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First-principles study on lithium amide for hydrogen storage
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The fundamental properties of lithium amide LiNHvhich is fully hydrogenated phase of lithium nitride
LisN, 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 betw&gemdiNH,]~. The internal bonding
of [NH,]™ anions is primarily covalent. The internal N-H bending and stretching vibratiofidlé$]~ anions
yield T'-phonon modes around 1500 and 3400 tmespectively. These can be fairly reproduced by the
molecular approximation, suggesting a strong internal bondifiy/eif,]~ anions. The heat of formation for the
fully hydriding reaction of LiN is predicted as —85 kJ/molHvhich agrees well with the experimental value.
Some discussions are also presented for the propertieghf Li
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[. INTRODUCTION Li,NH from a theoretical point of view will be also benefi-
ial for improving their performance. To this end, we have
erformed the first-principles calculations on Libkb pre-
dict its fundamental properties and have published the results
very brieflyl* In this paper, we report the detailed results of
fhe first-principles calculations on LiNHncluding the struc-
tural, electronic, dielectric, and vibrational properties. Some

iscussions are also presented for the properties gfl Li

hich is a starting material for the hydriding reaction and is
also of interest from the viewpoint of a superionic
conductor®

Complex hydrides have been noticed as one of the moI?B
promising materials for hydrogen storage due to their hig
gravimetric densities of hydrogen. Bogdanoand Schwick-
ardi have first reported that the catalyzed sodium alanat
(NaAIH,) shows reversible hydriding and dehydriding reac-
tions at moderate temperatufeslotivated by this report,
many attempts have been tried to enhance the reversibility
the hydriding and dehydriding reactions for alkali-metal
complex hydrideg:1C Lately, Chenet al!* have shown that
lithium nitride exhibits the following two-step reversible re-
actions with gaseous hydrogen without any aid of external
catalysts:

LisN + 2H, <> Li,NH + LiH + H, <> LiNH, + 2LiH. (1)

The products of two-step reactions are lithium imide
(Li,NH) and lithium amide(LiNH,) 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 LiBH,'? 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 Liis a key feature for the stability of the
internal bonding of BH,]™ 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 FIG. 1. (Color onling Crystal structure of LiNH. Red (large),
theoretically in the case of copper as a substituent elefent.green (middle), and blue(smal) spheres represent Li, N, and H
Understanding the fundamental properties of LINEhd  atoms, respectively.
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TABLE |. Structural parameters of LiNfI Space grouptZ(No. 82. The values in parentheses are the
experimental data in Ref. 24.

Lattice Atom parameters

parametergA) Position X y z
a=5.079 (5.037 Li1 2a 0 0 0
c=10.113 (10.278 Li2 2c 0 1/2 1/4

Li3 4f 0 1/2 0.0018 (0.0042

N 89 0.2253 (0.2289 0.2480 (0.2453 0.1155 (0.1149

H1 89 0.2392 (0.226 0.1337 (0.149 0.1999 (0.172

H2 8 0.3949 (0.308 0.3603 (0.359 0.1198 (0.1149

Il. METHOD and the structural relaxation are described in Refs. 21 and 22.
The computational methods to obtain the dielectric and vi-
The present calculations have been performed using thierational properties can be found in Refs. 12 and 23.
ultrasoft pseudopotential metht§doased on density func- The cutoff energies used here are 15 and 120 hartrees for
tional theory*” The generalized gradient approximation pro-the pseudowave functions and the charge density, respec-
posed by Perdew, Burke, and Ernzeffak used for the tively. Thek-point grids for the Brillouin zone integration are
exchange-correlation energy. generated so as to make the edge lengths of the grid elements
All pseudopotentials are constructed from the results otloser to the target value of 0.08 bohas possible. We have
scalar-relativistic all-electron calculatioks.The pseudo- checked that these conditions give good convergence of the
wave functions and the pseudoaugmentation charge fundetal energy within 1 meV/atom.
tions are optimized by a method similar to that proposed by
Rappeet al?° For nitrogen, the and 2 states are chosen
as the reference states where double projector functions are
employed for each component and the Sate as the local
part of pseudopotential. The pseudopotentials for H and Li R N
are the same as those used in Ref. 12. The details of compu- The crystal structure of LiNkiis shown in Fig. 1. The

tational procedure for the self-consistent-field calculationSymmetry is tetragonal with space grolsp Two hydrogen
atoms form an amide ion with a nitrogen atom, which has a

bent shape. The calculated structural parameters are given in

[lI. RESULTS AND DISCUSSION

A. Lithium amide
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FIG. 3. Valence charge contour plot for LiNHn the (110
FIG. 2. (Color onling Total and partial densities of states for plane. The contour space is 0.8bohef. Solid circles denote Li
LiNH . The origin of the energy is set to be the top of the valenceatoms located on the plane. Note that the positions of N and H
states. atoms are slightly shifted from the plane.
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TABLE Il. Dielectric properties of LINH. Macroscopic high-frequency dielectric permittivity tensetsand Born effective charge

tensorZ".
XX vy zz Xy yz zZX Xz zy yX

£ 2.75 2.75 2.83 0 0 0 0 0 0

Zi 0.94 0.94 0.93 0.02 0 0 0 0 -0.02
Z 0.89 0.89 0.91 0.01 0 0 0 0 -0.01
Zs 0.90 0.92 0.91 -0.03 0 0 0 0 -0.03
Zy -1.06 -1.32 -1.19 0.15 0.07 0.09 0.07 -0.20 0.15
Zy 0.23 0.16 0.04 -0.01 0.15 -0.07 -0.08 0.15 0.01
Zi» -0.11 0.27 0.23 -0.10 0.03 -0.11 -0.08 0.02 -0.13

Table |, together with the experimental dataThe agree-

& xx (8x,yy) @Nde., ,,iS less than 3% and so the anisotropy of

ment with the experimental data is very good except for hy<., is small.
drogen positions. The bond length between N and H is pre- The Born effective charge tensors are useful to consider
dicted as 1.03 A, which coincides with a typical N-H bond the bonding characters of materials. It is thought to be a good
length of 1.01 A in an NH molecule. The experimental indicator to measure an ionic nature of elements because the
bond length(0.70,0.76 A is considerably shorter than these definition is theoretically clear and, in principle, it has the
values. This discrepancy might be caused by the experimemxact value. For Li, the diagonal elements of the Born effec-
tal difficulty in identifying hydrogen positions. The calcu- tive charge tensor aig ;=0.89—0.93 which are close to the
latedH-N-H bond angle is 102.4°. ideal value of +1 and absolute values of the off-diagonal
Figure 2 depicts total and partial densities of states foelements are relatively small. This supports an ionic picture
LiNH,. The electronic structure is nonmetallic with a calcu-for the bonding between the Li and NHinits. Small abso-
lated energy gap of 3.2 eV. As expected, the contribution ofute values for the diagonal elements Zp‘, indicate little
Li orbitals to the occupied states is considerably small andonic character between N-H bonds. The internal bonding of
therefore Li atoms are thought to be ionized a% ¢ations. [NH,]™ anions is thought to be primarily covalent.
The occupied states mainly consist of § & 2p, and H 5 The opticall’-phonon frequencies are given in Table III.
orbitals and form sharp peaks, suggesting that they arghere are 45 optical-phonon modes because the unit cell
strongly localized arounfiNH,]™ anions. The lowest-energy contains four formula units. The irreducible representation of
state is composed of Nszand H Is states. In the middle- them is 1@\+ 11B+ 24E; the B andE modes are both infrared
energy region, N g orbitals hybridize with H § orbitals. At and Raman active, and th® mode is Raman active. The
the top of the occupied states, Nb Drbitals are dominated infrared-active modes are divided into transverse optical
which have a nonbonding character. These bonding prope(TO) modes and longitudinal opticlLO) modes due to the
ties are similar to those of an,@ molecule. As seen for dipole-dipole interactions. Analyzing the eigenvectors, we
LiBH ,, a deficient electron to form the internal bonding of anconfirm that the eigenmodes around 1500 and 3400 cm
[NH,]™ anion is compensated by a*L¢ation. The valence originate from the internal N-H bending and stretching vi-
charge contour plot is shown in Fig. 3. The valence chargdrations off NH,]™ anions, respectively. The TO-LO splitting
density around the Li atoms is considerably low. The chargdor the N-H stretching modes is essentially negligible be-
density is strongly localized around thiRH,]™ anions and cause of little ionic character between N-H bonds. The re-
there are no overlaps between them. sults of our Raman spectroscopy measurememise 3260
The results of the dielectric properties for LiNHare — and 3320 cm'. Recent infrared spectroscopy experiméhts
listed in Table Il, which are used to calculate the dipole-show IR bands at 3260 and 3315 ¢niThe predicted values
dipole interactions induced by atomic displacements in thdor the N-H stretching modes agree well with these experi-
lattice dynamics. The macroscopic high-frequency dielectrianental results. For comparison purposes, we have calculated
permittivity tensore., is diagonal due to the tetragonal sym- the vibrational frequencies of a fré&lH,]™ anion using an
metry of crystal, where., ,,=¢..,,. The difference between fcc supercell witha=12 A, where the extra negative charge

TABLE IlI. Optical I'-phonon frequencieén cm ™) of LiNH,.

Modes Frequencies
A 239 282 316 344 397 515 655 1514 3392 3470
B (TO) 192 281 311 336 417 464 588 701 1507 3400 3468
B (LO) 196 301 328 348 454 531 607 702 1512 3400 3468
E (TO) 116 225 249 293 316 378 499 565 677 1462 3397 3466
E (LO) 118 238 254 301 325 484 536 585 677 1464 3397 3467
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TABLE VI. Dielectric properties of LiN with P3ml symmetry.

(No. 164. Macroscopic high-frequency dielectric permittivity tensessand
Born effective charge tens@ . Theyy element is the same ax
Lattice Atom parameters and all off-diagonal elements are equal to zero due to the symmetry
parametergA) Position X y for all tensors.
a=3.612 Lil b 0 0 XX 77z
c=3.847 Li2 a 1/3 2/3 0.0304 6.10 5 45
N la 0 0 o ' '
Z, 0.87 1.00
Z 0.90 0.40
is compensated by the uniform background charge. The cal- Zy —2.67 -1.79

culation gives a frequency of 1438 cinfor the bending
mode and 3271 and 3366 chfor the stretching modes. The
molecular approximation is fairly good for the internal vibra- to the soft mode found foP6/mmmsymmetry. The changes
tions of[NH,]™ anions in LiNH,, implying a strong internal in frequencies of other modes due to the structural transition
bonding of them. are less than 10 cth
Considering the results for the density of states and the
valence charge distributiomot showr®), the bonding char-
B. Lithium nitride acter of this material seems to be ionic. The electronic struc-

In order to obtain the heat of hydrogenation for the overaliture is nonmetallic with a calculated energy gap of 1.1 eV
reaction in Eq(1), we have also carried out the calculations @nd the occupied states are mainly composed of N orbitals.
on LiN. The crystal structure of N at ambient conditions The valence charge density is spherically localized around N
has been reportdtl to be hexagonal with space group atoms and is hardly seen around Li atoms. However, the
P6/mmm where the lattice constants ame3.648 A andc ~ Born effective charge tensors shown in Table VI give some-
=3.875 A, and the atomic positions are the dnd & sites what different natures. For Li at thed2site and N, large
for Li and the A site for N. Although the calculated lattice anisotropies are found and theiz components deviate re-
constantsa=3.619 A andc=3.847 A agree well with the markably from the ideal values. The Born effective charge
experimental values, we have found a weak soft mode ofensors for theP6/mmmphase are essentially the same as
65 cm! for this crystal structure. The soft mode hBg, those given in Table VI. The anisotropic polarizability for N
symmetry and the eigenvector corresponds to displacementis LisN has been also suggested from an analysis for lattice
of Li atoms at the @ site along thec axis in opposite direc- dynamics using a rigid-shell mod&.The large deviations

tions. When the soft mode is frozen, the Symmetry is reducea’om the ideal values indicate that the bonding character of

to P3mL. The structural parameters obtained for this symme!‘I3N is partially covalent, not purely ionic.

try are given in Table IV. Setting the atomic position of Li
atoms at the @ site to bez=0, the crystal symmetry returns
to the reported one. The energy gain of the transition from The heat of formation is the most fundamental and impor-

P6/mmmto P3m1 is only 0.1 meV/atom. Since this energy tant quantity for hydrogen storage materials, which can be
gain and the atomic displacements are very small, the lowestimated from the difference between the energies before

symmetry phase wittP3m1 is most likely suppressed by and after the hydriding reaction. In Table VII, we summarize
thermal atomic motions at room temperature. The optical’€ cohesive energies as well as the zero-point energies for
I'-phonon frequencies for the low-symmetry phase are suril® materials related to the overall reaction in Eg, where
marized in Table V, where the dielectric properties given inthe zero-point energies are calculated within the harmonic
Table VI are used to add the dipole-dipole interactions for@PProximation. A supercell containing 16 formula units is

the infrared active modes. The lowest, mode corresponds Used for LgN to obtain the phonon density of states. For
LiNH,, the zero-point energy is estimated from only the

C. Heat of formation

TABLE V. Optical I'-phonon frequencie§n cm™) of Li3N with

P3m1 symmetry. TABLE VII. Calculated cohesive energids.., (eV/atom and

zero-point energieg, ¢, (meV/atom. Note that the zero-point en-
ergies are not included B¢y,

Modes Frequencies
Agg 98 Econ Ezero
Ag (TO) 488 678 LiNH 3.26 179
Agy (LO) 501 731 LisN 2.83 74
Ey 611 H,2 2.27 135
E, (TO) 328 419 LiHa 236 111
E, (LO) 350 564

3Reference 12.
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I'-phonon eigenmodes, since the high-frequency internalherefore, the partial substitution of more electronegative

bending and stretching modes[dfH,]~ anions can be fairly

elements for Li, which has been proposed for LiBid lower

reproduced by the molecular approximation, which are exthe dehydriding temperature, is also expected to be effective

pected to have the dominant contributions.

The heat of formation for the overall reaction in K is
predicted as —99 kJ/mol Hvhen considering only the total
energies and —85 kJ/molsHncluding the zero-point energy

for the destabilization of LiNK The effect of the cation

substitution has been examined for
mentally4.31

Understanding the properties of the intermediate phase of

LiblHexperi-

contributions. The predicted value with the zero-point energythe hydriding reaction in Eq(1), lithium imide, Li,NH, is

contributions agrees well with the experimental véaluef
-81 kJ/mol H. From the practical point of view, the value
of about —80 kJ/mol K means that the hydride phase is too

also of great interest. The crystal structure ofNH was
reported® to be antifluorite type consisting of Liand
[NH]?~. However, hydrogen positions were not determined.

stable for applications. To lower the dehydriding temperadn this connection, the structure of JNH has been recently
ture, it is required to make the heat of formation less negainvestigated by neutron powder diffractidrand synchrotron

tive.

IV. SUMMARY

First-principles calculations have been performed on

lithium amide, LiNH,, using the ultrasoft pseudopotential

method to predict its fundamental properties: the structural,

powder x-ray diffractior’® from which crystal structure
models have been proposed. A theoretical investigation of
the structural and other fundamental properties gNH is
now in progress?
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