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Abstract: Both LiBH4 and NaBH4 are well known for having high hydrogen contents, but also
high decomposition temperatures and slow hydrogen absorption–desorption kinetics, preventing
their use for hydrogen storage applications. The low melting temperature (219 ◦C) of their eutectic
mixture 0.71 LiBH4–0.29 NaBH4 allowed the synthesis of a new composite material through the melt
infiltration of the hydrides into the ~5 nm diameter pores of a CMK-3 type carbon. A composite
of 0.71 LiBH4–0.29 NaBH4 and non-porous graphitic carbon discs was also prepared by similar
methods for comparison. Both composites showed improved kinetics and a partial reversibility of the
dehydrogenation/rehydrogenation reactions. However, the best results were observed for the CMK-3
nanoconfined hydrides; a consistent uptake of about 3.5 wt.% H2 was recorded after five hydrogena-
tion/dehydrogenation cycles for an otherwise non-reversible system. The improved hydrogen release
kinetics are attributed to carbon–hydride surface interactions rather than nanoconfinement, while
enhanced heat transfer due to the carbon support may also play a role. Likewise, the carbon–hydride
contact proved beneficial in terms of reversibility, without, however, ruling out the potential positive
effect of pore confinement.

Keywords: hydrogen storage; complex hydrides; nanoconfinement; borohydrides; porous carbons

1. Introduction

Climate change and its mitigation is one of the most important challenges that hu-
mankind will face in the 21st century. The reduction of greenhouse gas emissions is a
fundamental measure in order to reverse the global warming trend, and massive effort is
thus directed to moderate the anthropogenic CO2 production [1,2]. The compelling neces-
sity to divert the energy production and consumption from fossil fuel combustion towards
more sustainable renewable sources is clear. Nevertheless, the majority of such renewable
sources (such as wind, solar and tidal power) have the major drawback of variability, in
several cases in an unpredictable fashion, due to their fluctuating nature. In order to have a
reliable and sustainable energy supply, it is necessary to adopt an energy carrier able to
accumulate the energy produced through renewable energy sources and provide it when
and where it is required. ‘Green’ hydrogen could be such a sustainable energy carrier [3,4]
not only for having just water as the byproduct of its combustion reaction, but also due
to its high energy density, i.e., 120 MJ kg−1 (33.33 kWh kg−1), which is twice as high as
that of the common fuels [5]. This property is particularly interesting especially for mobile
applications, where energy must be stored onboard. However, the extremely low density
of hydrogen gas is a considerable obstacle for its practical use in common applications. For
instance, for storing 5 kg of H2 (equivalent to a car autonomy of about 500 km) at 200 bar
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(typical pressure of commercial hydrogen cylinders), a tank volume of about 340 L would
be required [6,7]. H2 liquefaction at very low temperatures, around 20 K (−253 ◦C) or
pressurization to 700 bar, can reduce the system volume, but then significant amounts of
energy are sacrificed (for cooling or pressurization but also due to boil-off), while more
advanced and expensive vessels are needed [8]. Cryo-compressed hydrogen storage [9,10]
has some significant advantages such as improved gravimetric and volumetric capacities
compared with compressed hydrogen, but also reduced boil-off compared with typical liq-
uid H2 storage systems. In all cases, the required pressure increase or temperature decrease
comes along with a significant energy penalty, while serious safety issues emerge [11,12].
A much safer approach, which may avoid the multiple disadvantages of compressed gas
storage and operation at very low temperatures, involves the use of solid-state materials
with high hydrogen content [13–19]. Among the materials considered as good candidates
for low-pressure solid-state hydrogen storage, borohydrides, which are able to release
hydrogen simply through their thermal decomposition, have particularly attractive char-
acteristics [16,20–25]. These materials generally have a high gravimetric and volumetric
hydrogen density, e.g., LiBH4 and NaBH4, whose gravimetric and volumetric capacities are
18.5 and 10.6 wt.% and 121 and 113 kg m−3, respectively [26–28]. However, these materials
are highly stable, a property that leads directly to high decomposition temperatures, slow
kinetics and in several cases lack of reversibility of the dehydrogenation/hydrogenation
reaction [28–34]. Ion substitution and liquefaction can help reduce the temperatures re-
quired for the hydrogen release from borohydrides. Both phenomena have been studied on
several combinations of such compounds and the most appreciable effects are observed
when using eutectic mixtures [35–40].

This work focuses on the study of a LiBH4–NaBH4 eutectic composite. The pure
LiBH4 and NaBH4 are known to melt at 280 ◦C and 505 ◦C, respectively, while their main
dehydrogenation reactions take place at temperatures higher than 400 ◦C [35,41,42]. On
the other hand, upon mixing LiBH4 (71 mol%) and NaBH4 (29 mol%), a eutectic mixture is
formed as reported by Dematteis et al. [43]. This mixture has a gravimetric hydrogen con-
tent of 15.25 wt.% and a melting temperature of 219 ◦C, allowing at the same time a drastic
destabilization of both compounds and the possibility to melt the hydrides in relatively
mild conditions with minimal risk of decomposition. Other approaches that can further
destabilize the material, reduce the decomposition temperature and enhance the pertinent
kinetics most commonly involve particle size reduction and contact with other materials’
surfaces [44,45]. Particle size reduction, in most cases, is achieved through mechanical
milling [46,47]. This approach aims to afford particle sizes in the order of nanometers.
For such small particles, the surface to volume ratio increases significantly, providing
shorter diffusion paths in the solid state and the hydrogen release kinetics are improved
significantly. However, the benefits of nanosizing by high-energy ball milling are rapidly
reverted by sintering reactions occurring during the hydrogenation/dehydrogenation
processes. One way to address this problem is to protect the hydride nanoparticles from
agglomeration by confining them in nanosized pores. This approach is particularly facile
for molten phases such as low temperature eutectic mixtures and has multiple advantages:
(i) solvent free nano-infiltration and (ii) prevention of particle growth and agglomeration
due to the encapsulation. In order to have the minimum mass penalty from the confining
material, it is necessary to adopt a porous solid with very high pore volume and low density.
Carbonaceous materials are ideal for this purpose, since they are in principle chemically
inert, they can be synthesized in a wide variety of forms and their pore size can be tuned in
order to obtain a good balance between easy infiltration in the host material and optimal
particle size of the active guest material. Upon confinement, the hydride nanoparticles
and the carbon matrix are bound to proximity, forcing the different components to interact.
Beyond nanosizing, the system may also benefit from the intimate contact of the hydride
phase with the carbon surface. For instance, the high thermal conductivity of the carbon
matrix may facilitate heat transfer and therefore promote de- and re- hydrogenation reac-
tions. Moreover, the carbon–hydride’s contact could also trigger surface-induced catalytic
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reactions due to the carbon electron affinity on the nanoscale, which can promote a decrease
in the hydrogen release energy [44,45,48].

A low melting mixture of LiBH4 and NaBH4 confined in porous carbon materials
for hydrogen storage purposes has been studied by Javadian et al. [49]. However, the
borohydride mixture investigated in that specific work consisted of 0.62 LiBH4–0.38 NaBH4
according to the phase diagram proposed by Adams [50], while the molten borohydrides
were infiltrated in a porous carbon aerogel with large mesopores (diameter of ca. 40 nm)
and tested with only four cycles of dehydrogenation/rehydrogenation. In the present work,
we adopted a more recently reported eutectic composition, 0.71 LiBH4–0.29 NaBH4, with a
higher gravimetric hydrogen content [43] of 15.25 wt.%. Moreover, we used for the first
time an ordered mesoporous CMK-3 type carbon as hosting material characterized by much
smaller pore sizes (5 nm) with a very narrow distribution, which is ideal for nanoconfine-
ment studies. CMK-3 is a mesoporous carbonaceous material made by nanorods organized
in a regular 2D hexagonal pattern and held together by thin carbon strands [51]. The high
porosity of the CMK-3 structure results in an overall very high pore volume, a characteristic
that allows the confinement of large quantities of hydrides. Here, we compare the proper-
ties of (a) LiBH4–NaBH4/CMK-3, (b) the non-confined (bulk) hydrides and (c) a composite
of LiBH4–NaBH4 with a non-porous carbon, namely graphitic carbon discs, in order to
analyze the effect of nanoconfinement to the destabilization, kinetics and cyclability of
hydrogen release and uptake of the LiBH4–NaBH4 eutectic system.

2. Results

The XRPD measurements of bulk, composite and cycled materials are presented in
Figure 1. CMK-3 carbon is amorphous, as revealed by the practically featureless powder
diffraction pattern. From the analysis of the XRPD pattern of the bulk 0.71 LiBH4–0.29
NaBH4 (denoted LiNa) obtained after the milling process, it was possible to identify the
peaks relative to the two pure borohydrides, LiBH4 and NaBH4, while no intermediate
compounds were detected; based on Scherrer analysis of the most intense peaks, an average
crystallite size of around 20 nm was calculated for both phases. On the other hand, the
XRPD pattern of the CMK-3 infiltrated sample (LiNa/CMK-3) showed only the diffraction
peaks of NaBH4 with low intensity. This pattern suggests that although a small amount of
bulk hydride remained outside the pores, the majority of the hydride phase was infiltrated
in the porous network, causing a significant overall decrease in the peak intensity in a way
that only the strongest peaks of the eutectic mixture were detected; these are the (111), (200)
and (220) reflections of NaBH4. Nevertheless, even these low intensity NaBH4 diffraction
peaks disappeared after the five dehydrogenation–rehydrogenation cycles (LiNa/CMK-3
five cycles pattern), implying that upon further thermal treatment all the borohydride
material is eventually infiltrated in the CMK-3 pores. The situation was somehow different
for the non-porous CD composite. CD revealed a graphitic structure, with a broad (002)
reflection at ~26◦ coupled with another visible feature at ~43◦; this pertained to the merged
(100) and (101) reflections. The LiNa structure was fully visible in the LiNa/CD composite,
while several diffraction peaks were still visible, even after the five dehydrogenation–
rehydrogenation cycles (LiNa/CD, five cycles).

The presence of a small amount of unconfined hydrides was confirmed by the scanning
electron microscope images (Figure 2), also showing that the CMK-3 carbon retained its
typical rod-like elongated structure, fully withstanding multiple heat treatments.

Nevertheless, the confirmation that the majority of the hydride phase was successfully
confined in the porous carbon scaffold was given by the comparison of the pore properties
before and after melt infiltration. N2 adsorption–desorption isotherms at 77 K (approx.
−196 ◦C) were measured for the pure CMK-3 type carbon (Figure 3). The isotherm was of
type IV(a) according to the IUPAC classification, with an H2(a) hysteresis loop; both are
characteristic for CMK-3 materials with mesopores larger than ~4 nm and a rather sharp
size distribution [52]. Based on this isotherm, a Brunauer–Emmett–Teller (BET) surface
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area (SBET) of 1250 m2 g−1, a total pore volume (TPV) of 1.2 cm3 g−1 and an average pore
size distribution centered at 4.6 nm were deduced for CMK-3 (Table 1).
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The general shape of the isotherm of LiNa/CMK-3 was the same; nevertheless, the
BET area dropped to 170 m2 g−1 and TPV to 0.21 cm3 g−1, while the pore size distribution
remained centered at 4.6 nm. This implies that after infiltration a large number of pores
were lost (i.e., becoming completely inaccessible to the adsorbate), which strongly suggests
that the borohydride molten phase indeed fills the pores and does not form a layer on the
pore walls (this would decrease the pore size of the sample). It should be noted that the
isotherm of the composite material presented in Figure 3 has been scaled to the mass of
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pure carbon (the same holds for the BET and TPV calculations), thus excluding the weight
penalty of the non-porous hydride phase. On the other hand, the pristine carbon discs
(CDs) showed a clear type-I isotherm, typical for non-porous materials; a BET area of ~30
m2 g−1 was calculated. Both the isotherm shape and the BET area (~25 m2 g−1) on a carbon
basis remained practically unchanged for LiNa/CD (Table 1).
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Figure 3. N2 adsorption/desorption isotherms performed at 77 K (a): on the pure CMK-3 type carbon
(black) and on the composite material LiNa/CMK-3 (blue), and (b): on the pure CD (black) and the
LiNa/CD samples (green).

Table 1. Surface area (SBET), total pore volume (TPV) and average pore size (<d>) of pure CMK-3
and carbon discs (CD), as well as their composites with 0.71 LiBH4–0.29 NaBH4 (LiNa).

SBET (m2 g−1) TPV (cm3 g−1) <d> (nm)

CMK-3 1250 1.2 4.6

LiNa/CMK-3 170 0.21 4.6

CD ~30 - -

LiNa/CD ~25 - -

The temperature programmed desorption-mass spectrometry (TPD-MS) measurement
of hydrogen release from bulk LiNa showed that dehydrogenation of the eutectic mixture
occurred mostly at an intermediate temperature between that of the two pure components,
in accordance with previously reported results for the pure LiBH4 and NaBH4 compounds
and their mixtures with compositions close to the eutectic one [53]. In more detail, bulk
LiNa, after being pre-melted, dehydrogenated in four stages (Figure 4), with a first release
at 290 ◦C (2%), two desorption peaks at about 390 (26%) and 450 ◦C (39%) and a final
decomposition at 490 ◦C (33%). Based on the shape of the LiNa TPD-MS spectra as
compared with the thermal desorption from the pure compounds presented in [54–56],
and since the XRPD pattern of LiNa revealed only pure LiBH4 and NaBH4, the first three
dehydrogenation steps can be directly associated with the decomposition of LiBH4, while
the last one can be attributed to NaBH4. This observation is very similar to that of Liu
et al. [53], who studied a similar mixture of LiBH4 and NaBH4 and identified two main
decomposition routes: the first (up to ~520 ◦C) involved the release of H2 followed by the
formation of LiH, Li2B12H12 and B; the second, at higher temperatures, involved the release
of H2 together with the formation of Na and B.
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Figure 4. (a): Temperature programmed desorption coupled with mass spectrometry (TPD/MS,
m/e = 2) results for LiNa (dark red), LiNa/CD (green), LiNa/CMK-3 (blue). (b): Deconvolution
of the bulk LiNa TPD signal highlighting the different H2 release reactions. The first three (green)
peaks are attributed to the LiBH4 decomposition, covering, respectively, the 2%, 26% and 39% of the
total H2 released, while the orange peak is related to the NaBH4 decomposition (33% of the total H2

released).

The LiNa/CMK-3 composite released hydrogen in a similar manner to the bulk LiNa
and with a similar ratio between the signal intensities. However, the different reaction
steps occurred at much lower temperatures and in a shorter temperature range and were
somehow merged together, with the main peaks located at 325 and 360 ◦C, highlighting
the contribution from the carbon surface. The substrate’s active role in lowering the
dehydrogenation temperatures of LiNa was also evident in the behavior of LiNa/CD,
which mostly decomposed at 340 and 440 ◦C. In the latter case, it can be noticed that
despite the absence of nanoconfinement, the carbon matrix still played a role in the material
destabilization, albeit with less intensity, probably due to the lower surface area of the
carbon discs. In all samples, only hydrogen was detected among the gases analyzed.

The hydrogen release and uptake were further investigated for the three samples
using a custom-made manometric device (Sieverts apparatus) and a series of dehydrogena-
tion/rehydrogenation cycles (Figure 5). Excessive heating (temperatures higher than 650 ◦C)
led to complete decomposition of NaBH4 with the precipitation of Na, B and the evolution
of H2 (NaBH4→Na + B + 2H2) [53,57]. Without the aid of catalysts/additives [58–60], this
process is highly irreversible and, for this reason, it was decided to limit the cycling ex-
periments to 450 ◦C and only actually study the decomposition of LiBH4 (in the presence
of NaBH4). The decomposition of LiBH4 went through a complex mechanism that can be
represented by two main reactions [53,61,62]:

LiBH4 → LiH + B + 3/2H2 (1)

LiBH4 → 5/6 LiH + 1/12Li2B12H12 + 13/12H2 (2)

This explains the drastic reduction of hydrogen released between the first and second
dehydrogenation cycle for all samples. Due to the stability of Li2B12H12 closo-borane, we
assumed that only the first reaction was reversible and, based on the amount of hydrogen
released during the manometric experiments, it can be deduced that it occurred in a
percentage of around 60–70% of the LiBH4 decomposition. It should be noted that attempts
to hydrogenate Li2B12H12–10 LiH composites, e.g., at, p(H2) = 970 bar and T = 400 ◦C for
48 h, did not reveal any formation of LiBH4 or other compounds [63].
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Figure 5. Kinetics and quantitative measurement of hydrogen release and uptake was investigated
using a manometric method (Sieverts apparatus). From left to right: (a) LiNa, (b) LiNa/CD and
(c) LiNa/CMK-3.

In more detail, the bulk LiNa released about 6.2 wt.% of H2, an amount that dropped
to 3.6 wt.% already at the second dehydrogenation step and continued to decrease at each
cycle until it reached about 0.8 wt.% of H2 at the fifth hydrogenation–dehydrogenation
cycle, suggesting strong deactivation of the system (Figure 5a). It is also important to note
that the dehydrogenation kinetics were extremely slow, and during the first cycles the
system was far from equilibrium even after 800 min. Taking into account only the mass of
the active materials in the hydrogen sorption reaction, i.e., that of LiBH4 and NaBH4 and
excluding the carbon, the LiNa/CD composite had a similar behavior with the bulk during
the first three cycles, i.e., it released about 6 wt.% of H2 at the first, 4.2 wt.% of H2 at the
second and 1.7 wt.% during the third cycle. Nevertheless, the sample reached a stable value
of around 1.5 wt.% of H2 for the last three cycles (Figure 5b). In this case, the desorption
kinetics were significantly faster compared with the bulk, but still quite slow.

The LiNa/CMK-3 composite, on the other hand, released in a very fast manner
(equilibrium reached at around 300 min) about 7.3 wt.% of H2 in the first cycle, which
dropped to 4.2 wt.% in the second dehydrogenation step, but stabilized around 3.5 wt.%
for cycles three–five, revealing that at least a part of the infiltrated material retained its
reversibility (Figure 5c). The increased release during the first cycle can be attributed to
partial decomposition of NaBH4 below 450 ◦C. This kinetic enhancement was probably due
to nanoconfinement, and was also detected in our TPD measurements [64]. However, the
decomposed NaBH4, could not be re-hydrogenated and the second cycle finally showed a
similar release with the bulk and the LiNa/CD samples. On the other hand, contrary to
the CDs, the nanoconfinement in CMK-3 provided more protection, and therefore a higher
degree of reversibility, probably by minimizing the formation of closo-boranes.

The derivatives of the kinetic desorption curves of Figure 5 measured with a mano-
metric (Sieverts) approach also reveal some interesting details and are presented in Figure 6
for the first and third cycle. The ramp rates between TPD and cycling experiments were
quite different; however, the dehydrogenation curve of bulk LiNa also showed different
dehydrogenation events during the first decomposition. Probably due to the much lower
amount of hydrogen released, for the third dehydrogenation the signals merged in a broad
one in an average position. Additionally, again in accordance with the TPD-MS results,
the derivative curve of the first dehydrogenation curve of the composite LiNa/CMK-3 ap-
peared much earlier than the bulk, showing the contribution of the carbon. This, however,
seemed to disappear upon cycling and the derivative of the third cycle showed that the
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main hydrogen desorption occurred later, similarly to that of the bulk. As expected, the
LiNa/CD composite showed an intermediate behavior.
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Figure 6. Derivative curves of the H2 release versus time measured with a manometric device (Sieverts
method, data shown in Figure 5) for LiNa (dark red), LiNa/CD (green) and LiNa/CMK-3 (blue).

3. Discussion

The XRPD pattern, as well as the SEM study of LiNa/CMK-3, suggest that although
most of the borohydride particles were successfully introduced into the porous scaffold,
a small part of the hydride material remained outside the pores. Nevertheless, the proof
of an overall successful infiltration was provided by the pore network properties pre- and
post infiltration as derived from the N2 adsorption/desorption isotherms at 77 K (approx.
−196 ◦C). The TPV of the CMK-3 was reduced from 1.2 cm3 g−1 to 0.21 cm3 g−1 with a loss
of about the 82.5% of the pore volume. It should be noted that the volume of the composite
borohydride (LiNa) used for the infiltration was 60% of the CMK-3 pore volume, and thus
in principle a corresponding reduction of the pore volume was expected. This difference
can be attributed to pore blocking caused by the molten phase in a way that some extra
closed porosity (empty yet inaccessible to N2 molecules) was created. A similar picture was
obtained by examining the dramatic decrease in the BET area of the carbon, from 1250 m2

to only 170 m2 g−1 after the melt infiltration. This reduction was even more pronounced
(86.5%) in accordance with the pore blocking mechanism. In brief, the blocking of smaller
pores reduced the BET area more than the pore volume as the surface to volume ratio
increased with decreasing pore size.

The TPD-MS experiments showed the H2 release during the thermal decomposition,
without detectable traces of undesired gases such as B2H6 (all the recorded m/z signals
analyzed are reported in Section 4). The experimental results allowed us to resolve the
multiple decomposition stages particularly evident in the bulk LiNa, from about 280 ◦C
until the last main dehydrogenation occurring at about 490 ◦C. Additionally, the role of
the carbons on the borohydrides’ decomposition is highlighted by the TPD-MS results.
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The presence of a high surface mesoporous carbon such as CMK-3 allowed the decompo-
sition to take place at temperatures even 130 ◦C lower than the bulk hydride mixture, in
accordance with previous observations for carbon aerogels [49]. The relative intensity of
the two main dehydrogenation signals was maintained, suggesting that all the reactive
components were affected by the carbon presence. On the other hand, the composite
with the non-porous carbon (LiNa/CD) also showed lower decomposition temperatures,
with the dehydrogenation events occurring in a range of temperatures between the bulk
and the LiNa/CMK composite, suggesting an intermediate behavior. Contrary to what
is generally believed, the decrease in the decomposition temperature suggests that even
without nanoconfinement the carbon provided a kinetic improvement to the decomposition
reaction. The inferior performance of LiNa/CD compared with LiNa/CMK may perhaps
be explained by the significantly lower surface area of the CD substrate. Similar results
were obtained by nanoconfinement of sodium aluminum hydride, NaAlH4, in carbons
with different pore sizes in the range 7 to 100 nm. A significant contribution to the observed
improvements of kinetics and reversibility was assigned to the catalytic effects of the carbon
scaffolds along with a minor contribution from the nanosizing, i.e., confinement in pores in
the range of 7 to 39 nm [65].

A similar behavior was observed by the manometric study of the dehydrogena-
tion/rehydrogenation of the samples. While the pure eutectic LiNa mixture decomposed at
high temperatures and showed a non-reversible behavior, the carbon composites allowed
lower decomposition temperatures and provided the system with some degree of reversibil-
ity. Especially for the case of LiNa/CMK-3, it can be seen that after the first two cycles the
amount of hydrogen exchanged was constant, with a H2 uptake of about 3.5 wt.%. The
carbon discs had a comparable effect on LiNa; however, as expected due to the smaller
surface area, the reversible hydrogen uptake was limited and did not exceed 1.5 wt.% of
H2. Unlike the kinetic enhancement that was attributed to the catalytic effect of the carbon
surface, the stability of the system under cycling may be attributed to confinement since the
pore network provided a space where extended aggregation was difficult. The reversible
part of the LiNa/CD can, in this respect, be associated with the part of the molten phase
that was directly “bound” to the surface of the CDs, thus hampering agglomeration.

From the study of the derivatives of the dehydrogenation curves it is possible to
conclude that the decomposition of the carbon composites starts at lower temperatures
than the bulk eutectic mixture. There is an obvious kinetic improvement for LiNa/CMK-3,
which is less pronounced for LiNa/CD. However, this behavior is somehow limited to the
first dehydrogenation cycles, and the kinetic enhancement is practically lost for the third
cycle. This behavior may be related to the loss of the destabilizing interaction between the
hydrides and the carbon surface after cycling. It is quite obvious from the integral curves
that in all cases there is a major loss of activity between the first and second cycle, implying
that at least a part of the material is dehydrogenated irreversibly in the bulk but also under
confinement.

4. Materials and Methods

Sample preparation. The CMK-3 carbon scaffold was synthesized through nanocasting
using SBA-15 porous silica (Claytec Inc., East Lansing, MI, USA) as hard template. In order
to achieve an adequately narrow pore size distribution and a smaller mean pore size,
a procedure slightly different from the one originally proposed by Ryoo et al. [51] was
adopted; this approach involved three impregnation steps with the carbon precursor instead
of just two [66], and allowed a very good control of the pore size of CMK-3, at the cost of a
small reduction of the surface area and pore volume. More specifically, 1 g of dried SBA-15
powder was impregnated with 5 mL of an aqueous solution containing 1.25 g of sucrose
(Merck, Darmstadt, Germany) as carbon precursor and 0.07 mL of sulfuric acid (Merck,
Darmstadt, Germany) in order to promote the polymerization-caramelization reactions that
were carried out in an oven. The sample was initially heated from room temperature to
100 ◦C with a heating rate of 10 ◦C min−1. After 6 h at a constant temperature, the sample
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was further heated up to 160 ◦C (10 ◦C min−1) and left overnight. The whole procedure of
impregnation with the sucrose solution and thermal treatment was then repeated two more
times, while gradually reducing (by 65% each time) the solution concentration. In order to
complete the carbonization process, the carbon–silica composite material was pyrolyzed in
a tubular furnace (GSL 1100 X, MTI, CA, USA) at 900 ◦C under nitrogen flow. During this
process, which lasted approx. 6 h, the residual hydrogen and oxygen were eliminated and
the carbon structure was consolidated. The silica template was then dissolved by washing
the composite material with a 40% solution of hydrofluoric acid. In order to completely
remove the acidic solution from the porous carbon structure, the material was subjected to
a series of centrifugations at 9000 RPM (Universal 320, Hettich, Tuttlingen, Germany) and
water additions. The resulting CMK-3 type carbon was then washed and filtered under
vacuum with water and ethanol and dried overnight in an oven at 100 ◦C. The mesoporous
carbon obtained with this procedure may still have residual oxygen functional groups on
the surface that may react and oxidize the borohydrides. For this reason, the as-produced
CMK-3 was further treated in a tubular furnace at 700 ◦C under a stream of argon. This
process removes the surface functional groups and may increase the amount of accessible
micropores, thus increasing the material’s total surface area [67]. The sample was stored at
ambient conditions; however, before using it as a host for infiltrating borohydrides it was
thoroughly outgassed overnight under high vacuum at 250 ◦C and consequently stored in
an argon-filled glove box (LABstar, MBraun, Garching, Germany).

The non-porous carbon used (n-TEC, Norway) consisted of carbon discs (CD) made by
multiple graphitic layers having an average thickness of 20–50 nm and diameter of about
0.8–3 µm. This type of carbon was synthesized through the pyrolysis of hydrocarbons
using a plasma torch process. Similarly to the CMK-3 material, the CDs were also heat
treated before use in a tubular furnace at 700 ◦C under inert atmosphere for about 3 h.

The eutectic mixture of the two borohydrides 0.71 LiBH4–0.29 NaBH4 (referred to
as LiNa) was prepared according to the previously described procedures [49] using the
eutectic molar ratio studied by Dematteis et al. [43]. The two pure salts, LiBH4 (95%,
Sigma-Aldrich, St. Louis, MO, USA) and NaBH4 (97%, Sigma-Aldrich, St. Louis, MO,
USA), were stored in an argon-filled glove box and mixed at a molar ratio 0.71:0.29, first
manually with a pestle and mortar, and then mechano-chemically using a planetary ball
mill (Pulverisette 4, Fritch GmbH, Idar-Oberstein, Germany). The powders were milled
in a gas-tight tungsten carbide jar with internal volume of 80 mL, using tungsten carbide
spheres with 10 mm diameter and a 1:30 powder to balls ratio. The total mixing time
necessary to obtain a homogeneous mixture was about 1 h at 350 RPM. However, due
to the low melting temperature of the LiNa mixture and in order to avoid unwanted
reactions during the high energy process, processing was divided into 30 cycles of 2 min of
milling followed by 2 min of pause, which was necessary to let the powders cool down
to room temperature. In addition, the sample treatment as well as the ball milling reactor
loading and unloading was performed under inert argon atmosphere, with H2O and O2
concentrations <0.5 ppm.

The low melting temperature of the obtained eutectic borohydride mixture allowed
the filling of the CMK-3 carbon pores via melt infiltration. A calculated amount of LiNa
with a volume equal to 60% of the total pore volume (TPV) of the carbon scaffold was
used for the melt infiltration. Taking into account the total pore volume of the carbon
(TPV = 1.2 cm3 g−1) and the density of the eutectic mixture (0.78 g cm−3), the carbon
and hydrides were mixed together with a mass ratio of CMK-3: LiNa equal to 1.76:1.
All the handling processes necessary to obtain a homogeneous mixture of carbon and
hydrides were performed in an argon-filled glove box. The manually mixed LiNa/CMK-3
composite was transferred to a high pressure stainless steel gas tight reactor under argon
(1 atm). The reactor was then sealed, removed from the glove box and attached to a
custom-made manometric apparatus, where the actual melt infiltration took place. After
being meticulously outgassed, the system was loaded with an overpressure of ~100 bar
of H2 in order to avoid any unwanted dehydrogenation reactions during melt infiltration.
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The sample in the reactor was heated up to 250 ◦C with a heating ramp of 3 ◦C min−1

and the final temperature was kept constant for 30 min, allowing the infiltration of the
molten hydride inside the carbon pores. The approach for CMK-3, LiNa and LiNa/CMK-3
preparation is schematically presented in Figure 7. The same procedure was also used for
the synthesis of an “equivalent” composite material combining the LiNa mixture with the
non-porous CDs (namely LiNa/CD), where nanoconfinement does not take place. In this
case, since the carbon disks are non-porous, the carbon material and the hydrides were
mixed with the same mass ratio used for the LiNa/CMK-3 composite, i.e., 1.76:1.
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Figure 7. Schematic representation of the experimental procedure leading to the synthesis of the
LiNa/CMK-3 composite.

Finally, for reference, the bulk LiNa was also heat treated at 250 ◦C for 30 min under
100 bar of H2, simulating the infiltration process.

The efficiency of the infiltration of the eutectic mixture in the pores of the CMK-3
carbon was evaluated through a series of powder X-ray diffraction (XRPD) measurements,
using a Rigaku RAXIS IV Imaging Plate Detector mounted on a Rigaku RU-H3R Rotating
Copper Anode Xray Generator (λ = 1.54 Å) and N2 sorption measurements at 77 K, using a
volumetric gas adsorption analyzer (Autosorb-1-MP, Quantachrome Instruments, Boynton
Beach, FL, USA). High vacuum (10−6 mbar) was applied to the materials in order to
outgas the samples before analysis The specific surface area of the materials was calculated
according to the Brunauer–Emmett–Teller (BET) method, employing the BET consistency
criteria (ISO 9277:2010). The pore size distribution was calculated through the QSDFT
(quenched solid density functional theory) method assuming slit/cylindrical pore models.
The total pore volume was calculated at p/p0 = 0.98. The morphology of the infiltrated
scaffold was also examined on a JSM 7401F (JEOL Ltd., Akishima, Tokyo, Japan) field
emission scanning electron microscope (SEM) using the Gentle Beam mode.

The thermal decomposition of both the bulk LiNa as well as the carbon-based compos-
ites was studied with temperature programmed desorption coupled with mass spectrome-
try (TPD/MS). The sample was contained in a quartz cell, part of a custom-made set-up,
and was heated up using a furnace under a constant carrier gas stream (argon) regulated by
a mass flow controller (80 mL min−1). In a typical run, the sample was heated up to 700 ◦C
with a heating ramp of 5 ◦C min−1. The decomposition products were transferred with
the aid of the carrier gas to an OmniStar GSD 301 O1 (Pfeiffer Vacuum Technology AGm
Aßlar, Germany) quadrupole mass spectrometer and then vented. The temporal change of
intensity at m/z: 2, 4, 15–18, 23–28, 32, 44, 79 and 80 was continuously recorded.

The absorption–desorption capacity of the materials under five dehydrogenation/
hydrogenation cycles were investigated with a custom-made high pressure manometric
device (Sieverts apparatus). The respective experiments involved a dehydrogenation step
under an initial back-pressure of ~1.5 bar, during which the sample was heated up with a
heating rate of 2 ◦C min−1 from room temperature up to 450 ◦C, then the system was kept
at this temperature for 10 h and consequently cooled down freely back to room temperature.
The second part of the experiment involved the rehydrogenation of the sample, performed
under an initial pressure of about 100 bar of hydrogen. The sample was heated up with a
rate of 5 ◦C min−1 from room temperature up to 450 ◦C. The high temperature was kept
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constant for 12 h in order to allow the material to absorb as much hydrogen as possible
before cooling down to room temperature. The dehydrogenation and hydrogenation
procedure (Figure 8) were repeated 5 times for each sample.
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Figure 8. Schematic representation of the LiNa dehydrogenation/rehydrogenation process carried
out with a custom-made Sievert apparatus. The amount of H2 released by LiNa and LiNa composites
was calculated after heating the material to 450 ◦C under 1.5 bar of H2 pressure. The products were
then re-hydrogenated at 450 ◦C under 100 bar of H2 pressure. The cycle was repeated five times.

5. Conclusions

The low melting temperature of the 0.71 LiBH4–0.29 NaBH4 (LiNa) eutectic mixture
allowed the nanoconfinement of the hydrides in the ~5 nm diameter pores of a CMK-3
type carbon, as well as the synthesis of a borohydride/non-porous carbon composite.
For both the porous and non-porous carbon hosts an improvement on the hydrogen
absorption-release properties over the bulk hydrides (LiNa) was observed. The carbon-LiNa
composites revealed faster decomposition kinetics compared with bulk LiNa, while the
effect is more obvious for the nanoconfined material. However, the kinetic improvements
decrease with cycling. Moreover, the presence of carbon increased the reaction reversibility
compared with the bulk material. The nanoconfined LiNa shows a consistent uptake of H2
of about 3.5 wt.% after five hydrogenation/dehydrogenation cycles. A similar behavior
but with minor intensity was revealed by the composite material with non-porous carbon,
which can exchange about 1.5 wt.% of H2 after five cycles. Both the kinetic improvement
observed for the carbon composite materials and the reversibility are probably associated
with surface catalytic interactions; confinement in porous materials with high surface area
seems to amplify such effects, leading to overall better performance.
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