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ABSTRACT: Two reactive hydride composite systems, Ca(BH,),—NaNH, and
Mg(BH,),—NaNH,, were systematically studied by in situ synchrotron radiation
powder diffraction, in situ Fourier transform infrared spectroscopy, thermogravi-
metric analysis, and differential scanning calorimetry coupled with mass
spectrometry. Metathesis reactions between the amides and borohydrides take
place in both systems between 100 and 150 °C yielding amorphous materials with
the proposed composition M(BH,)(NH,). Simultaneously, a fraction of NaNH,
decomposes to Na;N and ammonia via a complex pathway. The main gas released
under 300 °C is ammonia for both systems, while significant amounts of hydrogen

are released only above 350 °C.

B INTRODUCTION

In the past decade, the field of hydrogen storage has
encountered a huge development due to the demand for
cleaner and oil-independent transportation technologies. Light
complex hydrides such as borohydrides, alanates, and amides
have been intensively investigated as potential hydrogen storage
materials, owing to their high gravimetric and volumetric
hydrogen content." Materials with high hydrogen content have
been successfully designed, but a remaining challenge is to tune
their dehydrogenation properties in order to deliver the
contained hydrogen on demand. A promising approach for
tailoring thermodynamic properties is to allow two or more
hydrogen-containing materials to react with a release of
hydrogen, forming different decomposition products than the
pristine materials, thus tuning the enthalpy of the reaction.”
Such hydride mixtures are denoted as reactive hydride
composites (RHC). This approach has led to the discovery
of reversible mixtures on the basis of otherwise nonreversible
borohydrides,*™® as well as many hydrogen storage systems
with improved propertles including new complex bianionic or
bimetallic hydrides.””” Bianionic materials such as Li,(BH,)-
(NH,); and Mg(BH4)(NH2) have also been investigated as
ionic conductors.'*™"* As an example, it was shown that LiBH,
and LiNH, form a complex bianionic compound Li,(BH,)-
(NH,); releasing almost pure hydrogen above 250 °C (2-3
mol % of ammonia)."*"* For comparison, pure LiBH, releases
hydrogen through a complex reaction scheme above 400
°C,"'®'7 and LiNH, releases ammonia upon thermal
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decomposition through an acid—base disproportionation
reaction:'®

2LiNH, — Li,NH + NH, (1)

The lowered hydrogen release temperature of amide—
borohydride systems may be ascribed to the interaction
between partly positively charged hydrogen atoms of the
amide anion with the partly negatively charged hydrogen atoms
of the borohydride anion, as also observed for ammine metal
borohydrides, M(BH,),,-nNH,."”~** Various amide—borohy-
dride-based systems have been studied, such as LiBH,—LiNH,,
NaBH,—NaNH,, LiBH,—Mg(NH,),, and Mg(BH,),—Mg-
(NH,),.”'***7** The only NaNH,-based systems studied to
date are NaNH,—NaBH, and very recently NaNH,—Ca(BH,),
in 1:1 ratio.** However, this latter study was based mostly on
TGA—-DSC—MS data, and no in situ diffraction character-
ization was reported. Our present work can be seen as an
extension of that study, including both in situ diffraction and in
situ spectroscopy data, giving more emphasis on the trans-
formations occurring to the samples during the heating process.
The overall lower attention given to the NaNH,-based systems
compared to other hydrogen-rich systems might be due to the
fact that sodium imide (Na,NH) does not form and that
sodium nitride (Na;N) is known but unstable above 100 °C
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Figure 1. (2) In situ SR-PXD on CaNal2 heated from RT to 500 °C, 4 °C/min (4 = 0.819 A). (b) Scale factors from the sequential Rietveld

refinement plotted versus temperature.

and is not straightforward to prepare,” >’

possible reaction pathways.”

In this study, different mixtures of Ca(BH,), or Mg(BH,),
with NaNH, were investigated using in situ synchrotron
radiation powder X-ray diffraction (PXD), in situ Fourier
transform infrared spectroscopy (FT-IR), and combined
thermogravimetric analysis and differential scanning calorimetry
coupled with mass spectrometry (TGA—DSC—MS).

thus limiting the

B EXPERIMENTAL SECTION

Sample Preparation. Ca(BH,), was synthesized by
desorption of the commercially available Ca(BH,),-2THF
complex (Aldrich) for 3 days at 160 °C under dynamic
vacuum. The sample was analyzed by powder X-ray diffraction
(PXD) and showed to be a mixture of a, 3, and y polymorphs
of Ca(BH,),. a-Mg(BH,), was obtained by desorption of the
Mg(BH,),'1/2Me,S complex synthesized by the solvent-
mediated reaction between n-Bu,Mg (Sigma-Aldrich, 1 M in
heptane) and Me,S-BH; (Sigma-Aldrich, 2 M in toluene).”
PXD showed only peaks corresponding to the unsolvated
material. Commercial NaNH, (Sigma-Aldrich; >90%) was used
without purification.

Ca(BH,),—NaNH, samples were prepared by hand-grinding
the powders in a mortar for 3 min in molar ratios 1:1, 1:2, and
1:3 and denoted CaNall, CaNal2, and CaNal3, respectively.
Upon grinding, the Mg(BH,),—NaNH, mixtures undergo a
reaction yielding mainly amorphous products. These samples
were therefore prepared by gently mixing preground Mg(BH,),
and NaNH, in order to avoid this amorphization reaction.
Samples in ratios 1:1 and 1:2 were prepared, and they will be
referred to as MgNall and MgNal2, respectively. All sample
handling was performed in an argon-filled glovebox.

Characterization. In-House Powder X-ray Diffraction
(PXD). Measurements were performed using a MAR34S5
diffractometer. The X-ray source was a Rigaku ultraX18
molybdenum rotating anode equipped with a focusing mirror.
The samples were packed under argon in glass capillaries of 0.5
mm outer diameter and sealed with wax.

In Situ Synchrotron Radiation PXD (SR-PXD). Measure-
ments were conducted at the Swiss Norwegian Beamlines
(SNBL) at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. The samples were mounted in
glass capillaries sealed with wax. The wavelength was set to 0.82
A, and the detector used was Pilatus 2M. Both in-house and
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synchrotron two-dimensional diffraction images were inte-
grated using the program Fit2D."’ Calibration was performed
using a standard lanthanum hexaboride sample.

Temperature-Dependent Fourier Transform Infrared.
Experiments on solid samples were performed with a Biorad
Excalibur Instrument equipped with a Specac Golden Gate
heatable ATR setup. The spectral resolution was set to 1 cm™".
The samples were loaded in the Golden Gate inside the
glovebox. The temperature was not linearly increased but
manually set to a target temperature at which the measurement
was performed before increasing the temperature to reach the
next point.

Thermal Analysis and Mass Spectrometry. Thermog-
ravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were made using a PerkinElmer STA 6000 apparatus
simultaneously with mass spectroscopy (MS) analysis of the
residual gas with a Hiden Analytical HPR-20 QMS sampling
system. The samples (approximately S mg) were placed in Al
pans and heated from 40 to 500 °C (S °C/min) under argon
flow of 20 mL/min. The released gas was analyzed for
hydrogen, ammonia, diborane, and nitrogen.

B RESULTS AND DISCUSSION

The behavior of these borohydride—amide systems is complex
as many intermediates were observed during the in situ SR-
PXD measurements. It was necessary to combine the results of
several characterization techniques and at different ratios to
start having a picture of their reactivity. The main reaction
scheme in the low- to mid-temperature range is the same in all
the studied compositions. The case of Ca(BH,),—NaNH,
(1:2) is described at first in the next section as it was the key
allowing understanding of the other related systems. Discussion
of the other compositions will be done in comparison to this
first one.

In Situ SR-PXD on Ca(BH,),—NaNH,. The in situ SR-PXD
data measured on Ca(BH,),—NaNH, (1:2, CaNal2) between
room temperature (RT) and 350 °C (4 °C/min) is presented
in Figure la. The corresponding scale factors proportional to
the amount of the crystalline phases exposed to the X-ray beam
obtained by sequential Rietveld refinement are given in Figure
1b. The Rietveld refinement of the first pattern is available in
the Supporting Information (Figure S2). At RT, Bragg
diffraction is observed for the starting materials, a- f-, and y-
Ca(BH,), and NaNH,, together with a very small amount of
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Ca(BH,),NH; and NaBH,. The scale factors for Ca(BH,),-
NHj; could not be calculated because the very low intensity of
its reflections prevented it from being included in the sequential
refinement. Between 120 and 130 °C, the peaks of the starting
materials begin to decrease in intensity while the reflections of
Ca(BH,),'NH; start to increase. Upon further heating, the
starting materials disappear at 160 °C. In the early stages of this
reaction, NaBH, is formed. Its diffraction intensity reaches a
plateau at 140 °C; the slow but constant subsequent increase
may be attributed to an increase of the crystallinity. Between
140 and 160 °C, Na;N is the main forming compound (Figure
1b). The growth of its fraction stops with the complete
disappearance of the starting materials. Above 190 °C, Na;N
disappears from the diffraction pattern. This decrease is
accompanied by an increase of NaBH, peaks. Several unknown
crystalline compounds as well as amorphous material(s) whose
presence is indicated by wide humps are observed in the
temperature range of 150—250 °C. Above 250 °C, NaBH, is
the only observed crystalline compound. The new peaks
appearing above 330 °C likely correspond to a material formed
by a reaction with the walls of the capillary and ambient air as
the powder and capillary were fused together at this stage.

These observations suggest that two reactions occur in
parallel above 130 °C, the first one being a metathesis between
the starting compounds, yielding NaBH, and an amorphous
mixed-anion calcium amide borohydride, Ca(BH,),(NH,),_,
(reaction 2). The second reaction is the decomposition of
NaNH, into Na;N with a release of ammonia (reaction 3). The
formation of ammonia explains the appearance of Ca(BH,),:
NH;. The observation of this latter compound after grinding
the sample at room temperature can only be explained by the
release of ammonia by NaNH,. The fact that a small amount of
NaBH, is also observed supports the idea of a mechanism
similar to the one occurring at 130 °C. This was not further
investigated because the amounts of NaBH, and Ca(BH,),
NHj; at RT are very small.

Ca(BH,), + (2 — x)NaNH,

- “Ca(BH,),(NH,),_.” + (2 — x)NaBH4 )

®3)

It is worth noting that the formation of Na;N is not observed
either in the thermal decomposition of pure sodium amide
(Figure S1 in the Supporting Information) or in the
decomposition of NaNH,—NaBH, mixtures.””*” Reaction 3
is therefore a simplified view of a more complex reaction
scheme likely involving calcium-containing species. It should
also be noted that Na;N was reported to decompose into
nitrogen and metallic sodium at around 100 °C in an internal
redox reaction.*>* In our case, it is formed above its reported
decomposition temperature, which may be due to an increased
partial pressure of NHj in the closed capillary. Furthermore, it
does not decompose into elements but seems to further react
forming NaBH,,. Considering that the oxidation state of sodium
remains unchanged in this latter transformation, the byproduct
likely contains nitrogen in the same oxidation state as in the
amide and nitride anions (-III); thus, the product is a calcium
nitride related compound. The formation of NaBH, at this
stage requires the presence of BH, anions and therefore
supports the hypothesis of the presence of amorphous
Ca(BH,),(NH,),_,. Alternatively, the compounds may form
a eutectic liquid out of which NaBH, would crystallize;*" this

3NaNH, — Na;N + 2NH,
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was however rejected after visually checking the heating process
of the CaNal2 sample in a glass tube.

The results of the in situ SR-PXD on Ca(BH,),—NaNH,
(1:1), (1:2), and (1:3) are summarized in Table 1, and the in

Table 1. Compounds Observed by in Situ SR—PXD at
Different Temperatures

temperature domain where the compound is observed

(°C)

compound CaNall CaNal2 CaNal3
a-Ca(BH,), 25160 25—-150 25—145
B-Ca(BH,), 25-190 25-160 25-150
7-Ca(BH,), 25—170 25—150 25145
NaNH, 25—14S5 25—150 25—-165
Ca(BH,),-NH, 130-165 25-170 25-170
Na;N 150—190 140—-200 135—-18S
NaBH, 180—end 130—-330 not observed
unknown 180—end 130-24S 135-220

situ SR-PXD plots for CaNall and CaNal3 samples are
presented in Figures S3 and S4. The similarity between these
results shows that the main reaction pathway is identical in all
samples. In the 1:1 ratio, Ca(BH,), is observed up to 190 °C,
45 °C higher than NaNH,, whereas for the 1:3 ratio, NaNH, is
observed up to higher temperatures than Ca(BH,),. For the 1:2
ratio, they disappear from the diffraction pattern at a similar
temperature, showing that the reaction occurring at this point
has a ratio close to 1:2. The fact that NaBH, is not observed in
the 1:3 ratio cannot be explained either by the metathesis
reaction or by the decomposition of NaNH, in Na;N. The lack
of BH, anions to form NaBH, could only be explained by a
reaction consuming the BH, anion in excess of NaNH,.

In Situ FT-IR on Ca(BH,;),—NaNH, (1:2). The in situ IR
measurement (Figure 2) between RT and 280 °C complements
the diffraction data, giving more insight into the fate of the BH,,
and NH, anions. The most relevant details of this study are the
B—H bending region between 1000 and 1500 cm™" and the N—
H stretching region around 3300 cm™' where the NH, anion
gives typical symmetric and asymmetric stretching peaks.
Expansions of these regions are given in the Supporting
Information as well as the N—H stretching region of pure
NaNH, for comparison (Figures S5—S7).

At RT, the absorption patterns are consistent with a mixture
of Ca(BH,), and NaNH,. The spectra remain unchanged up to
150 °C, where a modification in the peak shapes for the BH,
and NH, bands occurs, corresponding to the disappearance of
the starting materials observed by in situ SR-PXD. While the
N—H stretching peaks at 3211 and 3259 cm™" disappear, two
new peaks appear at slightly higher wavenumbers (3235 and
3285 cm™') showing that the NH, anion does not fully
decomposes into NazN during the reaction occurring around
150 °C. These two new peaks are consistent with the
symmetric and asymmetric stretching modes of a new
[NH,] -containing material, however invisible in the diffraction
experiment. The N—H bending mode, visible at around 1550
cm™, supports this hypothesis as the peak is slightly blue-
shifted, but still present until 250 °C just as the stretching
peaks. These shifted positions do not correspond to Ca(NH,),
for which the IR spectrum is known."

In the B—H bending region, the typical Ca(BH,), absorption
band fades into another pattern with bands centered at 1105,
1180, and 1215 cm™. The first of these bands corresponds to

DOI: 10.1021/acs.jpcc.6b00209
J. Phys. Chem. C 2016, 120, 8428—8435


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b00209/suppl_file/jp6b00209_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b00209/suppl_file/jp6b00209_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b00209/suppl_file/jp6b00209_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b00209/suppl_file/jp6b00209_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b00209/suppl_file/jp6b00209_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b00209

The Journal of Physical Chemistry C

Ca(BH,),-NaNH, (1:2)

o 2
o 50
70
E) 90
s T/°C
@ o 10
S
c o 130
2
o o 150
@
2
< o 170
o 100 V
o 210
o 230
o 250
o 270
1
1000 1500 2000 2500 3000 3500 4000
Wavenumber cm’
Figure 2. In situ FT-IR of CaNal2 heated in steps of 10 °C from RT to 280 °C.
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Figure 3. Top: TGA (line) and DSC (dashed) for CaNall (blue) and CaNal2 (red) heated from RT to 500 °C (S °C/min) in argon atmosphere.
Bottom: Related MS signals for hydrogen (line) and ammonia (dashed).

NaBH,**" in accord with the X-ray experiment. However,
NaBH, does not contribute to the bands centered at 1180 and
1215 cm™), which shows that there are B—H bonds with a
different environment than in NaBH,. These observations
confirm that the reaction observed at 150 °C is an exchange
reaction between NaNH, and Ca(BH,), forming some
Ca(NH,),(BH,),_,-type compound. No further changes are
observed in the B—H bending region when the N—H vibration
modes disappear above 250 °C.

Thermal Analysis of Ca(BH,),—NaNH, in 1:1 and 1:2
Ratios. Combined thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) coupled to a mass
spectrometer (MS) were performed for CaNall and CaNal2
from RT to 500 °C (5 °C/min); see Figure 3. The onset
temperature for gas release is 125 °C for both samples, and
there is a nonlinear but continuous mass loss up to 450 °C of
about 7.5 and 9 wt %, respectively. The DSC curves show three
exothermic peaks in the region 100—250 °C out of which the
second one (155 °C) is the most intense, especially for the
CaNal2 sample. These peaks do not correlate with the gas
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release steps. Above 300 °C, the DSC signal becomes complex
and was not analyzed in detail.

The first slightly exothermic peak at 130 °C can be assigned
to the exchange reaction 2 between the starting materials
described in the sections above. The second peak (155 °C) can
be related to the formation of Na;N observed in the diffraction
experiment, occurring mainly between 150 and 160 °C; see
reaction 3. The assignment of the peak at 211 °C is however
not straightforward. Na;N disappears from the diffraction
patterns between 190 and 200 °C. Such a discrepancy is not
huge considering that the sample environment is different in
both experiments, but still surprising considering the fact that
the previous events occur at a very close temperature.

The analysis of desorbed gases by mass spectrometry (Figure
3, bottom) shows that mainly ammonia is released in several
steps below 300 °C. The first step peaks at 162 °C and involves
the release of a small amount of hydrogen. The second step is a
pure ammonia release reaching its maximum at 192 °C. This
step is more pronounced for sample CaNal2 than for CaNall
which shows that it may be due to a reaction of the amide
group without any change on the borohydride part. The third
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Figure S. In situ FT-IR of MgNal2 heated from room temperature to 280 °C in steps of 10 °C.

step is a release of ammonia and of a small amount of hydrogen
at 220 °C. From RT to 250 °C, the behaviors of both samples
are quite similar. The main hydrogen release peaks occur above
350 °C for both samples and are correlated with ammonia
release and broad endothermic bands. It is observed that the
main hydrogen release occurs at a lower temperature when the
amount of amide is higher, showing the destabilization effect of
protic hydrogens on the BH, anion.

In Situ SR-PXD on Mg(BH,),—NaNH,. The behavior of
the Mg(BH,),—NaNH, system is similar to that of the
Ca(BH,),—NaNH, system. As shown for the MgNall sample
in Figure 4, the starting materials disappear from the diffraction
pattern slightly above 100 °C, and sodium nitride (Na;N) and
sodium borohydride (NaBH,) form. After this event, the only
observed crystalline compounds are NaBH,, which is by far
dominating the diffraction pattern, a small amount of NaH, and
another unknown compound. No known magnesium-contain-
ing compounds are observed. No significant difference was
observed between the MgNall and MgNal2 samples (Figure
S8).

In Situ IR on Mg(BH,),—NaNH,. As shown in Figure §, the
behavior of the MgNal2 sample is similar to the one of
CaNal2 presented above. The N—H stretching peaks between
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3150 and 3400 cm™' remain throughout the experiment
although their shape and the exact position change. However,
the N—H bending peak seems to disappear between 190 and
210 °C indicating that the nitrogen-containing species above
this temperature is an imide ((NH]?") and not an amide. The
B—H bending band undergoes a first modification between 110
and 130 °C, a second between 150 and 170 °C, and a third at
higher temperatures. During the first event, the characteristic
bands of Mg(BH,), at 1125 and 1253 cm™" disappear while
new bands appear at 1105 cm™ (NaBH,), 1190, and 1310
cm™, This event can be attributed to the proposed metathesis
reaction between the starting materials forming NaBH, and
“Mg(BH,),,(NH,),” as observed in the in situ-PXD experi-
ment and in the same way as in the calcium-based system. It is
worth noting that the reported compound Mg(BH,) (NH,)
was not observed in the X-ray diffraction experiment and that
its IR spectrum is unfortunately unknown.” Most likely, the
crystalline Mg(BH,)(NH,) forms only after extended anneal-
ing, and its crystallization is missed in our variable temperature
experiments. During the second event, the peaks at 1190 and
1310 cm™" disappear and two new peaks appear at 1295 and
1430 cm™. This coincides with the appearance of a broad peak
at 1550 cm™" in the N—H bending region, slightly blue-shifted
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Figure 6. Top: TGA (line) and DSC (dashed) for MgNal1 (red) and MgNal2 (black) heated from RT to 500 °C (S5 °C/min) in argon atmosphere.
Bottom: Related MS signals for hydrogen (line) and ammonia (dashed).

compared with the original bending mode of NaNH, indicating
a structural rearrangement in the amorphous “Mg-
(BH,),_(NH,),”. The third and last event is the progressive
disappearance of the B—H bending peaks at 1295 and 1430
cm™! together with the broad peak from the N—H bending
region. The fact that these peaks appear and disappear together
is a hint that they belong to the same material, reinforcing the
hypothesis of the existence of an amorphous Mg-
(BH,),_.(NH,), type of material.

Thermal Analysis of Mg(BH,),—NaNH,. The TGA and
DSC curves associated with the MS signals for MgNall and
MgNal2 are shown in Figure 6. The desorption starts at 175
and 158 °C for the MgNall and MgNal2 samples,
respectively, with total mass losses of 10.7 and 14.7 wt %.
Similarly to the that of calcium-based system, the mass loss
does not occur in clear steps but is rather continuous, though
nonlinear. Few exothermic events are observed for both
samples between 100 and 160 °C, before the desorption starts.
They can be related to the metathesis reaction occurring in this
temperature range. At higher temperature, endothermic bands
are observed between 450 and 490 °C for MgNall and
between 330 and 375 °C for MgNal2. These endothermic
events correspond to a faster mass loss in the TGA curve and to
the main hydrogen release peaks as seen in the MS signal.

The high mass losses observed prove that not only hydrogen
is released upon thermal decomposition, as they exceed the
total hydrogen content of the samples. Making the assumption
that there is no hydrogen left in the sample at 500 °C and that
the only desorbed gases are NH; and H,, it can be easily
calculated that the measured 14.7 wt % desorption for MgNal2
corresponds to a desorption of 0.53 and 5.21 mol of ammonia
and hydrogen. In other words, there is an average of 9.2 mol %
of ammonia in the released gas over the desorption process.
This value is likely underestimated as the sample might still
contain some hydrogen-containing compounds. Furthermore,
the MS signal shows that most of the ammonia is released at
much lower temperature than hydrogen.

H CONCLUSION

The two newly investigated hydrogen-rich systems, Ca(BH,),—
NaNH, and Mg(BH,),—NaNH,, undergo a metathesis
reaction yielding amorphous materials and NaBH, between
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100 and 150 °C. In parallel to this reaction, part of the sodium
amide decomposes into sodium nitride with a release of
ammonia via a complex reaction scheme. The gas release occurs
in several steps over a broad temperature range. Despite a
relatively low onset temperature for gas release of ca. 150 °C
for all samples, the main hydrogen desorption peaks occur only
at 374 and 365 °C in the calcium-based and magnesium-based
systems with 1:2 ratio, respectively. In the 1:1 ratio, the main
hydrogen release peaks occur at even higher temperatures: 481
°C for the magnesium-based system and 460 °C for the
calcium-based system. The lowered temperature of hydrogen
desorption with higher amount of amide supports the idea of
the destabilization of borohydrides by amides. However, the
complexity of the reaction pathways in these systems, the
release of ammonia, and the lowered but still high temperature
of the main hydrogen desorption event make them impractical
for hydrogen storage applications. More interesting is the
formation of Na;N resulting from the destabilization of NaNH,
by Ca(BH,), and to a smaller extend by Mg(BH,), observed
for the first time in this study as it might open a new route for
the synthesis of sodium nitride.
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