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Abstract: A density functional theory (DFT) study has been carried out on transition metal phosphates
with olivine structure and formula LiMPO4 (M = Fe, Mn, Co, Ni) to assess their potential as
cathode materials in rechargeable Li-ion batteries based on their chemical and structural stability and
high theoretical capacity. The investigation focuses on LiMnPO4, which could offer an improved
cell potential (4.1 V) with respect to the reference LiFePO4 compound, but it is characterized by
poor lithium intercalation/de-intercalation kinetics. Substitution of cations like Co and Ni in the
olivine structure of LiMnPO4 was recently reported in an attempt to improve the electrochemical
performances. Here the electronic structure and lithium intercalation potential of Ni- and Co-doped
LiMnPO4 were calculated in the framework of the Hubbard U density functional theory (DFT+U)
method for highly correlated materials. Moreover, the diffusion process of lithium in the host
structures was simulated, and the activation barriers in the doped and pristine structures were
compared. Our calculation predicted that doping increases Li insertion potential while activation
barriers for Li diffusion remain similar to the pristine material. Moreover, Ni and Co doping
induces the formation of impurity states near the Fermi level and significantly reduces the band
gap of LiMnPO4.
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1. Introduction

Lithium-ion batteries are fundamental in powering portable electronics, and are the most credible
candidate for enabling the future of electric mobility, as their energy density is superior to all other
secondary batteries [1,2]. Two approaches for improving the energy and power densities of lithium-ion
batteries are frequently proposed: either the discharge capacity of the cathode could be enhanced [3,4],
or the working potential of the cathode materials could be increased [5–7]. In this scenario, LiFePO4

and related materials with olivine-like structures are widely applied to build cathodes for rechargeable
lithium-ion batteries as a viable alternative to the commonly-used transition metal oxides (LiCo2,
LiNiO2, LiMn2O4). Transition metal oxides suffer from deterioration with use at moderately high
temperatures, have raised stability problems (reactivity with organic-based electrolytes), and have
environmental concerns with their disposal [8]. In contrast, LiFePO4 is much more stable, while having
similar theoretical capacity and voltage characteristics as well as potential cost and environmental
advantages [9]. The main drawback of LiFePO4 relates to the low electrical and ionic conductivities that
seriously limit the charge transport and Li+ insertion and extraction rates in these materials. In recent
years, there have been extensive efforts to overcome these barriers by reducing the size of LiFePO4

particles to the nanoscale and applying conductive surface coatings such as carbon. On the other
hand, the high insertion potential of Li+ from LiMnPO4 (about 4.1 V) and the high theoretical capacity
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of the material (140 mAh/g [10]) makes lithium–manganese–phosphate a promising alternative to
LiFePO4. However, severe kinetic problems during cycling and low electronic and ionic conductivity
have prevented its application so far [11]. Moreover, the other possible candidate materials—namely,
LiNiPO4 and LiCoPO4—suffer, respectively, from the lack of suitable electrolytes (as the redox potential
of the Ni2+/Ni3+ couple is 5.1 V [12]) and from low energy density and high capacity fading with the
current electrolytes and organic solvents [13]. The substitution of cations like Mn, Fe, Ni, and Co in a
single olivine structure is one of the most popular approaches to improving the ionic and electronic
conductivity of the materials. Minakshi and Kandhasamy reported the synthesis of LiMnPO4 doped
with Ni and Co cations in substitutional positions, showing improved cell voltage and capacity [14].
The prediction of the physical and electrochemical properties of doped olivine materials is useful
for the improvement of the performance of modern lithium-ion batteries. LiMPO4 compounds
(M = Mn, Fe, Co, and Ni) have very complex magnetic behaviour with an anti-ferromagnetic
ground state, and electrochemical properties are known to be affected by magnetic effects [15]. A
number of theoretical studies have been devoted to the computation of the properties of LiMPO4

compounds on the basis of the Hubbard U density functional theory (DFT+U) approach [16–19].
The DFT+U method is a well-established model to deal with electron correlation in transition metal
and rare earth compounds: it combines the relatively low computational cost of standard density
functional theory (DFT) [20] and an explicit treatment of correlation with a Hubbard-type model for a
subset of electronic states in the system. DFT+U is able to give reasonable predictions of the structural,
magnetic, and electronic properties and the Li+ insertion potential of LiMPO4 structures. In this
work, we report on the computation of structural and electronic properties of LiMn3/4Ni1/4PO4- and
LiMn3/4Co1/4PO4-doped olivines. Those specific stoichiometries were selected because they represent
a realistic doping level [14], and at the same time require structural models simple enough to be treated
with a reasonable computational effort. An analogous approach was successfully used by Lin et al. [21]
to study Li diffusion in vanadium-doped LiFePO4. Moreover, the activation barriers for the diffusion
of Li+ ions in both the doped and pristine structures are compared. The doping of LiMnPO4 raised
a great scientific interest in the last years and was reported in several studies [22–25]. To the best of
our knowledge, this is the first theoretical study reporting the structural and electronic properties
as well as the lithium diffusion activation barriers of LiMnPO4 doped with cobalt and nickel. Few
experimental studies [14,26,27] have been devoted to Co- and Ni-doped LiMnPO4, and our data can
be useful to better understand and support the experimental findings.

2. Computational Details

All the calculations in this work were performed using the density functional theory [28,29] and
a plane-waves pseudo-potentials basis set as implemented in the Quantum Espresso code [30]. The
total energies and properties were calculated using the Perdew–Burke–Ernzerhof (PBE) version of
the generalized gradient approximation (GGA) [31]. We adopted the ultrasoft pseudo-potentials [32]
optimized for accuracy supplied by the Standard Solid State Pseudopotential library [33,34].
An energy cutoff of 70 Ry and a 64 k-point mesh were chosen to ensure that the total energies
converged within 3 mRy per formula unit of LiMPO4. To treat the electron correlation of the
localized d electronic states, the simplified (rotationally invariant) approach to the DFT+U theory
introduced by Dudarev et al. [35] was applied. The results of the GGA+U method are known to
depend on the value of the U parameter, which depends on the valence state of the transition-metal
ion and the crystal environment. The value of U can be obtained ab initio by linear response theory
[19,36] or simply adjusted to reproduce specific properties of the material (e.g., electronic band gap, Li
insertion potential) [37,38]. In this work, we used U = 4.5 eV for Mn, U = 5.7 eV for Ni, and U = 6.1 eV
for Co, as calculated ab initio for olivine structures by Zhuo et al. [19]. We verified that the predicted
lithium insertion potentials in the Mn, Ni, and Co olivines varied by only 0.1 V when changing the U
values by ±0.5 V with respect to the selected values, clearly indicating that the results are not strongly
dependent on the choice of the U parameter. Moreover, we assumed that the U values used for the
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simple compounds could be adopted for the doped systems. This approach is quite common in the
literature [21,39], and it is justified by the fact that—as we verified—the results do not depend strongly
on the selected values of U.

The bulk LiMPO4 and MPO4 (M = Fe, Mn, Ni, and Co) are paramagnetic at room temperature
and anti-ferromagnetic below their Néel temperatures [40]. Because the energetic differences between
the anti-ferromagnetic and ferromagnetic states are small (about 10−4 Ry per formula unit), we
assumed ferromagnetic in order to account for the effect of spin polarization without facing the
complexity of the anti-ferromagnetic behaviour. Moreover, the applications of these materials are
at room temperature and above, and no spin-ordering effects are present in those conditions. This
approach was already used by Holzwarth and Tang [41] to simulate LiFePO4 and related materials. The
atomic positions and cell parameters were optimized using the Broyden−Fletcher−Goldfarb−Shanno
structural optimization algorithm [42–45]. When Li is inserted (intercalated) into a host crystal structure
like the transition metal olivines, its charge is compensated by an electron absorbed from the external
circuit. This process can be described by Equation (1):

∆xLi + Lix MPO4 −→ Lix+∆x MPO4 (1)

The intercalation voltage V of the cell can be obtained by calculating the electrical energy
associated with the discharging between Lix1 MPO4 and Lix2 MPO4 (with x2 > x1). Following
Aydinol et al. [46], the energy is the integral of the voltage times the displaced charge qtot = e(x2− x1),
where e is the charge of the electron:

E =
∫ qtot

0
V(x)dq = −

∫ qtot

0

µIC
Li (x)− µ0

Li
e

dq (2)

In Equation (2), µIC
Li (x) is the chemical potential of Li per atom in the intercalation compound,

µ0
Li is the constant chemical potential of metallic Li. The displaced charge can be written as dq = edx,

resulting in:
E = −

∫ x2
x1
[µIC

Li (x)− µ0
Li]dx

= −[GLix2 MPO4 − GLix1 MPO4 − (x2 − x1)GLi]

= −∆Gr

(3)

where G is the Gibbs free energy. Then, the average intercalation voltage between x1 and x2 results
to be:

V12 = − ∆Gr

(x2 − x1)F
(4)

where F is the Faraday constant. Since the Li intercalation in olivine LiMnPO4 occurs via a
two-phase reaction involving the phase separation of LiMnPO4 and MnPO4 [10], the potential for
the complete discharging of the olivine structures can be calculated setting x2 = 1 and x1 = 0 in
Equation (4). The calculation can be further simplified approximating the change of Gibbs free energy
(∆Gr = ∆Er + P∆Vr − T∆Sr), with the change of internal energy ∆Er. This is indeed a very good
approximation, since ∆Er is on the order of some eV per moles, and the p∆V term—with the calculated
volume variations (about 5%–6%, see the following Table 1)—is on the order of 10−5 eV. Moreover,
being on the order of the thermal energy, the term T∆S is also much smaller than the internal energy
change. Neglecting the entropic and P∆V contributions [46], the potential V can simply be determined
by computing the internal energy of LiMPO4, MPO4, and Li:

V = −
ELiMPO4 − EMPO4 − ELi

F
(5)

The energy for lithium ELi can be obtained for the cubic body-centered (BCC) structure optimizing
the cell parameter with the same energy cut-off adopted for the simulation of olivines.
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The activation barriers for lithium diffusion were obtained through the nudged elastic band (NEB)
method [47], calculating the minimum energy path between two local stable sites of the Li ion along
the (0 1 0) direction (b axis). To avoid image interactions due to the periodic boundary conditions,
a 1 × 2 × 1 supercell doubled along the b axis and containing eight unit formula was used for the NEB
calculations. To maintain acceptable computational cost for supercell calculations, k-space sampling
was limited to the Γ point.

3. Crystal Structures

LiMPO4 and MPO4 compounds display the olivine structure with symmetry group Pnma
(number 62) [48]; Figure 1 shows a typical crystal cell. The oxygen atoms form a nearly tetrahedral
arrangement around each phosphorus site and an approximately octahedral arrangement around each
transition metal site. The structure presents channels along the b axis, which are able to accommodate
the mobile Li ions: Ceder et al. demonstrated that the Li diffusion is possible only along those
preferential paths [49]. When Li ions and electrons are removed from LiMPO4, the remaining MPO4

framework maintains the same structure, with a reduction in volume of about 5%. The unit cell
contains four formula units.

Figure 1. Olivine structure of LiMPO4: Li atoms are represented in green, O atoms in red, and P and
Mn atoms, respectively, by distorted tetrahedra (violet) and octahedra (brown). The coordinate system
is reported on the left of the structure. The picture shows that Li ions are aligned along the b-axis: the
structure presents 1D channels along the b-axis that are responsible for lithium transport. Mn ions
occupy 4c Wickoff positions at the center of octahedra: for the simulation of doping, one Mn ion was
substituted with Ni or Co. The figure was produced using the Vesta visualization system [50].

We considered the solid solutions LiMn3/4X1/4PO4 (X = Co, Ni) formed by substituting one
manganese atom in the special position 4c with one nickel or cobalt atom: the symmetry is then lowered
to the Pm space group (number 6). This simplified model—even if not addressing the complexity
of transition metal cation ordering—was effectively used by Lin et al. [21] to study Li diffusion in
vanadium-doped LiFePO4 and by Wang et al. [51] to simulate the modification of the electronic
structure induced by doping LiMnPO4 with iron and aluminium.

4. Structural and Electronic Properties

The cell geometries of all considered structures were optimized as a preliminary step. Table 1
reports the cell parameters and volumes for all the simulated compounds. The calculated cell
parameters of LiMPO4 and MPO4 are overestimated with respect to the experimental data, but
this is a well-known systematic behaviour of GGA functionals [52]: the deviations from experimental
cell parameters can be considered acceptable and within the standard accuracy of the method. It is clear
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that the doping with Ni and Co—as expected on the basis of the smaller ionic radius in comparison to
Mn—causes a contraction of the cell volume.

Table 1. Optimized lattice parameters for LiMnPO4, MnPO4, and for the doped materials. For the
starting materials, experimental values (Exp.) [10] are reported for comparison. The introduction of Ni
and Co in the structure results in a contraction of the cell.

Compound a (Å) b (Å) c (Å) V (Å3)

LiMnPO4 (Exp.) 10.44 6.09 4.75 302.00
LiMnPO4 10.53 6.13 4.75 306.81

LiMn3/4Ni1/4PO4 10.42 6.07 4.73 299.23
LiMn3/4Co1/4PO4 10.44 6.10 4.74 301.59

MnPO4 (Exp.) 9.69 5.79 4.78 274.67
MnPO4 9.81 6.03 4.88 288.44

Mn3/4Ni1/4PO4 9.79 5.98 4.88 285.33
Mn3/4Co1/4PO4 9.79 5.94 4.83 280.84

The lithium insertion potentials and band gaps are reported in Table 2: the DFT+U model predicts
a band gap for LiMnPO4 and an insertion potential for the process MnPO4 + Li+ + e− → LiMnPO4 in
accordance with the experimental data. Moreover, the doped structures—even if remaining wide band
gap semiconductors—show a reduced band gap with respect to LiMnPO4. In addition, for the doped
systems, the calculations predict a larger lithium insertion potential with respect to LiMnPO4. Since
the predicted values are below 5 V and still compatible with existing electrolytes, this could enable
the production of batteries with enhanced energy density. Kwon and Fromm [53] reported a capacity
of 165 mAh/g (about 1.1 mAh/mol) for LiMnPO4 and an electrochemical window between 4.1 and
2.5 V: if we suppose that the doping does not change the molar capacity and the minimum operating
voltage of the material too much, the increase in the maximum potential implies an improvement of
the energy storage density (15% and 11% for Ni and Co doping, respectively).

Table 2. Properties of LiMnPO4 and derived doped structures: band gap Eg, lithium insertion
potential, and cell magnetization per unit formula. Experimental band gap for LiMnPO4 was taken
form García-Moreno et al. [54] and insertion potential form Li et al. [10]. The simulations agree very
well with the experimental measurements. No experimental data are available for the doped structures.
The delithiated structures show a metallic behaviour with zero band gap, and are not reported in
the table.

Material Band Gap Eg (eV) Insertion Voltage (V) Cell Magnetization (µB)

LiMnPO4 3.9 4.07 5.0
LiMnPO4 (Exp.) 3.8 [16] 4.1 [10] -

LiMn3/4Ni1/4PO4 2.2 4.35 4.25
LiMn3/4Co1/4PO4 2.5 4.30 4.5

The density of states for the six simulated structures are plotted in Figures 2 and 3. Projected
densities of states on atoms are also reported in the figures: it is clear that the valence states are formed
mainly by the mixing of the 3d orbitals of Mn and the 2sp orbitals of oxygen (so the bonding of the
crystal has a partial covalent nature). The situation is similar in the doped systems in which the 3d
states of Ni or Co also contribute to the bonding. The electronic levels of Li are out of the energy range
reported in the figure, and as expected, scarcely contribute to the bonding of the solids. Concerning
the spin polarization, it can be observed that magnetization is associated mainly to the 3d states of
the transition metal ions. In LiMnPO4, the spin-up 3d states are completely filled, giving a magnetic
moment of the cell of 5 µB per formula unit, while the conduction states above the Fermi level are
composed of 3d spin-down orbitals. The dopants generate spin-down states in both the valence
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and conduction regions: those valence states lower the cell magnetization to 4.25 µB and 4.5 µB for
Ni and Co, respectively, and conduction states are responsible for the reduced band gap. Similar
considerations apply to delithiated structures, even if they show a metallic behaviour.

(a) LiMnPO4 (b) LiMn3/4Ni1/4PO4

(c) LiMn3/4Co1/4PO4

Figure 2. Comparison between the densities of states (DOSs) of (a) LiMnPO4, (b) LiMn3/4Ni1/4PO4,
and (c) LiMn3/4Co1/4PO4. The Fermi energy was set to zero to allow direct comparison of the electronic
structures. The positive (negative) axis is the majority (minority) spin direction. All materials are
wide band gap semiconductors. Projected densities of states on transition metal atoms and oxygen are
also reported.

(a) MnPO4 (b) Mn3/4Ni1/4PO4

Figure 3. Cont.
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(c) Mn3/4Co1/4PO4

Figure 3. Comparison between the densities of states of (a) MnPO4, (b) Mn3/4Ni1/4PO4, and
(c) Mn3/4Co1/4PO4. The Fermi energy was set to zero to allow direct comparison of the electronic
structures. The positive (negative) axis is the majority (minority) spin direction. All materials have
metallic behaviour. Projected densities of states on transition metal atoms and oxygen are also reported.

5. Lithium Ion Diffusion

It is well known that the electrochemical performances of olivine phosphates are primarily limited
by the electronic conductivity [55]. However, recent studies showed that Li ion diffusion can also play
a major role [56]. It is well-known that Li transport in the olivine structures happens through 1D-like
channels along the b axis (see Figure 1) [49]. For studying the Li diffusion in lithiated/delithiated
systems and calculating the corresponding activation energies using the NEB method, a single Li ion
vacancy was introduced in the pure (doped) LiMnPO4 supercell, while a single ion was added in pure
(doped) MnPO4. Nine intermediate images were constructed to interpolate the diffusion path between
the initial and final states. The calculated activation barriers are reported in Table 3.

Table 3. Barrier activation energies (Ea) in eV for the pristine and doped systems. In lithiated structures,
the values refer to Li vacancy diffusion; in delithiated structures, the data refer to Li ion diffusion.

Material Ea (eV)

LiMnPO4 0.40
MnPO4 0.44

LiMn3/4Ni1/4PO4 0.49
Mn3/4Ni1/4PO4 0.44

LiMn3/4Co1/4PO4 0.43
Mn3/4Co1/4PO4 0.43

The calculated activation barriers are very similar to each other, as could be expected, since
the substitution of a Mn atom in the cell does not substantially change the structure of the crystals.
A larger variation of the activation energy was observed in LiMn3/4Ni1/4PO4, and this can be easily
explained on the basis of the increased Pauli repulsion between Li ions and MO6 (M = Mn, Ni, Co)
octahedra, since LiMn3/4Ni1/4PO4 shows the strongest cell contraction when compared to the pristine
structure (see Table 1). Based on our simulations, similar lithium diffusion coefficients are expected for
LiMnPO4 and for the doped materials, so carbon coating—the common strategy used for improving
the conductivity of LiFePO4 [57]—should be adopted. On the other hand the improved lithium
insertion potentials of the doped systems could contribute to enhanced electrochemical performances.
In particular, as nickel is less environmentally threatening than cobalt, LiMn3/4Ni1/4PO4 appears to be
a good candidate for producing cathodes for Li-ion batteries.
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6. Conclusions

The GGA + U method predicts Li insertion potentials with remarkably good accuracy in phosphate
olivines, in contrast to previously standard GGA approaches. We have used this method to obtain
information about the doping of LiMnPO4 with Ni and Co, for which available experimental data
about structural and electronic properties are scarce. Our calculations predict an improved Li insertion
potential in the doped systems and activation barriers for Li diffusion similar to the starting pristine
material. Furthermore, the density of states calculations suggest that Ni and Co doping induces the
formation of impurity states near the Fermi level and significantly reduces the band gap of LiMnPO4.
Based on the calculated cell volumes, we estimate that the density and theoretical gravimetric capacity
of the doped compounds will remain similar to those of the pristine material. For this reason, the
greater lithium extraction voltage associated with the doping could allow an improvement of the
gravimetric energy storage density of about 6% at full cell level. In summary, Ni- and Co-doped
LiMnPO4 represent promising systems for further theoretical and experimental investigations as
cathode materials for lithium-ion batteries.
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