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The in-depth study of the multicomponent effect on the structural and electrochemical properties
of olivine cathodes is conducted using state-of-the-art first-principles calculations. The distribution
of multiple transitionmetals in olivine structure alters local crystal structure and electronic structure,
affecting its kinetic and thermodynamic properties. We find that local structure change, such as the
reduced Jahn-Teller effect of Mn, significantly enhances both Li mobility and electron (polaron)
conductivitywhen the redoxMnelement neighborsFe orCo. The unexpected one-phase Li insertion/
extraction reaction of the multicomponent olivine cathode is explained with respect to the multiple
interactions of M/Li or M/vacancy (M= transition metals). The redox potential of each transition
metal also could shift as a result of charge redistribution and the relative energy change from the
multiple M/Li interactions. Implications of multicomponent olivine as a useful strategy for tailoring
the electrochemical properties of olivine compounds are discussed for designing better-performing Li
rechargeable batteries.

1. Introduction

Electrochemical energy storage devices are attracting
tremendous interest due to the recent growing importance
of sustainability and environmental concerns.1,2 The
lithium rechargeable battery is one of the most advanced
energy storage systems and serves as a major power
source for various small electronic devices. With the
growing interest in power sources for large applications
such as the HEV (hybrid electric vehicle) or PHEV (plug-
in hybrid electric vehicle), lithium rechargeable batteries
are finding new opportunities in this emerging area.
Intensive research efforts are focused on developing
suitable electrode material, the key component of Li
rechargeable batteries, for these applications. The elec-
trodematerial for lithium rechargeable batteries for use in
HEVs and PHEVs requires highly stability, high power,
high energy, and low cost.3-7 The lithium transitionmetal
phosphate LiMPO4 (whereM=Mn, Fe, Co, Ni) with an
olivine structure has been highlighted as one of the most
promising cathodematerials owing to its advantages over

current cathode material in that it is remarkably stable
even in harsh operating conditions, nontoxic, and poten-
tially inexpensive.8-16 Recently it has been reported that
the rate capability and cyclability of LiFePO4 have been
achieved at an almost commercial level.17,18 However, the
intrinsic low energy density of LiFePO4 due to its rela-
tively low equilibrium potential (∼3.4V) is amajor hurdle
to its application. To counterbalance such an effect, sub-
stitution of other metals for Fe in the olivine framework
has been explored by many researchers.14,19,20 In parti-
cular, Mn-based olivine compound has attracted great
attention owing to its redox potential Mn3þ/Mn2þ of
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about 4.1 V,8,13,14 although numerous limitations in
electrochemical activity, mainly due to the sluggish ki-
netics, are still unresolved.19,21-23 Recently, multicom-
ponent olivine compounds such as binary, ternary, or
even quaternary systems containingMn, Fe, Co,Mg, and
Ni have been investigated for their potential use as
cathode materials.24-31 Interesting new phenomena in-
volving multicomponent olivine systems are being dis-
covered, such as the shift of transition metal redox
potential,9,14,20,27,30 mixed two-phase and one-phase Li
de/intercalation reactions at different lithium composi-
tions,20,32 conversion from two-phase to one-phase Li de/
intercalation reactions with multicomponent doping,27

and different rate behavior.31 Experimental and theore-
tical studies have been successfully performed on some of
these phenomena in binary olivine systems such as Lix-
(Fe1-yMny)PO4.

14,19,20,30,32,33 However, in-depth theore-
tical understanding about the effects of ternary com-
ponents on olivine cathode materials and what causes
these differences has not been clearly achieved yet.
In this work, we report the effect of the substitution of

multiple transition metals on the structural and electro-
chemical properties of olivine compounds using first-
principles calculations for a model system of LiMn1/3-
Fe1/3Co1/3PO4. We find that Li mobility, electron
(polaron) conductivity, Jahn-Teller effect of Mn, transi-
tion metal redox potential, and Li de/intercalation reac-
tion process can be significantly altered by the presence of
multiple transition metals. We also discuss the detailed
mechanisms and effects on the electrochemical perfor-
mance of olivine cathode material.

2. Computational Details

All energies were calculated with the spin-polarized general-

ized gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof exchange-correlation parametrization34 to density

functional theory (DFT), using a plane-wave basis set and the

projector-augmented wave (PAW) method, as implemented in

the Vienna ab initio simulation package (VASP).35 PAW po-

tentials have been widely used for battery materials and have

shown good predictive capability.3,36-40 All calculations were

performed in supercells (a � 2b � 3c) of 24 formula units of

LixMn1/3Fe1/3Co1/3PO4 at x=1,x=2/3,x=
1/3, and x=0and

LixMPO4 (M=Mn, Fe, Co) at x=1 and x=0. For LixMn1/3-

Fe1/3Co1/3PO4, three kinds of transition metal ions are well

mixed, as shown in Figure 1. A plane-wave basis with a kinetic

energy cutoff of 500 eV was used, and appropriate k-point

meshes were chosen to ensure that the total energies are con-

verged within 2 meV per formula unit. All structures were fully

relaxed with antiferromagnetic orderings.

Large errors in the electronic structure are often reported for

systems with strong localization of the metal d orbitals, such as

phosphate materials, when calculated with GGA or local

density approximation (LDA).37,38 This is mainly due to the

strong electron correlation within the d state. The GGA þ U

approach,41,42 therefore, was used to accurately calculate struc-

tural and electronic properties of transition metal olvine. We

employed the rotationally invariant scheme as presented by

Liechtenstein.42 The U is the onsite coulomb term and the J is

the exchange term in the GGA þ U approach. The self-consis-

tently calculatedU values which are averagedwithU values of the

M2þ and M3þ were used (U[Mn] = 5.5 eV, U[Fe] = 5.3 eV, and

U[Co] = 6.7 eV),37 and J values of 1 eV were used for all cases.

The diffusion of Li with small polarons was investigated

following the approach used in our previous study.40 Activation

barrier calculations were performed with the nudged elastic

band (NEB) method43 in supercells (a � 2b � 3c) containing

24 formula units (the primitive cell contains four formula units)

and were done using ferromagnetic spin polarization.44

The large supercell isolates the hopping atoms from their

periodic images, providing an accurate answer for activation

barriers. For activation barriers of migrating of Li-polaron of

Figure 1. The structure of LixMn1/3Fe1/3Co1/3PO4 and local geometry of
the MO6 octahedra in LixMn1/3Fe1/3Co1/3PO4.
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Mn3þ/Mn2þ, eight Li are fixed and oneLi is allowed to diffuse in
the unit cell of Li9/24Mn1/3Fe1/3Co1/3PO4 andLi9/24MnPO4. The

nudged elastic band method is used with seven replicas of the

system, which are initiated by linear interpolation between

the initial and final states of the path.45 All lattice parameters

are fixed, but all the internal degrees of freedom are relaxed.

3. Results and Discussion

3.1. Local Structure Evolution and Electronic Struc-
ture. First, we investigated the redox reaction of
LixMn1/3Fe1/3Co1/3PO4 and its accompanied local struc-
ture evolution. The structural parameters, such as bond
lengths between transition metal (M = Mn, Fe or Co,
hereafter) and oxygen in MO6 octahedra and volumes of
the octahedra, were calculated for LixMn1/3Fe1/3Co1/3-
PO4 at x = 1, x = 2/3, x = 1/3, and x = 0 (see Figure 1
and Supporting Information for detailed information).
The average volumes of these MO6 octahedra subse-
quently change as a result of the corresponding M3þ/
M2þ redox reaction. At the first third of Li deintercala-
tion (Li2/3Mn1/3Fe1/3Co1/3PO4), mainly the volume of
FeO6 decreases, as Fe ions are first oxidized locally. At
this composition, volumes of MnO6 and CoO6 are also
slightly affected even though Mn and Co ions are not
oxidized yet. This is because the change of Fe-Obonding
also alters nearby Mn-O or Co-O bond length. Simi-
larly, at Li1/3Mn1/3Fe1/3Co1/3PO4, the volume of MnO6

mainly decreases locally, and those of FeO6 and CoO6

also slightly decrease. Even though MO6 volume gener-
ally decreases with delithiation, some bond lengths elon-
gate and others shrink due to the Jahn-Teller distortion
of Mn3þ. For example, the bond distance of Mn-O30

noticeably increases from 2.29 to 2.33 Å, while other
Mn-O bonds shrink with the oxidation of the Mn ion.
Also, one should note that Jahn-Teller distortions are
remarkably reduced inLixMn1/3Fe1/3Co1/3PO4 (Mn-O3,
2.02; Mn-O30, 2.33) when compared to LixMnPO4

(Mn-O3, 1.99; Mn-O30, 2.45). Neighboring FeO6 and
CoO6 may constrain the asymmetric distortion of MnO6.
Finally, the volume of CoO6 decreases significantly at the
last delithiation step.

Charge density around each transition metal of de-
lithiated LixMn1/3Fe1/3Co1/3PO4 is observed to be differ-
ent from that of the single component LixMPO4. Figure 2
shows the charge density integrated around Fe
(Figure 2a) or Co (Figure 2b) for some Li compositions
where each transition metal is supposed to be in the same
oxidation state for both multicomponent and single-
component olivines. The charge density between Fe3þ

and O ions in Li2/3Mn2þ1/3Fe
3þ

1/3Co
2þ

1/3PO4 is notice-
ably smaller than that in Fe3þPO4, as shown in Figure 2a.
This is attributed to the Fe3þ-O-M2þ (M = Mn, Co)
interactions in LixMn1/3Fe1/3Co1/3PO4, which cause
weaker covalent bonding betweenFe andO.9,46 Similarly,
Figure 2b indicates that the charge density between Co2þ

and O ions in Li1/3Mn3þ1/3Fe
3þ

1/3Co
2þ

1/3PO4 is larger
than that in LiCo2þPO4. This is also attributed to the
Co2þ-O-M3þ (M=Mn, Fe) interactions, which lead to
strong covalent bonding of Co-O. It is apparent that the
mixed valency of transition metals affects the charge
distribution between oxygen and each transition metal.
The change of covalency between M and O is expected to
shift the redox potential of each transitionmetal.27 Good-
enough et al. suggested that the weakened Fe-O cova-
lency as a result of the strong P-O covalency shifts
Fe3þ/Fe2þ redox potential up in LiFePO4;

9 a similar
mechanism is likely to affect the Fe3þ/Fe2þ redox poten-
tial in themixed transitionmetal.14,30 On the contrary, the
Co3þ/Co2þ redox potential will become lower in the
multicomponent olivine as compared to in the LiCoPO4

due to stronger covalency. The shift of the redox potential
will be further discussed below.
3.2. Li Mobility and Electron (Polaron) Conductivity.

Small polaron hopping has been suggested to be the main
electron conduction mechanism in the olivine.21,47 Its
sluggish kinetics were mainly attributed to the poor
electronic conductivity of phosphate systems. A polaron
is a quasiparticle formed by an electron and its self-
induced distortion. The large lattice distortion induced
by Jahn-Teller Mn3þ is partly responsible for the low

Figure 2. Integrated charge density as a function of the integration radius of transitionmetal ions: (a) Fe3þ and (b)Co2þ. Solid lines are used for LixMn1/3-
Fe1/3Co1/3PO4 and dashed lines are used for LixMPO4.
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power capability of LixMnPO4 compared to LixFePO4.
15

Our calculations show that the Jahn-Teller effect can be
reduced by the substitution of transition metals in LiMn-
PO4, and small polarons localized around theMn ion can
thus migrate faster. When Li ions and polarons diffuse
together due to strong Li-polaron interaction,48 the
calculated activation barrier of the polaron migration is
808.2 meV for LixMnPO4 and 552.7 meV for LixMn1/3-
Fe1/3Co1/3PO4, respectively (see Supporting Informa-
tion). Since the polaronmobility is inversely proportional
to the exponential of the activation barrier, a more than
200meV difference in the activation barrier will result in a
significant difference in the electrochemical activity of
Mn in these two olivine systems. It should be also noted
that the activation barrier of polaron migration in
LixMnPO4 is over 100 meV higher than that of LixFePO4

as reported by Ceder et al., who used the same computa-
tional scheme.21 A simple calculation demonstrates that
the diffusivity of the Mn polaron is at least 3 orders of
magnitude smaller than that of the Fe polaron. This
clearly explains why the rate capability of LiMnPO4

should be lower than that of LiFePO4.
Li diffusion is also strongly affected by the species of

the nearest transition metal to a hopping Li. Figure 3a,b
show calculated Li hopping processes in the multicom-
ponent olivine, where the Co octahedron (Figure 3a) or
the Mn octahedron (Figure 3b) edge-shares with the
intermediate site of Li diffusion, respectively. During Li
motion, the Li in the initial octahedral site jumps through
the intermediate tetrahedral site, which edge-shares with
the octahedral transition metal and arrives at the next
octahedral site.4,49 Due to the edge-sharing transition
metal, the Li diffusion pathway appears to be sinusoidal.
This is in agreement with previous reports.4,49 One inter-
esting observation can bemadewhen the intermediate site
edge-shares with the Mn3þ octahedron. As discussed in
the previous section, the bond lengths of Mn-O3 notice-
ably shrink, whereas those of Mn-O30 elongate due to
Jahn-Teller distortion of the Mn octahedron (see
Figure 1). These asymmetric distortions cause the Mn

ion to shift off the center of the MnO6 octahedron and to
become closer to the Li diffusion pathway. As a con-
sequence, the Li diffusion is strongly restricted by the
repulsion from Mn3þ, which is not observed for Li
hopping near Co or Fe. It should be noted that the
negative effect of Jahn-Teller Mn on Li mobility is more
severe in LiMnPO4. The shrinkage of Mn-O3 and the
elongation ofMn-O30 are greater in LiMnPO4, as shown
in Figure 3c. While the distance between Mn3þ and the
center of the intermediate Li tetrahedron is 2.357 Å in
LixMn1/3Fe1/3Co1/3PO4, the distance noticeably reduces
to 2.150 Å in LixMnPO4 as a result of the larger asym-
metry. The proximity of a Mn3þ ion to a Li diffusion
pathway will significantly increase the activation barrier
for Li motion. This strongly implies that the kinetics of
Mn-based olivine electrode can be improved by reducing
the Jahn-Teller effect and modifying the environment of
Li diffusion pathway through the substitution of multiple
transition metals in the structure.
3.3. One-Phase Li Insertion/Extraction Processs. Oli-

vine cathodes such as LiMnPO4, LiFePO4, and LiCoPO4

typically operate by a two-phase Li insertion/extraction
process at room temperature in an electrochemical Li
cell.9,50-53 Zhou et al. reported that the effectively attrac-
tive M2þ-Liþ (or M3þ-vacancy) interaction is the main
contributer to the phase separation of the olivine cathode
with delithiation.51,54 In spite of the repulsions of
Liþ-Liþ and e--e-, Li ions tend to be brought together
in LixFePO4 due to the strong attraction of Fe2þ-Liþ,
resulting in a phase separation. On the other hand,
Yamada et al. reported a single-phase region in a mixed
cation system such as Lix(Fe1-yMny)PO4 at a particular x
region.32 It was speculated byMalilk et al. that the strong
attraction ofMn2þ-Liþ is disturbed by the simultaneous
Fe3þ-Liþ repulsion due to the random coexistence of

Figure 3. Li-polaron diffusion pathway and interaction between Li andM at transition state: (a) Li and Co in LixMn1/3Fe1/3Co1/3PO4, (b) Li andMn in
LixMn1/3Fe1/3Co1/3PO4, and (c) Li and Mn in LixMnPO4. The distances between the center of the tetrahedral site of Li and M are shown.
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Mn2þ and Fe3þ in the structure, thereby decreasing the
driving force for the phase separation.20 In our multi-
component LixMn1/3Fe1/3Co1/3PO4, Li ions are also often
surrounded simultaneously by M2þ and M3þ during char-
ging/discharging (Figure 4) because transition metal ions
are homogeneously mixed and their redox potentials are
distinct. For example, at Li2/3Mn1/3Fe1/3Co1/3PO4, where
Fe is þ3 and both Mn and Co are þ2, some Li ions will
have Mn2þ and Co2þ as neighbors, whereas others will
have Fe3þ as neighbors. Li ions (effectively hole) near
Mn2þ and Co2þ are energetically favored due to the strong
attraction of M2þ-Liþ, whereas those near Fe3þ are not
favoredbecauseof the repulsionofFe3þ-Liþ.51Li ionswill
be brought together near Mn and Co ions, while vacancies
will be preferrednearFe3þ. If Fe ions arewell distributed all
over, the strong tendency toward vacancy (V) around Fe3þ

will result in a solid solution-like phase rather than the
segregation of a vacancy-rich delithiated phase at this
composition. Similarly, at Li1/3Mn1/3Fe1/3Co1/3PO4, where
Fe andMnareþ3 andCo isþ2, Li ions tend to be brought
together near Co2þ. Li will have a strong tendency to be
uniformly distributedwhenCo2þ is wellmixed throughout.
Therefore, the driving force for the phase separation be-
tween lithiated and delithiated phases decreases when
multielements are uniformly substituted in the structure.
This agrees well with the recent experimental evidence that
Li de/intercalation occurs via a one-phase reaction in
LixMn1/3Fe1/3Co1/3PO4 throughout the 0e xe 1 range.27

3.4. Shift of Equilibrium Potential. The shift of equi-
librium potential in mixed cation systems such as
LiMn1-yFeyPO4 was reported by Kobayashi et al.30 and
Malik et al.20 An upshift of the Fe3þ/Fe2þ redox potential
and a down-shift of the Mn3þ/Mn2þ redox potential of
about 0.1-0.3 V were observed experimentally and com-
putationally.20,30 Kobayashi et al. explained these phe-
nomena by the change of ionic character of the transition
metal and showed that the redox potential can be tuned
by controlling the covalent mixing of M-O.30 Changes
of covalency in the bonding of Fe3þ-O and Co2þ-O
in LixMn1/3Fe1/3Co1/3PO4 were also observed in our

calculations, as described earlier. Charge density between
the transitionmetal andneighboring oxygen changeswith
the effect of mixed transition metal ions, which will make
covalent bonding either weaker or stronger. Weaker
covalent (strong ionic) bonding of Fe3þ-O increases
the potential of the Fe3þ/Fe2þ redox couple and stronger
covalent (weaker ionic) bonding of Co2þ-O decreases
the potential of the Co3þ/Co2þ redox couple.
Recently, the shift of potential was also understood

with respect to the change in the relative energy of the
intermediate compounds. In their first-principles study,
Malik et al. claimed that the unfavorable Liþ-Fe3þ

interaction leads to the increased energy of the intermedi-
ate state, which decreases the potential of theMn3þ/Mn2þ

redox couple and increases the potential of the Fe3þ/Fe2þ

redox couple. In our case, the energetic states of inter-
mediate compositions such as Li2/3Mn1/3Fe1/3Co1/3PO4

andLi1/3Mn1/3Fe1/3Co1/3PO4 also contributed to the shift
of potential. During charging, Fe ions are first oxidized,
becomingFe3þ in Li2/3Mn1/3Fe1/3Co1/3PO4. Fe

3þ attracts
vacancy due to the strong interaction between Fe3þ and
V. However, some vacancies attracted to the Fe3þ ion are
also surrounded by Mn2þ and Co2þ which have not yet
been oxidized, as shown in Figure 4a. The unfavorable
Mn2þ-V and Co2þ-V interactions will increase the
energy of this intermediate composition, Li2/3Mn1/3Fe1/3-
Co1/3PO4. This is in contrast to LixFePO4, where vacan-
cies are surroundedmostly byþ3 ions (Fe3þ), as shown in
Figure 4c. The higher energy of the intermediate compo-
sition will result in higher voltage in this region where
Fe3þ/Fe2þ redox reaction occurs. Similarly, Co ions are
the last to be oxidized in the delithiation process and
remain þ2 in Li1/3Mn1/3Fe1/3Co1/3PO4, whereas Fe and
Mn ions have already becomeþ3. Co2þ attracts the Li ion
in Li1/3Mn1/3Fe1/3Co1/3PO4 due to the attractive inter-
action of Co2þ-Liþ. Some Li ions near Co2þ are also
surrounded by Fe3þ and Mn3þ at this composition, as
shown in Figure 4b. The unfavorable Fe3þ-Liþ and
Mn3þ-Liþ interactions will increase the energy of Li1/3-
Mn1/3Fe1/3Co1/3PO4 and therefore decrease the voltage in
this range where the Co3þ/Co2þ redox reaction occurs.
This is in contrast to LixCoPO4, where Li ions are
surrounded mostly by þ2 ions (Co2þ), as shown in
Figure 4d. Change in the Mn3þ/Mn2þ redox couple is
negligible, since the energies of both intermediate com-
positions increase simultaneously by almost the same
amount. It should be noted that the shifts of redox
potentials for both Fe and Co are rather beneficial for a
practical purpose. The higher energy density is achieved
through the increased Fe3þ/Fe2þ, while the decreased
Co3þ/Co2þ redox potential ensures the Co activity in a
reasonable voltage range. This points out that the multi-
component olivine can be an effective strategy for tailor-
ing the electrochemical properties of olivine cathodes.

4. Conclusions

The in-depth study of the multicomponent effect on
the structural and electrochemical properties of olivine

Figure 4. The arrangements of neighbor transition metals around
vacancy/Li ion in LixMn1/3Fe1/3Co1/3PO4 and LixMPO4 (M = Fe, Co):
(a) vacancy in Li2/3Mn1/3Fe1/3Co1/3PO4, (b) Li in Li1/3Mn1/3Fe1/3Co1/3-
PO4, (c) vacancy in FePO4, and (d) Li in LiCoPO4. Arrows are used to
indicate the favorable and unfavorable interactions between transition
metal and Li or vacancy.
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cathodes was conducted using first-principles calcula-
tions. The distribution of multiple transition metals in
olivine structure alters local structure and electronic
structure, affecting its kinetic and thermodynamic prop-
erties. Local structure changes, such as the Jahn-Teller
effect of Mn, could be reduced, therefore, improving Li
mobility and electron (polaron) conductivity. Li inser-
tion/extraction occurs through a one-phase reaction due
tomultiple interactions ofM/Li orM/vacancy. The redox
potential also could shift as a result of charge redistribu-
tion and the relative energy change from the multiple
M/Li interactions. All of these observations clearly point
toward the conclusioin that multicomponent olivine can
be a useful system for tailoring the electrochemical prop-
erties of olivine compounds for designing better-perform-
ing Li rechargeable batteries.
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