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A reversible hydrogen storage capacity of ~7 wt% at ~150 °C
without releasing ammonia can be achieved by mechanically
activated three-component composite of Mg(NH;),-4LiH-
LiNH,.

The state-of-the-art reversible hydrogen storage materials for the
on-board application can only offer either of the two: a very
suitable hydrogen release at room temperature with poor H,
storage capacity (example: LaNisHg); or, a high hydrogen storage
capacity with unacceptably high hydrogen release temperature
(example: MgH,).! The major challenge in bridging these two
objectives, viz., having acceptable hydrogen storage capacity
(typically > 6wt%) and the dehydrogenation within the fuel-cell
operating temperature (< 85 °C) comes mainly in the form of
unsuitable thermodynamics of the dehydrogenation reactions,
especially, in the light weight hydrides. > Numerous attempts
have been made with the light weight hydrides including amides,
borohydrides, alanates, etc®® to develop the H, storage materials
that can satisfy the critical thermodynamic parameters for the
storage material to be rechargeable under the practical conditions.
To develop materials that can satisfy the target H, storage
properties, we attempt to explore the dehydrogenation properties
of the Li-Mg-N-H system in the form of composites which are
prepared using Mg(NH,),, LiH and LiNH,. The advantage of
using three starting components, instead of two, to prepare the
composite is the flexibility to alter the relative concentrations of
the Mg, Li and N in the composites which offer a number of
structural features that may help to alter the thermodynamics of
the hydrogen uptake/release for the Li-Mg-N-H systems. Some of
these advantageous structural features, especially, related to the
amide/imide systems include a stable fcc sublattice of N atoms
that does not change upon hydrogen sorption, no significant
change in the recombination of chemical bonding, etc resulting in
an easy facile transformation between amide and imide.® * ©
These unique features of amide/imide structures that may
facilitate a lower dehydrogenation temperature than the other
ionic light weight hydrides may be further explored by altering
the concentration of Mg* and Li* to fine-tune the
dehydrogenation thermodynamics of the composites utilizing the
similar size but different charge states of Mg®" and Li* ions
present in the system.*® Here we report for one selected
composite Mg(NH,),-4LiH-LiNH, to show that it is possible to
achieve the dehydrogenation thermodynamics which can
reversibly store > 7 wt% H, having decomposition temperature

around 150 °C without losing nitrogen from the system in the
so form of ammonia. The study is an evidence that a combination of
binary amide/imide systems may offer new dehydrogenation
properties as, in the present case, the Mg(NH;),-4LiH-LiNH,
composite, which may be viewed as a combination of two
different H, storage systems of Mg(NH,),-2LiH and LiNH,-2LiH,
s5 does not exclusively follow the decompositions of either of them.
As a part of the experiment, we prepare the composite by ball-
milling for 20 h a mixture of commercially available Mg(NH,),,
LiH and LiNH, in a mole ratio of 1:4:1 under the inert gas (Ar)
environment. The thermal decomposition properties of the
60 composite were carried out by the Thermogravimetry combined
with Differential Thermal Analysis and Mass-spectroscopy (TG-
DTA-MS). The structural evolution of the crystalline phases by
the decomposition was studied by XRD. The dehydrogenation
thermodynamics of the composite was studied by the pressure-
6s composition isotherm (PCT). Further details of these
experimental procedure and analysis methods are given in the
footnotet.
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Fig. 1: Pressure-composition isotherm of the Mg(NH,),-4LiH-
LiNH, composite at 170 C. (Inset) van’t Hoff plot for the
70 composite for dehydrogenation (equilibrium H, pressure Peg is in
atm and T in Kelvin).

To characterize the dehydrogenation thermodynamics of the
composite, we estimate the change of reaction enthalpy (AH) and
s entropy (AS) using the van’t Hoff equation, shown in Fig.1, by
fitting the plateau pressures measured at 160, 170 and 180 °C by
the PCT study. The estimated AH is 65 kJ-(mole H,)™ and AS is
152 J-(K-mole H,)* giving the decomposition temperature T, for
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1 bar H; equilibrium pressure (using the relation AH = T..AS) to
be ~154 °C. Comparing the thermodynamics of the composite
with those of some other promising amide/imide systems for
storing hydrogen, we notice that the Mg(NH,),-4LiH-LNH,
s composite has lower decomposition temperature in comparison
with the LiNH,-LiH system (AH= 66 kJ-(mole H,)™ and T, ~ 275
°C).® On the other hand, the present composite shows higher
decomposition temperature than that of the Mg(NH,),-2LiH
system (T, ~ 90 °C) but offers a larger H, storage capacity of (7
10 W% vs. 5.5 wt%). A large hysteresis between the adsorption and
desorption isotherm is notable in the Mg(NH,),-4LiH-LNH,
composite, as was also reported with the Mg(NH,),-2LiH.*
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Fig.2: TG-DTA profiles of dynamic (after the 1% cycle) and
isothermal mass-loss (as-milled) for Mg(NH;)-4LiH-LiNH,
15 composite. (Inset): Mass spectra of m/e=2 and 17 corresponding
to the dynamic heating (5 °C/min).

To further understand the decomposition as a result of
gradually releasing hydrogen from the composite, we show (Fig.
20 2) the TG mass-loss profile of the composite (after 1% H, cycle)
under the dynamic heating (5 °C/min) up to a temperature of
500 °C together with the mass-loss data obtained by the
isothermal decompositions at some selected temperatures. The
isothermal mass-losses at temperatures > 200 °C are in the range
s of 6-7 wt%. These values, as expected, closely resemble the
amount of H, adsorbed in the PCT study. The released H, gas
does not contain impurities including ammonia, revealed by the
MS profiles of m/ e= 2 (H,) and 17 (NHj3), also shown in Fig. 2.
The reversibility of the reaction in the Mg(NH,),-4LiH-LiNH,
a0 composite is confirmed by identifying the  phases after
hydrogenation of the composite (by the PCT) at ~ 8 MPa H,
pressure. The phases in the hydrogenated composite, identified by
the XRD, are Mg(NH),, LiNH, and LiH as shown in Fig.3 which
also displays the XRD profiles obtained from the as-milled
s composite (A in Fig. 3) and from the solid residues after
dehydrogenating at 180 and 500 °C denoted, respectively, as B
and C in Fig.3. Raman spectrum of the composite, after the re-
hydrogenation, also confirms the recovery of the characteristic N-
H vibrations of Mg(NHy;) and LiNH, (supplementary
40 information).

The structural change by the dehydrogenation reactions can be
further appreciated from Fig.3 which reveals that the as-milled
composite is dominated by cubic phases (especially, 26 values
around 30° and 50°) which may include a number of possible

45 non-stoichiometric LiNH, phases Lij.xNH,.(x > 0.02).” Except
for the LiH, no characteristics peaks of the other starting

compounds, viz., orthorhombic Mg(NH,), or tetragonal LiNH,
have been clearly detected in the pattern A. However, the XRD
pattern B (dehydrogenated at 180 °C) clearly shows
so LiosMgN,H; 4 (P-43m, space group # 215)8 along with the cubic
reflections (non-stoichiometric phases of LiNH, assigned as
Li;+xNH,.) and a relatively weaker LiH compared to that in the
pattern A. At higher temperature (pattern C in Fig. 3), the ternary
hydride Li,gMgN,H;4 and LiH no longer exist; instead, the
ss nitride LiIMgN (probably, forming first a simple cubic disorder
antifluorite phase, followed by a cation-ordered orthorhombic
phase by structure stabilization at elevated temperature)® are
formed along with cubic phase that match closely Li,NH
reflections. Combining these information of the structural
s0 evolution, we may visualize the dehydrogenation reactions in the
following set of chemical reactions (Eq.1- Eq.3):
Li,Mg(NH), + (8/3)LiH—Li, §MgN,H; 4+(8/3)H, (Eq.1)
LiH + LiNH, — Li,NH + H, (Eq.2)
s The over-all balance of equation, therefore, is:

Mg(NH), + 4LiH + LiNH, — 2Li,NH + LiMgN + 4H,  (Eq.4)
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Fig. 3: XRD profiles of Mg(NH,),-4LiH-LiNH, composite: (A)
as-milled; (B) after dehydrogenated at 180 °C; (C) after
dehydrogenated at 500 °C; (D) after re-hydrogenation at 160 °C.
70
The left-hand side of equation 4 represents the molar
compositions of the starting material; the imide and the nitride in
the right-hand side of this equation are the phases identified in the
solid residue after the dehydrogenation. The neat expected mass-
75 loss given by equation 4 is 7.2 wt%, a value which is closely
satisfied by the dynamic mass-loss of ~ 7.1 wt% (Fig. 2) also
indicates that > 90% dehydrogenation reaction may be achieved
within 240 °C since the mass-loss by the dynamic/isothermal
dehydrogenation at ~240 °C is in the range of 6.6-6.80 wt% (Fig.
0 2). It may be noted that Eq.1-3 are based on the decomposition
reactions of two-component systems and are referred here only as
a tool to simplify the complexity of the decomposition reactions
in the three-component composite. In fact, equation 1 may be a
multi-step reaction, starting with Mg(NH,) and 2LiH to form
85 Li,Mg(NH), via a two-step reaction.’’ Subsequently, each mole
of Li,Mg(NH), interacts with 1/3 mole of LiH to become
Li, sMgN,H; 4. This decomposition pathway is notably different
from the reports on some Li-Mg-N-H systems, especially, with
similar molar combination of the LHS of Eq.1 yielding L,NH and
90 MgsN, as the solid residues (Mg(NH), + (8/3)LiH—4Li,NH +
MgsN, + 8H,)." The stable unary nitrides MgsN, and LisN,
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reported by these two-component amide/imide systems have not
been detected in the dehydrogenated composite in our study;
instead, a binary nitride LiMgN has been formed by releasing
hydrogen from Li,gMgN,H;,4, as we suggest in Eq.3, also
forming Li,NH. Since we observe only one distinct plateau in the
PCT of the composite, whereas, a series of decomposition
reactions are plausible, we believe that these reactions might have
taken place as closely sequenced overlapped processes that is
expected to release ideally ~7.2 wt% H, at ~150 °C. The DTA
profile of the dynamical decomposition (Fig.2) also shows one
large dip below 250 °C supporting the above assumption that the
primary mass-loss (H, release) takes place mainly as a single
event.

Following the above observation, we assign the inability to
fully dehydrogenate the composite around 150 °C as the kinetic
barrier of the decomposition reactions (estimated activation
energy E, is ~ 134 kJ-(mole)?, see Fig. S3 in supplementary
information) which may be rate-limited by a combination of
phase-boundary and nucleation controlled solid-state reactions at
the early stage of H, release followed by the diffusion-controlled
reactions (see Table S1 in supplementary information). These
known Kinetic barriers for the amide/imide systems'?, however,
may be lowered by using, for example, nanoconfinement*® which
may enable the composite to release enough H, in a few minutes
instead of hours, especially at temperatures < 140 °C without
using catalyst (see Fig. S2 in supplementary information).

Despite the Kinetic issue, the present study points towards the
possibility of an important aspect in tailoring new reaction
thermodynamics by altering the relative concentrations of the Li,
Mg and N in the physical mixture of a combination of known
two-component sub-systems (for example, in this study, the two
sub-systems are 2LiH-Mg(NH,), and 2LiH-LiNH,) paving new
reaction pathway that may offer a better over-all decomposition
thermodynamics than the two-component amide/imide (sub-)
systems. In contrast to the limited number of known Li-Mg-N-H
systems composed of two components, this approach may open
up enormous possibility to design new composites. However, it
will be of great interest to know how many of them result in
new/novel dehydrogenation reactions. We here report one such
combination for the three-component composite of Mg(NH,),-
4LiH-LNH; as a typical case study.
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T The composite was prepared by mixing commercially available
Mg(NH,), (HydroLabo, Japan; purity 95%), LiH (particle size 50 um,
Alfa Aesar) and LiNH, (98% purity, 200 mesh, Aldrich) in a mole ratio
1:4:1. The powders were ball milled by planetary ball-milling machine
(10 stainless steel balls with ball-to-powder mass ratio 30:1) for 20 h at
400 rpm under Ar gas. Identification of phases present in the as-milled
powders were carried out by powder X-ray diffraction with Cu Ka
radiation (Rigaku Ultima 1V) and by the Raman spectroscopy (Raman-11
VIS-SS) using blue laser of 532 nm wavelength in a point scan mode. The
decomposition properties of the as-milled powders were carried out by
thermogravimetry and differential thermal analysis (TG-DTA) using
Rigaku Thermoplus-Evo Il (TG 8120). Mass-spectroscope (Anelva) was
attached with the TG-DTA to simultaneously monitor the evolved gas
species. Powder sample (typically 3-5 mg) was taken in an aluminium
pan and heated under the He atmosphere (200 ml/min) from RT (~ 25 °C)
to 500 °C with a heating rate of 5°C/min for the dynamic decomposition.
The isothermal decompositions were studied by the TG at the selected
temperatures ranging from140-400 °C. A fast heating of 20 °C/min was
used in raising the sample temperature to the target temperatures and were
maintianed for 2-12 h until the mas-loss profiles reached the equilibrium.
The thermodynamic parameters were studied by the PCT apparatus (JMC,
Japan). Typically, around 300 mg of powder sample was taken in the PCT
tube immersed in the oil bath to maintain the temperature of the sample
inside (160, 170 and 180 °C). The PCT data was recorded when the
dehydrogenated powder (dehydrogenated under vacuum for ~12 h) was
hydrogenated with high purity H, increasing the H, pressure upto 8 MPa
followed by dehydrogenation (H, pressure < 0.001 MPa) until no further
release of H,. The delay time for each data point was 2-5 h. The activation
energy of the decomposition reaction was studied by the DSC (Thermo
plus2 DSC8230HP AEMK) with different heating rate (2, 5, 10 and 20
OC/min) under high purity He atmosphere (0.1 MPa). The temperatures
corresponding to the DSC peak of the endothermic reactions, from the
four runs, were fitted into the linear form of Kissinger equation to
estimate Ea of the decomposition reactions. All the samples, as well as
TG and DSC equipments, were kept in glove boxes filled with purified
running Ar gas to maintain oxygen level < 1 ppm. Special sample transfer
boxes were used for transferring powder samples between the glove boxes
and to the Raman spectrometer as well as to the XRD apparatus.
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