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ABSTRACT: Due to excellent safety and charge−discharge
performances of LiFePO4 (LFP), it has been widely studied as an
important cathode material for lithium-ion batteries. The
introduction of Mn ions to LFP materials to increase the voltage
and energy storage is a hot topic that has attracted widespread
attention. Our study focused on calculating the transition metal
(TM) ion arrangement in LiMn1−xFexPO4 (LMFP). Superexchange
interactions were observed to affect the TM structure sequence and
magnetic structure in LMFP, indicating that Mn ions tend to have a
specific clustering arrangement in the TM layer that is bridged by
shared O ions. The overall magnetic structure is antiferromagnetic.

■ INTRODUCTION

Utilizing lithium-ion batteries (LIBs) is regarded as one of the
most efficient means to overcome the lack of liquid fuels and
reduce the pollution of urban air. The performance of LIBs is
mainly determined by the physical and chemical properties of
the cathode material.1 Olivine-type LiFePO4 has attracted
much attention in recent years as a cathode material in LIBs
due to its structural stability, high capacity, low cost, and
nontoxicity.2 However, it has a voltage plateau at approx-
imately 3.45 V, which leads to a relatively low power density.
With a high voltage plateau (4.1 V vs Li/Li+) and the same
theoretical capacity of 170 mAh/g,3−5 LiMnPO4 (LMP) has a
power density approximately 20% higher than that of LFP, but
LMP is often reported to suffer from poor kinetics upon
charge/discharge cycling due to Jahn−Teller-active Mn3+ ions.
Recently,6,7 the introduction of Mn ions to LiMn1−xFexPO4
(LMFP) materials to increase the voltage and energy storage
has become a hot topic in the studies on LFP-type cathode
materials.4

Yamada et al.8,9 analyzed the phase diagrams to further
explain the influence of Mn on the reversible Li-ion extraction
process in LiFe0.4Mn0.6PO4. First, the ions of Fe

2+ are oxidized
to Fe3+ at 3.5 V, and then Mn2+ is oxidized to Mn3+ at 4.0 V
during the charging process. Thus, two redox active centers are
present in LMFP during the insertion of Li+ ions. The two
different voltage plateaus (3.5 and 4.1 V) for the two redox
centers are found in all cases, and the incorporation of Mn2+ in
the lattice of LFP materials and a wide range of LMFP
compositions have been tested by many groups.10−17 The
presence of Mn2+ in these cases improves the properties of
pure LFP, especially the energy density (by approximately
20%). Previous experimental work has observed two redox
peaks during the charging and discharging process of LMFP

(these peaks represent two redox reactions, i.e., Fe2+/Fe3+ and
Mn2+/Mn3+), which indicates the nonuniform arrangement of
Fe2+/Mn2+ ions at the atomic level.18−26 However, Paolella et
al.27 found only one wide redox peak in the charging and
discharging process of a synthesized LMFP material due to the
uniform arrangement of Fe2+/Mn2+ ions at the atomic level.
The presence of two peaks for LMFP indicates that aggregated
regions of Fe and Mn exist in the atomic scale arrangement of
the transition-metal (TM) layer. In terms of macrodistribution,
Mn and Fe are evenly distributed in the TM layer,28−35 but the
study of the arrangement of Mn and Fe on the atomic scale is
limited by experimental means; they only observed a structure
similar to the magnetic domain structures in small regions on
the subatomic scale, showing that Mn ions may be gathered in
a special way. So far, there is no answer to this question.
In our work, we studied the Mn and Fe structure sequence

in the TM layer on the atomic scale by ab initio calculations
using two methods, i.e., the recursive method and comparing
special constructions method. Through the above methods, we
found that the most stable LMFP structure is Fe/Mn = 1:1 (x
= 0.5). The results show that a special aggregated structure
should be more stable than a uniform structure. Additionally,
we studied the projected electron density of state (PDOS) and
the charge density distribution of the most stable structure.
The results indicate three kinds of superexchange interactions
(Mn−O−Mn, Mn−O−Fe, and Fe−O−Fe) with different
intensities in LMFP materials. By studying the local structure
energy, we determined that the three superexchange
interactions can affect the TM ion arrangement in the TM
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layer and the magnetic structure of LMFP. The results also
show that Mn ions tend to have a specific clustering
arrangement in the TM layer and are bridged by shared O
ions, and the magnetic structure is antiferromagnetic in the
most stable configuration. Therefore, our study provides an
important reference for research on two- or multielement
material structures and the design of LMFP materials.

■ COMPUTATIONAL METHODS AND MODEL
SYSTEMS

The atomic and electronic structures of TM oxides are
computed within the framework of spin-polarized density
functional theory (DFT) by the Vienna ab initio simulation
package.19−21,36 The exchange−correlation generalized gra-
dient approximation22,37 and the Perdew−Burke−Ernzerhof
method23,24,38,39 are applied to describe the interactions
between valence electrons and core ions. All of the atomic
positions and cell parameters are fully relaxed until the force on
each atom is less than 0.001 eV/Å and the energies converge to
within 1 × 10−5 eV per atom. Brillouin-zone integrations are
approximated by using k-points of a 4 × 3 × 4 grid. Due to the
strongly correlated d bands in the transition metal Mn, the
PBE + U approach with U = 3.9 eV for Mn and U = 5.3 eV for
Fe, as suggested by previous DFT calculations14,40 is applied in
all calculations. The wave functions are expanded in plane
waves up to a kinetic energy cutoff of 520 eV.

■ RESULTS AND DISCUSSION
Crystal Structures. Figure 1 presents the crystal structure

of olivine-type LFP. The relaxed lattice parameters in the

orthonormal space group Pnma are a = 10.3377 Å, b = 6.0112
Å, and c = 4.6950 Å.41 For the 1 × 2 × 2 supercells that we
selected for the calculation, a = 10.447 Å, b = 12.170 Å, and c =
9.507 Å, respectively, which are consistent with the
experimental values. All of the Fe sites are the same. The
initial structure of the LMFP crystal is constructed by
substituting Fe ions with Mn ions. All Fe and Mn ions are
coordinated with six O ions to form FeO6 and MnO6
octahedrons in LMFP.9 Previous work established that Fe2+

and Mn2+ ions in LMFP are in a high-spin state.10

Subsequently, these octahedral form a two-dimensional
network attached to the (100) plane by shared O ions. After
the use of a recursive method to find the most stable structure
in the first part, half of the Fe atoms are replaced by Mn atoms,
and various sequences of Mn ions in the TM layer are chosen
to build the calculation structures. Each structure contains two
TM layers.

Finding the Lowest-Energy Structure and Magnetic
Structure by Using a Recursive Method. First-principles
calculation is utilized to calculate the energy of different
structures. It is believed that a structure with lower energy will
be more stable. The lowest-energy structure detected using
recursive search process is shown in Figure 2a. To find the
most stable structure of the material, the pure LFP structure is
applied as the initial structure, and then the Fe ions are
replaced one by one with Mn ions. The energy of replacing Fe
2+ with Mn2+ at different positions is calculated. The position
with the lowest energy is found, and the structure with this
doping position is recorded as the most stable structure when
replacing a Fe atom. In the same way, after the most stable
structure is found in the previous step, the most stable
structure of the higher-Mn-doped LMFP can be determined by
comparing the energies among various structures after the
substitution of another Fe ion. Similarly, after the most stable
structure of LMFP in which N Fe ions are replaced has been
found, the next Fe ion is replaced with a Mn ion, and the
energies of different substitution structures are calculated. The
lowest-energy structure is found to be the most stable structure
of LMFP when N + 1 Fe ions are replaced. By this method, we
find the most stable structures in different situations with
different contents of Mn ions. We can infer that when the ratio
of Fe and Mn ions is 1:1, the most stable structure is formed,
as shown in Figure 2b. From the results, we find that the Mn
ions in the TM layer have a tendency to aggregate to form a
structure sequence by sharing O ions.

Comparing Special Structures to Determine the Most
Stable Structure. A large number of different structure
sequences in 1 × 2 × 2 supercells are constructed, and eight
structural representations (Figure 3I) are selected. We adopt
three representative magnetic structures, as shown in Figure
3II. We compare the calculated energies of the different
structure sequences for each magnetic structure. According to
Figure 3II, the first is the TM ion (Fe, Mn) ferromagnetic
structure; the second is the Fe−Fe and Mn−Mn ferromagnetic
structure in which all Mn ions have a magnetic moment against
all Fe ions; and the third is the TM ion (Fe, Mn)
antiferromagnetic structure.
The calculated energy results are shown in Table 1. (1)

Considering the difference between the vertical and horizontal
energy, the effect of the magnetic structure on the energy is
greater than that of the TM ion sequence. (2) The
antiferromagnetic structure (the third magnetic structure
shown in Figure 3II) presents a lower energy than the other
magnetic structures, indicating that it is more stable. (3) In
regards to the effect of the sequence of Mn−Fe ions on the
energy, it could be observed that the aggregated structures
((a), (b)) are more stable than the uniform structure (g).
From (a) to (h), the structures shown in Figure 3I are
aggregated ((a),(b)), random ((d), (e)), two-phase (c), nearly
uniform (f), uniform (g), and opposite (h); and the energy is
displayed in this order from low to high. Therefore, Mn ions in

Figure 1. Structure of LiMnxFe1−xPO4. The plane shown in the figure
is a lithium-ion plane, and we use two TM layers, as shown in the
figure and marked as layer 1 and layer 2. The yellow, purple, silver,
green, and red spheres represent Fe, Mn, P, Li, and O, respectively.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b04003
J. Phys. Chem. C 2019, 123, 17002−17009

17003

http://dx.doi.org/10.1021/acs.jpcc.9b04003


the TM layer tend to have a specific sequence, and Mn ions are
more likely to be bridged by sharing O ions.

■ SUPEREXCHANGE INTERACTION: THE ORIGIN OF
THE ANTIFERROMAGNETIC STRUCTURE IN LMFP

The magnetic moment and sequence results are derived from
the superexchange interaction. The superexchange interaction
has been found in MnO in previous work.42 In the TM layer of
LMFP, the Mn ion is present as Mn2+ under full lithiation
conditions. Similar to the situation in MnO, the superexchange
interaction might exist here, which transforms the magnetic
structure into an antiferromagnetic structure and causes the
Mn ions in the TM layer to aggregate into a structure
sequence. In the TM layer, the large distance between TM ions
results in a weak direct-exchange interaction. The electron
structure of the O2− ion is (1s)2 (2s)2 (2p)4, and the electron
cloud in the O 2p orbital can overlap with the electron cloud in
the Mn 3d orbital. One electron in the O 2p orbital can
transfer to the Mn 3d orbital. According to Hund’s Rule, the
magnetic moment of this electron can only be antiparallel to
that of the five electrons of Mn2+ in the Mn 3d orbital. In the
meantime, the spins of the two electrons in the O 2p orbital
must be antiparallel. Moreover, the same interaction between
the second electron in the O 2p orbital and another Mn2+

transforms the magnetic moment of the two Mn2+ linked to

the same O ion in the opposite direction. Finally, the
antiferromagnetic structure is formed.

Analysis of the Projected Electron Density of States.
The overall electron DOS of the LMFP is calculated (as shown
in Figure 4a). In the position of E − Ef = −1 eV, the projected
density of states (PDOS) of Mn shows a peak, as well as the
state density of O. However, the PDOS of the O2− ion does
not present a peak in the same position in LFP (Figure S1),
indicating that the outermost electron in the 3d orbital of the
Mn ion can overlap with the outermost electron in the O 2p
orbital. It is a necessary condition for the existence of the
superexchange interaction.
To further prove the superexchange interaction in LMFP

materials, O ions in different positions are selected to calculate
the PDOS. As shown in Figure 4, in the supercell with the
lowest-energy and magnetic structures, the local structure,
which contains O ions in all different positions, is taken out
(Figure 4b). There are three types of O ions in the TM layer of
LMFP, which are O(1) O(2), and O(3). As Figure 4c reveals, five
PDOS, i.e., Mn 3d orbital linked with O, Fe 3d orbital linked
with O, 2p orbital of O(1), 2p orbital of O(2), and 2p orbital of
O(3), are calculated. After comparison, it is observed that at the
position of −1 eV, the PDOS of the Mn2+ ion shows a peak,
indicating the local position of the outermost electron in the
3d orbital. O(1) is the O ion shared by two Mn ions (Mn−
O(1)−Mn), which is represented by the obvious peak at −1 eV,

Figure 2. (a) Results of using the recursive method to find the most stable structure with different concentrations of Mn ions. (b) The most stable
structure was under the condition of Fe/Mn = 1:1 (x = 0.5 in LiMn1−xFexPO4).
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which is the same as that of the Mn ion. O(2) is the O ion
shared by an Mn ion and a Fe ion (Mn−O(2)−Fe), which is
also represented by the peak at the same position but is lower
than the peak of O(1). O(3) shared by two Fe ions (Fe−O(3)−
Fe) does not show a special peak in the PDOS. Hence, the
outermost electrons in the O 2p orbital are not affected or
limited by the Fe ions.

To measure the influence of O(1), O(2), and O(3) ions on
superexchange, the integral DOS of the O 2p orbitals for the
above three types are calculated for the integral interval from
E1 = −1.56 to E2 = −0.56 (the range in blue is shown in Figure
4c). The integral state density results are as follows: the
integral value of O(1) in the region is 0.205; the integral value
of O(2) in the region is 0.131; and the integral value of O(3) is

Figure 3. (I) Eight representative ordered structures shown in (a)−(h) (when x = 0.5 in LiMn1−xFexPO4). In each figure, the upper graph is the
structure, and the two lower figures show different Mn atoms in two TM layers. The positions of the Mn atoms in the TM layer are marked with
purple spheres. (II) The three representative magnetic structures are shown. Magnetic structure 1 is a ferromagnetic structure; in magnetic
structure 2, the spin direction of the iron atoms is opposite to that of the manganese atoms; and magnetic structure 3 is the antiferromagnetic
structure. In the magnetic structures 1 and 3, the spin directions of each atom are related to its position. In each magnetic structure, panel (a)
shows the magnetic moment of each TM ions in the structure, panel (b) is the projections onto the bc plane [top view of panel (a)], and panel (c)
is the projections onto the ab plane [right view of panel (a)].
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0.077. The integral value of the Mn ion in this region is 0.874
(Figure S2).
According to the analysis of the overall DOS, PDOS, and

integral state density, some conclusions can be drawn. In the
TM layer, Mn ions can influence the surrounding O ions. The
electron cloud in the O 2p orbital can overlap with the electron
cloud in the Mn 3d orbital. The outermost electron of the O
ion transfers to the Mn 3d orbital. Meanwhile, the O ions
shared by two Mn ions are greatly affected, while Fe ions have

less impact on the O ions linked to them. There are three kinds
of superexchange interactions, i.e., Mn−O(1)−Mn, Mn−O(2)−
Fe, and Fe−O(3)−Fe, and the Mn−O−Mn superexchange
interaction is stronger than the others.
Figure 5 shows the charge density distribution calculated by

adopting the structure of Figure 3I,a (the lowest-energy
structure). From the charge density distribution in Figure 5, it
can be seen that the outermost electron clouds of the Mn and

Table 1. Three Magnetic Structures and the Energy Calculation of the Different Structures (from (a) to (h)): Two-Phase,
Random, Nearly Uniform, Uniform, and Oppositea

regularly gathered two-phase random nearly uniform uniform opposite

a (meV) b c d e f g h

magnetic structure 1 167 171 181 179 187 202 216 243
magnetic structure 2 63 68 147 96 71 108 38 157
magnetic structure 3 0 3 17 11 12 29 38 64

aMinimum energy has been subtracted from all results (the energy of structure a under the conditions of magnetic structure 3) to make the
difference obvious.

Figure 4. (a) Electronic density of states (DOS) of LiMn(1−x)FexPO4 (x = 0.5; under the conditions of structure a). In the position of E − Ef = −1,
the state density of Mn shows a peak as well as the state density of O. (b) The three types of oxygen ions in the TM layer of LMFP. (c) The PDOS
of target ions (top−down ions): 3d orbital in Mn2+, 3d orbital in Fe2+, p orbital in O(1) (the oxygen ion shared by two Mn ions), p orbital in O(2)
(the oxygen ion shared by a Mn ion and a Fe ion), p orbital in O(3) (the oxygen ion shared by two Fe ions).

Figure 5. Charge density distribution of the structure in Figure 3I,a (the lowest-energy structure). (a) The local charge density distribution of Mn−
O−Mn, which is circled from (b). (b) The charge density distribution of the TM layer of LMFP.
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O ions overlap, which confirms the existence of superexchange
interactions in LMFP materials.
Further Calculation of the Superexchange Energy. To

further study the influence of the superexchange interaction on
the material structure in LMFP, we choose a suitable stable
structure with two TM layers, including 36 transition-metal
ions. The antiferromagnetic structure is chosen as the initial
magnetic structure of the system. As shown in Figure 6, by
selecting the target atom and changing its magnetic moment,
the change in the system energy is calculated as shown in the
right (2−1, final system is 2, previous system is 1). To judge
the degree of influence of the superexchange interaction in
different cases, we perform a study as shown in Figure 6a−c. In
this study, we only change the magnetic moment direction of
the target atom to ensure that the other conditions are the
same as before. The supercell is large enough to ensure that the
magnetic moment changes of the target ions have little
influence on the environment of the ions when the supercell
experiences periodic expansion in the calculation, so the energy
change in the system is only caused by the change in the
magnetic moment of the target ion.
There are three superexchange interactions in the local area

of LMFP: (1) the superexchange interaction of an Fe ion with
another adjacent Fe ion through an O ion. (2) The
superexchange interaction of a Mn ion with an adjacent Fe
ion through an O ion. (3) The superexchange interaction of a
Mn ion with an adjacent Mn ion through an O ion. To explore
the superexchange interaction between the Fe ion with an
adjacent Fe ion in the first case, as shown in Figure 6a, the pure
LFP structure is selected as the initial structure. The target ion
is set to be a Fe ion. By changing the direction of the magnetic
moment of the target Fe ion, the energy of the new system is
improved with an energy difference of E = 10.8 meV. To
explore the superexchange interaction between the Mn ion

with an Fe ion in the second case, the initial structure is
designed as shown in Figure 6b, in which the target Fe ion in
the pure LFP structure is replaced by an Mn ion. After
changing the direction of the magnetic moment of the target
Mn ion, the increased energy of the system is E = 14.3 meV.
We perform the following calculations to determine how the

superexchange interaction causes the Mn ions in the TM layer
to aggregate. As shown in Figure 6c, two Fe ions are
substituted with Mn ions. The Mn ions in the left structure are
clustered, while those in the right structure have a separated
distribution. The difference in energy for the two situations
(separated and clustered) is calculated under the magnetic
moments of the two target TM ions.
The calculated results show that (1) in all cases, the energy

of the two Mn ions is higher when they are apart than when
they are aggregated. This result reveals that Mn ions tend to
aggregate and form some structure sequences. (2) As shown in
Figure 6c, when both Mn ions are in the same direction as the
magnetic moment of the Fe ions in the substitution position,
which means that the overall magnetic moment structure of
the material is antiferromagnetic, the calculated difference
energy will increase by E = 2.6 meV, which is much smaller
than that due to the magnetic moment effect on the energy (as
shown in Figure 6a, E = 10.8 meV; Figure 6b, E = 14.3 meV).
These results can explain the results in Table 1. The change in
energy caused by the magnetic structure of the material is
larger than that caused by the TM sequence change; the
material has an antiferromagnetic structure, and the ordering of
the Mn ions presents some randomness. (3) As shown in
Figure 6c, the two Mn ions change from aggregation to
separation. The actual interaction is the addition of two Mn−
O−Fe superexchange interactions and the loss of one Mn−O−
Mn superexchange interaction and one Fe−O−Fe super-
exchange interaction. Figure 6c shows that the value of the

Figure 6. (a, b) Energy change caused by the change in the atomic spin direction. The target atom is Fe in (a), and the target atom is Mn in (b).
(c) The energy change caused by the two Mn ions in the distribution were clustered and separated in three different spin cases (according to the
direction of the magnetic moment of Mn ions, there are three cases: (1) the magnetic moment of one of the two Mn ions is in the same direction as
the magnetic moment of the Fe ion in the substitution position and the other has the opposite magnetic moment. (2) Both Mn ions are in the same
direction as the magnetic moment of the Fe ion in the substitution position. (3) Both Mn ions are opposite the direction of magnetic moment of
the Fe ion in the substitution position). (d) The energy influence of the three different superexchange interactions: Fe−O−Fe, Fe−O−Mn, and
Mn−O−Mn.
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energy difference for aggregation and separation is E(Mn−O−Mn)
+ E(Fe−O−Fe) − 2E(Mn−O−Fe) = 2.6 meV. This difference suggests
that the superexchange interaction tends to aggregate Mn ions;
different Mn ion structure sequences have varying amounts of
three superexchange interactions. For separation, the overall
effect of the superexchange interaction on the system is
stronger than that for aggregation. In other words, the results
of the magnetic moment and sequence are derived from the
superexchange interaction. According to previous results, the
strength order of the three superexchange interactions is
E(Mn−O−Mn) > E(Mn−O−Fe)> E(Fe−O−Fe). The strengths of the
three superexchange interactions are roughly calculated with
the results in Figure 6a−c, as shown in Figure 6d. The
superexchange interaction of Mn−O−Mn is much stronger
than the other two superexchange interactions in LMFP.

■ CONCLUSIONS
In summary, our paper systematically studied the ordering of
transition metals in LMFP materials. In our work, the PDOS
analysis at the position of E − Ef = −1 showed that the state
density of O that shared two Mn ions resulted in a peak, as well
as the state density of Mn, and the state density of O in other
positions did not appear. From the charge density distribution,
the outermost electrons overlap between the O ion and Mn
ion. These results proved the existence of the superexchange
interaction in LMFP. From the energy study, we found three
superexchange interactions, i.e., Mn−O−Mn, Mn−O−Fe, and
Fe−O−Fe, with different intensities in the LMFP material, and
these interactions regulate the magnetic structure and the
transition-metal arrangement of the material. Finally, it was
verified that an antiferromagnetic structure with Mn ions in the
transition metal layer bridged by shared O ions is more stable
than other structures.
Our results also show that Mn ions tend to aggregate near

each other, resulting in the formation of a local structure
similar to the phase separation structure or a special solid
solution structure (Mn rings and Fe rings are distributed
homogeneously, as shown in Figure 3I,a). Furthermore, the
energy difference (17 meV) between the special solid solution
structure and the phase separation structure is very small (as
shown in Table 1), indicating the two structure arrangements
may exist in synthesized LMFP. This may explain the
previously reported experiments that sometimes single redox
peak was observed in LMFP during electrochemical tests, and
sometimes two redox peaks were observed (the phase-
separation structure exhibits two redox peaks during charge
and discharge, and the solid solution structure exhibits a single
redox peak during charge and discharge).
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