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LiMn2O4 cathodes with F anion doping for
superior performance of lithium-ion batteries†

Zijing Wan, Xiaoxue Jiang, Dongwei Xu * and Xiaobing Luo

Although considered as promising candidates for lithium-ion secondary batteries, spinel LiMn2O4

cathodes suffer from significant capacity decay owing to the Jahn–Teller effect, dissolution of Mn

and lattice oxygen loss during the charge/discharge process, preventing their wider use. In this work,

we realize that F-doping at small concentrations could improve the battery voltage and reduce the

capacity decay using an atomistic model. For voltage, F-doping improves the voltage to about 4.4 eV

under large delithiation. For capacity decay, it retards capacity decay owing to the reduced lattice

oxygen loss. The larger Gibbs free energy of oxygen release after F-doping indicates harder lattice

oxygen loss. In addition, although F-doping makes the average valence of Mn lower, the existence of

Mn4+ during delithiation exerts a positive effect by reducing the Jahn–Teller effect. However, since

the Mn3+ ions in the spinel structure could induce Jahn–Teller distortion, the effect of F-doping on

Jahn–Teller distortion is determined by the competition between Mn4+ and Mn3+. The atomistic mecha-

nism of F-doping in the performance of LiMn2O4 offers new insight in developing spinel lithium

manganese oxide cathode materials with superior performance.

1 Introduction

Energy security and storage technologies are key strategic
concerns related to national economies and the development of
societies.1–3 To step out of environmental dilemmas and satisfy
energy demands, a new energy technology named lithium-ion
secondary batteries (LIBs) with excellent safety performance
and high energy density is born, which has succeeded in
portable electronic products, electric vehicles and even large
energy storage systems.4–6 Furthermore, the electrochemical
performance of LIBs, such as the output voltage, energy density
and structural stability, is dramatically determined by the
cathode materials.7–9

Up to now, spinel LiMn2O4 (LMO) cathodes have been
considered as promising candidates owing to their high energy
density, low cost, environment-friendly nature, three-dimensional
diffusion channels of Li+, etc.10,11 However, spinel LMO suffers
from inferior voltage12 and significant capacity decay13 during
cycling, preventing its wider use. The significant capacity decay
is mainly due to the Jahn–Teller effect associated with Mn3+

ions14,15 shown in Fig. 1, dissolution of Mn associated with Mn2+

ions16,17 and irreversible lattice oxygen loss,18–20 which is related to
the stability of the LMO material. From an atomic point of view,
the oxygen ions become more reductive and lose electrons to form
oxygen, resulting in inevitable capacity decay and greater charge
transfer resistance.

Many studies on the modification of LMO-based LIBs have
been extensively carried out to enhance their performance.
General modification schemes include guest element substitu-
tion, surface coating, and morphology regulation. Compared
with the other two modification investigations, element sub-
stitution undoubtedly appears to be a more favorable strategy
owing to strengthening the crystallographic structure of spinel
LMO, reducing the Li+ transport barrier and increasing the ion
transport rate.21 Consequently, substituting a small fraction of
LMO with several ions such as Al,22 Ni,23 Ti,24 Fe,25 Cr,26 Mg,27

Zn,28 S,29 Cl,30 Br,31 and F32 has been attempted to enhance
the performance of LMO-based LIBs. Compared with cation
doping, anion doping avoids the undesirable occupation of Li
and effectively contributes to the redox activity of Mn, both of
which are critical for the battery performance.33 Furthermore,
spinel Li1.68Mn1.6O4,32 Li1.6Mn1.6O4

34 and LiMn2O4
35 cathodes

doped with F anions display ultrahigh power and energy
density in experiments, which reveals the strategy of F-doping
is practicable. However, only at small concentrations, F-doping
has satisfactory performance. When excessive F ions are doped,
battery voltage decreases and capacity decay intensifies.34,35

However, the mechanism of F-doping at small concentrations
on spinel lithium manganese oxide lacks further research.
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In this work, we report the effect of F-doping on spinel LMO
by using density functional theory (DFT) with van der Waals
correction. For comparison, the properties including the vol-
tage and capacity decay of LixMn2O3.875F0.125 (LMOF) and
LixMn2O4, in which reversible de-intercalation/intercalation of
lithium occurs around 4 V,36 are calculated with x = 0, 0.25, 0.5,
0.75, 1. Our results reveal the desirable effect of F-doping on
spinel LMO, explaining the experimental observations. Further-
more, it may offer insight into improving battery performance
by halogenated element doping on spinel lithium manganese
oxide cathode materials.

2 Computational details

All spin-polarized density functional theory calculations are
performed using the Vienna Ab initio Simulation Package (VASP
6.1.0).37,38 Projector augmented wave pseudopotentials are
used to model the core electrons39 by treating the Li 2s 2p
and Mn 3d 4s electrons as valence electrons, respectively. The
generalized gradient approximation (GGA) of Perdew–Burke–
Ernzerhof (PBE) is selected to describe the exchange-correlation
of valence electrons.40 The Brillouin zone is sampled with a
size-dependent G-point-centered k-point mesh of 4 � 4 � 4 size.
Gaussian smearing with a width of 0.05 eV and an energy cutoff
of 520 eV for the plane wave representation are used for
calculations. Geometry optimizations are conducted via the
quasi-Newton method. All atoms in the bulk calculations are
subjected to full ionic relaxation and converged to an energy
tolerance of 0.1 meV and a force criterion of 0.02 eV Å�1.41 To
correctly investigate the properties of transition metal oxides, a
Hubbard correction42 applied to 3d orbitals to improve the
description of the electron localization is a good approxi-
mation. The effective Hubbard U for Mn element we used in
the GGA+U43 calculations is 3.5 eV.44 The initial magnetic
moments for the Mn atoms are set to be 3.5 mB atom�1 45 with
ferromagnetic ordering and the whole cubic structure is
allowed to relax during the simulations. In addition, the
DFT+D3 method for the modeling of the long-range dispersion
interactions46 is also included in all calculations. In this work,
we use a supercell composed of eight-formula units of cubic

LMO, which is the Fd%3m space group (No. 227)47 shown in
Fig. 2. According to the principle of minimum energy, the F-
doping structure (LiMn2O3.875F0.125) is chosen out of total ten
structures considering the symmetry of the space group in
Fig. 2. Fig. 2 also shows the optimal lithium ion distributions
in delithiated structures of (LixMn2O3.875F0.125) (x = 0.75, 0.5,
0.25 and 0), which are selected from 28, 15, 6, and 1 candidate
structures, respectively. To compare, the full process of
delithiation in LixMn2O4 with x = 1, 0.75, 0.5, 0.25, 0 is also
shown in Fig. 2. The number ‘10’ and Cn

m next to the arrows in
the figure represent the total possible structures during doping
and delithiation processes, where m and n represent the total
different Li sites and the number of possible delithiated Li
ions, respectively, considering the symmetry.

3 Results and discussion
3.1 Redox potential

The output voltage of LIBs is related to the redox potential of
the cathode and anode.33 The redox potential represents the
energy effort taken to extract the lithium ions from the elec-
trode. The optimized voltage of cathode materials should be
more than 3.5 V, since potentials below 3.5 V would aggravate
the delivered energy density. In this work, the effect of F-doping
on the output voltage is assessed using the following formula:

V ¼ �EðLiMn2O4Þ � ð1� xÞ � EðLiÞ � EðLixMn2O4Þ
x � e (1)

where E(LiMn2O4), E(Li), and E(LixMn2O4) are the calculated
total energies with the lithiated spinel structure, bulk BCC Li
metal,50 and delithiated spinel structure by the DFT+D3
method, respectively. Based on previous experimental observa-
tions and theoretical predictions, the charging/discharging
process can be approximately divided into four stages with five
stable structures (LixMn2O4) at x = 0, 0.25, 0.5, 0.75, 1.51 The
whole calculated charging profiles of pristine and F-doped LMO
are illustrated in Fig. 3, where the experimental charging profile
of pristine LMO is also given by hollow triangles for compar-
ison. Notably, our result about the charging profile of pristine
LMO is consistent with the experiment within a five percent
margin of error. In the first delithiation stage (0.75 r x r 1), F-

Fig. 1 Schematic illustration of the Jahn–Teller effect with Mn3+ ions at the octahedral site. Note that the dotted arrows represent candidate orbitals the
electrons could occupy.
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doping increases the redox potential by 0.22 eV, demonstrating
the positive effect of F-doping on voltage. At the stage of 0.5 r
x r 0.75, the redox potential of LMOF suddenly increases by
0.13 eV compared with the first stage, which is consistent with
the voltage jump of pristine LMO at x = 0.75. In the third
(0.25 r x r 0.5) and last stages (0 r x r 0.25), the redox
potential of LMOF changes slightly, showing good consistency
with the pristine LMO. In all, F-doping could improve the voltage
more than 0.1 eV compared with the pristine LMO during the
whole delithiation process according to the simulated charging
profile. These calculations agree with experimental reports which
demonstrate that F-doping at a concentration of 0.2 improves the
voltage compared with pristine LMO.35

3.2 Capacity decay

The capacity decay is related to the Jahn–Teller effect induced
distortion and the dissolution of Mn, which are both related to
the valence change of Mn ions by analysing Bader charges and
projected density of states. In addition, it is also related to the
difficulty level of lattice oxygen loss by calculating the Gibbs
free energy.

3.2.1 Bader charges. To reveal the charge transfer of the
Mn ions in LixMn2O3.875F0.125 at x = 1, 0.75, 0.5, 0.25, 0, the
Bader charge52 is calculated for the delithiation intermediates
in Fig. 4(b). Note that the Bader charge could be normally
underestimated.44,53 The Mn ions could be classified into three
types, two types of them (higher charge Mn1 and Mn4 and
lower charge Mn2) staying away from doping F anions and the
other type (Mn3) next to the F anion in LMOF. To visualize
them more clearly, their locations are shown in Fig. 4(a). After
doping, the charge difference of the three types of Mn ions
becomes significant. Mn1 shows relatively high charge com-
pared with Mn2 and Mn3 during the whole delithiation process
before desorbing all the Li ions. In addition, sensibility to the
delithiation is different for the three types of Mn ions for
LMOF. The maximum charge reduction of the Mn1 (Mn4) ion
is 0.05 (0.06) e� in the whole delithiation process, indicating
low electrochemical activity during cycle. For the Mn3 ion,
the charge fluctuates considerably and the maximum charge
reduction is about 0.40 e� during delithiation. Different from
the charge-transfer of Mn ions, the oxygen anionic redox in

Fig. 3 Charging profiles of pristine and F-doping LMO. Note the data of
LMO are obtained in experiments.48,49

Fig. 2 Schematic illustration of the delithiation process in LMO and LMOF. Note each step involves the removal of two lithium ions from the previous
structure. Green spheres are Li, cyan spheres are Mn, grey spheres are O, and red spheres are F.
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both LMO and LMOF remains electrochemically active during
delithiation based on the Bader charge calculations in Fig. 4(c).
In fact, anion doping is favorable in reducing oxygen participa-
tion for electrochemical redox. During the whole delithiation
process, the average charge of O atoms in LMOF only reduces
0.17 e� in total, while that in pristine LMO reduces 0.23 e�,
indicating that F-doping effectively suppresses the reduction of
the average charge of the O atoms.

3.2.2 Projected density of states. As mentioned above,
electron transfer of the Mn-3d orbitals (valence) plays a vital
role in determining the Jahn–Teller effect and the dissolution
of Mn. To further reveal the charge transfer during delithiation,
the projected density of states (PDOS) of all 3d orbitals of Mn1,
Mn2, Mn3, and Mn4 ions in LixMn2O3.875F0.125 (x = 1, 0.75, 0.5,
0.25, 0) and LixMn2O4 (x = 1, 0.75, 0.5, 0.25, 0) are illustrated in
Fig. 5 and Fig. S1–S6 (ESI†). Fig. 5(a–c) and Fig. S1 (ESI†) show
that the Mn1–t2g orbitals in LMOF are fully occupied, while the
Mn1–eg orbitals are almost unoccupied during the whole
delithiation process, indicating that the Mn1 ion is positive
tetravalent. The tetravalent Mn1 ions after F-doping suppress

the Jahn–Teller effect compared with the Mn1 ions in pristine
LMO as shown in Fig. 5(d–f). In fact, we find two positive
tetravalent ions (Mn1 and Mn4) by checking the PDOS and
Bader charges of all Mn ions during delithiation. Furthermore,
the electron occupation of the Mn4 ion is consistent with Mn1
in Fig. S6 (ESI†). For Mn2 ions, the charge variation with
delithiation exhibits a similar trend for spinel LMO and LMOF
as shown in Fig. S2 and S4 (ESI†), indicating the lower effect of
F-doping on Mn2 ions. As for Mn3 ions neighboring the F ions,
the situation is different as shown in Fig. S3 and S5 (ESI†). After
F-doping, the Mn3–eg orbitals are split and one electron in the
Mn3 ion occupies the dz2 orbital during delithiation, indicating
the positive trivalent nature of the Mn3 ion. This leads to
stretching of the Mn-O octahedra along the c-axis as shown
in Fig. S7 (ESI†). To describe the distribution of transition
metal oxides, the distortion index introduced by Baur54,55 is
employed:

JTI ¼ 1

n

Xn

i¼1

jli � lavj
lav

(2)

Fig. 4 (a) The positions of Mn1, Mn2, Mn3, and Mn4 in the LixMn2O4 and LixMn2O3.875F0.125 structures. Note the number denotes the type of Mn.
Calculated Bader charges of (b) Mn1, Mn2, Mn3 and Mn4, and (c) the F and average O atom of the ground state structure of LixMn2O3.875F0.125 in the
delithiation process (x = 1, 0.75, 0.5, 0.25 and 0). For comparison, the calculated Bader charge of the average O atom in LixMn2O4 is also given in (c).
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where n is the number of bonds of the transition metal, li is the
length of a bond in the ‘i’ direction, and lav is the average length
of all bonds. In Table 1, the maximum JTI values of Mn3 and
Mn1 (Mn4) ions in Li0.75Mn2O3.875F0.125 are 0.048 and 0.013
(0.012) respectively, with the relative magnitude being consistent
with the analysis of PDOS. In all, when F anions are doped, Mn1
(Mn4+) and Mn4 (Mn4+) ions have a positive influence on the Jahn–
Teller effect at the four stages of delithiation, while Mn3 (Mn3+)
ions have a negative influence on the Jahn–Teller effect. So the
influence of F-doping on the Jahn–Teller effect is determined by

the competition between Mn3+ and Mn4+ ions. On the other hand,
no divalent Mn ion is present during delithiation, indicating that
F-doping has little effect on the dissolution of Mn.

3.2.3 Gibbs free energy of oxygen release. To reveal the
doping effect of F ions on lattice oxygen loss, a criterion is to
determine the O atomic redox process, which could correspond
to the level of oxygen release. According to previous studies in
experiments56 and theories,57 the O atoms break bonds with
neighbouring atoms (Mn–O, Li–O) and lose electrons, leading
to the formation of an O–O bond and the release of oxygen.
Both thermodynamic and kinetic factors must be taken into
account in the oxygen release. Therefore, the Gibbs free energy
(DG) of oxygen release is widely acknowledged as the most
satisfying criterion to determine the ease of oxygen release.58,59

The oxygen release could be described as follows:

LixMn2O4 = LixMn2O4�z + z/2O2 (3)

where z is the amount of O atoms removed from the spinel
LMO. We assume that LixMn2O4�z is obtained by removing the

Fig. 5 PDOS of five Mn1-3d orbitals in (a–c) LixMn2O3.875F0.125 and (d–f) LixMn2O4 in the delithiation process (x = 1, 0.5, 0). The shaded area and blank
stand for the majority and minority channels of the spins, respectively.

Table 1 The calculated JTI of Mn1, Mn2 and Mn3 in LixMn2O3.875F0.125

with x = 0, 0.25, 0.5, 0.75, 1

x = 1.00 x = 0.75 x = 0.50 x = 0.25 x = 0.00

Mn1 0.012 0.012 0.007 0.013 0.005
Mn2 0.048 0.048 0.048 0.017 0.002
Mn3 0.046 0.048 0.037 0.037 0.023
Mn4 0.012 0.010 0.008 0.007 0.005
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lowest Bader charge O atom. Hence, the Gibbs free energy can
be described as follows:

DG ¼ 1

0:5z
� ½EðLixMn2O4�zÞ þ 0:5zEðO2Þ

� EðLixMn2O4Þ� � TDSðO2Þ
(4)

where E(LixMn2O4�z) and E(LixMn2O4) are the calculated ener-
gies with delithiated states before and after O2 released states
using the DFT+D3 method, respectively. The energy of O2 is
calculated to be �9.935 eV, which is consistent with Liu’s result
(�9.87 eV).60 Taking into account the entropy of O2 at the
standard state (TDS = 0.63 eV),61 the Gibbs free energy DG can
be calculated based on the above reaction formula as shown in
Fig. 6. Notably, the Gibbs free energy DG in LMOF is almost
always higher than that in LMO during the delithiated cycle,
indicating that releasing oxygen from LMOF is more difficult
than from pristine LMO. The difference between the Gibbs free
energy DG in LMO and that in LMOF reaches a maximum of
1.686 eV at x = 0.75. Remarkably, the Gibbs free energy DG in
LMOF reaches a maximum of 5.08 eV at x = 0.5, at which the
oxygen release is difficult to occur in Li0.5Mn2O3.875F0.125.
In short, F-doping can reduce the difficulty level of oxygen loss
and retard capacity decay.

4 Conclusions

In summary, a small amount (1/32) of F-doping on LMO spinel
has positive effects on improving the voltage and suppressing
the capacity decay, which could be applied in LIBs for superior
performance. For voltage, the calculated and experimental
voltages of LMO are within a five percent difference and we
find F-doping can improve the voltage to about 4.4 eV at large
delithiation. In the case of lattice oxygen release, the Gibbs free
energy DG in LMOF is almost always higher compared with
LMO, demonstrating F-doping could reduce the difficulty level
of oxygen loss and retard capacity decay. Although F-doping
makes the average valence of Mn lower, the existence of Mn4+

far away from doping F ions plays a positive role in reducing the
Jahn–Teller effect. However, owing to the existence of Mn3+,

whether F-doping can reduce the Jahn–Teller effect is deter-
mined by the competition between by Mn3+ and Mn4+ ions. Our
work on F-doping at small concentrations may shed light on the
future development of anion doping based on spinel lithium
manganese.
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