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ydrogen has been suggested as a

future carrier of renewable en-

ergy, but a compact, efficient, ro-
bust, safe, and inexpensive hydrogen stor-
age system remains to be developed.'?
Hydrogen storage in the solid state ap-
pears to have the greatest potential to ful-
fill all of these requirements, in particular,
for mobile applications, and therefore, a
breakthrough in this research area calls
upon the synthesis of new nanostructured
materials.>~® In the past, magnesium and
Mg-based alloys have been explored inten-
sively due to the high theoretical gravimet-
ric H, density in magnesium hydride, MgH,,
pm = 7.6 Wt %, and the high volumetric H,
density, py = 110 g/L. Magnesium is also a
cheap and abundant metal, making it suit-
able for large-scale hydrogen storage appli-
cations. Unfortunately, the use of magne-
sium hydride is hampered by relatively slow
kinetics for hydrogen release and uptake,
and also the thermodynamics, AH = —75
kJ/mol H,, is rather unfavorable (i.e., MgH,
must be heated to ca. 300 °C in order to re-
lease hydrogen at p(H,) = 1 bar)."® Nano-
science may provide novel ideas and solu-
tions to these issues, as suggested in this
study. Several factors hinder the rate of hy-
drogenation and dehydrogenation of the
Mg/MgH, system. The surface oxide layer,
which surrounds the magnesium metal, de-
creases the kinetics significantly because
this phase is almost impermeable to hydro-
gen.” Another obstacle is the slow diffusiv-
ity of hydrogen in MgH,; the diffusion con-
stant of hydrogen atoms is much smaller in
MgH, as compared to Mg. The initial MgH,
formation therefore occurs as a fast process,
but a shell of the near surface hydride even-
tually encloses the metal and significantly
decreases the hydrogen kinetics. This ob-
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ABSTRACT Nanoparticles of magnesium hydride were embedded in nanoporous carbon aerogel scaffold
materials in order to explore the kinetic properties of hydrogen uptake and release. A new modified procedure
for the synthesis of magnesium hydride nanoparticles is presented. The procedure makes use of monoliths (~0.4
«m’) of two distinct types of nanoporous resorcinol —formaldehyde carbon aerogels loaded with
dibutylmagnesium, MgBu,. Excess MgBu, was removed mechanically, and the increase in mass was used as a
measure of the amount of embedded MgH,. Energy-dispersive spectrometry revealed that MgH, was uniformly
distributed within the aerogel material. In situ synchrotron radiation powder X-ray diffraction showed that MgBu,
transformed directly to MgH, at T ~ 137 °Cand p(H,) = 50 bar. Two distinct aerogel samples, denoted X1 and
X2, with pore volumes of 1.27 and 0.65 mL/g and average pore sizes of 22 and 7 nm, respectively, were selected.
In these samples, the uptake of magnesium hydride was found to be proportional to the pore volume, and aerogels
X1 and X2 incorporated 18.2 and 10.0 wt % of MgH,, respectively. For the two samples, the volumetric MgH,
uptake was similar, ~12 vol %. The hydrogen storage properties of nanoconfined MgH, were studied by Sieverts’
measurements and thermal desorption spectroscopy, which clearly demonstrated that the dehydrogenation
kinetics of the confined hydride depends on the pore size distribution of the scaffold material; that is, smaller
pores mediated faster desorption rates possibly due to a size reduction of the confined magnesium hydride.

KEYWORDS: nanoconfinement - nanoporous scaffold - carbon aerogel - magnesium
hydride - hydrogen storage

stacle also reduces the reversible hydrogen
storage capacity upon cycling H, release
and uptake® "

These inherent problems may be solved
by utilizing magnesium nanoclusters for hy-
drogen storage because the nanosize of
Mg induces several advantages: (i) reduc-
tion of diffusion distances enhances the rate
at which hydrogen is distributed and de-
creases the influence of the oxide and/or
hydride surface layer;®'2~ (ii) an increased
surface area to bulk volume ratio favors hy-
drogen bond dissociation; and (iii) an in-
creased ratio of hydrogen atoms in the
grain boundary also enhances the hydro-
gen diffusion rates.'?'>'® These properties
all help to improve the hydrogenation/de-
hydrogenation kinetics of magnesium,
and also the thermodynamics is improved.
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The increased surface area to bulk volume ratio desta-
bilizes MgH, and thereby reduces the reaction enthalpy
as described in recent theoretical studies.” ~2° How-
ever, these kinetic and thermodynamic improvements
are found to depend significantly on the size of the Mg
nanoclusters. Thermodynamic improvements are sug-
gested to occur only for small nanoparticles with a size
less than 2—5 nm, while the kinetics is enhanced also
for larger nanoparticles up to ~30—50 nm.8'22° Unfor-
tunately, nanoparticles of, for example, metal hydrides
tend to agglomerate and grow into larger particles
upon hydrogen release and uptake cycles.'*2'~23 Con-
sequently, there is an urgent need for development of
novel nanoconfinement systems which can prohibit ag-
glomeration and grain growth and which are stable
over many hydrogen release and uptake cycles. One ap-
proach is to introduce the hydride into a porous inert
scaffold material. In this way, the size of the metal hy-
dride is determined by the pore size distribution of the
scaffold, and particle growth will be hindered by the
compartmentalization within the respective pores. This
principle has already been applied to a number of
promising hydrogen storage materials. Ammonia bo-
rane (NH3;BHs) was incorporated into a mesoporous
silica scaffold, which led to an increase in the hydro-
gen desorption kinetics and thermodynamic improve-
ments relative to that of bulk samples.?* Faster desorp-
tion rates for NaAlH, nanoparticles loaded into porous
scaffold materials have also been reported.?> Further-
more, it was recently demonstrated that the hydrogen
desorption kinetics of LiBH, increased when introduced
into nanoporous scaffolds.?® Carbon-supported magne-
sium nanoparticles have been prepared by melt
infiltration,?”?® but recently, a new method has been
suggested. MgH, was loaded into a carbon aerogel ma-
terial with an average pore size of 13 nm by means of
an organic precursor, dibutylmagnesium (MgBu,),
which resulted in an improvement of the hydrogen de-
sorption kinetics as compared to ball milled samples.?
The previously applied method for synthesis of
nanoconfined magnesium hydride is here modified by
utilizing carbon aerogel monoliths with a potential to
increase the fraction of nanoconfined magnesium hy-
dride in the composite material relative to hydride de-
posited on the aerogel surface.?’ Furthermore, opposed
to previous studies, the focus of this work is to demon-
strate that the properties of confined MgH, nanoparti-
cles can, in fact, be tailored by varying the texture pa-
rameters of the porous scaffold material. We have
prepared samples of magnesium hydride nanoparti-
cles incorporated into scaffold materials with different
porosity and studied the uptake of MgH, and the hydro-
gen storage properties hereof. Resorcinol formalde-
hyde carbon aerogels (RF-gels) utilized here are inert
and stable under the conditions used for cycling hydro-
gen release and uptake in magnesium hydride and
can be prepared as large monoliths. Furthermore, the
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TABLE 1. Texture Parameters for the Aerogel Scaffold
Materials

RF-aerogel  Sper(M%Q)  Vineso (ML/G) Vit ML) Vinico/Veotat ~ Dmax (W)
X1 723 1.1 127 0.15 22
X2 686 0.5 0.65 0.24 7

pore size distribution of these gels can be tuned by
varying the synthetic conditions.3%!

RESULTS AND DISCUSSION

Nanoporous Scaffold Materials. Two aerogel scaffold ma-
terials were selected for this study, and their texture pa-
rameters are given in Table 1. The values are in good
agreement with previous results for materials prepared
under similar conditions.?**° The two aerogel scaffolds
are considerably different with respect to the total vol-
ume and the pore size distribution. Aerogel X1 has
twice the total volume per unit mass, Vi, as compared
to aerogel X2, and the average pore size is three times
as large (see Dpay). In contrast, the BET surface areas of
the gels are similar.

To ensure that the MgH, nanoparticles are not only
deposited onto the surface of the scaffold materials,
we used monoliths of aerogels (~0.4 cm?) for this study
with the advantage that excess surface precipitated
white crystalline dibutylmagnesium (MgBu,) can easily
be removed mechanically from the black aerogel
monoliths. In the following, samples of aerogels X1
and X2 loaded with MgH, are referred to as X1-Mg and
X2-Mg, respectively.

Magnesium Hydride Nanoparticles. The two aerogel
samples X1 and X2 were placed in dibutylmagnesium
heptan solution and absorbed MgBu,. The amount of
nanoconfined MgBu, can conveniently be calculated
from the weight gain of aerogel monoliths measured af-
ter drying for several days and after mechanical re-
moval of surface excess MgBu,. The amount of nano-
confined magnesium hydride in aerogels X1 and X2 can
be calculated stoichiometrically from the amount of
MgBu, and corresponds to 18.2 and 10.0 wt % MgH,, re-
spectively. The volume of nanoconfined magnesium
hydride per unit mass of sample can be calculated us-
ing the bulk density of magnesium hydride, p = 1.45
g/mL. The volumetric amount of nanoconfined mag-
nesium hydride can be found dividing with the total
pore volume of the aerogel, V... The difference in
MgH, content compares well to the difference in Vi,
of the respective aerogel samples, as revealed from
Tables 1 and 2.

The synthesis of MgH, from crystalline dibutylmag-
nesium embedded in the aerogel monoliths was stud-
ied by in situ synchrotron radiation powder X-ray dif-
fraction, SR-PXD (see Figure 1).

Diffraction from crystalline dibutylmagnesium is
visible in the temperature range from room temper-
ature to 137 °C. The direct conversion of MgBu,
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TABLE 2. MgH, Content and Hydrogen Release from the
Aerogel Materials®

sample  MgH,"(wt%)  MgH,’ (vol %)  H (wt%) Hy (wt%)  H (wt%)

X1-Mg 18.2 121 1.40 145 1.14
X2-Mg 10.0 1n7 0.76 1.12 0.62

“Calculated from the uptake of dibutylmagnesium. *Calculated from the uptake of
dibutylmagnesium using bulk density of MgH,. ‘Measured by the Sieverts’ method,
desorption cycle 1. ‘Measured by the Sieverts’ method, desorption cycle 4.

into MgH, occurred within a few minutes according
to reaction scheme 1, and the reaction is completed
at T =157 °C.

Mg(C,Hg),(s) + 2H,(g) — MgH,(s) + 2C,H,(9)
M

There are no indications of chemical reactions be-
tween the aerogel scaffold material and MgH, or Mg.
Similar results were obtained for sample X2-Mg. A
sample of MgH,, denoted AM, was prepared under
similar conditions by precipitation from a dibutyl-
magnesium heptan solution without the presence
of aerogel. Powder X-ray diffraction (PXD) diagrams
of samples AM and X1-Mg before and after the syn-
thesis of MgH, are compared in Figure 2.

The position of reflections from pure MgBu, and
MgBu, loaded into the RF-gel coincides well. As op-
posed to the PXD diagrams of samples MgBu, and AM,
broad reflections at 26 ~ 13.8 and 25.4° are observed in
the diagrams of samples X1-MgBu, and X1-Mg, indicat-
ing X-ray diffraction from the RF-gel. The broad reflec-
tions are due to graphite-like structural features within
the gel, which is in agreement with previous studies.

Several hydrogen release and uptake cycles of mag-
nesium hydride nanoparticles within the aerogels were
studied by a Sieverts’ apparatus (see Figures 3—5) and
subsequently by scanning electron microscopy, SEM,
and energy-dispersive spectrometry, EDS (see Figures
S1—S6 in the Supporting Information). The X2-Mg
samples appear more condensed as compared to

Figure 1. Selected part of in situ SR-PXD data showing the
synthesis of MgH, from dibutylmagnesium (MgBu,) within
sample X1-Mg. The sample was heated from room tempera-
ture to 350 °C (heating rate 7.5 °C/min) under a hydrogen
pressure of p(H,) = 50 bar (A = 0.9077 A).

www.acsnano.org
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Figure 2. Synchrotron radiation powder X-ray diffraction
diagrams measured at room temperature for samples AM
and X1-Mg before and after the synthesis of MgH,. The dia-
grams were normalized individually with regard to the most
intensive reflection from MgBu, or MgH, (A = 0.9077 A).

sample X1-Mg by SEM images (see Figures S1 and S4),
which is expected from the Dy, and Vi values given in
Table 1. The EDS element analysis (Figures S2 and S5)
discloses the presence of magnesium, carbon, oxygen,
and a small amount of aluminum in samples X1-Mg and
X2-Mg. Oxygen is present as a part of the aerogel struc-
ture,?’ but oxygen also originates from the oxidation
of magnesium due to the exposure to ambient condi-
tions prior to analysis. The aluminum impurity origi-
nates from the dibutylmagnesium solution which also
contains triethylaluminum. According to earlier studies,
small amounts of aluminum are not expected to have
any catalytic effect on the hydrogenation and dehydro-
genation of magnesium but may influence kinetics by
formation of Mg—Al alloys.* EDS maps are shown in
Figures S3 and S6 and illustrate that magnesium is uni-
formly distributed as nanoparticles throughout both
aerogel scaffolds.

Kinetic Properties of the Nanoconfined MgH,. Figure 3 dis-
plays the hydrogen desorption curves (nos. 1 and 4)
for sample X1-Mg as measured by a Sieverts’ apparatus.

During the first cycle, sample X1-Mg desorbs 1.45
wt % H,, which is above the theoretical value of 1.40

wit% H, T/°C
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Figure 3. Sieverts’ measurement of hydrogen desorption
cycles 1 and 4 for sample X1-Mg (solid and dotted lines, re-
spectively) and the first desorption cycle for “empty” aerogel
X1 (dash-dotted line) performed at fixed temperatures of 250,
300, and 380 °C (heating rate 2 °C/min; see the dashed line).
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Figure 4. Sieverts’ measurement of hydrogen desorption
cycles 1 and 4 for sample X2-Mg (solid and dotted lines, re-
spectively) performed at fixed temperatures of 250, 300, and
380 °C (heating rate 2 °C/min; see the dashed curve).

wt % H, (see Table 2), and the onset temperature is un-
realistically low, Tonset ~ 55 °C. This indicates that gases
other than hydrogen are released during the first de-
sorption cycle. The excess gas released at lower temper-
atures may be butane residing in the partly hydroge-
nated MgBu, particles. MgBu, may be covered by a
layer of MgH,, which retards the hydrogenation fur-
ther. Desorption profile data for aerogel X1 without
magnesium hydride confined in the pores were mea-
sured as a reference standard (see Figure 3). Gaseous
compounds are released from the scaffold material at
temperatures above 250 °C, and the molar quantity of
the gas released from the empty aerogel sample corre-
sponds to 0.25 wt % H,. The onset temperature for gas
release during the fourth desorption cycle is at ~210 °C,
and an amount of gas equivalent to 1.14 wt % H, is de-
sorbed, which indicates that only hydrogen is liberated.
Sample X2-Mg shows the same characteristics for
hydrogen desorption (see Figure 4) as was observed
for sample X1-Mg (see Figure 3). Aerogel X2 is twice as
condensed as aerogel X1, as seen from V. given in
Table 1, and the release of excess gases therefore influ-
ences the first desorption cycle of sample X2-Mg to a
greater extent, as depicted in Figures 3 and 4. Other-
wise, the same trends apply to sample X2-Mg, where
0.62 wt % Hj is released during the fourth desorption
cycle. For both samples, approximately 81% of the
theoretical hydrogen content is released during the
fourth desorption cycle. The fact that the measured hy-
drogen capacity of sample X1-Mg is approximately
twice the value of sample X2-Mg coincides well with
the uptake of MgH, in aerogels X1 and X2, which is 18.2
and 10.0 wt %, respectively. Furthermore, the relative
content of magnesium hydride and hydrogen within
the respective aerogel materials is in good agreement
with the individual pore volumes (see Table 1). The vol-
umetric magnesium hydride content in the aerogels
was calculated using the bulk density of MgH,. The cal-
culations reveal that MgH, occupies ~12 vol % of the
total pore volume, Vi, in both aerogel scaffold materi-
als. The excess gases released from the scaffold materi-
als influenced the measurements during the first two
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Figure 5. Sieverts’ measurement of desorption profiles for
samples X1-Mg, X2-Mg, and AM (dotted, solid, and dash-
dotted lines, respectively) performed at fixed temperatures
of 250, 300, and 380 °C (heating rate 2 °C/min). Data are nor-
malized and show the fraction of released hydrogen.

cycles for sample X1-Mg and the first three cycles for
sample X2-Mg.

Normalized desorption profiles of samples AM, X1-
Mg, and X2-Mg are compared in Figure 5. Samples
X1-Mg and X2-Mg release ~30% of the hydrogen con-
tent at T = 250 °C. In contrast, sample AM only releases
~5% of the hydrogen content at T =< 250 °C. In addi-
tion, sample X2-Mg has a significantly faster desorption
rate at low temperatures, in particular, during the first
3 h of measurement. This finding shows that the hydro-
gen desorption kinetics is improved considerably when
magnesium hydride is present as nanoparticles in the
nanoporous aerogel scaffold materials as compared to
the nonconfined sample. It is noteworthy that the
smaller the pores in the scaffold material, the larger is
the improvement of the desorption kinetics at low tem-
peratures. This suggests that the difference in hydro-
gen desorption kinetics of the samples in Figure 5 is due
to different average size of the imbedded MgH,
nanoparticles.

The results discussed above were based on Sieverts’
measurements in which pressure changes were de-
tected (i.e., amount of hydrogen gas molecules). In or-
der to measure hydrogen release selectively, the kinet-
ics of the first desorption cycle within the respective
gels was studied by thermal desorption spectroscopy
(TDS) (see Figure 6), in which case the release of hydro-
gen was detected by a mass spectrometer. Bulk
micrometer-sized MgH,, denoted BM, and sample AM
were used as reference.

The characteristic parameter extracted from TDS
measurements is the temperature T,,,,, Where the de-
sorption rate reaches its maximum value and also the
onset temperature T fOr release of hydrogen. From
these parameters, the kinetic properties of each sample
can be compared qualitatively. The appearance of sev-
eral maxima on the desorption curve suggests several
desorption processes with different kinetic properties.

The bulk micrometer-sized (BM) and the as-
synthesized (AM) MgH, samples have T, values of
515 and 406 °C, respectively. This difference may be re-
garded as a size-mediated effect because the direct syn-
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Figure 6. Normalized thermal desorption spectroscopy pro-
files measured from room temperature to 700 °C (heating
rate 3.6 °C/min) by recording the mass spectrometer inten-
sity of H," ions (m/e = 2). Upper graph shows hydrogen de-
sorption from magnesium hydride prepared from dibutyl-
magnesium (AM) compared to bulk magnesium hydride
(BM). The lower graph compares the two aerogel—
magnesiumhydride samples X1-Mg and X2-Mg and the
“empty” aerogel X2.

thesis of MgH, from dibutylmagnesium (AM) may re-
sult in a smaller average grain size distribution as
compared to the conventional MgH, sample. A signifi-
cantly thinner surface oxide layer is also expected for
the freshly prepared sample of MgH, (AM). Notice, in
this study, there is no indication of the presence of any
magnesium oxide in the X-ray diffraction data. The de-
sorption profile of the AM sample shows two additional
local Trhax Values at 430 and 456 °C, respectively, indicat-
ing different crystal sizes within the sample. The TDS
measurements were also carried out for virgin aerogels
with no MgH, nanoparticles using the same condi-
tions, in which case the TDS signal is approximately 2
orders of magnitude lower. This shows that practically
no hydrogen gas is released from pure RF-gel (see
Figure 6).

Samples X1-Mg and X2-Mg have TDS T Values of
385 and 367 °C, respectively, and Tonser Values of 200
and 175 °C, demonstrating that the hydrogen desorp-
tion occurs at lower temperatures due to the decreas-
ing pore size of the scaffold materials. Furthermore, the
kinetics of hydrogen release from nanosized MgH, (X2-
Mg) is significantly improved as compared to MgH,
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TABLE 3. Accumulated Hydrogen Desorbed below
Selected Temperatures of 325, 375, 425, and 700 °C (The
Temperature for the Onset of Hydrogen Release, Tjnsets
and Maximum of the Release Rate, T,,.x Is Also Provided)

sample  <325°C  <375°C  <425°C  <700°C  Toner/°C  Tra/°C
X2-Mg 13.3% 39.0% 53.8% 100% 175 368
X1-Mg 8.1% 33.9% 64.8% 100% 200 385

AM 0.8% 1.9% 56.2% 100% 350 406
BM 0.3% 0.4% 0.6% 100% 435 515

freshly prepared from MgBus,. This is evident from the
Tmax @nd Tonser Values, which have been reduced by 39
and 175 K, respectively (see Table 3). The kinetic en-
hancement of hydrogen released from the nanosized
MgH; (X2-Mg) is even more evident relative to the con-
ventional micrometer-sized MgH, (BM) since the Tpax
and Tonset Values are decreased by 148 and 260 K,
respectively.

In Table 3, the samples are compared with regard
to the accumulated amount of desorbed hydrogen at
selected temperatures. It is evident that magnesium hy-
dride nanoparticles within the aerogel scaffold materi-
als desorb a larger fraction of the total hydrogen con-
tent at lower temperatures as compared to the bulk
MgH, samples, but also when the average pore size of
the aerogel decreases accordingly. Samples X1-Mg and
X2-Mg have local T« values at 466 and 477 °C, respec-
tively. This indicates the presence of two distinct MgH,
size distributions in the samples.

The measured TDS profiles are in good agreement
with the Sieverts’ measurements because sample
X2-Mg has the fastest desorption rate at lower temper-
atures, while the difference is less pronounced at higher
temperatures. The hydrogen desorption kinetics of
MgH, can be improved and even tuned through con-
finement and variation of the texture parameters of the
nanoporous scaffolds, which will be further explored
in our future studies. Here, monoliths of RF-gel were in-
filtrated only one time with MgBu, heptane solution,
giving a volumetric MgH, content of ~12 vol % in both
samples (see Table 2). This suggests that the two po-
rous aerogels X1 and X2 are completely loaded with
crystalline MgBu,. Furthermore, it indicates that the hy-
drogen storage capacity can be increased considerably
by repeating the MgBu,/heptan impregnation method
and hydrogenation process several times.

In this study, the kinetic properties of magnesium
hydride were clearly improved over several cycles of hy-
drogen release and uptake by nanoconfinement in
aerogel with pore sizes of 7 and 22 nm. On the other
hand, no thermodynamic improvements were ob-
served, which is in accordance with theoretical studies
suggesting that only pore sizes <2 nm may improve
the thermodynamic properties of magnesium
hydride.?°
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CONCLUSIONS

A new modified procedure for embedding MgH,
nanoparticles into porous scaffold materials has been
presented. Monoliths of RF-gels (0.4 cm?) were infil-
trated with excess MgBus, in heptan solution. The use
of monoliths allows convenient removal of surface ex-
cess MgBu, mechanically and may increase the fraction
of nanoconfined magnesium hydride in the composite
material relative to surface excess MgH,. The uptake of
magnesium hydride was found to be proportional to

METHODS

Sample Preparation. The resorcinol formaldehyde aerogels, de-
noted RF-gels in the following, were prepared according to pre-
viously published procedures.?®3° Sample X1 was prepared by
mixing 10.361 g of resorcinol (Aldrich, 99%), 15.274 g of a 37 wt
% formaldehyde in a water solution stabilized by ~10% metha-
nol (Merck), 14.374 g of deionized water, and 0.032 g of Na,CO;
(Merck, 99.5%) in a beaker with continuous stirring. The organic
fraction was 40 wt %, and the molar ratio of resorcinol/sodium
carbonate was 312. Sample X2 was prepared by mixing 8.630 g
of resorcinol, 12.893 g of 37 wt % formaldehyde in water stabi-
lized by methanol, 5.1 g of deionized water, and 0.0464 g of
Na,COs in a beaker with continuous stirring. The organic frac-
tion was 50 wt %, and the molar ratio of resorcinol/sodium car-
bonate was 179. Both batches were stirred until a homogeneous
solution was obtained. Afterward, each mixture was divided
into several polypropylene bottles in order to keep the depth
of the liquid phase below 0.5 cm. The polypropylene bottles
were sealed with a lid, and the mixtures were initially aged at
room temperature for 24 h and then heated to 50 °C for 24 h and
to 90 °C for 72 h and afterward left to cool naturally in air. Mono-
liths of blackish solid gel were recovered and infiltrated with ex-
cess amounts of acetone. The acetone bath was displaced two
times within a period of 3—4 days. The gels were left to dry in a
fume hood for several days. Finally, the monolithic gels were cut
into smaller pieces (ca. 0.4 cm®) and pyrolyzed in a tube oven un-
der a nitrogen flow, by heating to 800 °C (heating rate 2.6 °C/
min) and dwelling for 6 h at 800 °C. The furnace was then turned
off, and the samples were left there to cool naturally to room
temperature.

A new modified procedure was developed in order to em-
bed magnesium hydride in nanoporous scaffolds.? Selected
gels were first activated at 400 °C in vacuum for several hours
in order to remove moisture and gases from the porous struc-
ture. Afterward, monoliths of RF-gel (ca. 0.4 cm3) were covered
with excess amounts of a solution consisting of 1 M dibutylmag-
nesium, MgBu,, in heptane (Aldrich), which also contains triethyl-
aluminum. This infiltration procedure was performed under a pu-
rified argon atmosphere in a glovebox. The aerogels in MgBu,
solution were left to dry for several days until the solvent heptane
was fully evaporated and the dibutylmagnesium had crystallized
in the pores. The monoliths of gels were easily distinguished and
separated from the excess amount of dibutylmagnesium. White
crystalline dibutylmagnesium deposited onto the surface of the
rigid aerogel material was carefully removed mechanically. The
uptake of magnesium in the gels was calculated by measuring
the mass of the aerogels before and after loading them with Mg-
Bu, (see Table 2). Dibutylmagnesium reacts with hydrogen to
form magnesium hydride and butane at a temperature of 170
°C and a hydrogen pressure of 50 bar.? This reaction was car-
ried out under inert conditions in either a PCTpro 2000 appara-
tus from Hy-energy>* or a custom-made Sieverts’ apparatus®> by
applying a hydrogen pressure of 50—78 bar and heating to tem-
peratures in the range of 170—200 °C. A sample of magnesium
hydride was prepared by hydrogenation of crystalline dibutyl-
magnesium (without aerogel) using the same procedure as de-
scribed above. This sample is denoted AM and was used as a ref-
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the pore volume of the aerogel material, that is, giving
a maximal volumetric MgH, content of ~12 vol % for
one infiltration with MgBu, heptane solution. Sieverts’
measurements revealed that ~81% of the loaded MgH,
was accessible for reversible hydrogen storage. The hy-
drogen desorption kinetics of nanoconfined MgH, was
influenced considerably by the pore size distribution of
the scaffold material, and it was found that the smaller
pores mediated faster desorption rate, possibly due to a
size reduction of the confined hydride.

erence. Commercially available micrometer-sized MgH, powder
(ABCR, 98%), denoted BM, was also used for reference.

Aerogel Characterization. Characterization of the nanoporous
aerogel scaffold material was performed by gas adsorption and
desorption using a Nova 2200e surface area and pore size ana-
lyzer from quantachrome. The aerogels were degassed under
vacuum for several hours at 300 to 320 °C, prior to the measure-
ments. A full absorption and desorption isotherm was meas-
ured in the pressure range 0 to 1 p/p, at liquid nitrogen temper-
atures with nitrogen gas as the adsorbent. Data were analyzed
using the t-plot method,***” the Brunner—Emmet—Teller (BET)
method,* and the Barrett—Joyner—Halenda (BJH) method, and
the total volume was calculated from a single point at p/py ~ 1.3

Characterization of the Hydrogen Storage Properties for Nanoconfined
MgH,. The cyclic stability of MgH, embedded in aerogel was stud-
ied by Sieverts’ measurements (PCTpro 2000),>* and a total of
four hydrogen uptake and release cycles were performed. Mono-
liths of aerogel (~0.4 cm3) loaded with crystalline dibutylmagne-
sium corresponding to 30—82 mg of magnesium were trans-
ferred to an autoclave and sealed under argon in a glovebox.
The autoclave was attached to the PCTpro 2000 apparatus, and
the synthesis of MgH, was performed under similar conditions as
described above. Hydrogen desorption data were collected in
the temperature range of room temperature to 380 °C, and with
the temperature kept fixed at 250, 300, and 380 °C for 5, 5, and
6 h. The heating rate was 2 °C/min. Hydrogen absorption was
performed at p(H,) ~ 100 bar in the temperature range of 300
to 380 °C for several hours.

Characterization of the hydrogen desorption kinetics of the
first desorption cycle was also performed by thermal desorp-
tion spectroscopy (TDS) using an apparatus described
elsewhere.***! Prior to the measurements, the synthesis of MgH,
from crystalline MgBu, was performed according to the proce-
dure described above. Samples corresponding to 1—5 mg of
MgH, were placed in a high vacuum system connected to a
turbo molecular pump with a constant pumping rate at pres-
sures between 107 and 1072 Torr. The sample was heated to a
temperature of 700 °C with a heating rate of 3.6 °C/min, and the
hydrogen desorbed from the sample was detected by a
computer-controlled mass spectrometer measuring m/e < 20.
Pristine aerogel samples were pretreated and analyzed by
Sieverts’ apparatus and TDS under the same conditions as de-
scribed above for MgH,-loaded samples.

Scanning electron microscopic (SEM) images and energy-
dispersive spectrometry measurements (EDS) were acquired in
a combined setup by means of a Nova NanoSEM 600 from FEI
equipped with an EDS detector. Monoliths of RF-gel cycled with
hydrogen release and uptake six times in the PCTpro were
crushed into smaller units, and fragments from the center of
the gels were selected in order to study the interior of the mono-
liths. The samples were mounted on carbon tape supported by
an aluminum sample holder. This procedure was performed un-
der atmospheric conditions, and magnesium was expected to be
oxidized by moistures and oxygen to form magnesium oxide.
EDS diagrams were obtained by applying a voltage of 8 kV and
collecting the Ka signals. EDS maps were acquired by selectively
measuring the magnesium Ka signal. In situ synchrotron radia-
tion powder X-ray diffraction (SR-PXD) data were collected at
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beamline 1911 at MAX-lab, Lund, Sweden. Fragments of the inte-
rior of MgBu, loaded RF-aerogel monoliths were crushed and
placed in a sapphire capillary tube. The tube containing ca. 10
mm of powder was mounted in an airtight sample holder. The
sample holder was moved from the glovebox to the diffractome-
ter under inert conditions. The selected X-ray wavelength was \
= 0.9077 A, the X-ray exposure time was 30 s, and in situ SR-PXD
data were collected using a MAR CCD detector. The sample was
heated in the temperature range from room temperature to 350
°C with a heating rate of 7.5 °C, and the hydrogen pressure was
p(H,) ~ 50 bar. The synthesis of MgH, from dibutylmagnesium,
sample AM, was also investigated in the temperature range from
room temperature to 170 °C (heating rate 7.5 °C/min) and a hy-
drogen pressure of p(H,) = 50 bar.
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