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ABSTRACT: Metal amides are promising candidates for
hydrogen storage, hydrogen production, NH3 synthesis and
cracking, and so on. However, the decomposition behaviors
and mechanisms of metal amides remain unclear. In this
study, the decomposition properties of three metal amides,
including LiNH2, Mg(NH2)2, and NaNH2, are studied by
thermogravimetry, mass spectroscopy, and in situ X-ray
diffraction techniques combined with density functional
theory (DFT) calculations. It is found that Mg(NH2)2,
LiNH2, and NaNH2 exhibit very different metal−N and N−H
bond strengths, which precipitate various formations energies
of different kinds of vacancies. As a result, LiNH2 releases a
major amount of NH3, with a small amount of N2 at a temperature as high as 350 °C. Mg(NH2)2 releases NH3 and N2
synchronously at a temperature range of 300−400 °C without the emission of H2. NaNH2 synchronously releases H2, NH3, and
a small amount of N2, at a narrow temperature range of 275−290 °C. Using DFT calculations, the decomposition behaviors and
the corresponding decomposition mechanisms for LiNH2, Mg(NH2)2, and NaNH2 have been well understood.

1. INTRODUCTION

Metal amides, for example, LiNH2 and NaNH2, have been
synthesized more than a century ago.1 They have been widely
used as reagents in organic synthesis for industrial productions.
Since 2002, metal amides have been tremendously studied as
hydrogen storage materials.2−5 By thoroughly mixing them
with metal hydrides to form composites, such as LiNH2−
LiH,6,7 Mg(NH2)2−LiH,8−10 LiNH2−MgH2,

11 Mg(NH2)2−
MgH2,

12−14 and many others,4,15−20 promising hydrogen
storage properties could be achieved, including hydrogen
storage capacity above 5 wt %, reversible hydrogenation/
dehydrogenation, and moderate thermodynamics. The
LiNH2−LiH composite with good hydrogen storage reversi-
bility was first reported by Chen6 et al., following reaction 1 to
store ∼7 wt % of hydrogen:

LiNH LiH Li NH H2 2 2+ = + (1)

Although the redox reaction between Hδ+ in amides and Hδ− in
hydrides was suggested by Xiong8 et al. to be the key for the
outstanding hydrogen desorption properties of amide-hydride
composites, it was also proposed by Ichikawa21 et al. that the
reaction 1 was consisted of two elementary solid−gas reactions
mediated by ammonia (NH3)

2LiNH Li NH NH2 2 3= + (2)

LiH NH LiNH H3 2 2+ = + (3)

Therefore, more or less NH3 could be detected during the
decomposition of LiNH2-based composites.22 Besides being
considered as promising candidates for hydrogen storage,
metal amides also attract much interest in the field of hydrogen
production23 and NH3 cracking

24,25 and synthesis.26 David23 et
al. reported the role of NaNH2 for NH3 cracking following two
reactions:

NaNH Na 1/2N H2 2 2→ + + (4)

Na NH NaNH 1/2H3 2 2+ → + (5)

l e a d i n g t o a n e a t r e a c t i o n :

2NH (g)
Na NaNH

N (g) H (g)3
2

2 2⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
+

+ . The Na/NaNH2

system shows superior performance to supported nickel and
ruthenium catalysts, reaching 99.2% decomposition efficiency
with 0.5 g of NaNH2 in a 60 sccm NH3 flow at 530 °C. Wang26
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et al. reported a novel two-active-center catalysis, that is, TM-
mediated (TM = transition metal) with LiH, to create an
energy-efficient pathway that allows NH3 synthesis under mild
conditions. The NH3 synthesis process is through nitrogen
transfer and hydrogenation and can be briefly described as
follows:

N 2 2N2 + * = * (6)

N LiH LiNH* + * → [ ] (7)

LiNH H LiH NH2 3[ ] + → + (8)

where * represents a metal-surface site, and LiNH2 and Li2NH
are collectively denoted as [LiNH].
Except for NaNH2, NH3 was usually considered as the only

gaseous decomposition product for metal amides.22,27,28

Song28 and Yang reported a decomposition mechanism of
Mg(NH2)2 based on the bonding characteristics. The
proposed decomposition of the Mg(NH2)2 is consisted of
two steps: (1) H+ cations decompose from the [NH2] ligands,
and then [NH2]

− anions decompose. The H+ cations and
[NH2]

− anions therefore react with each other to generate
NH3. Nevertheless, N2 was also noted as a possible gaseous
product for decompositions of metal amides. Cao29 et al.
reported that the gaseous decomposition products of Rb2[Mn-
(NH2)4] contained N2, H2, and NH3. The decomposition of
metal amides is an important issue for their hydrogen storage,
hydrogen production, and NH3 cracking and synthesis
properties; however, there remains controversy and unclear-
ness on their decomposition behaviors. Therefore, the
decomposition of metal amides should be comprehensively
restudied.
In this study, the decomposition properties of three metal

amides, including LiNH2, Mg(NH2)2, and NaNH2, are studied
by thermogravimetry−mass spectroscopy (TG−MS) and in
situ X-ray diffraction (XRD) experiments combined with
density functional theory (DFT) calculations. It shows that the
decompositions of these metal amides are very different from
each other due to the different metal−N and N−H bond
strengths for the amides. Using TG−MS and in situ XRD
combined with DFT calculations, the decomposition behaviors
and the corresponding decomposition mechanisms for LiNH2,
Mg(NH2)2, and NaNH2 could be well understood.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS
2.1. Materials and Experimental Methods. The starting

powder samples were LiNH2 (98% purity, Aldrich), Mg-
(NH2)2 (95% purity, DICP, China), and NaNH2 (95% purity,
Aldrich). The dehydrogenation properties were studied by TG
using an NETZSCH 449 thermal analyzer, and a mass
spectroscopy (MS) system (Hiden-Qic 20) was attached
with the TG system to simultaneously monitor the evolved gas
species. Samples of about 10 mg were taken in an Al2O3 pan
and heated under an Ar atmosphere (100 mL min−1) from
room temperature to 450 °C under a consistent heating rate of
5 K min−1. The TG−MS machine was placed in an Ar-
protected glovebox to avoid oxidation or hydrolysis during the
whole experiment period. In situ decomposition XRD
experiments were performed in a Rigaku XRD machine
under a pressure of around 3 × 10−3 MPa.
2.2. Computational Methods. Periodic spin-polarized

DFT calculations are performed using the Vienna Ab initio
Simulation Package.30−32 The Perdew−Burke−Ernzerhof func-

tional is used to account for electron exchange−correlation
effects,33 and the projector-augmented wave method is used to
approximate core electrons.34 The plane-wave cutoff energy is
set to be 450 eV. For Li, Na, Mg, N, and H species, their
respective (1s), (2s), (2s), (2s, 2p), and (1s) states are treated
as valence electrons.
For calculations of LiNH2, NaNH2, and Mg(NH2)2 bulks

with and without various types of vacancies, integrations over
the first Brillouin zone are performed using the Monkhorst−
Pack k-point sampling method with Γ-centered 4 × 4 × 2, 4 ×
3 × 4, and 4 × 4 × 2 grids,35 where adequate k-point mesh
tests are carried out. It results in total energies converging to a
precision of ∼1 meV per unit cell. For the defect-free bulk
optimizations, both the atom and the cell are allowed to relax.
For the vacancy calculations, atoms in the unit cell are allowed
to relax while the unit cell is fixed at the bulk value. The
optimizations are done until forces on the atoms are less than
0.02 eV Å−1 and the total energy change between two
successive steps is less than 1 × 10−5 eV.
We consider the formation energies of various vacancy types,

including VN, VH, VNH. VNH2
, and VNH3

. The formula to

calculate the formation energy of various types of vacancy is as
follows:

E E q E n q E E( , ) (0) ( )q
formation
( , )

VBM F∑α μ= − + + +α

α
α α

(9)

where E(α,q) and E(0) are the total energy of the unit cell with
and without defect α, μα is the absolute value of the chemical
potential of atom α, nα is the number of defect atoms, q is the
charge state, and EVBM and EF are the energy of valence band
maximum and the Fermi energy, respectively. In our cases, we
consider the charge neutral defects (q = 0).
We choose the lattices as our calculation mediums based on

two considerations: first, the bulk calculations have been
widely seen in the thermodynamic calculations of decom-
position in LiNH2 and Li2NH,

36 Mg(NH2)2,
28 Mg(BH4)2·

2NH3, and LiMg(BH4)2·2NH3
37 as well as the kinetics

calculation of H vacancy diffusions in MgH2,
38 indicating

that bulk calculations can be representative and qualitatively
indicative. Second, the adoption of various metal amide
surfaces involves choice of surface miller index and surface
termination, which could be difficult due to the current
shortage of a systematic theoretical study on surface stabilities
of these amides. We have found that the surface stabilities and
terminations have a great influence on the surface or interfaces
properties in the systems of Mg,39,40 Mg/MgH2,

41 and
CeH2.73/CeO2.

42 Considering that the main goal of our
study is to locate the commons in and differences between
these metal amides, we choose bulk calculations as our main
measure to investigate the mechanism of these metal amide
decompositions. Importantly, we pay great attention on the
possibility that leads to the release of N2 that may have been
neglected in the previous literature studies.

2.3. Lattices of LiNH2, Mg(NH2)2, and NaNH2. The
calculated lattice constants of tetrahedral LiNH2, orthorhom-
bic NaNH2, and tetragonal Mg(NH2)2 unit cells are listed in
Table 1. They are all in good agreement with the experimental
and theoretical values.
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3. RESULTS AND DISCUSSION
3.1. Decomposition of LiNH2. Figure 1 shows the TG−

MS profiles of LiNH2. It could be clearly seen that there is a

main release of NH3 gas during the whole decomposition
process, and a small amount of N2 at a high temperature above
350 °C was observed. The mass loss of LiNH2 heating to 450
°C is only 20 wt %, which is due to the incomplete desorption
of LiNH2. The TG−MS curves are similar to the results
reported by Yao49 et al., in which the desorption is almost
completed by heating to around 600 °C. The decomposition
process is further studied by in situ XRD as shown in Figure 2.
The decomposition of LiNH2 from room temperature to 450
°C could be summarized as follows:

x y z

2LiNH (Li NH NH Li NH NH

Li NH NH ) Li NH NH

(0 1)

x x y y

z z

2 1 2 3 1 2 3

1 2 3 2 3

→ + → +

→ + → +

≤ < < ≤

+ − + −

+ −

(10)

To understand the decomposition process, formation
energies (Ef) of various types of vacancies in LiNH2, whose
structure is shown in Figure 3, are calculated and listed in
Table 2. We can see that VH is the most energetically favored
single vacancy with formation energies of 2.39 and 2.38 eV,
respectively. However, the formation energy of VNH3

is only
2.00 eV, which is 0.39 eV lower than that of VH. The NH3
formation energy preference is unique among the three metal
amide systems studied in the present work, and it is congruent
with our experimental observation that NH3 is the main

product (Figure 1). With the formation of NH3-vacancy, the
formation energy of N-vacancy is greatly reduced in LiNH2,
which means that the release of N2 gas at temperature high
enough is possible.

3.2. Decomposition of Mg(NH2)2. The decomposition
products of Mg(NH2)2 and LiNH2 were usually considered as
NH3 and the corresponding imides/nitrides, excluding N2.
However, TG−MS study indicates that N2 is also a main
decomposition product of Mg(NH2)2. As shown in Figure 4,

Table 1. Space Group and Calculated Lattice Constants of
Mg(NH2)2, LiNH2, and NaNH2

space
group

calculated lattice
constant (Å) reference (Å)

LiNH2 I4̅ a = b = 4.976,
c = 10.297

a = b = 5.043,
c = 10.226c

a = b = 5.034,
c = 10.255d

Mg(NH2)2 I41/acd a = b = 10.368,
c = 20.197

a = b = 10.376,
c = 20.062a

a = b = 10.445,
c = 20.312b

NaNH2 Fddd a = 8.878, b = 10.384,
c = 8.076

a = 8.949, b = 10.456,
c = 8.061e

a = 8.907, b = 10.726,
c = 8.289f

aReference 45. bReference 46. cReference 47. dReference 48.
eReference 43. fReference 44.

Figure 1. TG−MS profiles of LiNH2, at a heating rate of 5 K min−1.

Figure 2. In situ decomposition XRD patterns of LiNH2, as a heating
rate of 10 K min−1.

Figure 3. Side view of the LiNH2 unit cell.

Table 2. Formation Energies of Various Types of Vacancies
in Pure and Defected LiNH2

a

unit cell vacancy type Ef (eV) description

LiNH2 VN 6.28 N
VH1 2.39 H1
VH2 2.39 H2
2VH 4.48 H1 + H2
VNH2

4.26 NH2

VNH3
2.00 NH2 + H1

VNH3
2.06 NH2 + H2

VH1−LiNH2 VNH2
2.23 NH2

VH1 2.10 H2
VN1 2.19 N
VNH 3.92 N, H2

2VH1−LiNH2 VN 1.35 N
aThe parenthesis in the column of description denotes the location of
the vacancies. In LiNH2, there are two types of H atoms, H1 and H2,
bonded to the same N forming an amidogen radical.
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there is a synchronous release of NH3 and N2 without H2
emission at the temperature range of 300−400 °C. The release
of N2 is very unique in the decomposition process of
Mg(NH2)2 and should be further studied.
We first consider different single vacancy cases for VN and

VH (see Figure 5). Table 3 shows the formation energies of

various vacancies. The formation energies of VN1, VN2, and VN3
are 6.84, 7.16, and 6.65 eV, respectively, while the ones of VH1,
VH2, VH3, and VH4 are 2.67, 2.71, 2.7, and 2.7 eV, respectively.
It can be seen that the H vacancy formation is much more
energetically favored than the N vacancy ones. Then, the
formation of group vacancy is considered. In the Mg(NH2)2
bulk, each N atom is bonded to two H atoms and forms an
amidogen radical, NH2. It is found that the formation energies
of VNH, VNH2

, and VNH3
are found to be 5.55, 4.73, and 3.5 eV.

The above-mentioned NH3 vacancy is the combination of the
N3 amidogen radical and the H atom bonded to N1. Among
these three types of group vacancies, the NH3 vacancy
formation is the most energetically favored.
In Table 3, we also notice that, in VH1−Mg(NH2)2, the

formations of VH and VN are most energetically preferred with
formation energies of 2.13 and 2.41 eV. The H deprivation
from an NH2 group in pristine Mg(NH2)2 greatly destroys the
strong N−H hybridizations28 and thus conspicuously lowers
the VN formation energy to 2.41 eV, which is merely 0.28 eV
higher than the VH one of 2.13 eV in VH1−Mg(NH2)2. It
means that the concurrent formation of VN and VH is possible
in VH1−Mg(NH2)2, which could lead to the formation of NH3.
Moreover, the dramatic difference between the VH, VN

formation energies, and the VNH one (i.e., 4.11 eV) is larger
than 1 eV. It implies that the formation of an NH3 molecule is
in consecutive separate steps of single V and H vacancy
formations. In detail, the consecutive steps are as follows: the
first single VH, the second single VH, the single VN, and the
single VH. Then, an NH3 molecule forms.
Interestingly, various nN to nH ratios in NH3 (i.e., 1:3) and

Mg(NH2)2 (i.e., 1:2) could result in, after major NH3
formation, a plethora of N atoms, and thus, a trivial amount
of N2 formed. Table 3 shows that, in VNH3

−Mg(NH2)2, the VN

formation energy of 0.48 eV is 1.9 eV lower than the VH one of
2.38 eV, indicating that, after release of NH3, the single N
vacancy formation is very possible. It could lead to the
formation of N2 molecule. Our theoretical results are in
qualitative agreement with our experimental NH3 and N2
observations (Figure 4), as well as the previous report where
NH3 is the main detected gas product.8

3.3. Decomposition of NaNH2: Comparisons of
Vacancy Formation and Calculation Limitation. The
decomposition reaction of NaNH2 was first reported by
Titherley in 1894,1 which consists of two steps as follows

NaNH Na 1/2N H2 2 2→ + + (11)

NaNH NaH 1/2N 0.5H2 2 2→ + + (12)

The presence of NaH or Na as final product depends on the
back pressure of the system. Jain17 et al. recently reported that

Figure 4. TG−MS profiles of Mg(NH2)2, at a heating rate of 5 K
min−1.

Figure 5. Side view of the Mg(NH2)2 unit cell.

Table 3. Formation Energies of Various Types of Vacancies
in Pure and Defected Mg(NH2)2

a

unit cell vacancy type Ef (eV) description

Mg(NH2)2 VN1 6.84 N1
VN2 7.16 N2
VN3 6.65 N3
VH1 2.67 H1(N1)
VH2 2.71 H2(N2)
VH3 2.70 H3(N3)
VH4 2.70 H4(N3)
2VH 4.80 H1(N1)
VNH 5.55 NH(N3)
VNH2

4.73 NH2(N1)

VNH2
4.87 NH2(N2)

VNH2
4.84 NH2(N3)

VNH3
3.73 NH2(N1) + H(N2)

VNH3
3.73 NH2(N1) + H(N3)

VNH3
3.54 NH2(N2) + H(N1)

VNH3
3.82 NH2(N2) + H(N3)

VNH3 3.50 NH2(N3) + H(N1)
VNH3

3.80 NH2(N3) + H(N2)

VNH3
3.61 NH2(N3) + H(N3)

VH1−Mg(NH2)2 VNH2
3.48 NH2(N2)

VNH2
3.45 NH2(N3)

VH1 2.13 H1(N1)
VN1 2.41 N1
VNH 4.11 N1,H1(N1)

2VH1−Mg(NH2)2 VN 1.50 N(N2)
VNH3

−Mg(NH2)2 VH1 2.38 H1(N1)

VN1 0.48 N1
aThe parenthesis in the column of description denotes the location of
the vacancies.
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NaNH2 decomposes directly into Na and NH3 as major
products with a small amount of N2 and H2. Figure 6 shows

the TG−MS profiles of NaNH2. It is very unique that NH3 and
H2 are the main decomposition products, meanwhile a small
amount of N2 was observed. In order to understand the
decomposition mechanism, formation energies, Ef, of various
types of vacancies in NaNH2 are calculated and listed in Table
4.

The structure of NaNH2 is shown in Figure 7. It is clear that
VH is the most energetically favored single vacancy with a
formation energy of 2.38 eV. The VN, VH, and VNH3

formation
energies are 5.60, 2.38, and 2.69 eV, respectively. It manifests
easy VH and possible NH3 formations. Very intriguingly, in
VH−NaNH2, the VH formation is the most energetically
favored with a thermodynamic advantage of over 0.83 eV,

compared to other possible vacancies. In this unique case, it is
very likely for H2 to form, which could be clearly seen from the
MS spectra in Figure 6. The VN formation is expedited by utter
H depletion in the NH2 group, with an Ef of only 0.78 eV,
leading to the N2 formation.
Based on our above thermodynamic results of vacancy

formation, we find that these three metal amides share similar
formation energies of single VH from 2.38 to 2.67 eV and have
difficulties of directly releasing N2 from pure lattice (i.e., Ef of
sing VN is larger than 5.6 eV). In detail, LiNH2, Mg(NH2)2,
and NaNH2 have formation energies of 2.38, 2.67, and 2.39 eV,
respectively, indicating that Mg(NH2)2 has the strongest N−H
bond among the three. However, LiNH2 has a VNH3

formation
energy lower than its single VH, implying a possibility of direct
formation of NH3 at room temperature and a late formation of
N2 at higher temperature. This lower formation energy of VNH3

manifests that the metal−N bond is the weakest in LiNH2. We
assume that the late formation of N2 at higher temperature is
because the easy release of NH3 takes place early and takes up
H atoms 3 times as N atoms, leaving N atoms in the bulk.
Different from LiNH2, the two other metal amides, Mg(NH2)2
and NaNH2, have a single VH formation energy lower than
VNH3

. In these two metal amides, it is more likely to form NH3

from consecutive steps (e.g., consecutive formations of VH, VH,
VN, and VH). It implies that, in these two scenarios, the release
of N2 could take place at lower temperatures. By viewing the
similarities and differences of these three metal amides, we
infer that the vacancy formation mechanisms can be very
different, thus causing experimental observations of different
gas products at various temperatures.
We need to point out the limitation of this theoretical

NaNH2 solid models. Because the melting point of NaNH2 is
around 483 K, the decomposition of NaNH2 to form NH3, H2,
and N2 takes place above 550 K. Because the focuses of our
first-principles calculations are the similarities and differences
between vacancy formations in these metal amides at 0 K, we
deem that the calculations in NaNH2 can still facilitate the
viewing of a fuller decomposition picture.

4. SUMMARY

In this study, the decomposition properties of three metal
amides including LiNH2, Mg(NH2)2, and NaNH2, are
interpreted by TG−MS and in situ XRD experiments
combined with DFT calculations. It is found in our DFT
calculations that Mg(NH2)2, LiNH2, and NaNH2 exhibit
different metal−N and N−H bond strengths, which lead to
various formation energies of different kinds of vacancies, and
various decomposition properties that are in qualitative
agreement with our experimental observations. The three
metal amides share similar formation energies of single VH
from 2.38 to 2.67 eV and have difficulties of directly releasing
N2 from pure lattice. LiNH2 has a VNH3

formation energy lower
than its single VH, implying a possibility of direct formation of
NH3 at low temperatures and a late formation of N2 as
temperature increases. Mg(NH2)2 and NaNH2 have a single
VH formation energy lower than VNH3

. In these two metal
amides, it is more likely to form NH3 from consecutive steps,
and the release of N2 could take place at lower temperatures.
With TG−MS and DFT calculations, the decomposition
behaviors and the corresponding decomposition mechanisms
for LiNH2, Mg(NH2)2, and NaNH2 could be well understood.

Figure 6. TG−MS profiles of NaNH2 at a heating rate of 5 K min−1.

Table 4. Formation Energies of Various Types of Vacancies
in Pure and Defected NaNH2

a

unit cell vacancy type Ef (eV) description

NaNH2 VN 5.60 N
VH 2.38 H
2VH 4.48 H + H
VNH2

3.68 NH2

VNH3
2.69 NH2 + H

VH−NaNH2 VNH2
2.93 NH2

VH 2.10 H
VN 4.15 N
VNH 3.35 NH

2VH−NaNH2 VN 0.78 N
aThe parenthesis in the column of Description denotes the location of
the vacancies. In NaNH2, there is just one type of H.

Figure 7. Side view of the NaNH2 unit cell.
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