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Abstract
Due to the rapid development of computers and cutting edge research methods, it is now possible
to use a quantum mechanical electronic structure theory of solids to obtain, completely from first
principles, the average voltage of a battery based on intercalation reaction energetics. The results
of ab initio calculations by means of the full potential linearized augmented plane wave
(FP-LAPW) method, using the computer code WIEN2k, for spin-polarized mixtures of
Li,Co,Mny4_,Og (x=0, 1, 2, 3 and 4), treating exchange and correlation effects within the
generalized gradient approximation (GGA), are presented. The calculated average battery
voltage for Li,CoMn3Og cathode material is around 5 volts. The ab initio calculation result for a
5V average battery voltage perfectly describes recently experimentally-synthesized
LiCop sMn, 504 battery cathode material, which showed a discharge plateau starting at around
5 V. The calculated average battery voltages for other x values in the mixture Li,Co,Mny_,Og

doi:10.1088/0031-8949/90/9/094012

(x=0, 2,3 and 4) (3.95V;4.47V; 419V and 3.99 V) are considerably below 5 V.
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Introduction

After the discovery by Mizushima et al [1] that Li ions can be
removed and re-intercalated in LiCoO,, a considerable
amount of research has been carried out on this material,
motivated by its application as an intercalation electrode in
rechargeable Li-ion batteries [2, 3]. Used in rechargeable
systems, cells constructed from easily oxidized, lightweight
lithium typically operate at higher voltages and provide more
electricity than non-lithium batteries of equal size and weight.
These features stem from lithium’s properties; for example,
lithium’s low density and high standard reduction potential.

The predictive power of ab initio quantum electronic
structure simulations due to the improved performance of
computers, as well as the development of advanced compu-
tational methods, allows for the design on paper of new
materials for high technology applications. A good example is
the eighteen-year-old prediction from first principles of the
average battery voltage for a series of cathode materials by
Ceder et al and other groups [2-7]. According to their cal-
culations, the currently available lithium batteries are
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operating mainly in the 4 V regime. For example, the average
voltage for LiCoO,, calculated by Ceder et al [2-4], is 3.75V
and, as is well known, the layered LiCoO, battery has been
the most widely used commercial lithium ion battery in the
world since the commercialization of the lithium ion battery
in 1990, due to its reasonably high capacity, long cycle life,
and good processibility. The batteries for which the voltage
was calculated theoretically by Ceder et al [2-4] operate
mostly in the 4V regime. For example, the average inter-
calation voltage for Li in various LiMO, compounds in the
a-NaFeO, structure, as calculated with the pseudopotential
method by Ceder and his co-workers, are the following:
LiTiO, (2.14 V); LiVO, (2.81 V); LiMnO, (3.13 V); LiCoO,
(3.75V); LiNiO, (2.92V); LiCuO, (3.66V); LiZnO,
(4.41 V); LIAIO, (4.7 V) [2-4].

Two ways of improving the battery are frequently dis-
cussed; either the discharge capacity of the cathode could be
increased or the working potential of the cathode materials
could be increased [8]. It is well known that in the spinel
LiMn,0, structure the maximum theoretical discharge capa-
city is 148 mAh g™' and, experimentally, its initial discharge
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Figure 1. Sketch of a rechargeable Li ion battery. When the battery
discharges Li is intercalated into the cathode compound. Upon
charging the Li ions are removed from the cathode.

capacity in the 4 V range is about 130 mAh g™, with a large
capacity fading upon cycling [9-11]. In 1998 Kawai et al
[12, 13] launched the first single-cell lithium battery system to
operate over 5V for a significant period of discharge, by
incorporating a novel cathode material, Li,CoMn30g. The
battery discharge performance was limited to ca. 40 mAh g~
at 5V [12, 13], but nevertheless this opens up the possibilities
for developing practical 5 V Li ion batteries. Recently, it has
been reported, independently by several groups, that the high
voltage spinel oxides with the composition LiMn, M,O4
(M=Ni, Cr, Co, Cu, or any other transition metal element)
have outstanding properties, such as, for example, high
potential, high energy density, and high rate capability [14—
16]. Recently, in 2007, Yoon et al [14] synthesized the
LiMgy sMn; sO4 (M=Ni, Co, Cr) cathode materials by the
solid state route. The authors found that these cathode
materials showed a discharge plateau starting at around 5
volt [14].

Calculation of the battery’s average voltage

As was discovered eighteen years ago by Ceder and his co-
workers [4], the open cell voltage (OCV) for a Li ion battery
(see figure 1) is proportional to the chemical potential dif-
ference for Li in the anode and in the cathode (with compo-
sition, for example, LiM,0,),
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where F is the Faraday constant, in my case M =Mn or Co,
and z is the charge associated with Li displacement from the
electrode (for Li, z=1). Although the methodology for
calculating /JLCiathOde (x) exists [17, 18], its computation is
time consuming. Therefore, rather than calculate the OCV as
a function of x, the average OCV was determined over a full
charge/discharge cycle simply by integrating equation (1)
between compositions M,O, and LiM,QO,, and the classical

Nernst equation for the average OCV was obtained [4];
—AG,

Ve — @)
(x2 = x)F
where AG, is the Gibbs free energy. The well known

expression for the Gibbs free energy is the following:

AG, = AE, + PAV, — TAS, 3)

where AG, is the change in the Gibbs free energy, AE, is the
change in internal energy, P is the pressure, AV, is the volume
change, T is the temperature, and, finally, AS, is the entropy
change.

Here the term PAV, is of the order of 107> electron volts.
In contrast AE, is of the order of 3-4eV per molecule.
Finally, the term TAS, is of the order of the thermal energy
which is also much smaller than AE,. So, it was possible to
conclude that the changes in the Gibbs free energy are
approximately equal to the changes in internal energy.

AG, ~ AE,. @)

Consequently, in the case under study, AG, is the Gibbs
free energy for the following reaction:

M;Q4(cathode) + Li(anode) — LiM;0Oy4 (cathode). (5)

The average battery voltage was calculated using as a
battery cathode material, the solid solution Li,Co,Mn,_,Og
(x=0, 1, 2, 3, 4). The average battery voltage for different
cases (x=0, 1, 2, 3, 4) was calculated as the total energy
changes in the following reactions. For example, the case with
(x=0) corresponds to the total energy difference in
equation (6):

Mn,04 + Li —» LiMn,0Oy. (6)

The average battery voltage for (x=1, 2, 3 and 4) con-
centrations at the solid solution Li,Co,Mny_,Og can be cal-
culated from the general equation (7) as the difference
between the calculated total energies using the WIEN2k
computer code,

LiCo,Mny4_,0Og + Li —» Li,Co,Mny_,0Og. @)

Calculation details

Ab initio calculations in the framework of the current paper,
for the battery cathode materials, have been performed in the
LiMn,0Oy spinel structure (space-group: Fd — 3m), consisting
of a cubic close-packed (ccp) array of oxygen ions, which
occupy the 32e position. Mn ions are located in the 16d site,
and Li ions in the 8a site. The Mn ions have an octahedral
coordination to the oxygens, and the MnOg octahedra share
edges in a three-dimensional host for the Li guest ions (see
figure 2). The 8a tetrahedral site is located furthest away from
the 16d site of all the interstitial tetrahedra (8a, 8b and 48f)
and octahedra (16c). Each of the 8a tetrahedron faces is
shared with an adjacent, vacant 16¢ site. Such a combination
of structural features in the cubic stoichiometric spinel com-
pound constitutes a very stable structure. For example, the
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Figure 2. Part of the cubic spinel Fd—3m unit cell of LiMn,Oy4
showing the local structure around. Octahedrally coordinated
manganese in an ideal spinel lattice. Mn-O bonds are represented by
heavy solid lines; linear chains of manganese ions in neighbouring
edge-sharing octahedra are indicated by dashed lines.

current ab initio calculations for ideal Li,Mn,Og with a cubic
lattice, with symmetry group Fd — 3m (number 227, spinel-
type) were performed using the primitive cell containing 14
atoms and the smallest possible lattice extension (1 x1x1).
The calculations for solid solution Li,Co,Mn,_,Og with dif-
ferent x (x=1, 2, 3, 4) were performed using the same sized
primitive cell containing 14 atoms, and replacing conse-
quently four Mn atoms by 1, 2, 3 or 4 Co atoms.

All numerical ab initio calculations were performed by
means of the full potential linearized augmented plane wave
(FPLAPW) computer code, WIEN2k [19], for spin polarized
mixtures of Li,Mn4Og and Li,Co40g, including exchange and
correlation effects within the generalized gradient approx-
imation (GGA). All ab initio calculations for battery cathode
materials were spin polarized. Brillouin zone integration over
125 k points and muffin tin radius of 1.9 a.u. for Mn and Co
atoms and 1.7au. for Li and O atoms, respectively,
were used.

Main calculation results

Using the total energy results calculated using the WIEN2k
computer code, the crystal lattice constant a for the ideal
Li,Mn4Og was found to be 15.51 a.u., which is in excellent
agreement with the experimental data of 15.57 a.u. [20].
According to the current calculations for the hypothetical
ideal Li,Co,4Og spinel a theoretical lattice constant a is equal
to 15.22 a.u., which is in quite good agreement with the
experimental data of 15.10-15.12a.u. for the matrix
Li;_,Co,0,4_s investigated experimentally in [21]. The spinel
structure was assumed also for the solid mixture
Li;Co,Mny4_,Og. For example, in the case with x=1, for
Li,CoMn;0g by means of the Vegard law, the lattice con-
stant a=15.44 a. u. was found for this solid solution con-
centration. The calculated internal parameter u for the perfect
Li;Mn4Og crystal is 0.388, which also is in outstanding
agreement with the experimental value of #=0.390 [20]. And
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Figure 3. By means of the WIEN2k computer code, average battery
voltages were calculated, using as a battery cathode material the
solid solution Li,Co,Mny4_,Og for five different x concentrations
x=0,1,2,3,4).

finally, the internal parameter u for the hypothetical Li,Co4Og
was predicted to be 0.389. As we can see from these results,
there is practically no variation in the internal parameter u in
the Mn-Co series.

The calculated average battery voltages for the solid
solution Li,Co,Mn,_,Og are plotted in figure 3. They are
calculated using equations (6)—(8). For example, the average
battery voltage for the case with (x=1), which corresponds to
Li,CoMn;0g, was calculated as the total energy difference in
the reaction

Li;CoMn3;0g + Li — Li;CoMn30Os. (¥

The total energies for the systems Li,CoMn;Og and
Li;CoMn;0g, as well as for the single Li atom, were calcu-
lated using the WIEN2k computer code. Since the supercell
extension in the present WIEN2k calculations was (1 x 1 x 1),
of course it was impossible to include any lattice relaxation
around the Li vacancy in the Li;CoMn3Og system. In order to
be sure that the calculated average battery voltage for the
Li,CoMn;0g cathode material is stable against interchange
of the positions of Mn and Co atoms and also the position of
the Li vacancy in this structure, all eight (4 x2) possible
geometrical configurations were calculated. The calculated
average battery voltage using equation (8) for all eight con-
figurations is in the range 4.90 V to 5.05V, in other words,
around 5 volts. The calculated average battery voltage for
another x concentrations in the solid solution Li,Co,Mny,_,Og
is considerably below 5V (see figure 3). For example, the
calculated average battery cathode voltage for the
Li,Co,Mn,0Og is equal to 4.47V. The calculated average
battery cathode voltage for the Li,Co;MnOg is equal to
4.19 V. Finally, by means of the WIEN2k code, the calculated
average battery cathode voltages for the end compounds with
(x=0 and x=4) is equal to 3.95 and 3.99 volts, respectively
(see figure 3).
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Conclusions

Due to the rapid development of computers and cutting edge
research methods, it is now possible to use a quantum
mechanical electronic structure theory of solids to obtain,
completely from first principles, the average voltage of a
battery based on intercalation reaction energetics. Current
commercially-available lithium ion batteries operate mostly in
the 4 volt regime, and Ceder and his co-workers theoretically
calculated [2-4] the average intercalation voltage for Li in
LiCoO, compounds in the a-NaFeO, structure to be 3.75
volts, very close to this commercial voltage. Based on the
current calculation results for the solid solution
Li,Co,Mn,_,Og as the battery cathode material, it was shown
that for the case with x=1, the Li;,CoMn3;0g battery cathode
material can lead to a lithium ion battery operating at 5 volt
regime. The calculated average battery voltages for another x
concentrations (x=0, 2, 3 and 4) are equal to (3.95V; 447V,
4.19V and 3.99 V) which is considerably below 5 volts.

Over recent years, indeed, such 5 volt batteries have also
been designed experimentally by several groups around the
globe. For example, Kawai et al [12, 13] reported the first
single-cell lithium ion battery system to operate over 5 volts
for a significant period of discharge, by incorporating a new
battery cathode material, Li,CoMn3Og. This result was
independently confirmed by Yoon et al [14], who synthesized
the LiMy sMn; sO4 (M =Ni, Co, Cr) cathode materials by the
solid state route. The authors found that these cathode
materials showed a discharge plateau starting at around 5
volts [14, 16], and operate for a significant period of dis-
charge at the 4.7 volt regime. The latest experimental results
dealing with potential 5 volt battery cathode materials are
published in [22-24]. The most recent experimental work
performed recently by Hu et al [22-24] reports progress in
high-voltage lithium ion batteries, and gives additional
experimental support to 5 volt lithium ion batteries. The
experimental results reported by Hu et al [22-24] are in
general agreement with ab initio calculations performed in
this paper. For example, Hu et al [22] experimentally pre-
pared porous hollow LiCoMnO, microspheres combining
porous structures in the surface and hollow structures inward,
and used them as cathode materials for 5 volt lithium ion
batteries, which exhibited good cyclic stability and rate
capability.
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