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Abstract

Magnesium borohydride, Mg(BHa)z, is an interesting material for hydrogen storage due to
its high hydrogen content (14.9 wt.% of H.). Unfortunately, a temperature of at least 350°C is
needed for releasing its hydrogen and the rehydrogenation process is only feasible under harsh
conditions (950 bar H2 and 300°C). In order to improve the performances of this compound, we
analyze in this study the concomitant effects of nano-confinement into mesoporous carbons and
addition of Ni-Pt catalysts. This study uses different characterization tools to determine the effects
of both nano-confinement and catalysts onto the pathway of decomposition. Usually, bulk
Mg(BHa). decomposes in several steps passing through intermediate species for which activation
energies are high. In this study, we show that the confinement and catalyst addition on Mg(BHa):
result in a single step of hydrogen release and an activation energy below that of the bulk material
with a value of 178 + 14 kJ.mol™ as determined by the Kissinger’s method. Interestingly, the
hydrogen release is fully completed, i.e. 8 H atoms per Mg(BHa)2 formula unit are released, in less
than 2 hours at 350°C.
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1. Introduction

Hydrogen possesses a high potential as an energy vector [1-2] thanks to its high energy
density, a renewable production [3-4] and a clean consumption, but the low density of hydrogen
gas under normal temperature and pressure conditions limits its development. There are different
ways to store hydrogen: as pressurized bottles (700 bar) [5] or eventually cryogenic containers (20
K) [6] or even both at the same time using hybrid containers [7], but these techniques are associated
with energy losses and have to pass rigorous safety tests to be used in daily life. Finally, these
storage systems are quite expensive. An alternative can be the solid storage of hydrogen using
metals or complex hydrides [8-9]. Among the complex hydrides with the highest gravimetric
hydrogen contents, we can cite Be(BHa)2 [10], LiBH4[11-12] and Al(BH4)3 [13] with a hydrogen
content of 20.8 wt.%, 18.5 wt.% and 16.9 wt.%, respectively [14]. These compounds are interesting
due to their high gravimetric and volumetric capacities and they could be used to supply energy for
mobile applications. However, some issues limit their use as the toxicity (Be), slow kinetics, high
activation energy and high temperature of decomposition in most cases [15]. We can also cite a
more specific problem to borohydrides, which is their tendency to release diborane (B2Hs), which
is a strong poison for fuel cells but also for human beings. For these reasons, most of complex

hydrides cannot be used today in real applications.

One of the most promising and studied complex hydride so far is Mg(BH4)2, which shows
an interesting behavior from both applicative and fundamental points of view. First, this compound
exists as several polymorphs, five of them are stable under ambient conditions and another 6™
polymorph is metastable (¢ phase). All of these polymorphs have different volumetric hydrogen
contents ranging from 82 g H,.L™ [16] for porous y-Mg(BHa). to 147 g H2.L* for the high density
8-Mg(BHsa)2 phase obtained under high pressures, this latter value being one of the highest reported
for complex hydrides. Regarding the gravimetric capacity, it is also one of the highest with
14.9 wt.% of hydrogen [17] for Mg(BHa4).. The enthalpy of the hydrogen release is theoretically
suitable for reversible hydrogen storage near ambient conditions, as predicted by several modeling
methods [18-20] with calculated AHzgsk 0f -38 kJ.mol* H, and -44 kJ.mol™* H for reactions 1 and
2, respectively. These results are in a good agreement with the observations made by Nakamori et

al. [8] concerning the relationship between the energy of decomposition and the cations



electronegativity: more is the cation electronegative, less is the borohydride stable. The enthalpy
value determined for Mg(BHa)2 could lead to the release of one bar H> in a single step at
temperatures around 20-75°C [20].

But, experimentally, it was shown by many authors [21-27] that the reaction occurs around
300°C in a three steps process with an activation energy as high as 311 + 20 kJ.mol™ as determined
by Fichtner et al. [28]. The formation of MgB12H12 as a stable intermediate is often observed,
thanks to !B NMR spectroscopy, and is responsible for the high activation energy of the desorption
process. Finally, the reaction is most of the time incomplete at 350°C leading to the formation of
MgH: + 2 B [9] (cf. reaction 2). The total desorption of hydrogen is only feasible at temperatures
above 400°C with the formation of MgB: at the end of the reaction (cf. reaction 1).

Mg(BHa4)2=» MgB:2 + 4 H2 Q)
Mg(BH4)2  MgHz + 2 B + 3 H2 )

In this study, we focus mainly on the decrease of the activation energy of the decomposition
reaction of Mg(BHa4). and the formation of MgB2 nanoparticles at the end of the reaction. Several
studies were made to decrease the activation energy and the decomposition temperature of
Mg(BHs)2, namely the nano-confinement of Mg(BHa4). [28] and/or mixing with some additives
[29]. Many compounds were investigated as additives for the decomposition of Mg(BH4)2, mainly
transition metal-based additives such as TiCls, TiO2, NbCls, CoClz, Ni and NiO, allowing a
decrease in the decomposition temperature of Mg(BHa4)2 but the rehydrogenation process was
rarely studied. The nano-confinement has also shown an interesting effect on Mg(BHa):
decomposition: for example a lower activation energy by confining Mg(BHjs). into a disorganized
mesoporous carbon [28]. Magnesium borohydride was also confined into silica aerogels by Rueda
et al [30], where it has been demonstrated that the SiO> particles could lower the temperature of
decomposition by 60°C and change the decomposition pathway of Mg(BHa4)2. Some research
groups also mixed Mg(BHa4)2 with others hydrides, especially alanates such as NaAlH4 [31] or
LiAlIH4 [32], leading to a metathesis reaction and thus to the formation of Mg(AIH4)2 and NaBH4

or LiBHg4, respectively. This led to a complete change of reaction path, a strong decrease of the



decomposition temperatures and, a partial rehydrogenation of the decomposition products was

possible.

So far, very few studies deal with the combined effects of nano-confinement and catalyst
on Mg(BHa4)2. Only, Wahab et al. studied the effects of Ni catalysts embedded into porous carbons
[33-34] and they were able to decompose Mg(BHa4). at lower temperatures with an activation
energy about twice lower than that of bulk Mg(BHa4).. Based on our experiences with LiBH4 about
nano-confinement [35-36] and additives [37-38], we apply our previous works to Mg(BHa)2 in
order to decrease the activation energy and to promote the MgB: formation. Especially, the use of
core-shell Ni-Pt nanoparticles as catalysts is carried on for the first time in the case of the Mg(BH4):
thermal decomposition. Core-shell nanoparticles composed of a non-noble metal core (Ni) and a
noble metal shell (Pt) are of great significance in many areas including catalysis, optical detection,
and magnetic separation. Although the Ni@Pt nanoparticles have a much reduced content of Pt,
they are known to exhibit significantly enhanced catalytic activity as compared to pure Pt particles
[38-39].

The synthesis of Mg(BHa)2 and especially the incipient impregnation method used to obtain
the carbon-supported Mg(BHa)2 nanoparticles are described in this paper. Finally, the concomitant
effects of nano-confinement and Ni-Pt core-shell nanocatalysts on the hydrogen desorption

performances are presented.

2. Experimental
2.1. Materials

Mesoporous carbon (Sigma-Aldrich), nickel (I1) sulfate heptahydrate (NiSO4-7H20, Acros
Organics, 99.999 %), potassium hexachloro-platinate monohydrate (K2PtCle-1H20O, Sigma-
Aldrich, 98 %), cetyl-trimethyl-ammonium bromide (CTAB, Sigma-Aldrich, 99 %), diethyl ether
(Acros Organics, 99 %), magnesium chloride (MgClz, Sigma-Aldrich, 98 %) and sodium
borohydride (NaBHa4, Sigma-Aldrich, 98 %) were used as reactants. All of them except the diethyl

ether (dried on molecular sieves before use) were used as received without any purification.



2.2. Synthesis of Mg(BHa4):2

For the synthesis of magnesium borohydride Mg(BHa4)2, 2.8 g of sodium borohydride
(NaBHa) and 3.53 g of magnesium chloride (MgCl2) were mixed into 40 mL of diethyl ether (< 20
ppm of water ) in a steel ball-milling jar (45 mL) with a balls (10 mm diameter) to powder weights
ratio of 5:1. The milling was performed under inert atmosphere (Ar) for 12 h at 100 rpm using a
Retsch PM100 planetary ball-milling apparatus. The synthesis reaction is as follows:

MgClz + 2 NaBH4 = Mg(BHa4)2 + 2 NaCl 3)

This synthesis method is interesting due to the use of NaBH4 instead of LiBH4, the NaCl
formed as by-product being easier to separate from Mg(BHa4)2, thanks to an extremely low
solubility in diethyl ether compared to LiCl. Then, the mixture was filtrated using a Blichner in a
glovebox (< 1 ppm H20, < 1 ppm Oz) under argon to remove the reactants leftover as well as NaCl.
The resulting ether solution containing only Mg(BHa)2 is kept under inert atmosphere for further
uses. We have to note that the concentration of the resulting Mg(BHa4)2 solution varies rapidly due
to the low boiling point of diethyl ether (34.6°C) and, thus, its concentration must be determined
just before the impregnation into the porous carbon. The concentration of the solution is usually
determined by drying a known volume of solution at 150°C under dynamic vacuum and weighing
the solid residue.

2.3. Synthesis of the metal catalysts

The carbon-supported catalyst nanoparticles were obtained by reduction of two metallic
precursors. First, the mesoporous carbon, NiSO4 heptahydrate, KoPtCle monohydrate and CTAB
were mixed together. CTAB is used here as a surfactant to avoid the growth of metallic
nanoparticles. The mixture was heated at 50°C for 1 h to completely dissolve the surfactant and
K2PtCls. Then the solution was ultra-sonicated until no more carbon aggregates were present at the
bottom of the flask. The metallic salts were then reduced by addition of a hydrazine:water solution



(50:50 by volume) and 0.5 g of NaBH4. The solution was stirred for a few hours until the gas
release stopped. This gas release can be fastened by slightly heating the solution since the reduction
occurs quickly and the gas release is due to the decomposition of hydrazine in contact with the
newly formed nanoparticles. The solution was then filtrated and the Ni-Pt@C sample was firstly
dried in an oven at 175°C under dynamical vacuum and finally heat-treated at 5°C/min in a tubular
furnace in a quartz tube with a flow of Ar/H> at 800°C for 1 h. The sample was characterized by
Transmission Electronic Microscopy (TEM) and related spectroscopic techniques in order to
determine the dispersion, size, type and oxidation state of the metallic catalysts formed inside the

carbon matrix.

2.4. Infiltration of Mg(BHa4)2 into Ni-Pt@C

The carbon containing the catalyst nanoparticles was then impregnated by incipient wetness
method using the procedure reported elsewhere [28]: this technique allows a good control over the
quantity of magnesium borohydride nucleated into the carbon. Here, 0.5 g of Ni-Pt@C was
impregnated using 1 mL of Mg(BHa4)2 (1 M in diethyl ether) and the sample was dried at 70°C for
15 min then 150°C for 30 min in a drying furnace (Blchi B-585). Finally, the sample was heat
treated at 200°C for 12 h under vacuum for the full removal of the ether. This process was done

several times until the sample reached a loading of 30 wt.% of magnesium borohydride.

2.5. Characterization tools

The porosity of the mesoporous carbons was characterized by N2 adsorption-desorption at
77 K using a Micromeritics ASAP 2020 analyzer. Specific surface areas and pore size/volume
distribution were calculated using the BET (Brunauer-Emmet-Teller) and BJH (Barrett-Joyner-
Halenda) formalisms, respectively. The carbon samples were outgassed under vacuum at 300°C

for 6 h before the N2 exposure.

The samples containing Mg(BH4). were characterized by X-ray diffraction (XRD) on a
Bruker D8 Advance diffractometer (Cu radiation, A = 1.5418 A) equipped with a cryo-furnace
loaded in the glovebox to avoid any contact with oxygen/moisture. The cryo-furnace allowed the



analysis of the samples from 20 to 450°C and the identification of the different phases formed

during the thermal decomposition.

The thermal analysis of the samples were done both by DSC calorimetry and
thermogravimetric analysis (TGA-MS). For DSC (Differential Scanning Calorimetry), a Netzsch
DSC 204 F1 apparatus was used with aluminum crucibles sealed in the glove box. In order to avoid
crucible deformation due to gas release, the lids of the crucibles were holed just prior to the heating.
Thermogravimetric analyses (Netzsch STA 449 C coupled to a QMS 403C mass spectrometer)
were performed at different heating rates using alumina crucibles. The activation energy of the
decomposition of our samples was calculated using the Kissinger method from the curves of
hydrogen emission (m/z = 2) recorded by mass spectroscopy at different hating rates (from 2 to
15°C/min).

Transmission Electron Microscopy (TEM) was used to look at the size and dispersion of
the catalysts nanoparticles into the carbon matrix. The powders were deposited on copper grids
coated with a Lacey carbon film. The sensitive samples were prepared in glove box under argon
atmosphere and transferred to the TEM under argon flow. TEM images were recorded in the
STEM-HAADF (Scanning Transmission Electron Microscopy - High Angle Annular Dark Field)
mode giving a compositional information linked to the atomic number of the present elements.
Energy Dispersive X-ray (EDX) and Electron Energy Loss Spectroscopy (EELS; resolution 1-1.2
eV) spectra were acquired to determine the composition and the oxidation state of the catalysts,
respectively. TEM investigation was unsuccessful on Mg(BHa)2 nucleated into Ni-Pt@C due to
decomposition under the electron beam and/or high vacuum. Nevertheless, TEM and the related
spectroscopic techniques were performed on the sample dehydrogenated at 400°C to determine if
MgB: was formed and to observe the evolution of the catalysts upon thermal decomposition and
consequent hydrogen release. The analyses were performed using a Tecnai F20-S twin operating
at 200 keV fitted with an EDX and Gatan Image Filter (GIF-EELS) Tridiem in post-column.

A PCT Pro-2000 apparatus from Hy-Energy LLC was used to determine the hydrogen yield
and kinetics of the Mg(BHa4)> decomposition. First the sample (about 1 g) was loaded into the steel

reactor in a glovebox (< 1 ppm Oz and < 1 ppm H20) to avoid any reaction with moisture/air. Prior



starting the experiment, dead volumes were calibrated using He gas. For desorption analysis, the
starting pressure was set to 0.01 bar and then the heating program was started to measure the gas
release. After the decomposition is completed, the reactor was naturally cooled down. To analyze
the rehydrogenation process, different hydrogen pressures up to 100 bar Hz were applied and the

temperature was increased up to 400°C.

3. Results and discussion

3.1. Textural characterization of the carbon loaded with metal nanoparticles

From adsorption-desorption isotherms of N> at 77 K, the specific surface area and the
porous volume of the carbon matrix were determined to be 424 m2g? and 0.43 cmig?,
respectively. The main pores size is around 8 nm. The catalyst was added to the carbon following
the procedure described in experimental section with a loading of 5 wt.% of Ni-Pt particles. By
STEM-HAADEF (cf. Figure 1a), we can see that the catalyst particles corresponding to the white
dots are homogeneously dispersed into the porous carbon. The catalyst particles size ranges from
0.5 to 4 nm with a mean size of 2 nm (cf. Figure S1 in the Supporting information). The global
composition of the nanoparticles is in good agreement with the composition planned during the
synthesis (90 wt.% of Ni and 10 wt.% of Pt) as verified by EDS analysis (cf. Figure S2 in the
Supporting information). As shown in the inset in Figure 1a, the nanoparticles are surrounded by a
layer with a size going up to 1 nm maximum for the bigger particles in agreement with a core-shell
structure. Considering that the core of the particles are composed of nickel according to the EDS
analyses, we can suggest that the shell is mainly composed of platinum as proposed by a previous
work [38].

The oxidation state of the nanoparticles was investigated by EELS (cf. Figures 1b) and
compared to published data. Figure 1b shows a characteristic spectrum of the Ni L3 edge taken
on a catalyst nanoparticle (red curve) in comparison with Ni metallic (green curve) and Ni in +II
oxidation state (black curve). The Ni white lines are composed of a sharp asymmetric Lz peak at

854.7 eV followed by a slight bump at 861.3 eV and a second asymmetric L. peak at 872.2 eV.



These white-lines shape and position are in agreement with Ni in metallic state (Figure 1b; L3 at
855 eV, bump at 861.5 eV and L at 872.4 eV). The inset of Figure 1b shows the spectra recorded
at the O-K edge in the 520-580 eV energy loss region in which no contribution in the oxygen edge

for the Ni-Pt particles is present as expected.
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Figure 1. () STEM-HAADF image of carbon loaded with the Ni-Pt nanoparticles with in inset

an enlarged view of the nanoparticles in the white square. (b) EELS spectra at the Ni-L2,3 edge

with in inset the spectrum at the O-K edge related to our sample (Ni-Pt@C sample is plotted in
red whereas Ni in green and NiO in black are used as references [40-41]).

The nickel core (schematized by the red line on inset Figure 1a) is clearly at the zero
oxidation state highlighting the protective effect of the Pt shell (between the blue and red lines on
inset Figure 1a). The quantity of platinum is low in the samples making its analysis difficult but,
due to its high chemical stability, we assume that the platinum oxidation state is also zero. Actually,
some synthesis have been done without the addition of platinum and, in these cases, nickel is
quickly oxidized to form NiO nanoparticles, similarly to what has been reported in the literature
[42].



3.2. Structural characterization of carbon-supported Mg(BHa4):2

The sample obtained after impregnation was studied by X-ray diffraction in order to
determine which Mg(BHa)2 polymorph was formed at the end of the drying heat treatment. On
Figure 2, the room temperature XRD diagram for the sample Ni-Pt@C impregnated with Mg(BHa)
is compared to those of a-Mg(BHa4)2 and f-Mg(BHa)2 phases. Those phases were prepared using
the same synthesis method but different heat treatments. As it can be seen on Figure 2, the
polymorph obtained for the composite material after a heat treatment at 200°C is a-Mg(BHa)a.
Moreover no trace of the f-Mg(BHa)2 can be identified by X-ray diffraction. The a-phase also
called low temperature phase (LT) crystallizes in a hexagonal unit cell with the P6:22 space group.
The refined unit cell parameters for our carbon-supported compound are: a=b=10.347(1) A,
c=37.103(5) A, V=3440(1) A3 in good agreement with the values reported in the literature for a
bulk material (a=b=10.3355 A, ¢=37.0891 A, a==90°, y=120°, Z=30 and a cell volume of
3431.2 A%) [43].

(Ni-Pt)/C + Mg(BH,,),

-
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<
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>
ey
‘@
S
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20,

Figure 2. X-ray diagrams of Mg(BH4). embedded into Ni-Pt@C (Red) compared with a-
Mg(BHa4)2 (green), B-Mg(BHa)2 (blue) and the carbon used as confinement matrix (Black)
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The phase transition of our sample was studied by X-ray diffraction equipped with a cryo-
furnace. The sample was heated up to 400°C under a primary vacuum. The heating rate was set to
5°C.min"t and each pattern was recorded in 1 hour. Temperature controlled XRD patterns (cf.
Figure 3) clearly show the a-phase to f-phase transformation starting at 230 °C for our Ni-
Pt@C/Mg(BHa4)> sample whereas, for the bulk material, the & — £ transition happens at about
190°C [44]. Thus, the confinement of Mg(BHas)2 into the carbon scaffold promotes the stability of
the a-phase by more than 40°C. The f-phase also named High Temperature (HT) is orthorhombic
and crystallizes in the Fddd space group with the following cell parameters for a bulk material:
a=37.0489 A, b=18.4919 A, ¢=10.8595 A, a==y=90°, Z=64 and a cell volume of 7439.8 A 3 [45].
It was not possible to refine the unit cell parameters for the f-phase upon heating Mg(BHa)2
nucleated into the Ni-Pt@C matrix due to its partial decomposition resulting in bad quality
diffraction data.

3.3. Dehydrogenation of Ni-Pt@C + Mg(BHa)2

As mentioned above, Figure 3 shows that the phase transition from the a-Mg(BHa)2 to S-
Mg(BH4)2 begins at 230°C. The S-phase and the a-phase coexist between 230 and 250°C, and the
latter phase vanishes progressively starting from 270°C and finally ends up in an amorphous
material as revealed by the final XRD diagram at 300°C. In order to characterize the hydrogen
release, temperature controlled mass spectroscopy was performed both on the bulk and on the
embedded material at 5°C.min™%. Figure 4 clearly demonstrates that the decomposition path on bulk
Mg(BHa). and the impregnated one are different. For the first one (blue line on figure 4), three
distinct hydrogen releases are observed while for the second one (red line on figure 4), only one

single dehydrogenation step can be seen.
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Figure 3. XRD diagrams upon heating up to 300°C for Ni-Pt@C impregnated with Mg(BHa)..
Blue arrows: B-Mg(BHoa)2, red arrows: a-Mg(BHa)z.

If only the nano-confinement is used (no catalyst), we observe two steps in the
dehydrogenation process (cf. Figure S3, black line). The first peak at 325°C is attributed to the
decomposition of Mg(BHa)2 inside the carbon matrix and the second peak (375°C) to some
magnesium borohydride outside the porosity which behaves as the bulk material. On the other
hand, if only the catalyst is added to the borohydride, we observe three sharp peaks at 260°C, 350°C
and 375°C (cf. Figure S3 blue line). We assume that the first and smallest one is due to the
decomposition of Mg(BHa)2 in contact with the catalyst. The last two peaks clearly correspond to
the normal decomposition of bulk Mg(BHa4)2. The absence of a carbon support decreases
significantly the efficiency of the catalytic nanoparticles. Thus, the concomitant effect of the nano-

confinement and the addition of catalyst is beneficial for the desorption process and leads to a
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single step decomposition at a lower temperature than that achieved with the addition of catalyst

only or with the nano-confinement only (cf. Figure S3 red line).
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Figure 4. Temperature controlled mass spectroscopy for m/z=2 at 5°C.min"* of Ni-Pt@C

impregnated with Mg(BHs). (red line) and of bulk material (blue line)

3.4. Activation energy and performances of Ni-Pt@C+Mg(BHa4)2

The activation energy of our sample was initially determined using the Kissinger equation
(cf. Equation 1) from the DSC curves recorded at different heating rates and compared to that of

bulk y-Mg(BHa)2.

d (In%)/d(%) = —T}:Fa (Equation 1)

with  3: Heating rate (K.min)
T : Temperature of the peak maximum (K)

13



R : Gas constant (J.mol*.K ™)

Ea : Activation energy (J.mol™?)

The main problem for this analysis was the strong broadening of the endothermic peak resulting
from both the nano-confinement and the change of decomposition path. Consequently, the
Kissinger plot (In 3/T2 as a function of 1/T) showed a very poor linearity and the Kissinger equation
limitations were not respected. Instead of using the DSC endothermic peak of decomposition, the
peak recorded by mass spectroscopy for the Hz release (m/z = 2) was used (cf. Figure 5). Since the
hydrogen desorption is a first order reaction, the Kissinger approximation was fully respected in
this case. Thanks to this method, we were able to determine the activation energy of the
decomposition of our compound to 174 + 14 kJ.mol* of Mg(BHa)2, which is well below the value
of 340 kJ.mol™ reported in the literature for bulk Mg(BH.)2 [28].

100
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1204 =174+14 kl).mol?

T T T T T T T T T T
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Figure 5. Curves of Hz emission (m/z=2) recorded by mass spectroscopy at different heating
rates for Ni-Pt@C impregnated with Mg(BHa4) 2. Insert: Kissinger plot allowing the calculation of

the activation energy of the desorption process.
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In a previous report [28] by Fichtner et al. on Mg(BHa)2 confined into mesoporous carbons,
a decrease of the activation energy from 310.7 kJ.mol™ to 176.2 kJ.mol* was determined. In our
study, we determined an energy of 347 + 17 kJ.mol* for bulk Mg(BH4). and 262 + 11 kJ.mol* for
Mg(BH4)2 confined into the mesoporous carbon without catalyst. Most interestingly, the
decomposition of our sample occurs in only one step instead of three as usually reported, with a
lower temperature of decomposition (250-350°C) due to the synergetic effects of Ni-Pt

nanocatalysts and nano-confinement into a mesoporous carbon.

The quantity of hydrogen released by the Ni-Pt@C sample loaded with 30 wt.% of
Mg(BH4). was measured by volumetric method. The theoretical hydrogen release is 4.5 wt.%
taking into account the weights of carbon and Ni-Pt catalyst. The results here clearly demonstrate
a full desorption at 400°C with the release of 8 hydrogen atoms per formula unit (cf. the red curve
on Figure 6). The main hydrogen release occurs at 250°C in agreement with the XRD measurement
done previously. Unfortunately, no rehydrogenation of the decomposition products from Ni-Pt@C
+ Mg(BH4)2 material was possible when a pressure of 100 bar was applied in a range of
temperatures going from 50°C to 400°C. It is worth noting that this desorption capacity of 4.5 wt.%
could be improved by using mesoporous carbons with a larger porous volume (up to 1 cm®.g is
feasible) allowing to get more active material, i.e. more Mg(BHa4)2, in the final composite material.
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Figure 6. Hydrogen desorption measured by volumetric method, the red curve represents the
number of H atoms desorbed by Mg(BHa)2 formula unit for the sample Ni-Pt@C+ Mg(BHa4)2, the
black curve represents bulk Mg(BHa)2 for comparison and the blue curve the temperature.

Considering the one-step decomposition, the full release of hydrogen and the absence of
B2oHs generated during the decomposition, we suppose that only those two reactions can have

occurred (reactions 4 and 5).

a-Mg(BH4)2 - f-Mg(BHz)2 > MgB2 + 4 Hz (4)
a-Mg(BH4)2 - f-Mg(BHs)2 > Mg + 2B + 4 H2 (5)

In order to determine which reaction occurred, TEM and electron diffraction were
performed on the sample desorbed at 400°C but only revealed the presence of MgO in the shape
of flat platelets with a thickness of about 2-3 nm and diameters in the 5-10 nm range (cf. Figure S4
in the Supporting information). Our sample was heat treated on a PCT device in order to determine

its hydrogen release performances (cf. Figure 6) without any contact with air or moisture but,
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unfortunately, MgO was observed by TEM. It is worth mentioning that Mg and even MgB; are
very sensitive to the oxidation at the nanoscale [46-48]. Nevertheless, this TEM observation was
useful and confirmed that Mg(BHa4)2 nucleated into the mesoporous carbon was at the nanoscale
(below 10 nm in size) and that the thermal decomposition does not lead to the collapse of the carbon
scaffold. Similarly, the size and the distribution of the Ni-Pt catalyst appear unaffected by the
thermal treatment up to 400°C.

However, it is worth mentioning that some nanoparticles have reacted with boron forming
Ni-B borides as demonstrated by EELS spectroscopy (cf. the spectrum at the top of Figure S5a in
the Supporting information). The EELS spectrum recorded on these Ni-Pt particles after hydrogen
desorption at 400°C has actually a shape very similar to those reported in the literature for Ni>B or
NiesoB4o materials (cf. Figure S5b). It appears therefore that, in spite of the presence of a Pt shell
around the Ni particles cores, the formation of Ni-B borides can occur. This is not a disadvantage
as the catalytic effect of Ni>B is well known for hydrogenation reaction [49-50]. Thus, the catalytic
species in our material is rather a mixture of Ni-B borides and Pt at the nanoscale.

4. Conclusions

We successfully applied both nano-confinement and catalysis to Mg(BH4), and
investigated the effects on its decomposition pathway. More specifically, a mesoporous carbon
(with a main pores size of 8 nm) was loaded with 5 wt.% of Ni-Pt core-shell nanoparticles acting
as catalyst and then impregnated by Mg(BHa4). leading to a final composite material containing 30
wt.% of Mg(BHa).. The thermal desorption of the resulting composite material is different from
bulk Mg(BHa)2 with a single step of hydrogen release making this decomposition pathway one of
the most simple found in the literature for Mg(BHa).. Interestingly, the hydrogen release is fully
completed for our material, i.e. 8 H atoms per Mg(BHa4). formula unit are released, in less than 2
hours at 350°C. The activation energy of the desorption process is much below that of the bulk
material with a value of 178 + 14 kJ.mol™ as determined by the Kissinger’s method. The catalyst
and confinement have a concomitant effect by improving the hydrogen release to a larger extent

than that obtained by nano-confinement only or by catalysts addition only.
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Figure S1. Size distribution of the Ni-Pt nanoparticles by statistic on HAADF-STEM images.
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Figure S2. EDS spectrum of the Ni-Pt@C particles. The detection of Cu is due to the use of a
TEM copper grid.
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Figure S3. Curves of H, emission (m/z=2) recorded by mass spectroscopy at 5°C.min! for Ni-

Pt@C impregnated with Mg(BHa) > (in red), for Mg(BHa)2 solely nucleated into the mesoporous

carbon (in black) and Mg(BHa4)> mixed with the Ni-Pt catalyst (in blue).
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Figure S4. (a) TEM image of the sample Mg(BH4)2/Ni-Pt@C after dehydrogenation at 400°C,
(b) Corresponding selected area electron diffraction (SAED) pattern corresponding to MgO.
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Figure S5. (a) EELS spectra at the Ni-L2,3 edge for our Ni-Pt@C + Mg(BHa4). sample (in black)
and the same after hydrogen desorption at 400°C (in pink). Ni in red and NiO in blue are used as

references. (b) EELS spectra at the Ni-L2,3 edge for Ni and various Ni-B borides adapted from
Reference: G. Mountjoy, A. Corrias, P.H. Gaskell, J. Non-Crystalline Solids 192 (1995) 616-619.
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