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We evaluate the possible formation of recently proposed PO4-deficient FePO4 by calculating its structure and stability at various
charge states using the DFT+U theory. Unpaired electrons resulting from PO4 deficiency tend to localize on undercoordinated
Fe neighbors. The absence of a PO4 unit causes local lattice distortions which are found to be sensitive to the charge state. Our
calculations show that neutral and negatively charged PO4 vacancies may coexist under intrinsic conditions. The PO4-deficient
FePO4 matrix turns out to be substantially softened, which may contribute to enhanced Li diffusion and provide clues toward the
design of high performance LiFePO4 cathode.
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Lithium iron phosphate LiFePO4 (LFP) has recently emerged as
an attractive cathode material for next-generation lithium ion batter-
ies (LIBs) because of its remarkable thermal and chemical stabil-
ity, nontoxicity, low cost, and reasonably high theoretical capacity
(≈ 170 mAh/g).1,2 However, the practical use of LFP is hampered by
its intrinsically poor electrical and ionic conductivities.3,4 Consider-
able efforts have been made to overcome these drawbacks, including
heterogeneous doping and defect engineering. For instance, aliova-
lent doping with Nb, Mg, Zr and Ti has been demonstrated to enhance
the LFP electrical conductivity by eight orders of magnitude up to
about 10−2 S/cm5 (which is comparable to that of the most commonly
used LiCoO2 and LiMn2O4).6 In addition, proper control of native
defects (such as Li vacancies/interstitials) and Li-Fe ion exchanging
antisite defects was also suggested to have positive impacts on Li mo-
bility enhancement.7–9 While the underlying mechanisms still remain
a controversial topic, above findings seed the idea of enhancing the
electronic and ionic conduction simultaneously in LFP via structural
modifications at the atomic level. Very recently, a viable synthesis
method was proposed to control the polyanion deficiency in a lithi-
ated metal phosphate matrix,10 but the atomic details have not been
explored. In this letter, we present the structure and properties of
phosphate (PO4)-deficient FePO4 based on density functional theory
(DFT) calculations.

Computational Methods

All atomic structures and energies reported herein were calculated
using spin-polarized DFT within the generalized gradient approxima-
tion (GGA-PBE)11 as implemented in the Vienna Ab initio Simulation
Package (VASP).12 To treat the strong on-site 3d electron-electron in-
teractions on Fe an additional Hubbard-U was added (Ueff = 4.3 eV),13

which is a widely accepted value for the particular material system
(FePO4 or LiFePO4), rendering accurate prediction of material prop-
erties such as bandgap. The projected augmented wave method14,15

with a plane-wave basis set (Ecut = 450 eV) was employed, and all
atoms were fully relaxed until residual forces on constituent atoms be-
came smaller than 1 × 10−2 eV/Å. The pristine FePO4 was modeled
using a 24-atom unit cell while the PO4-deficient structure was created
by removing a PO4 unit from an expanded (1 × 2 × 3), 144-atom
supercell. For Brillouin zone sampling, (3 × 4 × 5) and (3 × 3 × 1)
k-point meshes in the scheme of Monkhorst-Pack16 were used for the
pristine and PO4-deficient cases, respectively.
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Results and Discussion

As illustrated in Fig. 1a (top right inset), FePO4 has an orthorhom-
bic olivine structure (space group Pnma) where each PO4 unit is
connected to 5 FeO6 units; Fe atoms are located on corner-sharing oc-
tahedral sites while P atoms on tetrahedral sites. The predicted lattice
constants of a = 9.97, b = 5.91, and c = 4.88 Å are in good agreement
with the experimental values of a = 9.7599(8), b = 5.7519(5), and
c = 4.7560(4) Å.17 The slight overestimation of lattice constant is
mainly attributed to the well-known tendency of GGA to underesti-
mate the bond strength.

Fig. 1a shows the electron density of states (DOS) projected onto
Fe, P, and O atoms of pristine FePO4; the top of the valence band
(VB) is dominated by O 2p states with a small contribution from Fe
3d states, whereas the bottom of the conduction band (CB) is mainly
composed of Fe 3d states. The predicted gap of 1.75 eV is very close to
the experimental value of 1.7 eV.18 In FePO4, Fe3+ is found to have a
high-spin d5 electron configuration,19 yielding the fully occupied spin-
up and empty spin-down states. The magnetic moment is predicted to
be 4.3 μB (per Fe), in excellent agreement with existing experimental
data (≈ 4.15 μB);18 the relatively smaller value compared to the free
Fe3+ case (= 5 μB)20 is apparently attributed to the hybridization
with O 2p orbitals. It is also worth pointing out that the distinct
overlap between P 3s/3p and O 2p orbitals is far below the Fermi
level, implying the relatively stronger interaction of O atoms with
P atoms than Fe atoms.

Next, we examined how the deficiency of PO4 polyanions alters
the electronic structure and geometry of FePO4. While neighboring
atoms are noticeably displaced, four of the five Fe atoms adjacent
to the neutral PO4 vacancy (V 0

P O4
) become fivefold coordinated and

the rest is fourfold coordinated. The removal of a neutral PO4 unit
leaves three unpaired electrons which tend to localize on adjacent Fe
atoms. As presented in Fig. 1b, the projected DOS of the PO4-deficient
structure exhibits two distinct defect states within the bandgap. One
defect level (indicated as I) lies just above the VB, and the other (II)
is in the middle of the gap. The defect state I shows overlap between
spin-up Fe 3d and O 2p orbitals while spreading over neighboring
Fe and O atoms (as demonstrated by the band-decomposed charge
density plot in Fig. 1b (top right inset); this suggests the defect level is
associated with lattice distortions around V 0

P O4
. On the other hand, as

shown in Fig. 1b (bottom right inset), the excess electrons associated
with defect state II seem to be highly localized on three neighboring Fe
atoms; this is not surprising considering that Fe 3d states dominate the
bottom of the CB in FePO4, thus readily accepting excess electrons.
Due to such charge localization, the neighboring three Fe atoms (a, b
and c) are reduced to Fe2+ [Fig. 2a]. The local lattice surrounding V 0

P O4
exhibits an outward expansion, and the adjacent P atom is displaced
slightly in [010] direction toward V 0

P O4
; consequently, the P-Fe (I)
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Figure 1. The electron density of states (DOS) projected on Fe, P and O atoms
in (a) pristine and (b) PO4-deficient FePO4; the shaded gray area represents
Fe 3d states, and the blue and red solid lines indicate P 3p and O 2p states,
respectively [note the intensity of O 2p state in (b) is rescaled by 1/3]. The
inset in (a) shows a unit cell of pristine FePO4. The band-decomposed charge
densities corresponding to defect states I and II are plotted with an isosurface
value of 0.005 electron/Å3 as shown in the top and bottom right insets in (b).

distance increases from 3.22 Å (in the pristine case) to 4.08 Å. It is
worth noting that the V 0

P O4
-induced lattice distortion appears to be

asymmetrical with respect to the (010) plane spanned by Fe (a, c
and e) as the Fe (c)-(b) and (c)-(d) distances are different (4.46 and
4.54 Å, respectively). The slight deviation from symmetry is likely
attributed to the unequal charge redistribution among the five Fe ions
adjacent to V 0

P O4
, resulting in their differences in charge state and

bond environment.
We also looked at the structures and relative stabilities of PO4-

deficient FePO4 in positive (V +
P O4

), negative (V −
P O4

), and doubly nega-
tive (V 2−

P O4
) charge states. For V +

P O4
[Fig. 2b], with an additional hole,

one of the three Fe2+ ions in V 0
P O4

is oxidized to Fe3+ (a). The lattice
distortion becomes symmetrical as two Fe ions (b and d) locating on
the opposite sides of the (010) plane have the same charge state (3+);
in addition, we also found the displacement of the adjacent P atom to
be much smaller if the lattice distortion was symmetrical. For V −

P O4

Figure 2. Optimized configurations for pristine (top left) and PO4-deficient
FePO4 in (a) neutral (V 0

P O4
), (b) positive (V +

P O4
), (c) negative (V −

P O4
), and (d)

doubly negative (V 2−
P O4

) charge states. The charge states for Fe and P atoms near
the PO4 unit/vacancy are labeled in black; the Fe-Fe and P-Fe distances labeled
in blue are given in angstrom. (Top right) Variation in the relative formation
energy of PO4-deficient FePO4 in different charge states with respect to V 0

P O4
as a function of the Fermi level relative to the valence bend maximum (Ev) for
the computed FePO4 bandgap around 1.75 eV.

[Fig. 2c], the additional electron tends to localize on Fe (I), and the
lattice distortion is asymmetrical. For V 2−

P O4
[Fig. 2d], with additional

two electrons, all five Fe3+ ions surrounding the PO4 vacancy are
reduced to Fe2+, thus the symmetric configuration is restored, and the
P-Fe (I) distance of 3.31 Å is very close to the pristine case (3.22 Å).

Fig. 2 (top right) shows the relative formation energy of PO4-
deficient FePO4 in positive (V +

P O4
), negative (V −

P O4
), and doubly neg-

ative (V 2−
P O4

) charge states with respect to V 0
P O4

, which is calculated
by E f (V q

P O4
) = Etot (V

q
P O4

) − Etot (V 0
P O4

) + q(Ev + εF ), where Etot

is the total energy of the supercell, q is the charge state, Ev is valence
band maximum (VBM), and εF is the Fermi level. In the periodic
approach, a homogeneous background charge is included to maintain
the overall charge neutrality of a charged supercell. To account for
the electrostatic interaction with the background charge, a monopole
correction was made to the total energy of the charged system.21 For
a point-like charge in the 144-atom FePO4 supercell, the monopole
correction is estimated to be smaller than 0.1 eV, which is reason-
able given the considerably large dielectric constant of 17.5.22 Our
calculation predicts the relative formation energies of V +

P O4
, V −

P O4
and

V 2−
P O4

to be −0.77, 0.76 and 1.83 eV at the VBM, respectively. Given
the calculated FePO4 bandgap around 1.75 eV, the first donor (+/0)
and acceptor (0/−), and the second acceptor levels (−/2−) are pre-
dicted to be 0.7, 0.87, and 1.08 eV, respectively. At the midgap (εF

≈ 0.88 eV), V −
P O4

has the lowest formation energy around −0.15 eV,
suggesting that V 0

P O4
may easily accommodate an additional electron

under the intrinsic condition; considering their small formation energy
difference, V 0

P O4
and V −

P O4
may coexist in the matrix.

Finally, we looked at how the PO4 deficiency affects the me-
chanical properties. Here we only considered the bulk modulus (B)
which can be estimated by fitting the Murnaghan equation of state23 to
the corresponding energy versus volume curve. Uniform tensile and
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compressive strains were imposed on the pristine and PO4-deficient
(V 0

P O4
) FePO4 structures to achieve ± 0.66% volume changes.

E(V ) = E0 +
(

BV

B ′

)[
(V0/V )B′

B ′ − 1
+ 1

]
− V0 B

B ′ − 1
[1]

where E and E0 refer to the total energies of pristine and PO4-defficient
FePO4 at volume V and V0 (equilibrium), respectively, and B’ is the
pressure derivative of the bulk modulus; here, we increased the cut-
off energy to 550–600 eV and force tolerance to 0.01 eV/Å to refine
energy variations with applied strain. While the predicted B value
of 68.1 GPa for pristine FePO4 is in close agreement with previ-
ous result (≈ 73.6 GPa),24 our calculations show a 20% reduction in
B (≈ 53.2 GPa) with only 4.2 at.% V 0

P O4
in the FePO4 matrix. We

anticipate such significant softening effect to have substantial impacts
on Li diffusion in PO4-deficient FePO4, which is under investigation.
As suggested by previous theoretical study, Li diffusion can be sub-
stantially enhanced in the strained (tensile) LiFePO4 lattice due to the
excess space allowing Li migration; similar effects may be expected
from the softened lattice.25

Conclusions

DFT+U calculations were performed to investigate the structure
and properties of PO4-deficient FePO4 at various charge states (V q

P O4
,

−2 ≤ q ≤ +1). The unpaired electrons associated V q
P O4

tend to local-
ize on adjacent undercoordinated Fe atoms, which undergo outward
displacements. The V q

P O4
-induced lattice distortions are found to be

sensitive to q. At the midgap, V −
P O4

has the lowest formation en-
ergy (0.15 eV lower than that of V 0

P O4
), but given the small energy

difference, V 0
P O4

and V −
P O4

are likely to coexist. We also find that
PO4-deficiency can effectively soften the matrix as the bulk modulus
(≈ 53.2 GPa) is reduced by 20% from the pristine case. The more
flexible PO4-deficient FePO4 may thereby lower the diffusion barrier,
contributing to enhanced Li mobility. Our fundamental findings shed
light on a new approach to defect engineering toward the design of
high performance LiFePO4 cathode.
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