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Ultrahigh energy density Li-ion batteries based on cathodes of 1D metals
with –Li–N–B–N– repeating units in α-LixBN2 (1 ≤ x ≤ 3)
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Ultrahigh energy density batteries based on α-LixBN2 (1 ≤ x ≤ 3) positive electrode materials
are predicted using density functional theory calculations. The utilization of the reversible LiBN2
+ 2 Li+ + 2 e− ⇀↽ Li3BN2 electrochemical cell reaction leads to a voltage of 3.62 V (vs Li/Li+),
theoretical energy densities of 3251 Wh/kg and 5927 Wh/l, with capacities of 899 mAh/g and
1638 mAh/cm3, while the cell volume of α-Li3BN2 shrinks only 2.8% per two-electron transfer
on charge. These values are far superior to the best existing or theoretically designed intercalation
or conversion-based positive electrode materials. For comparison, the theoretical energy density of
a Li–O2/peroxide battery is 3450 Wh/kg (including the weight of O2), that of a Li–S battery is
2600 Wh/kg, that of Li3Cr(BO3)(PO4) (one of the best designer intercalation materials) is
1700 Wh/kg, while already commercialized LiCoO2 allows for 568 Wh/kg. α-Li3BN2 is also known
as a good Li-ion conductor with experimentally observed 3 mS/cm ionic conductivity and 78 kJ/mol
(≈0.8 eV) activation energy of conduction. The attractive features of α-LixBN2 (1 ≤ x ≤ 3) are
based on a crystal lattice of 1D conjugated polymers with –Li–N–B–N– repeating units. When some
of the Li is deintercalated from α-Li3BN2 the crystal becomes a metallic electron conductor, based
on the underlying 1D conjugated π electron system. Thus, α-LixBN2 (1 ≤ x ≤ 3) represents a new
type of 1D conjugated polymers with significant potential for energy storage and other applications.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891868]

I. INTRODUCTION

There is a quest for materials that would allow for stor-
ing large amounts of energy per unit weight and volume and
can be utilized as electroactive species in electrochemical en-
ergy storage devices. These materials typically serve as part
of the positive electrode of batteries while negative electrodes
may be composed of bulk metals, such as Li, Na, Mg, Al,
etc., or as electrically and ionically conductive composite
materials containing these metals. The driving force of the
discharge process in batteries is the chemical potential differ-
ence of electrons and mobile cations in the positive and neg-
ative electrodes manifesting as voltage between the current
collectors. Main stream battery research focuses on improv-
ing Li-ion batteries that are based on positive electrode mate-
rials capable of intercalating/deintercalating Li+ ions during
the charge/discharge processes. The most promising Li+ ion
intercalating materials involve layered oxides LiMO2, spinels
LiM2O4, polyanionic compounds such as olivine compounds
LiMPO4, silicate compounds Li2MSiO4, tavorites LiMPO4F,
and borates LiMBO3, where M denotes a transition metal
atom, usually Co, Mn, Fe, Cr, V, Ni, and Ti, sometimes M=Al
may also occur.1, 2 There are also conversion based cell reac-
tions when the mobile cation does not intercalate into a host
crystal but forms separate crystals with anions taken out from
the host material. Examples of conversion-based batteries in-
clude the reactions of Li with S,3 (CF)x,4 and FeF3.5 Rep-
resentative theoretical gravimetric energy densities of these
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batteries are 2600 Wh/kg for Li–S,3 1950 Wh/kg for Li–
FeF3,5 1700 Wh/kg for Li3Cr(BO3)(PO4),6 and 568 Wh/kg
for LiCoO2.7 In practice, these values are far smaller due to
additional materials that are needed for practical implemen-
tations of the corresponding electrochemistries. For exam-
ple, best realized Li–S batteries allow for 300-500 Wh/kg3

which is still significantly better than that of commercially
available batteries (130–200 Wh/kg, based on LiMO2). For
intercalation-based cathode materials there is typically a fac-
tor of 3–4 difference between the theoretical and practical
energy density values. Research is also conducted on metal-
air type batteries that have extremely large theoretical energy
densities. A rechargeable Li–O2/peroxide battery has a theo-
retical energy density of 11 kWh/kg when O2 is taken from
air, or 3450 Wh/kg when O2 is carried within the battery.8

However, the realization of rechargeable metal-air batteries
appears the most difficult endeavor among all battery devel-
opment directions.8, 9

As the ideal electrode material is both a good electron
and ion conductor, electrically conducting quasi 1D polymers
have also been subject of battery research.10 These polymers
are based on conjugated π -electron systems, such as poly-
acetylene, polyaniline, polypyrrole, polythiophene, etc. Per-
haps, the best performing polymer of this kind is polyani-
line. Polyaniline cathodes and lithium anodes can achieve a
theoretical energy density of 340 Wh/kg (in reference to the
weight of the electroactive materials) at a voltage of 3.65 V10

using LiClO4 electrolyte where the ClO−
4 ions play the role

of dopant of the conductive polymer in the charged state of
a supercapacitor type device whereby the polymer carries
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positive charges. Poly(sulfur nitride) (also called polythiazyl),
the first known example of a polymeric conductor that is
also superconductor below 0.3 K, has also been tested in
battery applications, achieving 90 Wh/kg theoretical energy
density.11 However, due to its explosivity when heated to
240 ◦C, or due to mechanical impact or electrical ark12 its
application is rendered unsafe in batteries. Conjugated 1D
polymers occur in many other materials, especially in coor-
dination polymers, such as CuCN, AgCN, AuCN, or ternary
acetylides.13, 14

α-Li3BN2 (space group P42/mnm15), a derivative of
hexagonal boron nitride (h-BN) that forms when reacting h-
BN with molten Li3N,16–18 provides an interesting example of
1D conjugated polymers with –Li–N–B–N– repeating units.
The –N–B–N– part of the –Li–N–B–N– repeating unit is the
dinitridoborate anion, BN3−

2 , thus each repeating unit –Li–N–
B–N– carries two negative charge. The two negative charge
of the –Li–N–B–N– repeating unit is counterbalanced by two
Li+ ions per formula unit, located between sheets of the poly-
meric strands as shown in Fig. 1(a). This layered structure

FIG. 1. The structure of α-Li3BN2 (panel (a)) and that of the predicted
derivative α-BN2 compound (panel (b)), in 3 × 3 × 3 supercells. Color code:
N – blue, Li – violet, B – magenta. Linear polymers with –Li–N–B–N– re-
peating units are present in α-Li3BN2, where they form layers. Between the
layers, additional Li ions take place tetrahedrally coordinating to nearest N
atoms. These latter Li ions are predicted to be deintercalatable without the
collapse of the rest of the crystal. When all Li-s are deintercalated, structures
like α-BN2 may form.

strongly resembles to that seen, for example, in layered oxide
materials used in Li ion batteries.

In each polymer-containing layer, the polymer strands
are running parallel with half the length of the repeating unit
shifted relative to the neighboring strand so that each B atom
will have a Li neighbor in the neighboring strand. Nearest
neighbor polymer-containing layers are rotated by 90◦ rela-
tive to each other and are placed such that in the direction
perpendicular to the layers each B atom will have a Li neigh-
bor again. As a result, in α-Li3BN2 each B atom is octa-
hedrally coordinated to neighboring Li atoms of polymeric
strands, and vice versa for the Li-atoms in the polymers.
The distance between Li atoms and their nearest N neigh-
bors is 1.95 Å in the polymers, which counts as a strong
coordinative Li-N bond. The Li atoms between the polymer-
containing layers are coordinated tetrahedrally to four nearest
N atoms of polymers at a distance of 2.12 Å. α-Li3BN2 con-
tains one two-coordinated Li atom (in the polymer) and two
four-coordinated Li atoms (between the polymeric layers) per
formula unit. These Li atoms will be referred to as Li(2N) and
Li(4N), respectively, in the following.

There are two other known phases of Li3BN2 besides the
α one. In the closely related other phase with space group
I41/amd,16, 19 the polymer strands are running parallel in the
layers without any relative shift, so B atoms have B neigh-
bors in neighboring strands (and vice versa for Li). In the
neighboring layers, B atoms have one B and one Li neigh-
bor. This results in an asymmetric force-field and bends the
polymer strands by 7◦–8◦ at each B atom and by 16◦ at each
Li(2N) atom. The third known phase of Li3BN2 is the mon-
oclinic one20 (space group P21/c, also called the beta phase),
this phase does not contain linear chains of –Li–N–B–N– re-
peating units, all Li-s are of Li(4N) type.

The Li-ion conductivities of the α, I41/amd, and mon-
oclinic phases have been measured at T = 400 K tempera-
ture, nearly 30 years ago, and have been found to be 3, 6, and
6 mS/cm with activation energies of 78, 64, and 64 kJ/mol,
respectively.16, 20, 21 These Li ion conductivities count as good
and are comparable to that of other Li-ion battery interca-
lation cathode materials. For example, LiCoO2 has Li-ion
conduction and intercalation/deintercalation activation ener-
gies of 37–69 kJ/mol.22 Despite the analogies of the struc-
ture of Li3BN2 with known Li-ion battery cathode materials
and to its good ionic conductivity, to the best of our knowl-
edge, Li3BN2 has not been investigated yet as a positive elec-
trode electroactive material, it has only been considered as Li-
ion conductor23 or as component of conversion based anode24

materials. Li3BN2 is an attractive candidate for intercalation-
based positive electrode electroactive material, as it is built
only of light elements of the second row of the periodic table,
therefore it is much lighter per formula unit than the typical
intercalation cathode materials that contain heavy transition
metals. This low weight per formula unit may result in high
gravimetric energy density, when the corresponding cell reac-
tion is energetic enough. Therefore, the present study focuses
on theoretical calculations regarding the potential application
of Li3BN2 phases as positive electrode materials in batter-
ies. While α-Li3BN2 has already been proposed for use as
a positive electrode material by the present author in a recent
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publication25 and some of its most important characteristics
has been briefly discussed there, the present work provides a
comprehensive theoretical analysis of the system.

The most important criteria for the design of efficient in-
tercalation cathode materials include an as high as possible
intercalation potential (relative to the anode applied),6, 26–28

high capacity, i.e., high concentration of mobile cations,29

high cation mobility,30, 31 good electric conductivity,22 struc-
tural stability, and an as small as possible volume change
during the cycling of the battery.6 To the best of the present
author’s knowledge, all of the existing materials designs for
Li-ion intercalation cathode materials are based on transition
metal compounds and it is the transition metal that changes
its oxidation number during the cycling of the battery. The
present study significantly differs from these approaches in
as much as it will be a light atom, namely, nitrogen, in the
proposed battery material that changes its oxidation number
during the cycling of the battery, and no transition metal will
be involved. The theoretical methodology that will be used to
study this proposed material, Li3BN2, is a standard one that
has been used in many of the cathode material investigations.

II. METHODOLOGY

In the Li3BN2 phase with I41/amd space group symme-
try, the –Li–N–B–N– polymers are bent and the collapse of
the polymers can be expected when Li ions are deinterca-
lated. The monoclinic phase has no polymers and it appears
difficult to define a stable structure after the deintercalation
of Li-ions. Therefore, the following computations will focus
on the electrochemical properties of α-Li3BN2, where stable
crystal structure of –Li–N–B–N– polymers can be expected
even after the deintercalation of the Li-ions from the Li(4N)
positions. As there are two Li(4N) atoms per formula unit in
α-Li3BN2, the proposed cell reaction is the following:

LiBN2 + 2Li+ + 2e− ⇀↽ Li3BN2. (1)

The intercalation electrode potential of the cell reaction,
relative to the anode potential, can be calculated from the
Gibbs free energy of the reaction, �G, expressed in eV and
divided by the number of electrons transferred. If the entropy
contribution is small (volume change is negligible), �G can
be approximated as the change of electronic energy, �E dur-
ing the reaction.6, 26, 27 In the case of the above reaction, �E
can be expressed as

�E = E(Li3BN2) − E(LiBN2) − 2E(Li), (2)

where E(Li3BN2), E(LiBN2), and E(Li) refer to the electronic
energy of the corresponding crystals per formula unit, for α-
Li3BN2, for the derivative α-LiBN2 obtained after deinterca-
lating all Li(4N)-s and for bulk metallic Lithium, respectively.
The open circuit voltage of the above cell reaction will be
U = −�E/2, as two electrons have been transferred. This U
voltage is identical with the intercalation electrode potential
of LiBN2/LiBN2−

2 relative to the Li/Li+ electrode.
The electronic energy change during the cell reac-

tion is often calculated using the density functional theory
(DFT)(GGA)+U method,32 in order to account for prob-
lems of DFT in predicting properties of transition metal

compounds.6, 26, 27 Since there is no transition metal in the
present cell reaction, a simpler approach may be followed
here, using the PBEsol33, 34 exchange-correlation functional
to calculate electronic energies and optimum crystal struc-
tures. The performance of the PBEsol functional on crystals
as compared to other exchange correlation functionals is as-
sessed, for example, in Ref. 35, as of today, the PBEsol func-
tional appears one of the best choices for crystal geometries,
energies, and band-structures for systems composed of light
atoms, such as those in Li3BN2. The Quantum-Espresso36

code is used with ultrasoft pseudopotentials (as provided with
the code) in a plane-wave basis with 50 Ry wavefunction cut-
off. A 10 × 10 × 10 k-space grid is used to discretize the
electronic bands (unless otherwise noted). Optimum crystal
structures have less than 1.d−4 Ry/bohr residual forces with
residual pressure of less than 1 kbar on the unit cells. Elec-
tronic energies refer to optimum structures unless otherwise
noted. The methodology has been validated on experimen-
tal data of lattice parameters and enthalpies of formation of
α-Li3BN2, Li3N, and h-BN. Enthalpies of formations were
estimated as the change of electronic energy during the for-
mation of the compounds from the corresponding elements at
T = 0 K, i.e., from crystalline Li and B and N2 gas.

Experimental lattice parameters of α-Li3BN2 are a = b
= 4.6435 Å and c = 5.2592 Å,15 while calculated ones are
4.6019 and 5.1317 Å, respectively, an agreement within 1.0%
and 2.5%, respectively. For Li3N (with a 6 × 6 × 6 k-space),
experimental lattice parameters are a = b = 3.6373 Å and
c = 3.8703 Å,37 while calculated ones are a = b = 3.5549 Å
and c = 3.8088 Å, an agreement within 2.3% and 1.6%, re-
spectively. For h-BN (with a 6 × 6 × 6 k-space), a = b
= 2.5039 Å and c = 6.6612 Å,38 while calculated ones are
a = b = 2.5032 Å and c = 7.0191 Å, respectively, an agree-
ment within 0.03% and 5.3%, respectively; note that the latter
discrepancy is due to the known inaccuracy of the PBEsol
functional to describe intermolecular interaction.

The experimental standard enthalpy of formation of
α-Li3BN2 is −534.5 (±16.7) kJ/mol,39 the calculated one is
−512.0 kJ/mol (4.2% difference). For Li3N, the correspond-
ing values are −164.5 kJ/mol40 and −161.5 kJ/mol, respec-
tively (1.9% difference). For h-BN, the experimental value is
−250.9 kJ/mol,41 the calculated one is −260.9 kJ/mol (3.9%
difference).

III. RESULTS AND DISCUSSION

The cell reaction in Eq. (1) assumes the existence of the
BN−

2 anion, the oxidized form of BN3−
2 . While BN3−

2 has
been known for decades, no compounds with its oxidized
form, BN−

2 are known, to the best of the present author’s
knowledge.

Resonance structures of the BN3−
2 anion and related an-

ions are discussed in Fig. 1 of Ref. 42. Analogously, reso-
nance structures of its oxidized form, BN−

2 , have been de-
picted in the present work in Fig. 2. It appears that on the
basis of the resonance structures the existence of the oxidized
form, BN−

2 is possible, especially when it is stabilized in lin-
ear chains with repeating BN−

2 and Li+ ions, being part of a
linear conjugated π -electron system. The oxidation of BN3−

2
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FIG. 2. Resonance structures of the dinitridoborate, BN3−
2 anion (panel (a))

and its oxidized version, BN−
2 (panel (b)), as well as that of the –Li–N–B–N–

repeating unit in LiBN2.

can also be viewed as if BN3−
2 would be a way of storing a

nitride ion, N3− absorbed to a neutral diatomic BN molecule
and allowing for the electrochemistry of the N3− ion within
this complex. The N3− ion represents an oxidation state of N
as in ammonia (NH3) or in lithium nitride (Li3N), while the
oxidized form N2− is familiar from hydrazine (N2H4) and the
further oxidized form N− is known from lithium-diazenide
(Li2N2).43 The Li3BN2 molecule may be viewed as a combi-
nation of half of a Li2N2 and half of a hydrazine-like Li4N2
through a B atom, whereby the B binds with a double bond to
the diazenide-type N and with a single bond to the hydrazine-
type N. Albeit oxidized forms of the BN3−

2 ion, such as BN2−
2

and BN−
2 have not been reported in the literature yet, there

is recent indirect evidence about the existence of BN2−
2 in

Na2BN2 obtained during thermogravimetric analysis of the
thermolysis of Na2KBN2, after the evaporation of all K in a
well separable step.44

The calculated intercalation electrode potential of the
cell reaction in Eq. (1) is U(LiBN2/Li3BN2) = 3.62 V,
relative to a Li/Li+ electrode. The energy of the cell re-
action is �E(LiBN2/Li3BN2) = 7.24 eV per two electron
transfer. The mass-density of α-Li3BN2 is ρ(Li3BN2)
= 1.823 g/cm3. The gravimetric energy density is
ρEG(Li3BN2) = 3251 Wh/kg, the volumetric energy density
is ρEV (Li3BN2) = 5927 Wh/l. The gravimetric capacity, i.e.,
the concentration of de/re-intercalatable Li, is ρCG(Li3BN2)
= 899 mAh/g, the volumetric one is ρCV (Li3BN2) = 1638
mAh/cm3 . The cell volume of α-Li3BN2 changes only by
2.8% per two-electron transfer (shrinks during deintercala-
tion). Calculated lattice parameters of α-Li3BN2 are a = b
= 4.6019 and c = 5.1317 Å, while for the deintercalated
α-LiBN2 they are a = b = 4.5460 and c = 4.9613 Å, note
that each unit cell contains two formula units of material.
The calculated characteristic nearest atomic distances barely
change during the deintercalation: the symmetric Li(2N)–N,
Li(4N)–N, and B–N bond lengths are 1.912, 2.092, and
1.343 Å in α-Li3BN2, they are 1.932, 2.062, and 1.337 Å
in α-Li2BN2 and 1.888, none and 1.327 Å in α-LiBN2,
respectively.

The energy density and capacity values of α-Li3BN2 are
far superior to those of other known or designer cathode ma-
terials, listed in Sec. I. For a brief comparison, representa-
tive theoretical gravimetric energy densities of these other
cell reactions are 2600 Wh/kg for Li–S (conversion-based),3

1950 Wh/kg for Li–FeF3 (conversion-based),5 1700 Wh/kg

FIG. 3. (a)-(d) Bandstructures of compounds obtained by gradual extraction
of Li from α-Li3BN2. The origin of the energy scale is set to the Fermi energy
for each compound.

for Li3Cr(BO3)(PO4) (intercalation-based),6 and 568 Wh/kg
for LiCoO2 (intercalation-based).7 In fact, the theoretical en-
ergy density of α-Li3BN2, 3251 Wh/kg, is very close (within
6%) to that of a Li–O2/peroxide battery, 3450 Wh/kg, when
O2 is carried within the battery.8

Fig. 3 shows the electronic bands in α-Li3BN2 and in
its gradually delithiated versions, Li2BN2, LiBN2, and BN2.
Note that the Li in the –Li–N–B–N– chains is extracted only
in the last step, in order to preserve the polymeric skeleton
of the crystal. Many possible structures may form after the
complete extraction of the Li. From the many variants, the
depicted structure of BN2 in Fig. 1 (panel (b)) appears to be
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TABLE I. Binding energies, ε, of Li(2N) and Li(4N) atoms in α-LinBN2
(n ∈ [0,3]) and net charges Q on the various types of atoms. Some charge
is lost during the projection of electron density from plane-wave basis into
atomic orbital one (Löwdin charges). Binding energies for all systems have
been calculated at the relaxed structure obtained with the Li(2N) positions
filled, except for ε(Li(2N)) at n = 2 where the optimum structure of n = 3
has been used. ε values are relative to binding energy of Li in crystalline Li.

ε (eV) Q/e

n Li(2N) Li(4N) B N Li(2N) Li(4N)

3 − 3.326 − 3.564 0.00 − 1.04 +0.78 +0.76
2 − 3.817 − 3.664 +0.07 − 0.75 +0.79 +0.78
1 − 4.431 − 4.278 +0.17 − 0.42 +0.79 . . .
0 . . . . . . +0.25 − 0.05 . . . . . .

the most analogous one to α-Li3BN2 in the sense that linear
polymers with –N–B–N– repeating units are preserved and
the relative orientation of these polymers is similar to that in
α-Li3BN2. As indicated by the bandstructures, the delithia-
tion results in metallic systems, as holes are created in the
valence band of α-Li3BN2 and the Fermi level decreases be-
low the top of the valence band of α-Li3BN2 while no band-
gap opens. This phenomenon is similar to that observed in the
LiCoO2 cathode material which also becomes metallic upon
delithiation.22 Only the α-LixBN2 (1 ≤ x ≤ 3) systems are
suitable for intercalation-based electrodes, as BN2 has a sig-
nificantly different cell volume.

The binding energies of Li(2N) and Li(4N) atoms are
listed in Table I, they also represent the intercalation poten-
tials of Li-s in the specific positions in the given optimum
crystal structures. Except for the completely lithiated crystal,
in all other cases the Li(2N)-s are stronger bound than the
Li(4N)-s, i.e., the energetically favorable position of the Li
ions is in the –Li–N–B–N– chains. This result has been val-
idated also in a 3 × 3 × 3 supercell of LiBN2 (54 formula
units, 216 atoms). At the optimum geometry (obtained with
all Li-s in Li(2N) positions) a single Li ion has been moved
into a tetrahedral Li(4N) position. As a result, the electronic
energy of the system increased by �E(2N/4N) = 0.83 eV.
The Li(2N) filling appears more energetically favored over
the Li(4N) one because the planes filled by the –Li–N–B–N–
polymers are negatively charged and the electrostatic poten-
tial has a minimum for Li+ ions in these planes, as indicated
in Fig. 4.

The experimental value of the activation energy of Li-ion
conduction in Li3BN2 is 0.81 eV16 which is close to the above
value of �E(2N/4N), suggesting that one possible mechanism
of Li-ion conduction in LixBN2 (1 ≤ x ≤ 3) is based on Li+

jumping between nearby Li(2N) and Li(4N) sites, with the
Li(4N) site being the transition state. This Li ion conduc-
tion mechanism is also suggested by the plane averaged elec-
trostatic potential distribution in Fig. 4: Li ions between the
polymeric planes are tetrahedrally coordinated (Li(4N) sites)
and sit on top of the electrostatic potential maxima, i.e., in
transition states of the plane averaged electrostatic potential,
and are expected to fall into nearby minima of the plane aver-
aged electrostatic potential within the polymeric planes when
Li ion vacancies (empty Li(2N) sites) are available in these
planes. The present study investigated other possible mech-

FIG. 4. The plane-averaged electrostatic potential, U(z) along the z axis (par-
allel with main crystallographic axis, c) for α-LinBN2, with n = 1, 2, or 3.
The minima are located in the planes filled with –Li–N–B–N– polymers. The
electrostatic potential attracts Li-ions to fill available Li-vacancies in the –
Li–N–B–N– chains, thereby self-repairing –Li–N–B–N– chains during the
Li3BN2 → LiBN2 + 2 Li deintercalation process, i.e., on charging the bat-
tery. The layers along the z axis of α-LixBN2 (1 ≤ x ≤ 3) act as capacitor
plates with alternating majority charges.

anisms as well, such as Li(4N) to Li(4N) jumping parallel
to –Li–N–B–N– planes or perpendicular to these planes. The
initial guesses for the transition states were selected such that
the Li ions in the Li(4N) positions were shifted halfway to-
wards one of the nearest neighbor Li(4N) sites then these ap-
proximate transition states were relaxed. The shifted Li ions
induced too short atomic distances and the subsequent relax-
ations generated large geometric changes and large increase
in the electronic energy (2 eV and above) of the simulation
cell.

Partial (Löwdin) charges of the various types of atoms
are listed in Table I. Note that the charges do not sum up to
the formal charges of the corresponding ions (such as BN3−

2
and BN2−

2 ) since the projection from plane-wave basis into
atomic orbitals is incomplete. However, tendencies of atomic
charges give an account on how the charge is stored in the
various oxidation states of the system. As the oxidation of
BNn−

2 (1 ≤ n ≤ 3) goes on with decreasing n and decreasing
Li-content, the B atoms become gradually slightly more pos-
itively charged while the N atoms become significantly less
negatively charged and the charge of the Li-s stays constant.
The fact that B has near zero net charge in BN3−

2 and in its ox-
idized forms indicates that B carries significantly more elec-
trons in these ions than it does in h-BN, where the charge
of B is ≈ + 0.5. From this analysis it is clear that the reduc-
tion/oxidation processes in the LixBN2 (1 ≤ x ≤ 3) system are
mainly associated with the N atoms, in concert with the above
mentioned analogies of LixBN2 to various types of molecules
with varying oxidation number of the N atom (Li3N, N2H4,
Li2N2).

The application of the I41/amd and monoclinic phases
as electroactive material is expected to result in large volume
changes, albeit at similarly high voltages, as in all cases the
BN3−

2 ions are oxidized/reduced. As the electrochemical cy-
cling of batteries often causes phase transformations in the
electroactive crystals, it can be expected that the use of the
I41/amd and monoclinic phases might result in phase trans-
formation to the α phase whereby minimizing the volume
changes of the electroactive material.
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Concerning the stability of the oxidized forms of BN3−
2 ,

i.e., that of BN2−
2 and BN−

2 , there is no experimental evidence
yet, except the indirect one mentioned above for the exis-
tence of BN2−

2 in Na2BN2.44 The thermal decomposition of
Na3BN2 and Na2KBN2 as well as that of Na2BN2 leads to
elemental alkali metals, h-BN and N2 at temperatures above
710 and 800 K.44 It is customary to calculate decomposition
voltages of electroactive species, based on the reaction en-
thalpies of the decomposition processes. These decomposi-
tion voltages may significantly differ from actual decomposi-
tion voltages as the decomposition process may be kinetically
hindered even if it is thermodynamically allowed. Assuming
that the decomposition of the α-LixBN2 (1 ≤ x ≤ 3) materials
would result in h-BN, N2 gas and elemental Li, the calculated
decomposition potentials relative to Li/Li+ are 0.87, −0.48,
and −4.63 V for x = 3, 2, and 1, respectively, where the neg-
ative sign denotes exotherm decomposition. These voltages
indicate that decomposition is thermodynamically allowed at
the 3.62 V estimated operating voltage if the partial pressure
of N2 is sufficiently low. The effect of the partial pressure of
N2 on the decomposition voltage is also utilized in N2 sensors,
for example, based on Li3AlN2.45 One way to increase the
decomposition potential and thus the stability of α-LixBN2
(1 ≤ x ≤ 3) is to apply a high enough partial pressure of N2.
This may be possible by coating the α-LixBN2 particles such
that N2 cannot escape.

Another way to increase the decomposition voltage is
based on doping. A related material, Li3N, has a decompo-
sition potential of 0.44 V (vs Li/Li+) that can be raised to
1.86 V when doped with LiCl to form Li9N2Cl3.46 The prin-
ciple behind such doping is that the dopant must be of high de-
composition voltage (high enthalpy of formation) thus it can
raise the enthalpy of formation of the doped system, and the
dopant must form a solid solution with the doped material. A
particularly attractive choice for dopant is Li2S.

The proposed α-LixBN2 (1 ≤ x ≤ 3) and BN2 also have
merits as new conductive polymers based exclusively on Li,
B, and N or on B and N, opening up new paths in the field of
synthetic metals as well.

One potential objection to the use of boron containing
electroactive materials, such as Li3BN2, is that boron is not an
earth abundant material. However, the known boron resources
are sufficiently large to allow for a widespread use of such de-
vices. The proven global boron reserves are 369 × 106 tons of
B2O3, the total reserves are at 1176 × 106 tons when includ-
ing the probable possible reserves.47 These are equivalent to
114 × 106 and 364 × 106 tons of pure boron, respectively. An
energy storage device storing 90 kWh energy (useful energy
stored in gasoline in a typical car) would require 5 kg boron
in 28 kg of Li3BN2 (about 15 l volume) using the theoretical
specific energy of Li3BN2. For 7 × 109 people, this would
add up to 35 × 106 tons of boron, about 10% of the estimated
total boron reserves.

IV. SUMMARY AND CONCLUSIONS

The present work provides a detailed theoretical analy-
sis on the proposed use of α-LixBN2 (1 ≤ x ≤ 3) as elec-

troactive species in the positive electrode of electrochemical
cells. It is predicted by means of density functional theory
calculations, that the application of this material can result
in 3.62 V cells (relative to Li/Li+), a gravimetric energy den-
sity of 3251 Wh/kg, a volumetric one of 5927 Wh/l, and
gravimetric and volumetric capacities of 899 mAh/g and
1638 mAh/cm3, respectively, when two Li ions are inter-
calated per formula unit. The predicted associated volume
change is only 2.8% per two-electron transfer. The Li-
deintercalated structures are metallic, when sufficient amount
of Li is extracted. These predicted properties are far supe-
rior to other existing or designer Li-intercalation based bat-
tery materials and are even comparable to the theoretical en-
ergy density of a Li-O2/peroxide battery, 3450 Wh/kg, when
O2 is carried within the battery. Furthermore, these materials
are also interesting as they are based on novel 1D conjugated
π -electron systems representing new conducting polymers.
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