Journal of Ceramic Processing Research. Vol. 7, No. 3, pp. 271~274 (2006)

Ceramic
Processing Research

The electronic structure of LiFe,5;sMg;/,sPOy4: Ab initio approach
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Using the density functional theory based projector-augmented wave method, the electronic structure and electron conducting
properties were quantitatively investigated for LiFePO, and LiFe;s,,Mg;1cPO,. Doping by the Mg atoms into the Fe sites of
the LiFePO, turned out to enhance the electron localization at the Fe sites, and consequently, the frequency of small polaron
hopping was increased, while the band gap remained unchanged. Additionally, the energy barrier for diffusion of Li ions was
calculated to be 0.279 eV and the corresponding diffusion coefficient was 4.5x10™° em?/s for LiFes;sMg;,cPO;.
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Introduction These previous studies give rough an approximate
picture of the relation between the alien element dop-
The performance of lithium ion batteries for appli- ing and the increment of conductivity. However, the
cation in portable electronic devices is generally known atomistic behavior and electronic structure of the
to be largely affected by atomistic behavior and the LiFePO, system together with the doping process still
electronic structure of cathode materials [1-3]. Due to need to be quantitatively investigated for further impro-
the non-toxicity, abundance, high specific capacity, and vement. In this study, using a projector-augmented wave
excellent capacity retention, LiFePO, is a promising method based on a density functional theory, structural
candidate as a new cathode material in rechargeable properties including the lattice parameters and dis-
lithium batteries. However, the extremely low electronic placement of constituent atoms, and the electronic
conductivity of ~107 Q'ecm™ at room temperature is densities of states and different charge densities were
considered to be a major barrier which need to be quantitatively analyzed. Also, the activation energy
overcome for an application as a cathode material [4, barrier for Li* ion diffusion and corresponding diffu-
5] sion coefficient, D were calculated.
Bewlay et al. reported an increment of conductivity,
up to seven orders of magnitude by adding a carbon Calculation Methods
source into LiFePO, raw materials [6]. It was also
reported that solid-solution doping with a metallic Using the Vienna ab initio simulation program (VASP),
element with supervalency such as Nb’*, Ti*", Zr*', [12] a ab initio density functional calculation was per-
A" and Mg”" at Li sites significantly increased the formed in a projector augmented wave (PAW) method
electronic conductivity by a factor of ~10% [7]. Another [10] with the generalized gradient approximation
related study demonstrated that the doping with higher (GGA+U) [11]. The GGA+U was chosen to remove
valency or bivalent cations could increase the elec- the false self-interaction in the calculation step for
tronic conductivity of cathode materials. [8] Recently, transition metal oxides in GGA [13]. An U-J value of

Wang et al. found, experimentally, that the Li battery 4.3 eV in the GGA+U scheme was chosen for the
system with LiFePO, doped with a bivalent cation at extended super cell of 112 atoms of 4 orthombic LiFePO,

Fe-sites showed considerably improved performance units. A plane wave basis was expanded up to the
[9]. And the improvement of the corresponding perfor- energy cut off of 500 eV and k-points in the Brillouin
mance by Fe-site doping could be reasonably explained zone were set to follow 4x4x4 Gamma Monkhorst
by the electronic conductivity enhancement (from ~10~ pack grids. All the atomic positions, the lattice para-
Q'em™ to ~107 Q7 'em™). meters, and the cell volume were fully relaxed until the
remaining interatomic forces became in the range of
*Corresponding author: 001 eV{A-' : :
Tol : +8p2_2_225=20_050§ The L1 ion diffusion constant can be 'calcglated from
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Diffusion of Li ions through one-dimensional channels
was considered in the 4 formula units with 15 Li ions
and 1 Li vacant site. The total energy was calculated
from the potential energy map corresponding to the
movement of a Li atom from the lattice site to the
adjacent vacant site. [15, 16] The diffusion constant is
well known to take the simple relation D = I'0i?, where
I' is the hopping frequency between two adjacent sites
and o is the corresponding interatomic distance. The
hopping frequency I’ is represented by the relation of I'
= vy exp (—FE./ksT), where i, is the attempt frequency
and E, is the activation energy barrier [17].

Result and Discussion

Figure 1 shows the crystalline structure of LiFePO,
in the 1x2x2 extended super cell. One formula cell is
composed of four sets of three cation-centered poly-
hedrons; a PO, tetrahedron, a FeO4 octahedron, and a
LiOg octahedron. The oxygen ions of the FeOs octa-
hedron formed a layer of edge-sharing through the b-c
plane. In this structure, the electron could be trans-
ferred along one layer but not through the interlayer,
since each layer is separated by a PO, tetrahedron
layer. The calculated theoretical lattice parameters and
atomic positions of LiFePO, are summarized and com-
pared with the experimental values in Table 1 [18]. All
of the calculated lattice parameters are within the range
of 1% compared to the experimental data and the
calculated atomic positions are also in excellent agree-
ment with the experimental observations, which can
reasonably represent the accuracy of our calculations.
The calculated values of LiFe;s;sMg;14PO,4 are also
listed in Table 1. It can be clearly seen that the lattice
parameters of Mg-doped LiFePO, and pure LiFePO,
are very similar.

Since the charge/discharge cycle of a Li ion battery is
mainly dominated by Li ion diffusion and electron
transfer through the cathode material, both electronic
and ionic conduction should be considered to maintain
the charge neutrality during Li ion cycling. For the case
of electronic conduction two feasible conducting
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Fig. 1. Crystal Structure of The LiFePO, system formed from
1x2x2 super cells.

mechanisms could be considered: conventional electron
conduction by the excitation of the electron through the
narrow band gap, and a small polaron hopping process
of electron. The spin-polarized density of states of
LlFePO4 and LiFe15/16Mg1/16PO4 using the GGA+U
scheme was calculated and shown in Fig. 2, from
which the magnitude of the bandgap could be quan-
titatively obtained. The LiFePO, turned out to be a
semiconductor with a large band gap 3.317 eV and
LiFe;s16Mg116PO,4 had a slightly smaller band gap of
3.305 eV compared to pure LiFePO,. It can be reason-
ably concluded that the bandgap conduction could not
be a major mechanism, and also the doping with Mg
cannot significantly change the value of the bandgap
energy.

In an attempt to obtain a clear picture of the electron
behavior, the difference in electron density between
LiFePO, and FePO, planes with a maximum number
of Fe atoms was calculated to observe the electron
transfer between Fe sites during the Li intercalation
process (Fig. 3). The electron density of the FePO,
system was obtained using the lattice parameters and

Table 1. Experimental and calculated structural parameters of LiFePO, and LiFe;s/;6Mg1/16PO4

LlFePO4 (EXp) LlFePO4 (Cal) LiFel5/16Mg1/16P04 (Cal)

a(A) b(A) c(d) a(d) b(A) c(4) a(d) b (A) c(d)
10.320 6.007 4.691 10.429 6.074 4.755 10.422 6.061 4.754

X y zZ X y z X y z

Li 0 0 0 0 0 0 0 0 0
Fe 0.282 1/4 0.972 0.281 1/4 0.976 0.281 1/4 0.976
P 0.095 1/4 0.418 0.095 1/4 0.420 0.095 1/4 0.420
0O, 0.095 1/4 0.740 0.096 1/4 0.744 0.096 1/4 0.744
(0)) 0.454 1/4 0.206 0.457 1/4 0.206 0.457 1/4 0.207
0O; 0.162 0.052 0.286 0.166 0.046 0.287 0.164 0.047 0.287

Atomic coordinates X, y, and z are given in units of a, b, and c.
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Fig. 2. Density of States of LiFePO,4 and LiFe;ssMg;,1cPO4 near
the Fermi level.
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Fig. 3. Difference charge density contour plot for Li intercalation
in (a) LiFePO,, and (b) LiFes1sMg;,1sPO4. The planes illustrated
correspond to the plane A of Fig. 1. An accumulated region and a
depletion region of charge density are demonstrated by solid and
dotted lines, respectively. The contour lines are separated by a
spacing of 17.39 Bohr™ for (a), and 16.10 Bohr™ for (b).

atomic coordination of the LiFePO, system in order to
normalize the difference of electron density. The calcu-
lated contour plots of the different densities showed
significant change of electron density near Fe atoms
during the Li intercalation process. The electrons
accumulated around Fe sites by the Li intercalation,
which is accompanied by the transformation of Fe
atoms from the Fe’(ty,’ e,) into the Fe*' (' e,°). It
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Table 2. Calculated activation barriers and diffusion constants
for Li diffusion

Material E, (meV) D (cm?/s)*
LiFePO, 290.1 3.1x107°
LiFelS/léMg1/16PO4 279.0 4.5%1 079

*D is calculated using D = 0?vy exp (—E,/ksT) with vy = 102 Hz
(s™), ks = 1.380622x107' erg/K

could be reasonably assumed that LiFePO, containing
mixed-valent Fe?"/Fe’* may exhibit electron transport
associated with small polaron hopping as in other
transition metal oxides [19, 20]. Moreover, it can be
seen that the electron accumulation increased and the
electron depletion at Fe sites decreased by Mg doping:
from (-39.23~117.28) Bohr™ to (-23.38~121.51) Bohr™.
This means that the Mg doping could enhance the
electron concentration near Fe sites. Consequently, the
degree of electron transport by small polaron hopping
could be increased by Mg doping.

Additionally, the activation barriers and Li diffusion
constants for pure LiFePO, and LiFe;s4Mgi/16PO;4
were calculated and are listed in Table 2. The diffusion
constants D were obtained from the -calculated
activation energy barriers with a the hopping distance
of 3 A, with the phonon frequency assumed to be v, =
10'2 Hz, and Boltzmann constant kg = 1.380622x107%
J/K. The activation energy barrier of 290.1 eV for
LiFe;s16Mg116PO;s was noticeably smaller than the
corresponding value for LiFePO,4 of 279.0 eV. Conse-
quently, the diffusion constant was increased to 4.5x
10~ cm?/s for LiFe;s;eMg,/16PO, from 3.1x107° cm?/s
for LiFePO,, which could clearly demonstrated that the
Mg doping enhanced the Li ion diffusion in the
LiFePO, system. It is worth mentioning that the
estimated diffusion constants of the LiFePO, system in
this study is in the range of the same order of magni-
tude that has been experimentally found for LiCoO, of
1073~1077 cm?/s [21].

Conclusions

An ab-initio calculation was performed to investigate
the electronic structure and electron conducting proper-
ties of L]FePO4 and LiFels/IGMg1/16P04. The calculated
bandgap energy of LiFe;s;sMgi,1sPO4 was slightly de-
creased to 3.305 eV compared to 3.317 eV for pure
LiFePO,. Thus, the bandgap conduction through such a
large bandgap could not be a major transport mech-
anism and also the doping with Mg cannot significantly
change the degree of electronic conduction via the
badngap. A charge density calculation showed the
locally accumulated electrons near the Fe sites during
the Li intercalation process, which resulted in the
formation of mixed-valent Fe*/Fe*", could be indirect
evidence for a small polaron hopping mechanism.
Moreover, it can be seen that, by Mg doping, the
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electron accumulation near Fe sites increased and by
contrast the electron depletion was decreased. Con-
sequently, it can be reasonably concluded that Mg
doping at Fe sites could increase the electron transport
by the small polaron hopping in LiFePO, system which
could result in an increment of electronic conductivity.
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