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Abstract
Li-rich layered Mn-based oxides (LMOs) have attracted much attention due to their potential in various applications as cathode materials with high energy density. However, these cathode materials still suffer from drawbacks such as poor rate capability and voltage decay which makes further investigation vital and rational. Herein, the doping strategy is employed to investigate the effect of TM = Ti, Cu, and Zn on Li2Mn0.5TM0.5O3 for improving electrochemical performances of Li2MnO3. The electrochemical properties such as voltage, electrical conductivity, safety, structural stability, and kinetics and mechanism of Li-ion diffusion are evaluated and compared. All doped cathodes decrease the voltage reduction and improve the electrical conductivity coefficient in comparison with LMO. Ti dopants exhibit the potential to increase the maximum voltage of LMO and structural stability. Doping Zn and Cu elements can delay the oxygen loss which leads to a higher life cycle and safety. Also, the substitution of Zn dopants decreases the energy barrier against Li-ion diffusion and consequently, the lower Li-ion diffusion coefficient is expected. Using Ti, Cu, and Zn with α = 0.5 in Li2Mn0.5TMxO3 may furthermore open a door for the synthesis of lithium-rich materials with enhanced performance.
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1. Introduction
The development of technology has increased the demands for enhanced rechargeable lithium-ion batteries (LIBs) and they are one of the most important technology in this century 1,2. These kinds of batteries are considered as the most promising source of energy because of their high energy density and high specific capacity 3,4. Therefore, it is important to develop cathode materials with more efficient characteristics to enhance LIBs for hybrid electric vehicles (HEVs) and electric vehicles (EVs) 4,5. Nowadays, lithium-rich layered Mn-based oxides (LMOs) have received many attentions due to their higher reversible capacity (ca. 250 mAhg-1) 6  and lower cost and weight compared with the conventional cathode materials such as layered LiCoO2 7,8, spinel LiMn2O4 9, and olivine LiFePO4 10,11. 
However, Lithium-rich layered oxides, denoted as xLi2MnO3, (1−x)LiMO2 (M = Mn, Co, Ni), still have several noticeable drawbacks such as large initial irreversible capacity loss, unstable structure, voltage decay during charge and discharge process 11–13 which hinder their large application and commercialization. The origin of these problems is the reactions mechanisms and oxygen loss in the Li-rich layered 12. LMOs have two phases consisting of the LiMO2 (M = Mn, Co, Ni, etc) layer structure with an R3m space group and the monoclinic Li2MnO3 phase with the C2/m space group 14. It is shown that Li2MnO3 is electrochemically inert in charge of potential lower than 4.4 V (vs Li/Li+) 11. When the initial charge is over 4.4 V, lithium can deintercalated from the activated Li2MnO3 with the intercalation of Li2O from the layered lattice. As a result of this oxygen is released at the end of the initials charge which creates oxygen vacancies 15. It is demonstrated that transition metals (TM) are attracted to these vacancies due to the deintercalation of Li ions 16. To tackle these issues many attempts have been made such as surface modification and element doping. In particular, partial substitution of transition metals (Ni 17,18,27–29,19–26, Co 17,18,22,24,25,30–33, Fe 22,28,30,32–38) has proved that this method can improve the performance of LMOs such as electrical conductivity and structural stability, effectively 11. 
Although the effects of different dopants on LMO are widely studying, the doping of transition metals is very vital in the designing of ternary cathode materials and these kinds of cathodes still need to be investigated. Also, studying the different concentrations of dopants nevertheless needs to be assessed and compared to find more efficient cathode materials. Therefore, in this study, the effects of TM = Ti, Cu, and Zn elements on LMO with the formation of Li2Mn0.5TM0.5O3 are investigated. Ti has shown a promising effect on improving the performance of Li-rich layered Ru-based oxides 39–43, here is selected to investigate its effect on LMO. Moreover, Ti, Cu, and Zn have almost similar ionic radii with Mn atoms 44. Therefore, Ti, Cu, and Zn dopants do not make notable changes in the structure of the LMO lattice while the substitution concentration is x=0.5 in Li2Mn0.5TM0.5O3.
2. Method
2.1. Quantum Mechanics (QM) Calculation
Using QM calculations is possible only for systems with one electron, due to this, to calculate the cathode crystal structure energy, some approximations are required. Based on the other studies on similar cathodes 45,46, the most acceptable approximation for the QM calculations is spin-polarized density functional theory (DFT) with Hubbard U values (DFT+U) along with using GGA and PBE exchange-correlation function. The 4.2, 5.2, and 5.3 eV were considered for Hubbard U value of Ti, Cu, and Zn, respectively 47. A 2×2×2 k-point mesh was applied. The energy convergences were set to 10-5 eV where the plan wave cut-off was 1250 eV. The maximum force and maximum displacements were 0.05 GPa and 0.001 Å, respectively. In the first step, the cathode crystal structure of LMO was built by using its crystal parameters which are summarized in Table 1. Afterward, half of the Mn sites in the LMO cathode were replaced by Ti, Cu, and Zn elements to produce Li2Mn0.5Ti0.5O3 (LMTO), Li2Mn0.5Cu0.5O3 (LMCO) and Li2Mn0.5Zn0.5O3 (LMZO), respectively. Geometry optimization is applied to the built crystals to make them close to their experimental structure as much as possible.  A schematic diagram of Li2Mn0.5M0.5O3 (where M = Ti, Cu, or Zn) is shown in Figure 1.


[bookmark: _Ref44867303]Table 1:  Lattice parameters and atomic coordinates of Li2MnO3 48

	Space group
	
	Lattice parameters

	C2/m
	
	a = 4.9292(Å)
	b = 8.5315(Å)
	c = 5.0251(Å)

	Atomic coordinates

	Atom
	
	X(Å)
	Y(Å)
	Z(Å)

	Li (1)
	
	0.000
	0.500
	0.000

	Li (2)
	
	0.000
	0.000
	0.500

	Li (3)
	
	0.000
	0.681
	0.500

	Mn
	
	0.000
	0.168
	0.000

	O (1)
	
	0.224
	0.000
	0.225

	O (2)
	
	0.253
	0.323
	0.2275
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[bookmark: _Ref34085174]Figure 1: Schematic diagram of Li2Mn0.5M0.5O3 (where M = Ti, Cu, or Zn) along with three different diffusion paths 49 for Li-ions through the studied cathodes.

2.1.1. Voltage Versus Li+/Li
Charge/discharge reaction for a cathode while a pure lithium metal plays a role as its anode electrode can be written as follows:
	
	[bookmark: _Ref36745330]Equation 1



where x and y indicate the state of charge (SOC) of the cathodes. Based on Equation 1, the open-circuit voltage (Voc) versus Li+/Li can be calculated by using Equation 2 50 which its derivation has been reported in Lanjan and et al. work 46:
	
	[bookmark: _Ref36745348]Equation 2


where E is the total energy of the crystal structure which is evaluated by QM calculations in this work.

2.1.2. Energy Barrier Against Diffusion
While the electrons move from the external circuit to make electrical current, the Li-ions transfer charge through the electrodes and separator of the batteries. In the high voltage cathodes, Li-ions should be transferred fast to supply the required Li-ions for the reactions of the battery. Consequently, any reduction in the diffusion of Li-ions leads to an increase in the internal resistance of the LIBs and reduces its efficiency 30. Li-ions have certain sites in the studied crystal structure which have the lowest energy level in their sites. For moving through the crystal and immigrating between two sites, Li-ions should pass an energy barrier (EB) 30,49. The higher the EB against Li-ion diffusion, the higher the required energy for transferring them through the cathode. Consequently, the lower Li diffusion coefficient is expected. As mentioned before, Li-ions transferring through the cathodes consume energy that increases the internal resistance and consequently reduces the efficiency of the batteries. Because of this, an investigation on Li-ion diffusion through the cathode of the batteries is one of the important parts of each study about electrode crystal structures. In Figure 1 three different paths are considered for Li-ion diffusion through the studied cathodes 49. The energy of crystal structures versus different positions of Li-ions through the indicated paths was evaluated by employing NEB method QM calculations in this work.
2.1.3. Electrical Conductivity
Every internal part of a circuit has a certain amount of electrical conductivity which consumes the produced energy by power sources. Increasing the conductivity of the electrodes can improve the efficiency of the batteries significantly. The density of state (DOS) of each material is an acceptable analysis for measuring and comparing the conductivity of them 6,49,51. The DOS analysis can be evaluated by QM calculations with two different magnetic spin-states (anti-ferromagnetic (AFM) and ferromagnetic (FM)). The evaluated energy for the studied cathodes with two different ferromagnetic spin-states are reported in Table 2. As the evaluated energies indicate, the FM spin-states of the studied cathodes are more stable than that of the AFM spin-states which is in agreement with the results of another study 46. According to this, the FM spin-states for the studied cathodes are considered in this work and are summarized in Figure 3.
	[bookmark: _Ref34496541]Table 2: The evaluated energy of the studied cathodes with two different magnetic approach

	Cathode
	EFM (eV)
	
	EAFM (eV)

	LMTO
	-15656.20
	<
	-15656.11

	LMCO
	-15390.54
	<
	-15390.49

	LMZO
	-15962.54
	<
	-15962.51



Besides, the electrical conductivity coefficient of the studied cathodes can be evaluated from DOS analysis by using Mott and et al. 52 method. Based on this method, the following equation can estimate the electrical conductivity coefficient ratio:
	
	[bookmark: _Ref44338322]Equation 3


where f is Fermi-Dirac function and calculated by 53:
	
	[bookmark: _Ref36339520]Equation 4


The obtained electrical conductivity coefficient ratio, from Equation 3, for the studied cathodes are reported in Table 3.
3. Results and discussion
3.1. Voltage
Figure 2 shows the voltage profile versus Li+/Li for LMO, LMTO, LMCO, and LMZO cathode materials aiming to study the stability of voltage by Ti, Cu, and Zn doping. All the calculations for voltages were performed by employing DFT+U methods. The voltage for x = 0 of Li content (V0) is 4.82 V for LMO cathode which is good agreement with other researches 14,49,54. The results demonstrate that the V0 for LMZO and LMCO is 4.82 V and 4.80 V respectively which are quite similar to LMO. This is while V0 for LMTO is 4.92 V which is the maximum V0 among the others. In other words, adding Ti to LMO increases the V0 or maximum voltage of the LMO cathode. 
Each circuit needs a minimum amount of voltage to operate and if the battery voltage is decreased to the lower than this amount, the circuit will be cut off and the remaining energy in the battery is not usable. Because of this, a battery with higher voltage reduction or lower voltage stability reaches the cut-off voltage faster. Consequently, the higher voltage reduction (lower voltage stability), the lower the usable capacity of the battery. Taking into account the voltage reduction, all the doped cathodes reduce the voltage reduction. The Ti-doped cathode shows a voltage reduction of about 0.39 V. Furthermore, LMCO has lower voltage reduction (0.23 V) in comparison with LMO (0.38 V). Moreover, LMZO has the lowest voltage reduction (0.13 V) between x = 0.9 and x = 0 content of Li among the studied cathodes. This reveals that although doping Cu and Zn do not increase V0, they reduce the voltage reduction considerably which can improve the usable capacity. 

[bookmark: _Ref36745280]Figure 2: The obtained voltage profile versus x in Li2x[cathode] calculated by Equation 4.

3.2. Electrical Conductivity
To investigate the atomic structure and electronic properties of the oxide structures, the density of states (DOS) is calculated. Figure 3 indicates the calculated total density of state (TDOS) and partial density of state (PDOS) of LMO, LMTO, LMCO, and LMZO. TDOS is used to determine the bandgap and the number of sates for the studied cathodes while PDOS indicates which dopants create new states in the bandgap after doping. TDOS and PDOS are calculated for ferromagnetic (FM) and antiferromagnetic (AFM) situations. Since the energy of FM spin-states is lower than AFM (Table 2). As mentioned before, FM is more energetically favorable than AFM spin-states, therewith it is chosen for further calculations and resolution. Since the electrical insulator and semi-conductor materials have no states in their Fermi level and the conductor materials have electron states at their Fermi level, all of the studied cathodes are conductor (as it is indicated in Figure 3) which is necessary for the electrode materials.
The results demonstrate that the bandgap of LMO is 1.70 eV which is in excellent agreement with other reported data 36. The bandgap of LMTO is the greatest bandgap between the others and is 2.00 eV. It is reported in another study 36 that the Ti dopant with α = 0.25 in Li2Mn0.75TiαO3 does not change the bandgap of LMO but the results from this study show that with α = 0.5 the bandgap is increased. But due to the increases in the number of states of the conduction band in LMTO cathode, its electrical conductivity is increased by 26% (Table 3) in comparison to the LMO cathode. On the other hand, the bandgap of LMCO and LMZO are 0.30 eV and 1.44 eV, respectively.  In particular, the bandgap of LMCO is 83% shorter in comparison with the pristine LMO which leads to the higher electrical conductivity of LMCO. The decreases in the bandgap of LMCO along with increases in the states of its conduction band, it has the highest electrical conductivity coefficient which is about 77% (Table 3) higher than that of LMO. This is while the LMZO has 37% (Table 3) greater electrical conductivity coefficient in comparison to LMO. The results imply that doping Ti, Cu, and Zn can improve the electrical conductivity of LMO. 



	
	TDOS
	PDOS

	LMO
	
	

	LMTO
	
	

	LMCO
	
	

	LMZO
	
	

	[bookmark: _Ref17245020][bookmark: _Hlk17284367]Figure 3: The TDOS and PDOS with FM spin-states of LMO, LMTO, LMCO, and LMZO based on spin-up and spin-down and PDOS for 3d orbitals of TM atoms and 2p orbitals of O atoms in the crystals of the cathode.






[bookmark: _Ref36763029]Table 3: Electrical conductivity coefficient ratio for the studied cathodes
	
	1.26

	
	1.77

	
	1.37



For further details about the effect of each dopant on the bandgaps, the PDOS is evaluated. The data shows that the contribution of Cu, Mn, and O atoms introduces new electron states in the gap and makes the bandgap of LMO shorter. It seems Cu doping induces the contribution of Mn and O in the reduction of bandgaps. For the LMZO cathode, the bandgap is reduced with the states of oxygen atoms which reveals that these electrons can be originated from Zn and transferred to O. 

3.3. Oxygen Release 
It is indicated in experimental investigations that during the extraction of electrons in charge process in the LIB cathodes, due to the abundance of electrons, some O2- will be released 55. This oxygen redox process is irreversible.  It is reported when O2- is released from cathode materials, it oxidizes and leaves the redox (oxidation and reduction) process. Due to the lack of oxygen in the cathode structure, its crystal will be decomposed and consequently, the structural stability will be reduced 36. Also, oxygen gas can react with carbon-coated on the surface of the electrodes and can cause fire and explosion 46. Therefore, postponing the oxygen release is an important matter which can improve the lifetime of the batteries and their safety 49,55,56. To design a superior Li-rich Mn-based oxides cathode material, the impact of other dopants on oxygen removal reaction must be investigated. For evaluating the thermodynamic possibility of occurrence of the oxygen removal reaction, Gibbs free energy is an appropriate approach. In this work, the effects of doping Ti, Cu, and Zn on the O2 release reaction are studied by evaluating Gibbs free energy. Same as all of the chemical reactions, if ∆G becomes negative for this reaction, cathode decomposition occurs spontaneously. The oxygen release reaction for various content of lithium can be expressed as:
	
	Equation 5


Where y is the amount of Li and z is the amount of removed oxygen from the lattice. To calculate ∆G of this reaction the following equation is considered:
	
	[bookmark: _Ref36391463]Equation 6



The typical value of  for O2 at standard state is  30,55. The reaction enthalpy can be calculated by:
	
	[bookmark: _Ref36391584]Equation 7



Where the E is the total energy per formula unit in constant temperature calculated by spin-polarized DFT methods. Taking into account the equations, Gibbs free energy is obtained and shown in Figure 4. This figure indicates the calculated values of ∆G for LMO, LMTO, LMCO, and LMZO. The ∆G value of LMO reaches zero at y = 1.8 while that of the LMCO and LMZO reach zero after y = 1.8 (y = 0.7 and y = 0.6 respectively). This indicates that doping Cu and Zn suppresses the loss of oxygen, significantly. Additionally, when the reaction of oxygen removal becomes spontaneously in a lower amount of Li in the cathode, the decomposition temperature of the cathode will be higher 36. As a result, the structural stability of the cathode will increase and it will decompose in a longer lifetime.  On the contrary, the value of ∆G of LMTO reaches zero at y = 1.97 which is greater than that of the LMO. Therefore, the doping of Ti cannot delay the oxygen removal reaction.

[bookmark: _Ref36662351]Figure 4: ∆G (eV) variation for oxygen removal reactions, for LMO, LMTO, LMCO, and LMZO versus x in Lix[cathode].

Although the oxygen release reaction reduces the structural stability, the bond length of TM-O can interpret the structural stability in another way. Taking into account the bonding between oxygen and transition metals (shown in Figure 5), Zn-O bonds are the largest between others while the Mn-O bonds are the shortest. Although the data of ∆G calculations show that Ti substitution does not suppress oxygen removal reaction, Ti can form shorter and stronger bonding with oxygen. Therefore, it can stabilize the structure and barricade the structural transition during Li-ions extraction. Many pieces of research demonstrated that Ti dopants can enhance the stability of the structural oxygen of Li-rich layered Mn-based oxides cathode materials 13,36,57. However, Zn and Cu doping delay oxygen loss, Zn-O, and Cu-O bonds are large. When the bonds between transition metals and oxygen are large, the oxygen atoms have more freedom to move further and make the volume of the unit larger. Therefore, the stability of the structure is weaker. The larger the bonds, the looser the structure. 

[bookmark: _Ref36662931]Figure 5: Bond length between oxygen and transition metals in LMO, LMTO, LMCO, and LMZO.



Li-ion diffusion Mechanism
Li-ion diffusion through the studied cathodes, like most of the chemical and physical reactions, has an energy barrier (EB) which can be interpreted to show the kinetics of this phenomenon 30,46,49. The obtained EBs, by employing DFT calculations, are reported in Figure 6 for three different paths which are shown in Figure 1. Also, the Li-ions sites and layers in the cathode crystals are illustrated in this figure. 
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	[bookmark: _Ref36345010]Figure 6: The obtained energy barrier against diffusion through three different paths in the crystal structures which are shown in Figure 1 along with the schematic of lithium sites and layers in LMO, LMTO, LMCO, and LMZO.



Path 2 is responsible for the lowest share of diffusion in the studied cathodes, in comparison to paths 1 and 3. Moving to the details, the EBs for all studied samples is lower in path 1 than path 3 which implies that path 1 is even more energetically favorable for Li-ion diffusion. Hence, for comparing the Li-ion diffusion coefficient in the studied cathodes, EB for Paths 1 was considered. LMTO with EB of 1.45 eV in path 1 has the highest EB among the studied cathodes and it means that the lowest diffusion coefficient would be expected for this cathode. The reason could be that Ti has lower electronegativity in comparison to the other TM elements and it increases the negative charge on the oxygen atoms in the crystal of cathode (Figure 7). Because of this, the electrostatic interaction among oxygen atoms and Li-ions will be increased. Consequently, the Li-ion diffusion coefficient will be decreased by decreasing their freedom in the crystal of the LMTO cathode. Although in path 1, LMO and LMCO have almost the same EBs against Li-ion diffusion (Figure 6), the data of Cu-O bonding in Figure 5 shows notable differences in the length of Cu-O bonds. Taking into account these differences between bonds and also differences in the charge of Cu-O bonds (shown in Figure 7) the John-Teller effect could be expected which leads to a smaller Li-ion diffusion surface and consequently lower Li-ion diffusion coefficient 1,47,58. The partial charge of oxygen in Zn-O bonds is lower than in Mn-O (Figure 7) while the EBs of LMO and LMZO are quite the same. Therefore, the interaction between oxygen and Li-ions is lower in LMZO which makes the Li-ion diffusion easier. Hence, a higher Li-ion diffusion coefficient for LMZO is expected. 

[bookmark: _Ref36550005]Figure 7: Partial charge on oxygen atoms in the studied cathodes


4. Conclusion
A first principle study is performed on LMO cathode and the effect of dopants including Ti, Cu, and Zn is investigated. The electrochemical properties such as voltage, electrical conductivity, safety, structural stability, and Li-ion diffusion of LMO, LMTO, LMCO, and LMZO are investigated. The results demonstrated that:
I. Doping Ti increases the V0 while Cu and Zn dopant does not increase it. On the other hand, doping Cu and Zn decrease the voltage reduction notably. Consequently, LMCO and LMZO have higher voltage stability and cut-off voltage and greater usable capacity.
II. While it was reported that doping Ti with α = 0.25 does not reduce it 36, doping Ti with α = 0.5 in LMO can reduce the bandgap of the cathode. In general, doping Ti, Zn and Cu increases the electrical conductivity of LMO. Moreover, the bandgap of LMCO is quite short in comparison with LMO which leads to higher electrical conductivity. Consequently, LMCO with a 77% increase in its electrical conductivity coefficient, has the highest electrical conductivity among other studied cathodes.
III. Cu and Zn dopants delay the oxygen release reaction significantly and increase the decomposition temperature which leads to longer lifetime and safety of batteries. Additionally, Ti dopants can improve structural stability by forming a shorter and stronger bond with oxygen and prevent the elongation.
IV. LMZO has low EBs in paths and also low partial charges of oxygen in Zn-O bonds. Therefore, it is expected that LMZO has the highest Li-ion diffusion coefficient among the other studied cathodes.
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LMO	0	0.25	0.5	1	1.5	1.75	2	-5.1505045721999112	-4.3002045721989406	-3.2055045722002022	-1.5258545722010739	-1.0734045722003929	-0.45930457219879373	0.92139542779909334	LMTO	0	0.25	0.5	1	1.5	1.75	2	-7.0813545722005573	-5.7576045722000844	-4.6312545721996274	-2.7683045722008091	-2.3962545721999549	-1.3850045722003914	0.18459542780032734	LMCO	0	0.25	0.5	1	1.5	1.75	2	-1.9499545722003448	-1.118454572200112	-0.60945457220009758	1.2369454278002605	1.4854454277999549	1.6950454278000917	1.7514954278001325	LMZO	0	0.25	0.5	1	1.5	1.75	2	-1.6760545722002052	-0.88230457219947767	-0.1774045721997527	0.82404542779999701	1.9575454277999098	1.1722954278000044	1.5581454277996682	x in Lix[cathode]


∆G (eV)




O1	Mn-O	Ti-O	Cu-O	Zn-O	1.93754	1.96641	1.9333100000000001	2.0399099999999999	O2	Mn-O	Ti-O	Cu-O	Zn-O	1.92282	1.9462600000000001	2.0692900000000001	2.0382600000000002	O3	Mn-O	Ti-O	Cu-O	Zn-O	1.9306300000000001	1.9624900000000001	1.9257899999999999	2.0449700000000002	O4	Mn-O	Ti-O	Cu-O	Zn-O	1.92282	1.9624900000000001	1.92679	2.0449799999999998	O5	Mn-O	Ti-O	Cu-O	Zn-O	1.93754	1.96641	1.9322299999999999	2.0399099999999999	O6	Mn-O	Ti-O	Cu-O	Zn-O	1.9306300000000001	1.9462600000000001	2.06948	2.0382600000000002	
Bond length (Å)




LMO	1	0.62499328799999998	0.50075038599999999	0.49976006499999998	0.499112997	0.499112997	0.499112997	0.49813200299999999	0.49654461500000002	0.49238846400000003	0.48151046199999997	0.45314389500000002	0.38114831799999999	0.296595416	0.17740588600000001	0	0	0.86477776449828525	1.0635841315997823	1.0635569201986073	1.0635841315997823	1.0635297087974322	1.0635297087974322	1.0634480746994086	1.0632575950003229	1.0624684648973926	1.0580874322004092	1.0318284471977677	0.88417948079950293	0.62705911909870338	0.27475333819893422	2.2150066099129617E-2	LMTO	1	0.63001426299999996	0.50652604300000004	0.50600956600000002	0.50600956600000002	0.50600956600000002	0.50549306500000002	0.50473996899999996	0.502685453	0.49730566500000001	0.38168017100000001	0.29616037899999997	0.176512802	0	0.27110701280071225	1.2117773255995417	1.4491422230003081	1.4493054913000378	1.4491966457990202	1.4491966457990202	1.4492510684995068	1.4492782799006818	1.4493054913000378	1.4487068408998311	1.216212781100694	0.87198878110029909	0.37853755449941673	0	LMCO	1	0.62479656100000003	0.48665422600000002	0.48010867899999998	0.47761027299999997	0.47665629599999998	0.47606680200000001	0.47606680200000001	0.47606680200000001	0.475303062	0.47406758500000001	0.47083485000000003	0.46238602200000001	0.44040760000000001	0.384467542	0.30078275300000001	0.18144092000000001	0	0	0.85465512980044878	1.083992669100553	1.0831763276000856	1.0827137341002526	1.0824688316006359	1.0821695064005326	1.0823055633009062	1.0823055633009062	1.0820878723006899	1.0816524901001685	1.0803463437005121	1.0759653109998908	1.0571078223001678	0.95922847620022367	0.76662630450118741	0.4772604534009588	0.26893010210005741	LMZO	1	0.62846419600000003	0.49548114300000001	0.49355682499999998	0.49126533999999999	0.490389878	0.48984876500000002	0.48984876500000002	0.48984876500000002	0.48899946900000002	0.487625117	0.48402626199999998	0.47460511100000002	0.449984414	0.38692166700000002	0.30099942000000002	0.180126067	0	0	0.82864104729924293	1.0547404318986082	1.0547676432997832	1.0546587977987656	1.0545771635988785	1.0546315863994096	1.0545227408983919	1.0545227408983919	1.0544138952991489	1.0541689928995766	1.0533526513991092	1.0495702690986946	1.0287535607985774	0.91362219759867003	0.66969935679844639	0.32220999079981993	3.5538066698791226E-2	Coordinate Path


EB (eV)




LMO	1	0.66570857500000002	0.50088975099999999	0.48595192100000001	0.48322742800000001	0.48230448199999998	0.481730995	0.481730995	0.481730995	0.48068176099999999	0.478983932	0.47453842899999998	0.46290114500000001	0.43197376100000001	0.354580601	0.26115176299999998	0.15223438	0	0.18862930969771696	1.0424408867002057	1.9001164799992694	1.9060757730003388	1.9062934641005995	1.9062390412982495	1.9061846184995375	1.9061846184995375	1.9061846184995375	1.9060213501979888	1.9055859680993308	1.903436268799851	1.8911911463001161	1.8161693621987069	1.3610589749005158	0.73963261219978449	0.25502508520003175	0	LMTO	1	0.67862880999999997	0.51390591100000005	0.49866416299999999	0.48657283699999998	0.48531880900000002	0.484555022	0.484555022	0.484555022	0.48315581400000002	0.48128259200000001	0.476498914	0.46347120200000003	0.42944766000000001	0.344583739	0.25110442700000002	0.148436965	0	0.21785433550030575	1.2216278464002244	1.9098309440014418	1.9258040260010603	1.9296680425013619	1.9296136197008309	1.9295591969002999	1.9295591969002999	1.9295591969002999	1.9284707416009041	1.9280081481010711	1.9268380585999694	1.9150011068013555	1.8413943147006648	1.428842531000555	0.85166187770118995	0.33614221920106502	0	LMCO	1	0.66519220099999998	0.49824273400000002	0.488899735	0.488089465	0.488089465	0.488089465	0.487467871	0.47724284900000002	0.34742906899999998	0.25945990400000002	0.15271193399999999	0	9.6219451699653291E-2	1.110659824898903	2.235932162599056	2.2411839595988567	2.2412111710000318	2.2411839595988567	2.2411839595988567	2.2411567482995451	2.2353607236000244	1.4047060338998563	0.7300269938987185	0.23186819799957448	0	LMZO	1	0.66216147700000005	0.52416036300000002	0.47912485300000002	0.478573574	0.478573574	0.478573574	0.47788623899999999	0.42605548100000001	0.36305838400000001	0.15496251899999999	0	0.11186599720167578	1.3082144684012746	2.7037502660004975	2.8574401595014933	2.857576216400048	2.857549005000692	2.857549005000692	2.857603427801223	2.6666611505006586	2.0290712260011787	0.31429147830021975	0	Coordinatee Path


EB (eV)




LMO	1	0.64602438200000001	0.50366332800000002	0.50265769100000002	0.50203587500000002	0.50203587500000002	0.50203587500000002	0.50143624600000003	0.50046557400000002	0.49792172699999998	0.491236175	0.39831137599999999	0.29521965700000002	0.15189882199999999	0	0.18397616319998633	0.80877673750001122	1.1040474587025528	1.1044556295018992	1.1047005319014715	1.1047005319014715	1.1047005319014715	1.1049182230017323	1.1052447596011916	1.1059794669999974	1.1068502312009514	0.96744631410183501	0.61478678520143148	0.19102391150227049	0	LMTO	1	0.63042703600000005	0.490379446	0.48823539399999999	0.48741662200000002	0.48691064000000001	0.48691064000000001	0.48691064000000001	0.48641131100000001	0.48578194499999999	0.48395606499999999	0.393128319	0.30320659599999999	0.16899101	0	0.21431685559946345	1.1264424271994358	1.4988029975993413	1.4992928024985304	1.499428859398904	1.4995377049999661	1.4995104935987911	1.4995104935987911	1.4995649163993221	1.4995921276986337	1.4996465504991647	1.3117247367990785	0.89166261119862611	0.31372003919932467	0	LMCO	1	0.65630098000000003	0.56168010700000004	0.524512333	0.50977194199999998	0.50410282200000001	0.50111225599999998	0.50058636099999998	0.50058636099999998	0.50058636099999998	0.50006024400000004	0.49894733200000002	0.49629103800000002	0.40848302600000003	0.298470768	0.14443028099999999	0	7.9865410200000042E-2	0.75198658020053699	1.0014877546000207	1.0720468718009215	1.0894893684999261	1.0945778971999971	1.0969180762003816	1.0981153771008394	1.097299035600372	1.097299035600372	1.0975983608004753	1.0983058566998807	1.1005644016004226	1.0156920967001497	0.66689658430004783	0.21695635979995131	0	LMZO	1	0.66203153199999998	0.55051484500000003	0.48985848100000001	0.48567077400000003	0.48510521600000001	0.48510521600000001	0.48510521600000001	0.48432160699999999	0.474145292	0.405506541	0.13364848800000001	0	0	0.77498019919949002	1.2287844401998882	1.3422014861989737	1.3431810959991708	1.3431810959991708	1.3431810959991708	1.3431810959991708	1.3431810959991708	1.3398885185997642	1.1718854374994407	0.16264243859950511	0.10070932989947323	Coordinate Path


EB (eV)




O1	LMO	LMTO	LMCO	LMZO	-0.86	-0.88	-0.81	-0.84	O2	LMO	LMTO	LMCO	LMZO	-0.86	-0.88	-0.82	-0.84	O3	LMO	LMTO	LMCO	LMZO	-0.86	-0.88	-0.81	-0.84	O4	LMO	LMTO	LMCO	LMZO	-0.86	-0.88	-0.81	-0.84	O5	LMO	LMTO	LMCO	LMZO	-0.86	-0.87	-0.86	-0.84	O6	LMO	LMTO	LMCO	LMZO	-0.86	-0.87	-0.85	-0.85	O7	LMO	LMTO	LMCO	LMZO	-0.86	-0.87	-0.86	-0.84	O8	LMO	LMTO	LMCO	LMZO	-0.86	-0.87	-0.85	-0.85	
Oxygen Patial Charge (e/atom)




LMO	1	0.875	0.75	0.5	0.25	0.125	0	4.4363674303750429	4.3988036803749253	4.4972036803747812	4.6913036803750856	4.7750893946603936	4.8175200431249436	LMTO	1	0.875	0.75	0.5	0.25	0.125	0	4.5328499999999678	4.5313500000005718	4.567774999999898	4.6729500000002036	4.7702071428571218	4.9214875000001541	LMCO	1	0.875	0.75	0.5	0.25	0.125	0	4.5642000000007101	4.5378000000000611	4.5978750000003856	4.7014500000001744	4.7586142857144296	4.7938625000001593	LMZO	1	0.875	0.75	0.5	0.25	0.125	0	4.669603680375161	4.5171036803750155	4.537803680375049	4.613860823232141	4.6899179660892321	4.8165325431248789	X in Lix[cathode]
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