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The local crystal structures and electronic structures of LiMzFei_,PO4 (M = Co, Ni, Rh) are studied through
first-principles calculations. The lattice constants and unit cell volumes are smaller for the Co and Ni doped materials

than for pure LiFePOy4, while larger than for the Rh doped material. The local structures around M atoms in the doped
materials are studied in details. The total density of states (DOS) and atomic projected DOS (PDOS) are all calculated
and analysed in detail. The results give a reasonable prediction to the improvement of electronic conductivity through

Fe-site doping in LiFePO4 material.
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1. Introduction

It has been known in recent years that phosphate
compounds have various potential applications in ma-
terial sciences.[!! For example, they can be used as
cathode materials of rechargeable lithium batteries,
and sensors in electronics, in catalysis and so on.!?
LiFePO, is a member of olivine-type lithium phos-
phate family, which now has become a very important
candidate for cathode materials of lithium ion batter-
ies of power supplies for electric vehicles and hybrid
electrical vehicles, due to its advantages such as high
stability, high safety, low cost and being friendly to
environments. However, the intrinsic low electronic
and ionic conductivities restrict their extensive ap-
plications in reality. Methods to solve the problems
of low conductivity, size minimization® and intimate

[ have improved the performance of

carbon coating
the material to some extent. However, those methods
cannot change the intrinsic nature of low electronic
conductivity, and one still has a long way to go before

they may be widely applied. Later, it is found that

Li-site doping!®%! can improve the electronic conduc-
tivity enormously. However, the performance of this
material used as cathodes of Li-ion batteries is not so
well improved as it is expected through Li-site dop-
ing. It is reported that Li-ion diffusion in LiFePO4
is one-dimensional and the dopant at the Li site may
block the one-dimensional Li migration pathway.!”=*
Experiments have shown that Fe-site doping is a good
option to avoid blocking the migration pathway. !

In the present paper, we give our results about the
local crystal structure and the electronic structure of
the Fe-site doping LiFePO,4 materials through density
functional theory (DFT) based first-principles calcu-
lations which are used in some literatures.[''=1% The
mechanism of the improved electronic conductivity is
also discussed in detail.

2. Computational details

All the calculations in the present study are per-
formed with the Vienna ab initio simulation pack-
age (VASP).I'6:17] The ground state of the electronic
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structure is described with DFT and the generalized
gradient approximation (GGA).'® The Vanderbilt
pseudo-potentials!'® have been applied to the descrip-
tion of valence and core interactions, and the Perdew—
Wang exchange correlation functional (PW91)[2% has
been also used for the calculation of the electron ex-
change correlations energy. In the unit cell, one Fe
atom is replaced by one M (M = Co, Ni and Rh)
atom for the doped case. Before the calculation of
the band structure, both the lattice constants and
the ionic positions are fully relaxed. The Monkhorst-
Pack2Y scheme with 3 x 5 x 7 k-point sets has been
used for the integration in the irreducible Brillouin
zone. Energy cut-off for the plane waves is chosen to
be 520eV. The total ground state energy is converged
within 3 x 1076 eV per formula unit. The atomic po-
sitions, lattice parameters and cell volumes are fully
relaxed, and the final forces on all relaxed atoms are
less than 0.05 eV/ A. In all the calculations, spin po-
larizations are considered because the magnetic atoms
may play an important role in the electronic proper-
ties.

3. Results and discussion

3.1. The local structure and structural
distortion around the doped atoms

The calculated lattice constants for both LiFePOy4
and M-doped LiFePQOy4 are listed in Table 1. The lat-
tice constants of Co- and Ni-doped materials are a lit-
tle smaller than those of the undoped LiFePQO,, while
the lattice constants of Rh-doped materials are a lit-
tle larger. The lattice constant changes are closely
related to the radius of the doping atoms, as the ra-
dius of Rh is larger than those of Co, Ni and Fe. This
is also confirmed by the enlarged Rh—O bond length
and contracted Co—O bond length, which are also
listed in Table 1. Furthermore, the dopants do not af-
fect the POy tetrahedrons in the lattice, as the P—O
bond lengths for the doped materials are almost the
same as those for the undoped materials. This shows
that the POy tetrahedrons framework is very stable
and results in the structural stability of the material
during Li ions insertion and extraction process.

Table 1. The structures and band parameters of pure and doped LiFePOy4,

LiFePOy4 LiCogzFe; POy LiNigFe; POy LiRhgFe; POy
a/A 10.2024 9.9276 10.1479 10.2056
b/A 5.9555 5.7848 5.9334 5.9743
C/A 4.6630 4.6307 4.6667 4.6896
Li*O/A 2.0967 2.0692 2.0967 2.1017
M*O/A — 2.1100 2.1333 2.2217
P*O/A 1.5550 1.5619 1.5550 1.5550
FC*O/A 2.1433 2.0439 2.1339 2.1322
W(1)/eV 2.27 2.88 2.45 4.88
W(l)/eV 2.46 2.80 3.64 3.77
Band gap/eV 0.23 — — —

Plots in Figs.1 and 2 are the local atomic struc-
tures of pure LiFePO, and Co-doped LiFePO, respec-
tively. From Figs.1 and 2, the local structural infor-
mation can be seen clearly. The doping atoms do not
change the symmetry of the crystal, and the olivine
feature remains in the doped materials. However, the
local atomic positions are relaxed significantly, due to
the different atomic radii and electronic configurations
of the doped atoms, which will be discussed in detail
in the following sections. The difference between the
FeOg octahedral and CoOg can also be characterized
by the distortion of the angles as shown in Figs.1 and
2.

Fig.1. Local atomic structures of LiFePO4.
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Fig.2. Local atomic structure of LiCozFe1_,POy4.

3.2. The electronic properties

The distortion of the local atomic structure plays
an important role in changing the electronic structure
of the material. As is known, the d-orbit is always split
into tog and eg orbits under an octahedral crystal field,
and the gap between tys and ez orbits is affected by
the local crystal field, which can be slightly changed
by the local atomic structure distortion in the doped

material.
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Fig.3. The total DOSs around the Fermi levels of LiFePO4
and M-doped LiFePOy4. The tetrahedron method with
Blochl correction smearing is used and the broadening
width is 0.1eV. The Fermi energy is set to be 0eV.

In order to obtain the quantitative results on the
electronic structure of the LiFePO,4 and Fe-site dop-
ing materials, the total density of states (DOS) and
atomic projected DOS are both calculated and anal-
ysed in the present study. The results give reasonable
prediction to the improvement of electronic conduc-

tivity through Fe-site doping. Figure 3 compares the
DOS around the Fermi level before and after doping,
and it shows clearly that there exist much more states
that are located near the Fermi level in the doped
materials. Atomic projected DOS analysis shows that
those states are mainly contributed from the doped d-
electron states. The valence bands shift upward due
to the d-electron states of the doped atoms, while the
conduction bands shift downward. This will result in
a narrower band gap of the doped materials as shown
in Fig.3.

More interestingly, there exists a large difference
in DOS between the Ni-, Rh-, and Co-doped materi-
als. In the minority-spin channel of the Co-doped ma-
terial, the states are quite continuous to some extent.
However, in the Ni- and Rh-doped materials, those
states are separated from each other by a large gap,
and the lower part of the minority-spin channels are
completely occupied, as marked by stars in Fig.3. As
there are more electrons occupying the minority-spin
channels, the magnetic moments of the Ni- and Rh-
doped materials should be much smaller than those of
the Co-doped material. In this sense, the electronic
structure is influenced by the magnetic atoms.

Figure 4 shows the atomic projected DOSs on one
Fe atom in pure LiFePO4 and on one M atom in the

M-doped LiFePOy4. In each plot, the upper panel is
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Fig.4. Atomic projected DOS of d-states of one Fe(M)
atom in LiFePO4(LiMzFe1_,POy4). The tetrahedron
method with Blochl correction smearing is used and the
broadening width is 0.1eV. The Fermi energy is set to be
OeV.
for the majority-spin channel and the lower panel is
for the minority-spin channel. Both the majority spin
and the minority spin are separated into toz and eg
bands. To facilitate the discussion later, let W (W |)
denote the bandwidth of the majority- (minority-)
spin d band. The calculated band parameters are
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listed in Table.1. The spin-up bands and spin-down
bands are overlapped for the Ni- and Rh-doped ma-
terials and the minority-spin bands shift down a lit-
tle. These results show that the electronic structure of
pure LiFePQy is insulating with a band gap of about
0.23eV, while the doped materials are all metallic.
The metallic characteristic electronic structure of the
doped materials indicates that the electronic conduc-
tivity should be largely improved. For the cases of Ni-
and Co-doped materials, the impurity energy bands
are located in the conduction band. But the impu-
rity bands of the Rh-doped material lie in the valence
band.
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Fig.5. The O -2p atomic projected DOS of the O atom bonded
with one Fe (M) atom in LiFePOy4(LiM;Fe;_,POy4). The
tetrahedron method with Blochl correction smearing is used
and the broadening width is 0.1eV. The Fermi energy is set
to be 0eV.

Figure 5 shows the atomic projected DOS on

one oxygen atom bonded with one Fe (M) atom in

LiFePO4(LiM,Fe;_,POy4). Those oxygen states are
quite similar to each other in general, but the states
around the Fermi energy exhibit some differences
between the pure LiFePO,4 and M-doped LiFePQOy.
Those differences mainly originate from the different
interactions between Fe—O and M—O bonds. In the
doped materials, some additional states are observed
near the Fermi level as shown in Fig.5. As the doped
M atoms have more electrons than the host Fe atoms,
some charges are transferred to the neighbouring O
atoms as marked by stars in Fig.5.

4. Summary

In summary, we have performed a detailed investi-
gation on the electronic properties and the local struc-
tures of the pure and M-doped materials (LiFePOy
and LiM,Fe;_,POy4), and provided a first-principles
prediction that LiFePO,4 materials, with the Fe site
doped by M (M = Co, Ni, and Rh) possess better
electronic conductivity than pure material. The mech-
anism for the improvement of the electronic conduc-
tivity is proposed, and the relationship between the
local atomic structure and the electronic structure is
also discussed. The obtained results show that both
the local structural distortion around M atoms and
the spin polarization states of M atoms are important
to the electronic properties of the doped materials. We
have also observed that some charges are transferred
from M atoms to adjacent O atoms in the M-doped
LiFePO4 materials.
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