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The fundamental properties of lithium amide LiNH2, which is fully hydrogenated phase of lithium nitride
Li3N, have been investigated by the first-principles calculations using the ultrasoft pseudopotential method,
including the structural, electronic, dielectric, and vibrational properties. The calculated structural parameters
agree well with the experimental data except for hydrogen positions. The analyses for the electronic structure
and the Born effective charge tensors indicate an ionic feature between Li+ andfNH2g−. The internal bonding
of fNH2g− anions is primarily covalent. The internal N-H bending and stretching vibrations offNH2g− anions
yield G-phonon modes around 1500 and 3400 cm−1, respectively. These can be fairly reproduced by the
molecular approximation, suggesting a strong internal bonding offNH2g− anions. The heat of formation for the
fully hydriding reaction of Li3N is predicted as −85 kJ/mol H2 which agrees well with the experimental value.
Some discussions are also presented for the properties of Li3N.
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I. INTRODUCTION

Complex hydrides have been noticed as one of the most
promising materials for hydrogen storage due to their high
gravimetric densities of hydrogen. Bogdanović and Schwick-
ardi have first reported that the catalyzed sodium alanate
sNaAlH4d shows reversible hydriding and dehydriding reac-
tions at moderate temperatures.1 Motivated by this report,
many attempts have been tried to enhance the reversibility of
the hydriding and dehydriding reactions for alkali-metal
complex hydrides.2–10 Lately, Chenet al.11 have shown that
lithium nitride exhibits the following two-step reversible re-
actions with gaseous hydrogen without any aid of external
catalysts:

Li 3N + 2H2 ↔ Li2NH + LiH + H2 ↔ LiNH 2 + 2LiH. s1d

The products of two-step reactions are lithium imide
sLi2NHd and lithium amidesLiNH 2d with by-products of
lithium hydride, respectively, where 10.4 mass % of hydro-
gen is stored in the overall reactions. The dehydriding reac-
tion starts mainly about 473 K in vacuum. Although the op-
eration temperature is still too high, the large amount of
reversible hydrogen is encouraging for applications.

Theoretical investigations using first-principles calcula-
tions are very helpful to understand the fundamental proper-
ties of materials. We have recently performed first-principles
calculations on LiBH4,

12 which is a potential candidate for
hydrogen storage because of its extremely high hydrogen
content of 18.5 mass %. The analyses indicate that the charge
compensation by Li+ is a key feature for the stability of the
internal bonding offBH4g− anions and so it is expected that
the suppression of the charge transfer by partial substitution
of more electronegative elements for Li is effective to lower
the dehydriding temperature. This idea has been examined
theoretically in the case of copper as a substituent element.13

Understanding the fundamental properties of LiNH2 and

Li2NH from a theoretical point of view will be also benefi-
cial for improving their performance. To this end, we have
performed the first-principles calculations on LiNH2 to pre-
dict its fundamental properties and have published the results
very briefly.14 In this paper, we report the detailed results of
the first-principles calculations on LiNH2 including the struc-
tural, electronic, dielectric, and vibrational properties. Some
discussions are also presented for the properties of Li3N
which is a starting material for the hydriding reaction and is
also of interest from the viewpoint of a superionic
conductor.15

FIG. 1. sColor onlined Crystal structure of LiNH2. Redslarged,
green smiddled, and bluessmalld spheres represent Li, N, and H
atoms, respectively.
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II. METHOD

The present calculations have been performed using the
ultrasoft pseudopotential method16 based on density func-
tional theory.17 The generalized gradient approximation pro-
posed by Perdew, Burke, and Ernzerhof18 is used for the
exchange-correlation energy.

All pseudopotentials are constructed from the results of
scalar-relativistic all-electron calculations.19 The pseudo-
wave functions and the pseudoaugmentation charge func-
tions are optimized by a method similar to that proposed by
Rappeet al.20 For nitrogen, the 2s and 2p states are chosen
as the reference states where double projector functions are
employed for each component and the 3d state as the local
part of pseudopotential. The pseudopotentials for H and Li
are the same as those used in Ref. 12. The details of compu-
tational procedure for the self-consistent-field calculation

and the structural relaxation are described in Refs. 21 and 22.
The computational methods to obtain the dielectric and vi-
brational properties can be found in Refs. 12 and 23.

The cutoff energies used here are 15 and 120 hartrees for
the pseudowave functions and the charge density, respec-
tively. Thek-point grids for the Brillouin zone integration are
generated so as to make the edge lengths of the grid elements
closer to the target value of 0.08 bohr−1 as possible. We have
checked that these conditions give good convergence of the
total energy within 1 meV/atom.

III. RESULTS AND DISCUSSION

A. Lithium amide

The crystal structure of LiNH2 is shown in Fig. 1. The

symmetry is tetragonal with space groupI4̄. Two hydrogen
atoms form an amide ion with a nitrogen atom, which has a
bent shape. The calculated structural parameters are given in

FIG. 2. sColor onlined Total and partial densities of states for
LiNH 2. The origin of the energy is set to be the top of the valence
states.

FIG. 3. Valence charge contour plot for LiNH2 in the s110d
plane. The contour space is 0.02e/bohr3. Solid circles denote Li
atoms located on the plane. Note that the positions of N and H
atoms are slightly shifted from the plane.

TABLE I. Structural parameters of LiNH2. Space group:I4̄ sNo. 82d. The values in parentheses are the
experimental data in Ref. 24.

Lattice Atom parameters

parameterssÅd Position x y z

a=5.079 s5.037d Li1 2a 0 0 0

c=10.113 s10.278d Li2 2c 0 1/2 1/4

Li3 4f 0 1/2 0.0018 s0.0042d
N 8g 0.2253 s0.2284d 0.2480 s0.2452d 0.1155 s0.1148d
H1 8g 0.2392 s0.226d 0.1337 s0.149d 0.1999 s0.172d
H2 8g 0.3949 s0.308d 0.3603 s0.359d 0.1198 s0.114d
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Table I, together with the experimental data.24 The agree-
ment with the experimental data is very good except for hy-
drogen positions. The bond length between N and H is pre-
dicted as 1.03 Å, which coincides with a typical N-H bond
length of 1.01 Å in an NH3 molecule. The experimental
bond lengths0.70,0.76 Åd is considerably shorter than these
values. This discrepancy might be caused by the experimen-
tal difficulty in identifying hydrogen positions. The calcu-
latedH-N-H bond angle is 102.4°.

Figure 2 depicts total and partial densities of states for
LiNH 2. The electronic structure is nonmetallic with a calcu-
lated energy gap of 3.2 eV. As expected, the contribution of
Li orbitals to the occupied states is considerably small and
therefore Li atoms are thought to be ionized as Li+ cations.
The occupied states mainly consist of N 2s, N 2p, and H 1s
orbitals and form sharp peaks, suggesting that they are
strongly localized aroundfNH2g− anions. The lowest-energy
state is composed of N 2s and H 1s states. In the middle-
energy region, N 2p orbitals hybridize with H 1s orbitals. At
the top of the occupied states, N 2p orbitals are dominated
which have a nonbonding character. These bonding proper-
ties are similar to those of an H2O molecule. As seen for
LiBH 4, a deficient electron to form the internal bonding of an
fNH2g− anion is compensated by a Li+ cation. The valence
charge contour plot is shown in Fig. 3. The valence charge
density around the Li atoms is considerably low. The charge
density is strongly localized around thefNH2g− anions and
there are no overlaps between them.

The results of the dielectric properties for LiNH2 are
listed in Table II, which are used to calculate the dipole-
dipole interactions induced by atomic displacements in the
lattice dynamics. The macroscopic high-frequency dielectric
permittivity tensor«` is diagonal due to the tetragonal sym-
metry of crystal, where«`,xx=«`,yy. The difference between

«`,xx s«`,yyd and«`,zz is less than 3% and so the anisotropy of
«` is small.

The Born effective charge tensors are useful to consider
the bonding characters of materials. It is thought to be a good
indicator to measure an ionic nature of elements because the
definition is theoretically clear and, in principle, it has the
exact value. For Li, the diagonal elements of the Born effec-
tive charge tensor areZLi

* =0.89–0.93 which are close to the
ideal value of +1 and absolute values of the off-diagonal
elements are relatively small. This supports an ionic picture
for the bonding between the Li and NH2 units. Small abso-
lute values for the diagonal elements ofZH

* indicate little
ionic character between N-H bonds. The internal bonding of
fNH2g− anions is thought to be primarily covalent.

The opticalG-phonon frequencies are given in Table III.
There are 45 opticalG-phonon modes because the unit cell
contains four formula units. The irreducible representation of
them is 10A+11B+24E; theB andE modes are both infrared
and Raman active, and theA mode is Raman active. The
infrared-active modes are divided into transverse optical
sTOd modes and longitudinal opticalsLOd modes due to the
dipole-dipole interactions. Analyzing the eigenvectors, we
confirm that the eigenmodes around 1500 and 3400 cm−1

originate from the internal N-H bending and stretching vi-
brations offNH2g− anions, respectively. The TO-LO splitting
for the N-H stretching modes is essentially negligible be-
cause of little ionic character between N-H bonds. The re-
sults of our Raman spectroscopy measurements25 are 3260
and 3320 cm−1. Recent infrared spectroscopy experiments26

show IR bands at 3260 and 3315 cm−1. The predicted values
for the N-H stretching modes agree well with these experi-
mental results. For comparison purposes, we have calculated
the vibrational frequencies of a freefNH2g− anion using an
fcc supercell witha=12 Å, where the extra negative charge

TABLE II. Dielectric properties of LiNH2. Macroscopic high-frequency dielectric permittivity tensors«` and Born effective charge
tensorZ* .

xx yy zz xy yz zx xz zy yx

«` 2.75 2.75 2.83 0 0 0 0 0 0

ZLi1
* 0.94 0.94 0.93 0.02 0 0 0 0 −0.02

ZLi2
* 0.89 0.89 0.91 0.01 0 0 0 0 −0.01

ZLi3
* 0.90 0.92 0.91 −0.03 0 0 0 0 −0.03

ZN
* −1.06 −1.32 −1.19 0.15 0.07 0.09 0.07 −0.20 0.15

ZH1
* 0.23 0.16 0.04 −0.01 0.15 −0.07 −0.08 0.15 0.01

ZH2
* −0.11 0.27 0.23 −0.10 0.03 −0.11 −0.08 0.02 −0.13

TABLE III. Optical G-phonon frequenciessin cm−1d of LiNH 2.

Modes Frequencies

A 239 282 316 344 397 515 655 1514 3392 3470

B sTOd 192 281 311 336 417 464 588 701 1507 3400 3468

B sLOd 196 301 328 348 454 531 607 702 1512 3400 3468

E sTOd 116 225 249 293 316 378 499 565 677 1462 3397 3466

E sLOd 118 238 254 301 325 484 536 585 677 1464 3397 3467
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is compensated by the uniform background charge. The cal-
culation gives a frequency of 1438 cm−1 for the bending
mode and 3271 and 3366 cm−1 for the stretching modes. The
molecular approximation is fairly good for the internal vibra-
tions of fNH2g− anions in LiNH2, implying a strong internal
bonding of them.

B. Lithium nitride

In order to obtain the heat of hydrogenation for the overall
reaction in Eq.s1d, we have also carried out the calculations
on Li3N. The crystal structure of Li3N at ambient conditions
has been reported27 to be hexagonal with space group
P6/mmm, where the lattice constants area=3.648 Å andc
=3.875 Å, and the atomic positions are the 1b and 2d sites
for Li and the 1a site for N. Although the calculated lattice
constantssa=3.619 Å andc=3.847 Åd agree well with the
experimental values, we have found a weak soft mode of
65i cm−1 for this crystal structure. The soft mode hasB2g
symmetry and the eigenvector corresponds to displacements
of Li atoms at the 2d site along thec axis in opposite direc-
tions. When the soft mode is frozen, the symmetry is reduced

to P3̄m1. The structural parameters obtained for this symme-
try are given in Table IV. Setting the atomic position of Li
atoms at the 2d site to bez=0, the crystal symmetry returns
to the reported one. The energy gain of the transition from

P6/mmmto P3̄m1 is only 0.1 meV/atom. Since this energy
gain and the atomic displacements are very small, the low-

symmetry phase withP3̄m1 is most likely suppressed by
thermal atomic motions at room temperature. The optical
G-phonon frequencies for the low-symmetry phase are sum-
marized in Table V, where the dielectric properties given in
Table VI are used to add the dipole-dipole interactions for
the infrared active modes. The lowestA1g mode corresponds

to the soft mode found forP6/mmmsymmetry. The changes
in frequencies of other modes due to the structural transition
are less than 10 cm−1.

Considering the results for the density of states and the
valence charge distributionsnot shown28d, the bonding char-
acter of this material seems to be ionic. The electronic struc-
ture is nonmetallic with a calculated energy gap of 1.1 eV
and the occupied states are mainly composed of N orbitals.
The valence charge density is spherically localized around N
atoms and is hardly seen around Li atoms. However, the
Born effective charge tensors shown in Table VI give some-
what different natures. For Li at the 2d site and N, large
anisotropies are found and theirzz components deviate re-
markably from the ideal values. The Born effective charge
tensors for theP6/mmmphase are essentially the same as
those given in Table VI. The anisotropic polarizability for N
in Li3N has been also suggested from an analysis for lattice
dynamics using a rigid-shell model.29 The large deviations
from the ideal values indicate that the bonding character of
Li 3N is partially covalent, not purely ionic.

C. Heat of formation

The heat of formation is the most fundamental and impor-
tant quantity for hydrogen storage materials, which can be
estimated from the difference between the energies before
and after the hydriding reaction. In Table VII, we summarize
the cohesive energies as well as the zero-point energies for
the materials related to the overall reaction in Eq.s1d, where
the zero-point energies are calculated within the harmonic
approximation. A supercell containing 16 formula units is
used for Li3N to obtain the phonon density of states. For
LiNH 2, the zero-point energy is estimated from only the

TABLE IV. Structural parameters of Li3N. Space group:P3̄m1
sNo. 164d.

Lattice Atom parameters

parameterssÅd Position x y z

a=3.612 Li1 1b 0 0 1/2

c=3.847 Li2 2d 1/3 2/3 0.0304

N 1a 0 0 0

TABLE V. Optical G-phonon frequenciessin cm−1d of Li3N with

P3̄m1 symmetry.

Modes Frequencies

A1g 98

A2u sTOd 488 678

A2u sLOd 501 731

Eg 611

Eu sTOd 328 419

Eu sLOd 350 564

TABLE VI. Dielectric properties of Li3N with P3̄m1 symmetry.
Macroscopic high-frequency dielectric permittivity tensors«` and
Born effective charge tensorZ* . The yy element is the same asxx
and all off-diagonal elements are equal to zero due to the symmetry
for all tensors.

xx zz

«` 6.10 5.45

ZLi1
* 0.87 1.00

ZLi2
* 0.90 0.40

ZN
* −2.67 −1.79

TABLE VII. Calculated cohesive energiesEcoh seV/atomd and
zero-point energiesEzero smeV/atomd. Note that the zero-point en-
ergies are not included inEcoh.

Ecoh Ezero

LiNH 2 3.26 179

Li3N 2.83 74

H2
a 2.27 135

LiHa 2.36 111

aReference 12.
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G-phonon eigenmodes, since the high-frequency internal
bending and stretching modes offNH2g− anions can be fairly
reproduced by the molecular approximation, which are ex-
pected to have the dominant contributions.

The heat of formation for the overall reaction in Eq.s1d is
predicted as −99 kJ/mol H2 when considering only the total
energies and −85 kJ/mol H2 including the zero-point energy
contributions. The predicted value with the zero-point energy
contributions agrees well with the experimental value11 of
−81 kJ/mol H2. From the practical point of view, the value
of about −80 kJ/mol H2 means that the hydride phase is too
stable for applications. To lower the dehydriding tempera-
ture, it is required to make the heat of formation less nega-
tive.

IV. SUMMARY

First-principles calculations have been performed on
lithium amide, LiNH2, using the ultrasoft pseudopotential
method to predict its fundamental properties: the structural,
electronic, dielectric, and vibrational properties. The several
analyses suggest that anfNH2g− anion in LiNH2 forms
strong internal bonds with a covalent character. A deficient
electron to form them is compensated for by a Li+ cation.
These bonding natures are quite similar to those of LiBH4.

12

Therefore, the partial substitution of more electronegative
elements for Li, which has been proposed for LiBH4 to lower
the dehydriding temperature, is also expected to be effective
for the destabilization of LiNH2. The effect of the cation
substitution has been examined for LiNH2 experi-
mentally.14,31

Understanding the properties of the intermediate phase of
the hydriding reaction in Eq.s1d, lithium imide, Li2NH, is
also of great interest. The crystal structure of Li2NH was
reported30 to be antifluorite type consisting of Li+ and
fNHg2−. However, hydrogen positions were not determined.
In this connection, the structure of Li2NH has been recently
investigated by neutron powder diffraction32 and synchrotron
powder x-ray diffraction,33 from which crystal structure
models have been proposed. A theoretical investigation of
the structural and other fundamental properties of Li2NH is
now in progress.34
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