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We present a first-principles calculation for the structural, magnetic, and electronic properties of LIMBO3
(M = Mn, Fe, Co). Along the [0 0 1] direction, transition metals shows antiferromagnetic coupling in
LiMBO3 of both hexagonal and monoclinic lattices. The calculated magnetic moment of 5up per formula
unit is close to the experimental value. These compounds are semiconductors with band gap of 0.4-2 eV,
and with average intercalation voltages of 2-4.8 V.
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1. Introduction

Along with the demonstration of reversible electrochemical
lithium insertion—extraction for LiFePO4 in 1997 [1], lithium tran-
sition metal phosphate with olivine structure LiMPOs4 (M = Fe,
Mn and Co) have attracted much attention as new cathode mate-
rials of Li-ion batteries [2-4]. In phospho-olivines, the oxygen ions
form strong covalent bond with P°>* to build the PO43~ tetrahe-
dral polyanion. These polyanions enable low transition metal redox
energies through the inductive effect [1,5-9]. On the other hand,
polyanions also bring some inactive mass that impedes both the
specific capacity and the specific energy. Up to now, most of the
studies focus on the effect of the nature of the polyanion utiliz-
ing tetrahedral groups (X04)2~ or (X04)3~ with X = S, P or V
[1-12]. Recently, Li;0-MO-B;03 (M = Mn, Fe, Co) have attracted
some attentions as electrode materials for lithium batteries, and
give a preliminary evaluation of the inductive effect [13,14]. The
structure of LiMBO3 (Fe, Co, Mn, Mg and Zn) is built by MOs trig-
onal bipyramids and BO3 planers to form the three-dimensional
[MBOs3],"~ framework. The electrochemical study shows that only
a small amount of lithium can be deinserted reversibly from the
compounds [15]. From the thermodynamic study performed in the
case of LiFeBOs, the Fe3t/Fe?t reduction couple lies between 3.1
and 2.9 V/Li, demonstrating an important inductive effect of the
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BOs group. Recently, Zhao group have synthesized LiFeBOs; suc-
cessfully by solid state reaction method [14]. Results show that the
initial specific capacity is 125.8 mAh/g under the discharge cur-
rent density of 5 mA/g. When the discharge current density is in-
creased to 50 mA/g, the specific capacity of 88.6 mAh/g can still be
held. The LiMnBO3 has been synthesized and show the initial spe-
cific discharge capacity was 75.5 mAh/g at the current density of
5 mA/g and the mean fade of capacity was 0.09% per cycle except
for the first cycle [16]. The LiMnBO3 has two structures: the mon-
oclinic structure isotypic with LiFeBO3; and the hexagonal structure
isotypic with the hexagonal form of LiCdBO3. For mono-LiMnBO3,
each MnOs bipyramid shares two edges with the adjacent bipyra-
mid to single chains and the planar BO3 groups link three chains
via corner sharing as shown in Fig. 1(a), indicating that Mn and
Li atoms occupy two nearby positions uniformly. For h-LiMnBOs,
each MnOs square pyramid shares two opposite edges of its square
base with two adjacent pyramids and planar BO3 groups link three
chains via corner sharing (shown in Fig. 1(b)). Up to now, the study
about the electronic structure and band gap of lithium metal bo-
rate is scarce. Hence, in this Letter, we investigate the structural,
magnetic, and electronic properties, as well as the average interca-
lation voltage in LiMBO3 (M = Mn, Fe and Co) using first-principles
calculations.

2. Computational details

The calculations are based on density-functional theory with
the general gradient approximation (GGA) using Perdew-Wang
form for the exchange correlation energy [17] as implemented in
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Fig. 1. The three-dimensional framework of LiMnBO3: (a) monoclinic structure; and (b) hexagonal structure.

the Vienna Ab Initio Simulation Package (VASP) [17,18]. The GGA
approximation was adopted and the electron-ion interactions were
described by the PAW pseudopotentials. The wave functions are
expanded in plane waves with an energy cutoff of 500 eV. Bril-
lion zone integration of band structure is performed with 2 x 2 x 5
Monkhorst-Pack mesh for monoclinic structure and 4 x 3 x 2 for
hexagonal structure. The formation energies are well converged
with respect to k-points within 10~3 eV. Fermi level is smeared
by the Gaussian method with a width of 0.1 eV. In order to obtain
the orbital-projected electronic structure information, the Wigner-
Seitz radii of 0.80, 1.00, 0.40 and 1.40 for Li, Mn, B and O ion are
adopted, respectively.

The average Li insertion potential could be obtained through
total energy calculations [19,20]. If AG;, is the Gibbs free energy
for the reaction:

MnBOj3 (cathode) + Li (anode) — LiMnBOs (cathode).
The average insertion voltage is given by

AGr

F
where F is the Faraday constant. Since the effects due to changes
in volume and entropy are negligible, the Gibbs energy difference

V=—

(1)

is approximated by the internal energy difference at 0 K, supplied
by our first-principles total-energy calculations through

AE; = Erimeo; — ELi — EmBo;- (2)

Here the cohesive energy of Li is calculated in its bcc structure,
which corresponds to the structure phase of the Li anode.

3. Results and discussion

All the lattice parameter calculations are performed by the GGA
approximation, which usually leads to lattice parameters in good
agreement with experiment. Since the effect of spin polarization
was found to be essential, non-magnetic (NM), ferromagnetic (FM)
and antiferromagnetic (AFM) arrangement of the transition metal
ions are considered in the calculations. We first consider the pos-
sible magnetic coupling along the c-direction of h-LiMnBOs. The
calculated results (cf. Table 1) indicate that AFM configuration with
spin orientation alternatively changed along c-direction (as shown
in Fig. 2(a)) is energetically favored, in agreement with the exper-
imental result that 1D AFM interactions within the MnO chains
dominate the magnetic coupling above 47 K [21]. The distance of
Mn-Mn along c-direction (3.147 A) is shorter than that of Mn-
Mn in ab-plane, and indicates the strong AFM coupling between
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Table 1
The parameters, energies and volumes of LiMnBOs; with two different structures. Experimental values are given as in Ref. [16].
a(h) b (A) c(A) B v (A%) Eq (eV)
h-LiMnBO3 Expt. 8.1720 3.1473 182.02
NM 7.9766 2.9020 161.27 —42.563
FM 8.2355 3.1499 185.15 —44.752
AFM_c 8.2477 3.1253 183.97 —44.794
AFM_ab 8.3119 3.0355 181.40 —45.022
Mono-LiMnBO3 Expt. 5.1880 8.9520 10.3670 91.75 481.25
NM 5.2702 8.6073 10.2148 90.45 455.86 —42.932
FM 5.2301 8.6253 10.8146 90.33 482.78 —43.844
AFM 5.2102 8.7352 10.8912 90.52 490.72 —44.066
Table 2

The optimized Wyckoff coordinates, parameters and volumes of h-LiMnBOs3 and its delithium phase MnBOs.

LiMnBOs (Calc.)

LiMnBO3 (Expt.*) MnBO3 (Calc.)

a (A) 8.2477 8.1720 8.3101

c (A) 3.1253 3.1473 2.9458

v (A3) 183.97 182.02 172.42

Li (0.0130,0.3008, 0.5124) (0.0191,0.3031, 0.5000) -

Mn (0.3680, 0.3598, 0.0068) (0.3708, 0.3589, 0.0000) (0.3700, 0.3630, —0.0007)
B; (0.3330,0.6667, 0.5170) (0.3333,0.6667, 0.5000) (0.3337,0.6670, 0.5194)
B, (0.0005, 0.0000, 0.0172) (0.0000, 0.0000, 0.0000) (0.0014,0.0013, 0.0186)
B; (0.6665, 0.3334, 0.5149) (0.6667, 0.3333, 0.5000) (0.6654,0.3321, 0.5098)
01 (0.1398,0.5762, 0.5220) (0.1389, 0.5808.0.5000) (0.1454,0.6127,0.5184)
0y (0.1098,0.9168, 0.0144) (0.1162,0.0780, 0.0000) (0.0740, 0.8829, 0.0233)
03 (0.7472,0.2212,0.5186) (0.7505, 0.2227, 0.5000) (0.7247,0.1996, 0.5074)
2 Ref. [13].

Mn-Mn. According to the report by Li et al., the Mn atoms spin
configuration in ab-plane is noncollinear with a mixture of one
FM Mn triangle and two normal 120° AFM Mn triangles (the Mn-
Mn bond length for three different Mns triangles is 4.368 A-B3,
4.643 A-B1 and 5.178 A-B2, respectively) in a magnetic supercell
with 108 atoms [21].

A novel chiral AFM coupling in the ab-plane of h-LiMnBO3; was
reported under a lower temperature (e.g. 28.5 K) through magnetic
neutron diffraction measurement, according to Ref. [21]. Since the
noncollinear ordering calculation takes much computational re-
sources, it is difficult to simulate the chiral AFM ordering in ab-
plane with possible AFM coupling along c-direction (a larger super-
cell is required). Here, we calculated the total energy of h-LiMnBO3
of chiral AFM coupling in ab-plane (as shown in Fig. 2(b)) and FM
coupling along c-direction. It is found to be lower by 0.228 eV
than that of collinear AFM configuration along c-direction. The de-
tailed magnetic order in ab-plane simulated here is a noncollinear
magnetic ground state with a mixture of one FM Mn triangle and
two normal 120° AFM Mn triangles. This clear indicates that the
ground state of the magnetic ordering in ab-plane could be the
experimentally reported chiral AFM coupling.

The spin polarization results of mono-LiMnBO3 system are
also listed in Table 1. It indicates that mono-LiMnBOs3 is also
a compound with AFM structure. To gain further insight into
the possibility of antiferromagnetism, we calculated all the pos-
sible collinear configurations. From theoretical total energies for
all studied spin configurations, we find that the AFM spin con-
figuration along c-direction is the magnetic ground state of mono-
LiMBOs3, as shown in Fig. 2(c). Our calculated results also show
that, as mono-LiMnBO3, LiFeBO3 and LiCoBO3 systems with mon-
oclinic phase have the one dimension antiferromagnetic along c-
direction.

The calculated parameters and volumes with spin polarization
are listed in Table 1. It is clear that the parameters and volume
of the systems are improved when the spin polarization is consid-
ered. In h-LiMnBOj structure, the errors of the calculated volumes
of the unit cell are only 1.7% (FM), 1% (AFM_c) and 0.3% (AFM_ab)

comparing with experimental values, respectively. Meanwhile, the
calculated volumes of the unit cell of mono-LiMnBOs3 structure
increase 0.3% (FM) and 1.9% (AFM). The computed parameters of
spin polarization are also in agreement with experimental values.
Hence, the magnetic interaction is important for the characteristic
of LIMBO3 (M = Mn, Fe, Co). The optimized Wyckoff coordinates of
h-LiMnBO3 as well as that of its delithiated structure listed in Ta-
ble 2 are in good agreement with the experimental values. It is in-
teresting to note that, for hexagonal structure, the lattice parame-
ters and the Mn-0 and P-0 bond lengths of MnBO3 change slightly
with respect to LiMnBOs: lattice parameters change by 2.9% and
4.5%, and the bond lengths of Mn-O and P-O change by 0.5% and
0.6% on the average, respectively. For monoclinic phase, the cal-
culated lattice unit cells have distinctly distorted compared with
experimental results. In addition, our results show that the vol-
ume changes with 4.95% (hexagon) and 5.58% (monoclinic) upon
Li extraction from LiMnBO3 to MnBO3 is small. It is obvious that
the good structure stability of LiMBO3 favors its electrochemical
performance when it is used as cathode material of lithium-ion
battery.

Fig. 3 shows the total density of state of h-LiMnBOs; under dif-
ferent spin polarization. The non-spin configuration shows metal
characteristics since its Fermi level lies within the Mn 3d band.
The spin-polarized h-LiMnBO3 is demonstrated to be semiconduc-
tor. The width of band gap is 146 eV (Fig. 3(a)) for FM spin
configuration, 1.73 eV (Fig. 3(c)) for AFM spin configuration along
c-direction, and 1.90 eV (Fig. 3(b)) for the chiral magnetic ground
state within the ab-plane, respectively. The band gap shown in
Fig. 3(b) is the widest and this magnetic configuration is the most
stable experimentally and theoretically. In Fig. 4, we show the
electron density of states for mono-LiMBO3 (M = Mn, Fe, Co)
with AFM spin structure, which is determined by more accurate
GGA + U method with U = 4. The GGA + U approach usually
improves the treatment of correlation effects in localized orbital
that are formed by the metal 3d orbital and oxygen 2p lagans. In
GGA + U, local atoms like 3d states are projected out and treated
with a Hubbard model. Therefore, this method makes more ap-
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Fig. 2. The magnetic structure of LiMnBOs: (a) AFM arranged Mn along c-direction
in h-LiMnBOs3; (b) the chiral magnetic ordering of Mn in ab-plane of h-LiMnBOs;
(c) AFM arranged Mn along c-direction in mono-LiMnBOs. Here, Mn is denoted by
the silver balls, while By, By, and B3 are shown with green, red, and pink balls. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this Letter.)

plicable to transition metal compound to correct the energies and
to improve the bands and magnetic moments. For example, in the
case of LiFePO4 the calculated band gap from GGA lies the range
0-0.3 eV, but the GGA + U result is about 3.7 eV that is close
to the measured value from diffuse reflectance spectroscopy [22].
From Fig. 4, it can be seen that the band gap lies 0.39-2.0 eV for
mono-LiMBO3 (M = Mn, Fe, Co). Thereinto, the band gap of Co
compound is the smallest and that of Mn compound is the largest

Table 3
The formation enthalpy of Li vacancy in h- and mono-LiMnBOs. Li; and Li, denote
two different lithium ions in the monoclinic structure, which occupy statistically
two close position with the occupancy of 50% for Li; and 50% for Liy, respectively.
Li (h-LiMnBO3)
—1.703

Li; (mono-LiMnBO3)
—1.500

Li; (mono-LiMnBO3)
—1.432

AH (eV)

under the same U value. All these compounds of ground states
show semiconducting, in good agreement with the experimental
result of electronic conductivity measurement [14,16].

The LiMnBOj is formed by the three-dimensional [MBOs3],"~
framework. When Li is de-intercalated from the compound, it will
create a Li vacancy. Due to Li atoms located in different lattice lo-
cations, there is one type of Li vacancy for h-LiMnBO3; and two
types of Li vacancies for mono-LiMnBOs;. Two types of Li atoms
in mono-LiMnBO3 occupy statistically two close positions with the
occupancy of 50% for Liy and 50% for Lip, respectively. The for-
mation enthalpies for different Li vacancies have been computed
(listed in Table 3) by

AH(Livacancy) = E(LiMnBO3) — E(LixMnBO3) — (1 — x)E (Li).

The results demonstrate that the formation enthalpy of Li va-
cancy for h-LiMnBO3 compound is lower than that of mono-
clinic LiMnBO3 compound. Hence, the extraction of lithium in h-
LiMnBO3; compound is easier than that in the monoclinic structure
compound. For mono-LiMnBO3, vacancy formation energies of two
kinds of Li vacancies are different. Vacancy located in Li; can be
formed easier than that of Liy, and the formation energies of two
different vacancies is low and then the extraction of two type’s
lithium ions is also very easy theoretically.

One of the critical properties for a Li intercalation material is
the potential at which Li can be removed and inserted. The the-
oretical average intercalation voltages are also calculated through
Egs. (1) and (2) and total energy for LiMBO3 by GGA + U approx-
imation, as listed in Table 4. The calculated average intercalation
voltage of 4.59 V for h-LiMnBO3 agrees well with that located be-
tween 2 and 4.8 V obtained by experimental measurement [13,16].
The intercalation voltage of monoclinic structure LiMnBOs is 4.65 V
that is close to that of h-LiMnBOs. Therefore, our result suggests
that the difference in symmetry of the two intercalated phases has
little influence on the intercalation voltage. According to the calcu-
lated results, it is clear that in the h-LiMnBOj3 structure, along with
the extraction of lithium the internal relaxation keeps the MnOs
square pyramid perfect and there is a reduction of volume and lat-
tice parameters. When lithium is extracted from the compound,
metal-oxygen bond length will change (listed in Table 5). The av-
erage Mn-O bond length around Mn3* site is decreased to 1.989 A
comparing to 2.132 A surrounding the Mn?" sites. It implies that
there are greater electronic repulsions between Mn and O square
pyramid. Then, the bond length among Mn and O becomes larger
and the total equilibrium volume of the cell increase along with
the insertion of Li by electrostatic repulsion effects. Wolverton et
al. [23] and Aydinol et al. [20] have proposed that not only Co
but also O is oxidized with the removal of Li in LiCoO,. This sug-
gested that the Co ion undergoes a charge transfer: its oxidation
state changes from Co3t in LiCoO, to Co** in CoO,. In the case
of LiFePOg4, the same phenomenon is also observed experimentally
and theoretically [24]. In h-LiMnBO3 compound, along with Li in-
tercalation the net charge of the oxygen ion decreases from 6.572e
to 5.589e. Hence, the net electron transfer induced by the Li inter-
calation is predominantly to oxygen, not to metal.

4. Conclusion

Our calculated results reveal that spin polarization plays an es-
sential role in stabilizing the electronic states of LiIMBO3 (M = Mn,
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Fig. 3. The total density of state of h-LiMnBO3
as (d) non-magnetic.

with Mn atoms arranged by (a) FM; (b) noncollinear chiral AFM in ab-plane; (c) 1D collinear AFM along c-direction; as well
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Fig. 4. The total density states of mono-LiMBO3 (M = Co, Fe, Mn) under GGA + U with U = 4.

Table 4

Calculated average intercalation voltage for h- and mono-LiMBO3 (M = Mn, Fe, Co) by GGA + U, where U = 4.

h-LiMnBO3

Mono-LiMnBO3

Mono-LiFeBO3 Mono-LiCoBO3

Voltage (V) 4.59 4.65

3.82 2.96

Fe, Co). For LiMnBO3 compound, not only hexagonal lattice but
also monoclinic lattice show the AFM coupling along the [0 0 1]
direction when collinear magnetic ordering is considered. The cal-
culated magnetic moment of 5up per formula unit is close to the
experimental value. The calculated total energy of h-LiMnBO3; with
noncollinear chiral AFM coupling in ab-plane and FM coupling

along c-direction is lower than the collinear AFM along c-direction.
This clearly supports the experimental observation of the novel
chiral magnetic ground state in ab-plane under lower ordering
temperature (28.5 K). For Fe and Co compounds, the ground state
of magnetism is one-dimensional AFM along c-direction under the
collinear magnetic ordering simulation. The density of states of
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Table 5
The bonding lengths of Mn-0, B-0, and Li-O in h-LiMnBO3 and MnBO3 structures.
The x2 or x3 expresses that the same length have two or three.

Compounds Mn-0 B-0 Li-0
LiMnBO3 Cal. 2.059, 2.142 x 2, 1.390 x 3 1.950, 1.975,
2.159 x 2 1.983 x 2
Expt. 2.078, 2.154 x 2, 1.381, 1.383, 1.951, 1.972,
2.169 x 2 1379 1.982 x 2
MnBO3 Cal. 1.853, 2.000 x 2, 1.380 x 3

2.046 x 2

these compound with AFM along [0 0 1] direction shows that these
compounds are semiconductors with the band gaps of 0.4-2 eV.
The corresponding calculated voltage of 2-4.8 V is in agreement
with the experimental value.
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