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Abstract

We present a first-principles investigation for the structure, electronic properties, and average
potentials of Li9 M3 (P2 O7 )3 (PO4 )2 (M = V, Fe, Cr) compounds. The calculated Wyckoff
coordinates are in good agreement with experimental observations. All the studied compounds
show semiconductor characteristics, with band gaps between 1.89 eV and 2.55 eV. It is found
that the Li-ion extraction is in the order of Li1(2b), Li2(12g), and Li3(4d) based on the
calculated formation enthalpies of Li vacancies. Consequently, the calculated average
potentials versus the number of Li ions are in good agreement with experiment.
Keywords: first-principles, monodiphosphates, Li-ion battery
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with the electrochemical voltage-composition profile and
mainly highlighted the importance of ion–ion interactions
in determining phase transitions. The experimental results
[9, 10] also indicate that the carbon-coating can enhance the
electrode reaction reversibility and the capacity retention and
rate performance.
The layered monodiphosphates with trigonal space group
P -3c1, Li9 M3 (P2 O9 )3 (PO4 )2 , were firstly synthesized by flux
method from A2 O–M2 O3 –P2 O5 systems [15]. The structure
consists of ∞2 [(MP2 O7 )3 (PO4 )2 ]9− corrugated layers that are
parallel to (0 0 1) and separated by lithium ions, as shown
in figure 1. The 2∞ [(MP2 O7 )3 (PO4 )2 ]9− layers are built up
of MO6 octahedra sharing corners with PO4 tetrahedra and
P2 O7 groups. It has been confirmed that lithium can extract
off the Li9 M3 (P2 O7 )3 (PO4 )2 (M = V, Fe, Cr) structure
and lead to a voltage potential of 3–4.9 V [16–19]. The
results of Lix V3 (P2 O7 )3 (PO4 )2 [16, 17] display that about 82%
(142 mAh g−1 ) of the theoretical capacity (173 mAh g−1 ) is
attainable on the first oxidation cycle. On discharge, most Li
(∼96%) can be re-inserted, and the reversible capacities are
located in between ∼142 and 136 mAh g−1 . However, studies
of the ferrated and cobaltic compounds are very rare. Though
Li9 Fe3 (P2 O7 )3 (PO4 )2 has been synthesized by our group,

1. Introduction

In recent years, the phosphates of systems A2 O–M2 O3 –P2 O5
have been extensively studied due to their fast A+ ion
transport properties, such as the Nasicon-type monophosphates A3 Fe2 (PO4 )3 [1, 2], the monoclinic β-Fe2 (SO4 )3 type modification of Li3 Fe2 (PO4 )3 [3], the monodiphosphates
Na7 (MP2 O7 )4 PO4 [4] and the diphosphats Na7 M3 (P2 O7 )4
[5]. Polyanions build 3D structures by PO4 tetrahedra
and MO6 octahedra, which are of interest for potential
application as positive electrodes for lithium rechargeable
batteries. Efforts have focused on Li3 Fe2 (PO4 )3 [6, 7] and
Li3 V2 (PO4 )3 [8–10]. Monoclinic Li3 V2 (PO4 )3 contains both
removable Li cations and redox-active metal sites housed
within a rigid phosphate framework. Barker [11] et al and
Sato [12] et al have reported that lithium can extract out of
the structure and form a potential >4.6 eV when the last type
of lithium is extracted. Unlike the rhombohedral phase, the
monoclinic phase [13, 14] is thermodynamically more stable
and displays a complex series of two-phase transitions on
Li extraction and a solid solution region on Li reinsertion.
Yin et al [8] investigated the correlation of the structural
features in the series of single-phase materials Li3−y V2 (PO4 )3
0022-3727/14/025301+06$33.00
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Figure 1. Structure of Li9 M3 (P2 O7 )3 (PO4 )2 (M = V, Fe, Cr, Co).

Li9 Co3 (P2 O9 )3 (PO4 )2 has not been reported to date. In this
paper, based on first-principles calculation with the Hubbard
term corrected general gradient approximation (GGA+U), we
investigated the structure, electronic properties and average
potentials of Li9 M3 (P2 O7 )3 (PO4 )2 (M = V, Fe, Co, Cr).
Conductivity of compounds is obtained by investigating the
electronic structure and the band gap. Based on the calculation
of the formation enthalpy of Li vacancy, the order of Li-ion
extraction is obtained and average potentials versus the number
of Li ions is calculated, with a comparison to the corresponding
experiment.

3. Results and discussion
3.1. Structural properties

Li9 M3 (P2 O7 )3 (PO4 )2 is a hexagonal structure with the
symmetry group P -3c1, which is composed of MO6 octahedra
sharing corners with monophosphate tetrahedral PO4 and
diphosphate groups P2 O7 . Each unit cell contains two
chemical formula units. Calculated atomic coordinates of
Li9 M3 (P2 O7 )3 (PO4 )2 (M = V, Fe, and Co) are listed in
table 1. Computed Wyckoff coordinates are in good agreement
with experimental values. Calculated ferrated and cobaltic
atomic coordinates are basically in agreement with that of
Li9 V3 (P2 O7 )3 (PO4 )2 structure, as the changes are due to the
difference of metal ion radius. Calculated crystal parameters
and volume of Li9 M3 (P2 O7 )3 (PO4 )2 (M = Fe, Cr, Co, V) are
also shown in figure 2. It displays that calculated values are
smaller than the corresponding experimental values by 1.6%. It
can be seen that the lattice parameter a and volume V decrease
from V to Co compound, which is in accordance with the
corresponding atomic radii. Interestingly, the tendency of the
lattice parameter c is different, as the lattice parameter c of Co
compound is larger than that of Fe compound.

2. Computational details

The calculations are based on density-functional theory with
the general gradient approximation using PW91 form for the
exchange correlation energy [20] as implemented in the Vienna
Ab-Initio Simulation Package (VASP) [21], plus the Hubbard
term correction (GGA+U) to give a better description on the
strong correlation of transition metal oxides. The unit cells
of the relevant structures may contain up to 98 ions making
the computations particularly demanding. The interactions
between valence electrons and ions were represented with
the projector augmented wave (PAW) pseudo-potentials. The
numbers of atoms considered are 9, 3, 8 and 29 for Li,
V, P and O atoms, respectively. The structure was fully
relaxed with respect to internal and external cell parameters
and atomic position using forces and stresses. The wave
functions were expanded in plane waves with an energy cutoff
of 400 eV. Brillouin zone integration of the total energies
was performed with a 3 × 3 × 2 Monkhorst–Pack mesh
and the total energies were converged within 10−3 eV with
respect to k-points. Fermi level is smeared by the Gaussian
method with a width of 0.1 eV. The average insertion voltage
is given by V̄ = −(Gr /F ), where F is the Faraday
constant.

3.2. Electronic properties

The analysis of the electronic structure often reflects the
conductivity of the cathode materials. The GGA+U approach
usually improves the treatment of correlation effects in
localized orbitals that are formed by the metal 3d orbital
and oxygen 2p hybridization. In GGA+U, local atoms
like 3d states are projected out and treated with a Hubbard
model. Therefore, this method makes more applicable to
transition metal compound to correct the energies and to
improve the band structures and magnetic moments. For
example, in the case of LiFePO4 the calculated band gap
from GGA lies in the range of 0–0.3 eV, but the GGA+U
2
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Table 1. Calculated Wyckoff coordinates of Li9 M3 (P2 O7 )3 (PO4 )2 (M = V, Fe, Cr), compared with experimental values
(in parentheses) [16].

Wyckoff sites

Li9 V3 (P2 O7 )3 (PO4 )2 (Expt.)

Li9 Fe3 (P2 O7 )3 (PO4 )2

Li9 Co3 (P2 O7 )3 (PO4 )2

P1

4d

(0.6666, 0.3332, 0.6281)

(0.6666, 0.3333, 0.6277)

P2

12g

(0.3185, 0.0899, 0.8448)

(0.3197, 0.0909, 0.8441)

Fe

6f

(0.5685, 0, 0.75)

(0.5681, 0, 0.75)

Li1

2b

(0, 0, 0)

(0, 0, 0)

Li2

4d

(0.6667, 0.3332, 0.8776)

(0.6667, 0.3333, 0.8776)

Li3

12g

(0.3389, 0.1001, 0.0625)

(0.3390, 0.1003, 0.0622)

O1

4d

(0.6667, 0.3333, 0.5152)

(0.6667, 0.3333, 0.5147)

O2

6f

(0.2089, 0, 0.75)

(0.2089, 0, 0.75)

O3

12g

(0.6803, 0.1874, 0.6673)

(0.6811, 0.1867, 0.6658)

O4

12g

(0.4858, 0.1057, 0.8340)

(0.4878, 0.1072, 0.8332)

O5

12g

(0.3343, 0.2575, 0.8456)

(0.3351, 0.2590, 0.8449)

O6

12g

(0.6666, 0.3333, 0.6228)
(2/3, 1/3, 0.6264)
(0.3146, 0.0877, 0.8462)
(0.3163, 0.0894, 0.8450)
(0.5692, 0, 3/4)
(0.5668, 0, 3/4)
(0, 0, 0)
(0, 0, 0)
(0.6667, 0.3334, 0.8752)
(2/3, 1/3, 0.8840)
(0.3377, 0.0997, 0.0615)
(0.3362, 0.1036, 0.0644)
(0.6667, 0.3333, 0.5108)
(2/3, 1/3, 0.5156)
(0.2089, 0, 3/4)
(0.2120, 0, 3/4)
(0.6795, 0.1893, 0.6633)
(0.6743, 0.1863, 0.6635)
(0.4814, 0.1069, 0.8348)
(0.4796, 0.1054, 0.8365)
(0.3284, 0.2523, 0.8476)
(0.3291, 0.2537, 0.8440)
(0.2222, −0.0082, 0.9364)
(0.2228, −0.0045, 0.9353)

(0.2247, −0.0037, 0.9361)

(0.2255, −0.0017, 0.9358)

Volume (Å3 )

c (Å)

a (Å)

Atoms

9.75
9.70
9.65
9.60
9.55
9.50

Cal.
Expt.

13.65
13.60
13.55
13.50
13.45
13.40

V

Cr

Fe

Co

1120
1110
1100
1090
1080
1070
1060

V

Cr

Fe

Co

V

Cr

Fe

Co

Metal of Li9M3(P2O7)3(PO4)2
Figure 2. Calculated crystal parameters and voltages of Li9 M3 (P2 O7 )3 (PO4 )2 (M = Fe, Cr, Co, V), with experimental values [16, 19]
displayed in red.

result is about 3.7 eV, close to the measured value from
diffuse reflectance spectroscopy [19]. The electronic density of
states (DOS) are shown in figure 3 for Li9 M3 (P2 O7 )3 (PO4 )2 ,
where the behaviour of the band around the Fermi level is
dominated by the d-states of transition metal, and the band
width around the Fermi level is formed by the hybridization
of the Li s-states and p-states, oxygen p-states, and the
transition metal d-states. All materials show semiconductor

characteristics. The width of band gap is 1.89 eV (figure 3(a))
for Li9 Co3 (P2 O7 )3 (PO4 )2 , 2.15 eV for Li9 V3 (P2 O7 )3 (PO4 )2
(figure 3(b)), 2.11 eV for Li9 Fe3 (P2 O7 )3 (PO4 )2 (figure 3(c)),
and 2.55 eV for Li9 Cr3 (P2 O7 )3 (PO4 )2 (figure 3(d)). The
band gap of Li9 Cr3 (P2 O7 )3 (PO4 )2 is the widest and that
of Li9 Co3 (P2 O7 )3 (PO4 )2 is the shallowest. The calculated
semiconductor characteristic of these compounds is in
3
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Figure 3. Total density of states for Li9 M3 (P2 O7 )3 (PO4 )2 . (a) Li9 Cr3 (P2 O7 )3 (PO4 )2 with U = 3.5; (b) Li9 Co3 (P2 O7 )3 (PO4 )2 with U = 5.0;
(c) Li9 V3 (P2 O7 )3 (PO4 )2 with U = 4.0; (d) Li9 Fe3 (P2 O7 )3 (PO4 )2 with U = 4.5.

Fe) (x = 8). The results are shown in figure 4, which are
compared with available experimental values [16–19]. It can
be seen that the calculated results are basically in agreement
with the main characteristic of the experimental values. For
Lix V3 (P2 O7 )3 (PO4 )2 [16, 17], the first voltage plateau at
3.40 V is lower than the experimental value of 3.75 V, and
the second and third plateaus are in good agreement with the
experimental result. The difference between experimental and
computational results may be due to the lack of consideration
on the two-phase reaction effect. For Lix M3 (P2 O7 )3 (PO4 )2
(M = Fe, Cr) (x = 8) compounds, the calculated
average potentials versus the number of Li ions per formula
is about 4.6 V, which is slightly lower than experimental
results. Of note, Li9 Co3 (P2 O7 )3 (PO4 )2 compound has not
been synthesized up to now. The calculated average potentials,
which are similar to the Li-ion extraction sequence of the
Li9 V3 (P2 O7 )3 (PO4 )2 , indicate that the first-oxidation process
occurs approximately on 3.74 V voltage.
The secondoxidation process is above 4.8 V voltage, which is higher than
that of the Li9 V3 (P2 O7 )3 (PO4 )2 . Along with more Li ions
extraction the voltage plateau of the Li9 Co3 (P2 O7 )3 (PO4 )2
materials will overrun 5 V voltage, which is beyond the
safe limit of the used 1M LiPF2 in EC : DMC (1 : 1 vol%)
electrolyte system. Hence, under common used electrolyte
the reversible capacity of Li9 Co3 (P2 O7 )3 (PO4 )2 is less than
100 mAh g−1 , which is not available on the commercial
cathode material of Li-ion batteries.
Table 2 lists the change of volume and lattice parameters
with different Li-ion numbers. It can be seen that the
calculated volume and lattice parameters are less than the
experimental result. Along with the first Li-ion extraction,
the lattice structure has not changed remarkably. When more
Li-ions are going on extraction from materials (for example

good agreement with the experimental result of electronic
conductivity measurement [17].
3.3. Extraction order of Li-ion

When Li is extracted from the structure, it creates a Li vacancy
at its original position. Due to Li atoms located in three
different Wyckoff sites, Li1(2b), Li2(4d) and Li3(12g), and
thus there are three types of Li vacancy in this compound.
The formation enthalpy of Li vacancy with the zero charge
state is determined by tH (VLi ) = E(VLi ) − E(0) + µelement
,
i
where E(VLi ) and E(0) are the total energy of the cell with
and without a vacancy VLi . Our calculations show that the
formation enthalpy of Li1 vacancy is lower by 0.735 eV and
0.489 eV than that of Li2 and Li3 vacancies, respectively, and
then lithium ions in Li1 site are the first extracted at the lowest
voltage. Comparing the formation enthalpies of Li2 and Li3
vacancies, it can be seen that the formation of Li3 vacancy
is easier than that of Li2 vacancy. Therefore, based on our
first-principles calculation results, Li-ion extraction is in the
sequence of Li1, Li3, and Li2 in Lix M3 (P2 O7 )3 (PO4 )2 , in
agreement with the symmetry of P 3̄c1 space group.
3.4. The average potentials versus the number of Li ions per
formula

Base on this extraction sequence of Li ions (Li(1) →
Li(3) → Li(2)), we have calculated the average potentials
versus the number of Li ions per formula through obtained
total energy of Lix V3 (P2 O7 )3 (PO4 )2 (x = 8, 6, 3). Based
on this extraction sequence, we also calculated the average
potentials versus the number of Li ions per formula through
the total energy of Lix M3 (P2 O7 )3 (PO4 )2 (M = Co, Cr and
4
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Figure 4. The charge and discharge profile of Li9 M3 (P2 O7 )3 (PO4 )2 (M = V, Fe, Co and Cr) by first-principles calculation, along with the
experimental values [16–19]. The charge and discharge curve of Li9 Fe3 (P2 O7 )3 (PO4 )2 is shown in the insert figure of figure 6(c) [22].

Our calculation can also find that the supercell energy of
phase is greater than that of single phase. Thus, the supercell
structure phase is considered to only exist as a metal-stable
state at high potential and can easily be transited to P 3̄c1 space
symmetry during discharge. Along with more Li extraction,
V ions of low valence state have been oxidized to that of
high valence state with smaller ionic radii (for example: V3+ :
0.78 Å, V4+ : 0.72 Å, and V5+ : 0.68 Å) [22], which can lead to
the shrink of a and b axes. The remaining Li ions can sustain
the layered structure and no distinct contraction is displayed
along c axis, which can benefit the reinsertion of Li ions
during discharge. The volume change of Li9 V3 (P2 O7 )3 (PO4 )2
is 4.49% (Expt [17]. ∼1.16%) that is smaller than that of
Li3 V2 (PO4 )3 (Expt [8]. 6.87%) when six lithium ions extract
from the compounds. Therefore, this small volume change
is very beneficial to improve the retention rate of discharge
capacity, and this material is used as cathode of lithium ion
battery.

Table 2. Lattice parameters and volume change of
Li9 M3 (P2 O7 )3 (PO4 )2 (M = Fe, Co, V) along with Li-ion extraction,
and experimental results are listed in parentheses.

M
The number Fe
of extract ions 1
a (Å)
c(Å)
β,
γ
V

9.5407
(9.5615)
13.4216
(13.4416)
90

V
Co
1
9.5113
(9.5321)
13.4523
(13.4462)
90

1

3

9.6680
9.6275
(9.6761)
13.4674 13.4407
(13.4806)
90
90.15,
90.04
1058.02 1054.01 1090.12 1078.00
(1064.23) (1058.04) (1093.21)

6
9.5565
13.1714
90.10,
90.02
1041.66

Lix V3 (P2 O7 )3 (PO4 )2 , x < 6), the angle β appears to change,
resulting in the change of the symmetry of space group during
insertion/deinsertion of Li ions. The experiment result [16–18]
has discovered that the second phase of C3 sample has a
similar parameter a (9.439 Å) to the first phase (9.812 Å)
and parameter b (27.245 Å) of almost double the first one
(13.598 Å). The trigonal lattice of the second phase can be
regarded as the supercell of two original lattices along c axis.

4. Conclusion

We present a first-principles calculation for the structure, electronic properties and average potentials of
Li9 M3 (P2 O9 )3 (PO4 )2 (M = V, Fe, Cr) compounds. The
5
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calculation is based on density-functional theory with the general gradient approximation GGA+U. The results of calculated
Wyckoff coordinates are in good agreement with experimental
values. All materials show semiconductor characteristics, with
the width of band gap between 1.89 and 2.55 eV. Along with the
obtained formation enthalpies of Li(1), Li(2) and Li(3) vacancies, the Li-ion extraction is in proper order of Li(1), Li(3), and
Li(2), in agreement with the symmetry of P 3̄c1 space group.
Base on this extraction sequence (Li(1) → Li(3) → Li(2)),
Calculated average potentials versus the number of Li ions
is between 3.4 V and 4.9 V, which is in good agreement with
available experiment.
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