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Abstract
The hydrogen storage properties of 6Mg(NH2)2-9LiH-x(LiBH4) (x = 0, 0.5, 1, 2) system and the
role of LiBH4 on the kinetic behaviour and the dehydrogenation/hydrogenation reaction
mechanism were herein systematically investigated. Among the studied compositions,
6Mg(NH2)2-9LiH-2LiBH4 showed the best hydrogen storage properties. The presence of 2 mole
of LiBH4 improved the thermal behaviour of the 6Mg(NH2)2-9LiH by lowering the
dehydrogenation peak temperature nearly 25 °C and by reducing the apparent dehydrogenation
activation energy of about 40 kJ/mol. Furthermore, this material exhibited fast dehydrogenation
(⁓10 minutes) and hydrogenation kinetics (⁓ 3 minutes) and excellent cycling stability with a
reversible hydrogen capacity of ⁓ 3.5 wt. % at isothermal 180 °C. Investigations on the reaction
pathway indicated that the observed superior kinetic behaviour likely related to the formation of
Li4(BH4)(NH2)3. Studies on the rate-limiting steps hinted that the sluggish kinetic behaviour of the
6Mg(NH2)2-9LiH pristine material are attributed to an interface-controlled mechanism. On the
contrary, LiBH4-containing samples show a diffusion-controlled mechanism. During the first
dehydrogenation reaction, the possible formation of Li4(BH4)(NH2)3 accelerates the reaction rates
at the interface. Upon hydrogenation, this ‘liquid like’ of Li4(BH4)(NH2)3 phase assists the
diffusion of small ions into the interfaces of the amide-hydride matrix.
Keywords: Solid-state hydrogen storage, Amide-Hydrides, Li-Mg-N-H system
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1

Introduction
The uncontrolled release of greenhouse gases into the atmosphere threatens the future life of the

humankind [1]. Regarding the emission of CO2, in order to limit the average global temperature
rise to maximum 2 °C, its quantity must be reduced of about 470 gig tons by 2050 [2]. In 2015,
just 19.3 % of global electrical energy consumption was provided by renewable energy sources
[3]. The share of renewable sources must rise to more than 60 % by 2050 to meet the ‘2 °C’ goal
[2]. To achieve this target, conventional fossil fuels must be replaced with alternative
environmentally friendly fuels [4]. In this regard, hydrogen is an ideal fuel, since it has a
gravimetric energy density (142 MJ/kg) 3 times higher than that of gasoline (46 MJ/kg), and its
combustion leads to the production of H2O only [5]. However, 1 kg of hydrogen has a volume of
11 m3 [6]. To increase the volumetric energy density, hydrogen can be compressed, liquefied or
chemically bonded. In the last decades, the possibility to store hydrogen into complex metal
hydrides such as alanates, borohydrides and amides was thoroughly investigated [7–21]. GayLussac and Thènard discovered amides such as sodium amide (NaNH2) and potassium amide
(KNH2) in the beginning of 1800s [22]. Following this work, Dafert and Miklauz reported on the
possibility to form a mixture of LiNH2 and 2LiH from Li3N with H2 in 1910 [23]. Until few years
ago, amides were not considered as a hydrogen storage material, since significant amount of
ammonia gas were released during their thermal decomposition [24,25]. Amides started to be
considered as a hydrogen storage medium for the first time in 2002, when Chen et al. reported that
the LiNH2 + LiH system could reversibly absorb/desorb ⁓ 6.5 wt. % of hydrogen according to
reaction 1 [26];

Li2 NH + H2 ⇋ LiNH2 + LiH

∆H = −45 kJ mol−1

(1)
3

Temperatures higher than 250 °C are required to release hydrogen from LiNH2 + LiH, thus this
system is unsuitable for vehicular applications. Substituting the Li+ cation with other alkaline and
alkaline earth metal cations, several amide–hydride systems were discovered [27–30]. The system
Mg(NH2)2 + 2LiH (∆H = 40 kJ mol−1 ) reversibly desorbs ⁓ 5.2 wt. % H2 at 220 °C according to

reactions 2 and 3 [28];

2Mg(NH2 )2 + 3LiH ⇋ Li2 Mg 2 (NH)3 + LiNH2 + 3H2

Li2 Mg 2 (NH)3 + LiNH2 + LiH ⇋ 2Li2 Mg(NH)2 + H2

(2)
(3)

Enormous efforts have been devoted to improve the kinetic behaviour and to reduce the reaction
temperature of this system [31–35]. The addition of KH reduces the desorption peak temperature
of Li-Mg-N-H system composed of Mg(NH2)2 and LiH from 180 °C to 132 °C [36,37]. Rbcontaining materials have the same kinetic effects on this system [38]. Co-addition of Rb and K
further improves the performance and enables achieving full desorption at 130 °C under vacuum
conditions. In these cases, the catalytic species appears to be a solid solution of KH and RbH (i.e.
K(Rb)H) [39]. Similar to K/Rb compounds, borohydrides; such as Mg(BH4)2 or CaBH4 were also
can reduce dehydrogenation temperatures and to enhance the desorption properties of Li-Mg-N-H
system [40,41]. Previous reports revealed that both Mg(BH4)2 and CaBH4 undergo metathesis
reactions with LiH to form LiBH4 and MgH2 or CaH2. LiBH4 is the specie that improves the system
performance and the formation of side products such as MgH2 or CaH2 reduces the reversible
hydrogen capacity of the system. The addition of 0.1 mole LiBH4 to Mg(NH2)2 + 2LiH not only
improves the reaction kinetics, but also reduces the reaction enthalpy from 38.9 kJ/(mol H2) to
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36.5 kJ/(mol H2) [42,43]. Thermodynamic alteration is achieved by stabilizing the
dehydrogenation product, which refers to LiNH2 in this system [44]. Depending on the molar ratios
of Mg(NH2)2, LiH and LiBH4; H2 capacities and operating temperatures can be tailored [45].
6Mg(NH2)2 + 9LiH + xLiBH4 (x = 0, 0.5, 1, 2) system offers theoretical H2 capacities ranging
between 4.0 to 4.5 wt. % at moderate temperatures (140 °C - 200 °C), based on the general reaction
4;

6Mg(NH2 )2 + 9LiH + 𝑥𝑥LiBH4 ⇋ 3Li2 Mg 2 (NH)3 + (LiNH2 )3 (LiBH4 )𝑥𝑥 + 9H2

(4)

Varying LiBH4 content, different dehydrogenation products can be obtained, i.e. LiNH2,
Li4(BH4)(NH2)3 or Li2(BH4)(NH2) [46]. The formation of complex amide-borohydrides
(Li4(BH4)(NH2)3, Li2(BH4)(NH2)) play a crucial role in improving the kinetic behaviour of the
6Mg(NH2)2 + 9LiH + xLiBH4 system [47]. Moreover, the complex amide-borohydride
Li4(BH4)(NH2)3 is known to have a high ion conductivity and a melting point of ⁓190 °C [48]. In
addition, the melting point of Li2(BH4)(NH2) is 90 °C and ion conductivity at its melting
temperature is doubled respect to Li4(BH4)(NH2)3 [48].
Hitherto, a limited number of publications about the cycling properties of Li-Mg-B-N-H system
composed of Mg(NH2)2, LiH and LiBH4 are available in literatures [44,49–51]. Moreover, an
exhaustive detailed investigation on the cycling and the kinetic behaviours of the 6Mg(NH2)2 +
9LiH + xLiBH4 has not been reported yet. In this work, we study different aspects of the hydrogen
storage properties of the 6Mg(NH2)2 + 9LiH + xLiBH4 (x = 0, 0.5, 1, 2) system upon 20
dehydrogenation/hydrogenation cycles in a Sieverts apparatus. Thermal properties of the samples
before and after cycling are investigated by Differential Scanning Calorimetry (DSC). Structural
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properties are investigated with Powder X-Ray Diffraction (PXD) and Fourier transform Infrared
Spectroscopy (FT-IR). Furthermore, it is herein performed an analysis about the dependence of
reaction pathway and rate-limiting step on the amount of LiBH4.

2

Experimental
The chemicals used in this work are MgH2 (95 % purity, Rockwood Lithium GmbH), LiBH4 (95

% purity, Sigma Aldrich) and LiH (97 % purity, Alfa Aesar). Mg(NH2)2 is synthesized in-house
via two-step process. Firstly, MgH2 was ball milled at 400 rpm under 7 bar of NH3 for 24 hours.
Each 6 hours, the gas in the milling vial was re-filled by pure NH3. Milling procedure was
performed in a Fritsch P6 planetary ball-milling device. Then, the collected sample was heated up
to 310 °C under 7 bar of NH3 in a high pressure vessel from Parr Instrument Company to optimize
the yield of Mg(NH2)2. The purity of the obtained Mg(NH2)2 was characterized via
thermogravimetric analysis (TG) (~95 % purity). Mg(NH2)2 was mixed with LiH and LiBH4 in the
molar ratios 6:9:0, 6:9:0.5, 6:9:1 and 6:9:2 by ball milling in a stainless steel high pressure milling
vessel from Evico GmbH [52]. For the sake of clarity, all the samples are designated throughout
the paper as shown in Table 1. Ball to powder ratio was 60:1. Milling processes were performed
for 36 hours at a speed of 400 rpm. Before starting the milling processes, the milling vials were
filled with 50 bar of H2 to prevent possible H2 release from the samples upon milling. The material
preparation and handling were carried out in an argon-filled glove box (H2O and O2 levels below
10 ppm).
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Table 1 − Compositions and designations for the investigated samples
Sample composition

Sample code

6Mg(NH2)2 + 9LiH

Mg-Li

6Mg(NH2)2 + 9LiH + 0.5LiBH4

Mg-Li-0.5LiBH4

6Mg(NH2)2 + 9LiH + LiBH4

Mg-Li-1LiBH4

6Mg(NH2)2 + 9LiH + 2LiBH4

Mg-Li-2LiBH4

Differential scanning calorimetry (DSC) measurements were performed in a Netzsch DSC 204
HP calorimeter located inside an argon-filled glovebox (H2O and O2 levels below 1 ppm). About
5 mg of each sample were placed in a Al2O3 crucible and then heated from room temperature to
300 °C with a heating rate of 3 °C/min. All measurements were done under 1 bar of H2
backpressure. Before starting the measurement, the DSC chamber was first evacuated and then
flushed 3 times with 10 bar of H2. A mass flow-meter was used to maintain the hydrogen pressure
in the range of 1 ± 0.2 bar of H2 during heating up and cooling down.
In order to calculate apparent activation energies (Ea), many methods have been developed so
far [53–56]. In this work, effects of additive on the kinetic behaviour of solid-gas reactions were
calculated via Kissinger method, applying calorimetry [54]. This method is suitable for the samples
that exhibit multi-step reactions and it allows us to determine Ea of a reaction process without
assuming a kinetic model, i.e. without determining the rate limiting step of the reaction. The
equation for the Ea calculation is shown in Eq. 5;

𝑙𝑙𝑙𝑙(𝛽𝛽/𝑇𝑇𝑚𝑚2 ) = 𝑙𝑙𝑙𝑙(𝐴𝐴𝐴𝐴/𝐸𝐸𝑎𝑎 ) −

𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇𝑚𝑚

(5)
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, where A is the pre-exponential factor and R is the gas constant. The temperature for the
maximum reaction rate (Tm) was obtained from DSC curves measured at heating rates (β) of 1
°C/min, 3 °C/min, 5 °C/min and 10 °C/min under 1 bar of H2 backpressure (ESI Figure 3). Then,
𝛽𝛽

𝑙𝑙𝑙𝑙 �𝑇𝑇 2 � against 1000/Tm was plotted, 𝐸𝐸𝑎𝑎 and 𝐴𝐴 was calculated from linear fitting.
𝑚𝑚

Dehydrogenation/hydrogenation experiments were done using an in-house made Sieverts

apparatus.

About

70

mg

of

sample

was

used

in

each

experiment.

20

dehydrogenation/hydrogenation cycles were performed at 180 °C under 1 bar and 80 bar of H2,
respectively. Due to the long measurement time necessary to achieve complete desorption and
absorption (5 h for desorption and 8 h for absorption reactions), the Mg-Li sample was cycled only
10 times instead of 20.
In order to assess the rate-limiting steps of the dehydrogenation process in the studied system,
Sharp and Jones method was applied [57, 58]. In this method, experimental data are expressed as
following:
𝑡𝑡

𝐹𝐹(𝛼𝛼) = 𝐴𝐴 �𝑡𝑡 �

(6)

0.5

, where A is the rate constant, 𝑡𝑡0.5 is the time at the reaction fraction α = 0.5. The fraction (α) is

taken as the hydrogen capacity over the maximum reached capacity for each sample. By
𝑡𝑡

𝑡𝑡

implementing different rate equations, several plots of (𝑡𝑡 )theoretical versus (𝑡𝑡 )experimental are
0.5

0.5

obtained. In this study, we applied this model to the portion of dehydrogenation curve between 0.1

and 0.8 fraction of the overall hydrogen capacity. We implemented 11 different rate equations as
listed in ESI - Table S1. The best fitting reaction rate model must obey the following rules; slope
of the fitted line should be ⁓ 1, intercept ⁓ 0 and R2 ⁓ 1.
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The composition of dehydrogenated samples was investigated by powder X-ray diffraction
method (PXD) using a Bruker D8 Discover diffractometer equipped with Cu X-ray source (λ =
1.54184 Å) operating at 50 kV and 1000 mA and a 2D VANTEC detector. Diffraction patterns
were collected in the angular range of 2θ range from 10 ° to 90 °. Information on the structural
properties was taken from ICSD database [59]. A sample holder sealed with a poly(methyl
methacrylate) (PMMA) dome was utilized to prevent the sample oxidation during PXD
measurements.
Due to the possible presence of phases in the amorphous or monocrystalline state, the samples
were also characterized via Fourier transform infrared technique (FT-IR). For this purpose, a
Agilent Technologies Cary 630 FT-IR located in an argon filled glove box was used (H2O and O2
levels below 1 ppm). Each measurement was acquired in the spectral range of 650 cm-1 - 4000 cm1

with a resolution of 4 cm-1.

3

Results and Discussion
3.1 Thermal properties and activation energies
DSC curves of as-milled samples Mg-Li, Mg-Li-0.5LiBH4, Mg-Li-1LiBH4 and Mg-Li-2LiBH4

measured at a heating ramp of 3 °C/min between room temperature and 300 °C are presented in
Figure 1 (a). DSC curve of Mg-Li has two overlapping endothermic peaks with maxima at 197 °C
and 205 °C ascribed to the two reaction steps described by eq. (2) and (3). In the samples containing
LiBH4, peak maxima are positioned at 191 °C and 180 °C for Mg-Li-0.5LiBH4 and Mg-Li1LiBH4, respectively. Mg-Li-2LiBH4 interestingly shows a single dehydrogenation peak at
temperature of 176 °C, which is nearly 25 °C lower in respect to Mg-Li. The presence of a single
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Figure 1 − (a) DSC curves of as-milled samples measured in the temperature range of 20 °C
- 300 °C with a heating ramp of 3 °C /min and 1 bar of H2 pressure (b) Phase transition of
LiBH4.
peak instead of two peaks, is most likely due to a change in the reaction pathway. All LiBH4containing samples present exothermic broad peaks between 75 °C and 125 °C, which most likely
are caused by recrystallization of LiBH4 on the Mg(NH2)2 [60]. Additionally, they have a small
endothermic peak at 113 °C (Figure 1-b) which is ascribable to the phase transition of LiBH4 from
orthorhombic to hexagonal lattice structure [61]. However, this is not always visible as observed
in the DSC curve of Mg-Li-1LiBH4 (Figure 1). Additionally, based on the PXD analysis of the
samples heat treated up to 300 °C, decomposition of Li4(BH4)(NH2)3 to Li3BN2 was observed (ESI:
Figure S1). Non-isothermal measurements of the gas evolved during dehydrogenation measured
in an Ar flow in the temperature range ~ 20 - 300 °C (ESI: Figure S2) show that the main released
gas is hydrogen. Additionally, small amounts of NH3 are also released by all the samples.
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Figure 2 − Kissinger plots of as-milled samples derived from DSC curves at different heating
rates (1, 3, 5 and 10 ºC/min) for the calculation of the apparent activation energies.
In order to evaluate the effect of the addition of LiBH4 on the dehydrogenation kinetic behaviour
of the Mg-Li composite, apparent activation energies (Ea) were calculated from DSC
measurements by applying the Kissinger method. Figure 2 shows the resulting from Kissinger
plots. All DSC curves along with the linear fitting for all the samples are shown in ESI: Figure S3.
The apparent activation energy measured for the dehydrogenation of sample Mg-Li was found to
be 170 ± 1 kJ/mol H2. The activation energies reported in literature for the dehydrogenation of LiMg-N-H system are very diverse and range between 102 and 180 kJ/mol H2 [43,62]. These
variations can be attributed to different experimental conditions, i.e. gas flows, atmosphere, type
of device and sample holder, as well as intrinsic parameters of the sample such as particle sizes,
degree of mixture of reactants, crystal defects, among others. Reducing the particle size of
Mg(NH2)2 + 2LiH system from 2 μm to 100 nm, the dehydrogenation Ea can be decreased from
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182 to 122 kJ/mol. 54 Introducing LiBH4 has also an effect on the decrease of the Ea. For the MgLi-0.5LiBH4 sample, Ea is lowered to 156 ± 7 kJ/mol. A further reduction in the activation energy
is observed for the samples Mg-Li-1LiBH4 and Mg-Li-2LiBH4, where Ea amounts 127 ± 2 kJ/mol
and 129 ± 1 kJ/mol, respectively. This represents 24 % of reduction in the Ea compared to LiBH4free sample, which is in good agreement with literature [63].
3.2 First isothermal dehydrogenation/hydrogenation and characterization
The dehydrogenation/hydrogenation curves measured during the 1st cycle for all the samples are
presented in Figure 3. It is clear that the addition of LiBH4 improves the material kinetic behaviour.
In 20 minutes, Mg-Li sample dehydrogenates only ⁓ 1.1 wt. % of H2. During the same period of
time, all other samples release more than 3 wt. % of H2. Improvements in the absorption reaction
kinetics are more significant. Within 10 minutes, Mg-Li-0.5LiBH4, Mg-Li-1LiBH4 and Mg-Li2LiBH4 samples absorb nearly 3.7 wt. %, 3.6 wt. % and 3.1 wt. % of H2, respectively. Whereas,
Mg-Li sample absorbs only ⁓ 1.4 wt. % of H2 during the same period of time.

Figure 3 − (a) 1st isothermal dehydrogenation kinetics of as-milled samples at 180 °C and
1 bar of H2 pressure. (b) 1st isothermal hydrogenation kinetics at 180 °C and 80 bar of H2
pressure
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In order to identify crystalline and non-crystalline phases present in the investigated samples,
PXD and FT-IR measurements were performed, respectively. The PXD characterization of
samples after 1st dehydrogenation at 180 °C are presented in Figure 4 (a). The diffraction peaks
belonging to Li4(BH4)(NH2)3 are identified in the diffraction patterns of samples Mg-Li-0.5LiBH4,
Mg-Li-1LiBH4 and Mg-Li-2LiBH4. The characteristic diffraction peaks of Li2Mg2(NH)3 are noted
in all samples. In the diffraction pattern of Mg-Li, a broad peak around 2θ=51° is visible. On the
contrary, such a broad peak is not present in the other diffraction patterns. The broad peak observed
in the pattern of Mg-Li can be attributed to the presence of Li2Mg(NH)2. FT-IR spectra were
measured between 500 and 4000 cm-1. However, for the sake of clarity and to explain the reaction
mechanism, we focus on the range between 3000 and 3500 cm-1. It is worth mentioning that in
the spectra of the LiBH4 containing materials B-H stretching modes are detected between 2000
and 2500 cm-1 (not shown). As observed in the FT-IR spectrum of Mg-Li (Figure 4 (b)), the N-H
stretching vibrations of Li2Mg(NH)2 fall at about 3174 cm-1. However since the peak is very broad,
it might also be attributed to a mixture of Li2Mg(NH)2 and Li2Mg2(NH)3.

Figure 4 − (a) XRD patterns and (b) FT-IR spectra for samples after the first
dehydrogenation at 180 °C and 1 bar of H2.
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The FT-IR spectrum acquired for Mg-Li sample shows two different absorption bands at 3257
cm-1 and 3310 cm-1. These signals are related to the N–H stretching of LiNH2. Interestingly, for
sample Mg-Li-0.5LiBH4, in addition to signal of the LiNH2, N–H stretching modes from
Li4(BH4)(NH2)3 at wavenumbers 3243 cm-1 and 3302 cm-1 are also observed. This suggests that
the amount of LiBH4 in Mg-Li-0.5LiBH4 is not enough to react with all LiNH2. When the amount
of LiBH4 is further increased, as in the case of Mg-Li-1LiBH4 and Mg-Li-2LiBH4, the typical
absorption bands of LiNH2 disappeared. This fact could be attributed to the formation of
Li4(BH4)(NH2)3 from the interaction between LiNH2 and LiBH4 during dehydrogenation as
previously reported in the literature [60].
The Mg-Li sample presents two overlapped dehydrogenation thermal events (Figure 1) and its
characterization after the first dehydrogenation along with its reversible capacity evidences that
the sample reversibly store hydrogen following reactions 2 and 3. dehydrogenation/hydrogenation
processes for all samples are reversible, since the overall H2 capacities are kept constant. For the
samples containing LiBH4, the reaction pathways are clearly different. On the one hand, the MgLi-0.5LiBH4 sample gives LiNH2, Li4(BH4)(NH2)3 and Li2Mg2(NH)3 as dehydrogenation products
(Figure 4 (b)), following the reaction 5

6Mg(NH2 )2 + 9LiH + 0.5LiBH4 ⇋ 3Li2 Mg 2 (NH)3 + 1.5LiNH2 + 0.5Li4 (BH4 )(NH2 )3 + 9H2

(5)

On the other hand, LiNH2 is not present in the Mg-Li-1LiBH4 and Mg-Li-2LiBH4 samples. The
main dehydrogenation products are Li2Mg2(NH)3, Li4(BH4)(NH2)3 and Li2(BH4)(NH2), following
reactions 6 and 7. In a previous work, the formation of Li2(BH4)(NH2) during the dehydrogenation
reactions of Li-Mg-B-N-H system was shown [46]. This phase is present at the beginning of
dehydrogenation and transforms into Li4(BH4)(NH2)3 and LiBH4 in the later stage [46]. Since we
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focused on the characterization of the samples after dehydrogenation, it is possible that this
intermediate already transformed into Li4(BH4)(NH2)3.

6Mg(NH2 )2 + 9LiH + 1LiBH4 ⇋ 3Li2 Mg 2 (NH)3 + Li4 (BH4 )(NH2 )3 + 9H2

(6)

6Mg(NH2 )2 + 9LiH + 2LiBH4 ⇋ 3Li2 Mg 2 (NH)3 + Li4 (BH4 )(NH2 )3 + LiBH4 + 9H2

(7)

3.3 Cycling behaviour for the Li-Mg-N-H and Li-Mg-N-B-H systems

Twenty dehydrogenation/hydrogenation cycles were performed for all the as-milled samples
isothermally at 180 °C (kinetic curves ESI – Figure S4). Measured gravimetric H2 capacities and

Figure 5 − Desorbed H2 amounts from the samples for the first 20 isothermal
dehydrogenation cycles (180 °C and 1 bar of H2 pressure). Mg-Li sample was cycled 10
times due to long measurement time.
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cycling stabilities for all the investigated systems over the 20th cycles are reported in Figure 5. The
amount of desorbed H2 is reduced from 4.0 wt. % to 3.6 wt. % within 10 cycles for Mg-Li, even
if the measurement time is extended. Mg-Li-0.5LiBH4 sample desorbs ⁓ 3.9 wt. of H2 over 20
cycles. H2 storage capacities reduce to ⁓ 3.7 wt. % and 3.5 wt. % for Mg-Li-1LiBH4 and Mg-Li2LiBH4 samples, respectively. All LiBH4-containing samples exhibit excellent cycling stabilities
with no detectable capacity drop as reported in a previous work [44].
The diffraction patterns acquired for the material after 20 cycles are presented in ESI Figure S5.
This figure clearly shows that for the chosen operating conditions no crystalline side-products are
formed. The experimentally measured gravimetric H2 capacities are in accordance with the
theoretical ones for all samples.
In order to compare hydrogenation and dehydrogenation kinetic behaviour for all the studied
systems upon cycling, the absorption and desorption times necessary to achieve the 80 % of the
hydrogen storage capacity was taken into consideration. The collected results are summarized in
Figure 6. In the first cycle of sample Mg-Li, dehydrogenation and hydrogenation times necessary
to achieve 80 % of the maximum capacity are 70 and 63 minutes, respectively. LiBH4 helps
significantly to improve the kinetic behaviour, since H2 desorption and absorption times in the first
cycle take just 17 and 6 minutes for Mg-Li-0.5LiBH4 sample, respectively. This values are ⁓ 4 and
~ 10 times faster of the dehydrogenation and hydrogenation processes of Mg-Li. A further
improvement is observed when the amount of additive is increased in the composite. For Mg-Li1LiBH4 and Mg-Li-2LiBH4 samples, dehydrogenation and hydrogenation times are achieved in
about 10 minutes and 3 minutes, respectively. These times are increased in the following cycles
for all samples except for Mg-Li-2LiBH4, which has the highest amount of additive. An increase
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in the H2 absorption and desorption characteristic times between the 1st and the 19th cycle is only
about 1 minute for the Mg-Li-2LiBH4 sample. Therefore, Mg-Li-2LiBH4 has potential for further
investigation at larger scale due to stable reaction kinetics over 20 reaction cycles, excellent
cycling stability and gravimetric capacity of about 3.5 wt. % H2.

Figure 6 − Times to reach 80 % of the (a) dehydrogenation and (b) hydrogenation capacities
over 20 cycles

3.4 Evaluation of the rate-limiting step upon cycling
In previous works, the reaction mechanism of Li-Mg-N-H system has been studied [64–66].
From these studies, it emerges that the mass transport of small ions (e.g., Li+, Mg+2, and H+) during
dehydrogenation as well as the reactions at the interfaces of amide and hydrides play a crucial role
in determining the overall kinetic properties of the material. Matsuo et al. showed that the Li+
conductivity of Li4(BH4)(NH2)3 is 4 and 5 orders of magnitude higher than that of LiBH4 and
LiNH2, respectively [48]. Cao et al. suggested the possible existence of a “liquid like” state of
Li4(BH4)(NH2)3 based on in-situ synchrotron XRD evidences [67]. In these experiments, it is
observed that the diffraction peaks of Li4(BH4)(NH2)3 disappear at temperatures of ⁓ 180 °C
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because it might have melted. It was proposed that the formation of Li4(BH4)(NH2)3 weakens the
N-H bonds, improving the reversibility of the amide-imide phase transformations [68].
In order to gain understanding about the intrinsic kinetic constraints for the hydrogenation and
dehydrogenation upon cycling, solid-state models were applied to the 1st and 9th
dehydrogenation/hydrogenation cycles for the samples showing different reaction pathways, i.e.
Mg-Li, Mg-Li-0.5LiBH4 and Mg-Li-2LiBH4. This is the first time that such intensive analysis is
carried out with this tri-component system, to the best of our knowledge. The results from the
fittings are listed in Table 2. All the fitting details are shown in ESI Figures S6-S11 and Tables
S2-S13.

Table 2 − Rate-limiting processes of samples, which were defined from isothermal reaction
curves with Sharp and Jones method [57, 58]
Sample code

Dehydrogenation

Hydrogenation

1st

9th

1st

9th

Mg-Li

R3

D1

D3

D3

Mg-Li-0.5LiBH4

F2

D1

R3

R3

Mg-Li-2LiBH4

F2

F2

F1

F1

R3 : Three-dimensional growth of contracting volume with constant interface velocity
D1 : One-dimensional diffusion
D3 : Three-dimensional diffusion
F1 : JMA, n = 1, Random nucleation, one-dimensional interface controlled growth
F2 : JMA, n = 1/2, Random nucleation, one-dimensional diffusion with constant number of
nuclei
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In the case of the dehydrogenation kinetic behaviour, it is possible to see that the rate-limiting
steps are different when the sample contains LiBH4 (Table 2). During the first cycle, the Mg-Li
sample is controlled by interface mechanism, while all the LiBH4 –containing samples present
diffusion controlled mechanism (F2).
For the pristine sample Mg-Li, R3-model suggests that the reaction rate during the first
dehydrogenation is controlled by the reactions occurring at the interfaces (ESI Figure S4 (a1)), in
agreement with previously reported work [69]. Independent on the concentration of LiBH4, best
fitting for all LiBH4-containing samples was obtained with F2 diffusion controlled model.
Compared to Mg-Li, these samples have faster dehydrogenation kinetics during the first
dehydrogenation (ESI Figure S4 (a1- c1)). It is clear that the reaction pathway for the LiBH4containing samples are different from the pristine one. In the presence of LiBH4, more stable
dehydrogenation products are obtained at the amide-imide interfaces by exothermic reaction of
LiNH2 and LiBH4 to form Li4(BH4)(NH2)3. Hence, the diffusion processes required for the
formation of intermediate species, as indicated in reactions 5-7, account for the change in the
mechanism, i.e. from R3 (Mg-Li) to F2.
At the ninth dehydrogenation, reaction rates of Mg-Li and Mg-Li-0.5LiBH4 samples show D1
diffusion model as rate-limiting step. It is noteworthy that the dehydrogenation kinetic of Mg-Li0.5LiBH4 sample significantly slows down after cycling (ESI Figure S4 (b1)). It is possible to see
that the rate-limiting step for Mg-Li-0.5LiBH4 is the same as for the pristine one. Poor kinetic
properties after adding small amount of LiBH4 can be attributed to the agglomeration and phase
separation within the sample, occurring at relatively high operating temperature condition (180
°C). It was reported before that this is a general problem for the Li-Mg-N-H system [70,71]. For
the Mg-Li-2LiBH4, instead, the rate-limiting step does not change after cycling (F2). This sample
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maintain its fast dehydrogenation kinetics over 20 cycles (ESI Figure S4 (c1)). Adding more LiBH4
facilitates the formation of Li4(BH4)(NH2)3 and Li2(BH4)(NH2) as shown in reaction 7. However,
based on the analysis through the gas-solid models, herein, it is proposed that the kinetic
constraints come mainly from the solid-solid diffusion processes of the species to form
Li4(BH4)(NH2)3 and Li2(BH4)(NH2).
First hydrogenation kinetic behaviour of samples show that depending on the LiBH4
stoichiometry, the rate-limiting steps change (Table 2). Reaction-rate of the Mg-Li sample is
controlled by three-dimensional diffusion (D3) model. This kind of controlled mechanism during
the hydrogenation usually occur for several hydrogen forming materials [72]. Considering that the
Mg-Li is a multi-component system, it is possible to relate the diffusion-controlled mechanism to
the slow mobility of the species upon hydrogenation. Mg-Li-0.5LiBH4 and Mg-Li-2LiBH4 sample
show interface controlled mechanisms (R3 and F1). Hydrogenation kinetics of these samples are
much faster than the one of Mg-Li sample (ESI Figure S4 (a2-c2)). The faster hydrogenation rates,
the reaction pathways and the rate-limiting step models, suggest that the enhancement of the
kinetic behaviour (ESI Figure S4 (b2, c2)) can be attributed to the presence of highly ionic species
as shown in reactions 5 and 7. At the ninth hydrogenation, the rate-limiting steps do not change
for any of the samples compared to the first hydrogenation, which is in agreement with the slightly
changes observed for the hydrogenation curves.
Summarizing, based on the above mentioned analysis along with the literature and our results
from volumetric measurements and characterizations (DSC, FT-IR, PXD), it is possible to propose
that the exothermic reaction between LiNH2 and LiBH4 to form Li4(BH4)(NH2)3 or Li2(BH4)(NH2)
during the first dehydrogenation accelerates the reaction rates at the amide-imide phase
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boundaries. In the case of hydrogenation, highly ionic conductive Li4(BH4)(NH2)3 can assist the
diffusion of small ions into the interfaces of the amide-hydride matrix.

4

Conclusion
Compositional effects of LiBH4 on the 6Mg(NH2)2-9LiH system show noticeable improvement

in the apparent activation energies, reaction kinetics and cycling stability. Increasing the amount
of LiBH4 in the composite results in lowered apparent dehydrogenation activation energies (170
kJ/mol H2 for Mg-Li and 129 kJ/mol H2 for Mg-Li-2LiBH4). During the dehydrogenation,
reactions between LiNH2 and LiBH4 to form Li4(BH4)(NH2)3 accelerate the kinetic behaviour at
the interfaces of amide-hydride particles, which leads to a change in the interface-controlled
mechanism to diffusion controlled mechanism. During the hydrogenation, highly ionic conductive
Li4(BH4)(NH2)3 can assist the diffusion of small ions into the interfaces of the amide-hydride
matrix. To the best of our knowledge, such intensive analysis regarding the cycling properties and
reaction mechanism were performed for the first time. This research provides detailed information
about the kinetic behaviour and reaction mechanism on the Li-Mg-B-N-H system and presents
Mg-Li-2LiBH4 as a material with interesting properties for hydrogen storage applications.
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