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Abstract

The impact of lithium extraction on the structural stabilities, electronic structures, bonding characteristics, and electrochemical performances of
LiFePO, compound was investigated by first-principles technique. The results demonstrated that the partition scheme of electrons not only affects
the calculated atomic charges but also the magnetic properties. In FePO, and LiFePO, compounds, all Fe ions take high spin arrangements and
have large magnetic moments (MMs), while the MMs of other ions are very small. The magnetisms of Li,FePO, compounds are mainly
originated form Fe ions. It was found that the changes in d band electrons of the transition metals do play an important role in determining the
voltage of a battery (versus Li/Li™"). Furthermore, the variations in d band electrons also provide us a method to control the density of states
(DOS) and carrier concentration at the Fermi energy. Our calculations confirmed that the substitution of Fe by Co and Ni ions leads to a voltage
increase by about 0.70 V and 1.23 V respectively. According to the bond populations, it can be identified that strong covalent bonds are formed
between O and P ions. The P—O bonds are much stronger than Fe—O ones. The partial DOSs further revealed that the covalent bonds in Li,FePO,
are derived from the orbital overlaps between O, and Psg 3, states, and the overlap between Fesq and O, states. Such covalent bonds are of
particularly importance for the excellent thermodynamic stabilities of the two-ends structures of Li, FePO,.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction focused on developing cheaper, safer, more stable, higher

energy, and higher power cathode material to replace the

Because of their high energy density, rechargeable Li-ion
batteries have been considered as one of the most promising
energy storage systems in hybrid electric vehicles (HEVs),
plug-in hybrid electric vehicles (PHEVs), and full electric
vehicles (EVs) among the currently available energy storage
technologies [1,2]. Safety and cost are two critical issues
and have prevented lithium-ion batteries from being used for
power battery. Consequently, a strong research effort has been
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conventional LiCoQO,. Lithium iron phosphate (LiFePO,),
proposed by Padhi et al. [3] in 1997 as a new class of cathode
materials, has the potential to enable the production of power
batteries, which is becoming a reality. LiFePO, is an excellent
candidate for EV and HEV applications, because it has several
advantages over conventional cathodes, such as lower cost,
improved safety performance, lower toxicity, and an extremely
flat charge—discharge profile at reasonably high potential
(3.45 V, versus Li/Li ") [4,5]. However, LiFePO, suffers from
both poor electronic and ionic conducting properties [6,7].
Therefore, LiFePO, powders must either be nano-scaled [8,9]
or be modified by doping or coating [10-14]. Generally,
the research methods for cathode materials usually include
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experimental and theoretical techniques. The experimental tech-
nique, which is mainly focused on the synthesis—structure—
property relation, has certain disadvantages, since it is time or
labor consuming and not very efficient due to numerous possible
chemistries. However, the introduction of first-principles calcula-
tion, which allows us to predict the properties of materials by
solving the basic equations of quantum mechanics and statistical
mechanics [15], will make it possible to understand the proper-
ties of materials prior to synthesis. Liu et al. [16] have calculated
the activation energy for Li diffusion in olivine-type LiFePO,
and FePO,. Shi et al. [17] proposed two possible mechanisms to
explain the enhanced conduction of LiFePO,. Ouyang et al. [18]
pointed out that Li* will diffuse along b axis of LiFePO, based
on first-principles predictions. According to the cleavage ener-
gies, Shi et al. [19] have reported that the (010) surface of
LiFePO, is more stable than (001) and (100) surfaces. These
theoretical investigations have provided us some useful insights
into the physical and chemical properties of materials at a
microscopic level. As the structure—performance relationship of a
cathode material is rather important for subsequent material
modification and design, it is the aim of the present work to
characterize the impact of Li" extraction on the stabilities,
electrochemical properties, and bonding properties of LiFePO,
compound from first-principles calculation.

2. Theoretical and computational details

The present calculations were performed within the density
functional theory framework [20] implemented in the CASTEP
package [21]. The exchange—correlation energies were treated
by the Perdew—Wang functional in the Generalized Gradient
Approximation form (GGA-PW91) [22]. To deal with the
strong-correlated system, a Hubbard U parameter was intro-
duced. The plane-wave energy cutoff used in the calculation
was 380.0 eV, and the sampling over Brillouin Zone (BZ) was
treated by a (2 x 4 x 5) Monkhorst—Pack mesh. This set of
parameters guarantees that the total energy of the system can
be accurately evaluated, and the energy convergence is within
50x 10~ eV atom ™.

The calculation model of olivine-type LiFePO, is shown
in Fig. 1. Its space group is P, and the conventional cell
contains four formula units. O ions are located in a slightly
distorted, hexagonal close-packed sites. Li and Fe ions are
located in octahedral 4a and 4c sites respectively, while P ions
are located in tetrahedral sites. Each FeOgq octahedron is linked
with other two FeOg octahedrons through a common vertex in
the b—c plane, forming zigzag chains. Each PO, tetrahedron
shares a common edge with one FeOg octahedron and connects
two FeOg octahedrons through common vertexes. Li ions form
one dimensional chain along the [010] direction of the host
structure. In consideration of the magnetic nature of Fe ions, spin
polarization was introduced in the calculations. Furthermore,
Broyden-Fletcher—Goldfarb—Shanno (BFGS) algorithm [23] was
applied to optimize the geometries of Li,FePO,. The optimization
process was repeated until the average force on the atoms
was less than 0.05eV A~' and the energy change less than
50x 10" °eV-atom™'. The optimized lattice constants along

Fig. 1. Computation model of olivine-type LiFePO,.

Table 1
Miilliken atomic populations (in e) for Li,FePO4 (x=0,1) compounds.

Fe Li P Ol OIl OllI [0)0%
FePO,4 1450 - 2280 —0930 —0.930 —0.940 —0.940
LiFePO, 0.970 1.020 2.150 —1.000 —1.000 —1.070 —1.080
Ae 048 - 0.13 0.07 0.07 0.13 0.13

a, b, and ¢ axes were determined to be 10.34, 6.03, and 4.73 A
for LiFePO, and 9.95, 5.99, and 4.90 A for FePO,.

3. Results and discussion

The atomic populations of Li,FePO4(x=0,1) compounds are
given in Table 1 and Fig. 2. After Li™ intercalation, additional
electrons would transfer from the anode to the cathode material
through the external circuit to retain the electronic neutrality
condition. By comparison of the charge variations, it can be
identified the electric behaviors of the materials. According to
Table 1, it can be seen that the charge of lithium is +1.02 e,
which indicates that Li is a pure ion. Furthermore, along with
the intercalation of LiT, the electrons mentioned above
are found to be distributed mainly on the FeOg octahedrons,
leading to the reductions of Fe and O ions. Usually in
experiments, it is believed that the valance of oxygen in
Li,FePO, is constant (27) and kept unchanged during the
charging and discharging processes. However, the host struc-
ture of the electrode materials often contains covalent bonds,
and determination of the ownership of the electrons that
localized at the covalent bonds is a rather delicate task.
According to the molecular orbital (MO) theory, the overlap
populations can be divided in term of the contributions of
atomic orbitals to the occupied bonding states. This is the
reason why the charges of oxygen can be changed during the
Li" intercalation. It should be noted that the partition scheme
of electrons not only affects the calculated atomic charges but
also the magnetic properties, as discussed later.

The data listed in Table | also showed that the charges
of oxygen is different, i.e.—0.93 e and—0.94 e in FePO,
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Fig. 2. Atomic populations of Li,FePO, systems (a) x=1; (b) x=0. The bridge site oxygens that connecting Fe and P ions are triple coordinated and denote as OI

and OII, while the double coordinated oxygens are labeled as OIII and OIV.

vs—1.00 e and — 1.07 e in LiFePO,. Due to different chemical
environments, the oxygen ions are divided into two classes.
The first one (OI, OII) is triple coordinated and consists of the
shared edge of FeOg octahedron and PO, tetrahedron, while
the later one (OIII, OIV) is double coordinated and is shared
vertex of FeOg octahedron and PO, tetrahedron, as showed in
Fig. 2. Similarly, the covalent bonds between P and O ions are
also expected, and this behavior results in the charge variations
of P species (Ae=0.13 e) during Li™ intercalation. Although
the partition of electrons at covalent bonds can slightly
alter the atomic charges of ions, the Miilliken charge of Fe
is greatly reduced (Ae=0.48 e) during the discharging process.
Fe sites can still be regarded as the active redox center.

The charge-discharge capacity of LiFePO, is based on

. +2 Charge +3 . . .
the reaction,LiFePO; =2 FePO,+ Lit +e, which is con-
Discharge

sistent with experimental results [24,25].

To further analyze the effect of Li™ intercalation on the
bonding characteristics of systems and deduce the experimen-
tal valence for Fe ions, further computations are performed.
Fig. 3 shows the total density of states (TDOSs) of FePQOj,.
A gap of about 1.24 eV is observed between the occupied
valence states and the unoccupied conduction states. This
result suggested that the electrical conductivity of FePO, is
poor. It should be noted that the strong correlation effects in
transition mental oxides are very important, since they
significantly affect the electronic properties of the systems.
To reveal the effect, we have calculated the PDOSs diagrams
without DFT+ U correction, and the result showed that 3d
states of Fe are more delocalized, and the band gap for FePO,
is reduced to 0.83 eV. Furthermore, to further examine the
atomic interactions in detail, the TDOSs were decomposed
according to the contributions of each species, and the results
were depicted in Fig. 4. For phosphorus, P3, and P3, states
are spread over several energy intervals, i.e. [—21.1 eV,—17.5
eV], [—8.9eV,—-0.39eV], and [6.48 eV, 15.0 eV], respec-
tively. This feature indicated P3¢ and P3, states will take sp3
hybridization, and the highly delocalized nature further implied
the formations of certain chemical bonds around phosphorus
sphere. For oxygen, it can be found that O, and O, states not
only overlap strongly with P3, and Pz, ones below Fermi
energy (0.0 eV), but they also have considerable contributions

40

30 | E,=124eV

20

Density of states (e/eV)

T T T T T T T
0 5 10 15

]
(=]
'
w
o
[

Energy (eV)

Fig. 3. Total density of states of FePO, system.
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Fig. 4. Partial density of states of all elements in FePO, system.

to the main DOSs peak of P3, and P, states located above the
Fermi energy. Such a resonant nature identified the existent of
P343,— 05 and Ps3q,3,-0O,, covalent bonds in the compound.
Furthermore, it should be emphasized that the DOSs position
of P ions with respect to that of O ions is important for the
electrochemical performance of the material. It is well known
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that the open-circuit voltage (V.= (ua — tic)/e) depends on the
electrochemical potentials of the anode (1,) and cathode (uc)
materials. However, for the anode materials, their chemical
potentials are usually a little bit smaller than that of metal
lithium (upper limit). In order to improve V., the only left
choice is to reduce pc according to specific needs. It has been
reported that the chemical potential of cathode is pinned by the
top of the anion-p bands of the compound [26], that is to say
the top of the O,, bands at the present case. As the main DOSs
peak of Pz, and P3, states in FePOy, is located at higher energy
position than the O,, states, the electron transfer from
phosphorus to oxygen (see Table 1) thus allows the O, states
to shift leftward, leading to the decrease of yc. Therefore, in
comparison to other simple metal oxide cathode materials, the
introduction of counter cation (P) will be helpful for improving
the open-circuits voltage of the batteries (versus Li/Li™).

Despite of Pz, and Ps, states, the electronic structures of the
transition metal ions can also affect the position of the O,
band. For iron, the PDOS is divided into two spin channels.
At the interval of [—9.0, 0.0 eV], the contributions from Fey
and Fe,, states are almost negligible, while the resonance
between Fesq and Oy, states is very obvious. The result
indicated that the interaction between Fey, 4, and O, states
is rather weak, while valid covalent bond is formed between
Fesq and O, states. Fig. 4 further suggested that the PDOS
position of Fesq states is located between the O, and Ps; 3p
ones. This feature is also very important, because the change of
d band electrons of the transition metal will make the
modulations of the top of O,, bands and therefore the
electrochemical potential of the cathode material possible.
According to our estimations, when Fe is fully substituted by
Co and Ni ions within the same symmetry group, the
intercalation voltage (versus Li*/Li) increases by about 0.70
and 1.23 V respectively. And the experimental results clearly
showed that the voltages (versus Li/Lit) for LiFePO,,
LiCoPO,, and LiNiPO, are 3.5, 4.8, and 5.1 V, respectively
[27]. Both of our theoretical and the reported experimental
results demonstrated that the variation of d band electrons of
the transition metal does play an important role in determining
the voltage of a battery. Supposing that the doping effects,
bonding characteristics of a system, and the volume changes
upon de/lithiation were known according to the quantum
chemistry computations, predictions on the capacity, thermal
stability, and cycling performance of doped compounds would
become available. The relevant theoretical elucidations thus
provide us some useful insights into the design of novel
LiFePO4-based cathode materials.

As can be noted form Fig. 4, the a and S spins of Fe are no
longer equivalent, and their offset leads to the occurrence of
magnetism. According to the Pauli principle and the Hund's
rule, the transition metal ions in the octahedral field have two
possible spin configurations, i.e. high and low spin ones.
Which one is more stable depends on the energies of systems.
Our computation confirmed that the high spin arrangement is
0.189 eV per formula unit (18.24 kJ mol ') lower in energy
than the low spin one, being consistent with the experimental
observation [28]. Moreover, the PDOS in Fig. 4 also confirmed

that @ spin channel of Fe is fully filled, while the f spin
channel of Fe is almost empty except of few contributions to
O,, states. To deduce the valence of Fe in FePO,4, we have
calculated the magnetic moments of all ions, as given in
Table 2.

The results showed that the magnetism of FePO, is mainly
originated form Fe ions, while the magnetic moments of
other ions are very small. The value for Fe is calculated to
be 4.04 pu,, which is highly coincident with the experiment
value (4.15 up) [28]. However, it should be noted that iron in
FePO, is in the + 3 oxidation state with a d° spin configuration
(tggeé) [29], and a theoretical value of 5 yy, is expected. Both of
our theoretical and the reported experimental values under-
estimate the value by over 17%. The discrepancy may be
originated from two aspects. The first one may be due to the
incomplete extraction of lithium from LiFePO, during the
experimental characterization. The second one may be result
from the partition problem of electrons in covalent compounds
as discussed above. Because of the orbital overlaps between
different ions, O and P would obtain some small magnetic
moments, which are usually neglected in experiments. If these
small contributions are taking into consideration, the total
magnetic moment of system becomes 4.96 pu;,, being well
consistent with the expected theoretical value.

After lithium intercalation, the filling of electrons on the host
framework will change the electronic structures and bonding
characteristics of the compound. As shown in Fig. 5, a newly
formed occupied state appeared at about—0.10eV, and the
PDOS depicted in Fig. 6 further confirmed that this spin-
down state belongs to the t,, symmetry. The separation of this

Table 2
Magnetic moment (in p,) of each species in Li,FePO, (x=0, 1) compounds.

Fe Li P Ol (01 ol OIV  Sum

FePO, 4.04 - 0.00 024 024 022 022 596
LiFePO, 3.70 —-0.02 0.02 0.10 0.10 0.04 0.06 4.00

60 -
50 -
40
Eg=%2.53 eV

30

20 4

Density of states (e/eV)

0 T T T T T T T
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Energy (eV)

Fig. 5. Total density of states of LiFePO, system.
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particular 7,, state from other two t,, states leads to a large band
gap (~2.53eV). For the simulation result without DFT+U
correction, the band gap is underestimated to a very large extent,
and the relevant value is only about 0.22 eV, which suggested
that the strong correlation effect must be explicitly included in
the calculations to generate a reasonable result. Furthermore,
without DFT+U correction, the calculated total energies of
systems are also inaccurate, leading to an underestimated
intercalation voltage. In LiFePO, compound, the calculated
magnetic moments for Fe and the whole system are 3.70 and
4.00 uy, respectively, being consistent with the value for high
spin Fe’* ion (t‘ztgeé) [30,31]. On the basis of the above results,
it can be anticipated that partially occupied spin-down t,, band
is possible during the discharging process, and this feature may
lead to a slight increase of DOS at the Fermi energy and
therefore the conductivity of the material. However, once
LiFePOy, is formed, the conductance of the system will become
even poor. As the conductivity is related to the electronic
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Fig. 6. Partial density of states of all elements in LiFePO, system.

a b

structure of the system and the d bands of Fe ions in Li,FePO,
are dominant near the Fermi energy, it can be expected to
improve the intrinsic conductance of LiFePO,-based materials
by replacing partial Fe ions with other transition metals. Similar
d band structure not only makes the doping feasible but also
results in analogous bonding characteristics, while the change of
d band electrons may provide us a useful method for modulating
the DOS and carrier concentration at the Fermi energy. Such a
strategy seems very simple but effective. For example, when
lithium extracted from LiCoPQO, to form CoPO,, Co will change
from d’ (tggeé) to d® (tggeé) configuration. Partially filled t,,
states are helpful for increasing the density of states at the Fermi
energy, and the carrier concentration near Fermi energy may
also be enhanced, which is the reason for the significant
improvement of conductivity in LiCo,Fe; _,PO, compounds.
This comment can be compared with the reported experimental
results [32,33]. Similar to FePO,, the results from Fig. 6 also
confirmed the covalent bonds between P33, and O 5, orbitals
and bonds between Fesq and O,,, ones. Lithium exists mainly in
form of ion in LiFePO,4 compound, and this existence status of
Li is the same as other spinel compounds like LiMn,O, [34].
As the cycling performance of batteries is related to the
structural stability of materials, to reveal the effect of chemical
bonds we have calculated the electron density differences
(EDD) and bond orders. Fig. 7 shows the EDD diagram for
LiFePO,. Due to the formation of covalent bonds, the electron
distribution is changed. The positive (in blue) or negative
(in red) region indicates where the electron density is enriched
or depleted respectively. The result showed that the electron
density around the oxygen ions significantly increases, while
the electron density around the phosphorus and iron ions
obviously decreases. It can be concluded that oxygen with
negative charge is anion, while phosphorus and iron with
positive charge are cations. Moreover, the electron density
difference around P ions showed typical sp® characteristics,

5.00e-1

2.25e-1

0.00e-1

-2.25e-1

-5.00e-1

Fig. 7. Electron density difference (EDD) diagram of LiFePO, crystal. (a) three dimensional view. (b) two dimensional view of (010) crystal plane. The bridge
oxygen connecting P and Fe ions is out of the (010) plane and is represented by small red spheres. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Table 3
Bond populations for Li,FePO4(x=0, 1) compounds.

Fe-OI Fe-OIl Fe-Olll Fe-OIV P-OI P-OlI Li-O
FePO, 0.13 0.23 0.33 0.35 0.59  0.65 -
LiFePO, 0.12 0.28 0.25 0.25 0.60  0.66 0.01

while those around O and Fe ions displayed explicit p and d
orbital characteristics. The results again confirmed that O,,
states can effectively overlap with the orbitals of P and Fe ions
and then form covalent bonds. To quantitatively illustrate the
bond strength, Table 3 gives the bond populations, which are
used to assess the covalent or ionic nature of a bond. It should
be noted that a value of zero indicates a perfectly ionic bond,
while values greater than zero indicate increasing levels of
covalency [35].

As can be noted from the table, the P-O bonds (0.60 and 0.66)
in LiFePO, compound are very strong, while the Fe—O bonds are
relative weaker (0.12-0.28) in comparison. Such covalent bonds
are of particularly importance for the excellent thermal stability of
LiFePQO,, since the stronger the covalent bonds the more energy
will be released due to the formation of bonds [36]. When lithium
is extracted from LiFePO,, the bond strength becomes even larger,
suggesting that FePO, compound is also very stable. The very
stable two-ends structures during charge and discharge processes
indicated that the reversibility of the electrochemical reaction is
rather good, leading to excellent cycling performance of batteries.
Although the calculations above have confirmed the substitution
effect on the intercalation voltage of system, it should be pointed
out that the substitution of Fe by other transition metals may also
affect the bonding properties of the materials. According to the
crystal field theory, the d bands of transition metals (TM) in TMOg
octahedrons usually exhibit non-bonding or anti-bonding charac-
teristics. Therefore, it can be expected that the substitution of Fe by
early 3d/4d transition metals will lead to stronger TM-O bonds but
weaker P-O bonds, while the substitution of Fe by late 3d/4d
metals may show an opposite trend. However, as the bonding
capability of oxygen is determinate and the P-O bonds are rather
strong, LiM,Fe,;_,PO, compounds can still retain excellent
thermal stabilities. However, the data in Table 3 also suggested
an interesting trend that the covalent bonds show anisotropic
properties. It can be expected that the weakest chemical bonds in
the compounds under external stress/strain would cleave prefer-
entially, leading to the dislocation and mechanical instability of the
compound. As proposed by Maxisch [37], the elastic anisotropy of
the materials, which is usually related to the microscopic bonding
of systems, can lead to the formation of cracks and dislocations
within the compounds, leading to the capacity fading of Li FePO,.
To reveal the mechanical stabilities and their connections to the
microscopic bonding of Li,MPO, electrode materials, urgent
investigations are still needed in the future.

4. Conclusions

The electronic structures, bonding characteristics, structural
stabilities, and electrochemical performances of LiFePO, positive

electrode material for lithium ion battery were investigated
relying on density functional theory (DFT). When electrons
transfer to the positive electrode from external circuit, most of
them are filled in the Fe ions. The charges of oxygen are slightly
changed during the intercalation of Lit. P;, and P, states will
take sp’ hybridization, and they overlap with Oy, orbits
effectively. The introduction of counter cations (P) and the
variation of d band electrons of the transition metal are two rather
important factors for determining the voltage of a battery.
The variation in d band electrons also plays an important role
to modulate the DOS and carrier concentration at the Fermi
energy, which may be helpful for increasing the conductivity of
the compounds. The Fe-O and P-O covalent bonds are of
particularly importance to the excellent thermal stability of FePO,
and LiFePO,, well explaining the excellent cycling performance
of the cathode.

Using first-principles method to elucidate the microscopic
process of lithium intercalation is rather important. The demon-
strated achievements in revealing the relationship between the
structures and properties during this dynamic process can
provide us some important theoretical supports for subsequent
experimental synthesis. These capabilities may also establish a
valuable tool in the design of new electrode materials for lithium
ion battery application.
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