 THz) between the band center of 
Li and O in Li2MnO3 is larger compared with that in the LiMn2O4 (1.74 
THz). The band center of PDOS for Mn (10.07 THz or 10.08 THz) in 
Li2MnO3 is higher compared with LiMn2O4 (9.03 THz). The Mn3+ and 
Mn4+ ions in LiMn2O4 make the interaction of the partially elongated 
Mn-O atoms weak due to the Jahn-Teller distortion resulting in the 
lower vibration frequency of Mn.[43] The Mn3+ partial density of states 
appear in the lower frequency with the band center of Mn3+ to be 8.25 
THz, as shown in Fig. 2 (b). The band centers of PDOS for O atoms in the 
two cathode materials are similar.  

• Diffusion and energy barriers 

Fig. 3 (a) shows that the conductivity of Li ions increases gradually 
for LiMn2O4 and Li2MnO3 as the temperature increases. In addition, it is 
found that the calculated conductivity of Li ions in LiMn2O4 is much 
higher compared with Li2MnO3. The energy barriers of Li ions diffusions 

determined from the AIMD and the NEB calculation are listed in Table 2. 
The migration energy barriers of Li ions in Li2MnO3 by the AIMD and the 
NEB calculation are 0.762 eV and 0.558 eV, respectively, which are in 
excellent agreement with the previously calculation value of 0.610 eV. 
[29] It’s worth noting that the migration energy barriers of Li ions by 
different calculation methods in LiMn2O4, 0.478 eV and 0.347 eV ob
tained from AIMD and NEB simulations, respectively, are lower 
compared with those in Li2MnO3, which indicates that Li ions migrate 
more easily in LiMn2O4 than in Li2MnO3. 

The Li of LiMn2O4 migrates between two adjacent tetrahedrons 
through an octahedron. The path of Li migration of Li2MnO3 are two 
adjacent octahedrons through the middle tetrahedron vacancy. In gen
eral, results show that Li has a better migration ability in LiMn2O4 than 
Li2MnO3 because of layered Li2MnO3 with all Li sites being occupied and 
spinel LiMn2O4 with Li vacancies. The LiMn2O4 has a fast migration 
channel compared with Li2MnO3. 

Based on the ionic trajectories from AIMD simulations at 1000 K, 
1100 K, 1300 K, 1500 K, and 2100 K, we also calculated the van hove 
correlation function to compare the migration behaviors of Li ions in the 

Fig. 2. The phonon density of states for Li2MnO3 and LiMn2O4. a) The partial phonon density of states of layered Li2MnO3 and spinel LiMn2O4. b) The band 
center of Li, Mn and O partial phonon density of states. 
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Li2MnO3 and LiMn2O4 cathode materials. Fig. 3 (b) presents the self of 
the van Hove correlation function Gs and the distinct part of the van 
Hove correlation function Gd for Li2MnO3 and LiMn2O4 at 1000 K. The 
results of Gs show that Li in Li2MnO3 is almost immovable but Li diffuses 
faster in LiMn2O4. The results show that there is a peak found in the 
LiMn2O4 structure at the proximity of r = 0 according to the Gd, indi
cating there is a synergistic effect between the Li ions in LiMn2O4, but 
the similar effect does not exist in Li2MnO3. Figure S2 presents the Li ion 
motions in LiMn2O4 are highly correlated at all temperatures considered 

and enhanced with temperatures. This observation is consistent with the 
result of the higher diffusion coefficient found in the spinel LiMn2O4 
structure.  

• Doping with transition metals (TM) 

It has been reported that the doping of transition metals Ir, Os and Ru 
on the surface of layered Li2MnO3 can improve its stability due to the 
decreased O loss and thus prevent the phase transition into the spinel- 
type. Therefore, taking Ir, Os and Ru with the valence state of + 4 as 
examples, we investigated the effects of element doping on the migra
tion ability of Li ions in Li2MnO3. A transition metal atom is used to 
replace the Mn atom, and the structure of Li2MnO3 after doping is shown 
in Fig. 4 (a). The migration energy barriers of Li ions in the pristine 
Li2MnO3 and the doped Li2MnO3 are presented in Fig. 4 (b) by the BVPA 
method. It can be found from Fig. 4 (b) that the migration energy bar
riers of Li ions in the Li2MnO3 after doping are lower compared with the 
pristine Li2MnO3. The radius of Os(1.85 Å) is large than Ir(1.80 Å) and 
Ru(1.78 Å), inducing larger structural distortion. So, the Li migration 
energy barrier of Li2MnO3 upon Os doping is smaller than Ir and Ru 
doping. Therefore, doping Mn in Li2MnO3 is an effective method to in
crease the migration ability of Li ions. Combined with the experimental 

Fig. 3. The Li ionic conductiviuty and the van Hove correlation function for Li2MnO3 and LiMn2O4 at different temperatures. a) The Li ionic conductivities 
of Li2MnO3 and LiMn2O4; b) Plots of the self (Gs) and distinct-part of the van Hove correlation function (Gd) for Li2MnO3 and LiMn2O4 at 1000 K. Gs is a function of 
the Li distance r and time t. Gd is a function of the Li-Li pair distance r and time t. 

Table 2 
Migration barriers of Li2MnO3 and LiMn2O4.  

Structure Migration barriers/eV Source 

Li2MnO3 0.558 NEB-Cal. this work 
0.762 AIMD-Cal. this work 
0.610 NEB-Cal[29] 

LiMn2O4 0.347 NEB-Cal. this work 
0.478 AIMD-Cal. this work 
0.560 Procrystal analysis-Cal[44] 
0.350 NEB-Cal[35] 
0.33 ~ 0.375 Exp[45,46]  

Fig. 4. The migration energy barrier of Li in Li2MnO3 doped with transition metals (TM ¼ Ir, Os, Ru) The green, purple, yellow, and red spheres represent Li, 
Mn, TM, and O atoms, respectively. 
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results that doping can improve the surface stability,[8,47,48] the in
crease of Li migration ability can improve the overall stability of 
Li2MnO3 from the lithium dynamics and thermal stability points of view. 

4. Conclusions 

In this work, the electronic structure, phonon spectrum and Li 
diffusion of Li2MnO3 and LiMn2O4 are studied through DFT calculations 
combined with phonopy. The bandgap of Li2MnO3 is larger than 
LiMn2O4. The anti-ferromagnetic (AFM) configurations of Li2MnO3 and 
LiMn2O4 are stable through the phonon spectrum. The electronic 
structures and stability of Li2MnO3 and LiMn2O4 are similar. LiMn2O4 is 
not fully occupied structure and has synergies with fast-ion channels 
compared with Li2MnO3. The migration effect of Li-ion is improved by 
doping in Li2MnO3. Our results show the reason that the stability of 
Li2MnO3 can be improved by doping, because doping with Ir, Os and Ru 
elements reducing the Li migration barrier reduces the Li migration 
barrier as low as that in LiMn2O4. This work indicates the importance to 
enhance the stability of the Li2MnO3 cathode electrode through faster Li 
transport. 
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