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a b s t r a c t

First-principle calculations based on density functional theory (DFT) were performed to investigate the
structural stability and electronic properties of Co–P compounds such as Co2P(I) (orthorhombic), Co2P(II)
(hexagonal), CoP, CoP2 and CoP3. The cohesive energies of Co–P compounds are all negative, which indi-
cates that they are thermodynamically stable. Furthermore, the stability of Co–P compounds decreases
vailable online 21 September 2010
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with the increase of P element. By analyzing the electronic structures of Co–P compounds, we have found
that Co2P(I) (orthorhombic), Co2P(II) (hexagonal) and CoP show metallic character, while CoP2 and CoP3

show semiconductor character. The bonding behaviour between Co atom and P atom in Co–P compounds
is a combination of covalent and ionic nature.

© 2010 Elsevier B.V. All rights reserved.

lectronic properties
ovalent and ionic components

. Introduction

Lithium ion batteries have been widely used in the world and
radually become the leading power source in the 21st century due
o their advantages, such as high theoretic capacity, high voltage,
low self-discharge rate and good cycling stability [1,2]. Carbon
aterials are commercially used as the anode material for lithium

on batteries. However, the theoretical capacity of carbon materi-
ls is only 372 mAh/g [3,4]. In order to get higher capacities, great
fforts have been dedicated to investigate anode materials with
arger energy density than graphite in recent years [5–8].

P-based compounds used as anode materials for lithium ion
attery have attracted great interest because of their large initial
ravimetric capacity [9–15]. For example, it has been reported that
oP electrode shows initial capacity of around 510 mAh/g and its
apacity remains at around 400 mAh/g after 8 cycles, while mixture
CoP3 + CoP) electrode exhibits initial capacity of around 880 mAh/g
nd its capacity remains at about 400 mAh/g after 8 cycles [14].

y comparison, CoP electrode has better cyclic stability than CoP3
lectrode. Moreover, it is reported that CoP has better electronic
onductivity than CoP3 through experiments [14].

∗ Corresponding author: Tel.: +86 731 58292060; fax: +86 731 58292061.
E-mail address: wxianyou@yahoo.com (X. Wang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.09.018
Due to excellent properties of Co–P compounds, the synthe-
sis technologies have been extensively investigated [16–18] and
the structural analysis has also been conducted in order to under-
stand the intrinsic mechanism [19–23]. By the linear muffin-tin
orbital method in the atomic sphere approximation (LMTO-ASA),
it has been found that Co2P with hexagonal structure exhibits
ferromagnetism while Co2P with orthorhombic structure reveals
non-magnetic character [19]. Strong Co–P and weak P–P bond-
ing interactions in CoP were confirmed by X-ray photoelectron
spectroscopy [20]. The electronic structure of CoP3 has been inves-
tigated by X-ray photoelectron spectroscopy, and it has been found
that a plasmon loss satellite peak occurs in the Co 2p spectra
of CoP3 [21]. Besides, the electronic structure of CoP3 has also
been studied using first-principle calculations at the GGA level
[22,23].

Although the electronic structures of Co2P and CoP3 have been
studied, the investigations for the electronic structures of CoP and
CoP2 have not been found. And the structural stability of Co–P
compounds has not been reported. Hence, it is necessary to study
the relationships between crystal structure, structural stability and
electronic structure of Co–P compounds in detail.
Because Co3P only exists in solid solutions but it is nonexis-
tent under usual conditions [24], Co3P compound is not taken into
consideration. In this paper, first-principle calculations based on
density functional theory were implemented to investigate the
crystal structure, structural stability and the bonding mechanism

dx.doi.org/10.1016/j.jallcom.2010.09.018
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. The crystal structure of Co–P compounds illustrated by ball and stick model
obalt atom and light-colored (purple) circle refers to phosphorus atom. (For interp
ersion of the article.)

f Co2P(I) (orthorhombic), Co2P(II) (hexagonal), CoP, CoP2 and CoP3
ompounds.

. Computational method

The calculations have been performed using the ab inito total-energy and
olecular-dynamics program VASP (Vienna ab initio simulation program) devel-

ped at the institut für Materialphysik of the Universität Wien [25–28]. The
xchange and correlation energies for GGA (generalized gradient approximation)
ere treated, using the PBE scheme and the Projector Augmented Wave (PAW)

seudopotentials. The convergence of the calculations is related to both energy cut-
ff and k-points grid. To ensure a good convergence for total energy and forces
cting on the atoms, the energy cutoff was set to 350 eV and Monkhorst-Pack grid
10 × 10 × 10) was used for k point sampling in the first irreducible Brillouin zone.
or the calculation of the electronic density of states, the tetrahedron method with
loch corrections was used with 13 × 13 × 13 grid. For each Co–P composition,
(I) (a), Co2P(II) (b), CoP (c), CoP2 (d) and CoP3 (e). Dark-colored (red) circle refers to
n of the references to colour in this figure legend, the reader is referred to the web

the model of Co–P binary compounds were relaxed, using a Quasi Newton (QN)
algorithm to optimize both atomic positions and lattice constants with symmetry
constraints until the forces on the atoms converged to less than 0.01 eV/Å. Spin
polarized calculations were considered to check the occurrence of Co–Co magnetic
interaction.

Cohesive energy is often defined as the work which is needed when crystal
decomposes into the single atom. Therefore, it is an important physical quantity to
describe the strength of bonds, by which we can assess the stability of Co–P binary
compounds. In this paper, in order to obtain cohesive energy value correctly, the
total energy for the crystal and the free atoms were calculated based on a cubic

supercell (fcc-box) that contains the corresponding atoms. The fcc-box has the lat-
tice constant of 15 Å. The cohesive energy Ec of CoxPy can be expressed as follows
[29–31]:

Ec = 1
x + y

(ECoxPy
tot − xECo

atom − yEP
atom)
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Table 1
Crystallographic data of Co–P compounds.

Compound Crystal system Pearson
symbol

Atom
num-
bers

Space group

Co2P(I) [32] Orthorhombic oP12 12 Pnma
Co2P(II) [33] Hexagonal hP9 9 P-62m
CoP [34] Orthorhombic oP12 8 Pnma
CoP2 [35] Monoclinic mP12 12 P121/c1
CoP3 [36] Cubic cI32 16 Im-3

Table 2
Lattice parameters of experimental structures and calculated structures of Co–P
compounds.

Compound Lattice parameters (Å)

Experiment Calculated result (first
principle calculations)

Co2P(I) a = 5.649 [32] a = 5.519
b = 3.513 [32] b = 3.507
c = 6.607 [32] c = 6.587

Co2P(II) a = b = 5.742 [33] a = b = 5.723
c = 3.457 [33] c = 3.406

CoP a = 5.077 [34] a = 5.063
b = 3.281 [34] b = 3.270
c = 5.587 [34] c = 5.554

CoP2 a = 5.551 [35] a = 5.543

w
a
r

t
t

3

3

C
i
s
t
c

b = 5.549 [35] b = 5.547
c = 5.614 [35] c = 5.615

CoP3 a = b = c = 7.711 [36] a = b = c = 7.716

here ECoxPy
tot is the electronic total energy of primitive cell of CoxPy; ECo

atom and EP
atom

re the electronic total energies of the isolated Co atom and P atom in freedom states,
espectively.

In order to validate the computational method, the equilibrium lattice parame-
ers of Co2P(I), Co2P(II), CoP, CoP2, and CoP3 have been computed as compared with
he experimental results.

. Results and discussion

.1. Structural model and lattice parameters

Ball-and-stick models of the crystal structures of Co2P(I),

o2P(II), CoP, CoP2 and CoP3 are illustrated in Fig. 1. Available exper-

mental data on the crystallographic data of this alloy system are
ummarized in Table 1. The lattice parameters are given in Table 2,
ogether with the available experimental data. Table 2 reveals that
alculated lattice parameters are in fairly good agreement with the

Fig. 2. The mean volume per atom for the Co–P compounds.
Fig. 3. Calculated spin-polarized total density of states for Co2P(II) (a); calculated
partial density of states for Co2P(II): Co atoms (b); P atoms (c).

experimental results due to the errors within ±1% except for Co2P(I)
within ±3%.

3.2. Phase stability and cohesive properties of Co–P compounds
After the calculation of cohesive energy for Co–P compounds,
it was found that the cohesive energy per atom for Co2P(I),
Co2P(II), CoP, CoP2 and CoP3 are −5.64, −5.60, −5.30, −4.85
and −4.62 eV, respectively. The cohesive energies of Co2P(I),
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Fig. 4. Calculated total and partial density of states (DOS) for Co2P(I) (a), CoP (b), CoP2 (c) and CoP3 (d). Vertical dotted lines indicate the Fermi energy level.
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ig. 5. Distribution maps of total charge densities in the (0 1 0) plane of Co2P(I) (
epresent sections of the charge densities and charge density is in an increment of 0

o2P(II), CoP, CoP2 and CoP3 are all negative, which indicate
hat these compounds are stable. A shift towards higher cohe-
ive energy has been found with the increase of P element
ontent. Hence, Co2P has better stability with the orthorhombic
tructure than with the hexagonal structure and the stability of
o–P compounds decreases with the increase of P element con-
ent.

Additionally, the mean volume per atom for Co–P compounds
as shown in Fig. 2. As can be seen from Fig. 2, the mean vol-
me per atom increased with the increase of P content, which
ndicates good relationship between the mean volume per atom
nd cohesive energy. If the cohesive energy is more negative, the
trength of bonds between Co and P will become stronger. As a
esult, the volume will become smaller with the shortening of the
ond.
CoP (c), (1 0 0) plane of Co2P(II) (b), (0 1 1) plane of CoP2 (d) and CoP3 (e). These
Å3 from 0 to 1.0 e/Å3.

3.3. Electronic structural properties and bonding mechanism in
Co–P compounds

To understand further electronic structure and structural sta-
bility, the density of states (DOS) of Co2P(I), Co2P(II), CoP, CoP2
and CoP3 with different types of structure was calculated and
analyzed. Fig. 3(a) shows the total density of states (TDOS) of
Co2P(II) while Fig. 3(b) and (c) shows the partial density of
states (PDOS) of Co2P(II). The Fermi level is set to be at 0 eV in
Fig. 3. The lowest valence band ranging from −14.5 to −10.5 eV

is mostly composed of P 3s character. The upper valence band
ranges from −8.0 eV to Fermi level and constitutes the hybridiza-
tion of Co 3d and P 3P character. No band gap near Fermi level
can be seen, indicating the metallic nature of CoP2(II). Besides
this, it can be concluded from TDOS that Co2P(II) displays mag-
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Table 3
Atomic charges (in e) for Co and P as obtained from a purely ionic model (Qi), Bader
analysis (QB) and their differences (�Q = QB − Qi).

Compound Atoms Bader electrons
(QB)

Qi �Q = QB − Qi

Co2P(I) Co(1) 8.78 9 −0.22
Co(2) 8.62 9 −0.38
P 5.60 5 0.60

Co2P(II) Co(1) 8.75 9 −0.25
Co(2) 8.60 9 −0.40
P 5.65 5 0.65

CoP Co 8.65 9 −0.35
P 5.35 5 0.35

CoP2 Co 8.68 9 −0.32
P(1) 5.18 5 0.18
P(2) 5.14 5 0.14

CoP3 Co 8.70 9 −0.30

[
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etic character. This is consistent with the result of previous
iterature [19].

Total and partial density of states of Co2P(I), CoP, CoP2 and CoP3
re shown in Fig. 4(a)–(d), respectively. The Fermi level is set to be
t 0 eV in Fig. 4. The TDOS of Co–P compounds were divided into
hree energy regions according to the PDOS: (1) Region 1, the lowest
nergy region mostly originating from P 3s character; (2) Region 2,
he upper region of the valence band mostly originating from the

ixture of Co 3d character and P 3p character; and (3) Region 3, the
nergy region just above Fermi level dominated by unoccupied Co
d and P 3p character. From these plots, it can be seen that Co2P(I)
nd CoP compounds show metallic character while CoP2 and CoP3
ompound show semiconductor character according to the TDOS
t the Fermi level. Furthermore, it is clear that the TDOS of Co–P
ompounds decreases with the increase of P content and the TDOS
t the Fermi level for Co2P(I) is the largest one, suggesting that the
ncrease of P content could impair electronic conductivity. Besides,
t was found that Co 3d character and P 3p character for Co2P(I)
nd CoP show weak p–d hybridization, while Co 3d character and
3p character for CoP2 and CoP3 show strong p–d hybridization

etween −8 eV and Fermi level.
In order to further explain electronic structure, the bonding elec-

ron number per atom was analyzed in the energy areas between
8 eV and Fermi level for Co2P(I), Co2P(II), CoP, CoP2 and CoP3. The

esults indicate that the bonding electron number per atom is 7.07
or Co2P(I), 6.91 for Co2P(II), 5.97 for CoP, 4.97 for CoP2 and 4.44 for
oP3, respectively. It is evident from these results that the bonding
umber per atom shifts to lower level with the increase of P con-
ent in crystal. Bonding electrons mainly come from the electrons
ocated at the area between −8 eV and Fermi level. Therefore, the

ore bonding electrons there are, the stronger the charge interac-
ions will be. Hence, Co2P has better stability with the orthorhombic
tructure than with the hexagonal structure and the stability of
o–P compounds will gradually become worse with the increase
f P content and CoP3 compound has the worst structural stability.
he result is well consistent with the variation of cohesive energy
or Co–P compounds mentioned above.

To further explore the bonding nature in Co–P compounds struc-
ure, the charge density distribution of CoxPy is studied. Fig. 5(a)–(e)
llustrates the total charge density map in the (0 1 0) plane for
o2P(I), (1 0 0) plane for Co2P(II), (0 1 0) plane for CoP, (0 1 1) plane
or CoP2 and (0 1 1) plane for CoP3, respectively. It is obviously
hown that weak covalent bonding exists between the P atoms,
hich results from the s–p interactions as shown in Fig. 5. Mean-
hile, it can be seen from Fig. 5 that the charge density around P

toms exhibits a strong directional distribution toward Co atoms
nd the remarkable charge distribution overlap between Co atom
nd P atoms in all cases, clearly indicating the feature of covalent
ond between Co atom and P atom.

In order to analyze the bonding mechanism quantitatively, the
ader analysis based on the AIM theory [37–39] was used to
escribe charge transfer quantitatively. In this approach, each atom
f a crystal is surrounded by an effective surface that runs through
inima of the charge density, and the total charge of an atom (so-

alled Bader charge, QB) is determined by the integration within this
egion [40]. The differences (�Q) between calculated atomic QB and
harges derived from a purely ionic model for Co–P compounds are
isted in Table 3. The negative values indicate that the atom loses
lectrons while the positive values indicate that the atom obtains
lectrons during the bonding process. The results show that charge
ransfers from Co basins to P basins. It is found that each P atom

btains 0.60 electrons from Co atoms for Co2P(I) and 0.65 electrons
rom Co atoms for Co2P(II), 0.35 electrons transfer from each Co
tom to P atom for CoP, 0.32 electrons transfer from each Co atom
o P atom for CoP2 and 0.30 electrons transfer from each Co atom to
atoms for CoP2. It is obvious that Co–P bond show ionic character

[

[

[

P(1) 5.08 5 0.08
P(2) 5.13 5 0.08
P(3) 5.10 5 0.14

in these Co–P compounds. On the basis of PDOS and charge den-
sity analysis, it can be concluded that the Co–P bond is a mixture
of covalent and ionic contributions.

4. Conclusions

First-principle calculations based on the DFT have been used to
study the structural stability and electronic properties of Co2P(I),
Co2P(II), CoP, CoP2 and CoP3. The calculated equilibrium lattice
constant is in good agreement with the experimental value.

The calculated results show that Co2P has better stability with
the orthorhombic structure than with the hexagonal structure and
the stability of Co–P compounds will decrease with the increase
of P element content, and CoP3 has the worst structural stability.
Co2P(I), Co2P(II) and CoP show metallic character while CoP2 and
CoP3 show semiconductor character. And the increase of P con-
tent could impair the electronic conductivity of Co–P compounds.
Besides, it can be concluded that the bond between Co atom and P
atom is a mixture of covalent and ionic components.
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