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Abstract: Storage of renewable energy remains a key obstacle for the implementation of a carbon free
energy system. There is an urgent need to develop a variety of energy storage systems with varying
performance, covering both long-term/large-scale and high gravimetric and volumetric densities for
stationary and mobile applications. Novel materials with extraordinary properties have the potential
to form the basis for technological paradigm shifts. Here, we present metal hydrides as a diverse class
of materials with fascinating structures, compositions and properties. These materials can potentially
form the basis for novel energy storage technologies as batteries and for hydrogen storage.

Our extreme and growing energy consumption, based on fossil fuels, has significantly increased
the levels of carbon dioxide, which may lead to irreversible global climate change. The planet has
plentiful renewable energy, e.g., sun and wind, but the fluctuations over time and geography call for
a range of new ideas, and possibly novel technologies. The most difficult challenge appears to be
the development of efficient and reliable storage of renewable energy [1]. Hydrogen has long been
considered a potential means of energy storage; however, storage of hydrogen is also challenging [2].
Therefore, a wide range of hydrogen-containing materials with energy-related functions has been
discovered over the past few decades [3,4]. The chemistry of hydrogen is diverse, and so also are the
new hydrides that have been discovered, not only in terms of structure and composition, but also in
terms of their properties [5,6]. This has led to a wide range of possible applications for metal hydrides
that permeate beyond solid-state hydrogen storage [7–11]. A variety of new hydrides, proposed as
battery materials, have been discovered [3]. Their properties can be exploited as fast ion conductors or
as conversion-type electrodes with much higher potential energy capacities compared to materials
currently used in commercial batteries [3,7,12]. Solar heat storage is also an area of great potential
for metal hydrides, in principle offering orders of magnitude higher energy densities than existing
materials [3,13–15].

This Special Issue of Inorganics, entitled “Functional Materials Based on Metal Hydrides”,
is dedicated to the wide range of emerging energy-related inorganic hydrogen-containing materials.
We have collected thirteen publications, which clearly document that metal hydrides are a diverse
class of materials with a range of properties, here denoted as “multi-functional materials”. We hope
you will enjoy the breadth of science presented in this open-access Special Issue that highlights the
many different potential applications of metal hydrides.

Inorganics 2018, 6, 91; doi:10.3390/inorganics6030091 www.mdpi.com/journal/inorganics1
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An excellent overview of hydride composition and properties is provided by C. Pistidda and
co-workers, which also includes important historical landmarks for this class of materials from the
past century [16]. In this review, a detailed account of selected aspects of the most relevant complex
hydrides is reported. Owing to their high gravimetric hydrogen capacity, tetrahydroborates are
extremely appealing for hydrogen storage. However, these materials have some limitations for their
use for practical applications, as highlighted in [16], and as also discussed in several research papers in
this special issue. The energy density of the reported materials in this special issue are compared in
Table 1, which exhibit great potential of hydrides for high capacity energy storage.

Table 1. Comparison of volumetric and gravimetric energy density in various materials.

Materials

Available
Gravimetric
Hydrogen
Density
(wt %)

Available
Volumetric
Hydrogen
Density
(g/L)

Gravimetric
Energy Density
(kWh/kg) *

Volumetric
Energy Density
(kWh/L) *

Ref.

Gaseous H2 (70 MPa) 5.7 40 39 1.6 [1]
2LiBH4−MgH2 11.8 96 5.5 3.1 [5]
2LiBH4−Al/TiF3 9.3 125 3.6 2.4 [17]
LiAlH4−h-BN 7.7 71 3.0 2.8 [18]
NaBH4 10.8 112 4.2 4.3 [19]
3LiBH4−Er(BH4)3−3LiH 9.0 147 3.5 2.3 [20]
LiBH4−Mg2FeH6 6.0 151 2.3 4.1 [21]
MgH2 7.6 110 3.0 4.4 [22,23]
LiAlH4 7.9 73 3.1 2.9 [24]
Ti1V0.9Cr1.1/4 wt %Zr 3.5 210 1.4 4.3 [25]
MgH2–TiO2–EG None None 0.05 ** 0.07 ** [26]
Al anode/LiBH4 electrolyte None None 0.3 ** 0.8 ** [27]

* The energy density was calculated based on 140.4 MJ/kg H2 at standard condition; ** The energy density was
calculated only based on the weight of active materials of electrodes without consideration of the total weight of cell.

An interesting research paper by Chong, Autrey and Jensen investigate one of the most promising
hydrogen storage materials, magnesium borohydride, Mg(BH4)2, with a high gravimetric hydrogen
density of 14.7 wt % H2 [28]. Their recent research reveals that tetrahydofuran complexes of magnesium
borohydride are significantly more prone to release and uptake of hydrogen under more moderate
conditions. Hydrogen is released at T < 200 ◦C via the intermediate Mg(B10H10). These studies reveal
new methods to optimize the hydrogen release and uptake reaction through modification of ligand
coordination to magnesium [28].

The properties of complex hydrides, such as lithium borohydride, LiBH4, can also be improved
creating a reactive hydride composite (RHC) [16] using aluminium, i.e., LiBH4−Al [29]. Here,
Carrillo-Bucio, Tena-García and Suárez-Alcántara investigate the dehydrogenation reactions of the
mechanochemically treated 2LiBH4−Al composite; also with additives, TiF3 or CeO2 [17]. A reduction
in the dehydrogenation temperature and an increase in the reaction kinetics compared to LiBH4 is
observed. The dehydrogenation reactions were observed to take place in two main steps, with onsets
at 100 ◦C and 200–300 ◦C, with a maximum release of 9.3 wt % H2 for 2LiBH4−Al/TiF3 [17]. However,
aluminium-based complex hydrides were the first complex hydrides to be successfully catalysed.
Nakagawa, Isobe, Ohki and Hashimoto recently investigated new types of additive effects of ball
milled lithium alanate with hexagonal boron nitride, LiAlH4−h-BN [18]. The role of h-BN on
the desorption process of LiAlH4 was discussed in comparison with the desorption properties of
LiAlH4−X (X = graphite, LiCl or LiI) [18].

The paper by Ouyang, Zhong, Li and Zhu, discuss the use of another additive, namely water,
to promote hydrogen production from NaBH4 by hydrolysis [19]. The reaction of NaBH4 and water
readily produces hydrogen, but also a stable oxide, NaBO2, as a by-product. The paper discusses the
possible regeneration mechanisms of NaBO2 using magnesium [19].
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Michael Heere and co-workers present an interesting paper concerning hydrogen release and
uptake of a new type of reactive hydride composite based on a rare earth metal borohydride,
erbium borohydride, Er(BH4)3, combined with LiBH4 and/or LiH, 3LiBH4−Er(BH4)3−3LiH with a
capacity of 9 wt % H2 [20]. Sieverts-type measurements reveal a three-step desorption-absorption
cycle with release of 4.2, 3.7 and 3.5 wt % H2 for the first, second and third cycle. This work adds a new
example to the growing interest in utilisation of rare earth metals and their unique properties [30,31].

Chaudhary, Dornheim, Orimo and co-workers investigated a transition metal
containing a reactive hydride composite (1 − x)LiBH4–xMg2FeH6, and measured excellent
pressure–composition–isothermal (PCT) data [21]. The results indicate that the same stoichiometric
reaction (x = 0.5) occurred in all investigated samples with optimal hydrogen storage and reversibility
properties. This is much lower than those required for the partial rehydrogenation of LiBH4. Moreover,
the x = 0.5 composite could be reversibly hydrogenated for more than four cycles without degradation
of the H2 capacity. The authors conclude that magnesium hydride plays a vital role as an intermediate
in the hydrogen release and uptake reactions [21].

Magnesium hydride remains highly relevant as a hydrogen storage material, and has been
investigated in great detail previously [32,33]. Priscilla Huen, Mark Paskevicius, Dorthe B.
Ravnsbæk and co-workers investigated the direct synthesis of nano-particulate MgH2 in a nanoporous
carbon scaffold [22]. A solvent-based approach using dibutyl magnesium, MgBu2, infiltrated into
four different carbon aerogels with different porosities is investigated. Three independent infiltrations
of MgBu2, each with three individual hydrogenations, are conducted for each scaffold. Systematic
experimental work shows that butane is release over many cycles, inferring that the dibutyl magnesium
precursor is not completely reduced. The large difference in molar volume of MgH2 and MgBu2 is
highlighted as a drawback for this approach [22].

Nano-particles are known to have different properties as compared to the bulk state, and this
can also be used to improve metal hydride properties, including hydrogen storage [34]. Lei Wang
and Kondo-Francois Aguey-Zinsou report on a novel approach to produce nanoscale LiAlH4 via
a bottom-up synthesis [24]. Upon further coating of these nanoparticles with Ti, the composite
nanomaterial was found to decompose at 120 ◦C in one single and extremely sharp exothermic
event with instant hydrogen release. This finding implies a significant thermodynamic alteration of
the hydrogen properties of LiAlH4 induced by the synergetic effects of the Ti catalytic coating and
nanosizing effects [24].

Nicola Patelli, Marco Calizzi, and Luca Pasquini analysed the effect of the interfacial free energy
on the thermodynamics of hydrogen sorption in nano-scaled materials [23]. When the enthalpy
and entropy terms are the same for all interfaces, as in an isotropic bi-phasic system, a compensation
temperature is obtained, which does not depend on the system size nor on the relative phase abundance.
They also consider the possible effect of elastic strains on the stability of the hydride phase and on
hysteresis. They compare a simple model with experimental data obtained on two different systems:
(1) bi-phasic nanocomposites where ultrafine TiH2 crystallite are dispersed within a Mg nanoparticle
and (2) Mg nanodots encapsulated by different phases [23].

Most frequently, nano-materials for hydrogen storage are produced by mechano-chemistry [35].
However, Sleiman and Huot [25] investigated the effect of arc melting Ti1V0.9Cr1.1 with zirconium
additives on the microstructure and hydrogen storage properties of main BCC alloy and secondary
Laves phase alloys C15 and C14. Small amounts of Zr produced fast kinetics and high hydrogen
storage capacity [25].

Metal hydrides have been receiving increasing interest as battery materials, both as electrodes
and ion conductors [3,5,12]. This is clearly demonstrated by Yang, Wang, Ouyang, Liu and Zhu [26]
who prepared MgH2-based composites with expanded graphite (EG) and TiO2 by a plasma-assisted
milling process as composite electrodes. A stable discharge capacity of 305.5 mAh/g could be achieved
after 100 cycles for the 20 h-milled MgH2–TiO2–EG-20 h composite electrode and the reversibility of
the conversion reaction of MgH2 could be greatly enhanced. This improvement in cyclic performance

3



Inorganics 2018, 6, 91

is attributed mainly to the composite microstructure by the specific plasma-assisted milling process,
and the additives TiO2 and graphite that could effectively ease the volume change during the
de-/lithiation process, as well as inhibit the particle agglomeration [26].

Weeks, Tinkey, Ward, Lascola, Zidan, and Teprovich [27] analyse and compare the physical and
electrochemical properties of an all solid-state cell utilizing LiBH4 as the electrolyte and aluminium as
the active anode material. An initial capacity of 895 mAh/g was observed and is close to the theoretical
capacity of aluminium due to the formation of a LiAl (1:1) alloy. This work is the first example of
reversible lithiation of aluminium in a solid-state cell and further emphasizes the robust nature of the
LiBH4 electrolyte. This demonstrates the possibility of utilising other high-capacity anode materials
with a LiBH4-based solid electrolyte in all-solid-state batteries [27].

We hope you will enjoy the breadth of science offered in this open-access Special Issue of Inorganics,
now organised as a book. Many current frontier research challenges are discussed in the included
articles. We hope this unique collection of science can create inspiration for the design and synthesis of
other novel “energy-materials”. This research field emphatically contributes towards a cleaner and
carbon-free future.
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of complex hydride perovskite material. Nat. Commun. 2014, 5, 5706. [CrossRef] [PubMed]

10. Paskevicius, M.; Ley, M.; Sheppard, D.; Jensen, T.R.; Buckley, C. Eutectic melting in metal borohydrides.
Phys. Chem. Chem. Phys. 2013, 15, 19774–19789. [CrossRef] [PubMed]

11. He, L.; Li, H.-W.; Nakajima, H.; Tumanov, N.; Filinchuk, Y.; Hwang, S.-J.; Sharma, M.; Hagemann, H.;
Akiba, E. Synthesis of a bimetallic dodecaborate LiNaB12H12 with outstanding superionic conductivity.
Chem. Mater. 2015, 27, 5483–5486. [CrossRef]

12. Hansen, B.; Paskevicius, M.; Li, H.-W.; Akiba, E.; Jensen, T.R. Metal boranes: Progress and applications.
Coord. Chem. Rev. 2016, 323, 60–70. [CrossRef]

13. Harries, D.; Paskevicius, M.; Sheppard, D.A.; Price, T.; Buckley, C.E. Concentrating solar thermal heat storage
using metal hydrides. Proc. IEEE 2012, 100, 539–549. [CrossRef]

14. Sheppard, D.A.; Paskevicius, M.; Humphries, T.D.; Felderhoff, M.; Capurso, G.; Bellosta von Colbe, J.;
Dornheim, M.; Klassen, T.; Ward, P.A.; Teprovich, J.A., Jr.; et al. Metal hydrides for concentrating
solar-thermal power energy storage. Appl. Phys. A 2016, 122, 1–15. [CrossRef]

4



Inorganics 2018, 6, 91

15. Javadian, P.; Sheppard, D.; Jensen, T.R.; Buckley, C. Destabilization of lithium hydride and the
thermodynamic assessment of the Li–Al–H system for solar thermal energy storage. RSC Adv. 2016,
6, 94927–94933. [CrossRef]

16. Puszkiel, J.; Garroni, S.; Milanese, C.; Gennari, F.; Klassen, T.; Dornheim, M.; Pistidda, C. Tetra- hydroborates:
Development and potential as hydrogen storage medium. Inorganics 2017, 5, 74. [CrossRef]

17. Carrillo-Bucio, J.; Tena-García, J.; Suárez-Alcántara, K. Dehydrogenation of surface-oxidized mixtures of
2LiBH4 + Al/Additives (TiF3 or CeO2). Inorganics 2017, 5, 82. [CrossRef]

18. Nakagawa, Y.; Isobe, S.; Ohki, T.; Hashimoto, N. Unique hydrogen desorption properties of LiAlH4/h-BN
composites. Inorganics 2017, 5, 71. [CrossRef]

19. Ouyang, L.; Zhong, H.; Li, H.-W.; Zhu, M. A recycling hydrogen supply system of NaBH4 based on a facile
regeneration process: A review. Inorganics 2018, 6, 10. [CrossRef]

20. Heere, M.; GharibDoust, S.; Brighi, M.; Frommen, C.; Sørby, M.; Černý, R.; Jensen, T.; Hauback, B. Hydrogen
sorption in erbium borohydride composite mixtures with LiBH4 and/or LiH. Inorganics 2017, 5, 31. [CrossRef]

21. Li, G.; Matsuo, M.; Takagi, S.; Chaudhary, A.-L.; Sato, T.; Dornheim, M.; Orimo, S. Thermodynamic properties
and reversible hydrogenation of LiBH4–Mg2FeH6 composite materials. Inorganics 2017, 5, 81. [CrossRef]

22. Huen, P.; Paskevicius, M.; Richter, B.; Ravnsbæk, D.; Jensen, T.R. Hydrogen storage stability of nanoconfined
MgH2 upon cycling. Inorganics 2017, 5, 57. [CrossRef]

23. Patelli, N.; Calizzi, M.; Pasquini, L. Interface enthalpy-entropy competition in nanoscale metal hydrides.
Inorganics 2018, 6, 13. [CrossRef]

24. Wang, L.; Aguey-Zinsou, K.-F. Synthesis of LiAlH4 nanoparticles leading to a single hydrogen release step
upon Ti coating. Inorganics 2017, 5, 38. [CrossRef]

25. Sleiman, S.; Huot, J. Microstructure and hydrogen storage properties of Ti1V0.9Cr1.1 alloy with addition of x
wt % Zr (x = 0, 2, 4, 8, and 12). Inorganics 2017, 5, 86. [CrossRef]

26. Yang, S.; Wang, H.; Ouyang, L.; Liu, J.; Zhu, M. Improvement in the electrochemical lithium storage
performance of MgH2. Inorganics 2018, 6, 2. [CrossRef]

27. Weeks, J.A.; Tinkey, S.C.; Ward, P.A.; Lascola, R.; Zidan, R.; Teprovich, J.A. Investigation of the reversible
lithiation of an oxide free aluminum anode by a LiBH4 solid state electrolyte. Inorganics 2017, 5, 83. [CrossRef]

28. Chong, M.; Autrey, T.; Jensen, C. Lewis base complexes of magnesium borohydride: Enhanced kinetics and
product selectivity upon hydrogen release. Inorganics 2017, 5, 89. [CrossRef]

29. Hansen, B.; Ravnsbæk, D.; Reed, D.; Book, D.; Gundlach, C.; Skibsted, J.; Jensen, T. Hydrogen storage
capacity loss in a LiBH4–Al composite. J. Phys. Chem. C 2013, 117, 7423–7432. [CrossRef]

30. Frommen, C.; Sørby, M.; Heere, M.; Humphries, T.; Olsen, J.; Hauback, B. Rare earth borohydrides-crystal
structures and thermal properties. Energies 2017, 10, 2115. [CrossRef]

31. Mansell, S.; Liddle, S. Rare earth and actinide complexes. Inorganics 2016, 4, 31. [CrossRef]
32. Crivello, J.-C.; Denys, R.V.; Dornheim, M.; Felderhoff, M.; Grant, D.M.; Huot, J.; Jensen, T.R.; Jongh, P.;

Latroche, M.; Walker, G.S.; et al. Mg-based compounds for hydrogen and energy storage. Appl. Phys. A 2016,
122, 85. [CrossRef]

33. Crivello, J.-C.; Dam, B.; Denys, R.V.; Dornheim, M.; Grant, D.M.; Huot, J.; Jensen, T.R.; Jongh, P.; Latroche, M.;
Milanese, C.; et al. Review of magnesium hydride based materials: Development and optimisation.
Appl. Phys. A 2016, 122, 97. [CrossRef]

34. Nielsen, T.; Besenbacher, F.; Jensen, T. Nanoconfined hydrides for energy storage. Nanoscale 2011,
3, 2086–2098. [CrossRef] [PubMed]

35. Huot, J.; Ravnsbæk, D.B.; Zhang, J.; Cuevas, F.; Latroche, M.; Jensen, T.R. Mechanochemical synthesis of
hydrogen storage materials. Prog. Mater. Sci. 2013, 58, 30–75. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

5



inorganics

Review

Tetrahydroborates: Development and Potential as
Hydrogen Storage Medium

Julián Puszkiel 1,2, Sebastiano Garroni 3, Chiara Milanese 4, Fabiana Gennari 2,

Thomas Klassen 1,5, Martin Dornheim 1 and Claudio Pistidda 1,*

1 Institute of Materials Research, Helmholtz-Zentrum Geesthacht, Max-Planck-Straße 1, D-21502 Geesthacht,
Germany; julian.puszkiel@hzg.de (J.P.); klassen@hsu-hh.de (T.K.); martin.dornheim@hzg.de (M.D.)

2 National Council of Scientific and Technological Research (CONICET), Bariloche Atomic
Center (National Commission of Atomic Energy) and Balseiro Institute (University of Cuyo)
Av. Bustillo 9500, San Carlos de Bariloche, 8400 Río Negro, Argentina; gennari.fabiana36@gmail.com

3 International Research Centre in Critical Raw Materials-ICCRAM, University of Burgos, 09001 Burgos,
Spain; sgarroni@ubu.es

4 Pavia Hydrogen Lab, C.S.G.I. & Chemistry Department, Physical Chemistry Section, University of Pavia,
Viale Taramelli, 1627100 Pavia, Italy; chiara.milanese@unipv.it

5 Department of Mechanical Engineering, Helmut Schmidt University, Holstenhofweg 85,
D-22043 Hamburg, Germany

* Correspondence: claudio.pistidda@hzg.de

Received: 15 September 2017; Accepted: 22 October 2017; Published: 31 October 2017

Abstract: The use of fossil fuels as an energy supply becomes increasingly problematic from the
point of view of both environmental emissions and energy sustainability. As an alternative, hydrogen
is widely regarded as a key element for a potential energy solution. However, differently from
fossil fuels such as oil, gas, and coal, the production of hydrogen requires energy. Alternative
and intermittent renewable energy sources such as solar power, wind power, etc., present multiple
advantages for the production of hydrogen. On the one hand, the renewable sources contribute to
a remarkable reduction of pollutants released to the air and on the other hand, they significantly
enhance the sustainability of energy supply. In addition, the storage of energy in form of hydrogen
has a huge potential to balance an effective and synergetic utilization of renewable energy sources.
In this regard, hydrogen storage technology is a key technology towards the practical application
of hydrogen as “energy carrier”. Among the methods available to store hydrogen, solid-state
storage is the most attractive alternative from both the safety and the volumetric energy density
points of view. Because of their appealing hydrogen content, complex hydrides and complex
hydride-based systems have attracted considerable attention as potential energy vectors for mobile
and stationary applications. In this review, the progresses made over the last century on the synthesis
and development of tetrahydroborates and tetrahydroborate-based systems for hydrogen storage
purposes are summarized.

Keywords: Tetrahydroborates; synthesis; decomposition pathways; solid state hydrogen storage

1. Introduction

Since the second industrial revolution in the late 19th century, humankind has experienced an
uninterrupted period of industrial and economic growth. The possibility to produce energy using
the so far cheap and abundant fossil fuels has represented, beyond doubt, the driving force of this
growth period. All of the current energy systems are based on coal, oil, natural gas, as well as nuclear
fission, depending on the conditions in a given country and its access to the cheapest primary energy
source. The total final consumption of energy worldwide grew more than twice from the 1970s to
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the 2000s. Unless an alternative to the use of fossil fuels is found, this trend is going to come soon
to an end [1]. Moreover, the massive use of fossil fuels has disturbed the equilibrium of the global
climate. The transition from a carbon-based economy to a carbon-free economy is perhaps the greatest
challenge of the 21st century. Possible candidates to replace the fossil fuels as energy sources are the so
called renewable energy sources (e.g., solar-, wind-, geothermal-, wave-, hydroelectric-energy, etc.).
However, the main obstacle to the use of these energy sources is the fact that they are intermittent
and un-evenly distributed. To fully exploit these energy sources, an efficient energy storage system
is required. In this regard, hydrogen is widely considered to be capable of solving both the issues
of increasing CO2 emissions and of future energy sustainability. Hydrogen has a gravimetric energy
density of 120 MJ/kg, which is more than twice the energy content of most common fossil fuels
(e.g., methane 50 MJ/kg, propane 46 MJ/kg and gasoline 45 MJ/kg). Unfortunately, compared to
fossil fuels, hydrogen, being the lightest element of the periodic table, has an extremely low volumetric
energy density.

Hydrogen is usually stored in three main forms: as highly pressurized gas under 350 and
700 bar, in liquefied form at −253 ◦C, and in metal hydrides, chemically bonded to metals. Although,
the volumetric energy density improves when hydrogen is compressed and/or liquefied, it still remains
low as compared to that of fossil fuels. A significant improvement of the volumetric energy density
is achieved when hydrogen is bonded to another element in solid state form [2–5]. It is well known
that several metals, and in particular transitions metals, have a high affinity for hydrogen. This high
affinity leads to the reaction between hydrogen (H2) and the metal (M) to form metal hydrides (MHx).
This process can be described as follows:

M + (x/2)H2 � MHx (1)

Metal hydrides such as those of Mg [6–13] and Pd [14–18] have been exhaustively studied
for decades. Mg has a relative high gravimetric hydrogen density of 7.6 wt %, it is abundant,
and it is cheap [12,13], however, the Mg/MgH2 system presents a high thermodynamic stability
(ΔHdehydrogenation = −74 kJ/mol H2) [6], leading to operative temperatures above 300 ◦C. Thus,
the thermal management for large scale use of MgH2 becomes an important issue, constraining
the practical applications of MgH2 to the stationary ones. In the case of Pd, the absorption of hydrogen
already occurs at room temperature and presents excellent catalytic properties for the dissociation of
the hydrogen molecule. However, its gravimetric hydrogen density is extremely low (~0.6 wt %) and
it is quite costly. Therefore, Pd is not suitable for any large scale hydrogen storage application.

Other examples of hydrides with high gravimetric hydrogen capacity but improper enthalpy of
formation are aluminum hydride (AlH3, gravimetric hydrogen capacity of ~10.0 wt %), and lithium
hydride (LiH, gravimetric hydrogen capacity of ~12.6 wt %). The low formation enthalpy of AlH3

(5–8 kJ/mol H2) requires extreme pressure conditions for the hydrogenation of Al [19]. On the contrary,
the high formation enthalpy of LiH (140 kJ/mol H2) leads to a harsh dehydrogenation temperature
above 700 ◦C at 1 bar of hydrogen [4]. Therefore, tailoring the metal hydrides reaction enthalpies
and/or developing hydrogen containing materials that are different from the conventional metal
hydrides are key issues for the design of vessels based on solid-state hydrogen storage materials
towards practical applications. Recently, because of their high hydrogen storage capacity, “complex
hydrides” attracted considerable attention as potential hydrogen storage materials [20–23]. The name
“complex hydrides” originates from the presence of an anionic non metal–hydrogen complex
([BH4]−, [NH2]−, [AlH4]−) or metal–hydrogen complex ([NiH4]4−, [CoH5]4−, [FeH6]4−, [MnH6]5−,
and [ZnH4]2−) bonded to a cationic alkali, alkali-earth, or transition metal. Taking into account this
formulation, the complex metal hydrides are classified as non-transition metal complex hydrides
(such as LiBH4, LiNH2, LiAlH4) and transition metal complex hydrides (such as Mg2NiH4, Mg2CoH5,
Mg2FeH6, Mg3MnH7, K2ZnH4). Although this class of hydrides has been known for a long time since
the first report on pure metal amides was published in the 1809 [24,25], they had initially not been
considered as potential hydrogen storage materials. In the case of the non-transition metal complex
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hydrides, this lack of initial interest can be traced to their apparent irreversibility and more in general
to the difficulty to produce them in a large scale. The interest on hydrogen as an energy carrier began
around the 1960s, and it has grown significantly since the 1990s. In 1997, Bogdanovič and Schwickardi
were the first to demonstrate the concrete possibility to reversibly store hydrogen in titanium-based
doped NaAlH4 at moderate temperature and pressure conditions [26]. Since then, many efforts have
been done to investigate and optimize the hydrogen storage properties of complex hydrides.

There are several review works about light complex hydrides in which different aspects
of tetrahydroborates are described [20–37]. In some works the synthesis, structure, stability,
kinetics, thermodynamics, as well as tailoring of the tetrahydroborates and their hydride mixtures
are covered [20–31]. Others focus on the synthesis of tetrahydroborates, high metal boranes and
rare-earth borohydrides [28,32–34]. There is a review that describes the hydrogen storage properties
of NaBH4 [35]. In addition, some review works are mainly devoted to the crystal structures of
tetrahydroborates [28,36,37].

The aim of this work is to highlight selected aspects of tetrahydroborates, such as (1) a historical
overview about their synthesis; (2) the different decompositions mechanisms; and (3) the conceptual
background of alternative approaches to tailor their hydrogen storage properties, mainly the concept
of the reactive hydride composites (RHC), along with the most relevant achievement in their use as
hydrogen storage materials and future prospects.

2. From Boron to Tetrahydroborates

In the last two centuries, boron has gained a significant importance in our daily life. This
low-abundance element and its compounds are used in a variety of branches, including agriculture,
medicine, electronics, chemical synthesis, catalysis, and energy. Highly impure boron was isolated
for the first time in 1808 by H. Davy [38] J. L. Gay Lussac and L. J. Thénard [39]. In 1892 H. Moissan
obtained boron with a purity of roughly 95% by the reduction of borax with magnesium, as shown in
reaction (2) [40]:

B2O3 + 3Mg → 2B + 3MgO (2)

However, high-purity boron (>99.9%) was isolated only in 1922 when a new synthetic pathway
that was capable to ensure a kilograms scale production was introduced. In that process volatile boron
compounds (i.e., BBr3 and BCl3) were reduced by H2 at temperatures between 800 ◦C and 1200 ◦C
(reaction (3)). The temperature of the process was selective for the final boron allotrope [41].

BX3 + 3/2H2 → B + 3HX (X = Br, Cl) (3)

Together with the availability of good purity boron, the preparation and characterization of boron
hydrides started in 1912. Thanks to the work of A. Stock and co-workers in the period between the 1912
and 1936, six boron hydrides, i.e., B2H6, B4H10, B5H9, B5H11, B6H10, and B10H14, were isolated and
their chemical features investigated [42–44]. The early syntheses of boron hydrides were based upon
the reaction between magnesium boride and hydrochloric acid. This preparation pathway was largely
inefficient often giving mixtures of products (ByHx, y = 4, 5, 6, 10, x = 9, 10, 14), with yields of only
4–5% [44]. A first improvement in the reaction yield (11%) was achieved replacing the hydrochloric
acid with 8N-phosphoric acid.

At this time, diborane was obtained in millimolar quantities by the thermal decomposition of
B4H10, and later in the 1931 H. Schlesinger and A. B. Burg reported the synthesis of B2H6 from BCl3
and H2, using a high voltage discharge [45]. Despite the fact that the amount of B2H6 produced by
this method was still small, the reaction provided a considerable yield of 75%. It was necessary to
wait until 1947 to find an effective and practical method to synthesize B2H6 with a purity of 99% [46].
This method was based on a halide-hydride exchange reaction performed in ethyl ether according to
reaction (4):

3LiAlH4 + 4BCl3 → 2B2H6 + 3LiCl + 3AlCl3 (4)
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In the following years, several useful routes to synthesize B2H6 via halide-hydride exchange
reaction were found, as for example, the reactions between NaH with B(OCH3)3, BH4

− with I2 and
BH4

− with H2PO4 [47–51].
Along with the increasing availability of B2H6, the synthesis of new compounds was enabled.

The first tetrahydroborate, i.e., Al(BH4)3, was produced in 1940 starting from trimethylaluminium and
diborane (reaction (5) [52]):

Al2(CH3)6 + 4B2H6 → 2B(CH3)3 + 2Al(BH4)3 (5)

To synthesize significant quantities of tetrahydroborates and to limit the formation of complex
mixtures as side-products, the reaction had to be performed in an excess of diborane. The stoichiometric
formula of the aluminum tetrahydroborate was obtained by the characterization of the vapor density
and the evaluation of the reaction between the newly synthesized compound with water and hydrogen
chloride. The isolated material was a colorless solid below −64.5 ◦C, its vapor pressure measured at
0 ◦C was 119.5 mm Hg, and its extrapolated boiling point was 44.5 ◦C.

Encouraged by the close chemical similarities between aluminum and beryllium, A. B. Burg
and H. I. Schlesinger [53] successfully synthesized beryllium tetrahydroborate, following the same
approach as used for the synthesis of aluminum tetrahydroborate. The reaction of dimethylberyllium
with diborane proceeds in several steps towards the formation of beryllium tetrahydroborate, i.e.,
Be(BH4)2. In the first step, a solid methyl-rich compound with unknown composition is formed. Then,
this compound turns into a non-volatile liquid. Upon further reaction with B2H6, an easily sublimable
solid is produced. This solid has an approximate composition formula CH3BeBH4. The addition of
further B2H6 leads to the formation of beryllium tetrahydroborate coexisting with a mixture of other
derivates of diborane compounds in gas form, such as boron trimethyl and methyl plus a non-volatile
beryllium hydroborate species. Due to its complexity, the synthesis of Be(BH4)2 through this route
cannot be summarized in a simple chemical equation.

In the same year, H. I. Schlesinger and H. C. Brown [54] investigated the possibility of forming
tetrahydroborates of alkali metals. Because of its simple preparation and purification routes,
ethyllithium (LiC2H5) was chosen as starting material. Once ethyllithium and B2H6 were put into
contact, they reacted to form several ethyl derivates of diborane plus the solid tetrahydroborates of
lithium (LiBH4). This compound is characterized by a rather high stability. In fact, differently from the
aluminum and beryllium tetrahydroborate, that ignite spontaneously when exposed to air at room
temperature, LiBH4 is quite stable in dry air.

In 1941, H. I. Schlesinger and co-workers [55] were asked to undertake the synthesis of
new volatile compounds of uranium. As a consequence of the fact that the tetrahydroborates of
aluminum and beryllium are the most volatile compounds of these elements, the synthesis of uranium
tetrahydroborate was attempted [53,56]. Although, the tetrahydroborates of aluminum, beryllium,
and lithium were prepared by the reaction of diborane with metal alkyls, no alkyl of uranium was
known at that time. Therefore, a new synthetic procedure was developed. Uranium tetrahydroborate
was obtained by the interaction of uranium (IV) fluoride with aluminum tetrahydroborate, as shown
in reaction (6):

UF4 + 2Al(BH4)3 → U(BH4)4 + 2Al(BH4)F2 (6)

At the time of its first synthesis, uranium tetrahydroborate was the most volatile compound of
the known uranium (IV) derivatives.

In 1950, E. Wiberg and R. Bauer were the first to synthesize Mg(BH4)2 by the production
of fine magnesium hydride powder, reaction (7), and then its subsequent reaction with diborane,
reaction (8) [57]:

3Mg(C2H5)2 + B2H6 → 3MgH2 + 2B(C2H5)3 (7)

3MgH2 + 3B2H6 → 3Mg(BH4)2 (8)
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Until that year, the following tetrahydroborates were prepared by the interaction of diborane
with metal derivatives: HZn(BH4), Ga(BH4), Ti(BH4)3, Pu(BH4)3, Zr(BH4)4, Hf(BH4)4, Th(BH4)4,
Np(BH4)4 [57].

In 1952–1953, U.S. scientists were requested to synthesize larger amounts of borohydride by a
more efficient method. The complexity of the process utilized for their synthesis involved slow reaction
and repeated treatment with large excess of diborane. Thus, a more satisfactory synthetic method was
developed for preparing lithium borohydride, and from it, sodium and potassium tetrahydroborate.

In solvent environment (ethyl ether) lithium hydride absorbs large quantities of diborane. After
the filtration of the insoluble LiH impurities, the evaporation of the solvent from the filtrate leads to
the precipitation of LiBH4·(C2H5)2O first, and then to high purity LiBH4. At that time, it was believed
that in the absence of solvents, lithium hydride does not react with diborane even at an elevated
temperature [55]. However, recently Friedrichs et al. [58] showed that the solvent-free synthesis of
LiBH4 from LiH in a diborane atmosphere at 120 ◦C is possible.

Differently from lithium hydride, sodium hydride does not react with diborane even in the
presence of solvents. In order to circumvent this inconvenience the use of trimethoxyborohydride as
hydride ions source was proposed [55,59]. The reaction between trimethoxyborohydride and diborane
proceeds rapidly and quantitatively forming sodium tetrahydroborate and trimethylborate, according
to reaction (9):

B2H6 + 2NaBH(OCH3)3 → 2NaBH4 + 2B(OCH3)3 (9)

It was also reported that dimethoxiborine reacts with sodium trimethoxyborohydride to form
sodium tetrahydroborate and trimethylborate as shown in reaction (10):

3(CH3O)2BH + NaBH(OCH3)3 → NaBH4 + 3B(OCH3)3 (10)

Similarly, diborane reacts with sodium tetramethoxyborohydride to form sodium tetrahydroborate
plus trimethylborate (reaction (11)):

2B2H6 + 3NaB(OCH3)4 → 3NaBH4 + 4B(OCH3)3 (11)

Following the same approach applied for the previously discussed tetrahydroborates, potassium
tetrahydroborate was also synthesized for the first time by the reaction of diborane with potassium
tetramethoxyborohydride (reaction (13)) [59]. The latter was synthesized from potassium methoxyde
and methyl borate as shown in reaction (12):

KOCH3 + B(OCH3)3 → KB(OCH3)4 (12)

3KB(OCH3)4 + B2H6 → 3KBH4 + 4B(OCH3)3 (13)

Although, these methods allowed Schlesinger and co-workers to synthesize sodium
tetrahydroborates in laboratory scale, they were not appropriate for an industrial scale production.
In particular, the risks connected to the use of diborane represented a serious limitation to the scaling
up the above mentioned processes. The first attempt to synthesize sodium tetrahydroborate without
the use of diborane was carried out heating sodium trimethoxyborohydride to about 230 ◦C [59].
At this temperature, the disproportion of the starting material to NaBH4 and NaB(OCH3)4 takes place
via reaction (14):

4NaBH(OCH3)3 → NaBH4 + 3NaB(OCH3)4 (14)

However, reaction (14) does not proceed to completeness at about 230 ◦C. Then, the attempts to
improve the yield of this reaction were stopped when in the same laboratory it was observed that
sodium hydride and methyl borate quickly reacted at high temperature, i.e., 225–275 ◦C, to form
NaBH4 and NaOCH3 (reaction (15)):

10



Inorganics 2017, 5, 74

4NaH + B(OCH3)3 → NaBH4 + 3NaOCH3 (15)

As a consequence of the extremely good yield of this reaction, i.e., 94%, and the high purity of
the obtained NaBH4 up to 96%, this method is still the most used synthesis process to obtain sodium
tetrahydroborate. Similarly, high purity LiBH4, i.e., 95%, was synthesized by the reaction between
lithium hydride and methyl borate with an overall reaction yield of 70% (reaction (16)):

4LiH + B(OCH3)3 → LiBH4 + 3LiOCH3 (16)

The possibility to produce NaBH4 and LiBH4 in large quantities led to the development of a new
method to successfully synthesize metal tetrahydroborates. The method consists in the metathesis
between metal halides and alkali tetrahydroborates in solvents, reaction (17) [60–62]:

yMXn + yMa(BH4)n → yM(BH4)n + yMaXn (M, Ma = metals, X = halide) (17)

The first example of this reaction reported in literature was the metathesis between lithium
tetrahydroborate and aluminum chloride as shown in reaction (18):

AlCl3 + 3LiBH4 → Al(BH4)3 + 3LiCl (18)

The interaction between tetrahydroborates and metal halides leads also to the formation
of multi-cation tetrahydroborates. E. Wiber and W. Henle [61,62] reported on the synthesis of
Li[ZnCl(BH4)2] and Li[CdCl(BH4)2] as intermediates of the syntheses of Zn(BH4)2 and Cd(BH4)2

via metathesis between lithium tetrahydroborate and ZnCl2 and CdCl2, respectively, as seen in
reactions (19) and (20):

ZnCl2 + 2LiBH4 → Li[ZnCl(BH4)2] + LiCl → Zn(BH4)2 + 2LiCl (19)

CdCl2 + 2LiBH4 → Li[CdCl(BH4)2] + LiCl → Cd(BH4)2 + 2LiCl (20)

In 1955, E. Wiberg and R. Hartwimmer [63] reported for the first time on the synthesis of
calcium, strontium and barium tetrahydroborates, i.e., Ca(BH4)2, Sr(BH4)2, Ba(BH4)2, respectively.
The synthesis was performed by the reaction between the hydrides of the mentioned elements and
diborane (reaction (21)).

MH2 + 2B2H6 → M(BH4)2 (M = metal) (21)

In 1961, H. Nöth [64] synthesized several new multi-cation tetrahydroborates via metathesis
between lithium, sodium and potassium tetrahydroborates and metal halides or by direct
reaction between tetrahydroborates, i.e., Li[Zn(BH4)3], Li2[Cd(BH4)4], Li[Ti(BH4)4], Li[Fe(BH4)3],
Na[Zn(BH4)3], K2[Zn3(BH4)8], plus a long series of halogen derivatives as for example Li2[ZnI2(BH4)2],
Li3[Mn(BH4)3I2], etc. The syntheses of some of these multi-cation tetrahydroborates are described in
reactions (22)–(28):

3LiBH4 + ZnCl2 → 2LiCl + Li[Zn(BH4)3] (22)

4LiBH4 + CdCl2 → 2LiCl + Li2[Cd(BH4)4] (23)

LiBH4 + Ti(BH4)3 → Li[Ti(BH4)4] (24)

3LiBH4 + FeCl2 → 2LiCl + Li[Fe(BH4)3] (25)

3NaBH4 + ZnCl2 → 2NaCl + Na[Zn(BH4)3] (26)

NaBH4 + Zn(BH4)2 → Na[Zn(BH4)3] (27)

2KBH4 + 3Zn(BH4)2 → K2[Zn3(BH4)8] (28)
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In the following years, it was possible to observe an increasing attention towards this class
of materials both as laboratory reagents and as energy storage materials. As a consequence,
several new tetrahydroborates were synthesized. Nowadays, the mono-cation tetrahydroborates
of 32 chemical elements, plus an undefined number of multi-cation tetrahydroborates are
known [23,38,42–45,52–57,59–78].

The development of the borane chemistry in general, and of the tetrahydroborates in particular,
was from the early beginning connected with the research in the field of energy storage. In fact,
the research in this field was stirred by the need of finding new propellants for military applications by
the U.S. and Soviet Union [79]. Although these war research plans were dismissed around the 1950s,
new pacific applications for this class of materials came to light in the field of energy storage.

3. Decomposition Reactions of Li, Na, K, Mg, Ca and U Tetrahydroborates

Homoleptic tetrahydroborates have a high gravimetric hydrogen capacity. However, those
compounds, stable at room temperature, can release hydrogen under thermal input. Predictions by
first-principle calculations suggested that the charge transfer from M+ to [BH4]n

− is a crucial factor
for the stability of M(BH4)n (M = metal). Moreover, a linear relationship between the enthalpy of
M(BH4)n and the Pauling electronegativity (Xp) of M was underlined [80–82]. Experimental results also
demonstrated that the desorption temperatures (Td) of the tetrahydroborates are generally correlated
with the Xp value of the metal. Gas chromatography experiments showed a decrease of the desorption
temperature with the increase of Xp value of the metal, e.g., Td: (NaBH4) ≈ 550 ◦C > (LiBH4) ≈
470 ◦C > (Sc(BH4)3) ≈ 280 ◦C > (Zr(BH4)4) ≈ 170 ◦C > (Zn(BH4)2) ≈ 125 ◦C with Xp: Na = 0.9
< Li = 1.0 < Sc = 1.3 < Zr = 1.4 < Zn = 1.6 [82,83]. The Pauling electronegativity of the metal is
also correlated with the decomposition products of tetrahydroborates. Nakamori et al. [84] reported
that stable-covalent metal tetrahydroborates (Xp < 1.5) during decomposition release hydrogen,
whereas less stable-covalent tetrahydroborates (Xp > 1.5) release a mixture of diborane and hydrogen.
An important general feature of the dehydrogenation reaction of M(BH4)n (M: K, Na, Li, Mg, Ca, etc.)
is the thermodynamically favorable formation of the M(B12H12)n compounds (reaction (29)). On the
one hand, they are considered as intermediate compounds [85–103]. However, on the other hand, their
high stability and highly negative enthalpy of formation suggest that they are final decomposition
products of M(BH4)n [92,102–106].

M(BH4)n → 1/6M(B12H12)n + 5/6MHn + 13n/12H2 (29)

Here below, the decomposition behaviors of KBH4, NaBH4, LiBH4, Mg(BH4)2, Ca(BH4)2,
and U(BH4)4 are summarized. It is worth mentioning that the decomposition behavior of U(BH4)4 is
here shown because of the scarce information available about this particular borohydride, but it cannot
be considered as a potential material for hydrogen storage applications.

3.1. LiBH4

When LiBH4 is heated, a phase transition from the ordered low-temperature orthorhombic phase
to the disordered high-temperature hexagonal polymorph takes place at about 115 ◦C. Increasing
the temperature, LiBH4 releases a small amount of hydrogen (about 0.3 wt %) between 100 ◦C and
200 ◦C, and melts at around 270 ◦C [91,107,108]. The two main hydrogen releases occur at 320 ◦C and
400 ◦C. When heating up to 600 ◦C, the final reaction products are solid lithium hydride, solid boron,
and gaseous hydrogen, as shown in reaction (30).

LiBH4 → LiH + B + 3/2H2 (30)

The total weight loss associated with the hydrogen release of reaction (30) is 13.8 wt %
and its experimental reaction enthalpy is 75 kJ/mol H2 [109]. However, reaction (30) proceeds
through several different intermediate steps, as predicted via theoretical calculations and verified via
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experimental evidences [85,86,89,91–93]. Computational and experimental works have reported that
the decomposition reaction of LiBH4 proceeds through the formation of the intermediate Li2B12H12 as
indicated in reaction (31), and finally Li2B12H12 decomposes to solid lithium hydride, solid boron and
gaseous hydrogen according to reaction (32). This happens because the enthalpy value for reaction (31)
is lower than that for reaction (30), namely 56 kJ/mol H2 and 75 kJ/mol H2, respectively [85,86].

LiBH4 → 1/12Li2B12H12 + 10/12LiH + 13/12H2 (31)

1/12Li2B12H12 → 1/6LiH + B + 1/2H2 (32)

Caputo et al. [92] studied the decomposition reactions of LiBH4 by first-principle approach. They
argued that the calculated enthalpy of formation of Li2B12H12 is highly negative. Hence, it is a product
that hinders the reversible dehydrogenation/re-hydrogenation process of LiBH4.

Friedrichs et al. [93] reported that together with hydrogen, small quantities of B2H6 are released.
Once formed, B2H6 decomposes to elemental B and hydrogen or it might react with the still present
LiBH4 to form Li2B12H12 and possibly Li2B10H10 as in reactions (33) and (34), respectively.

2LiBH4 + 5B2H6 → Li2B12H12 + 13H2 (33)

LiBH4 + 2B2H6 → 1/2Li2B10H10 + 11/2H2 (34)

The decomposition pathway either via the direct formation of Li2B12H12 (reactions (31) and (32)),
or the interaction of LiBH4 and B2H6 depends mainly on the applied gas overpressure. Under
vacuum conditions the decomposition reaction can go through the formation of B2H6, as shown in
reactions (33) and (34) [93]. However, under hydrogen or even argon overpressure the decomposition
of LiBH4 may not proceed via the intermediate formation of gaseous diborane (B2H6) since the
gas overpressure kinetically suppresses its release [110,111]. Thus, LiBH4 decomposes through the
intermediate formation of Li2B12H12, as indicated in reactions (31) and (32).

3.2. NaBH4

Upon heating, NaBH4 starts to release hydrogen at 470 ◦C when it is still in solid form,
and continues the dehydrogenation after melting at about 515 ◦C through a multistep process. From
dehydrogenation pressure-composition isotherms (PCI) of NaBH4 measured at 600 ◦C, 650 ◦C and
700 ◦C under dynamic hydrogen flow, just one plateau was observed. Thus, the decomposition
of NaBH4 over 600 ◦C proceeds in one step and the final products are liquid sodium, solid boron,
and gaseous hydrogen, with a total gravimetric H2 capacity of 10.6 wt % according to reaction (35).
The experimental estimated decomposition enthalpy of reaction (35) amounts to 108 ± 3 kJ·mol−1 H2,
which is in agreement with the observed high stability of NaBH4 [112].

NaBH4 → Na + B + 2H2 (35)

Alternatively, Na2B12H12 phase has been reported experimentally as an intermediate of the
decomposition of NaBH4 [94–96]. However, the high thermodynamic stability of Na2B12H12 calculated
by first-principle approach suggests that it should rather be considered as a product that prevents the
subsequent re-hydrogenation because of its poor reactivity towards hydrogen [105]. The mechanism
of formation of Na2B12H12 has not been totally understood yet, but theoretical approaches suggest
that Na2B12H12 is a product of the reaction between boranes and unreacted NaBH4 as well as in the
case of LiBH4 [92,106].
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3.3. KBH4

KBH4 decomposes after melting at about 585 ◦C by forming potassium in liquid form, solid boron,
and gaseous hydrogen, according to reaction (36). The gravimetric H2 capacity is 7.48 wt % [21,92].
The intermediate formation of K2B12H12 has been also predicted via first-principle calculations [97].

KBH4 → K + B + 2H2 (36)

3.4. Mg(BH4)2

Magnesium tetrahydroborate, i.e., Mg(BH4)2, has a gravimetric hydrogen storage capacity of
14.9 wt % and an enthalpy of decomposition of about 40 kJ/mol H2 [76,113–115]. Upon heating
Mg(BH4)2, the phase transition from the hexagonal to the orthorhombic polymorph takes place at
185 ◦C. However, at room temperature, different polymorphs of Mg(BH4)2 can be found, depending on
the synthesis method. Experimental evidences suggest that the decomposition occurs in several steps
between 250 ◦C and 500 ◦C, finally forming MgB2 and hydrogen [29,113,115–118]. The mechanism of
decomposition is strongly debated and several different reaction paths can be found in the literature,
as described in reactions (37)–(40) [72,98–101]. In this case, as for the LiBH4, the final decomposition
products and the presence of reaction intermediates/side products depend strongly on the applied
experimental conditions.

Mg(BH4)2 → Mg + 2B + 4H2 (37)

Mg(BH4)2 → MgH2 + 2B + 3H2 (38)

Mg(BH4)2 → MgB2 + 4H2 (39)

Mg(BH4)2 → 1/6MgB12H12 + 5/6MgH2 + 13/6H2 → MgB2 + 4H2 (40)

Experimentally, it was observed that when the decomposition of Mg(BH4)2 is carried out at
temperatures above 450 ◦C and at a hydrogen pressure below the equilibrium pressure of MgH2,
the final products are MgB2 and H2 [98,101,108,113]. The formation of MgB2 upon decomposition is
the key for the reversibility of Mg(BH4)2.

3.5. Ca(BH4)2

Calcium tetrahydroborate, i.e., Ca(BH4)2, has a gravimetric hydrogen storage capacity of
11.6 wt %. Upon heating, it undergoes a polymorphic transition from the orthorhombic α-phase to the
tetragonal β-phase at around 170 ◦C. However, the polymorphs present in the samples, as well as the
structural phase transitions between them, depend on the sample synthesis: for instance ball milling
leads to the formation of the metastable orthorhombic γ-phase at room temperature [99,119–123]. Like
Mg(BH4)2, the decomposition path of Ca(BH4)2 is debated and several different reaction mechanisms
are reported in the literature as shown in reactions (41)–(45) [102–104]:

Ca(BH4)2 → 2/3CaH2 + 1/3CaB6 + 10/3H2 (41)

Ca(BH4)2 → CaH2 + 2B + 3H2 (42)

Ca(BH4)2 → 1/6CaB12H12 + 5/6CaH2 + 13/6H2 (43)

Ca(BH4)2 → CaB2H6 + H2 (44)

Ca(BH4)2 → CaB2H2 + 3H2 (45)

Due to extremely similar reaction enthalpies of some of the reported paths, i.e., reaction (41)
= 37.04 kJ/mol H2, reaction (43) = 31.34 − 39.2 kJ/mol H2 and reaction (44) = 31.09 kJ/mol H2,
the possibility that the decomposition of the Ca(BH4)2 takes place following more than a single
reaction path cannot be excluded [102–104].
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3.6. U(BH4)4

At temperatures below 70 ◦C, U(BH4)4 is stable for long periods. However, at about 100 ◦C
it decomposes to form uranium (III) tetrahydroborate, diborane and hydrogen as shown in
reaction (46) [124]:

2U(BH4)4 → 2U(BH4)3 + B2H6 + H2 (46)

At temperatures above 150 ◦C, uranium (IV) tetrahydroborate rapidly decomposes to form
the uranium boride, i.e., UB4, or elemental boron and uranium plus hydrogen, as described in
reaction (47) [124]:

U(BH4)4 → UB4 (or U + 4B) + 8H2 (47)

4. Tailoring the Hydrogen Storage Properties of Tetrahydroborates

Homoleptic tetrahydroborates are characterized by high decomposition temperature and
extremely harsh re-hydrogenation conditions, i.e., temperatures above 400 ◦C and hydrogen pressures
higher than 100 bar. Until the end of the 1990s, tetrahydroborates have been mostly used as laboratory
reagents and have been investigated just sporadically as possible energy storage materials. However,
these compounds have caught special attention owing to their promising hydrogen storage properties
(light weight and high hydrogen content). Therefore, intensive research has been carried out to improve
the hydrogen storage properties of tetrahydroborates, mainly LiBH4, NaBH4, Mg(BH4)2, and Ca(BH4)2.
Several strategies have been applied to tailor the thermodynamic and kinetic features of the above
mentioned borohydrides, aiming to reach the targets set by U.S. Department of Energy DoE [125].
The most relevant strategies are: (1) addition of catalytic additives [126–130]; (2) thermodynamic
tuning via hydrides mixtures [131–135]; and, (3) nanoconfinement of tetrahydroborates and their
hydride mixtures [95,132–138].

The first strategy refers to the addition of metals or metal compounds, in general transition
metals, which leads to an improvement of the hydrogenation and dehydrogenation kinetic behavior by
reducing the activation energy barriers and consequently accelerating the intrinsic rate limiting steps.
In general, the addition of some metals and compounds also promotes a thermodynamic modification
by changing the reaction pathway. This concept lays on the reduction of the thermodynamic stability
and the enhancement of the kinetic behavior of tetrahydroborates (MBH4) by the partial substitution
of M (cation substitution) [126,130], or the partial substitution of hydrogen atoms inside the [BH4]−

anion (in general by a non-metal such as fluorine; anion substitution) [127–129]. During these
processes, it is also possible to attain the formation of a new compound as a product of a favorable
thermodynamic interaction between the additive and the tetrahydroborate that provides new catalytic
phases. As depicted in the general reactions (48)–(50), the right selection of metal or non-metal can
reduce the stability of the tetrahydroborate (ΔH2 < ΔH1 and ΔH3 < ΔH1). On the one hand, the partial
cation substitution can reduce the thermodynamic stability and consequently the dehydrogenation
temperature by increasing the Pauling electronegative (Xp) (see Section 3) [130]. On the other hand,
the partial anion substitution lowers the thermodynamic stability by weakening the B–H bonds.
The following general reactions depict these concepts:

M(BH4)n � MHn + nB + (3/2)nH2 ΔH1 (48)

M1−xMex(BH4)n � M1−xMexHn + nB + (3/2)nH2 ΔH2 (Me = metal) (49)

M(B[N-Me]xH4−x)n � M[N-Me]nx + nB + [(2n − (nx/2)]H2 ΔH3 (N-Me = non-metal) (50)

This strategy usually presents limited reversibility since quite stable compounds are formed.
The second strategy is the thermodynamic tuning via the use of hydrides mixtures. This concept

was first explored via the formation of alloys in 1958. That year, Libowitz et al. observed that at
a given temperature ZrNiH3 has a desorption pressure much higher than the one measured for
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ZrH2. Thus, ZrNiH3 has an enthalpy of decomposition lower than that of ZrH2 [131]. Similarly, in
1967, Reilly et al. [132] reported on the possibility to change the reaction enthalpy of a hydride by
mixing it with compounds with a proper stoichiometric ratio, which reversibly react with the hydride
during desorption to form a stable compound. In particular, he showed that the reaction enthalpy
of 3MgH2 + MgCu2 is lower than the one of pure MgH2. Unfortunately, the gained reduction of the
reaction enthalpy is at the expense of the system’s hydrogen capacity. In the last 15 years, the approach
of Libowitz et al. [131] and Reilly et al. [132] has been improved by Chen et al. [133], Vajo et al. [134]
and Barkhordarian et al. [135]. These researchers designed light-weight metal hydrides-based system
with reduced reaction enthalpy using an appropriate combination of complex metal hydrides and
metal hydrides. Such hydride mixtures are the so-called Reactive Hydride Composites (RHC). This
strategy allows for the reduction of the thermodynamic stability (ΔH4 < ΔH1) upon dehydrogenation
because of the exothermic formation of a new and reversible phase, as shown in reaction (51). It offers
the advantage of improved reversibility and high gravimetric storage capacity.

yM(BH4)n + MeHx � yMHn + MeByn + [(2ny − (x/2)]H2 ΔH4 (MeHx = hydride) (51)

Despite the fact that the RHC strategy has shown good results as for example with
the mixture 2LiBH4 + MgH2 [134,135], experimental results have proved that the predicted
thermodynamic improvement is not reached due to kinetic constraints that lead to competing
multi-step reactions [95,136,137].

Nanoconfinement is the third presented strategy that has been recently applied to the pure
tetrahydroborates, doped tetrahydroborates and the undoped and doped RHC [138–141]. It is well
known that the physical and chemical properties of a material can change markedly when reducing its
particle size from the micrometer range to the nanometer range. In fact, on the one hand, the enthalpy
of decomposition/formation can be reduced due to the larger impact of the surface energy on the
stability of the material [138] and on the other hand, the reduction of the diffusion distances and the
larger specific area for the hydrogen interaction account for the kinetic enhancement [139,142].

In the following subsections some relevant results regarding the three above described strategies
applied to the LiBH4, NaBH4, Mg(BH4)2, and Ca(BH4)2 tetrahydroborates are summarized.

4.1. LiBH4

The first attempts to influence the dehydrogenation and reversibility properties of LiBH4

were made by A. Züttel et al. [142] by mixing the tetrahydroborate with SiO2. They lowered the
hydrogen desorption temperature by more than 70 ◦C. However, the formation of stable silicates
upon decomposition prevented the material from being re-hydrogenated [143,144]. This effort was
followed by several other researchers, who attempted to improve the hydrogen sorption properties and
reversibility of LiBH4 by mixing it with metal halides [126,145–150], pure metals [151–154], and carbon
based additives [155,156]. Undoubtedly, the addition of these materials led to a general decrease of
the LiBH4 desorption temperature, but the reversibility achieved under elevated temperature and
hydrogen pressure conditions (e.g., 600 ◦C and 100 bar H2 pressure for LiBH4 doped with Ni) was
just partial.

The most prominent RHC system based on tetrahydroborates is 2LiBH4 + MgH2 [134,135,157]
According to the reaction (52), it has the reversible hydrogen storage capacity of 11.5 wt % and a
theoretical reaction enthalpy of 46 kJ/mol H2, which implies a hydrogen equilibrium pressure of 1 bar
at 170 ◦C [158].

2LiBH4 + MgH2 � 2LiH + MgB2 + 4H2 (52)

In the last decade this system has been thoroughly investigated with respect to reaction pathway,
temperature and hydrogen pressure boundaries, microstructure, effect of additives on the reaction
kinetics, and nanoconfinement [159–173].
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For the 2LiBH4 + MgH2 system, the value of hydrogen pressure applied during the desorption
process is fundamental to ensure the reversibility. In fact, when 2LiBH4 + MgH2 is heated under a
hydrogen pressure lower than 1 bar, LiBH4 and MgH2 decompose individually, forming a series of
compounds, which under moderate temperature and hydrogen pressures hardly react together to
form again LiBH4 (i.e., Li2B12H12, Li2B2H6, LiH, elemental B, and Mg). However, the application
of a hydrogen back pressure higher than 1 bar but lower than 5 bar ensures the possibility to
reversibly release under moderate temperature the hydrogen contained in the system. Under dynamic
temperature conditions, the decomposition reaction takes place in two distinguished steps. At first,
the decomposition of MgH2 into Mg and H2 occurs, and then, after a long incubation period, Mg reacts
together with LiBH4 to form MgB2, LiH and H2 as shown in reaction (53). Differently from the
desorption reaction, the hydrogenation process takes place in a single step [136].

2LiBH4 + Mg � 2LiH + MgB2 + 3H2 (53)

Despite the favorable calculated enthalpy of reaction and the high gravimetric hydrogen capacity,
the sluggish kinetics is the primary issue of this system. In the last decade, several studies on the effect
of transition metal based additives were carried out. The nucleation of MgB2 is the key issue for a
fast dehydrogenation kinetic behavior and it is enhanced by the presence of transition metal borides
that act as nucleation center for the MgB2 nuclei [159]. Although the reaction times are much different
with and without additives, analyses of the reaction kinetics indicate that similar processes limit the
sorption reactions for all the composites, independently of the additive and the initial preparation state.
The absorption and desorption reactions in the RHC are characterized by significant mass transport
through the composite, and therefore, the length scales of the phase separation play a significant role
in the reaction kinetics.

Another RHC system that presents interesting hydrogen storage properties is the combination of
LiBH4 and Mg2NiH4, according to reaction (54). This hydride system exhibits a low reaction enthalpy
of 15.4 kJ/mol H2 and an entropy value of 62.2 J/K mol H2. Moreover, it starts to release hydrogen at
250 ◦C [174].

4LiBH4 + 5Mg2NiH4 � 2MgNi2.5B2 + 4LiH + 8MgH2 + 8H2 (54)

Despite the fact that this system does not display a high hydrogen capacity, i.e., 2.5 wt %,
it represents another example of reversible RHC systems.

4.2. NaBH4

The effect of the doping on the reversibility of NaBH4 was studied mostly by Mao et al. [175] and
Humphries et al. [176]. They observed a sensible enhancement of the hydrogen desorption properties
of NaBH4 when Ti-based (i.e., Ti, TiH2, and TiF3) and Ni-based additives (i.e., nano-Ni, Ni3B, NiCl2,
and NiF2) were used. However, partial reversibility was achieved only in the case of Ti-based additives.
In fact, when using TiF3, a hydrogen content of 4.0 wt % was stored back in the decomposed NaBH4

after hydrogenation at 55 bar and 500 ◦C.
In order to improve the hydrogen storage properties of NaBH4, nanocomposites of NaBH4-C

with a matrix of 2 to 3 nm pore size diameter were synthesized. This allowed the lowering of the
dehydrogenation temperature of NaBH4 down to 250 ◦C. However, the re-hydrogenation under 60 bar
and 325 ◦C was not completed due to the loss of Na upon dehydrogenation [96].

As in the case of the mixture 2LiBH4 + MgH2, the RHC based on 2NaBH4 + MgH2 is reversible
because of the formation of MgB2 upon desorption. The dehydrogenation reactions of the 2NaBH4 +
MgH2 can proceed either as reaction (55) with 7.8 wt % H2 or reaction (56) with 9.8 wt % H2, depending
on the conditions [177–179].

2NaBH4 + MgH2 � 2NaH + MgB2 + 4H2 (55)
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2NaBH4 + MgH2 � 2Na + MgB2 + 5H2 (56)

However, the dehydrogenation of this system also goes on in two steps under 1 bar of inert gas, i.e.,
first the dehydrogenation of MgH2 and then the subsequent formation of MgB2 [178,180]. Furthermore,
the formation of stable side products such as Na2B12H12 has been also suggested [180]. Under vacuum,
the pathway is different and it involves the formation of free Mg and finally free B [181].

As well as the LiBH4/Mg2NiH4 mixture, the stoichiometric ratio 4NaBH4 + 5Mg2NiH4 also
leads to the formation of MgNi2.5B2, lowering the enthalpy of the hydride system to 76 kJ/mol H2 in
respect to the one of pure NaBH4 (108 kJ·mol−1 H2), as shown in reaction (57) [112,182]. Consequently,
the dehydrogenation temperature is reduced to 360 ◦C. However, the hydrogen capacity of the system
is still low, i.e., 4.5 wt %.

4NaBH4 + 5Mg2NiH4 � 2MgNi2.5B2 + 4NaH + 8Mg + 16H2 (57)

4.3. Mg(BH4)2

The effect of additives on the reversibility of Mg(BH4)2 has been an object of intensive
investigation [101,183–188]. The result of the doping seems to be a sensible acceleration of hydrogenation
and dehydrogenation processes. However, in the literature, just a few hydrogenation-dehydrogenation
cycles are reported and the observed enhancement of the reaction kinetics, in particular for the
desorption process, is usually connected with the chemical reaction between the hydride and the
additive. Recently, Zavarotynska et al. reported on the partial reversibility of γ-Mg(BH4)2 in presence
of Co-based additives (Coadd) [187,188]. They investigated the first three absorption-desorption cycles
of γ-Mg(BH4)2 + Coadd at 285 ◦C and 3 bar H2 pressure. The first desorption yielded 4 wt % of
H2, and the re-absorption at the same temperature but at the pressure of 120 bar H2 resulted in the
uptake of about 2 wt % H2. Upon re-absorption, γ-Mg(BH4)2 was not formed back, but instead
crystalline β-Mg(BH4)2 was synthesized. With further cycling, the reversible hydrogen capacity of
the samples decreased with an increase in the amount of nano-crystalline MgO and unidentified
boron–hydrogen compounds.

Although the addition of selected additives to the tetrahydroborates partially helps to improve
the hydrogen absorption and desorption properties, the use of this class of materials as hydrogen
storage media is hampered by unfavorable thermal stability.

4.4. Ca(BH4)2

As previously mentioned, for Ca(BH4)2 several decomposition paths (often overlapping) might
be observed (Section 3.5), depending on temperature and hydrogen pressure at which the process is
carried out [100–102,189]. The reversibility is linked to the final decomposition products. The formation
of Ca(BH4)2 was shown to be partially reversible when the pristine material was doped with Ti and
Nb-based additives. Kim et al. [190,191] observed that after desorption at 420 ◦C in static vacuum,
Ca(BH4)2 can be formed back with a yield of roughly 50% (at 350 ◦C and 90 bar H2), if the starting
material is milled together with TiCl3 and NbF5. From these works, it is possible to conclude that
the key to the reversibility of Ca(BH4)2 is the formation of CaB6. It is known that when using
selected additives, Ca(BH4)2 can be synthesized starting from CaH2 and CaB6 [190,192–194]. In fact,
Rönnebro et al. successfully synthesized Ca(BH4)2 with the yield of roughly 60% heating a mixture
of CaH2 and CaB6 doped with TiCl3 up to 440 ◦C at a hydrogen pressure of 700 bar [194]. A similar
yield of formed Ca(BH4)2 was obtained by Rongeat et al. [193] via reactive ball milling and following
heat treatment at 350 ◦C under 90 bar of hydrogen pressure of a mixture of CaH2 and CaB6 with the
addition of TiCl3 or TiF3.

Recently, Bonatto Minella et al. [195], based on the work of Bösenberg et al. [159], proposed
an interesting approach to explain the effect of the TM-fluorides on the reversibility of the
CaB6/CaH2–Ca(BH4)2 system. The formation of transition-metal boride nanoparticles during milling,
and hydrogen desorption of the TM-fluorides doped Ca(BH4)2 are proposed to support the heterogeneous

18



Inorganics 2017, 5, 74

nucleation of CaB6, maximizing its formation over the formation of irreversible elemental boron
and CaB12H12. In the case of material doped with NbF5 and TiF4, the {111}CaB6/{1011}NbB2,
{111}CaB6/{1010}NbB2, as well as {111}CaB6/{1011}TiB2 plane pairs have the potential to be
the matching planes because the d-value mismatch is well below the d-critical mismatch value
(6%) [196,197]. This mechanism is similar to that observed for 2LiBH4 + MgH2. Transition metal
borides formed by the reaction of the transition metal based additives with the tetrahydroborates
act as heterogeneous nucleation sites for MgB2, thus improving desorption and absorption reaction
kinetics [159].

Despite the fact that the TM-boride species assist the formation of CaB6, the reversibility of the
Ca-RHC system, i.e., Ca(BH4)2 + MgH2 as shown in reaction (58), is not complete [137,198–200].

Ca(BH4)2 + MgH2 � Mg + (2/3)CaH2 + (1/3)CaB6 + (13/3)H2 (58)

Instead, every time that the material is cycled, the formation of stable phases such as CaB12H12 and
elemental B takes place as indicated in reaction (59) and (42), respectively. Consequently, a continuous
reduction of the system hydrogen capacity takes place upon cycling.

Ca(BH4)2 + MgH2 � Mg + (5/6)CaH2 + CaB6 + (1/6)CaB12H12 + (19/6)H2 (59)

Based on the previous works on 4LiBH4 + 5Mg2NiH4 [174] and 4NaBH4 + 5Mg2NiH4 [184],
Bergemann et al. [201] proposed as an alternative the combination of Ca(BH4)2 with Mg2NiH4. In this
system, upon dehydrogenation, the formation of MgNi2.5B2 as the only B-containing phase is observed
according to reaction (60). There was no evidence of the presence of irreversible CaB12H12 and B.
However, upon re-hydrogenation Ca(BH4)2 was only partially formed. This limited reversibility was
attributed to thermodynamic and kinetic constraints.

Ca(BH4)2 + 2.5Mg2NiH4 → CaH2 + MgNi2.5B2 + 4Mg + 8H2 (60)

5. Summary and Future Research Directions

In this review, a detailed account on selected aspect of the most relevant tetrahydroborates
and tetrahydroborate-based systems investigated in the last decades as potential hydrogen storage
candidates was reported. As a matter of fact, these materials used alone or as a part of RHC systems
have some limitations, which make their use for practical applications challenging. Owing to their high
gravimetric hydrogen capacity, tetrahydroborates are extremely appealing hydrogen storage materials.
However, the contained hydrogen is not easily accessible. Under thermal input, tetrahydroborates
such as LiBH4, NaBH4, K(BH4), Mg(BH4)2, and Ca(BH4)2 decompose at temperatures higher than
300 ◦C, and their decomposition products are partially reversible only under extreme temperature
and hydrogen pressure conditions. Additives such as transition metals, transition metal halides or
oxides, sensibly influence the decomposition reaction of these materials, often lowering the starting
decomposition temperature by several tenths of degrees. However, the reversibility of the material still
remains an issue since stable phases are formed upon decomposition. The hitherto most promising
approach to effectively store hydrogen in tetrahydroborates is through the use of the RHC strategy.
When compared to the pristine materials, this method enables the achievement of full reversibility
under milder temperatures and hydrogen pressure conditions, e.g., 350–400 ◦C and 3 bar–50 bar for
2LiBH4 + MgH2. Despite the fact that these conditions, mainly temperature, are not even near to those
required for on board practical application (desired temperature ≈ 90 ◦C), there has been an attempt to
develop a demonstration hydrogen storage tank based on 2LiBH4 + MgH2 [202]. This tank contained
250 g of material. It has been found that during operation, the thermal management becomes an
important issue, and the material undergoes a long-range phase separation, which negatively affects
the kinetic behavior and the hydrogen capacity of the system. To the best of our knowledge, this was
the first tank design based on borohydrides and it has to be considered as a starting point in the

19



Inorganics 2017, 5, 74

development of tetrahydroborates based systems for hydrogen storage. Nowadays, the research is
directed to find better systems capable to work near to the targeted temperature condition of about
90 ◦C and at the same time characterized by a hydrogen storage capacity of about 10 wt %. Besides,
the cost of the material is not a minor issue when one wants to employ such materials in large hydrogen
storage tanks.

In spite of several efforts to find the proper tetrahydroborate-based systems, the correct additive
and suitable material preparation procedure, it has not yet been possible to achieve complete hydrogen
desorption/absorption at the theoretically expected temperature and hydrogen pressure conditions.
Moreover, the hydrogenation-dehydrogenation cycling stability is still a key issue to be addressed.
Although tetrahydroborates are known for more than a century, the major achievements towards their
utilization have been obtained in the last 20 years. Based on this perspective, the hydrogen storage
properties of tetrahydroborates can be further improved by different strategies that are broadly used
nowadays, such as the RHC approach, the use of selected additives, and/or nanoengineering. Thus,
in the near future tetrahydroborates will hopefully fulfill the conditions for a practical application.
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71. Černý, R.; Severa, G.; Ravnsbæk, D.B.; Filinchuk, Y.; D’Anna, V.; Hagemann, H.; Haase, D.; Jensen, C.M.
Jensen, T.R. NaSc(BH4)4: A Novel Scandium-Based Borohydride. J. Phys. Chem. C 2010, 114, 1357–1364.
[CrossRef]

72. Her, J.H.; Stephens, P.W.; Gao, Y.; Soloveichik, G.L.; Rijssenbeek, J.; Andrus, M.; Zhao, J.-C. Structure of
unsolvated magnesium borohydride Mg(BH4)2. Acta Crystallogr. B 2007, 63, 561–568. [CrossRef] [PubMed]
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Abstract: Research for suitable hydrogen storage materials is an important ongoing subject. LiBH4–Al
mixtures could be attractive; however, several issues must be solved. Here, the dehydrogenation
reactions of surface-oxidized 2LiBH4 + Al mixtures plus an additive (TiF3 or CeO2) at two different
pressures are presented. The mixtures were produced by mechanical milling and handled under
welding-grade argon. The dehydrogenation reactions were studied by means of temperature
programmed desorption (TPD) at 400 ◦C and at 3 or 5 bar initial hydrogen pressure. The milled
and dehydrogenated materials were characterized by scanning electron microscopy (SEM), X-ray
diffraction (XRD), and Fourier transformed infrared spectroscopy (FT-IR) The additives and the
surface oxidation, promoted by the impurities in the welding-grade argon, induced a reduction in the
dehydrogenation temperature and an increase in the reaction kinetics, as compared to pure (reported)
LiBH4. The dehydrogenation reactions were observed to take place in two main steps, with onsets
at 100 ◦C and 200–300 ◦C. The maximum released hydrogen was 9.3 wt % in the 2LiBH4 + Al/TiF3

material, and 7.9 wt % in the 2LiBH4 + Al/CeO2 material. Formation of CeB6 after dehydrogenation
of 2LiBH4 + Al/CeO2 was confirmed.

Keywords: hydrogen storage; borohydrides; reactive mixtures

1. Introduction

LiBH4 is an outstanding material regarding its hydrogen content (18.4 wt %) [1]. However,
its dehydrogenation temperature is too high for any practical application in hydrogen storage. Pure
LiBH4 presents two dehydrogenation steps; one minor at approximately 320 ◦C and the main one
at 500 ◦C [1]. To reduce the dehydrogenation temperature, improve reaction kinetics or reversibility,
LiBH4 has been mixed with several compounds in different proportions. The list includes but
is not limited to other borohydrides such as: Ca(BH4)2 [2], NaBH4 [3], or Mg(BH4)2 [4], other
complex hydrides such as LiNH2 [5], alanates of Li or Na [6,7], binary hydrides such as MgH2 [8–10],
CaH2 [11–13], TiH2 [12], halide salts such as LiCl [14], oxides [15], scaffolds [16], and metals such as
Mg, Ti, V, Cr, Sc, or Al [12,17]. The main characteristics of these mixtures are collated in Table 1.

The last system, the 2LiBH4 + Al, is of potential interest. Siegel et al. [18] anticipated, based on
first-principles calculations, that the reaction:

2LiBH4 + Al → AlB2 + 2LiH + 3H2 (1)

would release 8.6 wt % hydrogen at 277 ◦C and p(H2) = 1 bar. Experimentally, Zhang et al. performed
the dehydrogenation of 2LiBH4 + Al at a pressure of 0.001 bar H2 and from roughly 325–525 ◦C [19].
Zhang et al. demonstrated a hydrogen release of approximately 4 wt % by means of isothermal
dehydrogenation at 375 ◦C, meanwhile complete dehydrogenation was obtained up to 577 ◦C by means
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of thermogravimetric measurement [19]. Kang et al. achieved the release of 7.2 wt % hydrogen when
the mixture was catalyzed with TiF3, at a pressure of 0.001 bar, 450 ◦C, and 3 h [20]. Hansen et al. [17]
demonstrated that the dehydrogenation reaction of 2LiBH4 + 3Al occurs at p(H2) = 10−2 bar when the
material is heated up to 500 ◦C; and that the re-hydrogenation demonstrated only partial reversibility.
Other examples include the experiments of Ravnsbaek et al., where the dehydrogenation reaction of
LiBH4 + Al (1:0.5) was characterized by in-situ synchrotron radiation powder X-ray diffraction from
room temperature to 500 ◦C and dynamic vacuum [21]. All these experiments have in common a very
low or vacuum dehydrogenation pressure (summarized in Table 1). The vacuum dehydrogenation
pressure is inadequate for any practical application. Additionally, it is well-known that the hydrogen
pressure can affect the dehydrogenation products of LiBH4 mixtures. For example with the system
2LiBH4 + MgH2 → 2LiH + MgB2 + 4H2, a correlation was demonstrated between the dehydrogenation
pressure and re-hydrogenation [22]. With the 2LiBH4–Al system, Yang et al. proposed that a desorption
backpressure of 3 bar could contribute to the formation of AlB2 [12]; which would improve, in principle,
the reversibility of hydrogenation/dehydrogenation reactions. A study of the dehydrogenation
backpressure with 2LiBH4–Al systems has been poorly explored.

Among the additives for improving reaction kinetics or reversibility; TiF3 is the material most
commonly used, and it is almost mandatory to test TiF3 in all new mixtures. In their part, oxides
such as TiO2, ZrO2, Nb2O5 or MoO3 have resulted in successful accelerators for hydrogen desorption
reactions [23,24]. CeO2 is not a commonly used additive for hydrogenation/dehydrogenation reactions.
However, interactions of hydrogen with CeO2 have been reported [25]. The possible effects of CeO2 as
an additive for hydrogen storage materials deserve research.

Conventionally, hydrogen storage materials are produced and handled in a high or ultra-high
purity inert atmosphere, i.e., high-purity argon. This is done to avoid the deactivation of materials
caused by the formation of thick oxide films that impede hydrogen diffusion from/to the bulk of the
storage material. However, some reports have expressed that the use of high-purity inert atmosphere
can be relaxed [26] and that allowing some surface oxidation can be helpful to the dehydrogenation
kinetics [27].

Here, the dehydrogenation behavior is presented of 2LiBH4 + Al added with 5 wt % of TiF3

or CeO2, and surface-modified (oxidized) by the effects of impurities in welding-grade argon.
The dehydrogenation reactions were performed at 3 bar and 5 bar of hydrogen. The effects of the
borohydride–Al mixture, additives, and surface-oxide effects are discussed.

Table 1. Reported hydrogen desorption conditions for several LiBH4 mixtures.

Material and/or Proposed Reaction,
and Reported ΔH0 (If Available) (kJ/mol H2)

Desorption Conditions p (bar) and T (◦C) Comments

LiBH4 → LiH + B + 3/2H2 [1] p: not specified T: 320 ◦C and 500 ◦C Multi-step dehydrogenation reaction

LiBH4 → Li + B + 2H2 95.1 kJ/mol H2 [28] p: 1 bar T: 25 ◦C From standard formation enthalpy
of LiBH4

xLiBH4 + (1 − x) Ca(BH4)2 [2] p: not specified T: 370 ◦C for x = 0.4 x = 0 − 1, eutectic melting at 200 ◦C

0.62LiBH4-0.38NaBH4 [3] p: not specified T: onset at 287 ◦C,
peaks at 488 ◦C and 540 ◦C Multi-step dehydrogenation reaction

xLiBH4 + (1 − x) Mg(BH4)2 [4] p: 5 bar T: 170 ◦C and 215 ◦C x = 0 − 1, eutectic melting at 180 ◦C
Multi-step dehydrogenation reaction

LiBH4 + 2LiNH2 → Li3BN2
+ 4H2 23 kJ/mol H2 [5] p: 100–0.01 bar T: 430 ◦C From pressure composition isotherm.

LiBH4 + LiAlH4 [6] p: 0.2 bar T: 118 ◦C and 210 ◦C
2:1 mixture, two-step

dehydrogenation. Dehydrogenation
temperature reduced if TiF3 addition.

LiBH4 + NaAlH4 [7]
p: 1 bar He T: from room temperature

up to 210 ◦C for the doped systems and
110–250 ◦C for the undoped systems.

Molar ratios 1:1, 2:3 and 1:3; with and
without TiCl3 additive. Multi-step

dehydrogenation reaction.
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Table 1. Cont.

Material and/or Proposed Reaction,
and Reported ΔH0 (If Available) (kJ/mol H2)

Desorption Conditions p (bar) and T (◦C) Comments

2LiBH4 + MgH2 → 2LiH + MgB2
+ 4H2 50.4 kJ/mol H2 [10] p: 3 bar H2 T: 350–400 ◦C Multi-step dehydrogenation reaction

6LiBH4 + CaH2 ↔ 6LiH + CaB6
+ 10H2 59 kJ/mol H2 [11]

p: 1.3 bar flowing He T: onset at 150 ◦C,
maximum at 350 ◦C, finished at 450 ◦C -

LiBH4 + TiH2 [12] p: not specified (argon) T: ~410 ◦C -

LiBH4 + LiCl (1:1) to give
Li(BH4)1−xClx (x ≈ 0.23) [14] p: not specified (argon) T: 300–550 ◦C Cl− to BH4

− substitution at LiBH4

2LiBH4 + Al → 2LiH + AlB2
+ 3H2 57.9 kJ/mol H2 [18]

277 ◦C [18] Theoretical desorption temperature

Dehydrogenation: p: 0.001 bar H2 T:
325 ◦C to 525 ◦C [19]

H2 release of about 4 wt % Multi-step
dehydrogenation reaction

p: 0.001 bar T: 450 ◦C [20] Catalyzed with TiF3

p: dynamic vacuum T: up to 500 ◦C [21] Formation of LixAl1−xB2

2. Results

2.1. Characterization of As-Milled Materials

Scanning Electron Microscopy. Some of the descriptions below contain remarks about SEM images
that are shown in the Supplementary Materials. Also for comparison purposes, the SEM images of
LiBH4 and Al without milling are presented in the Supplementary Materials. Non-milled LiBH4 is
composed of large crystals embedded in an amorphous phase. Non-milled Al is composed of particles
of approximately 50 μm, heavily agglomerated and forming flakes of 1 mm (Supplementary Materials).
Figure 1 presents the most representative SEM images of the as-milled materials. The as-milled
2LiBH4 + Al material, Figure 1a, formed a three-dimensional, porous structure. Interestingly
the surface of 2LiBH4 + Al is covered with crystals of approximately 2–3 μm. The material
2LiBH4 + Al/TiF3, Figure 1b, also presented a three-dimensional structure. The material consisted of
elongated crystals of 10 μm length and 2 μm width. Elemental analysis by energy-dispersive X-ray
spectroscopy (EDS) of those crystals revealed a B-rich phase, i.e., the LiBH4. The addition of CeO2,
Figure 1c, to the base material, produced an agglomerated, spherical, and compacted material of
about 50 μm in diameter, with some surface formations approximating flake-shape. Here, spots of
CeO2 are clearly distinguishable from the base material. In principle, the morphology characteristics
of hydrogen storage materials must be reduced particle size, low agglomeration, homogeneity of
component materials, and the formation of porous structures allowing the inflow/outflow of hydrogen
while maintaining good thermal conductivity. SEM images showed interesting morphologies of the
LiBH4 + Al/additives, depending on the additive material.

 
(a) (b) (c) 

Figure 1. Scanning electron microscopy (SEM) images of the as-milled materials: (a) 2LiBH4 + Al;
(b) 2LiBH4 + Al/TiF3; (c) 2LiBH4 + Al/CeO2.
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Powder X-ray diffraction. Figure 2 shows the X-ray diffraction patterns of as-milled materials.
In the three studied materials, the presence of Al is evidenced by the strong diffraction peaks.
By contrast, the LiBH4 presented attenuated peaks as as-milled materials. LiBH4 diffraction peaks in
Figure 2 are a mixture of orthorhombic (main) and hexagonal (minor) phases to a different degree in
the different mixtures. The material 2LiBH4 + Al/CeO2 presented strong peaks of CeO2, in agreement
with the CeO2 particles found in the SEM images. The material added with TiF3 did not present the
characteristic peaks of TiF3. Some researchers have proposed the in-situ formation of Ti(BH4)3 by the
reaction of LiBH4 and TiF3, followed by a rapid decomposition of Ti(BH4)3 [29]. Reactions to form other
stable fluorine salts such as TiF2 or AlF3 cannot be discarded. These side reactions during ball-milling
can be the reason for the absence of TiF3 diffraction peaks. The materials also presented a small amount
of aluminum oxide. Refinement of the Al and CeO2 phases (not including LiBH4 phases, Rwp ≈ 7)
produced the following Al-crystal sizes: Al in 2LiBH4 + Al: 309.6 ± 16.7 nm; Al in 2LiBH4 + Al/TiF3:
129.0 ± 5.0 nm; Al in 2LiBH4 + Al/CeO2: 142.8 ± 9.2 nm. The CeO2 crystal size was determined as
120.3 ± 4.2 nm. All these facts point to the formation of fine mixtures of 2LiBH4 + Al/additive and
an influence of the additives on the crystalline characteristics of the samples.
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Figure 2. X-ray diffraction patterns of the as-milled materials: (a) 2LiBH4 + Al; (b) 2LiBH4 + Al/TiF3;
(c) 2LiBH4 + Al/CeO2.

Fourier Transformed Infrared Spectroscopy. An effect of the ball milling is the increase of the
local pressure and temperature during ball-ball or ball-vial collisions that induce the decomposition of
sensitive materials. In the case of the 2LiBH4 + Al mixtures, it is intended to decrease the decomposition
temperature during dehydrogenation, but not to decompose during ball-milling. Thus FT-IR was
performed to check the “survival” of LiBH4 after ball-milling. Borohydrides present two regions of
interest B–H bending (1000–1600 cm−1) and H–B–H stretching (2000–2500 cm−1) [29,30]. Both IR active
modes are presented in all the as-milled samples (Supplementary Materials), indicating sufficient
thermal stability during ball milling.

X-ray photoelectron spectroscopy. XPS results are presented in Figure 3. Frame 3a presents the
Li 1s XPS spectra. The Li 1s XPS spectrum of LiBH4 with a clean surface was reported to present
a peak at 57.1 eV; meanwhile, the oxygen-exposed samples presented a contribution (shoulder) of
Li2O at 55.5 eV [27]. The studied materials present the main peak in a range between 57.2 and 57.5 eV.
Because of that, the main contribution of Li binding is not the Li–O interactions. Frame 3(b) presents
the B 1s XPS spectra. The reported peak for pure LiBH4 is located at 188.3–188.4 eV [31]. After exposing
LiBH4 to oxygen or moisture, a new peak located at 191.5–191.4 eV emerged and it was attributed to
LiBO2 [31]. The studied materials presented both peaks, the LiBH4 and the LiBO2 at 188.3–188.0 eV
and 191.9–191.3 eV, respectively. The peak intensity ratio of the LiBH4 and LiBO2 is not homogeneous

33



Inorganics 2017, 5, 82

throughout the set of studied materials. The mixture of 2LiBH4 + Al presented the lowest intensity of
the LiBO2 peak. Frame c of Figure 3 presents the O 1s XPS spectra; as a reference, the O 1s spectra at
the Al raw-material was included. In that spectrum, the peak at 533.6 eV can be related to an Al2O3

layer [32]. The XPS spectra of LiBH4, 2LiBH4 + Al/TiF3, and 2LiBH4 + Al/CeO2 presented two
main peaks; one at 533.9 eV and other at 532.6 eV. This last peak can be attributed to the LiBO2 [32].
The LiBO2 peak is very much attenuated in the 2LiBH4 + Al, in agreement with the result at the B 1s
spectra. The Al 2p spectrum of the as-received Al and as-milled 2LiBH4 + Al/additive materials is
shown in the Supplementary Materials. The (as-received) Al curve presents the characteristic metallic
and oxide peaks of Al [33]. Meanwhile, no signal above noise was detected for the mixtures, indicating
Al segregation to sub-surface layers.
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Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of as-milled 2LiBH4 + Al, 2LiBH4 + Al/TiF3,

and 2LiBH4/CeO2. (a) Li 1s edge; (b) B 1s edge; (c) O 1s edge.

2.2. Dehydrogenation Reactions

Figure 4 presents the dehydriding reactions traced by thermal-programed control. For two frames,
the sample temperature also was plotted. The dehydrogenations of 2LiBH4 + Al and 2LiBH4 + Al/TiF3

at 3 bar and 5 bar initial pressure are presented in Figure 4a. The dehydrogenations were performed
up to 400 ◦C. The dehydrogenations occurred as multiple-step reactions. The first step with both
materials was observed to start at 110 ◦C and produced a small hydrogen release. In the 2LiBH4 + Al
material, the second step was observed at 210 ◦C, and a slight change in reaction rate at roughly 325 ◦C.
The dehydrogenation reactions in the 2LiBH4 + Al material were essentially finished at 400 ◦C and
reached a hydrogen release of −5.8 wt % for the 3 bar initial pressure reaction and −6.0 wt % for the
5 bar initial pressure reaction. The dehydrogenations of 2LiBH4 + Al/TiF3 at 3 bar and 5 bar initial
pressure also are multiple-step reactions. At both initial pressures, the dehydrogenation first step onset
is situated at about 110 ◦C. At the 3 bar dehydrogenation, the second reaction step is located at 240 ◦C.
The last step initiated at 340 ◦C, after a clear-defined plateau. At 3 bar initial pressure the release of
hydrogen accounted for −9.3 wt %. The situation is very different for the same material at 5 bar initial
pressure, here the onset of the second dehydrogenation step was observed at 200 ◦C. A slowdown of
the dehydrogenation rate was observed at 300 ◦C. Finally, the dehydrogenation finished after reaching
400 ◦C, releasing −6.0 wt %. This last quantity is greater than the theoretical value of −8.6 wt %, thus
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a release of B-compounds is probable. It means that higher initial pressure in combination with lower
final temperature needs to be explored for this material.
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Figure 4. Temperature programed hydrogen desorption of (a) 2LiBH4 + Al, and 2LiBH4 + Al/TiF3;
(b) 2LiBH4 + Al/CeO2 at 3 and 5 bar initial pressure of hydrogen.

Figure 4b presents the dehydrogenation reactions of 2LiBH4 + Al/CeO2 at 3 bar and 5 bar initial
hydrogen pressure up to 400 ◦C. The dehydrogenations reactions are similar at both pressures and
they are also multistep reactions. The onset temperature of the first dehydrogenation step is below
100 ◦C. The dehydrogenation reactions presented the second step starting at 220 ◦C. The material
2LiBH4 + Al/CeO2 released −7.9 wt % of hydrogen in both cases. In the material 2LiBH4 + Al/CeO2,

dehydrogenation at 350 ◦C was achieved and can be observed in the Supplementary Materials.
The dehydrogenation is a multi-step reaction with a hydrogen release of −5.6 wt % at 5 bar and
−6.5 wt % at 3 bar after 3 h of reaction.

2.3. Characterization of Dehydrogenated Materials

Figure 5 presents the most representative SEM images of the 2LiBH4 + Al, 2LiBH4 + Al/TiF3,
and 2LiBH4 + Al/CeO2 materials dehydrogenated at 5 bar, other SEM images are available in the
Supplementary Materials. In general, dehydrogenated materials presented important agglomerations
of about 200 μm size. Thus an important increase in particle size after dehydrogenation was observed.
The agglomerated materials were composed of an amorphous matrix with crystalline zones of cubic
or hexagonal morphologies. Elemental analysis of those crystals revealed the presence of B and Al
as major components; and Ti, F, Ce, and O as minor components, accordingly with the additive.
An important observation is that the atomic composition of Al and B in the crystals of all the
tested materials was not consistent. The elemental analysis was performed in small areas on the
crystals, and the results range from roughly the expected 1:2 atomic ratio of AlB2 to 1:12 atomic
ratio of AlB12. The loss of available B for the re-hydrogenation reaction is a common drawback for
all borohydrides and their mixtures. B can be lost as borane compounds (BH3, B2H6, etc.), form
B-clusters or other boranes that are unreactive at moderate pressures and temperature for further
re-hydrogenation reaction. Elemental analysis during SEM data collection indicates good B retention
with the dehydrogenated samples.

Due to the detection limit of elemental analysis with the SEM microscope, Li-compounds were
not located. The SEM images of the materials with CeO2 deserve some attention; the as-milled
materials presented clear CeO2 bright spots (Figure 1c); meanwhile, the dehydrogenated materials
(Supplementary Materials) presented a more homogeneous distribution of Ce along the sample image.
Another interesting point was a tendency to formation of crystals with higher dehydrogenation
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pressure. A greater quantity of crystals was observed at samples dehydrogenated at 5 bar initial
pressure than at 3 bar initial pressure.

 
(a) (b) (c) 

Figure 5. SEM images of the dehydrogenated (DHH) materials: (a) 2LiBH4 + Al-DHH 5 bar, 400 ◦C;
(b) 2LiBH4 + Al/TiF3-DHH 5 bar, 400 ◦C; (c) 2LiBH4 + Al/CeO2-DHH 5 bar, 400 ◦C.

Powder X-ray diffraction patterns of the dehydrogenated (labeled as DHH) materials are presented
in Figure 6. The diffractograms of the dehydrogenated materials at 3, and 5 bar are presented in
Frame (a,b) respectively. In general, the exact determination of the reaction extent based purely on the
X-ray diffraction (XRD) results is difficult: this is due to Al and LiH sharing the same crystal symmetry
and close crystal cell dimensions. Thus the peaks of the reactant and the reaction product overlap,
particularly at low diffraction angles. Additionally, the (101) peak of AlB2 (P6MMM) is pretty close to
the Al (200) and LiH (200) peak, these peaks also overlap. The rest of the AlB2 peaks are appreciable
when zooming the plot with data-processing software; otherwise, these peaks appear rather small.
All the dehydrogenated materials presented minor peaks of Li2O and LiOH. The dehydrogenated
2LiBH4 + Al and 2LiBH4 + Al/TiF3 presented Al2O3. The oxides and hydroxide could evolve/crystalize
from the initial surface oxides present in the as-milled materials and the hydrogen atmosphere during
heating. The dehydrogenated 3 bar- and 5 bar-2LiBH4 + Al/CeO2 materials are very interesting
regarding the oxides content; they no longer present peaks of CeO2 after the dehydrogenation reaction.
CeO2 reacted to form CeB6 (COD-5910033).
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Figure 6. X-ray diffraction patterns of dehydrogenated materials. Frame (a) after dehydrogenation at
3 bar initial hydrogen pressure; Frame (b) after dehydrogenation at 5 bar initial hydrogen pressure.
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FT-IR spectra of all dehydrogenated products are presented in Figure 7. This figure confirms
the incomplete dehydrogenation of the materials after reactions. The dehydrogenated materials
presented differences in the H–B–H bending region compared to the as-milled materials. First, a shift
of the peaks to higher wavenumbers was observed, from 1100–1200 cm−1 in as-milled materials to
1400–1560 cm−1 in dehydrogenated materials. Secondly, the intensity of these peaks was different
with the additive; the 2LiBH4 + Al material presented the highest peak intensity meanwhile the
materials added with TiF3 and CeO2 presented reduced signal intensity. The B–H stretching region
(2000–2500 cm−1) also presented shifts in wavenumber, however, this shift was not as marked as
the H–B–H region. It amounts to approximately 75 cm−1. The materials dehydrogenated at 5 bar
presented more intense H–B–H peaks than the materials dehydrogenated at 3 bar. This result points to
a different reaction mechanism.
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Figure 7. Fourier Transformed Infrared Spectroscopy (FT-IR) of dehydrogenated (DHH) samples:
(a) 2LiBH4 + Al-DHH; (b) 2LiBH4 + Al/TiF3; (c) 2LiBH4 + Al/CeO2-DHH.

3. Discussion

Milling effects. A proper integration of LiBH4 and Al in the mixtures was observed after the
ball-milling. The milling of Al is not an easy process. Al has the tendency of sintering instead of
dispersing unless using proper milling conditions [34]. The milling conditions used here represent
a good balance between the optimum milling of Al and reduced degradation of LiBH4.

Protective atmosphere effects. Customarily; the storage, production, processing, and handling
of hydrogen storage materials are performed with a high purity argon atmosphere, with oxygen
and moisture levels below 0.1 ppm. This would raise significantly the cost of the hydrogen storage
materials if commercialization is intended. In our experiments the argon purity was not so high,
the supplier-guaranteed oxygen and moisture levels were 10 ppm. This allowed surface oxidation as
demonstrated by means of XPS experiments. Kato et al. [27] demonstrated that the surface oxidation
of LiBH4 produces Li surface segregation, the formation of Li2O over LiBH4, reduction of diborane
desorption, and enhancement of the rate of hydrogen desorption. XPS suggests the formation of
LiBO2 rather than Li2O on the surface of our samples and the segregation of Al to sub-surface layers.
As a result of the surface oxidation, a reduction of the dehydrogenation temperature was observed
here and compared with similar materials carefully protected against surface oxidation [17–22].
A reduction of the dehydrogenation activation barrier was proposed by Kang et al. [35] if LiBH4

or the intermediate LiBH donate one electron (each), to a catalyst on their surfaces. Oxygen is
well-known as an electron acceptor. Thus surface oxidation could reduce the activation barrier and
help to reach thermodynamic-predicted temperatures for the dehydrogenation reaction.

Dehydrogenation kinetics. The dehydrogenations of the 2LiBH4 + Al, 2LiBH4 + Al/TiF3,
and 2LiBH4 + Al/CeO2 materials are multi-step reactions. The multistep nature of the dehydrogenation
reaction of the 2LiBH4 + Al is shared with the dehydrogenation of LiBH4 [36] and the RHC LiBH4

+ MgH2 [22,37]. Reports of LiBH4-Al dehydrogenation in several molar proportions also described
a multistep mechanism for the dehydrogenation reaction [17,19–21,38]. In the materials presented
here, the first dehydrogenation step occurred at low temperature, i.e., 100–110 ◦C. And the main
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dehydrogenation step occurred between 200–300 ◦C, finishing at 400 ◦C. The main dehydrogenation
temperature interval is close to the temperature predicted by Siegel et al. for the dehydrogenation
reaction of 2LiBH4 + Al, 277 ◦C [18]. A reduction of activation barrier can be responsible for the
reduced dehydrogenation temperatures, as pointed out above. Another good point concerning all
the studied materials is that the dehydrogenation is rapid, completed within 1 h, mainly during the
heating period.

The effect of dehydrogenation pressure. It must be pointed out that this is the first report
of dehydrogenation of 2LiBH4 + Al/additive mixtures at non-vacuum pressures, i.e., at fuel cell
compatible working pressures. Thus the possibility of using these mixtures has been demonstrated for
disposable or non-rechargeable hydrogen storage applications as long as further re-hydrogenation
can be proved. In general, our materials dehydrogenated at 3 bar presented a better hydrogen release
quantity. Further research will be conducted to prove if re-hydrogenation is possible.

The effect of the additives. TiF3 is a well-known additive in the hydrogen storage area, it is almost
mandatory to try TiF3 as an additive in hydrogen storage systems. Meanwhile, CeO2 is not commonly
used as an additive. CeO2 has been anticipated to interact with hydrogen [25], and a revision of its
effects as additive deserve attention. However, few examples have been published. Ceria could uptake
small amounts of hydrogen below 391 ◦C [39]. Even more, Lin et al. [39] demonstrated an interfacial
effect of CeH2.73/CeO2 functioning as “hydrogen pump” and reducing the hydrogen desorption
temperature of MgH2–Mg2NiH4–CeH2.73/CeO2. In that work [39], CeH2.73 and CeO2 were formed
during successive hydrogenation and oxidation reactions. LiBH4 or LiBH4 + 1/2MgH2 were mixed
with CeCl3, CeF3, or CeH2 to improve the hydrogenation/dehydrogenation kinetics, reversibility, or to
reduce dehydrogenation temperature [40–44]. In the present work, CeO2 demonstrated its effectiveness
reducing the dehydrogenation temperature. The characterization of dehydrogenated materials by
powder X-ray diffraction demonstrated the formation of CeB6. This boride has been observed after
dehydrogenation of LiBH4 or LiBH4 + 1/2MgH2 destabilized with CeCl3, CeF3, or CeH2 [40–44].
On the other hand, X-ray diffraction did not show additional formation of Li or Al-oxides by liberation
of the oxygen of CeO2. The expected formation of oxides is low: for example, a mass balance indicates
that if all the oxygen of CeO2 forms Li2O, the lithium oxide would be 1.7 wt %. To conclude this
part, CeO2 additive was effective in reducing the dehydrogenation temperature and producing good
hydrogen release.

4. Materials and Methods

4.1. Sample Preparation

All reactives were purchased from Sigma-Aldrich and used without further purification. The Al
was granular, with a particle size roughly of 1 mm and 99.7% purity. The LiBH4 purity was ≥95%,
meanwhile, the purity of TiF3 and CeO2 were 99% and 99.995% respectively. The molar ratio of LiBH4

and Al was 2:1. The amount of the additive in each sample was 5 wt %. The mixtures of 2LiBH4 + Al
+ additives were produced by mechanical milling. The milling was performed in batches of 1 gram
of mixture as needed for performing reactions or characterization. The milling was performed in
a planetary mill (Across-International) with a rotation of the main plate of 2400 rpm. The milling
vials were machinated in stainless steel 316 L with an internal volume of 100 mL, with bolted lids.
The milling balls were of yttrium-stabilized zirconium oxide (1 cm diameter). The powder to ball ratio
was 1:15. The total milling time was 5 h divided into periods of 1 h milling and 10 min resting. In each
cycle of milling-pause, the rotation direction of the planetary mill was inverted. The handling and
storage of materials were performed inside a glove box filled with welding grade argon.

4.2. Characterization of the Ball-Milled and Dehydrogenated Materials

Scanning electron microscopy (SEM) images were obtained in a JSM-IT300 microscope (JEOL,
Tokio, Japan). Samples were dispersed on carbon tape over a Cu sample holder. The SEM samples
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were prepared inside the argon glove box and transferred to the microscope by means of a glove bag
to avoid oxidation; however, slight oxidation could have been possible. SEM images were obtained by
backscattered or secondary electrons and 10 kV or 20 kV of acceleration voltage, accordingly to each
sample characteristics.

Powder X-ray diffraction (PXRD) characterization was performed in a BrukerB8 diffractometer
(Cu Kα = 1.540598 Å, Bruker AXS, Karlsruhe, Germany). The powders of as-milled and dehydrogenated
materials were compacted in a dedicated sample-holder, then they were covered with a Kapton
foil for protection against ambient oxygen and moisture. Data processing and phase identification
were performed with Diffract Suite Eva (Version 4.2.1.10, Bruker AXS, Karlsruhe, Germany, 2016)
or MAUD software (Version 2.55, Trento University, Trento, Italy, 2015). ICSD (Inorganic Crystal
Structure Database, Karlsruhe) or COD (Crystallography Open Database) databases were used for
phase identification.

Fourier transformed infrared spectroscopy characterization was performed in a Varian 640-IR,
FT-IR Spectrometer (Agilent Technologies, Santa Clara, CA, USA). The studied materials were
compacted in KBr pellets. The KBr was purchased from Sigma-Aldrich and dried just before pellet
preparation. About 2.5 mg of each material was dispersed in 50 mg of dry KBr. FT-IR data was
collected in attenuated total reflection (ATR) mode.

X-ray photoelectron spectroscopy analyses were performed only on the as-milled materials. XPS
experiments were accomplished in an ultra-high vacuum (UHV) system Scanning XPS microprobe
PHI 5000 Versa Probe II (Physical Electronics, Minneapolis, United States of America), with an Al Kα

X-ray source (photon energy of 1486.6 eV) monochromatic at 25.4 W, and an multichannel detector.
The surface of the samples was etched for 5 min with 1 kV Ar+ at 55.56 nA·mm−2. The XPS spectra
were obtained at 45◦ to the normal surface in the constant pass energy mode, E0 = 117.40 and
11.75 eV for survey surface and high-resolution narrow scan, respectively. The peak positions were
referenced to the background silver 3d5/2 photo-peak at 368.2 eV, having an FWHM of 0.56 eV,
and C 1s hydrocarbon groups at 285.0 eV, Au 4f7/2 in 84.0 eV central peak core level position. XPS
characterization was performed on the as-milled materials and raw materials NaBH4 and Al as
necessary. Powder samples were compacted in an adequate sample holder and transferred to the
equipment by means of a glove bag.

4.3. Dehydrogenation Reaction

Dehydrogenations of 2LiBH4 + Al + additive materials were performed in a Sievert’s-type reactor.
This reactor was designated and constructed by the research group. It consists basically of twins
of a sample holder and a reference holder, a well-known-volume reservoir of H2 for sample and
a well-known-volume reservoir of H2 for reference, high precision pressure transducers for sample
and reference, and delicate control of the reservoirs, reference-holder and sample-holder temperatures.
The registered temperatures and pressures versus time were converted to hydrogen release in wt %
with the following formula [45]:

wt %(H2) = 100 × M(H2)× Δp × Vsample

m × R × Tsample × Zf act
+ 100 × M(H2)× Δp × Vreservoir

m × R × Treservoir × Zf act
, (2)

where M(H2) is the hydrogen molar mass (2.01588 g·mol−1). Δp= Δpsample − Δpreference is in bar,
where Δpsample and Δpreference mean the actual pressure minus the initial pressure of sample and
reference. At zero-time both sample and reference initial pressures are equal. This performs as
a differential pressure transducer and helps reducing small (1 × 10−3 bar) variations of the pressures
caused by thermal effects. The V and T are the volume and temperature of the reservoir and sample
holder, in cm3 and Kelvin degrees respectively; m is the sample mass in g; R is the gas constant
(83.14459 cm3·bar·K−1·mol−1) and, Zfact is the hydrogen compressibility factor [46,47]. It is necessary to
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mention that the sample holder and reference holder volume account for less than 1% of the reservoirs
volume, meeting the appropriate conditions for hydrogen sorption/desorption and Sieverts law.

Samples were transferred to/from the Sieverts-type reactor without oxygen contact by means of
a closing valve at the sample holder. Dehydrogenations were performed by a temperature-controlled
process. The dehydrogenation initial pressure was fixed manually at 3 or 5 bar, the reservoir
temperature was fixed at 40 ◦C. The sample temperature was raised from room temperature to
350 ◦C or 400 ◦C with a heating rate of 5 or 6 ◦C/min. The total dehydrogenation time was 3 h.
Then, the system was cooled down and the remaining hydrogen was released. The dehydrogenation
reaction was marked by a significant and sudden increase of the registered pressure beyond the
temperature effects. The gases, hydrogen and argon, used during the dehydrogenation experiments
were of chromatographic and high purity grade.

5. Conclusions

The 2LiBH4 + Al/additives mixtures were prepared by ball milling. The milling conditions
were optimized for the integration of Al and preservation of 2LiBH4. The use of additives TiF3 and
CeO2 produced different morphologies with as-milled materials. The studied materials presented
a significant reduction of the dehydrogenation temperature that can be related to the surface-oxidation.
The surface oxidation was the result of the use of welding-grade argon. The dehydrogenation
reactions were observed to take place in two main steps, with onsets at 100 ◦C and 200–300 ◦C.
The maximum released hydrogen was 9.3 wt % in the 2LiBH4 + Al/TiF3 material, and 7.9 wt % in
the 2LiBH4 + Al/CeO2 material. Formation of CeB6 after dehydrogenation of 2LiBH4 + Al/CeO2

was confirmed.
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of as-milled 2LiBH4 + Al/CeO2 material, Figure S6: FT-IR of the as-milled 2LiBH4 + Al, 2LiBH4 + Al/TiF3 and
2LiBH4/CeO2, Figure S7: Al 1s XPS of the as-milled 2LiBH4 + Al, 2LiBH4 + Al/TiF3 and 2LiBH4/CeO2, Figure S8:
SEM of dehydrogenated 2LiBH4 + Al at 5 bar 400 ◦C, Figure S9: SEM of dehydrogenated 2LiBH4 + Al at 3 bar
400 ◦C, Figure S10: SEM and EDS of dehydrogenated 2LiBH4 + Al/TiF3 at 5 bar 400 ◦C, Figure S11: SEM and EDS
of dehydrogenated 2LiBH4 + Al/TiF3 at 3 bar 400 ◦C, Figure S12: SEM of dehydrogenated 2LiBH4 + Al/CeO2
DHH 5 bar 400 ◦C, Figure S13: SEM of dehydrogenated 2LiBH4 + Al/CeO2 DHH 3 bar 400 ◦C, Figure S14:
Dehydrogenation of 2LiBH4 + Al/CeO2 (3 bar and 5 bar, 350 ◦C), Figure S15: SEM of dehydrogenated 2LiBH4 +
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Abstract: Hexagonal boron nitride (h-BN) is known as an effective additive to improve the hydrogen
de/absorption properties of hydrogen storage materials consisting of light elements. Herein,
we report the unique hydrogen desorption properties of LiAlH4/h-BN composites, which were
prepared by ball-milling. The desorption profiles of the composite indicated the decrease of melting
temperature of LiAlH4, the delay of desorption kinetics in the first step, and the enhancement of the
kinetics in the second step, compared with milled LiAlH4. Li3AlH6 was also formed in the composite
after desorption in the first step, suggesting h-BN would have a catalytic effect on the desorption
kinetics of Li3AlH6. Finally, the role of h-BN on the desorption process of LiAlH4 was discussed by
comparison with the desorption properties of LiAlH4/X (X = graphite, LiCl and LiI) composites,
suggesting the enhancement of Li ion mobility in the LiAlH4/h-BN composite.

Keywords: alanate; h-BN; hydrogen storage; catalyst; Li ion mobility

1. Introduction

Hydrogen storage is a key technology for a future hydrogen energy society [1]. However,
it is still challenging to develop high performance hydrogen storage materials with high hydrogen
density, fast de/absorption kinetics, and high cycle stability under moderate temperature and pressure
conditions [2,3]. LiAlH4 is one of the most promising hydrogen storage materials because of its high
hydrogen capacity and relatively low desorption temperature [4]. The hydrogen desorption process of
LiAlH4 is described as follows:

Melting:

LiAlH4(s) → LiAlH4(l) Endothermic (150–175 ◦C)
Decomposition in the first step:

3LiAlH4(l) → Li3AlH6(s) + 2Al + 3H2 Exothermic (150–200 ◦C, 5.3 mass % H2)
Decomposition in the second step:

Li3AlH6(s) → 3LiH + Al + 3/2H2 Endothermic (200–270 ◦C, 2.6 mass % H2)

The decomposition in the first step is an exothermic reaction with a ΔH of −10 kJ·mol−1 H2,
indicating the reversibility of this step is believed to be thermodynamically difficult [4,5]. In the
second step, Li3AlH6 decomposes in an endothermic reaction with a ΔH of 25 kJ·mol−1 H2 [4]. Thus,
the hydrogenation of LiH/Al to Li3AlH6 is thermodynamically possible.

One of the strategies for improving the properties of hydrogen storage materials is the addition of
catalysts/dopants [6]. Ti or its compounds are well-known catalysts for the kinetics of alanate [7–9].
Since Bogdanović et al. reported an absence of hysteresis and nearly horizontal pressure plateaus
in the TiCl3-doped NaAlH4 [7], many researchers have studied complex hydrides including alanate
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as potential reversible hydrogen storage materials. In the case of LiAlH4, the improved desorption
kinetics was reported by the doping of Ti catalyst using mechanically milling [10–12]. Recent study
also reported a single step hydrogen release of LiAlH4, which was induced by the synergetic effects of
Ti catalytic coating and nanosizing effects [13]. Although the rehydrogenation of the desorbed material
was not achieved in the milled sample, the regeneration of LiAlH4 from LiH and Ti-catalyzed Al was
possible through the solution synthesis approach using THF and Me2O [14–16].

Hexagonal boron nitride (h-BN) is known as an effective additive for chemical hydride
and complex hydride systems. For instance, NH3BH3/h-BN composite released hydrogen at
low temperature with minimum induction time and less exothermicity [17]. The remarkable
hydrogen de/absorption properties were also achieved in the milled LiBH4/h-BN composites [18,19].
The 30 mol % h-BN doped LiBH4 composite started to release hydrogen from 180 ◦C, which was
100 ◦C lower than the onset hydrogen desorption temperature of ball-milled LiBH4 [18]. For the
75 mol % h-BN doped LiBH4 composite, the on-set desorption temperature of LiBH4 was reduced
to 175 ◦C and the peak desorption temperature was reduced by 80 ◦C compared with milled
LiBH4 [19]. Furthermore, under moderate rehydrogenation conditions of 400 ◦C and 10 MPa H2

pressure, the dehydrogenation capacity of the composite maintained 3.1 mass % within three cycles,
which was very close to its theoretical capacity. It was assumed that the excellent rehydrogenation
property of LiBH4 would be related with the enhanced hydrogen and lithium diffusion capability
by the nanoscale h-BN, which was synthesized by ball-milling of h-BN at 490 rpm for 20 h [19].
The enhancement of Li+ and/or H− diffusion by adding h-BN was firstly reported in the LiNH2/LiH
system [20]. Hydrogen was fully desorbed from the LiNH2/LiH/h-BN composite in less than 7 h,
whereas the LiNH2/LiH composite desorbed hydrogen in several days. They proposed that h-BN is
an efficient catalyst that improves Li+ diffusion and hence the kinetics of the reaction between LiNH2

and LiH [20]. The mobility of Li+ ions between LiH and LiNH2 was also enhanced by adding LiTi2O4

catalyst [21].
Thus, h-BN has attracted much attention as an effective additive to improve the hydrogen

de/absorption kinetics of hydrogen storage materials, especially for complex hydrides. However,
the addition of h-BN to the alanate system has rarely been reported. In the present study, LiAlH4/h-BN
composites were synthesized by planetary ball-milling and their hydrogen desorption properties were
analyzed. Also, the desorption process of the composite was investigated by using XRD and FT-IR.
Finally, the role of h-BN to the desorption properties of LiAlH4 was discussed by comparison with
those of LiAlH4/X (X = graphite, LiCl and LiI) composites.

2. Results

Hydrogen desorption properties of LiAlH4/h-BN composites were analyzed by using
TG-DTA-MS. Figure 1 shows the DTA and MS (H2, m/z = 2) profiles of the composites. As shown in
Figure 1a, ball-milled LiAlH4 (denoted as 0 mass % in Figure 1) started to melt around 150 ◦C followed
by hydrogen desorption in two steps below 250 ◦C. In the case of LiAlH4/h-BN composites, desorption
profiles were clearly changed compared with LiAlH4. First, the melting temperature (Tm) of LiAlH4

was decreased by adding h-BN. For instance, in the 40 mass % h-BN composite, DTA peak value of
Tm was 151 ◦C, which was 11 ◦C lower than that of milled LiAlH4. Second, the hydrogen desorption
temperature (Td) in the first step was slightly increased by h-BN addition. As shown in Figure 1b,
Td in the first step became high value with the increasing amount of h-BN. Third, the desorption
kinetics in the second step was improved by adding h-BN. As shown in Figure 1b, the desorption
peak in the second step became sharp as the amount of h-BN increased up to 14 mass %. However,
the peak shape became broad in the 40 mass % h-BN composite, suggesting the addition of too
much amount of h-BN could have negative effect on improving the kinetics. Figure 2 shows the TG
profiles of LiAlH4/h-BN composites. The total mass loss from TG profile of ball-milled LiAlH4 was
7.7 mass %, which was in good agreement with the theoretical hydrogen desorption amount of LiAlH4

(7.9 mass %) [4]. The hydrogen mass loss of 6.9 mass %, 5.8 mass %, and 3.5 mass % were calculated
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from the profiles of 4 mass %, 14 mass %, and 40 mass % h-BN composites, respectively. It is noted
that theoretical hydrogen desorption capacities of these composites were 7.6 mass %, 6.8 mass %,
and 4.7 mass %, respectively, when only considering the hydrogen desorption from LiAlH4. Thus,
the experimental values of hydrogen desorption amounts were slightly lower than the theoretical
values. This result could originate from the hydrogen desorption during ball-milling or the formation
of new H-containing solid compound by the reaction between LiAlH4 and h-BN.

Figure 1. Hydrogen desorption profiles of LiAlH4/x mass % h-BN (x = 0, 4, 14, 40) composites: (a) DTA
and (b) MS (m/z = 2, H2) profiles. Heating rate was 5 ◦C·min−1.

Figure 2. TG profiles of LiAlH4/x mass % h-BN (x = 0, 4, 14, 40) composites. Heating rate was
5 ◦C·min−1.

To investigate the interaction between LiAlH4 and h-BN, XRD, and FT-IR measurements were
performed for the LiAlH4/h-BN composites. Also, the particle size of composite was observed by
using SEM and TEM. Figure 3a shows the XRD profiles of the milled LiAlH4 and LiAlH4/h-BN
composites. Only LiAlH4 and h-BN phases were observed in the profiles of the composites. Although
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the diffraction peaks of LiAlH4 were slightly broadened by h-BN addition, the clear relationship
between the broadning and the amount of h-BN was not observed. Figure 3b,c shows the XRD profiles
of the milled LiAlH4 and 40 mass % h-BN composite after hydrogen desorption. The 40 mass % h-BN
composite formed the similar reaction products compared with LiAlH4. In other words, Li3AlH6 and
Al were formed after the hydrogen desorption in the first step, and LiH and Al were formed after the
second step. The phase of h-BN was also clearly observed after hydrogen desorption. Broad diffraction
peaks around 20◦ and 27◦ originate from the polyimide film and grease to prevent the sample oxidation.
Figure 4 shows SEM and TEM images of 40 mass % h-BN composite and references. As shown in
Figure 4a, the milled LiAlH4 contained a lot of large particles with sizes over 10 μm. On the other
hand, the 40 mass % h-BN composite showed the average particle size of a few micrometers, indicating
the refinement of LiAlH4 particles occurred in the composite. The submicron particles were also
observed in the TEM image of the composite, as shown in Figure 4d. The size of as-received h-BN
particle was around 1 μm (Figure 4b). Figure 5 shows the FT-IR spectra of 40 mass % h-BN composite
and references. The as-milled composite showed the characteristic Al–H vibrations of LiAlH4 [22]
around 1795 cm−1 and 1644 cm−1. Also, B–N vibrations of h-BN around 1373 cm−1 and 818 cm−1

were observed. Although the Al–H vibrations of LiAlH4 disappeared after heating, the B–N vibrations
of h-BN still remained. These results were consistent with the results of XRD. However, new IR
absorption peak was clearly observed around 2300 cm−1 after heating up to 183 ◦C and 300 ◦C. Also,
another new peak appeared around 1100 cm−1 after heating up to 300 ◦C. Although these peaks
were not identified in this work, the peak positions were similar to those of LiBH4 [23], suggesting
a such kind of Li–B–H phase exist after heating up to 183 ◦C and/or 300 ◦C. The unknown peak
around 2300 cm−1 was also observed for the IR spectra of the composite consisting of BNnanoHx

(ball-milled h-BN under 1.0 MPa H2 for 80 h) and LiH [24]. Thus, the formation of new H-containing
solid compound could result in the slightly low hydrogen desorption amount in Figure 2. Considering
the results of Figure 5, the possible new compound could be covalently functionalized h-BN species.
The details were explained in the next discussion part.

Figure 3. XRD profiles of LiAlH4/x mass % h-BN (x = 0, 14, 40) composites: (a) after ball-milling;
(b) after desorption in the first step; and (c) after desorption in the second step. The heating rate was
5 ◦C·min−1.
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Figure 4. SEM images of (a) milled LiAlH4; (b) h-BN; (c) LiAlH4/40 mass % h-BN composite after
milling; and (d) TEM image of LiAlH4/40 mass % h-BN composite after milling.

Figure 5. FT-IR spectra of LiAlH4/40 mass % h-BN composite after milling and after hydrogen
desorption. LiAlH4 and h-BN spectra are shown as the references. Heating rate was 5 ◦C·min−1.

As shown in the results of structural characterizaion, LiAlH4/h-BN composites also formed
Li3AlH6 as an intermediate product, indicating the similar decomposition pathway with LiAlH4. Thus,
h-BN would have the catalytic effect on the hydrogen desorption kinetics of Li3AlH6. The apparent
activation energy for hydrogen desorption was calculated by using the Kissinger equation [25],

ln
c

T2
p
= − Ea

RTp
+ ln

RA
Ea

where Ea is the apparent activation energy for hydrogen desorption, c is the heating rate, Tp is the peak
temperature, R is gas constant, and A is the frequency factor. Figure 6 shows the Kissinger plots for the
hydrogen desorption in the second step of 4 mass % h-BN composite. The obtained apparent activation
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energy, Ea was 71.5 kJ·mol−1. This value is lower than that reported for Li3AlH6 (92 kJ·mol−1) [26],
indicating the desorption kinetics was improved by adding h-BN.

Figure 6. Kissinger plots for the hydrogen desorption in the second step of LiAlH4/4 mass % h-BN
composite. Heating rates were 2, 5, 8, and 12 ◦C·min−1.

In order to understand the role of h-BN, other additives were also ball-milled with LiAlH4 and
their desorption properties were analyzed. The detailed results (Figure 7) and the possible role of h-BN
on the desorption process were explained in the next discussion part.

Figure 7. Hydrogen desorption profiles of LiAlH4/X (X = graphite, LiCl, and LiI) composites.
The profiles of milled LiAlH4 and LiAlH4/h-BN composites are shown as the references: (a) DTA and
(b) MS (m/z = 2, H2) profiles. Heating rate was 5 ◦C·min−1.
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3. Discussion

Figure 7 shows the DTA and MS profiles of LiAlH4/X (X = graphite, LiCl, and LiI) composites.
The profiles of LiAlH4 and LiAlH4/h-BN composites are also shown as the references. Graphite
was selected as an additive because this compound has a structure similar to h-BN. In spite of its
similar structure, hydrogen desorption properties were different from those of h-BN. In the case
of LiAlH4/graphite composite, the melting temperature was similar to ball-milled LiAlH4. Also,
the desorption kinetics in the second step seemed to be delayed, whereas that of LiAlH4/h-BN was
enhanced. Since the both graphite and h-BN are hard materials, the refinement of LiAlH4 particles
would occur during the ball-milling process. However, the different desorption profiles were obtained
between h-BN and graphite composite, suggesting just the refinement of particles cannot explain this
difference. Although the desorption properties of nanoconfined LiAlH4 into graphite with high surface
area was reported in the previous study [27], the profiles of graphite composite in this study seemed to
be different from those profiles.

Also, LiCl and LiI were selected as additives. Aguey-Zinsou et al. reported that h-BN would
enhance the Li ion mobility across the interface of LiNH2 and LiH [20]. Thus, the enhancement
of Li ion mobility could be one of the reasons for the unique hydrogen desorption properties of
LiAlH4/h-BN composites. Oguchi et al. reported the Li ion conductivity of Li3AlH6/LiI composite
at 120 ◦C was much higher than that of Li3AlH6, but that of Li3AlH6/LiCl at 120 ◦C was the similar
value compared with Li3AlH6 [28]. Their results suggest that LiI additive would be effective for
increasing the Li ion mobility of LiAlH4, but LiCl would not be effective near the decomposition
temperature range of LiAlH4. As shown in Figure 7, the desorption profiles of LiCl composite was
similar to those of milled LiAlH4. On the other hand, those of LiI composite showed the decrease
of melting temperature and the delay of the first desorption reaction, which was consistent with the
results of h-BN composite. This comparative result suggests that Li ion conductivity would increase
in the LiAlH4/h-BN composite. The kinetics in the second step wasdelayed in the LiI composite.
The possible origin of the high conductivity of LiAlH4 is the anion substitution from complex anion to
I− [28], which partially took place in the case of LiBH4 [29]. Thus, the high decomposition temperature
in the second step could originate from the formation of stable solid solution similar to LiBH4–LiI(LiCl)
system [29–33]. For clarifying the total desorption process of these composites, the detailed mechanistic
study is needed. The analysis of Li ion conductivity of LiAlH4/h-BN composite is currently in progress.

As shown in Figure 1, all the LiAlH4/h-BN composites showed the melting of LiAlH4.
This phenomenon was different from the case of LiAlH4 catalyzed by transition metal
(Ti, Fe, Co, Nb, etc. [34–36]), which can release hydrogen below the melting temperature. Thus,
h-BN would have little interaction with complex anion of [AlH4]−, whereas transition metal like
Ti would destabilize the covalent Al–H bond of complex anion as Sandrock et al. suggested [8].
According to the proposed mechanism by Atakli et al. [37], Li3AlH6 is formed by transferring the alkali
cation and a hydrogen anion from the two neighboring alanate molecules to central one. In this context,
the diffusion distance of Li+ seems to be very short to form Li3AlH6, suggesting Li+ diffusion would
not be the rate-limiting step in the desorption of LiAlH4 in the first step. On the contrary, the desorption
properties of h-BN and LiI composite suggested the excess enhancement of Li+ ion mobility might be
related to delaying the formation of Li3AlH6. First-principle DFT studies also suggested the formation
and migration of [AlH4]− vacancy would be the rate-limiting step in the decomposition of LiAlH4 [38].
In the second decomposition step, it was proposed that three LiH are formed from Li3AlH6, leaving
AlH3, which spontaneously desorbs hydrogen [37]. Thus, the enhanced mobility of Li+ may help the
destabilization of complex anions to improve the hydrogen desorption kinetics.

As shown in Figure 5, the presence of new bonds similar to those of LiBH4 or ball-milled h-BN
with LiH suggests that covalently functionalized h-BN species could be formed after heating the
LiAlH4/h-BN composites. It is known that ball-milling of h-BN with a lot of different materials can
generate functionalized h-BN nanosheets [39]. For instance, a one-step method for the preparation
and functionalization of few-layer BN was developed based on urea-assisted solid exfoliation of
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commercially available h-BN [40]. Such kind of functionalized BN nanosheets are attractive for
a lot of applications such as polymer matrix composites [41], ion conductors [42], and hydrogen
storage [43]. Further investigations of LiAlH4/h-BN composites could pave the way for the covalent
functionalization of h-BN nanosheets by interaction with LiAlH4.

4. Materials and Methods

4.1. Synthesis of LiAlH4/X Composites

All samples were handled in an Ar-filled glovebox with O2 and H2O levels below 2 ppm.
LiAlH4 (95%, Sigma-Aldrich, Tokyo, Japan), h-BN (98%, Sigma-Aldrich), graphite (99.99%,
Kojundo Chemical Lab., Sakado, Japan), LiCl (99.99%, Sigma-Aldrich) and LiI (99.9%, Sigma-Aldrich)
were used as starting materials. The LiAlH4/X (X = h-BN, graphite, LiCl and LiI) composites were
synthesized by using planetary ball-milling apparatus (Fritsch Pulverisette 7, Yokohama, Japan) with
20 stainless balls (7 mm in diameter) and 300 mg samples (ball: powder mass ratio = 70: 1). The milling
pot was equipped with a quick connector for vacuuming and introducing H2 gas. The milling
was performed under 0.1 MPa H2 atmosphere with 400 rpm for 2 h with four cycles of 30/15 min
operation/interval per each cycle. Also, the milled LiAlH4 was prepared under the same milling
conditions for comparison.

4.2. Characterization

Hydrogen desorption properties of the composites were examined by a thermogravimetry and
differential thermal analysis equipment (TG-DTA, Bruker, 2000SA, Yokohama, Japan) connected to
a mass spectrometer (MS, ULVAC, BGM-102, Chitose, Japan). The desorbed gases were carried
from TG-DTA to MS through a capillary by 300 mL·min−1 stream of high purity He as a carrier gas.
The samples were heated from room temperature to 300 ◦C with a heating rate of 5 ◦C·min−1. Structural
properties were investigated by powder X-ray diffraction (XRD) measurements (Philips, X’Pert Pro with
Cu Kα radiation, Amsterdam, The Netherlands), where all the samples were covered with a polyimide
sheet (Kapton, The Nilaco Co., Ltd., Tokyo, Japan) in the glovebox to avoid oxidation during the
measurement. Morphology of the composites was observed using scanning electron microscope
(SEM, JEOL, JSM-6510LA, Tokyo, Japan) and transmission electron microscope (TEM, JEOL, JEM-2010,
Tokyo, Japan). For TEM observations, the samples were dispersed on a molybdenum micro-mesh grid.
Fourier transform infrared spectrometer (FT-IR, JASCO, FT/IR 660Plus, Tokyo, Japan) was operated to
investigate chemical bonds in the composites. Each sample was put between KBr plates and pressed
for measurement.

5. Conclusions

Hydrogen desorption properties of the ball-milled LiAlH4/h-BN composites were investigated.
Compared with milled LiAlH4, the composites showed the different desorption profiles, where the
decrease of melting temperature (Tm), the delay of desorption kinetics in the first step and the
enhancement of the kinetics in the second step were observed. In the 40 mass % h-BN composite,
the DTA peak value of Tm was 151 ◦C, which was 11 ◦C lower than that of milled LiAlH4.
The LiAlH4/h-BN composite formed Li3AlH6 after desorption in the first step similar to LiAlH4. Thus,
h-BN would have a catalytic effect on the desorption kinetics of Li3AlH6. The apparent activation
energy in the second step desorption was 71.5 kJ·mol−1 for the 4 mass % h-BN composite. From SEM
and TEM observations, the refinement of LiAlH4 particle was confirmed in the 40 mass % h-BN
composite. The particle size of the composite was around a few micrometers. The hydrogen mass
loss of the composite was slightly lower than the theoretical value. The new chemical bond similar
to Li–B–H species was observed in the FT-IR spectra of the 40 mass % h-BN composite after the
desorption. This result suggested covalently functionalized h-BN nanosheets could be formed in the
composite. Finally, the desorption properties of LiAlH4/h-BN composite were compared with those of
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LiAlH4/X (X = graphite, LiCl, and LiI) composites, suggesting the enhancement of Li ion mobility in
the LiAlH4/h-BN composite compared with LiAlH4. The present work first demonstrates the effect of
h-BN addition on the hydrogen desorption properties of alanate.
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Abstract: NaBH4 hydrolysis can generate pure hydrogen on demand at room temperature, but suffers
from the difficult regeneration for practical application. In this work, we overview the state-of-the-art
progress on the regeneration of NaBH4 from anhydrous or hydrated NaBO2 that is a byproduct of
NaBH4 hydrolysis. The anhydrous NaBO2 can be regenerated effectively by MgH2, whereas the
production of MgH2 from Mg requires high temperature to overcome the sluggish hydrogenation
kinetics. Compared to that of anhydrous NaBO2, using the direct hydrolysis byproduct of hydrated
NaBO2 as the starting material for regeneration exhibits significant advantages, i.e., omission of the
high-temperature drying process to produce anhydrous NaBO2 and the water included can react
with chemicals like Mg or Mg2Si to provide hydrogen. It is worth emphasizing that NaBH4 could
be regenerated by an energy efficient method and a large-scale regeneration system may become
possible in the near future.

Keywords: sodium borohydride (NaBH4); hydrolysis; regeneration

1. Introduction

Hydrogen [1–3] has been widely accepted as a clear energy carrier [4–6] due to its high energy
density (142 MJ/kg) [7–9] and its environmentally friendly byproduct (water) [10,11]. It can be
generated via numerous strategies, such as the electrolysis of water [12–14] and photocatalytic water
splitting [15–18]. Supplying hydrogen to end users on demand requires safe and efficient methods of
hydrogen storage.

Hydrides, storing hydrogen in a safe and compact way without using high pressure, like 70 MPa,
or extremely low temperature, like 20 K (liquid hydrogen), have attracted great interest as promising
hydrogen storage materials. Though a great deal of progress has been achieved on the development
of solid-state hydrogen storage materials in the previous decades, no material with reasonably good
hydrogen absorption and desorption performance at near room temperature has been developed to
meet all the requirements for onboard hydrogen storage [19–23]. Hydrolysis of hydrides, such as
MgH2, ammonia borane (AB), and NaBH4, generating hydrogen with relatively high capacity at
room temperature, is attracting increasing interest for hydrogen supply on demand [24–26]. Due to
the low cost of Mg and the high capacity of MgH2 (7.6 wt %) [27–29], much attention has been
paid to MgH2 hydrolysis [30–32]. However, the reaction is interrupted easily by the formation
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of a magnesium hydroxide layer [33,34]. Compared with MgH2, AB possesses higher hydrogen
capacity (19.6 wt %) [35–37]. AB is stable in water and its solubility is as high as 33.6 g/100 mL [38,39],
which provides a simple application of AB aqueous solution. Studies have been focused on the
development of catalysts to accelerate and control the reaction [40–42]. However, the high cost
of AB [43] and the difficulty of AB regeneration are major blocks for the application of AB
hydrolysis [44,45].

NaBH4 hydrolysis is another promising system for hydrogen generation. It has relatively high
hydrogen capacity (10.8 wt %) [46–48] and releases hydrogen with high purity at relatively low
operational temperature with a controllable process [24,49,50]. Many studies have been focused on
the hydrolysis property improvements [51–54]. Unfortunately, a no-go recommendation on NaBH4

hydrolysis for onboard applications was given by the US Department of Energy (DOE) [55]. One of the
key reasons are the cost and the regeneration of NaBH4 [56]. As a result, more focus was shifted into
the synthesis and regeneration of NaBH4. For commercial NaBH4 production, the Brown-Schlesinger
process [57] and the Bayer process [58] are the most popular methods. The Brown-Schlesinger process
produces NaBH4 via the reaction between trimethylborate (B(OCH3)3, TMB) and sodium hydride
(NaH), which should be produced by reacting Na and H2. Different from it, the Bayer process is
based on the reaction among borax (Na2B4O7), Na, H2, and silicon oxide (SiO2) at 700 ◦C to synthesize
NaBH4. Although the above methods are mature technologies and straightforward procedures, the raw
materials are too expensive for NaBH4 hydrolysis applications. Thus, the raw materials have been
studied to develop suitable NaBH4 synthesis methods. Instead of Na, MgH2 was used to react with
Na2B4O7 to synthesize NaBH4 by ball milling at room temperature. Here, Na2CO3 addition could
increase NaBH4 yield up to 78% [59]. This method provides not only a new reducing agent (MgH2) for
NaBH4 synthesis, but also a new way of ball milling. Enlightened by it, ball milling became popular in
NaBH4 synthesis studies, in which Na and MgH2 reacted with B2O3 by ball milling with the NaBH4

yield of only 25% [60]. When Na was substituted by low-cost NaCl, NaBH4 could also be produced [61].
Later, high-pressure ball milling was also tried to synthesize NaBH4, for instance, NaH was reacted
with MgB2 by ball milling under 12 MPa hydrogen pressure with the NaBH4 yield of about 18%.

From the point of cost reduction in synthesis and post-usage of NaBH4, the regeneration of
NaBH4 from the byproduct of hydrolysis (see Equation (1) [62]) is in great need for the recycling of the
hydrogen supply system of NaBH4:

NaBH4 + xH2O → H2 + NaBO2·xH2O, (x = 2, 4) (1)

According to this, the Brown-Schlesinger process was modified using NaBO2 as source of boric
acid to synthesis of NaBH4 [63], the drawback of which the byproduct NaBO2·xH2O of hydrolysis
needs to be dried first. As another alternative, the electrochemical route was proposed for recycling
NaBO2 to NaBH4. Direct electrolysis of a NaBO2 solution was first proven feasible for regeneration of
NaBH4 with using palladium (Pd) or platinum (Pt) as electrodes, where the conversion ratio of NaBO2

was about 17% within 48 h [64]. Later, an Ag electrode was also employed in the recycling of NaBO2;
unfortunately, the quantities of reborn NaBH4 were too low to be measured [65]. In contrast to the
commercial gas-solid methods, the electrochemical method possesses ultra-low efficiency and complex
processes, using precious metal electrodes, although the NaBO2 solution that is the main byproduct of
NaBH4 hydrolysis can be used directly without dehydration. Therefore, an efficient and simple route
is most urgently needed for the cycling of NaBO2 into NaBH4.

In this paper, we discuss the state-of-the-art progress on the regeneration of NaBH4 from
anhydrous NaBO2 or the direct byproduct NaBO2·xH2O. In particular, the regeneration steps and the
yield of NaBH4 in each process are summarized in Scheme 1 and the facile regeneration process is also
proposed. This review can provide important insights for the recycling hydrogen supply system with
high efficiency.
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Scheme 1. Flowchart of (a) NaBH4 regeneration via the reaction between MgH2 and NaBO2. (b) NaBH4

regeneration via the reaction between MgH2 and NaBO2·xH2O. (c) NaBH4 regeneration via the
reaction between Mg and NaBO2·xH2O. (d) NaBH4 regeneration via the reaction between Mg2Si
and NaBO2·2H2O. Numbers indicate the yield of NaBH4.

2. NaBH4 Regeneration via the Reaction between Metal or Other Hydrides and NaBO2

As the hydrolysis byproduct of NaBH4, NaBO2 is the main research object of NaBH4 regeneration
studies. Many approaches have been adopted to reduce NaBO2 to NaBH4 with different reducing
agents. Among the reducing agent, MgH2 is the most effective. Kojima et al. [66] reacted MgH2 with
NaBO2 under 550 ◦C and 7 MPa hydrogen pressure to regenerate NaBH4, and about 97% NaBH4

yield was achieved, while the high reaction temperature and high hydrogen pressure leads to a high
energy consumption. Therefore, the thermochemistry method was substituted by room temperature
ball milling in this reaction. Hsueh et al. [67], Kong et al. [68] and Çakanyildirim et al. [69] used
MgH2 to react with NaBO2 by ball milling under argon. All of their NaBH4 yields were over 70%,
which strongly indicated that ball milling is suitable for the reaction between MgH2 and NaBO2.
Based on the thermodynamics calculation, we found the maximum energy efficiency of the cycle
was 49.91% [70]. Recently, we found that the addition of hydrogen pressure and methanol could
further increase the NaBH4 yield by this method [71]. The highest NaBH4 yield could be increased to
89%. In addition to the energy consumption, raw material is another issue that should be considered.
Hydrogenation of Mg to produce MgH2 is hard due to its sluggish kinetics, thus resulting in the high
cost and high energy consumption in MgH2 production. By modifying the hydrogenation of Mg using
Mg-based alloy, the above issue can be partly solved. Following this observation, we tried to use
Mg3La hydrides to react with NaBO2 for its advantage of room temperature hydrogenation and low
hydrogen purity requirement and found that NaBH4 could be produced (Figure 1a) [70]. However,
introduction of other elements influences the regeneration reaction of MgH2. Directly using Mg and
H2 in the regeneration may solve the MgH2 production problem. Kojima et al. [66] tried to directly
react Mg with NaBO2 under hydrogen, but the yield was extremely low, which may have resulted from
the produced MgO obstruction. To promote the yield, Kojima et al. [66] found that Si addition could
remarkably increase the NaBH4 yield and Liu et al. [72] found transition metals, like Ni, Fe, and Co,
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addition could also promote the NaBH4 yield. However, both Si and transition metals keep their own
elemental form after the reaction, indicating that such additions would reduce the absolute NaBH4

yield. A pre-milling of the reactants was then found that could also promote the yield. Eom et al. [73]
proposed a large-scaled method for reacting Mg with NaBO2 to synthesize NaBH4. After 1 h of ball
milling of the reactants, about 69% yield was achieved under 600 ◦C and 5.5 MPa hydrogen pressure.

Figure 1. (a) XRD patterns of the NaBO2–Mg3La hydride mixture and the product after ball milling
the NaBO2–Mg3La hydride mixture. (b) XRD pattern of products via ball-milling the mixture of
NaBO2·2H2O and MgH2 in 1:5.5 mol ratio for 15 h. (c) XRD pattern of products via ball-milling the
mixture of NaBO2·2H2O and Mg in 1:5 mole ratio for 15 h. (d) XRD patterns of the products after ball
milling Mg2Si and NaBO2·2H2O mixtures (in 2:1 mol ratio).

For other reducing agents, the Gibbs free energy of the reaction using Ca is much lower than that
of Mg. In addition, we found that the energy efficiency of the cycle using Ca is about 43%. For the
experiment, Eom et al. tried to substitute Mg by Ca [73], but few NaBH4 was regenerated. Another
low cost and abundant metal reductant, Al, was studied by few researchers on NaBH4 regeneration.
The only work with respect to Al was reported by Liu et al. [74], expressing that Al could not react with
NaBO2 and H2 to produce NaBH4 because of the generated Al2O3. However, if NaBO2 was exchanged
to Na4B2O5, the regeneration would succeed at 400 ◦C and 2.3 MPa pressure of of hydrogen.

3. NaBH4 Regeneration via using NaBO2·xH2O as Raw Materials

In NaBH4 regeneration, many studies have focused on anhydrous NaBO2 reducing. However,
it should be noted that the direct hydrolysis byproduct is hydrated NaBO2. For the NaBH4 aqueous
solution hydrolysis, the byproduct is NaBO2·4H2O [75], while for the solid NaBH4 hydrolysis,
the byproduct is NaBO2·2H2O. Anhydrous NaBO2 should be produced by drying hydrated NaBO2 at
350 ◦C. If the drying process was omitted, more energy could be saved and the price can be lowered.
The energy of the hydrated NaBO2 and anhydrous NaBO2 is shown in Scheme 2. Some studies thus
worked on reducing hydrated NaBO2 directly.
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Scheme 2. Schematic energy diagram of the boron material for the recycling of NaBO2 to NaBH4,
NaBO2·2H2O to NaBH4, and NaBO2·4H2O to NaBH4.

3.1. NaBH4 Regeneration via the Reaction between MgH2 and NaBO2·xH2O

For directly using hydrated NaBO2 as the regeneration raw material, a thermochemistry method
was tried. Liu et al. [76] reported that NaBH4 can be regenerated by annealing Mg and NaBO2·2H2O
under hydrogen atmosphere with only 12.3% yield. The low NaBH4 yield may result from the
obstruction of the thick generated MgO layer. However, they found that the coordinate water in
NaBO2·2H2O was likely to be the hydrogen source. Considering the generated oxide layer, ball milling
might be suitable to break the layer and continue the reaction. Therefore, we tried to used NaBO2·4H2O
or NaBO2·2H2O to react with MgH2 directly via ball milling to regenerate NaBH4 [77]. NaBH4 was
successfully regenerated (Figure 1b):

NaBO2·2H2O + 4MgH2 → NaBH4 + 4MgO + 4H2 (2)

NaBO2·4H2O + 6MgH2 → NaBH4 + 6MgO + 8H2 (3)

The energy efficiency calculated in Section 2 could be improved by approximately 5.2%.
Furthermore, a high NaBH4 yield of 89.78% was achieved by this method, which is the highest
compared with previous studies [67,69,78].

3.2. NaBH4 Regeneration via the Reaction between Mg and NaBO2·xH2O

Hydrated NaBO2 could be directly used in NaBH4 regeneration, saving the energy consumption
on the dehydration to produce anhydrous NaBO2. However, production of MgH2 from Mg requires
high temperature to overcome the sluggish hydrogenation kinetics, resulting in the increased cost.
In other words, the energy efficiency could be further promoted and the regeneration cost could be
reduced, if the high-temperature hydrogenation process to produce MgH2 can be avoided. According
to Liu et al. [76], H in NaBO2·2H2O could transform to be the H of the regenerated NaBH4. As a result,
directly reacting Mg with hydrated NaBO2 was possible to regenerate NaBH4 and avoided the
high-temperature hydrogenation process. We found that NaBH4 could be produced by ball milling the
NaBO2·2H2O and Mg mixture under argon (Figure 1c) [79] according to:

NaBO2·2H2O + 4Mg → NaBH4 + 4MgO (4)

It should be noted that the regenerated H of NaBH4 was completely from the coordinate water.
On the other hand, the reaction between NaBO2·4H2O and Mg could also generate NaBH4 by
ball milling:

NaBO2·4H2O + 6Mg → NaBH4 + 6MgO + H2 (5)
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Currently, the highest NaBH4 yield of the reaction between Mg and NaBO2·2H2O is only 68.55%.
The energy efficiency needs to be further promoted. Note that the cost of this method is 34-fold lower
than the method using MgH2 and NaBO2 in terms of the raw materials required [79].

3.3. NaBH4 Regeneration via the Reaction between Mg2Si and NaBO2·2H2O

Via ball milling hydrated NaBO2 and Mg, NaBH4 was regenerated and the energy efficiency
was further increased. However, the highest NaBH4 yield by this method was 68.55%, which did not
reach the general yield of regenerated NaBH4 (~76%) [67,68]. According to Kojima et al. [66], with Si
added, the NaBH4 yield was increased in the reaction between NaBO2 and Mg under a hydrogen
atmosphere. Therefore, Mg2Si is possible to react with NaBO2·2H2O to regenerate NaBH4 and improve
the NaBH4 yield. We have attempted the above idea in our previous study [80] and found that NaBH4

was regenerated (Figure 1d) according to:

NaBO2·2H2O + 2Mg2Si → NaBH4 + 4MgO + 2Si (6)

The highest NaBH4 yield was increased to 78% when the Mg2Si and NaBO2·2H2O mixture was
ball milled for 20 h. By using Mg2Si as a reducing agent, the NaBH4 yield was promoted and the H
was still from the coordinate water in NaBO2·2H2O. For the raw materials cost, this method is half of
the commercial method and about 30-fold lower than the method using MgH2 and NaBO2 [80].

4. Mechanism of NaBH4 Regeneration Using NaBO2·xH2O as Raw Materials

The above three works [77,79,80] are new discoveries for direct regeneration of NaBH4 from
the hydrated NaBO2 with high yield. Some common points were found in their mechanism studies.
In all of the three works, a resonance at approximately −11.4 ppm was observed in the NMR spectra
(Figure 2), which belongs to intermediate [BH3(OH)]− [81]. Such an intermediate was likely to generate
from [BH(OH)3]− and [BH2(OH)2]−. Conjecturing from the above intermediates, [BH4]− was likely
to generate from a step-by-step substitution process of [OH]− in [B(OH)4]− by [H]−. The [H]+ in
NaBO2·xH2O thus transformed to [H]− in this process.

For the reaction between MgH2 and NaBO2·2H2O, the hydrogen transformation was realized
by the substitution of the [OH]− in NaBO2·xH2O by [H]− in MgH2. For the reaction of Mg and
NaBO2·2H2O, Mg(OH)2 and MgH2 were generated as intermediates and the reactions can be written as:

2MgH2 + NaB(OH)4 → 2Mg(OH)2 + NaBH4 (7)

2Mg(OH)2 + 2Mg → 4MgO + 2H2 (8)

2H2 + 2Mg → 2MgH2 (9)

Since four moles of MgO were generated in this reaction (Equation (4)), it was a strong exergonic
reaction. The reaction could be described as a substitution process of [OH]− through the [H]− from
the produced intermediate MgH2. During the substitution process, a side reaction may happen.
[B3H8]− was generated and then may react with MgH2 and Na+ to form another part of NaBH4 [82].
In the reaction between Mg2Si and NaBO2·2H2O, Si–H was found (Figure 2d). It was speculated that
an intermediate consisting of Mg, O, Si, and H was generated. The [OH]− was transformed to [H]−

through a Mg–O–Si–H intermediate. Therefore, though Si was generated with an elemental state after
the reaction, Si played an important role in H− formation. Consequently, the substitution process of
[OH]− through [H]− was a direct process.

In conclusion, two forms of hydrogen molecules exist in the regeneration. They are H in [OH]−

and H in [H]−. When using MgH2 as a reducing agent, H in MgH2 directly substitutes [OH]− in
NaB(OH)4. This direct process contributes to the high NaBH4 yield. In the situation of Mg, H in [OH]−

first transfer to H in MgH2. Then it substitutes the [OH]− in NaB(OH)4 to form NaBH4. The two-step
reaction reduces the NaBH4 yield. For the reaction between Mg2Si and NaBO2·2H2O, H in [OH]−
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first transfers to H in Si–H and then it transfers to NaBH4. Although this process is also two steps,
the more active Si–H benefits from the higher NaBH4 yield. Therefore, all of the reactions are H
transfer processes.

Figure 2. (a) Solid-state 11B NMR spectra of products after ball milling MgH2 and NaBO2·2H2O
mixtures (in 5.0:1 mol ratio). (b) Solid-state 11B NMR spectra of products after ball milling Mg and
NaBO2·2H2O mixtures (in 5.0:1 mole ratio). (c) 11B MAS NMR spectra of the products after ball milling
Mg2Si and NaBO2·2H2O mixtures (in 2:1 mol ratio). (d) FT-IR spectra of the products after ball milling
Mg2Si and NaBO2·2H2O mixtures (in 2:1 mol ratio).

5. Hydrolysis Property of Regenerated NaBH4 Using NaBO2·xH2O as Raw Materials

Hydrolysis is the main application of the regenerated NaBH4. By the catalysis of CoCl2 [83],
NaBH4 could fast hydrolyze with stoichiometry H2O. It was found that the regenerated NaBH4 from
NaBO2·xH2O had an excellent hydrolysis property, which was similar to the commercial NaBH4.
According to Figure 3, the highest system hydrogen capacity (containing water and catalyst) was
6.75 wt %, which was the highest compared with previous studies [67,69,78]. It was produced by the
reaction between MgH2 and NaBO2·xH2O. A system hydrogen capacity of 6.33 wt % and 6.3 wt %
could also be obtained. Furthermore, the hydrolysis byproduct was indexed to be NaBO2·2H2O
(inset, Figure 3), which was the raw material of our regeneration. As a result, it was demonstrated that
a complete cycle of NaBH4 hydrolysis could be achieved by existing works, which was suitable for
sustainable application.
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Figure 3. Hydrolysis curves of (a) the regeneration product (MgH2 and NaBO2·xH2O). (b) The
regeneration product (Mg and NaBO2·xH2O). (c) The purified product (Mg2Si and NaBO2·2H2O) and
the commercial NaBH4 in 5 wt % CoCl2 aqueous solution. Inset: XRD patterns of (a) a standard PDF
card of NaBO2·2H2O and (b) the hydrolysis byproduct.

6. Summary and Perspective

Application of NaBH4 hydrolysis is limited by its effective regeneration. NaBH4 synthesis and
regeneration thus become attractive research topics, especially for the recycling of byproduct NaBO2.
For the anhydrous NaBO2 recycling, MgH2 has the best reducing result. However, its high cost,
resulting from the high hydrogenation temperature of Mg, limits the application of such methods.
For the hydrolysis byproduct hydrated NaBO2, it can also be reduced by MgH2, Mg, or Mg2Si
via ball milling, and the highest NaBH4 yield reaches 90%. This process using hydrated NaBO2

exhibits significant advantages, whereby the dehydration process at 350 ◦C to obtain anhydrous
NaBO2 can be omitted and, more importantly, the water included can react with chemicals like Mg
and Mg2Si to provide hydrogen instead of using MgH2. As a result, low cost metal (such as Mg,
Ca, or Al) becomes possible to be the reducing agent for the NaBH4 regeneration reaction via ball
milling, because the [H]+ in the hydrated NaBO2 may directly transform to the [H]− in the hydrated
NaBH4. These reactions could operate without extra hydrogen inputs, which provides the possibility
of a low-cost and sustainable regeneration. Furthermore, this strategy may also be promoted to other
areas, such as LiBH4 production.
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Abstract: Rare earth (RE) metal borohydrides have recently been receiving attention as possible
hydrogen storage materials and solid-state Li-ion conductors. In this paper, the decomposition
and reabsorption of Er(BH4)3 in composite mixtures with LiBH4 and/or LiH were investigated.
The composite of 3LiBH4 + Er(BH4)3 + 3LiH has a theoretical hydrogen storage capacity of
9 wt %, nevertheless, only 6 wt % hydrogen are accessible due to the formation of thermally stable
LiH. Hydrogen sorption measurements in a Sieverts-type apparatus revealed that during three
desorption-absorption cycles of 3LiBH4 + Er(BH4)3 + 3LiH, the composite desorbed 4.2, 3.7 and
3.5 wt % H for the first, second and third cycle, respectively, and thus showed good rehydrogenation
behavior. In situ synchrotron radiation powder X-ray diffraction (SR-PXD) after ball milling of
Er(BH4)3 + 6LiH resulted in the formation of LiBH4, revealing that metathesis reactions occurred
during milling in these systems. Impedance spectroscopy of absorbed Er(BH4)3 + 6LiH showed
an exceptional high hysteresis of 40–60 K for the transition between the high and low temperature
phases of LiBH4, indicating that the high temperature phase of LiBH4 is stabilized in the composite.

Keywords: borohydride; rare earth element; hydrogen storage; decomposition; solid state electrolyte

1. Introduction

One of the most promising candidates for solid state hydrogen storage applications is LiBH4,
which has a theoretical capacity of 18.5 wt % H2. The practical hydrogen amount that can be desorbed
is 13.8 wt %, due to the formation of very stable LiH during decomposition, but LiBH4 is still among
the materials with the highest hydrogen capacity considered for solid state storage [1,2]. However,
it requires very tough conditions for rehydrogenation [3] and suffers from capacity loss on cycling
due to the formation of higher boranes [4]. Another class of materials to be considered is rare earth
(RE) borohydrides, with hydrogen capacities varying between 9.0 wt % for Y(BH4)3 and 5.5 wt %
for Yb(BH4)3 [5–19]. Li-containing RE borohydrides are also considered as solid state electrolytes
for new battery applications, due to their high Li-ion conductivities [20–23]. RE borohydrides have
shown novel properties such as luminescence, and a magnetocaloric effect has also been recently
published [24–26].
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Gennari et al. investigated the composite mixtures of 6LiBH4 and RECl3 with RE = Ce, Gd and
found a decrease in decomposition temperature of LiBH4 due to an in situ formed REH2 phase [17].
Additionally, the decomposed composite showed the ability to reabsorb 20% of the initial hydrogen
content. Frommen et al. investigated the composite mixtures of LiBH4, LiH and RE(BH4)3 with
RE = La, Er [27]. It was reported that the desorption temperature of LiBH4 in the mixture with RE = Er
decreased by about 100 ◦C compared to pure LiBH4. Reabsorption at 340 ◦C under 100 bar H2 yielded
a hydrogen uptake of 66% after desorption against vacuum, and 80% after desorption against 5 bar H2,
respectively, of the initially release of 3 wt % H2.

The established technique to synthesize RE borohydrides is the solid state metathesis approach,
as it has the advantage of direct synthesis of a RE borohydride without complicated in vacuo
manipulations or possible decomposition [28,29]. The RE chloride and an alkali metal borohydride
(i.e., Li, Na, K) are mixed in a one-step mechanochemical synthesis to form the RE borohydride and the
alkali metal chloride via a metathesis reaction. LiBH4 has proven to be an efficient precursor, but also
other metal borohydrides e.g., NaBH4, have been successfully used [30–32]. As an alternative method,
the solvent-based synthesis of borohydrides has been used for over 50 years with the advantage of
removing the alkali metal chloride (i.e., LiCl) [28], which is necessary to increase the hydrogen capacity.
The halide-free synthesis in this paper is based on a mechanochemical synthesis [33] and wet-chemical
extraction, as described by Hagemann et al. [34,35].

This work presents two new composite materials: Er(BH4)3 + 6LiH and 3LiBH4 + Er(BH4)3 + 3LiH.
The decomposition and reabsorption of hydrogen have been studied in detail by in situ synchrotron
radiation powder X-ray diffraction (SR-PXD). Desorption-absorption cycling measurements were
conducted in a Sieverts-type apparatus. The rehydrogenation properties of the 3LiBH4 + Er(BH4)3 + 3LiH
system were investigated during three desorption-absorption cycles. One cycle was studied for the
Er(BH4)3 + 6LiH system. The latter was also investigated by impedance spectroscopy. Finally, thermal
gravimetric (TG) and differential scanning calorimetry (DSC), as well as mass spectrometry (MS)
were conducted.

2. Results & Discussion

2.1. Er(BH4)3 + 6LiH (S1)

Figure 1 shows the in situ synchrotron radiation powder X-ray diffraction (SR-PXD) data of
Er(BH4)3 + 6LiH (S1) from room temperature (RT) to 280 ◦C. At RT, Bragg peaks corresponding to
LiH, orthorhombic-LiBH4 (o-LiBH4) and ErH2, as well as minor peaks from Er(BH4)3, are present,
suggesting the reaction pathway of Equation (1) for the ball milling reaction.

Er(BH4)3(s) + 3LiH(s)
ball milling−−−−−−→ ErH2(s) + 3LiBH4(s) + 0.5H2(g) (1)

The small amount of Er(BH4)3 present (Table 1) indicates that Equation (1) has almost gone to
completion during milling. The in situ SR-PXD data show the phase transition of o- to hexagonal-LiBH4

(h-LiBH4) at 100 ◦C. The Bragg peaks of Er(BH4)3 start to decrease simultaneously and are gone at
240 ◦C. ErH2 is present in significant amounts (44.1(4) wt %) directly after ball milling. Its lattice
parameters increase more than expected from the thermal expansion from 186 ◦C, indicating that
it is further hydrogenated, induced by the hydrogen pressure in the in situ SR-PXD measurements
setup, with a likely intermediate state of ErH2+δ with (0 ≤ δ ≤ 1) as shown in Figure S1. Bragg peaks
from LiBH4 disappear at 270 ◦C, caused by its melting. Above 280 ◦C, the sample oxidizes, as evident
from strong Bragg peaks of Er2O3 (not shown), and further analysis of the decomposition process was
therefore not possible.

Figure 2a shows the differential scanning calorimetry (DSC) data of S1. The phase transition
from o- to h-LiBH4 occurs at 105 ◦C and its melting at 260 ◦C (peak temperatures), which is in good
agreement with the SR-PXD data. A rather minor exothermic DSC event (dashed circle in Figure 2a)
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can be seen in analogy to the increase in the lattice parameter observed in SR-PXD starting at 186 ◦C,
corresponding to the reaction from ErH2 towards ErH3. The decomposition of the Li borohydride
appears at 326 ◦C. There is a minor endothermic peak after the major endothermic event, which can be
assigned to desorption of ErH3 to ErH2 (a similar decomposition temperature is observed for pure
ErH3, as shown in Figure S2). Thermogravimetric (TG) data for S1 are also presented in Figure 2 and
show mass loss of 3.4 wt % between RT and 400 ◦C, including a 30-min isotherm.

The powder X-ray diffraction (PXD) pattern of one complete desorption absorption cycle in the
Sieverts apparatus is shown in Figure 2b. The main product after desorption at 400 ◦C and 5–10 bar
H2 is ErH3, formed by additional hydrogen absorption by ErH2 upon cooling. Minor Bragg peaks of
ErB4 are also observed. Reabsorption at 340 ◦C under 100 bar H2 for 12 h resulted in the formation of
LiBH4, as well as increased intensity of ErH3 peaks.

Table 1. Compositions and synthesis method of the investigated samples. The products after ball
milling are given with lattice parameters and fractions from Rietveld refinements of diffraction data at
room temperature (RT). Refinements are shown in Table S1. Sample S2 was stored in a glove box for
nine months before measurements were taken. Estimated standard deviations are given in parentheses.

Sample Reactants Method Products Lattice Parameters (Å) Refined Fractions (wt %)

S1 Er(BH4)3 + 6LiH 1 h ball milling

Er(BH4)3 a = 10.884(3) 1.1(2)

LiBH4

a = 7.174(7)
b = 4.426(5)
c = 6.807(9)

29.9(3)

LiH a = 4.0851(6) 24.8(2)

ErH2 a = 5.1458(4) 44.1(4)

S2 Er(BH4)3 + 3LiBH4 + 3LiH 1 h ball milling

Er(BH4)3 a = 10.8134(3) 29.7(1)

LiBH4

a = 7.172(5)
b = 4.430(3)
c = 6.804(6)

38.2(16)

LiH a = 4.0851 0.0(9)

ErH2 a = 5.1823(3) 32.1(1)

Figure 1. In situ SR-PXD data of sample S1 during heating from RT to 280 ◦C (5 ◦C·min−1) under 1 bar
H2. Arrows mark the Bragg peaks of Er(BH4)3, o- and h-LiBH4. λ = 0.77787 Å.
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Figure 2. (a) TG-DSC data of ball milled S1 (black curves) and reabsorbed S1 (S1 abs) (red curves),
showing TG data (top) and DSC signal (bottom). X-axis in time (min) as the heating from RT to 400 ◦C
proceeded with a 30-min isotherm. Temperature (◦C) is given on the secondary y-axis to the right;
(b) Ex situ PXD data of S1 showing one absorption-desorption cycle with ball milled (bottom), desorbed
(middle), and reabsorbed (top) composite. λ = 1.54056 Å.

The thermogravimetric and differential scanning calorimetry (TG-DSC) data for the
decomposition of reabsorbed S1 is shown in Figure 2a (red curves). TG data show a mass loss
of 3.0 wt %, corresponding to 88% of the initial released hydrogen. An increase in onset temperature
of hydrogen release can be observed (ΔT = 70 ◦C). In the DSC data, two peaks occur at rather low
temperatures. The first peak is at 90 ◦C, but the process behind it is not completely understood
(see Li-ion conductivity section). The second one at 105 ◦C corresponds to the o- to h-LiBH4 transition.
The melting of LiBH4 occurs at 278 ◦C. The last endothermic event coincides with the mass loss and
occurs at 390 ◦C, which is probably a superposition of two events. The first is proposed to be the
decomposition of LiBH4, while the second is possibly the reduction of ErH3 to ErH2, see Figure S2.

In general, the desorption-absorption cycle shown in this section follows the reaction pathways
outlined in Equations (2) and (3).

4LiBH4(s) + ErH2(s)
desorption−−−−−→ ErB4(s) + 4LiH(s) + 7H2(g) (2)

ErB4(s) + 4LiH(s) + 7.5H2(g)
absorption−−−−−→ 4LiBH4(s) + ErH3(s) (3)
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2.2. 3LiBH4 + Er(BH4)3 + 3LiH (S2)

Figure 3a shows the ex situ lab PXD patterns of 3LiBH4 + Er(BH4)3 + 3LiH (S2) in the as-milled,
desorbed, and reabsorbed states. The Bragg peaks of the reactants LiBH4, Er(BH4)3 and LiH, are
observed after ball milling. In addition, ErH2 is formed in minor amounts, showing that a reaction has
already started during the milling process. The products after desorption at 400 ◦C and 5–10 bar H2 are
mainly ErB4 and several Er-hydrides. Cubic (c-) ErH3 (Fm-3m) is the main phase, but small amounts of
ErH2, ErH and trigonal (t-) ErH3 (P-3c1) are also present. As suggested above, ErH3 appeared during
cooling under hydrogen pressure. Minor Bragg peaks corresponding to ErB12 are detected as well.
Reabsorption at 340 ◦C under 100 bar H2 for 12 h led to the complete consumption of the Er borides.
Trivalent Er-hydride was found after reabsorption in both the cubic and trigonal modifications.

Interestingly, the Bragg peaks of ErB4 show less intensity in the ex situ PXD pattern of desorbed
S1 in Figure 2b than in desorbed S2, although the conditions were the same. This observation let us
to a hypothesis that the excess of LiBH4 somehow increases the crystallinity of the material. This is
supported by the observations in another recently published study, where the decomposition of pure
Er(BH4)3 resulted in a completely amorphous material [36]. The crystallinity was improved by addition
of LiH and by reabsorption. The products were ErH3 and LiBH4, and the final material was crystalline.
Whether this observation is caused by amorphous Er–B–H species, which simply decrease when LiBH4

is formed, or if the process is triggered directly by LiBH4/ErH3 formation, cannot be concluded.
TG-DSC data of S2, stored for three months in a glove box, is presented in Figure 3b. TG data

show a mass loss of 3.9 wt % up to 400 ◦C, and DSC data show three endothermic events, two sharp
and one broad. The two sharp events are the phase transition and melting of LiBH4 occurring at
111 and 271 ◦C, respectively. These events are not related to any mass loss in the TG data. The third
endothermic peak is broad, and therefore probably a superposition of the decomposition of Er(BH4)3

and LiBH4 with peak temperatures at 336 and 391 ◦C, respectively. Figure 3bii shows H2 (m/z = 2)
desorption between 275 and 400 ◦C. Minor amounts of B2H6 (m/z = 26) are also seen in Figure 3bi,
as well as S(CH3)2 (m/z = 62) between 75 and 125 ◦C.

Figure 4a shows in situ SR-PXD desorption data of S2, which was stored for nine months in a
glove box. The RT data show significant Bragg peaks from ErH2. Compared to the rather minor peaks
of ErH2 directly after ball milling in Figure 3a, it becomes clear that ErH2 is formed during the storage
in Ar. This observation suggests that the reaction in Equation (1) even occurs at ambient temperature
for S2. Equation (1) is an intermediate reaction, showing the formation of LiBH4, initiated during the
milling of Er(BH4)3 and LiH, as well as the formation of ErH2. Bragg peaks of the other phases appear
for the as-milled S2 (Figure 3a) at RT. The atomic positions for Er in Er(BH4)3 were refined (Figure S3
and Table S1) and are within the standard deviations of those reported for Y in Y(BH4)3 [5]. The in situ
SR-PXD desorption starts with a heating ramp from RT to 400 ◦C with a heating rate of 5 ◦C·min−1 and
a 30-min isotherm at 400 ◦C. The gap in the data is due to a lost connection to the detector for 15 min
in the temperature interval of 30–80 ◦C. The phase transition of LiBH4 occurs at 100 ◦C. The Bragg
peaks of Er(BH4)3 decrease and are gone at 195 ◦C, which is 55 ◦C lower compared to the in situ
SR-PXD desorption data of S1. In any case, these observations are in agreement with earlier reports,
where the halide free yttrium borohydride turns into “an X-ray amorphous solid” without melting
at ~200 ◦C [35]. Therefore, we assume an amorphisation, as all Bragg peaks of Er(BH4)3 disappear
and the DSC data indicate no melting. The amorphisation temperatures in S1 and S2 are, however,
50–100 ◦C lower than the reported amorphisation temperature of pure Er(BH4)3 [36]. The melting
of LiBH4 can be observed by the in situ SR-PXD data at 295 ◦C. The hydrogenation of the bivalent
to trivalent erbium hydride occurs simultaneously, which is evident from a shift to lower 2θ angles
for the Er hydride peaks (Figure 4a and Figure S1) and in good agreement with the in situ SR-PXD
desorption data of S1. The Bragg peaks of ErH3 increase in intensity until the heating is stopped after
30 min at 400 ◦C, concluding that the timeframe of the in situ SR-PXD desorption measurement for S2
does not allow for the formation of ErB4, which is the suggested desorption product, see Equation (2).
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Figure 3. (a) Ex situ PXD data of S2 at RT showing one absorption-desorption cycle with ball milled
(bottom), desorbed (middle), and reabsorbed (top) composite. λ = 1.54056 Å; (b) MS-TG-DSC of ball
milled S2 from RT to 400 ◦C (heating rate 5 ◦C·min−1) showing: (i) release of S(CH3)2 and B2H6; (ii) H2;
(iii) TG data; and (iv) DSC data.

The starting point of the in situ SR-PXD reabsorption is the ex-situ desorbed S2, see Figure 3a
(middle, red curve). The in situ SR-PXD reabsorption of desorbed S2 was performed with a heating
ramp of 5 ◦C·min−1 from RT to 340 ◦C under 93 bar H2. From RT to 261 ◦C, the intensities of all
phases appear constant. The connection to the detector was lost at 261 ◦C for 1 h until 42 min into the
isothermal regime at 340 ◦C. During the connection loss, the Bragg peaks of c-ErH3 increase moderately,
while those of ErB4 decrease slightly. This trend continues during the additional 2-h isotherm shown
in Figure 4b. The minor changes in intensity indicate that it is again not possible to follow a complete
hydrogenation during the timeframe of the in situ measurement.
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Figure 4. In situ SR-PXD data showing (a) desorption of S2 during heating from RT to 400 ◦C
(5 ◦C·min−1) under 6 bar H2. A detector connection loss is the reason for the gaps in intensity (heating
continued). λ = 0.77787 Å; (b) reabsorption of Sieverts apparatus desorbed S2 during heating from RT
to 340 ◦C (5 ◦C·min−1) under 93 bar H2 followed by a 2-h isotherm, and cooling to RT. λ = 0.77787 Å.

Three desorption-absorption cycles were measured for S2 in a Sieverts-type apparatus.
The volumetric desorption data after 5 h at 400 ◦C and 5–10 bar H2 is illustrated in Figure 5. The first,
second and third desorption show a hydrogen release of 4.2 wt %, 3.7 wt % and 3.5 wt %, respectively.
During the first desorption of S2, Er(BH4)3 is decomposed to Er-hydride according to the ex situ PXD
data, which resulted in a slower hydrogen release at the beginning of the first desorption (black curve
in Figure 5). As Er(BH4)3 is not formed on rehydrogenation, this step is not repeated after the first
desorption, thus resulting in a faster desorption for the second/third reabsorption.

Figure 5. Hydrogen release in the first three desorption during cycling of S2 in a Sieverts-type apparatus.
The hydrogen pressure is 5–10 bar.

The TG-DSC data of S2 after the first reabsorption is shown in Figure 6. The DSC signal is
similar to the ball milled sample in Figure 3b. The phase transition of LiBH4 shifts to a slightly lower
temperature, 103 ◦C (111 ◦C for ball milled S2). The melting of LiBH4 still occurs at 270 ◦C. The third
minor endothermic peak at 322 ◦C in Figure 6 cannot be explained. Although the set temperature
for the isotherm is 400 ◦C, the fourth peak was observed at a peak temperature of 403 ◦C (due to
a slight temperature overshoot) in Figure 6. It is suggested to be the decomposition of LiBH4, and
hence slightly higher than for S2 after ball milling. The mass loss starts simultaneously with the fourth
endothermic DSC event, also suggesting the decomposition of LiBH4. The fifth peak in the isothermal
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regime after 7 min at 400 ◦C is suggested to be the reduction of ErH3 to ErH2 as the mass loss continues
through this event (Figure S2). The TG data in Figure 6 show a mass loss of 4.5 wt % for reabsorbed S2.
Although it was reported that hydrogen pressure has a beneficial effect on desorption behavior, the TG
and Sieverts data for the reabsorbed S2 show a weight loss of 4.5 and 3.7 wt %, respectively. The total
hydrogen content of S2 is 9.0 wt %, but only 6.0 wt % can be obtained when forming LiH, meaning
that our TG data shows a hydrogen uptake of 75%, compared to the nominal maximum value.

Figure 6. TG (top) and DSC (bottom) data of S2 after the first reabsorption. The x-axis is in time (min)
as the measurement proceeds isothermally for 30 min after the heating ramp. Temperature (◦C) is
shown on the y-axis to the right.

To summarize, we observe from the PXD and SR-PXD data an increasing amount of ErB4 during
thermal decomposition and an increasing amount of ErH2+δ during reabsorption for S2. This is in
good agreement with the following reaction pathway, with an assumed start of decomposition similar
to reaction products in Equation (1)

ErH3(s) + 4LiBH4(s) ↔ ErB4(s) + 4LiH(s) + 7.5H2(g) (4)

The theoretical storage capacity of Equation (4) of 5.1 wt % H was not achieved, which is
possibly caused by the uncompleted decomposition reactions, as residuals of ErH3 have been found in
decomposed samples.

The comparison of S2 to the recently investigated 6LiBH4 + ErCl3 + 3LiH composite by Frommen
et al. [27] shows that the two systems behave very similar with respect to rehydrogenation. During the
first reabsorption, 80% to 85% of the original hydrogen content could be reabsorbed for both systems
at similar conditions. The weight loss for our system shows 4.5 wt % after one desorption-absorption
cycle while 2.4 wt % was reported for the other composite [27], meaning that the absorption in our
composite has almost double the hydrogen capacity after the first cycle.

There are some differences in the hydrogenation products. In our halide-free S2 composite, c-ErH3

and t-ErH3 are both formed during rehydrogenation with 27.4(2) wt % and 14.4(1) wt %, respectively.
LiBH4 is the major reabsorption product with refined 58.1(2) wt %, suggesting, as reported recently, that
LiH plays a crucial role in the formation of new LiBH4 at the employed conditions [36]. In Reference [27]
only c-ErH3 was observed after rehydrogenation, but no t-ErH3, similar to our absorbed S1 sample.

2.3. Li-Ion Conductivity

The Li-ion conductivity of absorbed S1 was measured with alternating current (AC) impedance
spectroscopy from RT to 140 ◦C (Figure 7). Further details to the experimental setup are given in
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Reference [37] and the references therein. The measurement was motivated by the hypothesis that the
high temperature phase of LiBH4 was stabilized in the composite, thus shifting the phase transition to
lower temperatures. Evidently, the absorbed S1 showed an endothermic DSC event as low as 90 ◦C,
which we first considered to be the phase transition in LiBH4 (see DSC data, red curve in Figure 2a).

Figure 7 shows the Li+ ionic conductivity for absorbed S1, and the values are systematically
lower than for pure LiBH4 as expected, since LiBH4 only makes up 21 wt % in the present sample
(The low conductivity values for the samples can be explained by minor amounts of LiBH4 after
rehydrogenation. For absorbed S1 the content is approx. 2.5 molar equivalent of LiBH4 corresponding
to 21 wt %. This value was calculated from the mass loss shown by TG data of absorbed S1). However,
upon heating above 110 ◦C, the conductivities reach about four orders of magnitude higher than the
RT modification, which is in good agreement with the conductivity enhancement in pure LiBH4 [38].
The conductivity in absorbed S1 (Figure 7) shows a slightly steeper slope than pure LiBH4 [38],
which manifested in the absence of the “conductivity jump” in our data. We first suggested that this
observation was caused by the initial ball milling of S1. In a recent publication, it was shown that ball
milled LiBH4-LiI samples have a higher conductivity before annealing caused by the formation of a
“defect rich microstructure,” which influences the conductivity positively [39]. However, the sample
chosen for impedance spectroscopy was heated to 400 ◦C during the first decomposition and then
reabsorbed at 340 ◦C. This heat treatment should heal all defects and disregard their influence [39].
In summary, the high temperature phase transition is observed at 110 ◦C, which is in agreement with
pure LiBH4 [38,40]. From the Li-ion conductivity measurements, the DSC event at 90 ◦C for absorbed
S1 cannot be explained by the high temperature phase transition of LiBH4.

Figure 7. Li-ion conductivity measured by AC impedance spectroscopy for S1 abs. Conductivity was
measured every 10 ◦C from RT to 140 ◦C and back down to RT. See text for further discussion.

However, a rather wide hysteresis is observed in Figure 7, which is in the range of 40–60 K.
That is in strong contrast to the hysteresis of pure and ball milled LiBH4, which is only 4 K [41], but
rather close to the LiBH4-LiCl system in which the hysteresis is about 20–40 K [40]. The presence of
lithium halides can be ruled out, as it would significantly lower the phase transition temperature [40].
It has been observed [42] that nanoconfined LiBH4 in mesoporous silica scaffolds shows a remarkable
Li-conductivity in the temperature range of RT-140 ◦C. According to Blanchard et al. [42], the high
conductivity is a consequence of two different fractions of LiBH4, a bulk LiBH4 fraction and a thin
(1.0 nm) interfacial layer of LiBH4. Assuming a morphological change in the grain size and in the
inter-grains arrangement, it could be assumed that the formation of the abovementioned layer between
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LiBH4 and ErH3 after several cycles of hydrogenation has happened. This can explain the inertia of the
system to undergo the transition to the RT phase. The ionic conductivity contribution of this layer is
dominant with respect to the bulk LiBH4, however, it is not visible by diffraction due to its nanoscopic
nature. This effect of nanoconfined LiBH4 could explain the rather low endothermic DSC event, which
were discussed above, as similar events were also reported in Reference [42].

SEM images (see Figures S4–S6) were collected, but their resolution is not sufficient to observe a
1.0-nm thin interfacial layer. Further measurements with TEM are necessary to conclude with certainty
that an interfacial layer of LiBH4 has formed. Due to the paramagnetic properties of erbium, it was not
possible to conduct NMR.

3. Materials and Methods

ErCl3 (99.9%), LiBH4 (>95%), LiH (>95%) and dimethyl sulfide (S(CH3)2, anhydrous, 99.9%) were
purchased from Sigma Aldrich, St. Louis, MO, USA and used as received.

The synthesis of Er(BH4)3 has been described in Reference [36]. The composite mixtures were ball
milled using a Fritsch Pulverisette 6 planetary mill (Fritsch, Idar-Oberstein, Germany) employing an
80-mL tungsten carbide-coated steel vial and balls. A ball to powder ration of 40:1 was used. All sample
descriptions of the composite mixtures are given in Table 1, including their composition and synthesis
method as well as refined lattice parameters and phase fractions obtained by Rietveld refinements.

The samples were stored and handled in an MBraun glove box (MBraun Inertgas-Systeme GmBH,
Garching, Germany) fitted with a recirculation system and oxygen/humidity sensors with H2O/O2

levels below 1 ppm. All procedures outside of the glove box were performed using in vacuo or
Schlenk line techniques under a purified Ar atmosphere. An in-house manufactured Sieverts-type
apparatus [43] was used for hydrogen desorption–absorption cycling experiments. Desorption was
performed using a temperature ramp of 5 ◦C·min−1 from room temperature to 400 ◦C under 3 bar H2,
followed by a 12 h isothermal step. Absorption was conducted for 12 h at 340 ◦C and 100 bar H2.

Powder X-ray diffraction (PXD) data were collected using a Rigaku SmartLab diffractometer
(Rigaku, Tokyo, Japan). The samples were measured within rotating glass capillaries, with an
inner diameter of 0.5 mm and sealed with silicone grease. All measurements were completed in
Debye-Scherrer geometry using CuKα radiation with λ = 1.54056 Å, over the scattering angles
2θ = 10◦–70◦.

In situ synchrotron radiation powder X-ray diffraction (SR-PXD) was executed at Swiss Norwegian
Beam Lines, BM01 [44], at the European Synchrotron Radiation Facility (ESRF), Grenoble, France.
The cycling experiments were conducted using a heating/cooling rate of 5 ◦C·min−1 with a typical
H2 pressure of ~100 bar for absorption and ~3 bar for desorption. Hydrogen pressure was employed
for all volumetric and in situ SR-PXD experiments, as similar conditions were reported to increase
gas desorption compared to desorption under vacuum [17,27,45]. Data were collected using a Pilatus
2 M detector (DECTRIS Ltd., Baden-Daettwil, Switzerland) and a sample-to-detector distance of
146 mm at wavelengths of 0.77787 Å. Wavelength and sample-to-detector distance were calibrated
from an NIST LaB6 standard. Exposure time was set to 30 s, giving a temperature resolution of
2.5 K/pattern. The sample was contained in a single-crystal sapphire tube (inner diameter 0.8 mm)
connected to the cell with Vespel ferrules and Swagelok fittings. Hydrogen was introduced and
removed from the cell with an in-house built computer-controlled gas rig. The cell was rotated by 10◦

to improve powder averaging during each exposure. The single-crystal reflections from the sapphire
tubes were masked out manually in Fit2D [46]. Rietveld refinements were performed with GSAS and
Expgui software [47,48]. Thompson-Cox-Hastings pseudo-Voigt functions with three Gaussian and
one Lorentzian parameter were used to model the Bragg peak profiles [49]. The background was fitted
with a shifted Chebyshev polynomial with up to 36 terms. The atomic positions for the Er(BH4)3 were
taken from Y(BH4)3 [5] and refined with the data shown in Figure S3 at room temperature. BH4 units
were treated as rigid bodies with B–H distances of 1.13 Å.
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Simultaneous thermogravimetric and differential scanning calorimetry (TG-DSC) experiments
were carried out with a Netzsch STA 449 F3 Jupiter instrument (Netzsch, Bavaria, Germany). In some
measurements, mass spectrometry (MS) was performed simultaneously by connecting a Hiden
Analytical HPR-20 QMS (Hiden, Warrington, UK) to the TG-DSC. The samples were loaded in
aluminum crucibles (~5–10 mg) and were heated up to 400–500 ◦C with a heating rate of 5 ◦C·min−1.
An argon flow of 70 mL·min−1 was used as a protection gas and purge gas. All given temperatures are
peak temperatures, unless stated otherwise.

Li-ion conductivity was measured by impedance spectroscopy, employing an HP 4192A FL
impedance analyzer (Keysight Technologies, Santa Rosa, CA, USA). The frequency range was 5 Hz to
10 MHz with a signal amplitude of 60 mV. The temperature was varied by 10 ◦C for each measurement
from RT to 140 ◦C, and back to RT. Three sets were performed for each measurement in order to improve
reproducibility. A 3-ton mechanical axial press was used for pressing pellets with a typical diameter of
6.35 mm and a thickness of 0.5–1.0 mm. The samples were placed in a BDS 1200 Novocontrol sample cell
(Novocontrol Technologies GmbH Co. KG, Montabaur, Germany) under an argon atmosphere between
two gold ion-blocking electrodes. A single parallel resistor(R)-constant phase element (CPE) was
used as an equivalent circuit at low temperatures, where the noise is higher. At higher temperatures,
additional effects were taken into account, such as the polarization of the electrode interfaces (modeled
with a single CPE) and, eventually, a second R-CPE parallel circuit due to grain boundary contributions.
A Hitachi S-4800 Scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) equipped with a Noran
System Six energy dispersive spectrometer (EDS) was employed for investigating the absorbed S1 after
the conductivity measurements.

4. Conclusions

This work characterized two new composite materials consisting of Er(BH4)3, LiBH4 and/or LiH.
The composites react during ball milling, storage as well as decomposition in a two-step reaction
where Er-hydrides and LiBH4 are formed in the first step. ErB4 is formed in a second step during
thermal decomposition. The composites can be cycled between the first and second decomposition
steps by applying hydrogen pressure. Volumetric measurements show a hydrogen capacity of 88%
after the first cycle of the initially released hydrogen content and seem stable after the third cycle,
with 95% rehydrogenation compared to the second cycle. With a weight loss of 4.5 wt % after the
first desorption–absorption cycle, the hydrogen capacity had almost doubled compared to earlier
investigated systems, which included LiCl.

Li-ion conductivity measurements of absorbed Er(BH4)3 + 6LiH showed an exceptional high
hysteresis of 40–60 K for the transition between the high and low temperature phases of LiBH4, which
may be a good starting point to investigate further, for all solid state Li-ion batteries.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/5/2/31/s1.
Figure S1: SR-PXD data of thermal desorption of S1 and S2, Figure S2: TG-DSC data of pure ErH3 between 25
and 1000 ◦C. Figure S3: SR-PXD Rietveld refinement and difference plot of S2, Figures S4–S6: SEM image of the
absorbed S1. Figure S7: SR-PXD Rietveld refinement and difference plot of S1, Figure S8: PXD Rietveld refinement
and difference plot of S2, Table S1: Atomic positions and displacement factor refined for Er and B in Er(BH4)3.
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properties of complex hydride perovskite materials. Nat. Commun. 2014, 5, 5706. [CrossRef] [PubMed]
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34. Hagemann, H.; Černý, R. Synthetic approaches to inorganic borohydrides. Dalton Trans. 2010, 39, 6006–6012.
[CrossRef] [PubMed]

35. Ley, M.B.; Paskevicius, M.; Schouwink, P.; Richter, B.; Sheppard, D.A.; Buckley, C.E.; Jensen, T.R. Novel
solvates M(BH4)3S(CH3)2 and properties of halide-free M(BH4)3 (M = Y or Gd). Dalton Trans. 2014, 43,
13333–13342. [CrossRef] [PubMed]

36. Heere, M.; Payandeh GharibDoust, S.H.; Frommen, C.; Humphries, T.D.; Ley, M.B.; Sørby, M.H.; Jensen, T.R.;
Hauback, B.C. The influence of LiH on the rehydrogenation behavior of halide free rare earth (RE)
borohydrides (RE = Pr, Er). Phys. Chem. Chem. Phys. 2016, 18, 24387–24395. [CrossRef] [PubMed]
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Abstract: In previous studies, complex hydrides LiBH4 and Mg2FeH6 have been reported to
undergo simultaneous dehydrogenation when ball-milled as composite materials (1 − x)LiBH4

+ xMg2FeH6. The simultaneous hydrogen release led to a decrease of the dehydrogenation
temperature by as much as 150 K when compared to that of LiBH4. It also led to the modified
dehydrogenation properties of Mg2FeH6. The simultaneous dehydrogenation behavior between
stoichiometric ratios of LiBH4 and Mg2FeH6 is not yet understood. Therefore, in the present work,
we used the molar ratio x = 0.25, 0.5, and 0.75, and studied the isothermal dehydrogenation processes
via pressure–composition–isothermal (PCT) measurements. The results indicated that the same
stoichiometric reaction occurred in all of these composite materials, and x = 0.5 was the molar ratio
between LiBH4 and Mg2FeH6 in the reaction. Due to the optimal composition ratio, the composite
material exhibited enhanced rehydrogenation and reversibility properties: the temperature and
pressure of 673 K and 20 MPa of H2, respectively, for the full rehydrogenation of x = 0.5 composite,
were much lower than those required for the partial rehydrogenation of LiBH4. Moreover, the x = 0.5
composite could be reversibly hydrogenated for more than four cycles without degradation of its
H2 capacity.

Keywords: complex hydride; composite material; hydrogen storage

1. Introduction

Boron-based complex hydrides MBH4 (M = Li, Na, and K), which consist of an M+ cation and
a [BH4]− complex anion, have high gravimetric H2 densities (7.7–18.4 mass %); therefore, these
materials have the potential to be used as hydrogen storage materials [1–3]. However, MBH4 are
thermodynamically stable and the hydrogenation is difficult to achieve under mild temperatures and
pressures. For example, when undergoing the following Reaction (1), the dehydrogenation temperature
of LiBH4 at 0.1 MPa H2 has been estimated to be 683 K on the basis of enthalpy ΔH and entropy ΔS
changes of 66.6 kJ/(mole of H2) and 97.4 J/K(mole of H2), respectively [4]. In practice, significant
dehydrogenation only occurs at temperatures greater than 700 K. In addition, partial rehydrogenation
of LiBH4 requires a much higher pressure and temperature of 35 MPa and 873 K.

LiBH4 � LiH + B + (3/2)H2 (1)

Inorganics 2017, 5, 81; doi:10.3390/inorganics5040081 www.mdpi.com/journal/inorganics80
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Combining borohydrides with metallic hydrides (e.g., MgH2) or complex hydrides (e.g., Mg2NiH4)
has been proven to be effective at modifying the dehydrogenation properties of MBH4. The reactions
between MBH4 and the partner hydrides in these composite materials can produce the stable
boride MgB2 or MgNi2.5B2 that results in a decrease of the dehydrogenation temperature of
LiBH4 [5–11]. Therefore, in a previous study, we have tried to bring down the dehydrogenation
temperature of LiBH4 by combining it with a transition-metal-based complex hydride, Mg2FeH6.
We ball-milled the two complex hydrides over a large composition range: (1 − x)LiBH4 + xMg2FeH6

(0.25 ≤ x ≤ 0.9) [12–15]. The dehydrogenation properties were investigated using a dynamic
measurement: thermogravimetry–mass spectrometry (TG–MS). It was observed that although
the thermodynamic stabilities of LiBH4 and Mg2FeH6 differed substantially, they underwent
dehydrogenation simultaneously when heated up during the TG–MS analysis, by which the
dehydrogenation temperature of the composite materials was lowered by, at most, 150 K when
compared to that of LiBH4. In addition to the dehydrogenation properties of LiBH4, those of
Mg2FeH6 were also modified; Mg2FeH6 no longer underwent independent dehydrogenation, and
the temperature of the simultaneous dehydrogenation shifted closer to that of pure Mg2FeH6, both
continuously and with an increasing ratio x.

The dehydrogenation process of (1 − x)LiBH4 + xMg2FeH6 is special when compared to the
processes of other composite materials, e.g., 2LiBH4 + MgH2 [16]. The dehydrogenation behavior of
MgH2 was unaffected by its combination with LiBH4; furthermore, a stoichiometric reaction between
LiBH4 and MgH2 existed, the dehydrogenation temperature of which would not be affected by the
composition ratio in the composite materials. However, in the case of (1 − x)LiBH4 + xMg2FeH6,
the properties of both LiBH4 and Mg2FeH6 were modified and the stoichiometric reaction between
these two complex hydrides at a specific composition ratio was not yet understood. We considered
that the stoichiometric reaction was hidden in the continuous hydrogen releasing events in the
dynamic TG–MS measurements, where the thermodynamic and kinetic factors both affected the
dehydrogenation process.

Besides our study, the research on LiBH4 + Mg2FeH6 composite materials has been conducted on
LiBH4-rich compositions only. The reaction processes investigated by various dynamic measurement
methods (for example, differential scanning calorimetry (DSC)) has been explained as Mg2FeH6

dehydrogenating to form elemental Mg and Fe, followed by the Mg and Fe reacting with LiBH4 and
thereby destabilizing it thermodynamically. Because of the absence of studies on any Mg2FeH6-rich
compositions, the simultaneous dehydrogenation was not discovered [17,18]. In addition, Ghaani et al.
used an isothermal method (i.e., the pressure–composition–isothermal (PCT) measurement) to study
the dehydrogenation process of 2LiBH4 + Mg2FeH6. Here, it was found that LiBH4 and Mg2FeH6 react
with each other; however, unreacted LiBH4 was apparent using this composition ratio [19]. Whether
the reaction between LiBH4 and Mg2FeH6 changes with variations in composition ratio is unclear,
and whether an optimal composition ratio exists at which a stoichiometric reaction occurs without
independent dehydrogenation of the parent complex hydrides remains unknown.

In this study, to confirm the stoichiometric reaction between Mg2FeH6 and LiBH4, and the optimal
composition ratios for it, we used PCT measurements to evaluate the isothermal dehydrogenation
processes of (1 − x)LiBH4 + xMg2FeH6. Among a large range of composition ratios, the focus was
on three in the present study: x = 0.25, 0.5, and 0.75. TG–MS measurements done in our previous
study revealed that x = 0.5 was a critical composition. Composites with x ≥ 0.5 exhibited a single
dehydrogenation event, whereas composites with x < 0.5 underwent multiple events involving both
simultaneous dehydrogenation of LiBH4 and Mg2FeH6, and individual dehydrogenation of LiBH4.
We considered that the optimal ratio for the stoichiometric reaction could be deduced from these
representative compositions. After deciding on the optimal ratio, its effect on the modification of the
reversible hydrogenation properties of the composite materials were investigated.
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2. Results

2.1. Optimal Composition Ratio for the Stoichiometric Reaction between LiBH4 and Mg2FeH6

The PCT results obtained at 643 K for the composites (x = 0.25, 0.5, and 0.75; temperatures were
slightly different within each measurement) are shown in Figure 1. Although only one dehydrogenation
event was observed for the x = 0.5 and 0.75 composites in the dynamic TG–MS measurements,
the PCT results revealed two and three thermodynamically independent reactions, respectively.
For x = 0.25, three independent reactions were observed, similar to the TG–MS results in which
multiple dehydrogenation events appeared. The first and second dehydrogenation reactions of all of
these compositions exhibited the same equilibrium pressure of 1.85 MPa and 0.85 MPa, which indicates
that these compositions have undergone similar reaction pathways.

Figure 1. Pressure–composition–isothermal (PCT) results for (1 − x)LiBH4 + xMg2FeH6 (x = 0.25,
0.5, and 0.75) at 643 K. The temperatures are slightly different within each measurement. The first
and second reactions in all the compositions exhibit the same equilibrium pressures of 1.85 MPa
and 0.85 MPa, respectively. Line (a) represents the equilibrium pressure of the dehydrogenation of
MgH2, according to Refs. [20,21]; line (b) represents the equilibrium pressure of the dehydrogenation
of Mg2FeH6, according to Refs. [22–24].

To determine the reaction pathway, the materials were quenched under H2 pressure after each
thermodynamically independent reaction and each phase was identified using X-ray diffraction (XRD).
The XRD results for the x = 0.5 composite after each reaction are shown in Figure 2. After the first
reaction at 1.85 MPa H2, the diffraction peaks of Mg2FeH6 were no longer apparent, whilst the
intensity of the diffraction peak of Fe increased. Furthermore, peaks attributable to MgH2 appeared,
accompanied by several small broad peaks of an unclear phase. The results indicate that Mg2FeH6

was fully dehydrogenated. After the second reaction at 0.85 MPa H2, the diffraction peaks of MgH2

transitioned to those of Mg. The small broad unclear peaks were not prominent but were still present,
indicating that this phase did not participate in the second reaction. The presence of LiBH4 was not
confirmed by XRD due to its weak diffraction intensity compared to the other reactants as well as the
amorphisation after ball-milling. Because direct dehydrogenation of Mg2FeH6 cannot produce MgH2;
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we considered that LiBH4 reacted with Mg2FeH6 in the first reaction. Also, we used scanning electron
microscopy (SEM) to characterize the presence of LiBH4 before and after the first reaction.

Figure 2. X-ray diffraction (XRD) profiles of the x = 0.5 composite during the
pressure–composition–isothermal (PCT) measurement at 643 K: (a) the ball-milled material
before the PCT measurement; (b) the material quenched at 1.2 MPa, which is the pressure between the
first isothermal reaction at 1.85 MPa and the second one at 0.85 MPa; and (c) the material after the
PCT measurement. As a result of Fe in the material, the baseline tilted at high angles. The strongest
diffraction peak of LiH overlapped with that of Fe at 44◦.

The backscattering images (BSE) and energy-dispersive X-ray spectroscopy (EDX) analysis results
obtained before the PCT measurements and after the first reaction are shown in Figure 3. Before the
PCT measurement, the composite material was a uniform mixture; separate LiBH4 and Mg2FeH6

particles were not observed at about 100-nm scale. After the first isothermal reaction at 1.85 MPa,
the composite became an obvious mixture. A large blank area was observed where no B, Fe, or Mg were
detected, suggesting that this area was possibly composed of the dehydrogenation product of LiBH4:
LiH. These results complement the XRD results, indicating that both LiBH4 and Mg2FeH6 underwent
dehydrogenation in the first reaction. Element mapping of Fe and B showed significant overlap, and
the particle size was of the order of several nanometers, indicating the possible formation of iron boride.
A 1:1 reaction ratio between LiBH4 and Mg2FeH6 in the first isothermal reaction suggests that FeB is a
possible iron boride product. The recognized diffraction patterns in the XRD results can be attributed
to FeB (orthorhombic, Cmcm), but the very broad peaks made the phase identification difficult. Because
of the overlapping of the strongest diffraction peaks of Fe (cubic, Im-3m) and FeB, it is hard to rule out
the existence of Fe. Therefore, we still keep it in the reaction of Equation (2). The formation of FeB is
crucial for the reaction between LiBH4 and Mg2FeH6. The estimated enthalpy change ΔH and entropy
change ΔS for the reaction (LiBH4 + Mg2FeH6 → LiH + 2MgH2 + FeB + 5/2H2) is 64 kJ/(mol of H2)
and 125 J/K(mole of H2) , respectively. According to the theoretical value, the equilibrium pressure at
643 K would be 2.1 MPa [23,25–27]. It is very close to the experimental data 1.85 MPa.

83



Inorganics 2017, 5, 81

Figure 3. Backscattered electron (BSE) images and energy-dispersive X-ray spectroscopy (EDX) analyses
of the x = 0.5 composite: (a) the material after ball milling was a uniform mixture of LiBH4 and Mg2FeH6;
(b) the material quenched at 1.2 MPa during the PCT measurement exhibited black areas, possibly LiH.
These analyses indicate that LiBH4 dehydrogenated simultaneously with Mg2FeH6 during the first
isothermal reaction at 1.85 MPa.

On the basis of the phase identification results and the equilibrium pressure of the
dehydrogenation reaction of MgH2 calculated from previously reported thermodynamic data [20,21],
Mg2FeH6 and LiBH4 clearly reacted during the first reaction (Equation (2)), whereas the second
reaction (Equation (3)) was the dehydrogenation of MgH2.

LiBH4 + Mg2FeH6 → LiH + 2MgH2 + (Fe, FeB) + 5/2H2 (2)

MgH2 → Mg + H2 (3)

The theoretical weight loss due to hydrogen release of Reactions (2) and (3) is 3.8 mass % and
3.0 mass %, respectively. This correlates well with the dehydrogenation of MgH2 in the second reaction
very well. However, the actual weight loss of the first reaction was only 3 mass %, and this deviation
could be due to the residual Fe present from Mg2FeH6 synthesis.

As shown in Figure 4a, for x = 0.25, the phases changes at the first and second reaction were
almost the same as those of x = 0.5, except for the presented diffraction peaks of LiBH4 after the
second reaction. The theoretical weight loss of Reactions (2) and (3) in x = 0.25 would be 2.9 mass %
and 2.3 mass %, respectively. The actual weight loss of 2.5 mass % and 2.0 mass % at the first and
second reaction, respectively, correlate with the theoretical value. The results indicate that the same
stoichiometric reaction between LiBH4 and Mg2FeH6 occurred in x = 0.25, and the amount of LiBH4 in
this composition is excessive for the stoichiometric reaction. An additional reaction with an incubation
process occurred after the dehydrogenation of MgH2, and diffraction peaks of MgB2 appeared after
this reaction. Therefore, the final isothermal reaction appears to be between LiBH4 and Mg, as shown
in Equation (4).

2LiBH4 + Mg → 2LiH + MgB2 + 3H2 (4)

In the case of x = 0.75, after the dehydrogenation of MgH2, diffraction peaks of Mg2FeH6 were
still observed and finally disappeared after the last reaction, as shown in Figure 4b. Therefore, the last
reaction can be attributed to the dehydrogenation of any residual Mg2FeH6:

Mg2FeH6 → 2Mg + Fe + 3H2 (5)

The equilibrium pressure of the dehydrogenation of Mg2FeH6, calculated using reference data,
also supports this interpretation [22,23]. The same stoichiometric reaction between LiBH4 and
Mg2FeH6, and the dehydrogenation of MgH2, also occurred in x = 0.75. They contributed 1.4 mass %
and 1.1 mass % weight loss in theoretical, and 1.1 mass % and 1.1 mass % in practice, respectively.
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Figure 4. XRD profiles of (a) x = 0.25 and (b) x = 0.75 composite during the PCT measurement at 643 K:
the ball-milled material before the PCT measurement; the material quenched at 1.5 MPa, which is
the pressure after the first isothermal reaction at 1.85 MPa; the material quenched at 0.7 MPa, which
is the pressure after the second isothermal reaction at 0.85 MPa; and after the PCT measurement.
The strongest diffraction peak of LiH overlapped with that of Fe at 44◦.

2.2. Reversible Hydrogenation Due to the Optimal Composition Ratio

After attempting rehydrogenation at different temperatures and pressures, we confirmed that full
rehydrogenation was achievable at 673 K and 20 MPa H2. The XRD profiles of the x = 0.5 composites
before and after the rehydrogenation reaction at 673 K and 20 MPa H2 are shown in Figure 5. Before
rehydrogenation, the material released H2 via a PCT program such that only Mg, LiH, Fe, and a small
amount of FeB remained. After rehydrogenation, the XRD pattern showed the diffraction peaks of
well-defined crystalline Mg2FeH6, indicating that Mg2FeH6 had been fully rehydrogenated. The weak
diffraction peaks of α-Fe are attributed to the Fe located in the cores of the Mg2FeH6 grains, which,
as reported previously [22,28], cannot be avoided. The diffraction peaks of Mg2FeH6 were sharp due to
the fact that the heat treatment reduced the effect of the ball milling. LiBH4 was not observed from XRD
after ball-milling nor was its presence detected after rehydrogenation. Therefore, we used infrared
(IR) spectroscopy to detect the presence of LiBH4. As shown in Figure 6, the asymmetric stretching
vibration mode and the bending mode of BH4 appeared in the spectra of the rehydrogenated materials
at approximately 2329 cm−1 and 1234–1095 cm−1, respectively. The IR pattern correlated well with
the data reported for pure LiBH4 [29], demonstrating that LiBH4 was present in the rehydrogenated
material. The asymmetric stretching vibration of [FeH6]4− at 1785 cm−1 was also seen [30].
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Figure 5. XRD profiles of the x = 0.5 composite before and after rehydrogenation at 673 K and 20 MPa
H2: (a) the material immediately after ball milling; (b) the material dehydrogenated at 673 K via a PCT
measurement, and (c) the material rehydrogenated at 673 K and 20 MPa H2.

Figure 6. Infrared (IR) spectra of the x = 0.5 composite: (a) directly after ball-milling, (b) after
rehydrogenation. The IR spectra of (c) pure Mg2FeH6 and (d) pure LiBH4 are shown as references.
The B–H vibration stretching at 2329 cm−1 and the bending vibration at 1234–1095 cm−1 demonstrate
that LiBH4 in the composite materials was successfully rehydrogenated.

The PCT plots of the dehydrogenation part during the reversible hydrogenation tests at 673 K are
shown in Figure 7. The equilibrium pressure of the reaction between LiBH4 and Mg2FeH6 at 6.8 MPa
and that of the dehydrogenation reaction of MgH2 at 1.8 MPa remained stable, indicating that the
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properties of the composite materials did not degrade after cycling. The weight loss during each cycle
did not decrease, suggesting that the composite material was fully rehydrogenated.

Figure 7. De/rehydrogenation reversibility of the x = 0.5 composite. The PCT plots were constructed
for the dehydrogenation process after rehydrogenation in each cycle. After four cycles, the H2 capacity
of the materials remained the same.

3. Discussion

According to the PCT results, (1 − x)LiBH4 + xMg2FeH6 (x = 0.25, 0.5, and 0.75) shared the
same reaction between LiBH4 and Mg2FeH6. This reaction was stoichiometric and its thermodynamic
properties did not alter when excessive Mg2FeH6 or LiBH4 were present. The optimal composition for
this stoichiometric reaction was x = 0.5, which can be explained by the formation of FeB. The kinetics
of FeB formation was slow. For example, the reaction between LiBH4 and Mg2FeH6 in the x = 0.5
composite required more than 5 h to achieve a total hydrogen release of 3 mass %. The slow kinetics
also caused the dehydrogenation process observed in the TG–MS and PCT measurements to exhibit
different features. During the PCT measurements, the reaction between LiBH4 and Mg2FeH6 can be
separated from the dehydrogenation of MgH2 for x = 0.5 and 0.75 because of the long reacting time.
On the other hand, the high heating rate of 5 K·min−1 during the TG measurements in our previous
report was not sufficient to incubate the reaction at its thermodynamically equilibrium temperature.
According to theoretical data, it should be below 512 K (the equilibrium termperature at 0.1 MPa
H2) [23,25–27], but in our previous work, the dehydrogenation of the composite materials was observed
beyond 630 K. At this temperature, MgH2 was so unstable that the independent dehydrogenation of
MgH2 no longer occurred. The thermodynamic property of Mg2FeH6 is similar to that of MgH2 [27];
thus, in the Mg2FeH6-rich compositions, independent dehydrogenation of Mg2FeH6 also no longer
occurred and only one event appeared in the TG measurements for x ≥ 0.5, with which all of the
hydrogen-containing species dehydrogenated simultaneously. LiBH4 is stable at the temperature of
the simultaneous dehydrogenation. Therefore, for the x < 0.5 composite, the residue LiBH4 reacted
with Mg or dehydrogenated independently after the simultaneous dehydrogenation in which several
dehydrogenation events were observed. The activation energy of the reaction between LiBH4 and
Mg2FeH6 should be different at the equilibrium reaction pressure and in the dynamic measurement.
The detailed investigation will be carried out in a further study.

Ghaani et al. reported a composite reaction similar to that shown in Equation (2) in the LiBH4-rich
composition [13,19]. Our results demonstrate that the reaction between LiBH4 and Mg2FeH6 was
stoichiometric and did not degrade when excess LiBH4 or Mg2FeH6 was present. Also, an optimal
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composition ratio existed: x = 0.5, with which the independent dehydrogenation of the parent complex
hydrides was avoided.

At the PCT experiment temperature of 643 K, the equilibrium pressure of the reaction between
LiBH4 and Mg2FeH6 is 38 times or 4 times higher than that of the dehydrogenation reaction of pure
LiBH4 or Mg2FeH6. This result indicates that both LiBH4 and Mg2FeH6 were thermodynamically
destabilized in the composite. In other composite materials, such as that between LiBH4 and MgH2,
only LiBH4 could be destabilized [3,20]. Another merit is that the H2 capacity and the dehydrogenation
process remained stable even under an Ar atmosphere. For example, for x = 0.5 composite, all the H2

(6 mass %) was released in the temperature range 580 K to 630 K in the TG–MS experiments. However,
an initial backpressure of at least 0.5 MPa H2 is needed for the incubation of the composite reaction
between LiBH4 and MgH2 [31,32]. Also, the dehydrogenation process of the composite material of
LiBH4 and Mg2NiH4 separated into more than three reactions and lasted from room temperature to
beyond 673 K [6].

Full rehydrogenation of x = 0.5 composite requires much lower temperatures and pressures
than those required in the partial rehydrogenation of LiBH4 (pressures as high as 35 MPa H2 and
temperatures as high as 823 K [33]). Because previous studies on LiBH4-rich compositions did not
achieve full rehydrogenation, we consider that the optimal ratio contributed to the good reversible
hydrogenation performance of the composite material [17,19,34].

4. Materials and Methods

4.1. Synthesis of (1 − x)LiBH4 + xMg2FeH6

The synthesis of (1 − x)LiBH4 + xMg2FeH6 (x = 0.25, 0.5, and 0.75) occurred via ball milling
of commercially available LiBH4 (purity ≥ 90%, Sigma-Aldrich, St. Louis, MO, USA) with
laboratory-synthesized Mg2FeH6 (purity ≥ 90%) in an Ar atmosphere. The detailed synthesis method
is described in the previous paper [12].

4.2. Pressure–Composition–Isothermal (PCT) Measurements

PCT measurements were conducted using a Sievert-type apparatus (Suzuki Shokan Co. Ltd.,
Tokyo, Japan, High-Pressure System Co., Saitama, Japan). The composite materials were heated to
the designated temperature under a high H2 pressure (>10 MPa) to prevent decomposition before the
measurements. During the dehydrogenation measurements, H2 was released in increments smaller
than 0.01 MPa. The pressure change was kept stable between 15 min and 5 h to allow equilibration
of the reaction at each step. Hydrogen weight loss was calculated using the function related to the
pressure; volume of the apparatus, container, and material; and the temperatures at each part of the
apparatus. The investigated temperature range was from 623 K to 673 K. The investigation of the
rehydrogenation and reversible hydrogenation property of the optimized composition was performed
in two steps. First, the dehydrogenation reaction was measured via PCT measurements using the same
process described previously. Second, 20 MPa H2 was added to the container, which was subsequently
maintained for 20–24 h at the same temperature. This two-step process was repeated four times.

4.3. Phase Identification

Phase identification was performed using powder XRD (PANalytical X’Pert-Pro, Almelo,
The Netherlands, Cu Kα radiation, λ = 1.5405 Å) at room temperature. The microstructure and
element distributions of the synthesized samples and the dehydrogenated products were recorded
via SEM (JSM-6009, JEOL Ltd., Tokyo, Japan) using an instrument equipped for EDS (EX-54175JMH,
JEOL Ltd., Tokyo, Japan). During the synthesis and measurement processes, the samples were always
handled under Ar or vacuum to avoid contamination by air or water.
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5. Conclusions

The isothermal dehydrogenation processes of (1 − x)LiBH4 + xMg2FeH6 (x = 0.25, 0.5, and 0.75)
composite materials were studied using PCT measurements. The PCT results suggest that a
stoichiometric reaction between LiBH4 and Mg2FeH6 occurred at all of the investigated composition
ratios, i.e., LiBH4 + Mg2FeH6 → LiH + 2MgH2 + (Fe, FeB) + 5/2H2. Both LiBH4 and Mg2FeH6 were
thermodynamically destabilized by this reaction. x = 0.5 is the optimal ratio for the composite material,
which is also the reacting ratio of the two complex hydrides in the stoichiometric reaction. With the
optimal ratio, the independent dehydrogenation of the excessive LiBH4 or Mg2FeH6 was avoided.
During the dynamic TG–MS experiments, only one dehydrogenation event was observed for the
x = 0.5 and 0.75 composites. The difference between the PCT and TG–MS results is explained by the
slow kinetics of the reaction between LiBH4 and Mg2FeH6. Beside the dehydrogenation property,
the optimal ratio also contributed to the enhanced reversible hydrogenation properties of the composite
materials. The x = 0.5 composites can be de/rehydrogenated completely at 673 K and 20 MPa H2 for at
least four cycles without the loss of H2 capacity.

Acknowledgments: This research has been financed by the Grant-in-Aid for Young Scientists (B) (17K14830),
the Grant-in-Aid for Research Fellow of Japan Society for the Promotion of Science (15J10604), the JSPS KAKENHI
Grant (25220911), and the German Federal Government under the European ERA-NET CONCERT Japan scheme
via the iTHEUS project (grant CONCERT-EN-015). The authors would like to acknowledge Ms. N. Warifune for
providing technical support.

Author Contributions: Guanqiao Li, Motoaki Matsuo, and Shin-ichi Orimo conceived and designed
the experiments; Guanqiao Li and Anna-Lisa Chaudhary performed the experiments; Toyoto Sato and
Shigeyuki Takagi helped analyze the data; Anna-Lisa Chaudhary and Martin Dornheim gave advice concerning
the analysis of the data; and Guanqiao Li wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Paskevicius, M.; Jepsen, L.H.; Schouwink, P.; Cerny, R.; Ravnsbaek, D.B.; Filinchuk, Y.; Dornheim, M.;
Besenbacher, F.; Jensen, T.R. Metal Borohydrides and Derivatives—Synthesis, Structure and Properties.
Chem. Soc. Rev. 2017, 46, 1565–1634. [CrossRef] [PubMed]

2. Callini, E.; Atakli, Z.O.K.; Hauback, B.C.; Orimo, S.; Jensen, C.; Dornheim, M.; Grant, D.; Cho, Y.W.; Chen, P.;
Hjorvarsson, B.; et al. Complex and Liquid Hydrides for Energy Storage. Appl. Phys. A 2016, 122, 353.
[CrossRef]

3. Orimo, S.; Nakamori, Y.; Eliseo, J.R.; Zuttel, A.; Jensen, C.M. Complex Hydrides for Hydrogen Storage.
Chem. Rev. 2007, 107, 4111–4132. [CrossRef] [PubMed]

4. Li, H.W.; Yan, Y.G.; Orimo, S.; Züttel, A.; Jensen, C.M. Recent Progress in Metal Borohydrides for Hydrogen
Storage. Energies 2011, 4, 185–214. [CrossRef]

5. Bösenberg, U.; Doppiu, S.; Mosegaard, L.; Barkhordarian, G.; Eigen, N.; Borgschulte, A.; Jensen, T.R.;
Cerenius, Y.; Gutfleisch, O.; Klassen, T.; et al. Hydrogen Sorption Properties of MgH2–LiBH4 Composites.
Acta Mater. 2007, 55, 3951–3958. [CrossRef]

6. Vajo, J.J.; Li, W.; Liu, P. Thermodynamic and Kinetic Destabilization in LiBH4–Mg2NiH4: Promise for
Borohydride-Based Hydrogen Storage. Chem. Commun. 2010, 46, 6687–6689. [CrossRef] [PubMed]

7. Javadian, P.; Zlotea, C.; Ghimbeu, C.M.; Latroche, M.; Jensen, T.R. Hydrogen Storage Properties of
Nanoconfined LiBH4–Mg2NiH4 Reactive Hydride Composites. J. Phys. Chem. C 2015, 119, 5819–5826.
[CrossRef]

8. Yan, Y.G.; Li, H.W.; Maekawa, H.; Miwa, K.; Towata, S.; Orimo, S. Formation of Intermediate Compound
Li2B12H12 during The Dehydrogenation Process of The LiBH4–MgH2 System. J. Phys. Chem. C 2011, 115,
19419–19423. [CrossRef]

9. Bergemann, N.; Pistidda, C.; Milanese, C.; Emmler, T.; Karimi, F.; Chaudhary, A.L.; Chierotti, M.R.; Klassen, T.;
Dornheim, M. Ca(BH4)2–Mg2NiH4: On The Pathway to A Ca(BH4)2 System with A Reversible Hydrogen
Cycle. Chem. Commun. 2016, 52, 4836–4839. [CrossRef] [PubMed]

89



Inorganics 2017, 5, 81

10. Bosenberg, U.; Kim, J.W.; Gosslar, D.; Eigen, N.; Jensen, T.R.; von Colbe, J.M.B.; Zhou, Y.; Dahms, M.;
Kim, D.H.; Gunther, R.; et al. Role of Additives in LiBH4–MgH2 Reactive Hydride Composites for Sorption
Kinetics. Acta Mater. 2010, 58, 3381–3389. [CrossRef]

11. Yang, J.; Sudik, A.; Wolverton, C. Destabilizing LiBH4 with A Metal (M = Mg, Al, Ti, V, Cr, or Sc) or Metal
Hydride (MH2, MgH2, TiH2, or CaH2). J. Phys. Chem. C 2007, 111, 19134–19140. [CrossRef]

12. Li, G.; Matsuo, M.; Deledda, S.; Sato, R.; Hauback, B.C.; Orimo, S. Dehydriding Property of LiBH4 Combined
with Mg2FeH6. Mater. Trans. 2013, 54, 1532–1534. [CrossRef]

13. Li, G.; Matsuo, M.; Aoki, K.; Ikeshoji, T.; Orimo, S. Dehydriding Process and Hydrogen-Deuterium Exchange
of LiBH4–Mg2FeD6 Composites. Energies 2015, 8, 5459–5466. [CrossRef]

14. Chaudhary, A.-L.; Li, G.; Matsuo, M.; Orimo, S.; Deledda, S.; Sørby, M.H.; Hauback, B.C.; Pistidda, C.;
Klassen, T.; Dornheim, M. Simultaneous Desorption Behavior of M Borohydrides and Mg2FeH6 Reactive
Hydride Composites (M = Mg, then Li, Na, K, Ca). Appl. Phys. Lett. 2015, 107, 073905. [CrossRef]

15. Li, G.; Matsuo, M.; Deledda, S.; Hauback, B.C.; Orimo, S. Dehydriding Property of NaBH4 Combined with
Mg2FeH6. Mater. Trans. 2014, 55, 1141–1143. [CrossRef]

16. Pinkerton, F.E.; Meyer, M.S.; Meisner, G.P.; Balogh, M.P.; Vajo, J.J. Phase Boundaries and Reversibility of
LiBH4–MgH2 Hydrogen Storage Material. J. Phys. Chem. C 2007, 111, 12881–12885. [CrossRef]

17. Deng, S.S.; Xiao, X.Z.; Han, L.Y.; Li, Y.; Li, S.Q.; Ge, H.W.; Wang, Q.D.; Chen, L.X. Hydrogen Storage
Performance of 5LiBH4 + Mg2FeH6 Composite System. Int. J. Hydrog. Energy 2012, 37, 6733–6740. [CrossRef]

18. Langmi, H.W.; McGrady, G.S.; Newhouse, R.; Rönnebro, E. Mg2FeH6–LiBH4 and Mg2FeH6–LiNH2

Composite Materials for Hydrogen Storage. Int. J. Hydrog. Energy 2012, 37, 6694–6699. [CrossRef]
19. Ghaani, M.R.; Catti, M.; Nale, A. Thermodynamics of Dehydrogenation of the 2LiBH4–Mg2FeH6 Composite.

J. Phys. Chem. C 2012, 116, 26694–26699. [CrossRef]
20. Bogdanovic, B.; Bohmhammel, K.; Christ, B.; Reiser, A.; Schlichte, K.; Vehlen, R.; Wolf, U. Thermodynamic

Investigation of the Magnesium–Hydrogen System. J. Alloys Compd. 1999, 282, 84–92. [CrossRef]
21. Bohmhammel, K.; Wolf, U.; Wolf, G.; Konigsberger, E. Thermodynamic Optimization of the System

Magnesium–Hydrogen. Thermochim. Acta 1999, 337, 195–199. [CrossRef]
22. Zhang, X.; Yang, R.; Qu, J.; Zhao, W.; Xie, L.; Tian, W.; Li, X. The Synthesis and Hydrogen Storage Properties

of Pure Nanostructured Mg2FeH6. Nanotechnology 2010, 21, 095706. [CrossRef] [PubMed]
23. Puszkiel, J.A.; Larochette, P.A.; Gennari, F.C. Thermodynamic and Kinetic Studies of Mg–Fe–H after

Mechanical Milling Followed by Sintering. J. Alloys Compd. 2008, 463, 134–142. [CrossRef]
24. Wang, Y.; Cheng, F.Y.; Li, C.S.; Tao, Z.L.; Chen, J. Preparation and Characterization of Nanocrystalline

Mg2FeH6. J. Alloys Compd. 2010, 508, 554–558. [CrossRef]
25. Siegel, D.J.; Wolverton, C.; Ozolin, š, V. Thermodynamic Guidelines for the Prediction of Hydrogen Storage

Reactions and Their Application to Destabilized Hydride Mixtures. Phys. Rev. B 2007, 76. [CrossRef]
26. Price, T.E.C.; Grant, D.M.; Telepeni, I.; Yu, X.B.; Walker, G.S. The Decomposition Pathways for LiBD4–MgD2

Multicomponent Systems Investigated by In Situ Neutron Diffraction. J. Alloys Compd. 2009, 472, 559–564.
[CrossRef]

27. Miwa, K.; Takagi, S.; Matsuo, M.; Orimo, S. Thermodynamical Stability of Complex Transition Metal
Hydrides M2FeH6. J. Phys. Chem. C 2013, 117, 8014–8019. [CrossRef]

28. Bogdanovic, B.; Reiser, A.; Schlichte, K.; Spliethoff, B.; Tesche, B. Thermodynamics and Dynamics of the
Mg−Fe−H System and Its Potential for Thermochemical Thermal Energy Storage. J. Alloys Compd. 2002,
345, 77–89. [CrossRef]

29. Zavorotynska, O.; Corno, M.; Damin, A.; Spoto, G.; Ugliengo, P.; Baricco, M. Vibrational Properties of MBH4

and MBF4 Crystals (M = Li, Na, K): A Combined DFT, Infrared, and Raman Study. J. Phys. Chem. C 2011,
115, 18890–18900. [CrossRef]

30. Parker, S.F.; Williams, K.P.J.; Bortz, M.; Yvon, K. Inelastic Neutron Scattering, Infrared, and Raman
Spectroscopic Studies of Mg2FeH6 and Mg2FeD6. Inorg. Chem. 1997, 36, 5218–5221. [CrossRef]

31. Kim, K.B.; Shim, J.H.; Park, S.H.; Choi, I.S.; Oh, K.H.; Cho, Y.W. Dehydrogenation Reaction Pathway of
the LiBH4−MgH2 Composite under Various Pressure Conditions. J. Phys. Chem. C 2015, 119, 9714–9720.
[CrossRef]

32. Bosenberg, U.; Ravnsbaek, D.B.; Hagemann, H.; D’Anna, V.; Minella, C.B.; Pistidda, C.; van Beek, W.;
Jensen, T.R.; Bormann, R.; Dornheim, M. Pressure and Temperature Influence on the Desorption Pathway of
the LiBH4−MgH2 Composite System. J. Phys. Chem. C 2010, 114, 15212–15217. [CrossRef]

90



Inorganics 2017, 5, 81

33. Orimo, S.; Nakamori, Y.; Kitahara, G.; Miwa, K.; Ohba, N.; Towata, S.; Zuttel, A. Dehydriding and
Rehydriding Reactions of LiBH4. J. Alloys Compd. 2005, 404, 427–430. [CrossRef]

34. Gosselin, C.; Deledda, S.; Hauback, B.C.; Huot, J. Effect of Synthesis Route on the Hydrogen Storage
Properties of 2MgH2–Fe Compound Doped with LiBH4. J. Alloys Compd. 2015, 645, S304–S307. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

91



inorganics

Article

Hydrogen Storage Stability of Nanoconfined MgH2

upon Cycling

Priscilla Huen 1, Mark Paskevicius 2, Bo Richter 1, Dorthe B. Ravnsbæk 3 and Torben R. Jensen 1,*

1 Center for Materials Crystallography, Interdisciplinary Nanoscience Center and Department of Chemistry,
Aarhus University, Langelandsgade 140, 8000 Aarhus C, Denmark; priscilla.huen@inano.au.dk (P.H.);
richter@chem.au.dk (B.R.)

2 Department of Physics and Astronomy, Fuels and Energy Technology Institute, Curtin University,
Kent Street, Bentley, WA 6102, Australia; M.Paskevicius@curtin.edu.au

3 Department of Physics, Chemistry and Pharmacy, University of Southern Denmark, Campusvej 55,
5230 Odense M, Denmark; dbra@sdu.dk

* Correspondence: trj@chem.au.dk; Tel.: +45-8715-5939

Received: 4 July 2017; Accepted: 18 August 2017; Published: 23 August 2017

Abstract: It is of utmost importance to optimise and stabilise hydrogen storage capacity during
multiple cycles of hydrogen release and uptake to realise a hydrogen-based energy system. Here,
the direct solvent-based synthesis of magnesium hydride, MgH2, from dibutyl magnesium, MgBu2,
in four different carbon aerogels with different porosities, i.e., pore sizes, 15 < Davg < 26 nm,
surface area 800 < SBET < 2100 m2/g, and total pore volume, 1.3 < Vtot < 2.5 cm3/g, is investigated.
Three independent infiltrations of MgBu2, each with three individual hydrogenations, are conducted
for each scaffold. The volumetric and gravimetric loading of MgH2 is in the range 17 to 20 vol %
and 24 to 40 wt %, which is only slightly larger as compared to the first infiltration assigned to
the large difference in molar volume of MgH2 and MgBu2. Despite the rigorous infiltration and
sample preparation techniques, particular issues are highlighted relating to the presence of unwanted
gaseous by-products, Mg/MgH2 containment within the scaffold, and the purity of the carbon
aerogel scaffold. The results presented provide a research path for future researchers to improve the
nanoconfinement process for hydrogen storage applications.

Keywords: hydride; nanoconfinement; carbon scaffold

1. Introduction

The development of a cleaner and more sustainable energy system is urgently needed to meet our
increasing energy demand, and to avoid global warming and environmental pollution due to increasing
levels of carbon dioxide and other toxic gases. Hydrogen is considered a potential energy carrier, since
it is an abundant, non-greenhouse gas and can be produced by the electrolysis of water [1–4]. However,
gaseous hydrogen at ambient conditions has a low density of 0.082 g/L, which is a disadvantage
for mobile applications, even with compression [5]. Therefore, the solid state storage of hydrogen
in a metal hydride has been investigated [3,4,6,7]. Magnesium hydride, MgH2, as one of the most
extensively studied hydride materials, has a moderately high theoretical gravimetric H2 density of
ρm(MgH2) = 7.6 wt % H2, and a volumetric H2 density of ρv(MgH2) = 110 g H2/L [8]. However, the
practical application of an MgH2-based system is hindered from the unfavourable thermodynamics
and the typically slow kinetics of the hydrogen release and uptake [9,10].

To improve the hydrogen storage properties of MgH2, nanoconfinement in porous materials
can be considered [11–17]. Preparing nanosized MgH2 from this bottom-up approach can reduce the
hydrogen diffusion distance and increase the amount of hydrogen in the grain boundaries, leading to
improved kinetics of hydrogenation/dehydrogenation [18]. Nanoconfinement has also been employed
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for other hydride materials (e.g., NaAlH4, LiBH4, and NH3BH3) and demonstrates an improvement
in gas release properties [15,19–22]. Nanoconfined MgH2 in mesoporous scaffolds can be prepared
through an Mg melt infiltration process followed by hydrogenation, or by a direct synthesis route using
a precursor (e.g., dibutyl magnesium, MgBu2) [11–13,23–25]. The loading of MgH2 in the scaffold is
between 3.6 wt % and 22.0 wt % [19].

Previous work reveals that smaller pore sizes within resorcinol-formaldehyde carbon aerogel (CA)
scaffolds lead to improved hydrogen release kinetics of nanoconfined MgH2, by reducing the particle
size and increasing the surface area of MgH2 [11]. However, mainly the first hydrogen release cycle
has been investigated up to now. Therefore, this present study includes multiple cycles of hydrogen
release and uptake. Thermal treatment of the CA scaffold in a gas flow (often CO2) can increase the
surface area, up to >2000 m2/g, and the total pore volume to 2–3 mL/g, but has almost no effect on the
pore size distribution. This procedure is often denoted scaffold “activation”. Therefore, CA scaffolds
are considered very customisable and may possess a wide range of porosity parameters. Previous
investigations of sodium aluminium hydride, NaAlH4, nanoconfined in activated scaffolds reveal
that more material can be infiltrated onto an activated scaffold, i.e., there is a larger hydrogen storage
capacity due to a larger pore volume, but these materials show slower kinetics for hydrogen release as
compared to nonactivated scaffold [26]. Nanoconfined hydrides are mostly shown to exhibit improved
kinetics of hydrogen release and uptake, but a change in thermodynamics is only observed when the
scaffolds have pore sizes smaller than 2–3 nm [27].

There are a number of studies that have investigated the effect of nanoconfinement on the
dehydrogenation properties of MgH2, but there is little information about the reversible hydrogen
storage capacity of nanoconfined MgH2 upon cycling (hydrogen release and uptake). In addition,
it has been discovered that butane gas is released (in conjunction with hydrogen) in the thermal
treatment of nanoconfined MgH2, which may refer to the incomplete hydrogenation of MgBu2 after
infiltration [28]. Here, we maximize the hydrogen storage capacity of nanoconfined MgH2 through
multiple infiltrations and use a variety of carbon aerogel scaffolds with different pore networks.
The properties of nanoconfined MgH2 samples are then compared with a focus on their hydrogen
storage capacity after multiple hydrogen release and uptake cycles.

2. Results and Discussion

2.1. Porosity of the Nanoporous Scaffolds and Confinement of Magnesium Hydride

Magnesium hydride, MgH2, was nanoconfined in four different carbon aerogel scaffolds with
different texture properties as shown in Table 1. The porosities of the as-synthesised scaffolds X1 and
X2 are similar except for the average pore sizes, Dmax, of 16.6 ± 0.5 and 27.1 ± 2.7 nm, respectively.
The surface area, SBET, and total pore volume, Vtot, of the activated scaffolds CX1 and CX2 increase
significantly after heat treatment in a flow of carbon dioxide, but Dmax remains almost constant.

Table 1. Texture properties of the carbon aerogel scaffolds and amount of magnesium hydride present
after three infiltrations.

Carbon
Aerogels

SBET

(m2/g)
Davg (nm)

Vmicro

(cm3/g)
Vmeso

(cm3/g)
V tot

(cm3/g)
MgH2

(wt %) a
MgH2

(vol %) b

X1 829 ± 16 16.6 ± 0.5 0.23 ± 0.01 1.13 ± 0.03 1.32 ± 0.04 24.8 17.3
X2 801 ± 16 27.1 ± 2.7 0.25 ± 0.01 1.11 ± 0.08 1.32 ± 0.10 24.3 16.7

CX1 1940 ± 131 14.7 ± 0.6 0.54 ± 0.07 1.85 ± 0.06 2.37 ± 0.12 37.1 17.1
CX2 1803 ± 30 25.0 ± 0.8 0.56 ± 0.02 1.89 ± 0.04 2.38 ± 0.05 40.3 19.6

a Calculated stoichiometrically from the uptake of di-n-butylmagnesium; b Calculated from the volume of the empty
scaffold and the bulk density of MgH2.

The procedures for the direct synthesis of nanoconfined magnesium hydride, MgH2 utilised in
this investigation are a new modification of a previously described approach using monoliths of carbon
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aerogel scaffold [11,12]. The aim of this investigation is to explore new approaches to prepare high
hydrogen capacity materials based on nanoconfined magnesium hydride. A total of three dibutyl
magnesium infiltrations, each with three hydrogenations, were conducted in order to increase the
loading of MgH2 in the porous scaffolds, with details provided in Table 1 and Table S1. The infiltrated
amount of dibutyl magnesium, MgBu2, is measured gravimetrically after mechanically removing
excess dibutyl magnesium that was crystallised on the surface of the scaffolds. Scaffolds X2 and
CX2 show decreasing amounts of infiltrated MgBu2 for each consecutive cycle of infiltration, see
Table S1, assigned to increasing amounts successfully infiltrated in each cycle. In contrast, the amount
of infiltrated MgBu2 in X1 and CX1 vary more so, possibly due to difficulties in efficiently removing
MgBu2 from the surface. A graphical presentation of the results from the infiltrations is presented in
Figure 1. Dibutyl magnesium is assumed to be completely converted to MgH2 following the reaction
Scheme (1):

Mg(C4H9)2(s) + 2H2(g) → MgH2(s) + 2C4H10(g) (1)
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Figure 1. The cumulative gravimetric (solid symbols) and volumetric (open symbols) infiltration
of magnesium hydride MgH2 after each infiltration procedure in the four different carbon aerogel
(CA) scaffolds.

The gravimetric and volumetric quantity of infiltrated magnesium hydride is calculated using the
mass of scaffold, total pore volume, and bulk density of MgH2. The volumetric loading of MgH2 in
the three scaffolds X1, X2, and CX1 are similar, ~17 vol %, whereas CX2 is slightly larger, ~20 vol %.
However, the gravimetric hydride content varies more significantly, ~24 wt % for X1 and X2, ~37 wt %
for CX1, and ~40 wt % for CX2. Recall that three independent infiltrations of MgBu2 were conducted
in this work, each with three individual hydrogenations. However, this work reveals that only a
moderate increase in the infiltrated amount of MgH2 is obtained after three infiltrations as compared
to 12 vol % MgH2 after one infiltration in a previous work [11]. That is mainly assigned to the large
difference in molar volume of MgH2 (18.2 cm3/mol) and MgBu2 (188.2 cm3/mol). As such, MgBu2

takes up a large volume after the infiltration, and only one-tenth of this volume is converted to MgH2.
This is similar to the utilisation of butyllithium for the direct synthesis of nanoconfined LiH, where
loadings in the range of 12–17 wt % were obtained [29]. Secondly, MgH2 may have a tendency to block
the pores and stop further infiltration, which may hamper the full infiltration of the smaller pores.

2.2. Hydrogen Storage Capacity upon Cycling

Reversible hydrogen storage properties were investigated for five cycles of hydrogen release
(T = 355 ◦C, t = 15 h in vacuum) and uptake (T = 355 ◦C, t = 15 h in p(H2) = 50 bar), i.e., Δp(H2) = 50 bar,
denoted condition 1, for the four nanoconfined MgH2 samples (see Figure 2). In the first decomposition,
Mg_CX1 released 3.1 wt % H2, which is slightly higher than the calculated hydrogen content of the
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sample based on the calculated quantity of MgH2, 2.82 wt % (see Table 2). The observed hydrogen
release from Mg_X1, 1.8 wt % H2, is in accordance with the calculated value (1.88 wt % H2). Samples
Mg_X2 and Mg_CX2, with larger average pore sizes, release a lower quantity of gas, 1.3 and 2.2 wt %
H2, which corresponds to 68% and 71% of the calculated hydrogen content, respectively. For the
following cycles, Table 2 and Figure 2 reveal a general stabilisation of the hydrogen storage capacity
after the second desorption cycle.
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Figure 2. Sievert’s measurements of (a) Mg_X1; (b) Mg_X2; (c) Mg_CX1; (d) Mg_CX2 under condition 1.
Samples heated in vacuum from room temperature to 355 ◦C (ΔT/Δt = 5 ◦C/min) for 15 h and
reabsorbed for 15 h under p(H2) = 50 bar.

Table 2. Calculated hydrogen content in infiltrated carbon aerogels and the hydrogen release measured
by Sievert’s method in desorption one (Des1) to five (Des5) using condition 1. The percentages in
parentheses correspond to the retained hydrogen storage capacity compared to the initial values
in Des1.

Sample
Dmax

(nm)
ρm

(H2)/(wt %)
Des1

(H2 wt %)
Des2

(H2 wt %)
Des3

(H2 wt %)
Des4

(H2 wt %)
Des5

(H2 wt %)

Mg_X1 17 1.88 1.8 (100%) 1.3 (72%) 1.2 (67%) 1.2 (67%) 1.2 (67%)
Mg_X2 26 1.85 1.3 (100%) 1.2 (92%) 1.1 (85%) 1.1 (85%) 1.0 (77%)

Mg_CX1 15 2.82 3.1 (100%) 2.0 (67%) 1.9 (61%) 1.9 (61%) 1.9 (61%)
Mg_CX2 25 3.06 2.2 (100%) 1.4 (64%) 1.3 (59%) 1.2 (55%) 1.2 (55%)

For all four samples, the hydrogen release temperature is lower for the first cycle in comparison
to further cycles. This may indicate that other reactions, besides the release of hydrogen, mainly
occur in the first cycle. A thermal analysis using mass spectroscopy revealed that butane release
occurs in addition to hydrogen release. This is unexpected due to the rigorous infiltration procedure,
where a total of nine hydrogenation and evacuation steps are undertaken. In fact, butane is typically
released at lower temperatures than hydrogen, generally in the range of 100 to 350 ◦C (this is further
discussed later).
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A similar investigation of the reversible hydrogen storage properties of the four nanoconfined
samples was conducted using condition 2, i.e., the same temperature and time but a higher back-pressure
for hydrogen release (p(H2) = 4–5 bar) and lower hydrogen pressure for uptake (p(H2) = 12 bar),
i.e., Δp(H2) ~7.5 bar. Figure S1 shows a dramatic difference in the hydrogen release properties in
comparison to Figure 2, where hydrogen desorption was conducted under vacuum and hydrogen
absorption was conducted under 50 bar.

2.2.1. Thermodynamic Considerations

Conditions 1 and 2 for hydrogen release and uptake were selected so that condition 2 was just
above/below the thermodynamic equilibrium pressure for hydrogen absorption/release of Mg/MgH2

at 355 ◦C, i.e., peq(H2) = 6.4 bar [30], whereas condition 1 operates at a considerable “over-pressure”.
The hydrogen release data is presented in Figure 2 and Figure S1, respectively, showing dramatically
different hydrogen release properties. Specifically, Figure S1 displays much lower gravimetric
hydrogen release (i.e., 0.4 wt % vs. 1.8 wt % for the same sample and same cycle).

For condition 2, hydrogen is absorbed at p(H2) = 11–12 bar and desorbed at p(H2) < 5.2 bar, which
is well above/below the thermodynamically limiting equilibrium pressure of peq(H2) = 6.4 bar [30].
Thus, from a thermodynamic point of view, conditions 1 and 2 should provide the same hydrogen
storage properties, including hydrogen capacity. The hydrogen release profiles of conditions 1 and 2
(Figure 2 and Figure S1) are similar, which suggest that hydrogen release kinetics are similar and the
majority of hydrogen release is within the first 3 h in all cases. However, the amount of hydrogen
release is much lower in condition 2.

The very different pressures during hydrogenation, 50 or 12 bar for conditions 1 and 2, may lead
to large differences in the degree of hydrogenation for several reasons: (i) Hydrogen is known to
have slow diffusion in bulk Mg and MgH2; (ii) The larger molar volume of magnesium hydride,
ρmol(MgH2) = 18.15 cm3/mol as compared to magnesium ρmol(Mg) = 13.98 cm3/mol may lead to
core/shell formation during the hydrogenation of magnesium particles. Thus, a magnesium hydride
layer may retard further hydrogenation; (iii) The material expansion of Mg to MgH2 could lead to the
blocking of the smaller pores in the scaffold, which may also retard further hydrogenation. A larger
“over-pressure” as applied in condition 1 may limit the above mentioned drawbacks, (i) to (iii), and
lead to complete hydrogenation of the samples.

2.2.2. Kinetics of Hydrogen Release of Nanoconfined MgH2

For all the nanoconfined magnesium hydride samples, the majority of hydrogen is desorbed
during heating from room temperature to 355 ◦C. Furthermore, in all cases, the first H2 release profile
is significantly different to the following ones, whereas the second is similar to the third, and then
the H2 release profiles become almost identical. This is clearly observed in Figure 2. For all four
samples, the first decomposition has faster kinetics for hydrogen release and also a lower onset
temperature. The initial 10 to 50% H2 for the first cycle is released at a rate of 0.024, 0.030, 0.046, and
0.046 wt % H2/min for the samples Mg_X1, Mg_X2, Mg_CX1 and Mg_CX2, respectively. The later
hydrogen release profiles, cycle no. 2 to 5, consist of two regimes, see Figure S2. Initially, the hydrogen
release rate appears to increase exponentially and then linearly at higher temperatures (see Figure S2).
This suggests that the hydrogen release mechanism consists of more than one process, which is also
observed for Mg1−xTixH2 nanoparticles [31]. Here, we assume that the individual hydrogen release
processes are independent and are due to differences in particle size, location in small or large pores
or being located outside the scaffold, or consisting of Mg/MgH2/MgBu2 core–shell particles [32].
Assuming independent individual processes for hydrogen release, then the fastest process would
occur at lower temperatures.

The data presented here for hydrogen release is not measured under isothermal conditions,
which makes the kinetic analysis more challenging. The overall hydrogen release profile has a
distorted sigmoidal shape, which cannot be modelled using Avrami-type kinetic equations, which
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have previously successfully been used to evaluate hydrogen release from Mg–Al–H, Mg–Cu–H, and
Mg–Ni–H systems [33–35]. The first exponentially increasing hydrogen release does not match a
power law, but the linear part of the profile can be fitted to a linear equation of the type, α(t) = b + kt,
where k is assigned an apparent rate constant. Apparent kinetic data is useful to compare similar
samples in a more quantitative way. The degree of hydrogen release, α(t), from the normalised
hydrogen release profiles (see Figure 3) also expresses the degree of magnesium formation. For the
two as-synthesised scaffolds, the linear part of the curve is approximately in the range 0.3 < α(t) < 0.6.
The apparent rate constants for these two samples, Mg_X1 and Mg_X2, are k1 = 1.33(4) × 10−4 s−1

and k2 = 2.3(1) × 10−4 s−1, respectively. The carbon dioxide activated sample, Mg_CX2, is somewhat
similar, 0.37 < α(t) < 0.62, with k4 = 1.65(7) × 10−4 s−1, whereas the linear hydrogen release profile
occurs at a higher degree of formation, 0.50 < α(t) < 0.75, for Mg_CX1, with k3 = 1.23(2) × 10−4 s−1.
The linear regime for the hydrogen release rates have onsets in the temperature range 300 to ~330 ◦C
and in some cases continue into the isothermal heating at T = 355 ◦C. We note that the calculated
values for the apparent rate constants have the same order of magnitude as the values for bulk- and
nickel-doped magnesium hydride, i.e., 1.0 < k < 5.3 × 10−4 s−1, but at significantly higher temperatures,
370 to 390 ◦C [35].
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Figure 3. Normalized Sieverts gas release profiles of the four samples of nanoconfined magnesium
hydride, (a) first desorption cycle; (b) second desorption cycle; and (c) fifth desorption cycle.

The first gas release with an exponential increasing rate is assigned to MgH2 confined in the
smaller pores, whereas hydrogen release at higher temperatures in the linear regime is assigned to
MgH2 confined in the larger cavities or outside the scaffold. Clearly, the rate of hydrogen release is
lower for the larger particles as compared to the initial hydrogen release for the smaller in all cases,
despite the significantly higher temperatures in the linear regime, which is illustrated in Figure S2.
Accordingly, the four samples have similar apparent rate constants. However, the hydrogen storage
capacities for the nanoconfined samples presented in Table 2 are significantly lower as compared

97



Inorganics 2017, 5, 57

to well-known magnesium hydride–metal oxide systems, which may also show fast kinetics, e.g.,
MgH2–Nb2O5 [36,37]. However, this is due to a reduction of the metal and the formation of a solid
solution, MgxNb1−xO [38].

2.3. Analysis of the Released Gases and Samples after Cycling

TGA-MS reveals that nanoconfined MgH2 samples release hydrogen in accordance with Sievert’s
measurements (see Figure 4). However, there is also a significant quantity of butane gas that is also
released, not just in the first cycle but also small but still detectable amounts on the fifth desorption
cycle. However, after five desorption/absorption cycles under condition 1, the amount of butane
released by Mg_X2 is about 100 times less compared to the as-prepared Mg_X2. It should again
be reiterated that the sample preparation in this study was meticulous in pre-cycling a hydrogen
reduction step three times in an attempt to completely transform the MgBu2 precursor, but the release
gas stream is still contaminated with butane. The conversion of the MgBu2 precursor to MgH2 was
conducted at T = 150 ◦C during sample preparation. This treatment appears more efficient for scaffolds
with larger pores, which release less butane. Scaffolds with smaller pores may more effectively contain
and isolate MgBu2, preventing it from hydrogenating during activation. This leads to butane release in
the later hydrogenation cycles. In terms of hydrogen release, the temperature of maximum hydrogen
release shifts to a higher temperature due to the particle growth of MgH2, as revealed by powder X-ray
diffraction (see Section 2.4).

Figure 4. Thermogravimetric and mass spectroscopic analysis of the hydrogen and butane release
from as-prepared Mg_X2 (solid line) and cycled Mg_X2 (dash line) during constant heating from room
temperature (RT) to 500 ◦C (ΔT/Δt = 5 ◦C/min).

The minor increase in the measured mass at low temperature is caused by buoyancy. The total
mass loss of the as-prepared Mg_X2 upon decomposition was 7.3 wt %, which is significantly higher
than the calculated hydrogen content (1.85 wt %). Larger than expected mass loss is also observed for
other samples. In addition to hydrogen and butane, other types of gas (e.g., observed as m/z ratio = 28,
36, and 38) are also released from the samples in the first decomposition (see Figure S3). The impurities
may come from the organic solvent or from the scaffolds above 250 ◦C [11]. In the first decomposition
cycles, impurities in the as-prepared samples vaporize. Thus, in further cycles, the gas stream is more
pure hydrogen whilst other gases are absent and do not contribute to extra mass loss.

2.4. Comparison of As-Prepared and Cycled Nanoconfined MgH2

The four nanoconfined magnesium hydride samples were examined by powder X-ray diffraction
(PXD) before and after five cycles of hydrogen release and uptake. Figure 5 reveals that the as-prepared
nanoconfined sample and the five-times cycled sample Mg_CX1 contain crystalline MgH2 and MgO.
Figure 5 also reveals an extreme difference in the diffraction peak width for MgH2 in the two samples.
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All the diffraction data was analysed quantitatively for the composition of the crystalline fraction of
the sample and the average crystallite sizes using Rietveld refinement (see Table 3). In the as-prepared
samples, the crystallite size of MgH2 is significantly smaller than the average pore size of the scaffold.
This is due to the relatively low temperature for conversion of MgBu2 to MgH2 (150 ◦C), and the fact
that the molar volume of MgBu2 is a factor ten larger than that of MgH2. However, only 38% to 48% of
the crystalline fraction is MgH2; the major part is nanocrystalline MgO.
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Figure 5. Powder X-ray diffraction (PXD) of Mg_CX1 (a) before; and (b) after five desorption/absorption
cycles. * MgH2; # MgO.

Table 3. Calculated average MgH2 crystallite size and crystalline weight fraction from PXD as infiltrated
and after five desorption cycles using condition 1. The remaining crystalline weight fraction is from
MgO, which in all cases exists with ~1 nm crystallites.

Sample Dmax (nm)

As Infiltrated After Five Cycles

MgH2 Cryst.
Size (nm)

MgH2 Cryst.
wt %

MgH2 Cryst.
Size (nm)

MgH2 Cryst.
wt %

Mg_X1 17 13 0.38 210 0.21
Mg_X2 26 10 0.40 248 0.19

Mg_CX1 15 8 0.48 300 0.35
Mg_CX2 25 13 0.23 95 0.12

For sample Mg_CX2, the distribution of MgH2 and MgO is 23% and 77%, respectively.
This decrease in active hydrogen storage material is in accordance with the decrease in hydrogen
storage capacity measured by Sievert’s method (see Figures 2 and 3). For all investigated samples,
magnesium oxide is present as stable nanocrystallites (~1 nm). This can be ascribed to the fact that
MgO is a much more refractory material, which does not take part in any reactions at temperatures
used in the present study. The presence of oxygen is obviously a significant problem for the long term
stability of nanoconfined MgH2. The primary source of oxygen appears to be the “inert” carbon aerogel
scaffold. It has been found that a carbon aerogel synthesised by a variety of routes has a significant
oxygen content (C–O and C=O) [39]. Typically, the oxygen content is a few percent, with much higher
oxygen content reported on the surface (~10%). Magnesium is an excellent oxygen scavenger, and the
results here show that it strongly reacts with the oxygen within the carbon aerogel scaffold during
synthesis and hydrogen cycling at an elevated temperature.

After five cycles of hydrogen release/uptake, the Bragg peaks of MgH2 are much sharper,
revealing an average crystallite size that is one order of magnitude or two orders of magnitude
greater than in the as-prepared samples (Table 3). These average crystallite sizes are also much larger
than the average pore sizes in the scaffolds, which demonstrates the high mobility of Mg/MgH2 during
cycling (hydrogen release and uptake) at 350 ◦C. Thus, Mg/MgH2 tends to migrate or agglomerate in
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larger pore voids or outside of the scaffold. Particle growth contributes to increasing temperatures
for hydrogen release due to hindered kinetics. Nanoparticles have a well-known tendency to grow to
larger particles. Previous work demonstrates that sodium alanate, NaAlH4, prefers to crystallise in the
larger pores in CA scaffolds [26], and may also migrate out of the scaffold upon cycling [40].

The infiltrated scaffolds, before and after hydrogen cycling, were investigated by transmission
electron microscopy (TEM) (see Figure 6). After infiltration, the MgH2 is well-dispersed in the carbon
scaffold (<25 nm). After five desorption/absorption cycles, MgH2 particles appear to form larger
agglomerations (~100 nm). However, it is difficult to determine if the agglomerates of MgH2 are still
within the scaffold or on the surface from the TEM data given that it is a transmission-based technique.
Given the average carbon aerogel pore size of 25 nm, it seems likely that Mg/MgH2 has migrated to
the surface of the scaffold outside of the pore network.

 

Figure 6. Scanning transmission electron microscope-high-angle annular dark-field (STEM-HAADF)
images and elemental mapping of the as-prepared Mg_CX2 (a,b) and Mg_CX2 after five
desorption/absorption cycles (c,d).

3. Materials and Methods

3.1. Synthesis of Carbon Scaffolds

Two batches (denoted X1 and X2) of resorcinol-formaldehyde carbon aerogel were synthesized
as described previously [11,41]. Resorcinol (41.3 g, Sigma-Aldrich, Brøndby, Denmark, ≥99.0%) and
formaldehyde (56.9 mL, 37 wt % in H2O, stabilized by 10–15% methanol, Sigma-Aldrich) were added to
deionized water (56.6 mL) under stirring. Sodium carbonate, Na2CO3 (65 mg, Sigma-Aldrich, 99.999%)
was added to the synthesis of X1 (pH = 6.47) and 40 mg to that of X2 (pH = 6.20). The mixtures were
kept in sealed containers at room temperature for 24 h, then at 50 ◦C for 24 h, and finally at 90 ◦C for
72 h. The depth of the solution in the sealed containers was less than 0.5 cm to ensure the homogeneity
of the carbon aerogel. After cooling, the solid gels were immersed in an acetone bath to exchange all
the water inside the pores. The solid gels were then cut into small pieces with average dimension
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1 cm × 0.5 cm × 0.4 cm and pyrolysed at 800 ◦C (ΔT/Δt = 3 ◦C/min) in N2 for 6 h. A portion of
both samples X1 and X2 underwent further heat treatment from room temperature (RT) to 950 ◦C
(ΔT/Δt = 6 ◦C/min) followed by an isothermal step at 950 ◦C for 5 h in a constant CO2 flow in order
to increase the surface area (SBET) and total pore volume (Vtot) [42]. These samples are denoted CX1
and CX2. The average dimension of the monoliths decreased significantly to only 10–20% of their
initial volume. All the synthesized carbon aerogels were degassed in vacuum at 350 ◦C for several
hours and stored inside an argon-filled glovebox.

3.2. Direct Synthesis of Nanoconfined Magnesium Hydride

Monoliths of carbon aerogel with an average volume of 0.2 cm3 were immersed in 1 M
di-n-butylmagnesium, Mg(CH2CH2CH2CH3)2, denoted MgBu2 (~5 mL, in ether and hexanes,
Sigma-Aldrich) for two days. The solvent was removed using Schlenk techniques and the monoliths
were dried for several hours in an inert argon atmosphere. Excess white MgBu2 on the surface of
the black scaffold was removed mechanically. The amount of infiltrated dibutyl magnesium was
determined from the weight gain of the monoliths before and after each infiltration. Afterwards,
the infiltrated monoliths were placed in an autoclave (Swagelok, Esbjerg, Denmark) and heated to
150 ◦C (ΔT/Δt = 5 ◦C/min) under p(H2) = 100 bar and kept at 150 ◦C for 1 h to convert MgBu2 to
MgH2 and butane. The autoclave was then evacuated and kept in dynamic vacuum for 30 min to
remove the released butane gas. The hydrogenation and evacuation procedures were repeated two
further times at 150 ◦C to ensure a high conversion of MgBu2 to MgH2. Finally, the samples were
cooled to room temperature under hydrogen pressure. These MgBu2 infiltration and consequent
hydrogenation procedures were repeated three times (3×) for each of the four monolithic samples,
and finally the prepared samples were hand ground into powder for further characterisation. The
infiltrated volumetric quantity of hydrogen storage material, MgH2, is calculated from the weight gain
of the scaffold and the bulk densities ρ(MgH2) = 1.45 g/cm3 and ρ(MgBu2) = 0.736 g/cm3. Table S1
provide details about the amounts of MgBu2 infiltrated in each procedure and the total amounts
of magnesium hydride in each scaffold. The magnesium hydride-containing scaffolds are denoted
Mg_X1, Mg_X2, etc. The samples were stored and handled inside an argon-filled glovebox with
H2O/O2 levels below 1 ppm.

3.3. Characterisation

The porosity analysis was performed using a Nova 2200e surface area and pore size analyser
(Quantachrome Instruments, Odelzhausen, Germany). The properties of the carbon aerogels were
deduced from N2 adsorption/desorption measurements at 77 K. The surface area (SBET) was measured
using the Brunauer–Emmett–Teller (BET) method, and the micropore volume (Vmicro) was determined
by the t-plot method [43,44]. The average pore size (Dmax) and mesopore volume (Vmeso) were recorded
by the Barrett–Joyner–Halenda (BJH) method during desorption [45]. The total pore volume (Vtot) of
the scaffold was obtained from the point at maximum p/p0 ~ 1.

The thermal properties of nanoconfined MgH2 before and after the desorption/absorption cycles
were studied by thermogravimetric analysis (TGA) coupled with mass spectroscopy (MS). TGA was
carried out using a STA 6000 (Perkin Elmer, Skovlunde, Denmark), and the evolved gases were
detected by a HPR-20 QMS Mass Spectrometer (Hiden Analytical, Warrington, UK). A few milligrams
of sample was placed in an aluminium crucible and heated (ΔT/Δt = 5 ◦C/min) in an argon flow of
40 mL/min.

The stability of the hydrogen storage capacity of nanoconfined MgH2 samples was investigated
over five cycles of hydrogen release and uptake by Sievert’s measurements using an in-house custom
apparatus [30]. Approximately 100 mg of sample was sealed in an autoclave and studied for five
desorption and absorption cycles under two different conditions. For condition 1, the samples were
heated in vacuum from room temperature to 355 ◦C (ΔT/Δt = 5 ◦C/min) and kept isothermal for
15 h during hydrogen release. Then, hydrogen absorption was conducted at p(H2) = 50 bar for 15 h
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at 355 ◦C, i.e., Δp(H2) = 50 bar. The sample was then cooled to room temperature under the same
hydrogen pressure. For condition 2, the samples were heated to 355 ◦C (ΔT/Δt = 5 ◦C/min) and
kept at 355 ◦C for five cycles. Hydrogen release was conducted at p(H2) = 4–5 bar for 15 h at 355 ◦C
and hydrogen absorption at p(H2) = 12 bar for 15 h at 355 ◦C, i.e., Δp(H2) ~7.5 bar. The hydrogen
equilibrium pressure for Mg/MgH2 at 355 ◦C is peq(H2) = 6.4 bar [30].

Powder X-ray diffraction was conducted to characterize the nanoconfined MgH2 samples before
and after five desorption/absorption cycles. This was done by using a SmartLab diffractometer (Cu Kα1

source, λ = 1.5406 Å, Rigaku, Ettlingen, Germany). The samples were mounted in 0.5 mm-diameter
Lindemann glass capillaries, and the diffraction patterns were collected with an angular step of
3◦ per minute. The Rietveld analysis was performed in Topas (Bruker, Cambridge, UK) along
with crystallite size refinement using fundamental parameters after an instrument calibration using
LaB6. The crystallite size was calculated using the LVol-IB method (volume averaged column height
calculated from the integral breadth), which provides a measure of the volume-weighted crystallite size.

The distribution of MgH2 in the samples before and after five desorption/absorption cycles
was studied using an Talos F200X (S)TEM-microscope (FEI, Copenhagen, Denmark) equipped with
an advanced energy dispersive X-ray spectroscopy (EDS) system operated at 200 kV. Samples were
dispersed on a copper grid coated in a holey carbon film after suspension in (dry) cyclohexane. Sample
grids were attached to the TEM sample holder in ambient conditions, i.e., exposing the sample to air
for several minutes.

4. Conclusions

MgH2 was infiltrated into four different carbon aerogel scaffolds using a comprehensive activation
process. Multiple infiltrations showed a limited increase in the amount of MgH2 (18.2 cm3/mol) due
to the large molar volume of MgBu2 (188.2 cm3/mol). The volumetric loading of MgH2 after three
loading steps was 17–20 vol % in the various scaffolds. Despite the vigilant infiltration and activation
procedure, hydrogen cycling resulted in the production of butane from the conversion of residual
MgBu2 in the scaffold. It appears as though batch-wise hydrogenation of MgBu2 is inefficient in fully
converting it to MgH2, and future studies may benefit from high pressure flow-through hydrogenation
to decrease the MgBu2 content. The nanoconfined MgH2 samples also displayed significant hydrogen
capacity loss after cycling that appears to be due to the formation of large quantities of MgO from
interactions between MgH2 and the carbon aerogel scaffold. Carbon aerogel scaffolds are not pure
carbon, and can contain C–O and C=O groups that could be reduced by Mg at high temperature.
Overall, we observe hydrogen release of 1.3 to 3.1 wt % in the first cycle, which for some samples is
higher than previously reported ref. [11–13], and 1.0 to 1.9 in the fifth cycle, which may be slightly
lower. Further work must be directed towards further purifying carbon aerogel scaffolds or finding
alternative, less reactive scaffolds. Hydrogen kinetics was also found to decrease due to Mg/MgH2

growth after cycling at high temperature. It is likely that Mg is able to migrate out of the pore network
under vacuum (or low pressure) at high temperature. Other nanoconfinement studies should focus on
unreactive scaffold design, improved flow-through MgH2 activation procedures, and work towards
understanding the migration of active metal hydride material within the scaffold at high temperature.
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Abstract: We analyzed the effect of the interfacial free energy on the thermodynamics of hydrogen
sorption in nano-scaled materials. When the enthalpy and entropy terms are the same for all interfaces,
as in an isotropic bi-phasic system, one obtains a compensation temperature, which does not depend
on the system size nor on the relative phase abundance. The situation is different and more complex
in a system with three or more phases, where the interfaces have different enthalpy and entropy.
We also consider the possible effect of elastic strains on the stability of the hydride phase and on
hysteresis. We compare a simple model with experimental data obtained on two different systems:
(1) bi-phasic nanocomposites where ultrafine TiH2 crystallite are dispersed within a Mg nanoparticle
and (2) Mg nanodots encapsulated by different phases.

Keywords: MgH2; TiH2; interface; entropy; enthalpy; compensation; destabilization; thermodynamics;
nanoparticles; nanodots

1. Introduction

Nanoparticles are halfway between atomic world and bulk world. A whole new and non-trivial
variety of effects arise whenever a system is pushed towards the atomic scale. Material’s properties
change significantly when system size becomes comparable to a characteristic length scale, such as the
mean free path of particles or excitations that carry charges, energy and momentum. The high density
of interfaces confers to nano-systems unique physical and chemical properties, and promotes their
chemical reactivity. The thermodynamics of nano-scaled systems is strongly altered with respect to bulk
material and size-dependent effects [1,2], becoming more and more complicated when dealing with
compounds and heterogeneous ones [3]. Far from putting a limit to the exploitation of nanoparticles,
this fascinating behavior allows for the tailoring of material properties by designing unique functional
devices at nanoscale. This work aims to discuss hydride formation in composite nanomaterials, relating
peculiar H-sorption properties to confinement effects [4] and to the physical properties of interfaces [5].

Before going into details with the effects of nanosizing, we recall some general concepts about the
thermochemical equilibrium of hydride formation. The Van’t Hoff equation relates the equilibrium
pressure peq

H2
and temperature T to the reaction’s free energy ΔG0 at standard conditions:

ln

(
peq

H2

p0

)
=

ΔG0

RT
=

ΔH0

RT
− ΔS0

R
(1)

where ΔH0 and ΔS0 are, respectively, the enthalpy and the entropy at standard conditions.
The workhorse for the characterization of the thermodynamics of hydride formation are the
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pressure-composition isotherms (PCI). All real systems exhibit some hysteresis, i.e., a pressure shift
between the absorption and desorption branches of a PCI cycle, due to coherency strains [6,7]. This is
called intrinsic hysteresis and is represented in Figure 1a. In presence of hysteresis, the equilibrium
pressure peq

H2
is calculated as the geometric average of the absorption (pabs) and desorption (pdes)

plateau pressures. The hysteresis is usually quantified by the ratio:

ΔGhyst
its = RT ln

(
pabs
pdes

)
bulk

(2)

Additional sources of strain, such as the presence of defects or interfaces in the material, can lead
to a wider extrinsic hysteresis, as shown in Figure 1b, where the equilibrium pressure is not altered
because of the symmetrical shift of both absorption and desorption plateau. A simple relation between
ΔGhyst

ext and plateau pressures holds:

ΔGhyst
ext = RT ln

(
pabs
pdes

)
− ΔGhyst

its (3)

A true thermodynamical bias, i.e., a change δ
(
ΔG0) in the free energy, corresponds to a rigid shift

of both PCI branches as schematized in Figure 1c.

Figure 1. A sketch to represent hysteresis and thermodynamical bias effects on hydrogen sorption
isotherms. From the left to the right: (a) Reference bulk material showing an intrinsic hysteresis; (b) The
effect of additional extrinsic hysteresis that increases the separation between absorption and desorption
curves with no bias induction; (c) a real thermodynamical bias induced, e.g., by interface effects; (d) a
more realistic case where both extrinsic hysteresis and thermodynamical bias are present.

Many efforts have been made to design and grow nano-sized materials with more favorable
hydrogen sorption thermodynamics than their bulk counterparts by inducing a thermodynamical
bias in the right direction. For instance, if the material is too stable, an upward shift of the PCI
branches, i.e., a positive thermodynamical bias, is desired. There are two main contributions to the
thermodynamical bias when a material is refined to the nanoscale. The first one originates with the
interface free energy [5,7] according to the following equation:

δ
(

ΔG0
)

int
= ΔG0

nano − ΔG0
bulk =

VM
VM

(
∑

i
Aint

MH|iγ
int
MH|i − ∑

j
Aint

M|jγ
int
M|j

)
(4)

where γint
MH|i and γint

M|j are the interface free energy for unit area for metal hydride and metal,

respectively, while Aint
MH|i and Aint

M|j are the corresponding interface areas.
This contribution clearly scales with the volume fraction occupied by interfaces (or surfaces),

and is roughly inversely proportional to the material’s length scale. In this sense, the effect of the
interfaces is short-ranged, i.e., it vanishes rapidly as the spatial separation between interfaces increases
above a few nanometers.

The second contribution can arise in case of elastic confinement, i.e., if the material is prevented to
freely expand upon hydride formation [4]. The hydride formation enthalpy of core-shell nanoparticles
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(NPs) subjected to elastic constraints, ΔH0
constr, is less negative with respect to ΔH0

f ree of the
corresponding free NPs [6]. The thermodynamical bias in this case is proportional to the volume strain
εV in the constrained hydride NPs:

δ
(

ΔG0
)

el
= δ

(
ΔH0

)
el
= ΔH0

constr − ΔH0
f ree = −BVHεV (5)

where B is the bulk modulus and εV is the volume strain. In Equation (5), we have assumed that
ΔS0

constr = ΔS0
f ree. Elastic strain engineering has the potential to induce a significant bias up to length

scales of a few tens of nanometers. The main problem is that the onset of plastic deformation strongly
suppresses the effect and induces an unwanted extrinsic hysteresis [5].

Comparing Equations (1), (4) and (5), one obtains:

RT ln

(
peq

nano

peq
bulk

)
= δ

(
ΔG0

)
int

+ δ
(

ΔG0
)

el
(6)

and the total thermodynamical bias δ
(
ΔG0) can be estimated from the ratio between the equilibrium

pressures in the nanomaterial and in the bulk material.
In a real nano-system there may be a combination of extrinsic hysteresis and thermodynamical

bias, leading to an asymmetric shift of PCI branches as sketched in Figure 1d. The comprehension of
these separate contributions to the difference in thermodynamics and kinetics of hydrogen sorption is
of paramount importance in the perspective of specifically designed multifunctional materials. We will
here analyze and compare our results in the framework of these guidelines.

2. Results

The materials analyzed in this work are composite Mg–Ti–H nanoparticles (NPs) synthetized by
gas phase condensation, as previously reported [8]. A broader description of the NPs growth technique
is given in the Methods and Material section of this work. The combination of scanning transmission
electron microscopy and X-ray diffraction suggested that the composite NPs are MgH2 single crystals,
in which ultrafine TiH2 crystallites are dispersed. A schematic representation of the composite NPs
is shown in Figure 2. They will be compared to the results obtained on multilayered, nanoconfined
Mg/Ti/Pd nanodots (NDs) [5] sketched in Figure 3.

Figure 2. 3D model for MgH2–TiH2 composite nanoparticles (NPs); dTiH2 and dMgH2
are the average

TiH2 and MgH2 crystallite size.
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Figure 3. 3D Model for MgH2–TiH2 nanodots (NDs); r = 30 nm is the radius and t = 30 nm is the
thickness of MgH2. MgH2 is covered with TiH2 layer (5 nm) and a top Pd layer (5 nm).

H-sorption thermodynamics and kinetics were measured in-situ in an ultra-high-vacuum (UHV)
chamber directly connected to the NPs deposition chamber. The hydrogen sorption properties were
investigated in the low temperature regime (340 K < T < 425 K) to determine pabs and pdes. Figure 4
shows sorption pseudo-kinetics obtained at 375 K. The hydrogen absorption and desorption rates
were calculated from the initial slope of the kinetics, resulting in 0.28 wt % H2/min in absorption
and 0.018 wt % H2/min. These values are roughly one order of magnitude lower than observed at
423 K [8], but are remarkable for MgH2 at such low temperature and mild pressure, especially for
hydrogen desorption. Figure 4 also suggests that the sorption rates rapidly decrease when p(H2)/peq

approaches unity because the thermodynamic driving force tends to zero in this limit. Even if the
chamber volume is large, the pressure approaches the low equilibrium values after a relatively small
mass loss (<0.5%) for a Mg-based material. Therefore, several steps are needed in order to complete
the desorption, as reported in the inset of Figure 4. These steps altogether make it possible to construct
a PCI curve and to determine the plateau pressure pdes for desorption. A similar argument applies to
the determination of the absorption plateau pressure pabs.

Figure 4. Hydrogen desorption (top) and absorption (bottom) for Ti 15 atom % NPs at 375 K. Sorption
rates obtained by linear fits (dotted blue lines) of the initial data are shown. Several consecutive
desorption steps are shown in the inset, to demonstrate that the slowdown in the kinetics is to be
ascribed to pdes approaching.
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The fast kinetics at low temperature make it possible to measure absorption and desorption
plateau pressures and to calculate the equilibrium values down to 355 K. In Figure 5, the pabs and
pdes values for a collection of NPs with varying Ti content (XTi = Ti/(Mg + Ti) = 6, 15, 30 atom %)
are shown along with those measured on NDs. The corresponding enthalpy and entropy values
are collected in Table 1. The discrepancy between absorption and desorption is due to hysteresis.
In general, the determination of thermodynamic parameters from only absorption (or desorption)
pressures is prone to large errors. This is particularly evident for the NDs that, due to strong hysteretic
behavior, show remarkably different slopes and intercepts in absorption and desorption, resulting
in unrealistic enthalpy/entropy values (see Table 1). The correct results are retrieved by fitting the
equilibrium pressure. Looking at the equilibrium data in Table 1, we notice that the formation enthalpy
for both NPs and NDs is slightly less negative than for bulk Mg (although the error on the NDs is quite
large). For the NPs, the entropy is also less negative (by about 10%) compared to the bulk, whereas
for the NDs, the difference is smaller (about 3%) and well within the uncertainty. In Figure 5, we also
notice that the equilibrium pressure of the NDs (dotted black line) is larger than that of the NPs (solid
black line) and of bulk Mg [8] by a factor of two. The NDs, therefore, realize the picture outlined
Figure 1d, showing both an upward shift of the equilibrium pressure (thermodynamical bias) and a
large extrinsic hysteresis.

Table 1. Hydride formation enthalpy and entropy for a collection of Mg–Ti–H NPs with varying Ti
content (6, 15, 30 atom %) and for Mg NDs (radius = 30 nm) corresponding to the linear fits displayed
in Figure 5. ΔH0 and ΔS0 are determined by the linear fit of the equilibrium pressures. The data of
reference bulk Mg are also listed [9]. The values obtained from the separate fits of absorption and
desorption pressures reveal a discrepancy arising from hysteretic effects.

ΔH0

(kJ/mol H2)
ΔS0

(J/mol H2 K)

ΔHabs
(kJ/mol H2)

ΔSabs
(J/mol H2 K)

ΔHdes
(kJ/mol H2)

ΔSdes
(J/mol H2 K)

NPs −68.1 ± 0.9 −119.0 ± 2 −64.0 −112 71.1 123
NDs −70.0 ± 3.5 −129 ± 9 −47 −86 86 154

Ref. Mg −74.06 ± 0.42 −133.4 ± 0.7 - - - -

Figure 5. Van’t Hoff plot of sorption (red) and desorption (blue) equilibrium pressures (log scale)
versus T (reciprocal scale) measured for NPs samples [8] and NDs (t = r = 30 nm) [5]. The black solid
and dashed lines are the best linear fit on equilibrium pressure values for NPs and NDs respectively.
Red and blue solid lines are the best linear fit on absorption and desorption data for NPs.

The combination of these two effects does not result in a true destabilization of the NDs, that can
only be claimed if pdes is higher than the bulk equilibrium value [10].
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The pressure hysteresis values measured on NPs and NDs are collected in Figure 6. The NPs,
which are relatively free to expand and contract upon hydrogen sorption, exhibit a small hysteresis,
from ~3 at low temperature to ~1.5 at high temperature. The NDs show a huge hysteresis of ~100 at
low temperature. The observation of a high hysteresis is quite common in constrained systems such
as thin films clamped on a rigid substrate [10–12]. Figure 6 suggests, qualitatively, that the hysteresis
rises with increasing dimensionality of the constraint (1D for thin films and 3D for NDs) and with
decreasing confinement length (decreasing ND diameter).

 

Figure 6. Hysteresis value pabs/pdes vs. temperature for a collection of Mg–Ti–H NPs with varying Ti
content (XTi = 6, 15, 30 atom %) [8], confronted with hysteresis value for NDs of different diameter (60
nm and 320 nm) [5] and for a quasi-free 50 nm thick Mg film [7].

A brief comment to the temperature extent of Van’t Hoff plot is due. Mg NPs are subjected to
severe coarsening when the temperature rises above 475 K. As shown in our precedent work [8],
NPs remain stable upon cycling in the 340 K < T < 425 K range, while the nanostructure coarsens
dramatically upon cycling at higher temperatures, where Mg sublimation from the clean Mg surface
occurs and diffusion is faster. This establishes an upper temperature limit. On the other side, the
exploration of significantly lower temperatures is hindered by the rapidly decreasing sorption rates
and by the fact that the equilibrium pressure enters the high vacuum regime. Nevertheless, to the best
of our knowledge, these composite NPs are the only system, with the exception of thin films coated
by a Pd catalyst layer, in which the Mg to MgH2 reversible transformation can be observed at such
low temperature.

3. Discussion

Starting from the model presented in Figure 2, if we assume that all the contributions to the
thermodynamical bias come from an interface region of thickness δint between M (metal) or MH
(hydride) and a second phase (here indicated with α) dispersed as spherical nanocrystals inside the
M-matrix, Equation (4) turns into

δ
(

ΔG0
)

NPs
=

VM
VM

6Vα

dα
Δγint

α F
(

Vα

VM

)
(7)

where Δγint
α = γint

MH|α − γint
M|α, and the function F ≤ 1 takes into account a possible decrease of the

interface area due to coalescence of the α-phase crystallites. F ≈ 1 when the α-phase crystallites are
separated, a condition reasonably satisfied in the limit of low α-phase content. For high Vα/VM, e.g.,
close to the percolative threshold, the α-phase crystallites will start merging, leading to a collapse of
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the interface area. Equation (7) is completely general in the limit Aint
MH|α = Aint

M|α, i.e., when the M ↔
MH transformation is complete and α-phase morphology is unchanged upon phase transformation.

Assuming F ≈ 1 in the NPs, where the α-phase is TiH2 and M = Mg, Equation (7) becomes:

δ
(

ΔG0
)

NPs
=

VMg

VMg

6VTiH2

dTiH2

Δγint
TiH2

(8)

where VMg is the molar volume of Mg, VTiH2 and VMg are the volumes occupied by TiH2 and Mg,
respectively, and dTiH2 is the average TiH2 grain size inside the Mg matrix. Exploiting the enthalpic
end entropic contribution to the interface free energy, i.e.,:

Δγint
TiH2

= Δhint
TiH2

− TΔsint
TiH2

(9)

we can separately evaluate these contributions to the thermodynamical bias since they are simply
multiplied by a geometrical term and Equation (8) becomes

δ
(

ΔG0
)

NPs
=

VMg

VMg

6VTiH2

dTiH2

(
Δhint

TiH2
− TΔsint

TiH2

)
= δ

(
ΔH0

)
NPs

− Tδ
(

ΔS0
)

NPs
(10)

Hao et al. reported density functional theory calculations of the Mg|TiH2 and MgH2|TiH2 interface
energy, yielding Δhint

TiH2
= 0.59 ÷ 0.69 J/m2 [13].

Unfortunately, it is more difficult either to calculate the interfacial entropy or to extract it from
experiments. The entropy has both a configurational and a vibrational term. The configurational term
is due to the fraction of atom in the small (about 1 nm thick) interfacial region that accommodates
the crystalline mismatch between different phases. According to literature [14], a rather generous
estimation for this value is the one associated with the glass transition entropy, Δscon f

at ≈ 1kB/Hint
at .

The vibrational entropy term is even more challenging to assess and depends critically on the
nature of the interfaces. For nanocrystalline materials, an increased vibrational entropy at interfaces
Δsvib

at ≈ 0.2kB/Hint
at seems a realistic estimate [14]. It therefore appears reasonable to consider an

overall entropy per interface H atom of Δsat = Δscon f
at + Δsvib

at ≈ 1kB/Hint
at .

The interface-induced entropy variation per unit area, Δsint, can then be calculated with the
approximation that the volume of H atoms at the interface is the average 〈VH〉 = 1.7 cm3/mol of the
corresponding volumes in MgH2 (2.08 cm3/mol) and in TiH2 (1.32 cm3/mol):

Δsint
TiH2

=
1

Aint
Vint〈
VH
〉Δsat =

δint · Δsat〈
VH
〉 (11)

where Vint is the interface volume. Assuming δint = 1 nm, we obtain Δsint
TiH2

≈ 0.9 × 10−3 J/K·m2.
Now we can further manipulate Equation (10) to make explicit the dependence on the parameter

XTi (atomic fraction Ti/(Mg + Ti)), yielding:

δ
(

ΔG0
)

NPs
=

XTi
1 − XTi

6VTiH2

dTiH2

(Δhint
TiH2

− TΔsint
TiH2

) = δ
(

ΔH0
)

NPs
− Tδ

(
ΔS0

)
NPs

(12)

Values calculated with Equation (10), where no percolation effects are considered, are reported
in Figure 7 for the composite NPs as a function of XTi and for different TiH2 mean crystallite sizes.
We assumed Δhint

TiH2
= 0.64 J/m2 Δsint

TiH2
= 0.9 × 10−3 J/K·m2 and used VTiH2 = 13.26 cm3/mol.

Experimental values for NPs are also displayed with error bands in the explored range of compositions.
The experimental range shown is not relative to nominal XTi = 6, 15, 30 atom %, but refers to XTi = 11,
20, 43 atom % values calculated only considering MgH2 and TiH2 crystallites and neglecting the
MgO phase that is not participating to H2 sorption process [8]. The experimentally determined
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δ
(
ΔH0) ≈ 6 kJ/mol (H2) is compatible with XTi = 20 and 43 atom % for dTiH2 = 2.5 and 6 nm,

respectively. However, for XTi = 11 atom %, the calculations only partially explain the enthalpy
change, unless the existence of very small TiH2 domains (about 1 nm diameter) is invoked.

 
Figure 7. MgH2 formation enthalpy ΔH0

NPs (black lines) and the opposite of formation entropy ΔS0
NPs

(red lines) in composite MgH2–TiH2 NPs as a function of Ti atomic percentage as predicted by Equation
(12). Calculations are reported for two different TiH2 grain sizes: 2 nm (solid lines) and 6 nm (dashed
lines) using Δhint

TiH2
= 0.64 J/m2 and Δsint

TiH2
= 0.9 × 10−3 J/m2·K. As a reference [9], the blue dashed

line and the orange dashed line are the bulk MgH2 formation enthalpy and entropy, respectively.
Experimental values for NPs, as in [8], are also displayed with error bands. The explored range of
compositions is the one determined considering only MgH2 and TiH2 phases, XTi = 11, 20, 43 atom %
instead of the correspondent nominal values (XTi = 6, 15, 30 atom %).

The calculated entropy critically depends on the chosen Δsat, for which we have just done a
simple guess. A more detailed analysis of vibrational and configurational entropy per interface atom
would help in refining the parameters for this model. The entropy curves in Figure 7 account only
for a fraction of the experimental bias δ

(
ΔS0) ≈ 14 J/mol (H2). Therefore, the experiments suggest

that the interface entropy in the composite NPs may be significantly larger than our guessed value
≈ 1kB/Hint

at . However, the experimental error could also be larger than the statistical error obtained
from the best fitting procedure, due to coarsening of Mg and TiH2 upon high temperature cycling.

Equations (8)–(10) have interesting implications on the possible presence of a unique
enthalpy-entropy compensation temperature in nanomaterials that does not depend on microstructural
parameters. This is a non-trivial issue which has stimulated discussions and controversies, since in
many cases, the apparent enthalpy-entropy correlation is a phantom statistical phenomenon [10,15].
Starting from (10) and enthalpy and entropy being proportional to the same geometrical factor, as
evident in the shapes of the curves in Figure 7, the temperature Tcomp, at which entropy and enthalpy
compensate each other, depends neither on Ti content nor on TiH2 crystallite size and is simply
given by

δ
(

ΔH0
)

NPs
− Tcompδ

(
ΔS0

)
NPs

= 0 ⇐⇒ Δhint
TiH2

− TcompΔsint
TiH2

= 0 ⇐⇒ Tcomp =
Δhint

TiH2

Δsint
TiH2

(13)

We stress again that this result is valid only if the average Δhint
TiH2

and Δsint
TiH2

are independent or
weakly dependent on system size. This assumption is corroborated by measurements on MgH2 thin
films of varying thickness and on MgH2 nanoclusters embedded in TiH2 [7,16].
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A slightly different expression holds for Mg-based NDs where one has also to take into account
the presence of the Mg|MgO lateral interface and of the SiO2 substrate. With the assumption of a
cylindrical ND, it is straightforward from Equation (4) that

δ
(

ΔG0
)

NDs
= VMg

(
1
t

Δγint
TiH2

+
2
r

Δγint
MgO +

1
t

Δγint
SiO2

)
= δ

(
ΔH0

)
NDs

− Tδ
(

ΔS0
)

NDs
(14)

Comparing this result with the corresponding Equation (10) one can see that the geometry of the
system does not enter simply as a multiplicative term. Therefore, by changing thickness or diameter
independently, one can make a determined specific free energy more relevant. Then, in principle,
the possibility to tailor the geometry of the system makes it possible to tune the formation enthalpy
and entropy and to change Tcomp.

To the best of our knowledge, there are no literature data on Δγint
MgO and Δγint

SiO2
. A rather

crude simplification consists in taking the same interfacial free energy for every interface, turning
Equation (14) into the simple:

δ
(

ΔG0
)

NDs
= 2VMg

(
1
t
+

1
r

)
Δγint

TiH2
(15)

Here, similarly to NPs, one has a free energy term multiplied by the molar volume and by a
geometrical factor, which is the surface-to-volume ratio of the nanosized object. Therefore, for a ND
embedded in a homogeneous matrix the compensation temperature is independent on the number
and extension of interfaces and can again be calculated using Equation (13).

The application of the simple Equation (15) to the NDs sketched in Figure 3 yields a
thermodynamical bias of ~0.6 kJ/mol H2. This small value is consistent with the low fraction of
interfaces in a ND, which is 30 nm thick and 60 nm in diameter. Despite this, the equilibrium
pressure of the NDs lies distinctly above those measured in NPs, suggesting that the elastic strain
plays a role in the thermodynamics of NDs. The clamping provided by the surrounding phases,
which do not expand upon hydrogen absorption, results in a compressive strain that makes the
hydride slightly less stable. We believe that this argument does not apply to the NPs, which are
relatively free to expand. Even though the effect of elastic strain seems detectable in NDs, it does not
provide a significant destabilization of MgH2, because the pressure change is too small for practical
applications. Even worse, the high extrinsic hysteresis in the constrained ND system counterbalances
the destabilizing elastic strains during desorption, resulting in an overall reduction of the desorption
pressure. We can argue that the hysteresis could be reduced and a true destabilization achieved if it
were possible to avoid the onset of plastic deformation. However, the volume changes induced by
hydrogen sorption in Mg are so high (~32%) that the resulting stresses exceed by far the yield stress of
almost all involved phases.

Finally, we remark that Equation (15) well explains the thermodynamical bias observed in
ultra-small Mg clusters (r ≈ 1 nm) immersed in a TiH2 matrix, for which the interface free energy
becomes relevant [16,17].

4. Materials and Methods

Mg–Ti–H composite NPs were grown by gas phase condensation in an ultra-high vacuum (UHV)
chamber (Thermoionics, Port Townsend, WA, USA). Metallic precursor, Mg ingots (Alpha Aesar,
Heysham, UK −99.95% purity) and Ti powders (Alpha Aesar, Heysham, UK −99.9%, 150 mesh) were
co-evaporated using two tungsten crucibles under a equimolar He/H2 atmosphere (99.9999% purity)
at a pressure of 2.6 mbar. More details can be found in our previous work where a full morphological
and structural characterization is also reported [8]. H-sorption measurements were performed in
a secondary UHV chamber (Thermoionics, Port Townsend, WA, USA) of the synthesis apparatus,
in order to minimize contaminations by oxygen or water vapors. The secondary chamber, the calibrated
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volume of which is 4.24 L, was used as a Sievert apparatus in the low temperature regime (340 K < T
< 425 K) at pressures lower than 200 mbar. For measurements at higher temperatures, the NPs were
extracted under Ar atmosphere and transferred without air exposure to an external dedicated Sievert
apparatus for higher temperature characterization. The nanodots were prepared by template-assisted
molecular beam epitaxy, using SiO2 substrates coated by ultra-thin porous alumina nano-masks, as
described in [5].

5. Conclusions

Interface free energy and elastic confinement have the potential to induce a thermodynamical
bias in nanoscale hydrides. The independent evaluation of interface enthalpy and entropy is
important, in order to assess the temperature dependence and magnitude of the bias. In general, the
enthalpy-entropy compensation temperature depends on various microstructural and compositional
parameters. However, it can be shown that the compensation temperature is unchanged if the following
conditions hold: (i) the specific interface enthalpy and entropy (or their average) is the same for all the
interfaces, and (ii) the interface free energy is the sole source of a bias (i.e., absence of elastic constraints).

We have applied these arguments to interpret experimental results obtained on a biphasic
nanocomposite, in which ultrafine TiH2 crystallites are dispersed in a Mg (or MgH2) NP [8]. The
calculations of the enthalpy change, based on DFT data for the interface enthalpy, are in reasonable
agreement with the experiments, although they tend to underestimate the enthalpy change at low
TiH2 content. The experimental calculations comparison is much more difficult in the case of entropy,
because there are no useful literature data on the interface entropy. An improved understanding and
calculation of vibrational and configurational interface entropy appears to be of great importance
in order to estimate the entropy change in nano-hydrides, which may be the key to tailoring
their thermodynamics.

In the case of constrained systems, such as Mg NDs surrounded by rigid interfaces, an additional
positive (i.e., destabilizing) contribution to the bias arises from elastic strains. However, the
concomitant development of plastic deformation upon hydrogen sorption reduces the bias and
brings about a large hysteresis, which results in a lower desorption pressure compared to the
bulk counterparts.
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Abstract: Lithium aluminum hydride (LiAlH4) is an interesting high capacity hydrogen storage
material with fast hydrogen release kinetics when mechanically activated with additives. Herein,
we report on a novel approach to produce nanoscale LiAlH4 via a bottom-up synthesis. Upon further
coating of these nanoparticles with Ti, the composite nanomaterial was found to decompose at 120 ◦C
in one single and extremely sharp exothermic event with instant hydrogen release. This finding
implies a significant thermodynamic alteration of the hydrogen properties of LiAlH4 induced by the
synergetic effects of the Ti catalytic coating and nanosizing effects. Ultimately, the decomposition
path of LiAlH4 was changed to LiAlH4 → Al + LiH + 3/2H2.

Keywords: alanate; lithium aluminum hydride; nanosizing; core–shell; hydrogen storage

1. Introduction

Hydrogen holds enormous potential to be the ultimate energy carrier of the future [1–5]. Yet the
lack of an effective method for storing hydrogen with high density currently restrains its widespread
utilization. Solid state hydride materials offer promising possibilities to deliver high capacity, safe,
and compact hydrogen storage systems [5,6]. However, so far no material satisfies all the requirements
for practical mobile application [3]. For hydrogen storage purposes, LiAlH4 is one of the most
promising and interesting candidates owing to its competitive total hydrogen capacity as well as its
low temperature for hydrogen release with fast kinetics [3,6]. When doped with catalysts, about 75%
of its stored hydrogen can be released below 100 ◦C in about 1.5 h, while 30 min is required when
at 150 ◦C [7–11]. A particularity of LiAlH4 is the exothermic nature of its initial hydrogen release
following the widely accepted Steps 1–3 [12–14].

Step 1a 150–175 ◦C
LiAlH4(solid)→ LiAlH4(liquid) endothermic
Step 1b 150–200 ◦C
LiAlH4(liquid) → 1/3 Li3AlH6(solid) + 2/3 Al + H2↑ exothermic 5.3 mass % H2

Step 2 200–270 ◦C
Li3AlH6(solid) → 3 LiH + Al + 3/2 H2↑ endothermic 2.6 mass % H2

Step 3 400–440 ◦C
LiH + Al → LiAl + 1/2 H2 ↑ endothermic 2.6 mass % H2

Step 1a corresponds to the melting of LiAlH4 quickly followed by the exothermic Step 1b with
a reported ΔH of decomposition of −10 kJ·mol−1 H2 [1,2]. Hence, the reversibility of this step is
generally believed to be thermodynamically impossible under practical conditions of temperature and
pressure [3,4]. Indeed, theoretical studies have suggested the need for extreme hydrogen pressures
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>100 MPa at room temperature for the direct regeneration of LiAlH4 from Li3AlH6 [2,3,5]. In Step 2,
Li3AlH6 decomposes via an endothermic reaction with a ΔH of 25 kJ·mol−1 H2 [6]. Hence the
regeneration of Li3AlH6 from LiH and Al can be considered thermodynamically feasible. The last
decomposition occurring at temperatures higher than 400 ◦C precludes this step from practical
hydrogen storage application, reducing the total hydrogen capacity to 7.9 mass % H2 (below 300 ◦C).

Accordingly, current investigations have mainly focused at the destabilization of LiAlH4 via
catalyst doping and/or mechanical milling with additives to further improve its dehydrogenation
kinetics and potentially achieve some degree of reversibility. Hence, upon mechanically milling LiAlH4

with TiCl3, ZrCl4, or nanosized Ni, lower hydrogen desorption temperatures have been achieved [7–11];
however, with no successful rehydrogenation. Indirect rehydrogenation routes have also been
demonstrated through the use of wet synthesis approaches involving the formation of solvent adducts
of LiAlH4—i.e., THF, Et2O, diglyme, and Me2O—and in most cases activated/catalyzed Al [12–16].
Such an indirect route not only needs to be performed off-board while requiring the additional process
of desolvation, but also can compromise the integrity of activated doped LiAlH4. For example, for the
multi-step regeneration method developed by Graetz et al., and involving the use of THF, successive
doping and redoping is required to maintain the same hydrogen storage performance before and after
each desolvation of THF [13]. Chen et al. achieved a partial direct reversibility of titanium-catalyzed
Li3AlH6, i.e., to reverse Step 2, without the need of solvent desolvation under a hydrogen pressure
of 40 MPa only [17]. However, the evidence of regenerated Li3AlH6 was a few non-exclusive XRD
peaks without structure determination of the rehydrided Li3AlH6 and despite this promising result no
follow-up study was reported.

Previous work from our group revealed the possibility of direct rehydrogenation of LiAlH4 via
nanoconfinement in mesoporous carbon and this could be achieved under mild conditions of pressures
and temperatures following the assumed route of 3LiH + Al + 3/2H2 → Li3AlH6 + 2Al + 3H2 →
3LiAlH4 [18]. Furthermore, positive alternations of hydrogen storage properties were observed with
a core–shell method for the individual stabilization of NaBH4 or LiH nanoparticles avoiding some
drawbacks of porous host scaffolds [19,20]. This impetus led to the current work which investigated a
simple route for the synthesis of isolated LiAlH4 nanoparticles and their stabilization for hydrogen
cycling through a core–shell approach, with Ti acting as a shell facilitating the retention of molten
LiAlH4 upon dehydrogenation as well as a “gateway” for hydrogen absorption/desorption. Ti based
additives have been widely studied via top–down ball milling for LiAlH4, as well as with other alanate
systems e.g., NaAlH4 and Mg(AlH4)2 with promising results, i.e., much improved hydrogen storage
properties [21–26]. Indeed, Kojima et al. determined the catalytic effects of various metal chlorides on
LiAlH4, and revealed their positive effects in terms of hydrogen release in the order of TiCl3 > ZrCl4
> VCl3 > NiCl2 > ZnCl2 [27]. Amama et al. also investigated the properties of ball milled LiAlH4

with various dopants, and concluded that Ti-based additives lead to the most enhancement in terms
of dehydrogenation kinetics and reduction of the decomposition temperature [9]. Based on these
previous findings and the potential of a nanosizied approach [28,29], it is thus interesting to investigate
the effect of Ti doping/coating on nanosized LiAlH4.

2. Results

In principle, the nanosynthesis of LiAlH4 can be achieved via common solvent evaporation
methods [30]. In this procedure, a solution of the nanoparticles’ precursor is evaporated under
high vacuum [31,32] and this results in the rapid nucleation of the solute materials because of the
supersaturated nature of the solution. The growth of the nuclei is then limited via steric repulsion
of suitable stabilizers. Currently, the syntheses of most nanoparticles through solvent evaporation
are performed in an aqueous solution [33,34]. However, for hydride materials which are highly
oxidized by water, the synthesis should be performed under non-aqueous environments. To achieve
the preparation of nanosized LiAlH4 particles, we thus used a THF solution of 2M LiAlH4 with
1-dodecanethiol as a stabilizer and weak capping ligand.
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As shown in Figure 1, at the end of the evaporation process the XRD pattern of the material
confirmed the preparation of LiAlH4 with broader diffraction peaks indicating its nanostructure.
The nanosized nature of the material was confirmed by TEM analysis showing isolated spherical
nanoparticles with a particle size ranging from 2 to 16 nm (Figure 2).

Figure 1. XRD of as-prepared nanosized LiAlH4 via solvent evaporation and commercial bulk LiAlH4.

Figure 2. TEM images of (a) commercial bulk LiAlH4 and (b–d) as-prepared nanosized LiAlH4 via
solvent evaporation; (e) corresponding particle size distribution and (f) EDS spectrum.

EDS analysis further confirmed the Al content of these nanoparticles that were thus believed to
correspond to LiAlH4 (Figure 2f). In comparison, bulk LiAlH4 was imaged as large particles with no
defined morphology (Figure 2a), hence the synthesis of nanosized LiAlH4 was successful.

The hydrogen desorption properties of these nanoparticles were determined by TGA/DSC/MS.
As shown in Figure 3, the as-prepared LiAlH4 nanoparticles desorbed hydrogen in a similar way to
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bulk LiAlH4 with the release of hydrogen occurring in two steps before 300 ◦C. The small additional
exothermic peak at 145 ◦C was assigned to the reaction of the thiol head of the surfactant with LiAlH4

at the surface of the nanoparticles. The similarities of the decompositions behavior is inherent to
the inability of the surfactant to contain the melted LiAlH4 and thus a loss of the nanosize feature
in the favor of larger molten agglomerates behaving like bulk LiAlH4. The decomposition of the
dodecanthiol as evidenced by mass spectrometry near 220 ◦C [35] further supports this hypothesis
(Figure 3d).

Figure 3. TGA/DSC for (a) commercial bulk LiAlH4; (b) as-prepared nanosized LiAlH4 via solvent
evaporation, and (c,d) respective hydrogen desorption profile as followed by mass spectrometry. The
fragments C3H5

+ and C3H7
+ correspond to the decomposition of the 1-dodecanethiol surfactant [36].

The decreasing heat flow peaks correspond to an endothermic process.

In order to better stabilize these nanoparticles and contain the melt, we aimed at a core–shell
strategy [20]. whereby the core LiAlH4 is contained within a metallic shell. To this aim, Ti was
thought to be the best option because it is a well-known catalyst for other alanate systems including
NaAlH4 and Mg(AlH4)2 [21,26,37]. In particular, Ti-based additives have shown benefit for enhancing
dehydrogenation kinetics and reduction of the decomposition temperature of alanates [9]. Ti also
forms a hydride and has good hydrogen diffusion properties [38,39]. In addition, TiCl3 can be readily
reduced by LiAlH4, and thus could form through the transmetalation method [19,20,31]. A core–shell
structure assuming that the reduction rate of the titanium precursor at the surface of the LiAlH4

nanoparticles can be controlled to form a continuous shell [40].
To coat the nanosized LiAlH4 particles with Ti, LiAlH4 nanoparticles were suspended in pentane

where they are insoluble and a solution of TiCl3 in pentane was added dropwise. In this process, TiCl3
is reduced at the surface of LiAlH4 nanoparticles following reaction (1).

3LiAlH4 + TiCl3 → 3LiCl + Ti + 3Al + 6H2 (1)
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After ageing overnight, washing, and drying, the resulting black suspension was characterized.
As shown by XRD, the diffraction pattern of the material mainly contained peaks with a weaker
intensity related to the monoclinic phase of LiAlH4 and additional peaks assigned to tetragonal TiH and
residual TiCl3 (Figure 4). No metallic Ti was observed and this was consistent with the ability of LiAlH4

to reduce metal halides with the formation of their corresponding hydride [41]. Non-stoichiometric
TiH2−x has previously been reported to form when heating metallic Ti under hydrogen pressure at
temperatures >300 ◦C [39,42]. However, under the current experimental conditions, it is possible that
the hydrogen release upon reaction (1) directly interacts with the newly formed Ti nuclei to generate
the corresponding hydride. The remaining TiCl3 observed by XRD was unexpected owing to the large
molar ratio (16:1) of LiAlH4 compared to TiCl3, and this indicated that the reduction of TiCl3 by LiAlH4

stopped during the process. This could be the result of the formation of a TiH layer at the surface
of the LiAlH4 nanoparticles significantly decreasing the contact area of LiAlH4 and TiCl3, and thus
precluding any further reduction.

Figure 4. XRD of as-prepared Ti coated nanosized LiAlH4.

Additional characterization by TEM revealed largely spherical particles with a broad particle
size distribution ranging from 5 to 50 nm (Figure 5a,b,e). This corresponds to a significant increase
in particle size as compared to the uncoated LiAlH4 nanoparticles (Figure 2) and thus indicates the
deposition of a TiH layer. Indeed, EDS analysis and elemental mapping revealed the Ti and Al content
of the nanoparticles imaged and the even distribution of Ti on the LiAlH4 nanoparticles (Figure 5c,d).
Hence, it was believed that Ti was successfully deposited at the surface of the LiAH4 nanoparticles.
The weaker intensity of the XRD peaks related to LiAlH4 in the Ti coated nanosized LiAlH4 material
also corroborates this conclusion (Figure 4), because upon coating the diffraction peak intensity of the
core has been reported to significantly decrease [31].

Analysis of the hydrogen desorption properties of these Ti modified nanoparticles revealed a
unique behavior (Figure 6). Nanosized LiAlH4 modified with Ti almost fully decomposed through a
single and extremely exothermic event recorded by DSC at 120 ◦C (Figure 6a,b). In comparison, bulk
LiAlH4 ball milled with TiCl3 (material denoted bulk-LiAlH4/Ti) decomposed following the known
decomposition path of LiAlH4—i.e., via Steps 1 and 2 (Figure 6c,d)—in agreement with previous
reports [9,43,44]. This was confirmed by the XRD of bulk LiAlH4/Ti after heating at 150, 200 and
300 ◦C.

As shown in Figure 6b, at 150 ◦C, bulk-LiAlH4/Ti started partial decomposition to Li3AlH6

according to Step 1. Then at 180 ◦C, the LiAlH4 phase totally converted to Li3AlH6 and at 300 ◦C,
Li3AlH6 fully decomposed to LiH and Al following Step 2. In comparison, the diffraction pattern of
nanosized LiAlH4 coated with Ti heated at 150 ◦C after the single exothermic event showed that no
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LiAlH4 remained, while only a very small amount of Li3AlH6 was detected (Figure 7a). The remaining
Li3AlH6 could be the result of unevenly or partially coated LiAlH4 nanoparticles evolving to bulk size
materials upon melting. However, this could not be confirmed since no apparent melting was detected
by DSC peak (Figure 6a).

Figure 5. TEM images of (a,b) as-prepared Ti coated nanosized LiAlH4 and corresponding (c) elemental
mapping analysis; (d) EDS spectrum and (e) particle size distribution.

Figure 6. TGA/DSC for (a) as-prepared Ti coated nanosized LiAlH4, (c) commercial bulk LiAlH4 ball
milled with TiCl3, (b,d) respective hydrogen desorption profile as followed by mass spectrometry.
No other gases than hydrogen were detected.
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Figure 7. XRD of (a) as-prepared Ti coated nanosized LiAlH4 after hydrogen release at 150 ◦C and (b)
commercial bulk LiAlH4 ball milled with TiCl3 after thermal decomposition at 150, 180 and 300 ◦C.

Another possibility for the partial decomposition of Li3AlH6 is that the intended core–hell
structure disintegrated under the sharp exothermic event as proven by TEM analysis of the
dehydrogenated material (Figure 8), and consequently sprayed around undecomposed Li3AlH6.
The observed suppression of melting as per bulk LiAlH4 is also an indicator that LiAlH4 was confined
within a TiH shell.

Figure 8. TEM images of (a) as-prepared Ti coated nanosized LiAlH4 after hydrogen release at 150 ◦C
and (b) corresponding elemental mapping analysis.

The possible core–shell structure disintegration could also be the reason of an appearance of LiCl
and the disappearance of diffraction peaks related to TiH (Figure 7a). LiCl was not present in the
as-prepared Ti coated nanosized LiAlH4 (Figure 4), and this potentially indicates that more LiAlH4

was exposed to react with TiCl3 to form LiCl following reaction (1) during the exothermic event. The
lack of TiH phase after the exothermic release of hydrogen also indicates a deterioration of the coating
owing to the heat generated during the exothermic release of hydrogen. TiH has been reported to
decompose at temperatures above 470 ◦C [45].

Furthermore, upon hydrogen release, nanosized LiAlH4 coated with Ti lost about 5.7 mass %
almost instantly near 120 ◦C. Taking into account the weight of TiCl3 added to nanosized LiAlH4,
the theoretical hydrogen release for Step 1 should be reduced from 5.3 to 4.2 mass %, and from 2.6 to
2.1 mass % for both Steps 2 and 3. This corresponds to a theoretical hydrogen content of 6.3 mass % up
to Step 2. The 5.7 mass % loss of the Ti coated nanosized LiAlH4 thus corresponds to a close to full
hydrogen release. Possible hydrogen release from TiH was unlikely to be noticeable in the hydrogen
desorption profile. Assuming that nanoscale TiH was decomposed, this would correspond to an
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additional amount of hydrogen of less than 0.1 mass %. Accordingly, this result implies a significant
thermodynamic alternation induced by the synergetic effects of the Ti catalytic coating with LiAlH4

nanosizing potentially involving the decompositions of both LiAlH4 and Li3AlH6 in a rapid manner
following the direct reaction (2).

2LiAlH4 → 2LiH + 2Al + 3H2 (2)

Although, the currently modified properties of Ti modified nanosized LiAHl4 are unsuitable
for hydrogen storage purposes, this finding implies that the strategy of catalytic coating on hydride
nanoparticles offers a more versatile avenue to modifying the hydrogen storage properties of a hydride
to a larger extent when compared to mechanically activated LiAlH4 with Ti.

3. Materials and Methods

All experiments were performed under an inert atmosphere in an argon filled glove box (O2 and
H2O < 1 ppm) from LC Technology (Salisbury, MD, USA) LiAlH4 2.0 M in THF, titanium (III) chloride,
1-dodecanethiol, and anhydrous pentane were purchased from Sigma Aldrich (Sydney, Australia)
and used as received. Lithium aluminum hydride (LiAlH4, 95%) was purchased from Sigma Aldrich
(Sydney, Australia), and purified by dissolving it in a large amount of diethyl ether and recrystallizing
it from the filtrate solution.

3.1. Synthesis of LiAlH4 Nanoparticles

In a typical synthesis, 5 mL of a commercial LiAlH4 solution (2.0 M in THF) was placed in a vial
and stirred gently with 10 μL (2 mg) of 1-dodecanethiol. The vial was then closed tightly and the
solution was left to age overnight. The solvent was then evaporated under a moderate vacuum until a
viscous paste was formed. The later was fully dried at 30 ◦C under dynamic vacuum. The yield was
around 410 mg, which is slightly higher than the 382 mg theoretical yield owing to remaining THF
bonded to LiAlH4.

3.2. Coating of the LiAlH4 Nanoparticles with Ti

The as-synthesized LiAlH4 nanoparticles (100 mg) were suspended in 20 mL of pentane, under
magnetic stirring at 600 rpm to form a milky suspension. 25 mg of TiCl3 (8.1 10−3 mol·L−1) was
then suspended in a 10 mL solution of pentane and then added dropwise to the suspension of the
LiAlH4 nanoparticles at a rate of 50 μL·min−1. After a few minutes, the suspension turned black
and was allowed to age overnight before separation by centrifugation and drying under dynamic
vacuum overnight.

3.3. Preparation of Reference Material Ball Milled LiAlH4 with TiCl3

As a reference, commercial bulk LiAlH4 was ball milled with TiCl3 (5 mol %) using a Retsch Mixer
Mill MM 400 (Haan, Germany). The mixture was milled for 10 min at 20 Hz three times with a ball to
powder weight ratio of 135:1.

3.4. Characterization

Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray Spectroscopy (EDS) were
performed with a Philips CM200 (Sydney, Australia) operated at 200 kV. The materials were dispersed
in pentane, dropped onto a carbon coated copper grid, and dried in an argon filled glovebox before
transfer to the microscope in a quick manner as to minimize air exposure. X-ray Diffraction (XRD)
was performed by using a PANalytical X’pert Multipurpose XRD system (Sydney, Australia) operated
at 40 mA and 45 kV with a monochromated Cu Kα radiation (λ = 1.541 Å); step size = 0.01, 0.02 or
0.05; time per step = 10 or 20 s/step. The materials were protected against oxidation from air by a
Kapton foil covering a stainless steel sample holder. Hydrogen desorption profiles were acquired
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by Thermogravimetric Analysis (TGA)/Differential Scanning Calorimetry (DSC) coupled with Mass
Spectrometry (MS) using a Mettler Toledo TGA/DSC (Sydney, Australia) 1 coupled with an Omnistar
MS. Measurements were conducted with alumina crucibles at 10 ◦C·min−1 under an argon flow
of 25 mL·min−1. Masses between m/z = 2 and 100 were recorded. Reversibility was checked by
manually performing hydrogen absorption/desorption cycles with a homemade Sievert apparatus
and a stainless steel sample holder operated at 300 ◦C, with 7 MPa hydrogen pressure for absorption
and 0.01 MPa for desorption. No significant reversibility was observed.

4. Conclusions

An effective downsizing and coating approach was developed and demonstrated that it is possible
to synthesize isolated LiAlH4 nanoparticles to a certain extent and ultimately modify the hydrogen
storage properties of LiAlH4. Once coated with Ti, nanosized LiAlH4 was found to decompose at
120 ◦C in a single exothermic event with a 5.7 mass % and instant hydrogen release. This finding
implies a significant thermodynamic alternation induced by the synergetic effects of the Ti catalytic
coating with LiAlH4 nanosizing that ultimately changed its decomposition path to LiAlH4 → Al + LiH
+ 3/2H2. This finding also demonstrates that the hydrogen storage properties of LiAlH4 should be
size dependent and thus provides a new avenue to modify the properties of LiAlH4 through particle
size effects. Due to the violent exothermic nature of its decomposition, this material is considered
not viable for practical hydrogen storage purposes. However, Ti coated nanosized LiAlH4 offers a
unique alternative as compared to hydrides which only supply hydrogen via an endothermic reaction.
It enables applications where larger amounts of hydrogen and heat are both needed at the same time
and rapidly, e.g., for compact explosives and fire starters.
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Abstract: The effect of adding Zr on microstructure and hydrogen storage properties of BCC
Ti1V0.9Cr1.1 synthesized by arc melting was studied. The microstructures of samples with Zr were
multiphase with a main BCC phase and secondary Laves phases C15 and C14. The abundance of
secondary phases increased with increasing amount of zirconium. We found that addition of Zr
greatly enhanced the first hydrogenation kinetics. The addition of 4 wt % of Zr produced fast kinetics
and high hydrogen storage capacity. Addition of higher amount of Zr had for effect of decreasing
the hydrogen capacity. The reduction in hydrogen capacity might be due to the increased secondary
phase abundance. The effect of air exposure was also studied. It was found that, for the sample
with 12 wt % of Zr, exposure to the air resulted in appearance of an incubation time in the first
hydrogenation and a slight reduction of hydrogen capacity.

Keywords: hydrogen storage; bcc alloys; kinetics; air exposure

1. Introduction

Hydrogen is considered a possible alternative energy carrier in the future. One of the most
challenging barriers of using hydrogen is to establish a safe, reliable, compact, and cost-effective means
of storing hydrogen [1–4]. Because of their high volumetric hydrogen capacity, metal hydrides could
potentially replace the conventional storage in gaseous or liquid state. Moreover, metal hydrides are,
in many respects, safe and cost effective [5,6]. Among the many different metal hydride systems,
the Ti-based body-centred cubic (BCC) solid solution alloys are considered to be good candidates for
hydrogen storage tanks because of their tunable pressure plateau and safety [7–10]. However, these
alloys suffer from slow and difficult first hydrogenation, the so-called activation step [11]. Different
approaches have been taken to overcome this drawback. These include heat treatment [12], addition
of Zr7Ni10 [12–16], or Zr [17,18] and by element substitution [19,20]. Another approach was made
by Edalati K. et al. [21] who used high-pressure torsion to induce microstructural modification and
so enhancing hydrogen storage properties of Ti–V BCC alloys. With respect to Zr7Ni10 addition,
the ease of activation may be due to the two-phase microstructure consisting of a main BCC phase
and a secondary phase. Recently, Banerjee et al. [22] found that with increasing secondary phase
concentration, faster kinetics was obtained but the hydrogen storage capacity was reduced. Moreover,
Shashikala et al. [19] noticed that Zr is the element responsible for producing the secondary phase
that ensures a rapid reaction with hydrogen and observed that hydrogen absorption capacity was
decreased as the Zr content increased due to a greater fraction of Laves phase. In addition, Martinez
and Santos found that TiV0.9Cr1.1 alloy with addition of 4 wt % of Zr7Ni10 showed fast hydrogenation
kinetics and high capacity (3.6 wt %) [14]. Lately, Bellon et al. showed that by substituting Zr for
V in the alloy TiCrV resulted in a two-phase structure made up of a main BCC structure and a less
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abundant cubic-type Laves phase C15. They concluded that the Laves phase acts as a catalyst for the
hydrogenation [17]. In this paper, we report our investigation on the effect of addition of Zr on the
microstructure and hydrogen storage properties of Ti1V0.9Cr1.1. Contrary to the work of Bellon et al.,
in the present investigation zirconium was not substituting for vanadium but instead added to the
TiV0.9Cr1.1 composition. By varying the Zr addition from 2 to 12 wt % we aimed to see how the amount
of zirconium affect the relative abundance of BCC and Laves phases as well as their composition and
the effect on hydrogen storage.

2. Results and Discussion

2.1. Microstructure Analysis

Figure 1 shows the backscattered electron micrographs of Ti1V0.9Cr1.1 + x wt % Zr alloys where
x = 0, 2, 4, 8, and 12. It is clear that the microstructure changes with x content. Pure Ti1V0.9Cr1.1

(Figure 1a) shows a network of black areas structure. From EDX analysis these black areas were found
to be titanium precipitates. Even with a slight doping of Zr (x = 2), a bright secondary phase appeared.
All the modified alloys were found to be multi-phase: a matrix phase and a bright phase. Dendrites
appeared from x = 8 and were clearly observed for x = 12. It is seen that more Zr leads to higher
secondary phase abundance.

Figure 1. Backscattered electrons (BSE) micrographs of: Ti1V0.9Cr1.1 + x wt % Zr with x = 0 (a); 2 (b);
4 (c); 8 (d); and 12 (e).
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Using Image J software, the bright phase surface areas were measured. The percentage of the
bright areas are 0, 4, 12, 26, and 35 respectively for x = 0, 2, 4, 8, and 12. It shows that, as the amount
of doped Zr increases, the bright phase surface area is getting bigger. To determine the chemical
composition, EDX measurement was performed on all alloys. Table 1 shows the bulk measured atomic
abundance compared to the nominal composition for all alloys studied. We see that the bulk measured
composition agrees with the nominal one in all cases. This was expected as all these elements have
similar melting points.

Table 1. Bulk atomic abundance: nominal and as measured by EDX of: Ti1V0.9Cr1.1 + x wt % Zr alloys
for x = 0, 2, 4, 8, and 12. Error on the last significant digit is indicated in parentheses.

Sample Ti (at %) V (at %) Cr (at %) Zr (at %)

x = 0
Nominal composition 33 30 37 0

Measurement 34.0(2) 29.8 (3) 36.2 (3) 0.0

x = 2
Nominal composition 32.6 29.7 36.6 1.1

Measurement 32.8 (2) 29.4 (2) 36.4 (3) 1.4 (1)

x = 4
Nominal composition 32.3 29.3 36.2 2.2

Measurement 34.0 (3) 28.2 (1) 35.2 (3) 2.6 (1)

x = 8
Nominal composition 31.6 28.7 35.4 4.3

Measurement 32.3 (2) 27.7 (2) 34.5(3) 5.5 (1)

x = 12
Nominal composition 30.9 28.1 34.7 6.3

Measurement 31.7 (2) 26.2 (2) 33.9 (2) 8.2 (1)

Using EDX, we also measured the atomic composition of each phase for all alloys. In Figure 2a
representative of elemental mapping is shown for the compound Ti1V0.9 Cr1.1 + 4 wt % Zr alloy. Similar
features were seen for the other alloys.

Figure 2. Backscattered electron micrograph of: Ti1V0.9Cr1.1 + 4 wt % Zr alloy with elements mapping.

In these micrographs, specific locations are indicated by numbers. The matrix phase is numbered
1. Close inspection has shown that the bright secondary phase is in fact composed of two phases
having different shades of white. Thus, two secondary phases were indexed. They are indicated by
point 2 and point 3. Finally, the dark area is identified as point 4. The quantitative analysis at these
specific locations are listed in the Tables 2–5. Table 2 presents the composition of the matrix (point 1)
for all alloys.
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Table 2. EDX analysis showing the elemental composition of the matrix (point 1) of: Ti1V0.9Cr1.1 + x
wt % Zr alloys for x = 0, 2, 4, 8, and 12.

Sample Ti (at %) V (at %) Cr (at %) Zr (at %)

x = 0 27.8 33.8 38.4 0.0
x = 2 27.4 33.4 38.9 0.3
x = 4 25.8 35.0 38.9 0.3
x = 8 29.3 31.6 38.2 0.9
x = 12 28.5 31.7 38.9 0.9

From Table 2, we see that the matrix is a Ti–V–Cr solid solution with inclusion of only a very small
amount of Zr (<1 at %). The matrix composition does not significantly change when more zirconium is
added. On average, the atomic composition of the matrix is Ti0.84V1Cr1.2Zr0.03 which is quite different
than the nominal value. The main difference is that, compared to the nominal composition, the titanium
proportion is reduced, the vanadium amount increased, and the chromium abundance stays almost the
same. The zirconium abundance in the matrix is always less than 1 at % which is far from the nominal
composition. As the amount of zirconium was very small in the matrix, we expect that zirconium will
be mainly confined in the secondary phases. This could be seen in Tables 3 and 4 which show the
atomic composition of the two secondary phases. Secondary phase one (point 2) is rich in Ti and Zr
while secondary phase two (point 3) has a relatively high content of the four elements.

Table 3. EDX analysis showing the elemental composition of the secondary phase 1 (point 2) of
Ti1V0.9Cr1.1 + x wt % Zr alloys for x = 0, 2, 4, 8, and 12.

Sample Ti (at %) V (at %) Cr (at %) Zr (at %)

x = 2 64.0 7.0 6.2 22.8
x = 4 64.0 6.7 6.2 23.1
x = 8 58.3 6.8 4.6 30.3
x = 12 55.8 7.2 5.1 32.0

From Table 3, we see that the secondary phase 1 (point 2) is close to composition Ti1.9V0.2Cr0.2Zr0.7

for x = 2 or 4 and to composition Ti1.7V0.2Cr0.2Zr0.9 for x = 8 and 12. To our knowledge, there are
no quaternary alloys that have stoichiometry close to these. Therefore, this secondary phase may
be metastable. It has to be mentioned that, when x is higher than 8 there is a higher proportion
of zirconium and lower proportion of titanium while the abundances of the two other elements
are constant.

Table 4 shows the composition of secondary phase 2 (point 3). This phase has an almost constant
composition Ti1.0V0.4Cr1.1Zr0.5 and also has a high zirconium content but here chromium is the most
abundant element. Contrary to secondary phase 1, the relative atomic abundance of this phase does
not vary with increasing of x.

Table 4. EDX analysis showing the elemental composition of secondary phase 2 (point 3) of: Ti1V0.9Cr1.1

+ x wt % Zr alloys for x = 0, 2, 4, 8, and 12.

Sample Ti (at %) V (at %) Cr (at %) Zr (at %)

x = 2 33.7 12.3 38.0 16.0
x = 4 32.8 12.3 37.9 17.0
x = 8 32.8 15.5 33.6 18.1
x = 12 28.5 14.8 36.5 20.2

Close inspection of Figure 2 also indicates that secondary phase 2 is usually on the edge of the
bright surfaces while secondary phase 1 is more in the centre of the bright areas. Thus, it seems that
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secondary phase 2 is bridging secondary phase 1 with the matrix. Close inspection of Tables 3 and 4
demonstrates that the chemical composition of the secondary phases slightly changes when x increases.
The main characteristics of these phases are however constant. When x increases, secondary phase
1 remains rich in titanium and zirconium with the proportion of titanium slightly decreasing and
zirconium increasing. Regarding secondary phase 2, this phase is rich in chromium but also the
proportions of zirconium and titanium relatively important. When x increase zirconium content
increases, titanium abundance decreases and chromium only slightly decreases. Chemical composition
of the black phase (point 4) was measured and the results are reported in Table 5.

Table 5. EDX analysis showing the elemental composition at point 4 of: Ti1V0.9Cr1.1 + x wt % Zr alloys
for x = 0, 2, and 4.

Sample Ti (at %) V (at %) Cr (at %) Zr (at %)

x = 0 87.7 7.0 5.3 0.0
x = 2 88.2 3.3 2.0 6.5
x = 4 79.6 6.8 5.6 8.0

It is evident that the black areas are titanium precipitates. The amount of precipitation tends to
decrease with increasing Zr content and for 8 and 12 wt % of Zr there are no Ti-precipitates.

2.2. Structural Characterization

Figure 3 shows the XRD pattern of all the studied samples in the as-cast state. The major
diffraction peaks of all as cast alloys can be identified as BCC phase (space group Im-3m). Small peaks
appeared as the zirconium doping increases. These peaks are surely related to the secondary phases.
Due to the smallness of the peaks and their relatively small numbers, indexing them is not obvious.
However, as demonstrated by Akiba and Iba, Laves phases could be closely related to BCC alloys [7].
Laves phases are well known intermetallic phases that crystallize in three different structures: a cubic
MgCu2-type (Space group Fd-3m), a hexagonal MgZn2-type (space group P63/mmc), or a hexagonal
MgNi2-type (Space group P63/mmc). Following the Strukturbericht nomenclature, these phases will be
thereafter respectively designated C15, C14, and C36. In the specific case of Ti–V–Cr BCC alloys, it was
also shown by Bellon et al. [17] that when zirconium is substituted for vanadium in these alloys there
is the appearance of a C15 Laves phase.

We analyzed our diffraction patterns by Rietveld’s refinement. The obtained crystal parameters
and the abundance of each phase in all samples are shown in Table 6. In these refinements, we tried to
index the secondary phases’ peaks with Laves phases. We found that the peaks could be indexed by
using two Laves phases, namely the C15 and C14 phases. Tentatively, the C14 phase was assigned
to the composition Ti1.9V0.2Cr0.2Zr0.7 (secondary phase 1) and the C15 phase to the composition
Ti1.0V0.4Cr1.1Zr0.5 (secondary phase 2). However, as it is difficult to distinguish between Ti, V, and Cr
by X-ray diffraction the exact assignment could be only done by using neutron diffraction. Also,
the problem with these compositions is that the ratio A/B is not 2 as it should be. For these reasons,
we should stress that the indexing of C14 and C15 is tentative and more experiments are needed
in order to have the definitive crystal structure of the secondary phases. We are now undertaking
neutron experiments and these will be reported in a future paper. In the present case, we could
conclude that using two Laves phases for fitting the secondary phase peaks confirm the finding of
electron microscopy where two different secondary phases were found. We should also point out that,
on Figure 3 only the main peaks of C14 and C15 have been indexed. As these two phases have small
abundances, only the main peaks are showing in the diffraction patterns and indexing all possible
peaks will have confused the reader, especially for overlapping peaks that are so small that they are
undistinguishable from the background. Referring to Table 6 at which the phase abundances are
presented for all studied alloys, we see that the total abundance of C15 + C14 phases roughly matches
the abundance measured from image J.
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Figure 3. X-ray diffraction patterns of as cast: Ti1V0.9Cr1.1 + x wt % Zr alloys with x = 0, 2, 4, 8, and 12.

Table 6. Crystal parameters and abundance of each phase in as cast: Ti1V0.9Cr1.1 + x wt % Zr alloys for
x = 0, 2, 4, 8, and 12. Error on the last significant digit is indicated in parentheses.

Sample Phase
Lattice

Parameter (Å)
Crystallite
Size (nm)

Phase
Abundance (%)

Bright Area
Abundance (%)

x = 0 BCC
Ti

3.0379 (9)
a = 2.961 (4)
c = 4.773 (1)

24 (2)
13 (2)

97 (3)
3 (3) 0

x = 2
BCC
C15
C14

3.0479 (5)
7.172 (7)

a = 5.903 (9)
c = 7.26 (2)

22 (1)
14 (7)
8 (2)

92 (2)
2 (1)
6 (2)

4

x = 4
BCC
C15
C14

3.0470 (7)
7.153 (5)

a = 5.935 (1)
c = 8.09 (4)

23 (2)
20 (8)
5 (1)

89 (3)
3 (1)
8 (3)

12

x = 8
BCC
C15
C14

3.0452 (1)
7.180 (5)

a = 5.849 (7)
c = 8.109 (2)

38 (9)
6 (1)
6 (1)

68 (5)
21(4)
11 (2)

26

x = 12
BCC
C15
C14

3.0310 (1)
6.099 (7)

a = 5.815 (2)
c = 8.01 (1)

8 (3)
10 (1)
3 (1)

66 (4)
22 (2)
12 (2)

35

133



Inorganics 2017, 5, 86

2.3. Activation Process

The first hydrogenation (activation) of as-cast Ti1V0.9Cr1.1 + x wt % Zr alloys was performed at
room temperature under a hydrogen pressure 2MPa after the alloys were crushed in argon. Results
are presented in Figure 4. The first hydrogenation for x = 0 is practically impossible. This sample did
not absorb hydrogen even after 900 min of hydrogen exposure. Adding only 2 wt % of Zr to the alloy
resulted in a good hydrogen uptake, but the full hydrogenation still takes about 10 h. Increasing x value
to 4 wt % had the effect of greatly enhancing the kinetics and full hydrogenation was achieved after
150 min. Further increase of zirconium content slightly improved the kinetics but the total capacity
decreased. Among all doped samples, the one with 12 wt % Zr has the fastest activation kinetics,
reaching maximum capacity within 3 min. For hydrogen storage purposes, the optimum amount
of zirconium seems to be 4 wt %. However, even if the capacity slightly decreases with addition of
more zirconium, the fact is that even when the amount of secondary phases is high, the decrease in
capacity is not very important. For example, in the alloy with 12 wt % of Zr the secondary phases
comprise between 35 wt % (as measured from SEM images) and 34 wt % (as determined from Rietveld
refinement). Taking the low estimation of 34 wt %, if these secondary phases do not absorb hydrogen,
and assuming that pure BCC absorbs about 4 wt % of hydrogen, we should expect a capacity of
about 2.7 wt % which is clearly not the case. The measured capacity could not be explained by the
presence of the BCC alloy itself. Thus, we have evidence that, at least one of the secondary phases
absorbs hydrogen. Nonetheless, this then raises the question of the kinetic curves. Except for the
2 wt % Zr alloy, all activation curves do not show any kinks or slope change. This is the signature of a
single-phase alloy which is evidently not the case here. However, it has been shown by Akiba and
Iba [7] that the BCC Laves phase related alloys could actually be formed by a BCC phase and a Laves
phase and still display a single phase behaviour upon hydrogen absorption. It seems to be the case in
the present system.

Figure 4. Activation curves of: Ti1V0.9Cr1.1 + x wt % Zr for x = 0, 2, 4, 8, and 12 at room temperature
under 2MPa of hydrogen.

Interphase boundaries probably play a role in the activation. Similar investigation in
other systems seems to point that way. Nanocrystallinity is also well known to enhance
hydrogenation/dehydrogenation kinetics [6]. However, in the present case it is not the main factor
as evidenced by Table 6. From this table, we see that the samples with x = 2 and x = 4 have almost
the same crystallite size but their activation curve is drastically different. Moreover, the sample with
x = 8 has a larger crystallite size but the hydrogenation is faster. Therefore, nanocrystallinity alone
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could not explain the behaviour of this system. Dislocations and defects could lead to a faster first
hydrogenation in metal hydrides and was shown for cold rolled alloys [23,24].

Another explanation for the quick activation of alloys with zirconium addition may be stability
of the FCC hydride. As the matrix of the Zr-containing alloys has a stoichiometry different than the
nominal value and also, taking into account the fact that the BCC alloy contains some zirconium,
it may well result in some change of the formation enthalpy of the FCC hydride phase. A more stable
hydride may result in an easier activation but to have a definitive answer, the pressure-composition
isotherms have to be registered. Such an investigation is planned for the near future.

2.4. XRD Patterns after Hydrogenation

In this set of experiments, in order to study the crystal structure of the hydride phase,
the absorption experiment was stopped after reaching full hydrogenation and thereafter the pressure
just lowered to one bar of hydrogen. No vacuum was applied to the sample to be sure that no
desorption occurred during removal of the sample holder. In separated tests, we exposed the samples
to a pressure of 10 kPa and no desorption was noticed.

Figure 5 shows X-ray diffraction patterns of all alloys after first exposure to hydrogen. We see
that for x = 0, the structure is still BCC which confirms what was seen on Figure 4. For x = 2, the crystal
structure is essentially FCC which is usually the crystal structure adopted by a fully hydrided BCC
alloy. The FCC phase is also seen in the patterns for x = 4, 8, and 12 but there are clearly other phases
present. Indexation of the supplementary peaks is helped by doing a Rietveld refinement. Even if, in a
Rietveld refinement prior knowledge of the phase present is mandatory, we could use this technique
to first fit the patterns by using the known phase such as FCC in the present case. The residue of the fit
then shows the unindexed peaks more clearly and it is easier to figure out which crystal structure is
possible for the remaining peaks. This is the procedure we performed for all patterns and by doing it
we found that the supplementary peaks could be associated with a C14 and a C15 phases.

The crystal parameters and abundance of each phase in all hydrogenated samples as determined
by Rietveld’s analysis are presented in Table 7. For x = 0, the sample did not absorb hydrogen and
the crystal structure is still BCC. There is practically no change in the lattice parameter and crystallite
size, which means that there was no reaction with hydrogen. In the case of x = 2, the FCC phase
abundance in the hydrogenated sample is less than the BCC abundance in the as-cast alloy (80% vs.
92%) while both C14 and C15 phases are more abundant in the hydrogenated sample. The reason for
this behaviour is unclear but a premature conclusion should be avoided because the abundance values
are associated with relatively high experimental errors. For x = 4, there is a presence of both BCC
and FCC phases in the hydrogenated alloy. This is surprising, considering that the hydrogen capacity
is slightly higher than for x = 2. It is well known that the monohydride of the BCC phase is a BCT
(Body Centred Tetragonal) but, as the lattices parameters are very close to each other it is practically
impossible to distinguish between the BCC and BCT phases. However, the lattice parameter of the
BCC phase in the hydrogenated state is much bigger than in the as-cast state. From the difference
in volume of the unit cells and assuming that, on average, a hydrogen atom occupies a volume of
2.5 Å3, we could estimate that the BCC phase in the hydrogenated state has a ratio of H/M of about
0.56. When x = 8, we see that the hydrogenated alloy has 72 wt % of FCC phase which corresponds
closely to the abundance of BCC phase in the as-cast alloy (68 wt %). Only the C15 phase is present
in the hydrogenated sample and the abundance is almost the total of the C14 and C15 phases in the
as-cast alloy. Thus, it seems that, upon hydrogenation, the C14 phase turns into a C15 phase. Finally,
for x = 12, the FCC phase has an abundance of 56 wt % which is lower than the abundance of the BCC
phase in the as-cast alloy (66 wt %). As for x = 8, there is no C14 phase in the hydrogenated pattern.
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Figure 5. X-ray diffraction patterns of: Ti1V0.9Cr1.1 + x wt % Zr alloys in the hydrogenated state for
x = 0, 2, 4, 8, and 12.

Table 7. Crystal parameters and abundance of each phase in hydrogenated: Ti1V0.9Cr1.1 + x wt % Zr
alloys for x = 0, 2, 4, 8, and 12. Error on the last significant digit is indicated in parentheses.

Sample Phase Lattice Parameter (Å) Crystallite Size (nm) Phase Abundance (%)

x = 0 BCC
Ti

3.0375 (4)
a = 2.9622 (2)
c = 4.773 (6)

20 (5)
11 (3)

93 (8)
7 (3)

x = 2
FCC
C15
C14

4.2856 (6)
7.413 (1)

a = 6.141 (7)
c = 7.262 (2)

34 (3)
4 (2)
6 (3)

80 (2)
10 (2)
10 (1)

x = 4
BCC
FCC
C14

3.1443 (1)
4.2912 (2)

a = 5.809 (2)
c = 8.03 (4)

25 (5)
42 (2)
11 (3)

56 (4)
41 (4)
3 (1)

x = 8 FCC
C15

4.2875(2)
7.605(7)

16 (2)
8 (3)

72 (6)
28 (3)

x = 12 FCC
C15

4.289 (2)
7.646 (4)

12 (2)
12 (1)

56 (6)
44 (6)
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For high addition of zirconium x > 8, the C14 phase was not detected by X-ray diffraction.
This may be due to the fact that, upon hydrogenation, the crystallite size is reduced thus, broadening
the peaks of this phase. As C14 phase is already present in relatively small amount (less than 12 wt %)
this makes that phase practically undetectable by X-ray diffraction as the peaks are merged into
the background.

2.5. Air Exposure Effect

For industrial production, it could be beneficial to be able to handle the cast alloys in air.
This motivated us to investigate the air resistance of the alloy with 12 wt % of zirconium. Figure 6
shows the activation curves for this alloy crushed in air, in argon and after two days of air exposure.
The sample crushed in air has a very short incubation time of 1.76 min while the sample after two days
of air exposure presents a longer incubation time of 3.75 h. However, after incubation time the intrinsic
kinetic is as fast for the sample exposed to the air two days as for the samples only crushed in air or in
argon. The longer incubation time shown by the sample stored in air for two days is most probably
due to the presence of surface oxide.

Figure 6. First hydrogenation curves of Ti1V0.9Cr1.1 + 12 wt % Zr crushed under argon and under air
and after two days of air exposure at room temperature and under 2MPa of hydrogen.

3. Materials and Methods

Synthesis of Ti1V0.9Cr1.1 + x wt % Zr alloys were performed using an arc melting apparatus.
The raw materials were purchased from Alfa-Aesar (Ward Hill, MA, USA) and had the following
purity: Ti sponge (99.95%), V pieces (99%), Cr pieces (99%), and Zr sponge (99.95%). They were mixed
at the desired stoichiometry and melted together under argon atmosphere. To ensure homogeneity,
each pellet was melted, turned over, and remelted three times. Each pellet was then hand crushed
using a steel mortar and pestle under argon atmosphere. Crushing in air was performed only for the
air exposed sample. The material was filled into a sample holder and kept under vacuum for one hour
at room temperature before exposing it to hydrogen. The hydrogen sorption properties were measured
using a homemade Sievert’s type apparatus. The measurements were done at room temperature
under a hydrogen pressure of 20 MPa for absorption. The crystal structure was determined by X-ray
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powder diffraction on a Bruker D8 focus apparatus with Cu Kα radiation (Bruker AXS INC, Madison,
WI, USA). Lattice parameters were evaluated by Rietveld's refinement of the X-ray patterns using
Topas software [25]. Microstructure and chemical analysis were performed using a JEOL-JSM 5500
scanning electron microscopy (Ebay, Carson, CA, USA) equipped with an EDX (energy dispersive
X-ray) apparatus from Oxford Instruments. The percentage of different phases was analyzed by image
J software [26,27].

4. Conclusions

The first hydrogenation kinetics of Ti1V0.9Cr1.1 + x wt % Zr (x = 2, 4, 8, and 12) alloys was found
to be increased with the amount of Zr. Doping with Zr generated a multiphase microstructure made of
a main BCC phase and secondary phases. The secondary phases abundance increased with Zr content.
The two secondary phases were found to be Laves phases: a hexagonal C14 phase and a cubic C15
phase. Upon hydrogenation, most of the BCC phase transforms to the dihydride FCC phase but a
small fraction of the BCC phase also seems to transform to a C15 phase with bigger lattice parameter,
indicating that this phase also absorbed hydrogen. For high zirconium loading (x > 8), only C15 phase
is present in the hydride pattern beside the FCC phase. Therefore, hydrogenation seems to promote the
transformation of C14 and some fraction of BCC phase into C15 phase. The faster first hydrogenation
of the alloys containing zirconium could be explained by the presence of the C14 and C15 secondary
phases. This made the first hydrogenation at room temperature much faster. Addition of 4 wt % of Zr
produced fast kinetics and the highest hydrogen storage capacity while higher abundance of zirconium
(x > 4) leads to decrease in hydrogen storage capacity. We also found that air exposure has a relatively
small impact on the activation of Ti1V0.9Cr1.1 + 12 wt % Zr alloy.
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Abstract: Magnesium hydride (MgH2) exhibits great potential for hydrogen and lithium storage.
In this work, MgH2-based composites with expanded graphite (EG) and TiO2 were prepared by a
plasma-assisted milling process to improve the electrochemical performance of MgH2. The resulting
MgH2–TiO2–EG composites showed a remarkable increase in the initial discharge capacity and
cycling capacity compared with a pure MgH2 electrode and MgH2–EG composite electrodes with
different preparation processes. A stable discharge capacity of 305.5 mAh·g−1 could be achieved
after 100 cycles for the 20 h-milled MgH2–TiO2–EG-20 h composite electrode and the reversibility of
the conversion reaction of MgH2 could be greatly enhanced. This improvement in cyclic performance
is attributed mainly to the composite microstructure by the specific plasma-assisted milling process,
and the additives TiO2 and graphite that could effectively ease the volume change during the
de-/lithiation process as well as inhibit the particle agglomeration.

Keywords: hydrogen storage materials; MgH2; anode material; electrochemical performance

1. Introduction

Magnesium hydride (MgH2) has been intensively investigated as a hydrogen and heat energy
storage medium [1–4] because of its high hydrogen storage capacity (7.6 wt % 110 kg/m3), low cost,
and abundance. MgH2 is an intrinsically ionic compound. The strong Mg–H bond determines
the high hydrogen desorption enthalpy (~74 kJ/mol H2) and the high decomposition temperature
(>350 ◦C) of MgH2. Additionally, MgH2 suffers from sluggish hydrogen sorption kinetics due to
the slow hydrogen diffusion in the MgH2 lattice and poor hydrogen dissociation on the surface of
Mg [5–8]. To overcome the thermodynamic and kinetic problems of MgH2, many effective methods
including nanostructuring, alloying, catalyzing, and compositing have been developed by ball milling,
film deposition, and chemical synthetic processes [9–14].

In 2008, MgH2 was first reported as a potential anode material for lithium-ion batteries (LIBs)
by Y. Oumellal et al. [15] since it exhibited rather high lithium storage capacity (MgH2 + Li ↔ Mg +
LiH, ~2038 mAh·g−1), low work potential (~0.5 V versus Li+/Li), and low voltage hysteresis (<0.2 V).
The last point is especially superior over other kinds of conversion reaction materials, such as metal
oxides, nitrides, fluorides etc. However, the large volume expansion (>85%) during the conversion
reaction of magnesium hydride with lithium resulted in fast capacity fading, which is even more severe
than other conversion anode materials as the metal hydride has low conductivity and high activity in
the liquid electrolyte. Since then, many efforts have been devoted to improving the electrochemical
performance of MgH2 [16–21]. As reported by S. Brutti et al. [22], the ball-milled MgH2 sample with
the addition of Super P shows a relatively high discharge capacity (~1600 mAh·g−1) and coulombic
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efficiency (~60%), which are mainly attributed to the reduction in crystallite size and enhancement of
the electronic conductivity of MgH2. Furthermore, the addition of metal oxides is also helpful in the
conversion reaction of MgH2 with lithium. For example, Kojima et al. [23,24] added the Nb2O5/Al2O3

into the active material MgH2, thus enhancing the coulombic efficiency of all solid-state lithium-ion
batteries. However, the improved effect in the coulombic efficiency, the reversibility of the conversion
reaction, and the cycling performance of a MgH2 anode is rather limited [25–27].

In this work, the expanded graphite (EG) and TiO2 were milled with Mg/MgH2 by dielectric
barrier discharge plasma-assisted vibratory milling (P-milling), which is especially advantageous for
the preparation of composites containing few-layered graphite [28]. The electrochemical performances
of the obtained composites, MgH2–EG and MgH2–TiO2–EG, were compared. Additionally, the new
electrode preparation method was also developed to improve the performances of hydride anodes.
It was demonstrated that the reversibility of the conversion reaction and the cyclic stability of a MgH2

anode could be greatly enhanced.

2. Results and Discussion

The MgH2–EG composite was prepared by the hydrgogenation treatment of the milled mixture
(denoted as Mg–EG) of Mg powder and expandable graphite. Figure 1a shows the XRD patterns
of the as-milled and hydrogenated Mg–EG composites. After milling for 10 h, the hexagonal Mg
remains the major phase of the composite, and the weak MgO peak is due to the slight oxidation
during sample transfer. It is stated that the weak MgF2 diffractions indicate the reaction of Mg with
the electrode bar composed of polytetrafluoroethylene, which was also reported in previous work [20].
After hydrogenation, all the Mg diffraction peaks disappear, indicating complete hydrogenation of the
Mg powder. The rutile-type α-MgH2 phase is indexed by strong and sharp diffraction peaks, implying
grain growth of MgH2 due to the hydrogenation treatment.

 

Figure 1. (a) XRD patterns of the as-milled and hydrogenated Mg–EG composites; (b) discharge/charge
curves of MgH2–EG at a current rate of 100 mA·g−1; (c) cycling performance of MgH2–EG electrode;
(d) differential capacity plots (dQ/dV) of the MgH2–EG electrode at different cycles.
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Figure 1b shows the galvanostatic discharge/charge curves of the MgH2–EG electrode at different
cycles. In the first discharge profile, the potential drops rapidly from the initial open circuit potential
(OCP) to 0.27 V, and then increases to 0.33 V, followed by a well-defined potential plateau assigning to
the conversion reaction of MgH2 with lithium. The slight polarization of the MgH2–EG composite
is owing to the kinetic limitation caused by the poor electronic conductivity of MgH2 and the weak
electronic contact between the active material and the nickel foam [29]. After that, the potential
gradually drops further to 0.10 V with another plateau, which is attributed to the alloying of Mg with
Li. Upon charging, two potential plateaus ranging from 0.10 V to 0.21 V and from 0.21 V to 0.60 V
are assigned to the de-alloying reaction and the reverse conversion reaction of Mg/LiH, respectively.
The first discharge capacity, amounting to 717.4 mAh·g−1, is much less than its theoretical capacity
(1704.8 mAh·g−1 = 2038 mAh·g−1 × 80 wt % (MgH2) + 372 mAh·g−1 × 20 wt % (graphite)). This result
reflects the loss of active Mg during milling, as well as the kinetic limitation of coarsening the MgH2

electrode. In addition, in the initial charge process, the MgH2–EG electrode shows a total charge
capacity of 320.6 mAh·g−1, corresponding to an initial coulombic efficiency (ICE) of 44.7%. This low
ICE value also indicates the incomplete reversible formation of MgH2 in the delithiation process.

The cycling performance of MgH2–EG electrode is shown in Figure 1c. The rapid capacity fading
in the initial several cycles may be attributed to the pulverization of active material leading to the loss
of electronic contact between the active material and the nickel foam. After 50 cycles, a capacity of
only 48.1 mAh·g−1 is maintained in the cell; this value is even less than the capacity (~70 mAh·g−1)
contributed by the graphite component. In addition, according to the discharge profile at the 10th cycle
(Figure 1b), the plateau corresponding to the conversion reaction of MgH2 with lithium is invisible.
Further, the differential capacity plots (dQ/dV) of different cycles are compared in Figure 1d. The peak
centered at 0.61 V, which is assigned to the reverse conversion reaction of Mg with LiH, disappears
after 10 cycles. This result further confirms the poor conversion reversibility and cycling performance
of the MgH2–EG electrode.

To improve the electrochemical performances, especially the cycling stability of a MgH2 electrode,
TiO2 was added to the MgH2–EG composite to accommodate the large volume variation. In addition,
Mg was replaced by MgH2 as the starting milling material in order to avoid grain growth during the
hydrogenation treatment. The XRD patterns of as-milled MgH2–TiO2–EG composite with different
milling times are shown in Figure 2a. The MgH2 peaks for the 20 h-milled composite (denoted
as MgH2–TiO2–EG-20 h) show a relative broadening effect compared to that of the 10 h-milled
composite (denoted as MgH2–TiO2–EG-10 h), implying a finer grain size of the MgH2 by longer
milling time. The SEM observation shown in Figure 2c,d also displays smaller particle size (~10 μm)
for the MgH2–TiO2–EG-20 h composite. Actually, the composite particles consist of nanosized primary
particles according to the magnified SEM images (Figure 2c,d). With regard to the graphite after
P-milling for 20 h, the graphite peak around 26.6◦ disappears in Figure 2a, implying the formation of
a disordered structure of the graphite. It is believed that the graphite could be effectively exfoliated
to few-layer graphene (FLG) nanosheets due to the synergic effect of the plasma heating and the
impact stress from the milling balls [28,30,31]. Additionally, the hydrogen desorption kinetic curves
(Figure 2b) show that both samples could release ~3.4 wt % H2 within 15 min, corresponding to the
actual MgH2 content of ~44.3 wt % in the MgH2–TiO2–EG composite.
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Figure 2. (a) XRD patterns of as-milled MgH2–TiO2–EG-10 h and MgH2–TiO2–EG-20 h composite;
(b) desorption kinetic plots of MgH2–TiO2–EG-10 h and MgH2–TiO2–EG-20 h composite measured at 400 ◦C;
and typical SEM images of (c) MgH2–TiO2–EG-10 h composite and (d) MgH2–TiO2–EG-20 h composite.

The galvanostatic charge/discharge curves of the MgH2–TiO2–EG composite with different
milling times are compared in Figure 3a,b. In the first discharge profile, the MgH2–TiO2–EG-10 h
composite electrode delivers a total discharge capacity of ~1224.6 mAh·g−1, which is very close
to its theoretical capacity (1193.9 mAh·g−1 = 2038 mAh·g−1 × 50 wt % (MgH2) + 335 mAh·g−1

× 30 wt % (TiO2) + 372 mAh·g−1 × 20 wt % (graphite)), and this result is also much higher than
that of the MgH2–EG electrode mentioned above. The ICE for the MgH2–TiO2–EG-10 h composite
electrode is 46.4%, which is a little higher than that for the MgH2–EG electrode. As seen in Figure 3c,
the MgH2–TiO2–EG-10 h composite electrode exhibits a discharge capacity of 179.1 mAh·g−1 at the
100th cycle, with a capacity retention of 33%. Compared with the MgH2–TiO2–EG-10 h electrode,
the MgH2–TiO2–EG-20 h electrode shows a similar initial discharge capacity (~1218.6 mAh·g−1) and
ICE (48.1%) but possessing a much higher cycling capacity of 305.4 mAh·g−1 after 100 cycles and a
capacity retention of ~31%. As also shown in Figure 3c, while the MgH2–TiO2–EG-10 h composite
electrode experiences rapid capacity fading within the first several cycles, the MgH2–TiO2–EG-20 h
electrode delivers more stable capacity within 10 cycles, and it also shows higher coulombic efficiency
throughout the cycling. Additionally, as shown in Figure 3d, the distinct anodic peak in the differential
capacity plots (dQ/dV) at the 100th cycle clearly demonstrates the reversible formation of MgH2,
which indicates that the enhanced cyclic stability of the MgH2–TiO2–EG-20 h composite electrode is
due to the enhanced conversion reaction reversibility of MgH2.
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Figure 3. Discharge/charge curves of (a) MgH2–TiO2–EG-10 h and (b) MgH2–TiO2–EG-20 h electrode
at a current rate of 100 mA·g−1; (c) cycling performance of MgH2–TiO2–EG electrodes; (d) differential
capacity plots (dQ/dV) of MgH2–TiO2–EG-20 h electrode at different cycles.

XRD analysis was performed to the change of phase structure of the MgH2–TiO2–EG-20 h
electrode after cycling, but the result (not shown here) shows no diffractions and implies poor
crystallinity of the active materials. SEM observation was also carried out to investigate the
microstructural evolution of the composite electrodes, and the results are shown in Figure 4. Before
cycling, the electrode surface of both the MgH2–TiO2–EG-10 h and the MgH2–TiO2–EG-20 h electrodes
are composed of irregular particles with sizes less than 20 μm (Figure 4a,c), and there is no remarkable
morphological difference between them. After 100 cycles, the surface morphology of both electrodes
experiences obvious particle coarsening, which is due to the lithiation and delithiation of the active
material, which causes repeated powder pulverization and agglomeration. This result also explains
the capacity loss of the electrodes during cycling. Further, it is also shown that the particle coarsening
effect for the MgH2–TiO2–EG-10 h electrode is more serious than for the MgH2–TiO2–EG-20 h electrode
and the large voids between coarse particles are clearly observed. This microstructural difference
indicates that large-volume changes are better accommodated by the TiO2 and graphite additives with
finer microstructure and by longer P-milling time, which help to maintain the structural integrity of
the electrode.
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Figure 4. SEM surface morphological evolution of (a,b) the MgH2–TiO2–EG-10 h electrode and (c,d) the
MgH2–TiO2–EG-20 h electrode.

3. Experimental

3.1. Materials Preparation

To synthesize the MgH2–EG composite, 1.48 g Mg powder (99.9% purity, ~50 μm) and 0.4 g
expandable graphite (EG) with a mass ratio of 80:20 were handled in a steel vial. The expandable
graphite (99.9% purity, 100 mesh) was preheated at 1000 ◦C and held for 90 s under air atmosphere
to obtain the worm-like expandable graphite. The handling process was operated in an argon-filled
glovebox with an O2 and H2O content of less than 1 ppm to minimize the contamination. The milling
was carried out on a dielectric barrier discharge plasma-assisted vibratory miller with the ball to
powder weight ratio of 50:1; the details of plasma-assisted milling (P-milling) have been described in
previous work [30,31]. After ball milling for 10 h, the as-prepared Mg–EG sample was hydrogenated
at 450 ◦C under 6 MPa H2 for 6 h.

To synthesize the MgH2–TiO2–EG composite, 2 g mixture of MgH2 powder (hydrogen-storage
grade), TiO2 powder (99.0% purity, ≥325 mesh), and the worm-like EG with a weight ratio of 5:3:2
were handled in a steel vial and milled with the same parameters for 10 h and 20 h and denoted as
MgH2–TiO2–EG-10 h and MgH2–TiO2–EG-20 h, respectively.

3.2. Material Characterization

X-ray diffraction (XRD, Empyrean diffractometer, PANAlytical Inc., Almelo, The Netherland) with
Cu Kα radiation was used to characterize the phase structure of the samples. The microstructure was
observed by using a scanning electron microscope (SEM, Carl Zeiss Supra 40, Oberkochen, Germany).
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To determine the hydrogen content of the as-prepared MgH2–TiO2–EG sample, the desorption kinetics
were measured at 400 ◦C using a Sievert-type automatic apparatus.

3.3. Electrochemical Measurement

The electrochemical properties of the active materials were measured using coin-type half-cells
(CR2016) assembled in an Ar-filled glovebox. For preparation of the MgH2–EG electrode, the active
material was cold pressed directly on the nickel foam with the pressure of 20 MPa. For preparation of
the MgH2–TiO2–EG electrode, the active material was first mixed with the conductive agent (Super-P)
and the binder (polyvinylidene fluoride (PVdF)) in a mass ratio of 8:1:1 and then dissolved in solvent
(N-methyl-2-pyrrolidinone (NMP)) to make a slurry with the appropriate viscosity. The slurry was
then manually spread onto a Cu foil in the glovebox filled with Ar and dried in a vacuum oven at
80 ◦C for 12 h. The loading of the active material was ~1.0 mg·cm−2. The cell used Li foil as the
counter and reference electrode and a Celgrad 2400 membrane as the separator. The electrolyte was
1 M LiPF6 in ethylene carbonate and diethyl carbonate (1:1 by volume) with 10 wt % fluoroethylene
carbonate (FEC).

The galvanostatic charge/discharge tests were performed in a voltage range of 0.01 V to 2.0 V
(vs. Li/Li+) at the current density of 100 mA·g−1 using a Land test system (Wuhan, China) at a constant
temperature (30 ◦C).

4. Conclusions

In summary, the electrochemical lithium storage properties of MgH2 were greatly improved
by compositing with graphite and TiO2 via the discharge plasma milling process. The resulting
MgH2–TiO2–EG composites show a remarkable increase in the initial discharge capacity and cycling
capacity compared to pure MgH2 and MgH2–EG composite electrodes with different preparation
processes. The 20 h-milled MgH2–TiO2–EG-20 h composite delivered a stable discharge capacity
of 305.5 mAh·g−1 even after 100 cycles, and the reversible conversion reaction of MgH2 has been
greatly enhanced. This work demonstrates the potential of the MgH2–TiO2 graphite composite by
plasma-milled milling for electrochemical applications. The next goal is to obtain a higher cyclic
capacity by suppressing the fast capacity fading within the initial discharge/charge cycle, and further
elevate the reversible conversion reaction of MgH2. It is also stated that the possible hydrogen release
from hydride materials during discharge/charging should be avoided and given more attention.
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Abstract: In this study, we analyze and compare the physical and electrochemical properties
of an all solid-state cell utilizing LiBH4 as the electrolyte and aluminum as the active anode
material. The system was characterized by galvanostatic lithiation/delithiation, cyclic voltammetry
(CV), X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), Raman spectroscopy,
electrochemical impedance spectroscopy (EIS), and scanning electron microscopy (SEM).
Constant current cycling demonstrated that the aluminum anode can be reversibly lithiated over
multiple cycles utilizing a solid-state electrolyte. An initial capacity of 895 mAh/g was observed and
is close to the theoretical capacity of aluminum. Cyclic voltammetry of the cell was consistent with
the constant current cycling data and showed that the reversible lithiation/delithiation of aluminum
occurs at 0.32 V and 0.38 V (vs. Li+/Li) respectively. XRD of the aluminum anode in the initial and
lithiated state clearly showed the formation of a LiAl (1:1) alloy. SEM-EDS was utilized to examine
the morphological changes that occur within the electrode during cycling. This work is the first
example of reversible lithiation of aluminum in a solid-state cell and further emphasizes the robust
nature of the LiBH4 electrolyte. This demonstrates the possibility of utilizing other high capacity
anode materials with a LiBH4 based solid electrolyte in all-solid-state batteries.

Keywords: solid state electrolyte; LiBH4; aluminum anode; lithium ion battery

1. Introduction

Global reliance on the need for portable power has led to the ubiquitous deployment of lithium ion
batteries (LIB), prompting manufacturers to push the limits of current technologies through new cell
design and packaging approaches. The recent fires and explosions of lithium ion batteries in consumer
electronics and vehicles has served as a driving force for the investigation of solid state electrolytes in
LIB. Solid electrolytes have the potential to serve as non-flammable alternatives to liquid electrolytes
and allow for the use of metallic lithium as the anode and utilization of high capacity/voltage cathodes.
Utilizing these high capacity materials as anodes and cathodes, in conjunction with a solid-state
electrolyte in the next generation of LIB, will facilitate a significant increase in energy density, safety,
and operation time.

Over the years, a number of solid state ionic conductors have been investigated such as
lithium phosphorus oxynitride (LiPON) [1], Li7La3Zr2O12 (LLZO) [2], and lithium thiophosphates
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(LPS) [3]. Recent interest in utilizing LiBH4 as a solid-state electrolyte was established through
the work of Orimo [4], who demonstrated that the ionic conductivity of lithium can be greater
than 1 mS/cm at temperatures above the orthorhombic to hexagonal phase transition that occurs
at 380 K [5]. This work has been expanded to achieve high conductivity in LiBH4 based solid
electrolytes through the addition of Li halide salts [6–8], nanoconfinement [9–12], nanoionic
destabilization [13,14], ion substitution [15–21], and eutectic formation [22].

It has also been demonstrated that LiBH4 can be utilized as a solid-state electrolyte in
a Li/LiBH4/LiCoO2 configuration [23]. This work utilized a PLD thin film of LiCoO2 that was coated
with a Li3PO4 protecting layer to mitigate a chemical reaction from occurring at the LiBH4/Li1−xCoO2

interface. Since this work, researchers have also expanded the utilization of a LiBH4 electrolyte with
high capacity electrode materials including sulfur [24–26], silicon [14], TiS2 [27,28] and MgH2/TiH2 [26].
Aluminum anodes have previously been investigated as a potential high capacity anode in lithium
ion cells due to its low cost, low lithiation/delithiation potential (0.32 V and 0.38 V respectively),
high electrical conductivity, and high theoretical capacity (993 mAh/g) in traditional liquid based
electrolytes [29]. However, to the best of our knowledge, no one has demonstrated the reversible
lithiation of aluminum in the solid state or with a LiBH4 electrolyte.

An aluminum composite was chosen as the anode for the cell, because aluminum anodes have
much higher theoretical capacities than conventional carbon-anodes (372 mAh/g) [30]. Carbon does
have a lower plateau potential of lithiation (<0.09 V vs. Li+/Li) [30] than aluminum (~0.3 V vs.
Li+/ Li) [31]. However, this low plateau potential of the carbon anode could be problematic because
it can facilitate lithium plating and subsequent dendrite growth on the electrode surface leading to
shorting and cell failure. The most commonly studied metal oxide based anode that is also used in
commercial lithium ion batteries is lithium titanate (LTO). The main problem with LTO is that it has
a much lower capacity (~170 mAh/g) [32] than graphite. However, its plateau potential is much higher
(~1.5 V vs. Li+/Li) [32] and would eliminate the possibility of lithium plating and dendrite formation.
Although LTO can be paired with a high voltage cathode (≥4.8 V), its operating voltage in a full cell
is typically less than 2.4 V [32]. The aluminum anode would have a much higher operating voltage
(>3.5 V) [29] in a full cell set-up than LTO when coupled with a high voltage cathode. The novel
electrochemical properties of an aluminum anode make it a unique anode candidate in the solid-state.

The increased energy demand from batteries has led to the investigation of novel high capacity
anode/cathode materials as well as solid state electrolytes. This paper address two of the three research
needs for the next generation of lithium ion batteries through the investigation of the solid-state
electrolyte LiBH4 paired with a high capacity anode candidate, aluminum. The goal of the work is
to further expand this field to include new high capacity anodes that can be paired and successfully
cycled with LiBH4 or other composite metal hydride based solid state electrolytes.

2. Results and Discussion

Aluminum has a native oxide layer (~4 nm thick) on the surface of the material which must be
traversed in order to achieve reversible lithiation/delithiation. Others have investigated the use of
thermal evaporation to produce thin films [29], nanopillar aluminum arrays [33,34], or various particle
sizes [35]. To avoid this native oxide layer and provide a high surface area aluminum to interact with
Li+, we utilized decomposed alane (AlH3) as the source of aluminum [36,37]. To obtain the aluminum
used for this work, a sample of alane was dehydrogenated under inert conditions to produce high
surface area aluminum nanoparticles that are free of the native oxide layer on the surface (Figure 1).
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Figure 1. SEM of the aluminum obtained from the dehydrogenation of alane and utilized to prepare
the composite anode material.

To determine if aluminum can be lithiated in the solid state, a composite electrode was prepared
with aluminum as the active material (Al), LiBH4 to facilitate Li+ ion transport through the composite,
carbon black (CB) to provide electrical conductivity, and polyvinylidene fluoride (PVDF) as a binder.
The composite anode was pressed into a nickel foam (~2–4 mg) and then pelletized with LiBH4

(~90 mg). Li foil was then attached to the opposite side and the pellet was sandwiched between two
nickel disks and compressed with a spring inside of a 1/2 in. Swagelok union with two electrode
posts (Figure 2). To enhance the ionic conductivity of LiBH4 and allow for the even distribution of
the solid electrolyte throughout the aluminum composite anode, it was Spex milled as previously
described [38,39].

The cycling of the aluminum composite anode in the solid state with LiBH4 as the solid-state
electrolyte (Figure 3) is consistent with our previous study of aluminum (derived from AlH3) based
anodes in a liquid electrolyte (1.0 M LiPF6 in EC/DMC) [40]. During the first cycle, a capacity of
895 mAh/g is achieved which is close to the theoretical capacity of a (1:1) LiAl alloy (993 mAh/g).

Figure 2. (Top) Schematic of the pellet inserted inside of the (bottom) Swagelok cell utilized for the
electrochemical characterization.
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Figure 3. Lithiation/delithiation cycles of the Li/LiBH4/Al composite cell. Cycling was performed at
0.1 C between 0.13 and 2.8 V (vs. Li+/Li) at 135 ◦C. Cycle number: Black—1st, Red—2nd, Blue—5th,
and Green—10th.

Subsequent cycling of the material results in a loss in capacity. This behavior is common to
aluminum based anode materials and is likely attributed to the low lithium diffusion coefficient in LiAl
which is 6 × 10−12 cm−2·s−1 at 298 K [29]. This is likely the primary cause of low reversibility in the
system due to the lithium being trapped within the LiAl alloy formed during the 1st and subsequent
lithiation cycles. This same type of behavior has also been observed in the solution state and is due to
lithium entrapment during the LiAl alloy formation [41]. In the same study, authors also report a phase
transformation from α-LiAl to β-LiAl which occurs via a solid solution mediated crystallization to form
the β-LiAl phase when an Al foil anode is utilized. Additional cycling studies were also performed to
understand how the cycling rate effects the capacity retention (Figure 4). Cycling rates of 0.1 C, 0.5 C,
and 1.0 C, based on the amount of aluminum within the anode, were also evaluated for the system.
This indicates that the LiBH4 can potentially support high charge/discharge rates.

Figure 4. Effect of cycling rate on the first cycle capacity of the Li/LiBH4/Al composite cell at 135 ◦C.
Inset shows the capacity as a function of cycling rate over the first 10 cycles. Black—0.1 C, Red—0.5 C,
and Blue—1.0 C.

CV was performed on the Li/LiBH4/Al composite cell at 135 ◦C from 2.8 V to 0.13 V vs. Li+/Li
(Figure 5). The CV was consistent with the galvanostatic charging/discharging experiments over the
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potential window. The CV clearly shows the onset of lithiation at 0.32 V while the delithiation onset
occurs at 0.38 V. With each subsequent cycle, the area of the oxidation and reduction peaks in the CV
gradually decreases as observed in the cycling experiments.

To understand how the morphology of the Al composite electrode changed with cycling,
SEM analysis was performed (Figure 6). SEM clearly showed the presence of spherical shaped
particles (20–40 μm in diameter) and a relatively smooth surface of the electrode in the as prepared
state. However, after the lithiation cycle of the aluminum, these spherical particles are no longer
present. Additionally, the surface increases in roughness and the formation of voids within the
electrode are clearly present. The formation of a rough surface and the creation of voids within the
electrode could be due to the lattice expansion that occurs during the lithiation of aluminum to form
the LiAl alloy. Going from metallic aluminum to the LiAl alloy results in a 97% expansion in the
lattice [42]. However, this is significantly less than the lattice expansion during the lithiation of Si to
Li22Si5 and Sn to Li22Sn5 which are 323% and 300% [43] respectively. The expansion of these 3 alloys are
all significantly more than the graphite electrode currently utilized in commercial LIB, which expands
only 9% upon lithiation [44].

Next, SEM-EDS was utilized to ascertain the identity of the spherical particles and obtain chemical
information about the surface. Figure 7 shows the elemental distribution of B, Al, F, O, and C on the
surface of the aluminum composite anode in the initial state. By looking at the boron distribution
it is more concentrated around the spherical particles indicating that they are composed of LiBH4.
The aluminum particles are also clearly distinguishable. The distribution mapping of carbon from the
CB and PVDF and the fluorine from PVDF are nearly identical. Oxygen is also present in the sample
but it has a very low concentration where the aluminum particles are present and is consistent with
our hypothesis that the aluminum is relatively free of an oxide layer.

SEM-EDS was then taken of the aluminum composite electrode after the first lithiation (Figure 8).
The distribution of boron throughout the electrode is significantly affected by this process because it
is now randomly distributed through the sample and not concentrated in a certain location/particle.
This is also consistent with the disappearance of the spherical shapes that were identified as LiBH4 in
Figure 7. This unique morphological change has not been previously reported for a solid-state cell
utilizing pure LiBH4 as a solid electrolyte. This was unexpected because LiBH4 does not melt until
>275 ◦C. However, the operation temperature of the cell is above the orthorhombic to hexagonal phase
transition that occurs at temperatures >115 ◦C, and could be responsible for the change in morphology.
Further investigation of this morphological change and its possible impact on electrochemical systems
is needed.

 

Figure 5. Cyclic voltammogram of the Li/LiBH4/Al composite cell at 135 ◦C. Cycle number: Black—1st,
Red—2nd, Blue—5th, and Green—10th.
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Figure 6. (Top, left and right) Wide field view and zoomed in view of the Al composite anode side of
the pellet in the initial state. (Bottom, left and right) Wide field view and zoomed in view of the Al
composite anode side of the pellet after the first lithiation.

The aluminum signal is still present in the sample; however, the edges of the aluminum particles
are less sharp and not as defined which could be due to pulverization during the lithiation. The oxygen
content of the sample is significantly increased in the sample; however, this could have occurred
during the cycling of the sample in the Swagelok cell or during the brief exposure of the sample to air
when it is introduced into the SEM for analysis.

XRD was utilized to confirm that the electrochemical plateaus observed during the galvanostatic
charge/discharge cycles were attributed to the formation of a LiAl alloy (Figure 9). To do this a pellet
was assembled as described in Figure 2, however, the Ni foam was excluded from the process so that
diffraction pattern wouldn’t be dominated by the high Z nickel. In the initial state (before lithiation) the
presence of aluminum is confirmed in the XRD (denoted as *). After the first lithiation, the formation of
the LiAl alloy (denoted as #) is then observed with the formation of 4 well defined and resolved peaks.
There are still pure aluminum peaks present in the diffraction pattern and is attributed to the fact that
the Li+ must diffuse all of the way through the electrolyte and then the full thickness of electrode to
achieve lithiation at the bottom of the pellet. It may be possible to demonstrate full conversion of
aluminum to the LiAl alloy, but it would require a much slower lithiation rate and reduced thickness of
the composite electrode. However, the purpose of this experiment was to spectroscopically verify the
formation of the LiAl alloy via lithium migration through the LiBH4 electrolyte. The unlabeled peaks
in the spectrum are from the LiBH4 used in the composite electrode and as the solid-state electrolyte.

To further characterize the interface between the electrodes and electrolyte electrochemical
impedance spectroscopy (EIS) and Raman spectroscopy was performed (Figure 10). The EIS spectra
for the cell (Li/LiBH4/Al) at room temperature before cycling is shown in the inset. The Nyquist
plot for this sample shows a very large resistance for the electrolyte and the charge transfer process
occurring at the interface of the electrolyte/electrodes. Upon heating to 135 ◦C, there is a significant
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reduction in the resistance for the electrolyte and the charge transfer at the interface as expected before
cycling. After the first cycle, there is a reduction in the resistance of the electrolyte. This is likely due
to disappearance of the spherical LiBH4 particles (observed in the SEM-EDS) resulting in better Li
ion diffusion at the interface. After the 10th cycle, the resistance of the electrolyte and charge transfer
increases and is likely due to the large volume expansion/contraction of the Al active material during
the lithiation/delithiation process. This likely results in small gaps at the electrode-electrolyte interface
which effectively closes the lithium ion transport into and out of the Al.

Raman spectroscopy was carried out on the anode side of the electrolyte pellet in the as prepared
sample and after 5 cycles at room temperature. For these experiments, PDVF and CB were removed
from the anode for clarity and to obtain suitable spectra due to the absorbance of scattered light
from the black carbon material. The B–H vibration modes [45], shown in Figure 10, demonstrate no
significant change in frequency due to the formation of additional Li–B–H species, such as Li2B12H12,
and are consistent with orthorhombic LiBH4. This is expected since the hexagonal phase is only
stabilized at high temperatures or with the incorporation of suitable additives [7].

 

Figure 7. SEM-EDS of the aluminum composite anode in the initial state. The top image is the
composite map of carbon, aluminum, fluorine, oxygen, and boron elemental distribution. The bottom
images are the individual atomic distributions of the elements.
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Figure 8. SEM-EDS of the aluminum composite anode after the first lithiation. The top image is the
composite map of carbon, aluminum, fluorine, oxygen, and boron elemental distribution. The bottom
images are the individual atomic distributions of the elements.

 

Figure 9. XRD of the aluminum anode composite before (black) and after the 1st lithiation cycle (red).
The left and the right panels show the low 2θ and high 2θ respectively. Aluminum (*, pdf 00-0040787)
and LiAl alloy (#, pdf 01-072-3428).
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Figure 10. (Left) Electrochemical impedance spectroscopy (EIS) of the Li/LiBH4/Al cell. The inset
(black) shows the cell at room temperature. The other 3 EIS traces are for the cell at 135 ◦C before
cycling (blue), after the 1st cycle (red), and after the 10th cycle (green). (Right) Raman spectra of the
B–H stretching modes of LiBH4 in the as prepared electrolyte pellet from the anode side (blue) and
after cycling five times (red).

3. Materials and Methods

3.1. Materials

Chemicals were provided by the supplier and are listed by supplier as follows. Sigma Aldrich
(St. Louis, MO, USA): LiBH4 and lithium foil; MTI corp. (Richmond, CA, USA): TIMCAL graphite
carbon super P (CB) and polvinylidene fluoride (PVdF). Aluminum (Al) utilized as the anode material
was obtained from the dehydrogenation of AlH3 (ATK) at 220 ◦C under a constant argon flow on
a Schlenk line for 2 h.

3.2. Electrolyte and Anode Preparation

LiBH4 was ball milled for a total of thirty minutes with a 30:1 ball to powder ratio utilizing a SPEX
ball mill. After ball milling, the LiBH4 material was ground up with the use of a mortar and pestle.
The aluminum composite was prepared with equal parts of activated aluminum; LiBH4; PVdF; and CB
(mass ratio of 10:6:3:3 respectively). This mixture was then homogenized with the use of a mortar
and pestle. The pellets were assembled by first obtaining a flattened nickel foam current collector and
manually pressing the aluminum composite anode material (2.0–3.0 mg) into it. The foam was then
placed at the bottom of a die 10 mm die set (International Crystal Laboratories) with the aluminum
anode composite facing up. Next, approximately ~90 mg of LiBH4 was added on top of the nickel
foam/anode composite. The die set was then fully assembled and pressed in a hydraulic press at 2 tons
of pressure. After the pellet was pressed, it was removed from the die set with the nickel foam/anode
composite attached to one side of the LiBH4 pellet.

3.3. Cell Assembly and Electrochemical Characterization

Electrochemical measurements were performed using a Swagelok cell. The cells contained
two polished nickel disk current collectors. The nickel foam/anode composite/LiBH4/Li foil pellet
was placed between two solid nickel disks to maintain sufficient electrical connectivity and provide
uniform pressure on the pellet while in the cell under the pressure of a spring. The inside of the
Swagelok cell was lined with a Mylar film and Teflon ferrules that were used to prevent shorting.
The measurements were taken on a Bio-Logic VMP3 multichannel potentiostat (Bio-Logic Ltd.,
Grenoble, France). In order to increase the conductivity of the LiBH4 electrolyte and reduce the
contact resistance at the electrode/electrolyte interfaces, the cells were electrochemically evaluated at
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135 ◦C. The heating process was conducted with the use of heating tape submerged in a sand bath.
The temperature was monitored with the use of a K-type thermocouple positioned against the wall
of the Swagelok cell. The cells were then cycled at various rates (0.1 C, 0.5 C, and 1.0 C) based on
the amount of aluminum in the composite anode, for conducting galvanostatic charging/discharging
of the cells. Cyclic voltammograms were collected at a cycling rate of 0.100 mV/s with a voltage
window of 0.13 V to 2.80 V. The EIS was measured in a frequency range of 1 MHz to 100 Hz at
±20 mV amplitude.

3.4. Ex-Situ XRD, SEM-EDS, and Raman Characterization

XRD was utilized to confirm the formation of the LiAl alloy after the first lithiation cycle. For this
set-up, the anode composite was pressed into the LiBH4 pellet without the use of the nickel foam
current collector. This was done to eliminate the large signal from the nickel foam current collector
during the XRD data collection. This allowed for the aluminum and the LiAl alloy to be readily
detectable during the analysis. XRD was performed using a PANalytical X’pert Pro (PANalytical Ltd.,
Almelo, The Netherlands) with Cu Kα radiation, and the samples were protected with a Kapton film
to minimize oxidation of the sample.

SEM was used to analyze the change in surface morphology that occurred as a result of lithiating
the active material. This process was done with the use of a Hitachi Ultra-High Resolution Scanning
Electron Microscope SU8230 series (Hitachi, Ltd., Tokyo, Japan) with an X-Maxn Silicon Drift Detector
attachment. Further atomic composition studies (EDS) were performed and the data from the analysis
was interpreted using Aztec software.

Raman spectra were obtained with 15 mW 532 nm excitation using a 5 mm focal length optical fiber
probe focused onto the pellet surface. Spectra were recorded at ~5 cm−1 resolution using a Holospec
transmission grating spectrometer (Andor Technology Ltd., Belfast, UK) with CCD detection.

4. Conclusions

In this study, we demonstrated the reversible electrochemical lithiation of a composite aluminum
anode facilitated by a LiBH4 solid state electrolyte. It was also demonstrated that the LiBH4 solid
state electrolyte can facilitate the reversible lithiation of aluminum at charge/discharge rates up to
1.0 C. Also, this study showed that metal hydrides (such as AlH3) can serve as the source of oxide free
metals for battery applications. XRD confirmed the formation of a LiAl alloy after the first lithiation
cycle. SEM analysis identified unique morphological changes that occur within the electrode during
the cycling of the material. It is likely that similar changes are also occurring in other cells that utilize
a LiBH4 based material as the solid electrolyte. This type of morphological change should also be
considered along with other expansion/contraction processes in the high capacity anode materials in
future studies. A better understanding of this mechanism will be needed for the further development
of LiBH4 based electrolytes. Although the cycle stability of the aluminum composite anode is poor,
recent work has also investigated an Al/TiO2 yolk-shell nano-architechture (ATO) that facilitates
reversible lithiation/delithiation of aluminum for 500 cycles with excellent capacity retention [46].
Our future work will focus on this type of architecture in combination with the LiBH4 based electrolyte
as well as the closo-borane solid state electrolytes.
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Abstract: Tetrahydofuran (THF) complexed to magnesium borohydride has been found to have a
positive effect on both the reactivity and selectivity, enabling release of H2 at <200 ◦C and forms
Mg(B10H10) with high selectivity.
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1. Introduction

Over the past decade, there has been a significant international effort involving chemists, materials
scientists and physicists to discover and demonstrate a solid-state hydrogen storage material that
would enable a fuel cell electric vehicle 5 min refueling time and a 500 km driving range. Only a few of
the thousands of materials investigated have garnered as much interest as Mg(BH4)2 [1–12]. The high
gravimetric density of H2, ca. 14.7 wt % H2 and thermodynamics for H2 release lie in the narrow
window required for reversibility under moderate pressure and temperature. The dehydrogenation
of the borohydride to MgB2 has a calculated ΔH0 of 38.6 kJ/(mol H2) and ΔS of 111.5 J/(K·mol H2),
predicting a plateau pressure of 1 bar H2 of 73 ◦C [13]. These thermodynamic properties together
with the borohydride’s high gravimetric hydrogen density, and demonstrated hydrogen cycling
compatibility [1,9] suggest its application as a reversible hydrogen carrier for PEM fuel cell applications.
Two critical challenges remaining are (i) the slow rates of hydrogen release and (ii) the thermodynamic
stability of the major dehydrogenation product, magnesium dodecaborane, Mg(B12H12), occasionally
referred to as the dead-end for reversibility.

At temperatures greater than 460 ◦C the borohydride releases ~14 wt % hydrogen, giving mixture of
products, i.e., MgB2, MgH2, Mg and amorphous boron, depending on reaction conditions [6,10,11,14,15].
Hydrogenation of this product mixture at 400 bar H2 and 270 ◦C results in the uptake of 6.1 wt %
hydrogen [5]. NMR studies concluded that MgB12H12, forming at temperatures greater than 250 ◦C,
is a thermodynamic endpoint, preventing re-hydrogenation to Mg(BH4)2 [4]. On the other hand, the
reversal of MgB2 to Mg(BH4)2 occurs, albeit, under extreme conditions of 950 bar H2 and 400 ◦C [9].
This demonstrated that reversibility can be achieved, however, under conditions that are impractical
for commercial hydrogen storage applications. Similarly, the lithium, sodium, and potassium salts
of B12H12

2− have been hydrogenated, in the presence of metal hydrides, to the corresponding
borohydride under 1000 bar of H2 at 500 ◦C [16]. Whether the pathway for the hydrogenation
of MgB2 to Mg(BH4)2 involves MgB12H12 remains an open question.

The use of additives to enhance kinetics of hydrogen release from Mg(BH4)2 has been the subject
of several investigations [17–20]. An early study found that TiCl3 lowered the onset temperature of
hydrogen release from 262 to 88 ◦C [17]. More recently, significant reductions in the onset temperature
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of hydrogen release have been observed upon the addition of NbCl5 and a Ti–Nb nanocomposite [18];
metal fluorides such as CaF2, ZnF2, TiF3, and NbF5 [18–20] and ScCl3 [19]. Hydrogen release is also
induced by mechanically milling Mg(BH4)2 with TiO2 resulting in release of 2.4 wt % H2 at 271 ◦C while
undergoing reversible dehydrogenation to Mg(B3H8)2 [20]. Alternatively, the thermal dehydrogenation
of Mg(BH4)2 has been shown to be accelerated in eutectic mixtures with LiBH4 [21–23]. Another study
claimed that the addition of LiH to Mg(BH4)2 induced hydrogen evolution at temperatures as low as
150 ◦C and enabled the cycling of 3.6 wt % H2 through 20 cycles at 180 ◦C [24].

2. Results

The high temperature and pressure required for reversibility led us to explore the decomposition
pathways at lower temperatures. The decomposition of Mg(BH4)2 over a prolonged period (5 weeks)
under 1 bar nitrogen at 200 ◦C yields Mg(B3H8)2 as the major product [1]. While formation of the B3H8

−

anion has been recognized from thermal condensation studies of BH4
− in solution [25], this finding

provided evidence that an analogous process may take place during solid state decomposition contrary
to theoretical predictions. Furthermore, under 120 bar hydrogen pressure and 250 ◦C, the Mg(B3H8)2

intermediate was completely converts back to Mg(BH4)2 after 48 h. The subsequent hydrogenation
of independently synthesized Mg(B3H8)2·THF (THF = tetrahydofuran), where attempts to remove
the solvent were unsuccessful, then demonstrated that quantitative re-hydrogenation to Mg(BH4)2

could be achieved under 50 bar H2 and 5 h at 200 ◦C [26]. We concluded that the faster rate exhibited
by the solvated sample resulted from a phase change induced by the coordination of the THF. Studies
of borohydrides and boranes in the context of hydrogen storage, have typically focused on complete
solvent removal. The presence of residual solvent is generally considered problematic and the various
synthetic routes to Mg(BH4)2 often call for rigorous efforts to obtain a pure, solvent-free product.
However, our findings suggested that the solvent coordination might have the beneficial effect of
enhancing dehydrogenation kinetics. Only a handful of studies have explored the dehydrogenation of
Mg(BH4)2 coordinated to a solvent, the majority of which have highlighted nitrogen donors [27–30].

Our observation of the kinetic enhancement of the hydrogenation of Mg(B3H8)2 to Mg(BH4)2

prompted us to further explore how solvent coordination affects hydrogen release temperatures.
We have examined the effect of dimethyl sulfide (DMS), diethyl ether (Et2O), triethylamine (TEA),
diglyme (Digly), dimethoxy ethane (DME) and THF, encompassing a range of Lewis basicity,
on the decomposition of Mg(BH4)2. Alternative syntheses, complex polymorphism, predicted
thermodynamic properties, and attempts to improve the hydrogen cycling capacity of Mg(BH4)2

have been widely explored and reviews of these activities were recently published [20,31]. However,
the solid-state chemistry of the interconversion of the borane intermediates involved in these systems
remains largely unexplored. Therefore, a unique aspect of this work has been the direct observation and
characterization of the borane products and metastable reaction intermediates by MAS and solution
phase 11B NMR studies.

Table 1. Ligand ratios in synthesized solvates, determined by 1H NMR.

Solvate Mg:Ligand Ratio

Mg(BH4)2·DMS § 1:0.34
Mg(BH4)2·TEA 1:1.8
Mg(BH4)2·Et2O 1:0.36
Mg(BH4)2·Digly 1:1.18
Mg(BH4)2·DME 1:2.2
Mg(BH4)2·THF 1:2.8

§ The dimethyl sulfide (DMS) solvate was obtained through the synthetic protocol as described by Zanella et al. [32].
The DMS is weakly bond to the magnesium cation and readily removed by heating.
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The TEA, Et2O, Digly, DME and THF solvates of Mg(BH4)2, were prepared by adding an excess
of solvent to Mg(BH4)2 at room temperature. Subsequently the solvent was removed en vacuo to obtain
a crystalline solid. The stoichiometry of the solvates was determined from the relative integrated
intensities of the signals observed in the 1H NMR spectra as summarized in Table 1. Where we could
find crystal structure information for solvates of Mg(BH4)2, the stoichiometry of solvate to Mg cation
determine by NMR in our work is slightly greater than reported for Mg(BH4)2·DME 1:1.5 and slightly
lower for Mg(BH4)2·THF 1:3 [33].

Unsolvated Mg(BH4)2 and solvate powders were dehydrogenated via combinatorial screening
equipment made by Unchained Labs® (Pleasanton, CA, USA), consisting of a 24 well plate design.
Heating of the samples was conducted in a screening pressure reactor at 180 ◦C for 24 h under N2

flow. Product ratios determined by 11B NMR are shown in Table 2. Entry 1 shows the low reactivity of
unsolvated Mg(BH4)2 at 180 ◦C with 93% BH4

− remaining. This result is typical of the slow kinetics
of dehydrogenation for borohydride complexes at temperatures below 300 ◦C. Dehydrogenation of
the TEA complex favored formation of B3H8

−, along with a trace amount of B10H10
2−. The ether

additives showed higher levels of dehydrogenation at 180 ◦C. Another difference found with the
ether complexes is the observation of B10H10

2− as the major product, suggesting either a competing
dehydrogenation path or that the presence of these ether ligands encourages further reactivity of
the B3H8

− to form more deeply dehydrogenated products. Of the ether solvates, DME and THF
provided the highest conversion of BH4

− with B10H10
2− as the major product. Only small amounts of

B12H12
2−, demonstrating that the decomposition was ~10× more selective for B10H10

2− than B12H12
2−,

much higher than the ~1.5× selectivity exhibited by the Digly solvate. These findings motivated further
exploration of the dehydrogenation reaction.

Table 2. Distribution of products of Mg(BH4)2 solvates determined from integration of 11B NMR peaks
in mol % after dehydrogenation at 180 ◦C, 24 h, 1 atm N2. The balance of products consist of trace
quantities of boric acid due to hydrolysis of unstable polyboranes.

Sample B10H10
2− B3H8

− B12H12
2− BH4

−

Mg(BH4)2 3 93
Mg(BH4)2·TEA 2 6 89
Mg(BH4)2·Et2O 4 4 88
Mg(BH4)2·Digl 5 2 3 82
Mg(BH4)2·DME 46 14 4 30
Mg(BH4)2·THF 31 12 3 39

3. Discussion

A recent study asserted that closo-boranes are secondary products formed upon aqueous workup
of the low temperature dehydrogenation reactions [34]. To determine if formation of B10H10

2− occurs
directly in the solid state reaction, the 11B VT MAS NMR spectrum of dehydrogenated (1 atm N2

at 180 ◦C for 24 h) Mg(BH4)2·THF was obtained (Figure 1). At room temperature, the observed
resonances were broad, typical of solid state spectra for quadrupolar nuclei. Heating the sample
to 160 ◦C sharpened the BH4

− peak and the resonances for B10H10
2− at −2 and −27 ppm could be

resolved. The peaks at −2 and −27 ppm assigned to the basal and apical boron in B10H10 based
on the 1:4 ratio integration ratio in the solid state spectrum at 160 ◦C. At 20 ◦C the peaks are barely
perceptible from the baseline. The sample is subsequently dissolved in a mixture of THF/D2O for
solution NMR analysis. A solution phase spectrum of the dehydrogenated complex was obtained for
comparison of product distribution and line width after dissolution in THF/D2O (Figure 1c). The same
high selectivity for B10H10

2− is observed in both solution (−2, −30 ppm) and solid-state NMR with
respective yields of 19% and 18%.
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Figure 1. 11B NMR spectra of Mg(BH4)2·THF (tetrahydofuran) dehydrogenated (a) solution phase
dissolved in 1:2 THF:D2O, (b) solid state collected at 160 ◦C and (c) solid state collected at 20 ◦C.
Experimental set-up described in references [35,36].

In situ VT MAS 11B NMR studies of the Mg(BH4)2·THF complex provides additional insight.
As seen in Figure S1, the room temperature spectrum contains resonances for both unsolvated and
solvated Mg(BH4)2 at −41 and −44 ppm respectively. See Figure S2 for a reference spectrum of
unsolvated Mg(BH4)2. The downfield shift of the THF solvated BH4

− complex is comparable to the
downfield shift reported for Mg(BH4)2·4NH3 [37]. Upon heating the two peaks collapse into a single
narrow peak at 90 ◦C. We interpret the narrow line width (FWHM = 32 Hz) as being indicative of a fluid
phase. This is consistent with the observation of the melting of the THF solvate between 80–100 ◦C in
a melting point apparatus and similar to the m.p. of 90 ◦C reported for Mg(BH4)2·2NH3 [36].

A comparison of the IR spectra of the solvated and unsolvated Mg(BH4)2 complex is shown in
Figure 2. The single prominent stretch observed in the B–H stretching region between 2300–2500 cm−1 [38]
for Mg(BH4)2 is indicative of lack of directional bonding between the Mg cation and the tetrahedral
environment of BH4

−. The additional coordination of THF molecules results in the BH4
− also bonding

in a mono or bidentate mode to the Mg cation. This lowering of symmetry leads to a spectrum with a
number of overlapping bands occur between 2000–2500 cm−1. The modified coordination may play a
role in the dehydrogenation mechanism and energetics.

 

—Mg(BH4)2 

—Mg(BH4)2·THF 

Figure 2. Attenuated Total Reflectance-Infrared spectra of unsolvated Mg(BH4)2 blue spectra with
simple B–H stretching region and Mg(BH4)2·THF red spectrum with complex B–H stretching frequency.

The melting of the THF adduct is also likely to be a contributing factor to the enhanced kinetics.
However, the onset of dehydrogenation occurs at temperatures above the melting point of the

165



Inorganics 2017, 5, 89

THF complex. The THF may also reduce the activation energy of clustering to form more deeply
dehydrogenated products by altering the coordination mode between Mg2+ and BH4

− through
donation of electron density or steric interactions. The high selectivity for MgB10H10 over MgB12H12 is
surprising. Either THF influences the reaction pathway, i.e., lower the barrier for a branching point
that pushes the reaction towards MgB10H10 formation or THF flips the thermodynamic stability of the
closoboranes making MgB10H10 more stable than MgB12H12.

4. Materials and Methods

All sample preparation and storage was conducted either in a nitrogen glovebox or on a Schlenk
line. Solvents were dried over molecular sieves and verified by NMR for purity before use.

4.1. Synthesis of Mg(BH4)2

Magnesium borohydride was synthesized following a method described by Zanella et al.
Di-n-butylmagnesium (Sigma Aldrich, Milwaukee, WI, USA) was added dropwise to borane-
dimethylsulfide complex (Sigma Aldrich) in toluene according to the reaction scheme:

3Mg(C4H9)2 + 8BH3·S(CH3)2 → 3Mg(BH4)2·2S(CH3)2 + 2B(C4H9)3·S(CH3)2

The mixture was allowed to stir at room temperature for a minimum of 3 h and subsequently
filtered, washed with toluene, and dried en vacuo at room temperature for 6 h and then at 75 ◦C
overnight. The product, a fine white powder, was found to consist of >95% α-Mg(BH4)2 by
XRD analysis.

4.2. Synthesis of Solvent Adducts of Mg(BH4)2

The TEA, Et2O, Digly, and THF solvates of Mg(BH4)2, were typically prepared by adding an
excess of solvent to Mg(BH4)2 at room temperature and stirring for 30 min. Excess solvent was then
removed en vacuo either at room temperature or up to 45 ◦C for higher boiling point solvents, for as
long as needed to obtain a crystalline solid. The DMS adduct was obtained during the synthesis of
Mg(BH4)2 as described above prior to removal of the DMS by heating.

4.3. Characterization of Mg(BH4)2 Adducts and Decomposition Products by Solution NMR

Powders were typically dissolved in a 1:2 mixture of THF:deuterium oxide (D2O) and analyzed within
10 min on a Varian 300 MHz spectrometer with 11B chemical shifts referenced to BF3·Et2O (δ = 0 ppm)
and 1H referenced to TMS (δ = 0 ppm). 11B was measured at 96.23 MHz and 1H was measured at
299.95 MHz. A relaxation delay of 15 s was used for all 11B analyses with a 90◦ pulse width of 6 μs.
An external standard was added to the quartz NMR tubes to determine the solubility of the powder in
the THF/D2O mixture. The standard consisted of an aqueous solution of sodium tetraphenylborate
(NaBPh4) sealed in a glass capillary. Calculation of percent composition of decomposed products was
based on peak areas.

4.4. Solid State NMR

Sample powders were packed into 4 mm zirconium oxide rotors and spun at 12 kHz on a Varian
500 MHz spectrometer (Varian, Palo Alto, CA, USA) equipped with a HX 4 mm probe.

4.5. In Situ NMR

The characterization of Mg(BH4)2·THF during heating to 200 ◦C was conducted by variable
temperature (VT) solid state magic angle spin (MAS) NMR in a Varian 500 MHz spectrometer 5 mm
HXY probe. 1H and 11B shifts were referenced to tetramethylsilane at 0 ppm and lithium borohydride
at −41.6 ppm and measured at 499.87 and 160.37 MHz respectively. 1H and 11B spectra were obtained
with a 2 s and 5 s relaxation delay and 90◦ pulse width of 6 μs. The sample powder was packed in a
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5 mm zirconia rotor under 1 atm N2 with a Teflon spacer and then capped with a customized plastic
bushing capable of withstanding pressures up to 200 bar. The details of the rotor design are given
in detail elsewhere [32,33] and have been modified to accommodate 5 mm rotors. The rotors were
spun at 5 kHz at room temperature and subsequently heated at a rate of about 6 ◦C/min and held at
specific temperatures during the ramp at which 11B and 1H spectra were obtained. The duration of the
analyses at the set temperatures was approximately 45 min.

5. Conclusions

In summary, characterization of the dehydrogenation products arising from Mg(BH4)2·THF
complex by solution and solid-state NMR shows that the dehydrogenation mechanism is highly
selective for B10H10

2− over B3H8
− (theoretical H2 release 8.1 wt % vs. 2.5 wt % in the absence of

solvates) and B12H12
2−, a kinetic dead end. The dehydrogenation of Mg(BH4)2 at temperatures below

200 ◦C and potential for cycling between Mg(BH4)2 and MgB10H10 have significant implications for
hydrogen storage applications. Further studies into optimizing the reaction through modification of
ligand to Mg ratios are currently underway.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/5/4/89/s1, Figure S1:
In situ VT MAS 11B NMR of Mg(BH4)2·THF at room temperature and 90 ◦C. Figure S2: 11B MAS spectra of
unsolvated Mg(BH4)2 and solvated Mg(BH4)2·THF.
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