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Abstract

After various attempts, we present a new alkaline-earth derivative of hydrazine borane
(N2H4BH3, HB), magnesium hydrazinidoborane (Mg(N2H3BH3)2, Mg(HB)2, 10.5 wt. % H), that
was undoubtedly identified by FTIR and "B MAS NMR spectroscopy. Mg(HB), was obtained
by an alternative synthesis route, which is the reaction between HB and di-n-butylmagnesium in
THF. The dehydrogenation properties of this compound were evaluated by two different
approaches: an “open” system by thermogravimetric analysis and differential scanning
calorimetry, and in a closed system, by heating the compound under isothermal conditions.
Different results were obtained depending on the approach. Unlike other boron- and nitrogen-
based compounds, it is likely that when Mg(HB), is heated in a closed system, the
dehydrogenation is limited and it occurs mainly due to the homopolar interaction between the
protic hydrogen atoms of the molecule. Also, Mg(HB). presents a contrasting thermal behavior
in comparison with previous HB derivatives. In addition, a characterization by X-ray
photoelectron spectroscopy was performed, and we detected instability of Mg(HB)> when it was
irradiated with the X-ray beam. All of these results are presented and discussed in the context of

materials for hydrogen storage in the solid-state.
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1. Introduction

Nowadays, fossil fuels are the main source of energy for humanity. Every year, the energy
demand increases and consequently, fossil fuels are being depleted. Furthermore, the burning of
these fuels is the main contributor of the release of greenhouse gases into the atmosphere and
thus, of global warming. With this background, the need of a cleaner and an abundant source of
energy is imperative. The best substitute for fossil fuels appears to be hydrogen [1,2]. The
reasons to consider hydrogen as the fuel of the future are diverse: it has the highest energy
content of any known fuel, it is non-toxic, it is abundant as an element, it can be produced from
clean sources, it produces zero pollutant emissions and it can be used in both stationary and
mobile applications [3.4]. However, the infrastructure for a future based on hydrogen still
requires of much effort to be done. In this context, one of the main challenges of hydrogen

technologies is hydrogen storage.

Hydrogen can be stored in high pressure vessels, at low temperature or in a material [5]. The
latest technology is the most promising and different approaches have been investigated to obtain
materials with a high hydrogen storage capacity. Hydrogen can be stored through
electrochemical methods [6]. Hydrogen is also stored via physical or chemical interactions
within a material. Different types of materials have been considered depending on the type of
interaction. For example, for hydrogen physisorption, carbon materials, zeolites and metal
organic frameworks have been envisaged; meanwhile for hydrogen chemisorption, compounds
like liquid ammonia, boron and nitrogen-based materials or complex/intermetallic hydrides have

been considered [7-10].

Boron and nitrogen-based materials have been intensely studied for chemical hydrogen storage
[11-13]. These compounds have advantageous characteristics: (i) B and N are light atoms that
can bind with multiple hydrogen atoms, giving a high H> content to these compounds; (ii)
characteristic heteropolar dihydrogen interactions [14], which allows the molecules to release H>
at mild conditions ; and (ii1) these compounds are solid at ambient conditions and stable under an

inert atmosphere.

One of the most representative example of boron- and nitrogen-based compounds is ammonia

borane (NH3BH3, AB) [15]. AB is a widely studied material that carries 19.5 wt. % H and it has
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been considered for solid-state hydrogen storage. Despite the high hydrogen content of the
material, the release of H» starts at high temperature (at about 100 °C) and during thermolysis,
undesired byproducts like ammonia NH3 and borazine BiN3He are produced. Another
representative boron- and nitrogen-based compound is a derivative of AB, hydrazine borane
(N2H4BH3, HB, 15.4 wt. % H) [16-18]. Compared to AB, HB starts to dehydrogenate at a lower
temperature, at about 60 °C. However, HB also suffers the formation of undesired byproducts
(N2H4 and NH3). In addition, it forms a shock-sensitive product when heated above 300 °C. Like

in the case of AB, the use of pristine HB for hydrogen storage in the solid state is not viable.

Different approaches have been proposed in order to overcome the issues encountered by HB.
The chemical modification of HB, substituting one of the H®" of the hydrazine moiety of the
molecule by an alkali metal cation M™* is one of those options. These compounds are called alkali
hydrazinidoboranes (denoted MHB). Up to now, all the alkali hydrazinidoboranes have been
synthesized: LiHB (LiN>H3BH3, 11.7 wt. % H), NaHB (NaN:>H3;BHj3, 8.9 wt. % H), KHB
(KN2H3BH3, 7.2 wt. % H), RbHB (RbN>H3BH3 4.6 wt. % H) and CsHB (CsN>H3;BH3 3.4 wt. %
H) [19-24]. The synthesis reactions of alkali hydrazinidoboranes were carried out between HB

and the respective alkali metal hydride or pure metal, following the subsequent reactions:
MH + NHoNH2BH3 — NH>NH(M)BH3 + H» (1)
M + NH>NH>BH; —» NH>NH(M)BH;3 + ¥2 H» 2)

With M = Li, Na, K for (1) and M = Rb, Cs for (2). All of these compounds are crystalline at
ambient conditions, and they have shown better dehydrogenation properties than HB. The
introduction of the metal cation in the molecule causes the destabilization of the molecule and all
alkali hydrazinidoboranes start to dehydrogenate at a lower temperature than HB. Unfortunately,
all of them release undesired byproducts. Besides, the solid residues after dehydrogenation have
shown a complex composition and the identification of such chemical species is still a big

challenge, and makes the regeneration of the material difficult.

Further research has been done in order to investigate the destabilization effect of alkaline earth
atoms on HB, to obtain the alkaline earth hydrazinidoboranes (M(N.H3BH3)>, M(HB)>). Up to
now, the only example is the calcium derivative Ca(HB), (Ca(N.H3BH3)2, 9.3 wt. % H) [25].

However, Ca(HB)2 could not be obtained as a pure phase: the material is a mixture of the



precursor CaH», and the new phase Ca(HB),. Furthermore, the synthesis conditions are very
particular: the mixture CaH2:2HB has to be ball milled, heated at 1 °C min™ up to 62 °C, kept at
that temperature for 50 min and then quickly cooled down to room temperature. Despite all the
effort to obtain the compound, it dehydrogenates in the range 90-170 °C and releases undesired

byproducts (NH3, NoH4 and N»).

In the past, our research group has tried to synthesize the magnesium derivative, Mg(HB)., in
multiple ways, but all of them had failed [26,27]. In this study, we finally obtained Mg(HB)>,
through a wet method that we developed accordingly. This method has not been previously used
for the synthesis of hydrazinidoboranes, and it consists in the direct reaction between HB and a
metal alkyl precursor, di-n-butylmagnesium, in THF. Mg(HB), carries 10.6 wt. % H, which
represents more H than any of the alkali hydrazinidoboranes (with the exception of LiHB). The
thermal properties of the magnesium derivative are in contrast with previous
hydrazinidoboranes. The characterization and evaluation of the dehydrogenation properties of

Mg(HB)2, were carried out in this study and are presented hereafter.
2. Materials and methods

2.1 Reagents

Commercial hydrazine hemisulphate (N2H4¢/2H>SO4, Sigma-Aldrich, >98 %), sodium
borohydride (NaBHs, Sigma-Aldrich, >98 %) and 1,4-dioxane (Sigma-Aldrich, anhydrous,
>99.8%) were used to synthesize HB. Di-n-butylmagnesium solution (Sigma-Aldrich, 1.0 M in
heptane) was used as the source of magnesium, and THF (Acros Organics, extra dry, 99.5 %)

was used as the solvent in the synthesis of Mg(HB)..

2.2 Synthesis
2.2.1 Synthesis of HB

The experiments were carried out under an inert atmosphere using either a glove box (MBraun
M200B; O2< 0.1 ppm and H>O< 0.1 ppm) or a Schlenk line. HB is synthesized by a method that
was developed and optimized in our lab [28]. In this synthesis route, 21.59 g of N>H4"¥2H>SO4
and 10.12 g of NaBH4 are weighed in the glove box and put in a flask, which is transferred



outside the glove box. Once connected to the Schlenk line, both reactants are suspended in 150
mL of 1,4-dioxane in a round-bottom Schlenk under stirring at 30 °C for 48 h. The obtained
suspension is filtered and then, the solvent of the obtained solution is removed under vacuum.
With this route, almost pure HB is obtained (>99.5 % pure, with a yield of approximately 80 %).

The synthesis reaction is written as follows:
NaBH, + NpHy 3 H;S0, — NpHyBH; + NayS0, + Hy 3)

2.2.2 Synthesis of Mg(HB):
Inside the glovebox, 0.300 g of HB were dissolved in 20 mL of anhydrous THF under stirring.
With a syringe, 3 mL of the di-n-butylmagnesium were added dropwise. The molar ratio HB:Mg
was of 2:1, with a 10% excess of HB. After the first drops were added, a white precipitate
formed, and the release of gaseous butane was observed (Supplementary Material (SM), Figure
S1). The suspension was maintained under stirring for 20 h. The overall reaction can be written

as follows:

2N,H,BH; + [CH;3(CH,);3],Mg — Mg(N,H3BH;), + 2C4Hyq “4)

After this time, the white suspension was centrifuged for 15 min at 5500 rpm. The solvent was
removed and fresh THF was added to wash the product and remove any remaining HB. This
process was repeated twice. The washed product was collected into a vial and it was introduced
into a round bottom Schlenk flask. Right after, the flask was taken out of the glovebox and it was
connected to the Schlenk line to be dried under vacuum overnight (at room temperature). Finally,
the product, in the form of a white powder, was recovered and stored inside the glovebox for

further analyses.

2.3 Characterization
2.3.1 Structural characterization

Mg(HB)> and the dehydrogenated solid residues were analyzed by Fourier Transformed Infrared
spectroscopy (FTIR, NEXUS instrument, ThermoFisher Scientific, equipped with an attenuated
total reflection accessory from 600 to 4000 cm™ wavenumber, 32 scans). The samples were
prepared inside the glove box in vials, and analyzed under air, taking them out of the vial at the

last moment before the analysis. The same samples were also analyzed by solid-state ''B magic
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angle spinning nuclear magnetic resonance (MAS NMR; Varian VNMR4000, 128.31 MHz).

ZrO; rotors of 3.2 mm in diameter were used for the analyses.

Powder X-ray diffraction (PXRD) was used to characterize all the samples. A PANalytical
X’pert Pro diffractometer in Bragg-Brentano geometry was used. The samples were analyzed
over the 20 range of 10-65°. All the samples were prepared inside the glovebox, and they were
protected from air by a Kapton film. X-ray Photoelectron Spectroscopy (XPS) analyses were
performed with a spectrometer Escalab 250Xi (ThermoElectron), equipped with an Al-Kq
monochromatized source (1486.6 eV). The binding energy was calibrated with the C 1s
reference at 285.0 eV. In addition, some liquid-state Nuclear Magnetic Resonance analyses were

performed (NMR; Bruker Avance; 9 T; 400 MHz, CD3CN as deuterated solvent).

2.3.2 Thermal characterization

Mg(HB)> was analyzed using simultaneous thermogravimetric (TG) and differential scanning
calorimetry (DSC) analyses, in an SDT Q600 apparatus (TA Instruments). In addition, a TG
analysis (Netzsch STA 449 F1 Jupiter) coupled with a mass spectrometer (MS; Netzsch QMS
403 D Aéolos Quadro) was performed to analyze the evolved gases from the sample. The
samples were prepared inside the glove box, where the powder was enclosed in an aluminum
Tzero hermetic pan to keep it under inert atmosphere. Before the analysis, the pan was pierced

with a needle to allow the gases to escape.

The decomposition behavior of Mg(HB), was analyzed at isothermal condition at different
temperatures (80, 100 and 120 °C) in a stainless-steel reactor. In the glove box, 80 mg of the
sample was weighed and placed in a glass vial inside the reactor. The reactor was transferred
outside the glove box, connected to a pressure controller and immersed in an oil bath at the
required temperature. The change of pressure was monitored as a function of time. The
equivalents of gas liberated were calculated considering the gas as ideal. The time period in

which the reactor passes from room temperature to the analysis temperature was not considered.

The gases released by the sample were analyzed with a gas chromatograph (GC; PerkinElmer
Clarus 400 equipped with a ShinCarbon ST 100/120 Restek column), using helium as the vector
gas. The GC is coupled with a mass spectrometer (MS; PerkinElmer Clarus 600 T, equipped



with an Elite-GC Molesieve and an Elite Plot Q column). Typically, a sample of 100 pL of gas

was taken with a glass syringe and injected into the GC-MS.

3. Results and discussion

3.1 Preliminary comments
Mg(HB).; is a white powder at room temperature. Tests of solubility in anhydrous organic
solvents were unsuccessful for THF, 1-4 dioxane, toluene and dimethyl carbonate. Regarding
protic solvents, Mg(HB): violently reacts with water (hydrolysis reaction), with a fast Ho release.
The same happens, at a slower rate, for methanol, ethanol and isopropanol (alcoholysis
reactions). This behavior is typical of the alkali hydrazinidoboranes and of AB derivatives
(amidoboranes) [19,21,23,29]. When Mg(HB), was treated at 400 °C, the solid product
recovered was stable; in comparison with HB, the generation of a shock-sensitive product was
avoided. Ton conductivity experiments were carried out to test the effect of the Mg?* in the

material. Nevertheless, the sample was not at all conductive.

3.2 Molecular structure of Mg(HB):

Mg(HB), was analyzed by FTIR and the spectrum was compared with that of HB (Figure 1). As
it can be observed, Mg(HB), presents all the characteristic bands of B- and N-based compounds,
and the spectrum is similar to those of the other hydrazinidoboranes [20,21,23,24]. The N-H
stretching bands can be seen in the range 2800-3400 cm™!, while the B-H stretching vibration
modes are observed between 2000-2600 cm™'. However, the spectrum is different from that of
the parent HB [28]. Both the N-H and B—H vibrational modes are less complex in Mg(HB): in
comparison with HB. This indicates a difference in the bonding and electronic structure in the
N:2H4 of HB and the Mg—N2H3™ of Mg(HB)2, and this is due to weaker interactions between the
protic H** and the hydridic H> hydrogens in the molecule [30]. The same trend can be seen in the
N-H bending region (1300-1600 cm™). In addition, in the case of HB, the B-N bond appears at
749 cm! and for Mg(HB),, it has blue-shifted to 790 cm!, indicating an increase in energy, and
thus a shortening of the B—-N bond, characteristic of hydrazinidoboranes [31].
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Figure 1. FTIR spectra of HB and Mg(HB).. The bands have been assigned.

Mg(HB): was analyzed by ''B MAS NMR spectroscopy and its spectrum was compared with
that of HB (Figure 2). HB presents a single signal with a split shape centered at -24 ppm,
indicating an NBH3 environment. This shape is characteristic of a quadrupolar effect of the
boron, indicating anisotropy around the atom [32-34]. In the case of Mg(HB), a single peak is
observed at -19 ppm, corresponding to an NBH3 environment. This symmetric signal indicates a
change in the electronic environment around the boron atom, indicating a change from an
anisotropic environment to an isotropic environment around it. The shift of this signal to a lower
field and the symmetric shape are indubitable proof of the substitution of one of the protic
hydrogens of the hydrazine moiety by the alkaline-earth cation, as this has been systematically
observed for all alkali hydrazinidoboranes [20-24]. This shift indicates an increase in the
electronic density around the N atom and thus, the shortening of the B-N bond, in agreement
with the FTIR analysis. Another signal can be observed in the spectrum of Mg(HB), centered at
-8 ppm (marked with a star). We associate this signal with a slight decomposition of the material
due to the MAS NMR analysis (due to the rotor rotation). This is a phenomenon that we have
observed systematically during the MAS NMR analysis of several boron- and nitrogen-based
compounds. However, we do not discard the possibility of a slight decomposition of the sample

during the synthesis of the compound, due to the exothermicity of the reaction.
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Figure 2. "B MAS NMR spectra of HB and Mg(HB),. The chemical shifts in ppm are indicated.

The * indicates some byproducts due to a slight decomposition of the sample during the analysis.

Mg(HB), was analyzed by PXRD (SM, Figure S2). No peaks can be found in the diffraction
pattern. This indicates an amorphous compound. It is important to remark that the synthesis was
tried out at low temperature (-5 °C), trying to slow down the kinetics of formation of Mg(HB)»,

but in all cases the results were the same.

3.3 Thermal decomposition of Mg(HB):

The thermal decomposition of Mg(HB). was investigated by thermal gravimetric analysis and
differential scanning calorimetry, with a heating ramp of 5 °C min'. The gases released by the
sample were analyzed by MS. As shown in Figure 3, the compound starts to decompose at 60 °C
and it loses 6 wt. % of the initial mass in the range of 60-115 °C. After this first loss, the material
presents relative stability between 115 and 180 °C. In the range of 180-400 °C, the mass loss is
of 11 wt. %. According to the MS results, the first loss of mass is mainly due to the release of N2
and H». However, a small signal for m/z = 32 is also present, which indicates the evolution of
N:>H4. The second mass loss is related to the emission of N2, H, and NH3. The overall mass loss

in the range of 40-400 °C is of 16.6 wt. %, which surpasses the hydrogen content of Mg(HB)z,



that is of 10.5 wt. % H. If we consider a total dehydrogenation of the sample, this means that 6.1
wt. % of the mass loss is due to the emission of N2, NHs and NoH4. At these conditions, no other
volatile compounds were detected (i.e. BoHe or BsN3Hg). A similar behavior was reported for

calcium hydrazinidoborane [25].
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Figure 3. TGA-MS and DSC curves of Mg(HB), (heating ramp of 5 °C min!). m/z =2, 17, 28
and 32 for Hz, NH3, N>, and NoHy respectively. The temperature in °C is indicated.

The DSC curve shows a single exothermic event at 222 °C. According to the MS analysis, there
is an important release of Hz and Nz at 217 and 224 °C, respectively. The exothermic peak at
222 °C seems to be related to the emission of these two gases. In contrast with the alkali
hydrazinidoboranes, Mg(HB), does not show an endothermic process, and thus, it apparently

does not melt. A similar behavior was found for Ca(HB)2 [25].

10



The lack of theoretical calculations in the decomposition mechanisms of hydrazinidoboranes
prevents us from giving an exact reaction pathway. However, we can propose a mechanism
based on the available information. The evolution of N2H4, NH3 and H> could be explained by
the formation of an analogous compound of diammoniate of diborane ([(NH3)BH2]*[BH4]",
DADB), a compound detected in the thermolysis of AB [35-39]. It is likely that the
dehydrogenation of Mg(HB)> happens via the “metal cation driven hydride-transfer” mechanism
(Figure 4) [40-42]. This mechanism implies the migration of a hydridic H>* hydrogen atom from
the BH3 moiety of the molecule to form a metal hydride intermediate with the metal cation (Mg—
H). Just after, the H® is transferred to the other [NoH3BH3] anion. This leads to the formation of
an intermediate such as [Mg(N2H3):BH2]*[BH4]". The dehydrocoupling reaction might continue
due to this hypothetical species. Also, it is probable that parallel reactions might happen: due to
the higher concentration of N2Hs with respect to the BH> groups, the formation of volatile

products such as N> and NH3 takes place, following equations (5) and (6).

2N2H3 ad 2NH3 + N2 (5)
2N,H; — N,H, + H, + N, (6)
H,N—NH—BH, H,N—NH—BHS HN-NH  \F
I NI
Mg —_— Mg—H —> Mg |-|.m.--/B—H
|\ n | ’
H,N—NH—BH; H,N—NH—BH, H,N—NH—BH,

Figure 4. Proposed Mg?* driven hydride-transfer mechanism of the possible formation of

[Mg(N2H3).BH>]*[BH4]" as reaction intermediate

According to the TGA curve, Mg(HB)2 has a mass loss of about 6 wt. % up to 115 °C, and then
it is thermally stable between 115-180 °C; after, it continues to decompose. Based on this,

Mg(HB): was analyzed after decomposition at 140 and 400 °C. Typically, 200 mg of Mg(HB)2
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were weighed and put in a stainless-steel reactor inside the glovebox. The reactor was transferred
out of the glovebox and heated in a controlled furnace. The heating ramp was of 5 °C min™! up to
140 °C, in order to maintain the conditions used in the TG analysis. The reactor was left for 5
min after the furnace reached 140 °C, and after this, it was taken out of the furnace and left to
cool down to room temperature. To treat the sample at 400 °C, a tubular furnace was used. A
flow of nitrogen (100 mL min™') was set and the sample was heated from room temperature to
400 °C with a ramp of 5 °C min’!. After this, the sample was left to cool down in the furnace to

room temperature. Both solid products were characterized.

The FTIR spectra of the samples heated at 140 and 400 °C, hereafter referred as MgHB 140 and
MgHB400 respectively, were compared with the one of Mg(HB)2 (SM, Figure S3). Regarding
MgHB 140, a slight change can be seen in the N—H stretching band at about 2800 cm™! that is less
intense. However, no other visible changes are observed: the two spectra are practically
identical. In the case of MgHB400, the N-H and B-H stretching bands have disappeared. Broad

bands can be seen at about 760 cm™! and at 1400 cm™!, which belong to B-N vibrational modes.

The results of the "B MAS NMR analysis are shown in Figure 5. There are no changes between
the fresh sample and the one heated with a ramp at 140 °C; the only signal is still present at -19
ppm, belonging to the NBH3 environment. In the case of MgHB400, a broad signal can be seen
in the positive chemical shifts. The signals that appear between 0-5 ppm belong to BNy
environments [37,43]. The signals between 10-30 ppm are typical to trivalent boron species, and
they are usually assigned to boron and nitrogen-based polymeric species, such as polyborazylene
and/or boron nitride with BN2H or BN3 environments [44-46]. Also, it is possible that
homopolar dehydrocoupling between the B atoms may occur, giving rise to BoNH environments
[47]. These signals are typically detected in the solid products after thermolysis of boron- and

nitrogen-based compounds.
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Figure 5. "B MAS NMR spectra of Mg(HB),, MgHB 140 and MgHB400. The chemical shifts in

ppm are indicated.

The PXRD patterns of the samples are shown in Figure 6. Broad peaks can be observed between
12-25°, indicated by the symbol #, which corresponds to the Kapton film used to protect the
sample from air. For MgHB 140, a single peak appeared at 18.2° when the sample was heated up
to 140 °C. This peak does not correspond with any of the diffraction peaks of a possible
compound formed during thermolysis, such as MgH>, Mg or Mg(BH)s. It is possible that a
crystalline intermediate has formed in such conditions. However, we repeated the experiments
heating fresh Mg(HB)> up to 125 and 155 °C and no diffraction peaks were detected in the
patterns. In the case of MgHB400, the sample is amorphous, with a small signal presented at
42.7°. In this case, this peak could belong to MgO [48-50], which corresponds to the (2 0 0)

plane. It is possible that some air entered in contact with the sample when introducing it into the
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tubular furnace, which would result in the formation of small quantities of Mg(OH),, that would
dehydrate to MgO with thermal treatment [51]. In addition, a broad signal appeared centered at

26°, that is associated with the formation of amorphous boron nitride [52].

#
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< # Mg(HB),
2] *
g 'AL_#\\
35
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4 MgHB140
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26 (°)

Figure 6. PXRD patterns of Mg(HB)>, MgHB 140 and MgHB400. The * indicates a diffraction
peak of an unidentified compound. The @ indicates a diffraction peak that might belong to

MgO. The # are bands assigned to the Kapton film used to protect the sample from air.

In order to have a better overview of the chemical state of Mg(HB). and the solid products
obtained after heat treatment at 140 and 400 °C, the samples were analyzed by XPS. The B 1s
and N 1s spectra of the three samples are shown in Figure 7. For Mg(HB)», the B 1s spectrum
shows two signals, one centered at 188.8 eV that is assigned to B—H bonds [53], and the other at
191.8 eV that can be assigned to a BNxOy species(B—O) [54-56]. This last signal is associated
with a partial oxidation of the sample due to the exposure of the sample to the atmosphere. As
the samples were packed and transported to perform the XPS analysis, it is probable that a small

quantity of air could have entered the vial during transportation.

The N 1s spectrum of Mg(HB), shows a single symmetrical signal centered at 400.9 eV,
corresponding to a N>—Hj3 species [57]. After the sample is heated at 140 °C under argon
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atmosphere, the intensity of the B—H signal decreases in the B 1s spectrum. The signal of the B—
O species remains in the spectrum. In the case of the N Is spectrum, the curve was deconvoluted
into two signals, one centered at 400.7 eV which corresponds to the N>—Hj3 species, and a second
one centered at 401.8 eV. This last signal is attributed to a NoHx (1<x<3) species [57]. This
suggests a partial dehydrogenation of the N>H3; moiety of the molecule. At 400 °C, the B 1s
spectrum presents the disappearance of the B—H signal and it shows a new signal at 190.5 eV,
characteristic of B-N bonds in polyborazylene or boron nitride, in agreement with the ''B MAS
NMR analysis [55,56,58]. The N 1s spectrum of MgHB400 shows remaining species with N—H
bonds, but the main new signal is centered at 398.1 eV, associated to the polyborazylene/boron

nitride-like compounds.

B 1s
a Mg(HB),
188.8
1918 -
3 MgHB140
5 ‘
S :
P : 188.5
c H
2| 1921/ | .
Q B-O ;
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Figure 7. XPS spectra of Mg(HB)>, MgHB 140 and MgHB400 for a) B 1s and b) N 1s. The
curves were deconvoluted with a Gaussian fit. The value of the binding energy in eV is indicated

for each signal along with the associated species.

The spectra of Mg 2p and Mg KLL of Mg(HB): for the samples MgHB 140 and MgHB400 was
obtained (SM. Figure S4). The Mg 2p spectra of all samples presents a symmetrical signal
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centered at 50.0 £ 0.3 eV. As reported in the literature, the Mg KLL Auger signal of a Mg
compound is composed of two main transitions, where the second peak has a higher intensity
[59]. The kinetic energy reported for metallic Mg is 1185 eV, so in this case the Mg?* state of the
atom is confirmed, appearing at a lower value. The position of the Auger peaks at 1180 and 1175
eV suggest the formation of MgO [59-61]. However, the peak centered at 50.0 eV does not
match with the expected value of MgO (at 51.0£0.2 eV) or of Mg(OH)> (49.3 eV) [62]. This
might indicate a different bonding like Mg—N. Nevertheless, as the diffraction pattern presented
in Figure 6 also suggested the formation of MgO, we do not discard the contribution of a small
quantity of MgO or Mg(OH): to these signals. The formation of these compounds might occur if
the sample comes in contact with air at some point between the synthesis and the analyses (as

previously explained, this might happen during transportation of the sample).

When the Mg(HB), sample and the one heated at 140 °C were being analyzed by XPS, the
evolution of the sample was observed due to the X-ray beam. We compared the spectra of the
pristine samples with the spectra after some time under X-ray irradiation. As shown in Figure 8a,
the B-H signal of Mg(HB): decreased in intensity and broadened, indicating a dehydrogenation
of the sample. This indicates an easy decomposition of the sample due to the exposure to the X-
ray beam. In the case of MgHB140, the original signal merged in a single curve that was
deconvoluted in three peaks. The apparition of the peak at 190.5 eV indicates the formation of
B-N polymeric compounds, such as polyborazylene-like ones. The sample MgHB400 did not
present any changes before and after the XPS analysis (not shown). It is evident that these
samples decompose under the action of the X-ray beam. Based on these results, and in our
experience with similar materials, we conclude that the analysis of borane compounds by XPS
technique is hard, due to the prompt evolution (instability) of the samples under the X-ray beam.
The B-O signal is still present and is centered at 191.5 eV. As previously mentioned, we
associate this signal to the formation of BNxOy species due to the probable exposure of the

sample to air during transportation.
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Figure 8. Evolution of the B 1s XPS spectra of a) Mg(HB)> and b) MgHB140. The spectra in

dashed lines in the lower part of the graphics correspond to the evolved sample after some time

under the X-ray beam. The spectra were deconvoluted with a Gaussian fit, and the binding

energies (eV) and the assigned species are indicated on the figure.

3.4 Decomposition of Mg(HB): under isothermal conditions
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Figure 9. Time evolution of H» release from Mg(HB), under heating at constant temperature (80,

100 and 120 °C). The initial faster release of H» is indicated by the dashed rectangles.
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Mg(HB): was heated under isothermal conditions at 80, 100 and 120 °C in order to evaluate the
dehydrogenation rate of the compound. As shown in Figure 9, the decomposition of Mg(HB) is
a single step process. The three curves present the same behavior. The curves of 80 and 100 °C
present an induction period of 18 min. After this, the sample starts to release H». A linear
regression for the first steeper step of the dehydrogenation was performed (indicated by dashed
rectangles in Figure 9) to calculate the initial rates of dehydrogenation. The dehydrogenation
rates are 0.011, 0.013 and 0.037 equiv. H> min"! for 80, 100 and 120 °C respectively. As
expected, increasing the temperature increases the rate of generation of H.. However, even at
120 °C, the equiv. Hz released are not huge. After 120 min of heat treatment, the samples under
isothermal conditions at 80, 100 and 120 °C release only 0.15, 0.23 and 0.40 equiv. H>

respectively.

Regarding the dehydrogenation properties of Mg(HB): at these conditions, the performance of
Mg(HB): is lower compared with other hydrazinidoboranes (SM, Figure S5) [21,23,28]. Even if
we compare it with the parent HB at 100 °C, Mg(HB): releases only a third of the quantity of
gases released by HB after 1 h of heat treatment (0.2 vs. 0.65 respectively). This indicates that
the introduction of the Mg?* cation changed the behavior of HB, but it did not succeed in
releasing more H> at lower temperatures. In other words, unlike any other HB derivative,

Mg(HB)2 is more thermally stable than HB.

The gases released by Mg(HB), during the isothermal experiments at 80 and 100 °C were
analyzed by GC-MS (SM, Figure S6 and Figure S7). In our conditions, the presence of H> is
confirmed. As we cannot avoid the introduction of small quantities of air when injecting the
sample, air was injected in the chromatogram as reference. The signals observed between 1 and 2
min belong to the retention time of N> and O> of air. The MS spectra for both samples show the
presence of Hz, N2 and Oo. It is difficult to affirm if the N> detected belongs only to the air, or if
the gases released by the sample have a contribution to this signal. It is noticeable that under

isothermal conditions and at 80 and 100 °C, no NH3 and no NoH4 were detected.

The solid residues recovered after the isothermal experiments were analyzed by FTIR, PXRD
and MAS NMR. The FTIR spectra of the solid residues show that, in concordance with the
isothermal experiments, the dehydrogenation of the samples happened to a small extent (SM,

Figure S8). The N-H and B-H stretching bands are still present in the spectra at 80, 100 and 120
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°C. The PXRD analysis showed that there are no changes in the structure of the sample; all of
them are amorphous (SM, Figure S9). The "B MAS NMR spectra of the solid residues were
compared with that of Mg(HB)2 (SM, Figure S10). In agreement with the FTIR and PXRD
analyses, there are no visible changes in the spectra. The NBH3 environment is the main signal
for the solid residues treated at 80 and 100 °C. This indicates that the BH3 moiety of Mg(HB)2 is
stable up to 120 °C, and that the H> generated might be mostly due to the NoH3; moiety.

Based on the previous results, it is likely that in a closed system and up to 140 °C, H> is released
mainly by homopolar interactions (H%---H®") of the NoH3 moiety, as the BH3 environment
remained unchanged. The species detected in the N 1s XPS spectrum of MgHB 140 also supports
this affirmation, where Mg(HB), was heated in a closed stainless steel reactor. This is in contrast
with ammonia borane and other boron- and nitrogen-based compounds, where the first
dehydrogenation step typically involves both heteropolar and homopolar interactions [11,63]. It
is the first time that we have detected this phenomenon in the dehydrogenation behavior of

hydrazinidoboranes.

The low equiv. H> estimated by the isothermal experiments explains why all the spectra of the
compound are pretty similar up to this temperature. However, under an “open” system (TGA),
where the produced gases are being carried by the gas of the apparatus, a mass loss of 6 wt. %
was detected. This is a phenomenon that has been frequently observed for
amidoboranes/hydrazinidoboranes: the different thermal behavior of the compounds analyzed in

a closed and an open system.

3.5 Stability of Mg(HB):

Mg(HB): was stored under inert atmosphere and analyzed after 5 months of its synthesis by
FTIR and ''B MAS NMR (SM, Figure S11), and compared with the fresh sample. The spectra of
both analyses show that there are no visible changes after the 5 months. Mg(HB), is thus stable

over long periods of time.

The behavior of Mg(HB)> was also analyzed under air atmosphere. A few milligrams were put in

contact with air for 10 min and the powder was analyzed by FTIR. Surprisingly, the FTIR
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spectrum of the sample resembled the HB spectrum. Further analyses were carried out in order to

understand this behavior.

Mg(HB), was exposed again to air for 10 min and immediately, it was put into an inert
atmosphere. After, 1,4-dioxane was added to the sample. Part of the sample was solubilized and
the other part precipitated. The suspension was centrifuged and separated. In the case of the part
that was solubilized, the 1,4-dioxane was extracted and a white powder was obtained, and it was
analyzed by FTIR and liquid '"H NMR. The insoluble precipitate was dried under dynamic
vacuum for 24 h and analyzed by FTIR.

The solid powder obtained after extraction of the solvent was identified as HB, based on the
FTIR and the '"H NMR spectra (SM, Figure S12). These results indicate that Mg(HB), is
sensitive to air and it can undergo a reversible reaction when it is taken out of an inert
atmosphere, because it can react with the water present in the air. The following reaction is

proposed:
Mg(N2H3BH3)2 + 2H20 - 2N2H4BH3 + Mg(OH)Z @)

Regarding the spectrum of the solid precipitate, it resembles that of Mg(HB)> (SM, Figure S13).
However, a band appeared above 3600 cm! (O-H stretching). This can be explained by the
formation of Mg(OH)>. This also correlates with the detected signals in the XPS analysis (SM,
Figure S4).

3.6 Hydrogen storage properties and perspectives
As previously mentioned, Mg(HB),, loses 6 % of weight between 60-120 °C, mainly due to the
emission of N2 and some H». A higher release of H> was detected with a sharper signal by the
MS analysis at 218 °C. This is a different behavior than observed in previous alkali
hydrazinidoboranes or other composites. For example, a mixture of MgH> and HB was prepared
by ball milling and further analyzed [26]. Regarding the thermal behavior of the mixture, the
mass loss is similar to that of HB. However, H> was released from 40 °C, showing a slight
destabilization of HB due to the incorporation of MgHz. In a similar way, some studies were
performed in a mixture of MgH> and AB [64,65]. The destabilization of the mixture was
demonstrated, where it released H> at lower temperatures in comparison with neat AB, and

suppressed some of the gaseous byproducts.
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We also compared the dehydrogenation behavior of Mg(HB), with its analogous amidoborane.
Magnesium amidoborane Mg(AB); is a crystalline solid that releases about 10 wt. % H up to 300
°C [66]. However, in comparison with other amidoboranes, Mg(AB): starts to release Hz at a
higher temperature (i.e. it is more stable). It seems that in order to release H>, Mg(AB)> must
overcome a large energetic barrier. The larger Pauling electronegativity of Mg, in comparison to
other elements, is the origin of this barrier [67]. Interestingly, Mg(HB) presents a similar higher
thermal stability in comparison with the parent HB and other MHBs. This feature, together with
the stability over time of this compound, might favor the potential use of this material for Hz
storage applications at temperatures such as 150-250 °C. Otherwise, Mg(HB)> might be
considered as ceramic precursors. For example, it is known that AB and HB can be used as
precursors of boron nitride (BN) [68,69]. The use of an alkali/alkaline earth hydrazinidoborane
as precursor of BN might lead to the incorporation of the alkali or alkaline earth cation into the
BN structure. Such functionalized BN structures have been proposed as potential materials for

hydrogen storage [70.71].

We also have to mention another drawback about boron- and nitrogen-based materials for
hydrogen storage applications: the regeneration of the dehydrogenated solid. As the
dehydrogenation of these compounds is exothermic, the rehydrogenation is thermodynamically
unfavorable. Different attempts have been proposed for the regeneration of AB [72-74], but
implementing a cost-effective and efficient method has not been achieved yet. This is still a big
challenge, if not the biggest, for boron- and nitrogen-based materials. A last issue is the purity of
the H: released by these compounds. Many amidoboranes/hydrazinidoboranes release H»
polluted with NH3. The gas stream would require a purification system to deliver a highly pure

Ho.

4. Conclusion

In this work, Mg(HB)> was obtained by an alternative synthesis route, which is the reaction
between HB and n-dibutyl magnesium in THF. The new hydrazinidoborane was identified by
different spectroscopy techniques. Mg(HB)> is a compound with a good stability over time and
under inert atmosphere, but it showed a rapid evolution under the irradiation of a X-ray beam.

Unlike any of the previous derivatives of HB, Mg(HB): is thermally more stable than the parent
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HB. Also, when Mg(HB): is put into contact with air, the compound goes through a reversible

process to form HB and Mg(OH)..

On the one hand, the thermal characterization under isothermal conditions showed that the
dehydrogenation of Mg(HB)2 is a one-step process (with an induction period of time), and it
happens to a limited extent up to 120 °C, releasing only 0.40 equiv. H>. Also under these
conditions, the only byproduct detected was Nz. In contrast with other
amidoboranes/hydrazinidoboranes, it appears that Mg(HB)> releases H> due to the homopolar
interaction between N>H3 groups when the compound is heated in a closed system. On the other
hand, the TGA-MS analysis showed the release of different byproducts along with Ha (N2, NH3
and N2H4) and a considerable mass loss (16.6 wt. %) up to 400 °C. This indicates again the
different thermal behavior of amidoboranes/hydrazinidoboranes depending on the conditions of

the analysis (open/closed system).

Based on previous works, it is evident that the alkaline earth derivatives of HB are difficult to
synthesize. Even if the magnesium derivative has a high content of Ha, it shows the production
of undesired byproducts during their decomposition (N2, NH3, NoH4). This makes Mg(HB), like
the previously reported Ca(HB)>, unsuitable for hydrogen storage at near-ambient conditions.
Other prospects have been suggested, such as using Mg(HB)2 as precursor of boron nitride-
derived ceramics for H, storage, for example. It is likely that the Mg?* in the molecule could

have an impact on the properties of the ceramics after heat treatment.
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