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Using first-principles calculations within the generalized gradient approximation (GGA) +U framework, we inves-

tigate the effect of C doping on the structural and electronic properties of LiFePO4. The calculated formation energies

indicate that C doped at O sites is energetically favored, and C dopants prefer to occupy O3 sites. The band gap of

the C doped material is much narrow than that of the undoped one, indicating better electronic conductive properties.

To maintain charge balance, the valence of the Fe nearest to C appears as Fe3+, and it will be helpful to the hopping

of electrons.
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1. Introduction

Low cost, nontoxicity, and better thermal stabil-

ity make the olivine LiFePO4 family become one of the

most promising cathode materials for the next gener-

ation of lithium-ion batteries.[1−3] However, LiFePO4

suffers from poor rate capability at high rates due

to low electrical conductivity and poor electrochem-

ical performances at low temperatures. Efforts to in-

crease conductivity of the materials have focused on

doping, [4] coating the particle surface,[5,6] and mini-

mizing the particle size.[7] A remarkable jump in elec-

trical conductivity of LiFePO4 was reported after dop-

ing. Chung et al.[8] suggested that doping with super-

valent ions into Li sites can increase the conductivity

of LiFePO4 by p-type and n-type conductions. More-

over, similar conclusions have been made by studying

metal ions doped at Fe site.[9−11] Unfortunately, in

many cases, doping decreases the electrical conductiv-

ity and does not produce any significant benefit.[12,13]

Thus, it remains unclear how the electrical conduc-

tivity of LiFePO4 can be increased. First-principles

calculations are advantageous in understanding the

electronic structure of the doping LiFePO4. Shi et

al.[14] found that the electronic conduction of LiFePO4

can be significantly improved when a few portion of

Li+ are replaced by Cr3+. Liu et al.[15] have inves-

tigated N doped LiFePO4 using the first-principles

calculations, and found that the valence of Fe near-

est to N appears as Fe3+, which will be favorable for

the hopping of electrons. Coating the surface of the

cathode material with a layer of different substances

is the most successful scheme to enhance electrical

conductivity.[16,17] In our previous work,[6] the effect of

amorphous silicon film on the electrochemical perfor-

mance of LiFePO4@C cells was investigated, and it is

found that the amorphous silicon film on the electrode

surface could remarkably improve the electrochemical

performance at high charge/discharge rate. In some

cases, a combination of surface coating with carbon

and transition metal doping has been attempted.[18]

However, the underlying mechanisms are controver-

sial and reveal a lack of fundamental understanding.

It has been argued that a significant increase of electri-

cal conduction does not result from the carbon coating

but the smaller size of the particle.[19] Delacourt et al.

proposed that the improved conductivity did not rely

on the lattice doping, while being attributed to the

conductive layer on the particle surface consisting of

metal elements, C, Si, O, and P.[20]

Though many interesting experimental results
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have been obtained, the inherent reasons of the en-

hanced electronic properties have not been systemat-

ically clarified. Our study was motivated by the no-

tion that if the surface modification of LiFePO4 is im-

plemented by coating with carbon, the carbon atoms

might be introduced into LiFePO4 to substitute O

atoms. In this paper, we study mainly the electronic

structures of C-doped LiFePO4 by means of the first-

principles calculations. Moreover, their structural sta-

bility and electronic conductivity are discussed.

2. Methods

The calculations are performed using the Vienna

ab initio simulation package (VASP) in the frame-

work of the projector augmented-wave method.[21−23]

The generalized gradient approximation (GGA) is em-

ployed for the exchange correlation potential.[11,24] To

describe the Coulomb interaction among Fe-3d elec-

trons, a Hubbard parameter U is added in the GGA

(GGA+U) using the method of the rotationally in-

variant approach proposed by Liechtenstein et al.[25]

Here, the Coulomb interaction U and exchange inter-

action J are set to be 5.3 eV and 1.0 eV respectively.

Similar values of U and J are found in Ref. [26], where

the self-consistent calculations through the linear re-

gression method were proposed by Cococcioni and de

Gironcoli.[27]

All calculations are performed with a unit cell

that contains four formula units. The convergence

tests of the total energy with respect to the k-points

sampling and cut-off energy have been carefully ex-

amined, which ensures that the total energy is con-

verged to within 10−4 eV per formula unit. The

Monkhorst–Pack scheme[28] 3×5×6 k-point sampling

is used for the integration in the irreducible Brillouin

zone. Energy cut-off for the plane waves is chosen

to be 600 eV. Before the calculation of the electronic

structure, the lattice parameters and the ionic posi-

tions are fully relaxed, and the final forces on all the

relaxed atoms are less than 0.01 eV/Å. In all the calcu-

lations, spin polarizations are considered because the

magnetic atoms play an important role in the elec-

tronic properties. The antiferromagnetic (AFM) or-

dering in all calculations was taken for the magnetic

states of LiFePO4, which has been determined experi-

mentally to be AFM within the approximately simply

square lattices formed by the planes of transitional

metal cations in the olivine structure.[29] The calcula-

tion of the density of states (DOS) is smeared by the

Gaussian smearing method with a smearing width of

0.03 eV.

3. Results and discussion

3.1.The properties of pure LiFePO4

To verify the computational approach, we calcu-

lated the structural parameters of pure LiFePO4. The

calculated results are listed in Table 1. Here, the re-

lated experimental data and the calculated results are

cited. From the table, it is found that the calculated

structural parameters of LiFePO4 are consistent with

the experimental results. Moreover, it could be also

observed that the calculated results of LiFePO4 with

high-spin Fe2+ in GGA are close to those in GGA+U

with deviation lower than 5%. This phenomenon is in

agreement with the result reported by Zhou et al.[31]

Table 1. Lattice parameters of LiFePO4.

LiFePO4 GGA LiFePO4 GGA+U LiFePO4 Other cal. LiFePO4 Exp.a)

a/Å 10.397 10.445 10.487a), 10.45b) 10.332

b/Å 6.042 6.056 5.915a), 6.05b) 6.011

c/Å 4.745 4.754 4.748a), 4.74b) 4.692

V /Å3 298.12 300.81 294.521a), 299.54b) 291.400

Li(4a) (0, 0, 0) (0, 0, 0) (0, 0, 0)a) (0, 0, 0)

Fe(4c) (0.282, 0.25, 0.978) (0.282, 0.25, 0.974) (0.282, 0.25, 0.975)a) (0.280, 0.25, 0.991)

P(4c) (0.096, 0.25, 0.423) (0.095, 0.25, 0.419) (0.095, 0.25, 0.418)a) (0.095, 0.25, 0.420)

O1(4c) (0.096, 0.25, 0.748) (0.097, 0.25, 0.743) (0.097, 0.25, 0.743)a) (0.095, 0.25, 0.751)

O2(4c) (0.458, 0.25, 0.206) (0.457, 0.25, 0.208) (0.457, 0.25, 0.206)a) (0.449, 0.25, 0.209)

O3(8d) (0.168, 0.045, 0.290) (0.166, 0.046, 0.286) (0.166, 0.046, 0.285)a) (0.169, 0.046, 0.280)

The atomic coordinates are given in units of (a, b, c).

a)Ref.[14], b)Ref.[30].
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It has been well known that LiFePO4 has or-

thorhombic structure (space group Pnma), with the

lattice constants of a = 10.332 Å, b = 6.011 Å, and

c = 4.692 Å.[14] The unit cell contains 4 LiFePO4 for-

mulas, including 28 atoms. There are three types of

O atoms in the LiFePO4 crystal, which are labeled as

O1, O2, and O3, respectively, as shown in Fig. 1. P

atom coordinates with O atoms to form PO4 tetra-

hedra, Fe and Li atoms bond with O atoms to form

FeO6 and LiO6 octahedra. The FeO6 octahedra is in-

terconnected via corner sharing along the bc plane,

and having two common edges with the LiO6 octahe-

dra and PO4 tetrahedra, as shown in Fig. 1.

In order to show how the electrons are distributed

in LiFePO4, many groups have reported the electronic

structures of LiFePO4. However, the calculated re-

sults exhibit a dependence on the calculation methods,

especially the band gap, ranging from 0.22 eV (GGA

method)[32] to 3.7 eV (GGA+U method).[26] Figures.

2(a)–2(c) show the total and partial density of states

(DOS) of the perfect LiFePO4, respectively. From

Fig. 2(a), we can see that pure LiFePO4 is a semi-

conductor with energy gap of 0.22 eV according to the

GGA calculation. This is similar to the result reported

previously.[32] However, using GGA+U method, the

calculated band gap of pure LiFePO4 is 3.72 eV, as

shown in Fig. 2(b), which is in good agreement with

the experimental[14] and the calculated results.[26]

b

a

Fig. 1. Schematic drawing of the crystal structure of

LiFePO4.
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Fig. 2. (a) Total DOS of pure LiFePO4 with GGA, (b) total DOS of pure LiFePO4, and (c) projected DOS of pure

LiFePO4 with GGA+U . The Fermi level is set to be zero.
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Figure 2(c) has shown the partial density of states

(PDOS) of pure LiFePO4 obtained using the GGA+U

method. It is obvious that the electronic states near

the Fermi level result mainly (almost all) from the

contributions of Fe-3d and O-2p orbitals. The spin-up

and spin-down parts are significantly split around the

Fermi level of Fe-3d orbital. The spin-up orbital has

been fully occupied. In LiFePO4, for the spin-down

orbital part, just a peak at 0.054 eV below the Fermi

level, the others are empty. Since the Fe site is in

an approximately octahedral environment surrounded

by the neighboring O ions, the 3d states are split into

states of t2g (dxy, dyz and dxz) and eg (dx2−y2 and dz2)

symmetries. In any case, the PDOS results indicate

that Fe ion exhibits +2 valence, which is consistent

with the results of X-ray absorption near-edge struc-

ture (XANES) and Mössbauer spectrum.[33,34]

3.2.Doping effect

The effect of C-doping on the structure of

LiFePO4 was explored. There are three nonequiva-

lent O atoms in LiFePO4. One O atom of a unit cell

of LiFePO4 was substituted with one C atom, and

then the doped structure was fully relaxed. Table 2

summarizes the relaxed parameters and formation en-

ergy for C doped at O sites in LiFePO4. It can be

seen that the crystal with C doped at O3 site has the

lowest formation energy with the value of 1.86 eV.

In the cases of the other two doped models, the for-

mation energies are much higher, indicating that C

dopants prefer to occupy O3 sites. The results above

are consistent with those of N doped at O sites in

LiFePO4.
[15] From Table 2, it can be also seen that

the volumes of the doped materials for three C doped

models are larger than that of the pure LiFePO4. The

increased volumes provide more open Li ions diffu-

sion channels, which would lower the activation en-

ergy during the intercalation and deintercalation of Li

ions. Thus, the electrochemical properties of LiFePO4

will be improved.

Table 2. The relaxed parameters and formation energy for C-doped LiFePO4.

Configurations a/Å b/Å c/Å V/Å3 dFe−C /Å ∆d/% Formation energy/eV

Pure LiFePO4 10.445 6.056 4.754 300.81 – – –

C-doped at the O1 site 10.354 6.052 4.855 304.20 2.030 –8.80% 3.22

C-doped at the O2 site 10.519 6.063 4.777 304.66 2.001 –6.63% 3.09

C-doped at the O3 site 10.412 6.088 4.756 301.43 2.057 –0.82% 1.86

C doping causes the local distortions of the lat-

tice. The distortions of the Fe–O octahedron for three

C doped models are shown in Figs. 3(a)–3(d), respec-

tively. For LiFePO4, the lengths of the Fe–O bonds

for the O1, O2, and O3 sites are 2.226, 2.143, and

2.074 Å, respectively. As O atoms at the O1, O2, and

O3 sites are replaced by C atom, the lengths of the Fe–

C bonds are reduced to 2.030, 2.001, and 2.057 Å, re-

spectively. The decrease percentages are respectively

8.80%, 6.63%, and 0.82%, because the atomic radius of

C is smaller than that of O. The significant distortion

of the Fe–O(C) octahedron causes the expansion and

relative high formation energy. In the case of C doped

at O3 site, compared with the initial Fe–O bond, it is

found that the Fe–C bond is reduced by only 0.017 Å

(from 2.074 Å to 2.057 Å), which means that there

exists little effect on the cell volume. This may be the

main reason why C doped at O3 site has the lowest

formation energy, as seen in Table 2.
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Fig. 3. The distortions of the Fe–O octahedral caused by

C doping. (a) Fe–O octahedral, (b) distortion of the Fe–O

octahedral when O1 site is replaced by C doping, (c) dis-

tortion of the Fe–O octahedral when O2 site is replaced

by C doping, and (d) distortion of the Fe–O octahedral

when O3 site is replaced by C doping.

To further analyze the impact of C doping on the

properties of LiFePO4, we have also calculated the

electronic structures of LiFePO4 with C doping. Fig-
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ures 4–6 show the DOS and PDOS of Li-2s, P-3p, O-

2p, C-2p, and Fe-3d in C doped LiFePO4, respectively.

In Figs. 4–6, the labeled Fe4 is the iron atom nearest

neighbor to the doped C atom, and Fe1 is the iron

atom which does not bond with the doped C atom.

From the figures, it can be found that the gap states

around the Fermi level are mostly attributed to C-2p

and Fe-3d states for C doped LiFePO4, although there

is little contribution of the O-2p state. According to

Figs. 4–6, the band gaps of C doped at O1, O2, and

O3 sites in LiFePO4 are narrower than that of pure

LiFePO4, which suggests that the C-doped materi-

als may exhibit higher electronic conduction than the

pure LiFePO4. A similar conclusion was drawn from

the investigation results of Liu et al.[15] It is found that

the electronic conductivity and the mobility of Li ion

in LiFePO3.75N0.25 were increased.
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Fe4 is the nearest to C, and Fe1 is an Fe not bonded with C.
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The difference of the charge densities for the

doped and undoped crystals is compared in order to

study the effect of C doping on the charge trans-

fer. For the purpose of analyzing the difference

in the charge densities, both LiFePO3.75C0.25 and

pure LiFePO4 are calculated in the same geome-

try with the relaxed LiFePO4 so that the charge

densities can be subtracted point by point. Aydi-

nol et al. firstly proposed such a treatment for a

charge difference plot.[35] Figure 7 shows the positive

0.02 e/Å3 isosurface for the charge-density difference

(∆ρ = ρLiFePO3.75C0.25 − ρLiFePO4). It should be noted

here that the charge-density difference (∆ρ) is the neg-

ative value of electron-density difference (∆e), so that

a positive value of ∆ρ means a depletion of electrons.

The charge density distribution on the Fe–C line for C

doped at O3 site in LiFePO4 is shown in Fig. 8. Here,

the charge density distribution on the Fe–O(O3) line

in pure LiFePO4 is also shown for comparison. It

can be seen from Figs. 7 and 8 that Fe and C are

not completely ionized. The Fe–C bonding is covalent

like. Moreover, it can be found that the Fe ion nearest

to C atom loses more electrons than other Fe atoms.

The positive isosurface shape is the characteristic of a

t2g orbital, which confirms that the valence state of Fe

ion nearest to C atom is changed from Fe2+ (t42g e
2
g)

into Fe3+ (t32g e
2
g). C doping induces Fe3+ states, and

electron hopping can be realized through the [–Fe3+–

C–Fe2+–O–] chain. A small polaron hopping conduct-

ing mechanism in LiFePO4 is generally accepted.[15,38]

Fe3+ site is necessary for the electron polaron hop-

ping. However, for the Fe ions far from the C atom in

b

a

 

Li;
 Fe; P; O; C 

Fig. 7. The positive 0.02 e/Å3 isosurface of the differ-

ence between charge densities between LiFePO3.75C0.25

and pure LiFePO4 (ρLiFePO3.75C0.25 − ρLiFePO4 ). View

along [001], rending using VESTA. [36,37]

LiFePO3.75C0.25 and pure LiFePO4, there exists no

charge transfer. Therefore, all Fe atoms are in a va-

lence state of 2+. Thus, the electron hopping is lim-

ited. Thermal excited electrons are extremely rare due

to the large band gap of 3.72 eV, so pure LiFePO4

shows poor electron conductivity. When C is doped,

Fe3+ is induced and the electron–hole hopping along

the Fe–C–Fe chains may occur. This might lead to

the better electron mobility.
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Fig. 8. Electron density distribution on the Fe–C line for

C doped at O3 site in LiFePO4.

Based on the results and discussion above, the

formation energies of C doped at O sites are energeti-

cally favored, even though C dopants prefer to occupy

O3 sites. Furthermore, the analysis of the atomic and

electronic structures of LiFePO3.75C0.25 suggests that

change of the Fe–O(C) bond causes the increasing of

the volume and the narrowing of the band gap, ac-

cordingly improving the electrochemical performance

of LiFePO4. In other words, doping C at the O site is

an effective way to improve the electrochemical per-

formance of LiFePO4.

4. Conclusions

In conclusion, we have investigated the effects of

C doping on the structural and electronic properties of

LiFePO4. It is found that C doped at O sites is ener-

getically favored, and doped C atom prefers to occupy

O3 sites. A much narrower gap near the Fermi level

is predicted. The Fe–C bonding is covalent like. We

predict that the coexistence of Fe2+ and Fe3+ ions will

benefit the electron conductivity, and doping C at the

O site is an effective way to improve the electrochem-

ical properties of LiFePO4.
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