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Recent experimental data suggest the formation of two new compounds, namely, Li4NH and Li1.5NH1.5,
during the hydrogenation process of Li3N. The formation of these compounds could modify the hydrogen
absorption and desorption characteristics of Li3N. We present here the results of our density functional theory
calculations concerning their formation. We find that the direct hydrogenation reaction of Li3N to Li2NH is
predominantly favored but the formation of Li4NH is possible through the direct formation involving Li3N and
LiH with an enthalpy of reaction much less negative than for the direct formation of Li2NH. The formation of
this compound through the release of ammonia is not possible. This compound readily reacts with H2 exother-
mically with an enthalpy of reaction less negative than for the direct process. We also find that the formation
of the intermediate phase Li2−xNH1+x for x=0.5 between imide �x=0� and amide �x=1� is possible. Li1.5NH1.5

is found to form in a cubic Li-vacant-type compound. After full relaxations of several structural models, the
Li1.5NH1.5 compound presents a coexistence of ordered �NH�2− and �NH2�− anions. These results are discussed
in terms of an analysis of the electronic structures of these compounds.
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I. INTRODUCTION

There is considerable interest in hydrogen as a clean fuel
and this has lead to intense effort for its storage in solid
matrices in the form of hydrides which is safe and reversible.
Significant amount of work has been performed over the last
decades on intermetallic compounds,1,2 currently classified
as “Classical Hydrides.” These materials can usually absorb
hydrogen reversibly by formation of metallic hydrides,
where H atoms occupy interstitial sites in the host matrix.
From these investigations, a large number of compounds
have emerged with optimum properties for several specific
applications.3–5 Although the volumetric capacity for hydro-
gen storage in these compounds is very high, nearly twice as
much as liquid hydrogen, their weight percent capacity is
quite low, about few weight percent for the best-studied in-
termetallic compound and this has limited their portable ap-
plications. Attention has therefore turned toward low-weight
“Complex �Chemical� Hydrides” such as alanates6 or
borohydrides7 as potential candidates for advanced hydrogen
storage materials due to their high gravimetric densities even
if their complete integration in industrial applications is still
very far due to reversibility problems, cost of production,
high temperatures of desorption, and safety issues.

The hydrogenation properties of the light-weight com-
pound, Li3N have been thoroughly investigated following the
work of Chen et al.8–11 These authors showed that the chemi-
cal reaction proceeds via the two following steps and leads to
the theoretical capacity of 10.2 wt % hydrogen,

Li3N + H2 ⇔ Li2NH + LiH �1�

Li2NH + H2 ⇔ LiNH2 + LiH. �2�

While the enthalpy of the first reaction is highly exother-
mic, �−161 kJ mol−1 H2,8 and thus requires very high tem-
peratures to release hydrogen, the heat of the second reac-
tion, derived from the van’t Hoff plots8,12,13 is more
favorable for applications, varying between −45 and
−51 kJ mol−1 H2. The temperature of desorption remains
still high and the weight capacity for this reaction drops to
6.4 wt %.

Recently, it has been suggested that the reaction pathways
might be more complex than suggested by Eqs. �1� and �2�
since, first the formation of a new compound Li4NH has
been detected,14 and second the consumption of Li3N is
higher than suggested by Eq. �1�. Further, David et al.15 have
also suggested the formation of a series of nonstoichiometric
phases with the composition Li2−xNH1+x. Indeed, both Li2NH
and LiNH2 are the end members of this series with values of
x=0.0 and x=1.0, respectively. Chandra et al.,16 in a recent
investigation of the phase diagram Li3N-H2 observed also
that the hydrogenation of Li3N proceeds along more complex
reactions than Eqs. �1� and �2�, and involves, in particular,
two intermediary phases: Li4NH �Ref. 17� and a novel com-
pound Li1.5NH1.5 �x=0.5�.

The mechanisms of the formation of these new phases is
clearly important for a proper understanding of the hydroge-
nation properties of Li3N. The density functional theory
�DFT� based calculations have yielded18–25 very reasonable
enthalpies of formation of many hydrogen storage materials.
We have therefore used the DFT calculations to understand
the energetics of formation of these new phases, and the
results are presented in this paper. Computational details are
given in Sec. II. In Sec. III, the crystal structure data for two
new phases, namely, Li4NH and Li1.5NH1.5 will be described.
The principal features of the electronic structure and hydro-
gen bonding are discussed in Sec. IV, and in Sec. V, reaction
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enthalpies are given. The concluding remarks are summa-
rized in Sec. VI.

II. COMPUTATIONAL DETAILS

The DFT calculations26 were carried out using the Vienna
ab initio simulation package �VASP�.27,28 The generalized gra-
dient approximation is used for the exchange and correlation
energy functionals with the Perdew-Wang �PW91�,29

Perdew-Burke-Ernzerhof �PBE�,30 and the PBE revised for
solids �PBEsol�31 functionals. The choice of three functionals
allows us to appreciate the uncertainties that might occur due
to the choice of the functional. An energy cutoff of 1000 eV
was used for the plane-wave basis set, and a dense grid of k
points in the irreducible wedge of the Brillouin zone �k-point
spacing less than 0.05 Å−1 in each direction� was used with
the sampling generated by the Monkhorst-Pack procedure.32

Both the internal atomic coordinates and the lattice param-
eters were fully relaxed. For all compounds, relaxations were
performed so that the convergence of Hellmann-Feynman
forces was better than 1 meV Å−1. The self-consistent total-
energy calculations converged to less than 0.1 meV. The den-
sities of states �DOS� were obtained using the linear tetrahe-
dron method with Blöchl corrections on relaxed structures.33

Only the electronic contributions to the heats of formation
and reaction are included at 0 K in the present calculations.
The contributions from zero-point energies �ZPEs� of the H
atoms were estimated within the Einstein model since the
major contribution comes from the high-frequency phonons.
The trends found in the present estimations are similar to
these obtained from full phonon calculations.24 The charge
distribution on the atoms was investigated using Bader’s to-
pological analysis.34 In this approach, atomic charges are cal-
culated using the decomposition of electronic charge density
into atomic contributions by dividing the space into atomic
regions with surfaces at a minimum in the charge density. We
have used the “Bader” code developed by Henkelman et
al.35,36

III. CRYSTAL STRUCTURES

Figure 1 shows the crystal structure of the compounds
involved in reactions �1� and �2� and studied in the present
work. Whereas the crystal structure of the lithium amide

LiNH2 is well known to be described in space group I4̄ �No.
82� �Refs. 38 and 39� with an ordering of the NH2 entities,
the crystal structure of the lithium imide Li2NH is still con-
troversial both from experimental37,40,41 and theoretical
investigations.21,22,25 This compound appears to present a
disordered arrangement of hydrogen atoms depending on the
temperature. Following our previous calculation,23 we used
two models for describing Li2NH, a starting model in the

cubic F4̄3m space group �No. 216�, as observed at room
temperature by neutron powder diffraction of Ohoyama et
al.,37 and the orthorhombic Pnma space group �No. 62�, pre-
dicted as the lowest-energy structure by Magyari-Köpe et
al.22 The calculated crystal structure data with the three func-
tionals, including the internal atomic coordinates, for the rel-
evant structures are summarized in Table I, where they are

compared with the experimental data. The theoretical results
are in excellent agreement with the available experimental
data, and are not too sensitive to the choice of the functional.
Our calculations confirm, as found by Magyari-Köpe et al.,22

that the orthorhombic Pnma structure of Li2NH is more

stable than the cubic F4̄3m one at 0 K, and that the relative
alignment and ordering of N-H dimmers leads to the lowest-
energy state.

We now focus on the crystal structures of the two new
intermediate phases represented in Fig. 2. The initial struc-
tural parameters for Li4NH were taken from the x-ray dif-
fraction data of Niewa et al.17 in the tetragonal space group
I41 /a �No. 88�. In this structure, the Li atoms occupy the 16f
sites while the N and H atoms occupy the 4a and 4b sites,
respectively. The lattice parameters and the internal atomic
coordinates were fully relaxed starting from these experi-
mental values. Our calculated crystal structure is given
in Table I together with the experimental data. The agree-
ment is excellent. In fact, our calculations confirm the valid-
ity of a deformation variant of an ordered Li2O-type
superstructure17,44 and show that in the most favorable struc-
tural configuration, N and H atoms occupy uniquely either
the 4a or the 4b positions but not both at the same time. For
example, if half of the N atoms occupy the 4a sites and the
other half the 4b sites �with a similar distribution for the H
atoms�, the energy is less negative by 144 meV/f.u. After full
relaxation, the Li atoms have a distorted configuration. The
H atoms are located at tetrahedral interstitial sites surrounded
by four Li atoms as first neighbors at a distance of 1.93 Å
while the N atoms are surrounded by 8 Li atoms at an aver-
age distance of 2.05 Å. This arrangement is drastically dif-
ferent from the one found either in imide or amide where
strong interactions between H and N atoms are observed.

(a) Li2NH
F-43m

(b) Li2NH
Pnma

(c) LiNH2

I-4

Li N H

a

b

c

a

b
c

a
b

c

FIG. 1. �Color online� Crystal structures of Li2NH in �a� F4̄3m

�Ref. 37�, �b� Pnma �Ref. 22�, and �c� LiNH2 I4̄ �Ref. 38� with two
different origins.
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TABLE I. Structural parameters of Li-N-H compounds from the present calculations. Experimental values for Li3N �Ref. 42�, LiH �Ref.
43�, Li2NH �Ref. 37�, LiNH2 �Ref. 38�, and Li4NH �Ref. 17� are indicated as a comparison, except for Li2NH calculated in the predicted
Pnma space group �Ref. 22�.

At. Wy.

Experimental Calculated PW91 Calculated PBE Calculated PBEsol

x y z x y z x y z x y z

Li3N �Ref. 42� Li 1b 0 0 1
2 0 0 1

2 0 0 1
2 0 0 1

2

P6 /mmm �191� Li 2c 1
3

2
3 0 1

3
2
3 0 1

3
2
3 0 1

3
2
3 0

N 1a 0 0 0 0 0 0 0 0 0 0 0 0

a=3.648 Å a=3.642 Å a=3.642 Å a=3.620 Å

c=3.875 Å c=3.878 Å c=3.875 Å c=3.861 Å

V=44.659 Å3 V=44.541 Å3 V=44.501 Å3 V=43.812 Å3

LiH �Ref. 43� Li 4a 0 0 0 0 0 0 0 0 0 0 0 0

Fm3̄m �225� H 4b 1
2

1
2

1
2

1
2

1
2

1
2

1
2

1
2

1
2

1
2

1
2

1
2

a=4.064 Å a=4.013 Å a=4.015 Å a=3.993 Å

V=67.121 Å3 V=64.611 Å3 V=64.735 Å3 V=63.671 Å3

Li2NH �Ref. 37� Li 4c 1
4

1
4

1
4 0.312 0.312 0.312 0.313 0.313 0.313 0.314 0.314 0.314

F4̄3m �216� Li 4d 3
4

3
4

3
4 0.774 0.774 0.774 0.777 0.777 0.777 0.774 0.774 0.774

N 4a 0 0 0 0 0 0 0 0 0 0 0 0

H 48h 0.093 0.093 0.093 0.115 0.115 0.115 0.114 0.114 0.114 0.118 0.118 0.118

a=5.077 Å a=5.159 Å a=5.223 Å a=5.074 Å

V=130.864 Å3 V=137.334 Å3 V=142.499 Å3 V=130.625 Å3

Li2NH �Ref. 22� Li 4c 0.102 1
4 0.464 0.102 1

4 0.463 0.102 1
4 0.463 0.102 1

4 0.463

Pnma �62� Li 4c 0.201 1
4 0.914 0.201 1

4 0.913 0.201 1
4 0.913 0.202 1

4 0.914

N 4c 0.354 1
4 0.218 0.353 1

4 0.218 0.353 1
4 0.218 0.353 1

4 0.218

H 4c 0.424 1
4 0.399 0.423 1

4 0.398 0.423 1
4 0.400 0.432 1

4 0.400

a=7.733 Å a=7.742 Å a=7.753 Å a=7.775 Å

b=3.60 Å b=3.604 Å b=3.609 Å b=3.618 Å

c=4.872 Å c=4.883 Å c=4.890 Å c=4.881 Å

V=135.632 Å3 V=136.258 Å3 V=136.839 Å3 V=137.296 Å3

LiNH2 �Ref. 38� Li 2a 0 0 0 0 0 0 0 0 0 0 0 0

I4̄ �82� Li 2c 0 1
2

1
4 0 1

2
1
4 0 1

2
1
4 0 1

2
1
4

Li 4f 0 1
2 0.001 0 1

2 0.008 0 1
2 0.008 0 1

2 0.007

N 8g 0.230 0.247 0.115 0.229 0.245 0.115 0.228 0.246 0.115 0.232 0.245 0.116

H 8g1 0.226 0.133 0.190 0.227 0.112 0.189 0.226 0.113 0.190 0.229 0.107 0.192

H 8g2 0.394 0.349 0.125 0.412 0.334 0.125 0.411 0.334 0.124 0.420 0.333 0.125

a=5.032 Å a=5.015 Å a=5.035 Å a=4.934 Å

c=10.256 Å c=10.472 Å c=10.453 Å c=10.274 Å

V=259.692 Å3 V=263.400 Å3 V=264.956 Å3 V=250.074 Å3

Li4NH �Ref. 17� Li 16f 0.194 0.044 0.782 0.189 0.044 0.784 0.191 0.043 0.783 0.190 0.044 0.784

I41
/a �88� N 4b 0 1

4
5
8 0 1

4
5
8 0 1

4
5
8 0 1

4
5
8

H 4a 0 1
4

1
8 0 1

4
1
8 0 1

4
1
8 0 1

4
1
8

a=4.8765 Å a=4.858 Å a=4.860 Å a=4.863 Å

c=9.877 Å c=9.918 Å c=9.920 Å c=9.915 Å

V=234.878 Å3 V=234.103 Å3 V=234.293 Å3 V=234.461 Å3
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X-ray diffraction studies of hydrogen absorption in Li3N
�Ref. 16� show that Li1.5NH1.5 phase can be described as a
disordered phase derived from the structure of Li2NH as
Li2−xNH1+x with x=0.5 between imide �x=0� and amide �x
=1�, the structural results are presented in Table II. An ho-
mogeneity range �x=0.25–0.98� of the Li and H content was
observed. The stability of this phase will be discussed in the
next section.

As it is mentioned in Ref. 16, the crystal structures of
Li4NH, Li2NH, Li1.5NH1.5, and LiNH2 can be all related to a

common antifluoritelike fcc subcell where N, H, NH, and
NH2 anions occupy nodes of the fcc lattice. In the Li1.5NH1.5

structure, while the 4a sites of N are fully occupied, Li at 4a
and 4d sites have an occupancy of 0.75 and the H 16e sites
an occupancy of 0.375, which means occupations in a cubic
cell calculations of 6

8 and 6
16 for Li and H, respectively. Sev-

eral models were used in theoretical calculations for the or-
dering of the vacancies at Li and H sites, using 1�1�1
�Fig. 2�b��, 1�1�2 �Fig. 2�c��, and 2�2�2 supercell

(a) Li4NH
I41/a

(b) L
F

Li

a

b

c

Li-vac

Li1.5NH1.5

F-43m

N H

a

b

c

H-vac

(c) Li1.5NH1.5

1x1x2 a

b

c

FIG. 2. �Color online� Crystal structures of �a� Li4NH and two proposed models for Li1.5NH1.5, �b� 1�1�1, with Li vacancies located
at a�3

2 , third-nearest neighbor �left� and at a�2
2 , second-nearest neighbor �right�, and �c� a relaxed 1�1�2 supercell model.

TABLE II. Li1.5NH1.5 structural results of x-ray powder-diffraction analysis from �Ref. 16�, space group

F4̄3m �No. 216�, isotropic temperature factor Biso�Å2�, and site occupancy �upper part�. The most stable
calculated structural model of Li1.5NH1.5, the initial and fully relaxed positions are given �lower part�.

Experimental At. Wy. x y z
Biso

�Å2� Occ.

a=5.027 Å Li 4c 1
4

1
4

1
4 1.0 0.75

V=127.04 Å3 Li 4d 3
4

3
4

3
4 1.0 0.75

N 4a 0 0 0 1.0 1

H 16e 0.093 0.093 0.093 1.0 0.375

Calculated At.

Initial Relaxed

x y z x y z

a=5.111 Å Li 3
4

1
4

1
4 0.806 0.194 0.329

V=133.53 Å3 1
4

3
4

1
4 0.306 0.694 0.329

1
4

3
4

3
4 0.227 0.773 0.766

1
4

1
4

1
4 0.727 0.273 0.766

3
4

3
4

3
4 0.732 0.768 0.681

1
4

1
4

3
4 0.232 0.268 0.681

N 0 0 0 −0.032 0.032 −0.019

0 0.5 0.5 −0.008 0.508 0.529

0.5 0 0.5 0.492 0.008 0.529

0.5 0.5 0 0.468 0.532 −0.019

H 0.093 0.093 0.093 0.129 0.093 0.087

0.593 0.593 0.093 0.629 0.593 0.087

0.907 0.593 0.407 0.908 0.592 0.364

0.407 0.093 0.407 0.408 0.092 0.364

0.907 0.907 0.093 0.907 0.871 0.087

0.407 0.407 0.093 0.407 0.371 0.087
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models. After volume and internal coordinate relaxations, the
most stable configuration was found to consist of an arrange-
ment in which the Li vacancies are located at a�2

2 from each
other �second-nearest neighbor�, and the H atoms close to the
Li vacancies and away from Li atoms to avoid too short Li-H
distances. In fact, all configurations with Li vacancies lo-
cated at a

2 �first-nearest neighbor� or at a�3
2 �third-nearest

neighbor, as an example on Fig. 2�b�� do not lead to a stable
ordering of N-H and N-H2 bonds. In Table II, we give the
calculated structural results obtained for the lowest-energy
state of Li1.5NH1.5. We started with the following configura-
tion of Fig. 2�b�: one Li vacancy at each Wyckoff site
�4c ,4d� was chosen at � 1

4
1
4

1
4 � and � 3

4
1
4

3
4 �, one NH2 entity is

located in the corner and other one at an N face center. The
remaining two N at the face centers are involved in N-H
bonds. After full relaxation, it is remarkable that the NH and
NH2 entities are found to be ordered in the same plane. In the
NH2 entities, the angle is found to be 101.8° and the N-H
distances 1.031 Å while the N-H bond length in NH entities
is 1.036 Å �results with PW91 functional�, which is quite
close to the values found in the amide and the imide. Thus in
the most stable relaxed structure, half of the nitrogen atoms
are involved in N-H bonds and the other half in H-N-H
bonds, reflecting the equal mixing of the amide-imide char-
acter in this material. Relaxed cubic cell parameter is
5.111 Å, in good agreement with the refined parameter
5.027 Å �Table II�. From the DFT optimization at 0 K, this
final result of the most stable Li1.5NH1.5 structure shows an
ordering of Li vacancies and �NH�2− and �NH2�− anions
which was not, however, observed experimentally in Ref. 16
by x-ray powder diffraction between 300 and 563 K.

IV. RESULTS AND DISCUSSION

A. Electronic structures

The formation of imide and amide are important steps in
reaction �1� and �2�, we briefly recall the main features of the
electronic structure of these compounds, that we found to be

in agreement with previous calculations.19–21,23

Figure 3 shows the site-projected DOS for �a� the imide
Li2NH and �b� the amide LiNH2. For both compounds, the
N 2s hybridized with H s states localized around −14 eV but
are not displayed in Fig. 3. The analysis of the DOS in Fig.
3�a� shows, at energies above −5.5 eV, that the valence band
splits into two distinct structures separated by a 1.5 eV en-
ergy gap.23 In Li2NH, out of the three 2p orbitals of N, only
the one directed toward H is involved in a strong bonding
with hydrogen. The single band associated to this bonding
N-H interaction contains two electrons and corresponds to
the lowest-energy structure in the DOS. The remaining two
N 2p orbitals are essentially nonbonding with hydrogen, they
correspond to two bands and form the next occupied struc-
ture that accommodates four electrons. The three occupied
bands associated to the �NH�2− entities are also strongly hy-
bridized with Li sp states as it appears clearly in Fig. 3�a�.

In the case of LiNH2 �Fig. 3�b��, the valence band splits
into three structures, each of them corresponds to one energy
band and thus accommodates two electrons. The two N 2p
orbitals located in the plane of the NH2 entities interact with
the H s states while the third N 2p orbitals perpendicular to
the NH2 planes are nonbonding with hydrogen. The N 2p
states are also strongly hybridized with the Li sp states. The
two materials are insulating with a gap on the order of 3 eV.
The empty conduction bands are mainly due to Li sp states
with a small contribution of antibonding N-H or N-H2 inter-
actions. The main features of the occupied valence bands, in
particular, of their splitting into two and three structures,
respectively, for the imide Li2NH and amide LiNH2 can be
simply understood in terms of quasimolecular interactions in
the �NH�2−, respectively, �NH2�− entities.

We now focus on the analysis of the Li4NH compound.
The calculation has been performed in the primitive body-
centered tetragonal cell. The electronic band structure of 2
formula-Li4NH along some high-symmetry directions is
shown in Fig. 4. At low energy �−11 eV�, two localized
bands correspond to N 2s states. These are not shown in Fig.
5 in which the total and the partial density of states of Li4NH
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(a)

FIG. 3. �Color online� Partial wave analysis of the density of states of �a� Li2NH in Pnma and �b� LiNH2 in I4̄ around the atomic sites
�s states: dashed line and p states: full line�. The Fermi level is located at the top of valence band and chosen as the origin of energies.
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are plotted. The valence band of Li4NH, total width
�4.3 eV, splits into two distinct structures. The first one �2
electrons/f.u.� corresponds to the interaction of H s state
which occurs only with Li sp states and not with nitrogen
since there is no direct N-H interaction in Li4NH, as ex-
pected from the crystal structure features. The bands plotted
in Fig. 4 have a weak dispersion, and the corresponding
structure in the DOS is narrow �1.4 eV. The second struc-
ture �6 electrons/f.u.� is associated to the N p-Li sp interac-
tion. In contrast to the imide and amide, the three N 2p bands
do not split since there is no direct bonding interaction with
H. Consequently, the corresponding structure in the DOS has
a narrow width �1.9 eV. The calculated gap between the
valence and the conduction band is about 2.2 eV. The value
of the gap is consistent with the reddish color experimentally
observed for this compound. The empty conduction bands
mostly associated with Li sp states have a much larger dis-

persion than the occupied narrow valence bands.
In the following, we now discuss the electronic structure

of the second phase Li1.5NH1.5. Figures 6 and 7 display, re-
spectively, the total and partial DOS of Li1.5NH1.5. From the
analysis of Fig. 7, it is clear that the total contribution of the
valence band of Li1.5NH1.5 results from the superposition of
a two peak structure due to the N-H bonding and from a
three-peak structure of the DOS, associated to the bonding of
�NH2�− entities. Such features have been discussed previ-
ously for the imide Li2NH and the amide LiNH2. It is re-
markable that this compound behaves as an intermediary be-
tween the two compounds since it presents bonding features
of both the imide and the amide in equal proportion.

B. Charges density and partial ordering

In Table III, we give the ionic radii and the charge distri-
bution of all relaxed structures of each entity. For Li3N, LiH,
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FIG. 4. Band structure of 2 formula-Li4NH along some high-
symmetry directions calculated in the primitive body-centered te-
tragonal cell.
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FIG. 5. �Color online� �a� Total density of states �full line, left-hand side scale� and number of electrons �dashed line, right-hand side
scale�, and �b� partial wave analysis of the density of states around the atomic sites of Li4NH in I41 /a. The Fermi level is located at the top
of valence band and chosen as the origin of energies.
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scale� of Li1.5NH1.5.
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and as well for Li4NH, the Bader charges are about +0.8 on
Li, −2.4 on N, and −0.8 on H atom, indicating a strong ionic
character for these compounds. For the Li2−xNH1+x
�x=0,0.5,1� compounds, the charge on Li is still about +0.8
but the anionic contribution is now shared by two kind of
entities �NH�2− and �NH2�−: in Li2NH, charge on NH is
−1.65 whereas in LiNH2, charge of NH2 is −0.85. Like it was
observed in the DOS analysis, a mixing of these two entities
is found in Li1.5NH1.5 compound.

Figure 8 shows the valence-charge electronic localization
function �ELF� calculated for Li4NH and Li2−xNH1+x
�x=0,0.5,1� compounds. The ELF �Refs. 45 and 46� gives
account of the type of bonding, it is defined as

ELF =
1

1 + �2�r�
, ��r� =

D�r�
Dgas�r�

with

D�r� = �i
���i�r��2 −

1

4

����r��2

��r�

Dgas�r� =
3

5
�6�2�2/3�5/3�r� ,

where ��r� is the electron spin density and �i�r� the spin
orbital of occupied i state. In this way, Becke and

Edgecombe45 associated the localization of an electron with
the probability density to find a second like-spin electron
near the reference point. The smaller this probability density,
i.e., the smaller the expression D�r�. The ELF has values
between 0 and 1, where the value 1 corresponds to perfect
localization, 0.5 indicates electron-gaslike probability �D�r�
=Dgas�r��, and values bellow 0.5 characterize regions of low
electronic density. From the low values of ELF in the inter-
atomic region between Li and the N-H cages, we conclude
that the interaction between Li ions and N-H entities is domi-
nantly ionic for Li2NH, Li1.5NH1.5, and LiNH2. As expected
from the electronic band structure analysis, the Li4NH phase
does not present strong bonding between H and N, with lo-
calized electrons around the interstitial hydrogen atoms. In
contrast, the Li2−xNH1+x compounds present an increase in
the charge density around �NH�2− and �NH2�− entities with
increasing x values �x=0,0.5,1�, which comes along with a
progressive ordering of �NH2�− ions.

V. ENTHALPIES OF FORMATION AND REACTIONS

The enthalpies of formation of the compounds entering in
the hydrogenation process of Li3N calculated with respect to
H and N in their molecular forms and Li in its metallic state,
defined by the following equation, are shown in Table IV,

� � �

� � �

� � �

� � �

� � �

� � �

� � �

� � �

� � �

� � � � � � � � � � 	 � 	 �

� � �

� � �

� � � � �

�
�
�
��
��
��
�
	
�


��
�
��

� � � �
�
�

� � � � �

� � � 	 
	 

� � �

� �
� � �

� �  � � � � � �  � �

� � � �
�
�

�

�

FIG. 7. �Color online� Partial wave analysis of the density of
states of Li1.5NH1.5 around the atomic sites �s states: dashed line, p
states: full line�.

TABLE III. Average ionic radii and Bader charges of various
compounds studied in this work, with PBE functional calculations.
For Li1.5NH1.5 compound, the N and H atoms belonging, respec-
tively, to �NH�2− and �NH2�− entities are labeled as 1 and 2.

Compound Atom or entity
Radius

�Å� Charge

Li3N Li 0.969 0.803

N 1.993 −2.410

Li4NH Li 0.947 0.813

N 1.872 −2.344

H 1.591 −0.908

Li2NH Li 0.936 0.825

N 1.749 −1.861

H 1.056 0.211

�NH�2− −1.650

Li1.5NH1.5 Li 0.941 0.836

N1 1.773 −1.824

N2 1.684 −1.475

H1 1.037 0.204

H2 0.996 0.290

�NH�2− −1.620

�NH2�− −0.895

LiNH2 Li 0.940 0.847

N 1.707 −1.503

H 1.016 0.328

�NH2�− −0.847

LiH Li 0.949 0.830

H 1.447 −0.830
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�Hformation�LixNyHz�

= E�LixNyHz� − xE�Li� −
y

2
E�N2� −

z

2
E�H2� .

As expected, the results with the PBE, PBEsol functionals
are somewhat different. Nevertheless, the physical interpre-
tation concerning the phases’ formation is unchanged. The
ZPE contributions at 0 K are also shown. Since the ZPE have
already been obtained by other authors20,22,24,25,48 for most of
the compounds using full phonon DOS calculations, we pres-
ently used these values. For the new phases, an estimate of
the H-vibration contribution using a simple Einstein model
has been considered. Table IV shows that both Li4NH and
Li1.5NH1.5 can be readily formed from the starting elements
since their formation energies are highly negative. These for-
mation enthalpies, however, do not provide clues regarding
their actual formation during the hydrogenation reaction of
Li3N. In Table V, we have considered various possibilities
for their formation.

As suggested by x-ray and neutron diffractions,14 we first
consider a possible decomposition of Eq. �1� with the two
following steps:

2 Li3N + H2 ⇔ Li4NH + Li2NH, �3�

Li4NH + H2 ⇔ Li2NH + 2 LiH. �4�

From Table V, we see that the direct reaction of Li3N with
H2, as shown in Eq. �3�, can lead to the formation of the
compound Li4NH with a very large exothermic enthalpy of
formation, −148.92 kJ mol−1 H2, larger than that for Li2NH,
−113.51 kJ mol−1 H2, of Eq. �1�. The products resulting
from Eq. �3� are Li4NH and Li2NH. Indeed, the presence of
this latter compound as a reaction product suggests that this
highly exothermic enthalpy of formation of reaction �3�
might not be entirely due to the formation of the compound
Li4NH. The reaction �3� can be considered to be a two step
process involving reaction �1� which is a standard process,
and reaction �7� of Table V, in which LiH obtained in reac-
tion �1� reacts with Li3N to form Li4NH. The electronic con-
tribution of reaction �7� is hardly favorable for this reaction

Li4NH (010) Li2NH (010) Li

0.00 0.25 0.50 0.75 1.00

LiNH2 (110)1.5NH1.5 (111)

Li N H

FIG. 8. �Color online� Valence-charge electronic localization function �ELF� calculated for Li4NH and Li2−xNH1+x�x=0,0.5,1� com-
pounds. Li1.5NH1.5 is shown in a relaxed 2�2�2 supercell model.

TABLE IV. Enthalpies of formation, �Hf �kJ mol−1� of various compounds involved in the hydrogena-
tion reaction with respect to the elements in their ground states: metallic Li, H2, and N2. The ZPE contribu-
tions �kJ mol−1� are shown from our present calculations and from another theoretical work �Ref. 24�. The
column �Hf

TOTAL is the total contribution of �Hf
0 and EZPE. The negative sign indicates binding. For com-

parison, enthalpies of formation calculated with PBE and PBEsol functionals are also given.

PBE PBEsol Calculated PW91 Expt.

�Hf
0 �Hf

0 �Hf
0 EZPE EZPE �Ref. 24� �Hf

TOTAL �Hf
exp

H2 22.51 25.9

NH3 −102.09 −122.51 −102.58 87.70 −14.88

Li3N −150.69 −161.19 −163.26 27.40 −135.86 −197a

Li2NH F4̄3m −161.04 −148.02 −172.69 −222a

Li2NH Pnma −197.53 −218.01 −207.17 30.26 46.80 −160.37 −222a

LiNH2 −186.18 −222.07 −204.32 50.00 69.30 −135.02 −176a

LiH −79.73 −85.71 −84.60 21.50 −63.10 −91a

Li4NH −231.18 −248.87 −248.10 13.73 −234.37

Li1.5NH1.5 −186.50 −208.47 −194.76 43.13 −151.63

aReference 47.
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but there is a large exothermic contribution from ZPE. Due
to this ZPE contribution, our calculations thus confirm the
production of this compound as an intermediate product. The
interesting thing about Li4NH is that its hydrogenation en-
thalpy �see Eq. �4�� is less exothermic than that of Li3N in
the standard reaction �1�, however, it is slightly more exo-
thermic than the hydrogenation reaction energy �Eq. �2�� of
Li2NH.

We have also shown in Table V the reaction energies for
the formation of Li4NH with the evolution of ammonia. The
reaction �9� suggests that this compound can be also formed
with the release of ammonia since the reaction enthalpy is
highly exothermic. This release of ammonia is not desired in
fuel cell applications. A careful examination of reaction �9�
shows that it involves two intermediate steps, reactions �10�
and �11�. The reaction �11� that governs the formation of
ammonia is highly endothermic due to its high positive elec-
tronic contribution. The exothermicity of reaction �9� is only
provided by the reaction of Li3N with H2 �reaction �10��, that
does not involve ammonia. Thus these calculations show that
production of ammonia cannot occur during the formation of
this intermediate compound Li4NH. In all cases, the hypo-
thetical reactions �12�–�16� in Table V also show that ammo-
nia, if present, will immediately react with other products to
form amide and imide, The experimental observation of Hu
and Ruckenstein50 that ammonia reacts immediately with
LiH and hence there is no gas release, is in agreement with
our calculation �reaction �14� in Table V�. Minor amounts of
ammonia production have been observed,50–52 for example,

in special experimental conditions when the Li3N sample
was previously exposed to air.50 It should be mentioned how-
ever that our calculations concern either perfectly stoichio-
metric compounds or intermediate phases of specific compo-
sitions. Decomposition processes of the lithium amide in a
continuous nonstoichiometric manner proposed, for example,
by David et al.15 are beyond the scope of the present
calculations.

We now consider the formation of the second intermedi-
ate compound Li1.5NH1.5 discussed in the literature. In the
same way of decomposition of Eq. �1� by Li4NH in Eqs. �3�
and �4�, an easy proposition of the Li1.5NH1.5 formation
mechanism may be the decomposition of Eq. �2� into the two
following �5� and �6� reactions:

2 Li2NH + H2 ⇔ 2 Li1.5NH1.5 + LiH, �5�

2 Li1.5NH1.5 + H2 ⇔ 2 LiNH2 + LiH. �6�

The reaction �5� shows that this compound can be produced
by the reaction of Li2NH with H2 with an enthalpy of reac-
tion of −71.51 kJ mol−1 H2. Again this reaction can be visu-
alized as the sum of the standard reaction �2� with an exo-
thermic energy of −63.65 kJ mol−1 H2, and the reaction �8�
in Table V. Since this latter presents a reaction energy which
is exothermic �−7.86 kJ mol−1 H2�, reaction �5� is favored
compared to Eq. �2�. The formation of this intermediate com-
pound Li1.5NH1.5 results from reaction �8� which is only
slightly exothermic and owes its exothermicity largely to the

TABLE V. Enthalpies of various reactions, �Hr �kJ mol−1�. The negative sign indicates an exothermic
reaction.

PBE PBEsol Calculated PW91 Expt.

�Hr
0 �Hr

0 �Hr
0 EZPE �Hr

TOTAL �Hr
exp

�1� Li3N+H2→Li2NH+LiH −126.56 −142.53 −128.51 15.00 −113.51 −161a

�2� Li2NH+H2→LiNH2+LiH −68.38 −89.77 −81.75 18.10 −63.65 −45 a, −51b

�3� 2 Li3N+H2→Li2NH+Li4NH −127.32 −144.51 −128.75 −20.17 −148.92

�4� Li4NH+H2→Li2NH+2 LiH −125.80 −140.56 −128.28 50.17 −78.11

�5� 2 Li2NH+H2→2 Li1.5NH1.5+LiH −57.67 −66.64 −59.77 −11.74 −71.51

�6� 2 Li1.5NH1.5+H2→2 LiNH2+LiH −79.08 −112.91 −103.74 47.94 −55.80

�7� Li3N+LiH→Li4NH −0.76 −1.97 −0.23 −35.17 −35.41

�8� Li2NH+LiNH2→2 Li1.5NH1.5 10.70 23.14 21.99 −29.84 −7.86

Reactions involving ammonia

�9� 4 Li3N+3H2→3 Li4NH+NH3 −192.87 −224.38 −193.83 −58.42 −252.25

�10� 4 Li3N+2 H2→2 Li4NH+2 Li2NH −254.65 −289.01 −257.49 −40.35 −297.84

�11� 2 Li2NH+H2→Li4NH+NH3 61.78 64.63 63.66 −18.07 45.59

�12� Li3N+2 NH3→3 LiNH2 −203.67 −260.00 −244.55 5.10 −239.45

�13� Li2NH+NH3→2 LiNH2 −72.74 −103.62 −98.89 4.10 −94.79 −83.7c

�14� LiH+NH3→LiNH2+H2 −4.36 −13.84 −17.14 −14.00 −31.14 −49.9d

�15� Li3N+NH3→Li2NH+LiNH2 −130.92 −156.38 −145.65 1.00 −144.65

�16� 3 LiNH2→2 Li1.5NH1.5+NH3 83.45 126.75 −120.88 −33.94 +86.94

aReference 8.
bReference 13.
cReference 12.
dReference 49.
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contribution from ZPE, that exceeds the endothermic elec-
tronic contribution.

Thus the proposed reactions involving the formation of
intermediary phases Li4NH and Li1.5NH1.5, and the absence
of formation of ammonia, are in agreement with the experi-
mental observations at 528 and 565 K by in situ x-ray pow-
der diffraction in Ref. 16. Although the PBE and PBEsol
functionals lead as expected to different numerical values of
reaction enthalpies, the conclusions remain unaffected.

VI. CONCLUSIONS

We have performed DFT calculations to study the crystal
structure, electronic structure, and stability of Li4NH and
Li2−xNH1+x�x=0,0.5,1� compounds. For all these com-
pounds, we optimized the atomic positions and lattice param-
eters with three exchange-correlation functionals. The struc-
tural results with these several functionals are quite similar
and the calculated structures are in good agreement with the
experimental results. Electronic band-structure studies reveal
that all these compounds are insulators with a small band gap
of about 2–3 eV.

While two intermediate compounds Li4NH and Li1.5NH1.5
have been proposed experimentally, our calculations confirm
that the formation of both compounds is possible during hy-
drogenation of Li3N. The former with its hydrogenation
properties is more favorable for dehydrogenation than the
standard Eq. �1� and the formation of the second Li1.5NH1.5

is found to be favorable in comparison with the standard
reaction �2�.

The chemical bonding of hydrogen in the Li4NH com-
pound is, as expected, of different nature than in the other
complex hydrides Li2−xNH1+x, in which strong covalent N-H
interactions occur. In Li4NH, the interaction of H-s state oc-
curs only with Li sp states, as expected from the structural
features. From the present DFT optimization, Li1.5NH1.5 is
found to form in a cubic Li-vacant-type compound. Pres-
ently, the relaxed crystal structure of Li1.5NH1.5 appears to be
described as an ordered phase for the most stable configura-
tion, with coexistence of ordered �NH�2− and �NH2�− anions
in the same plane. The electronic structure of the Li1.5NH1.5
phase reveals clearly the presence of two distinct types of
nitrogen atoms forming ordered imide and amide ionic enti-
ties in equal proportion. This feature confers to
Li1.5NH1.5 �x=0.5� the transition state between the “NH”
disordered compound, Li2NH �x=0� and the “NH2” ordered
compound, LiNH2 �x=1�.
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