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Hydrogen is considered to be a promising energy carrier for
the future. In order to use it as a fuel, a compact, safe, and
efficient hydrogen storage system should be developed.
Porous metal-organic frameworks (MOFs) have attracted
great attention as potential hydrogen storage materials,!
because some MOFs can store large amount of H,
(>7 wt%) at 77 K and high pressures.” However, at room
temperature, the H, storage capacities of MOFs drop to less
than 1 wt % because interaction energies between the frame-
works and H, are very low (4-8 kJmol ™). There have been
efforts to enhance the H, storage capacities of MOFs at
ambient temperature by methods such as tuning the ligand,"
generation of open metal sites,*! and embedding palladium
nanoparticles.”! Despite these modifications, the improve-
ments were not very satisfactory, and none of the materials
have yet met the target of the US Department of Energy
(DOE) of 2017.

In search for a highly efficient material for H, storage, we
have investigated the possibilities of hybrid materials that
would be capable of storing H, by both physical adsorption
and chemisorption. In particular, we have been interested in
composite materials that consist of a MOF and magnesium
nanoparticles. Magnesium chemisorbs H, at 773K and
200 atm in the presence of Mgl, catalyst.”] Magnesium
powder of 50-100 um size made by ball milling slowly absorbs
H, at 673 K and 10 bar.["! The resulting magnesium hydride
has a quite high dehydrogenation enthalpy (~75 kJ per mol
H,),® and therefore heavy-metal catalysts should be used to
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reduce the H, desorption temperature and improve kinetics,
but they still do not allow effective dehydrogenation.” In the
presence of heavy-metal catalysts, the H, absorption and
release temperatures decrease as a result of destabilization of
the metal hydride when the particle size of magnesium is
reduced.!"”!

Nanosized magnesium particles have been synthesized by
a variety of methods, such as ball-milling,“” condensation of
magnesium metal vapor,'? plasma metal reaction, infiltra-
tion of melted Mg in carbon material,' and sonoelectro-
chemistry™ or chemical reduction of Mg precursors.'! Some
of the disadvantages of these methods are that they require
a long process time, extremely high temperatures (898
1203 K), and electrically or chemically harsh conditions, and
yet they provide inhomogeneous size distributions.

Herein we report a simple method for fabrication of
hexagonal-disk-shaped magnesium nanocrystals (Mg NCs)
within a MOF. The fabrication of Mg nanocrystals inside
MOFs is unprecedented. Previously, small Ag, Au, Ni, Pd, Ru,
or Pt nanoparticles (size, 1.4-10 nm) were prepared in MOFs
by immersing redox-active MOFs in the metal-ion solu-
tions®!"l or by reducing the metal precursors deposited in the
MOFs.® The present nanocomposite is made by the thermal
decomposition of air-sensitive bis-cyclopentadienyl magne-
sium (MgCp,) vapor in a MOF, leading to the deposition of
MG NCs in the MOF, a method that is also unprecedented for
production of nanosized Mg. The resulting Mg NCs@MOF is
a hybrid hydrogen storage material that stores H, by both
physical adsorption and chemisorption, exhibiting a synergis-
tic effect to increase the isosteric heat of H, physisorption and
decrease the temperatures for chemisorption/desorption of
H,.

Yellow crystals of [Zn,O(atb),]-22 DMF-9H,0 (SNU-90),
in which atb is aniline-2,4,6-tribenzoate, were synthesized by
heating a mixture of Zn(NO;), and Hj(atb) in dimethylfor-
mamide (DMF). The X-ray single-crystal structure of SNU-90
indicated a non-interpenetrated (6,3)-connected net of a gom
topology, similar to MOF-1770"] (see the Supporting Infor-
mation, Figures S1 and S2). When the guest solvent molecules
in SNU-90 were removed by treatment with supercritical
CO,,»? a guest-free [Zn,O(atb),] (SNU-90’, NH,-MOF-
177) was obtained.

Vapor of bis(cyclopentadienyl) magnesium (MgCp,) was
deposited in SNU-90" at 80°C, and the resulting
MgCp,@SNU-90" was thermally decomposed at 200°C
under an argon atmosphere followed by evacuation, which
gave rise to Mg NCs embedded in SNU-90". Thus far it was
unknown that the thermal decomposition of MgCp, results in
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Table 1: N, and H, gas uptake data in SNU-90" and various samples of Mg@SNU-90".

Compound moly,/mol,, (wt%) N, uptake Surface area Pore volume H, uptake [wt %] Ou
[em*g™] [m?g™] [em™g™] at 1 atm at high pressure [k} mol™

SNU-90 n.a. 1135 42440 49140 1.641 1.21 (77 K) 8.81 (77 K, 75 bar) 4.55
0.74 (87K)  0.45 (298 K, 80 bar)

Mg@SNU-90'a 0.15 (1.26) 1104 41548 47570 1.474 124 (77K)  8.74 (77K, 89 bar) 5.68
0.65 (87K)  0.54 (298 K, 90 bar)

Mg@SNU-90'b 0.85 (6.52) 559 20567 23730 0.84 0.72 (77 K) 0.29 (473 K, 30 bar) 7.24
0.40 (87 K)

Mg@SNU-90'c 1.40 (10.5) 378 13718 15818 0.36 0.60 (77 K) 0.20 (323 K, 80 bar) 11.6
0.47 (87K)  0.24 (415K, 40 bar)

0.71 (473 K, 30 bar)

[a] BET surface area. [b] Langmuir surface area, and [c] Pore volume estimated by using the Dubinin—-Radushkevich (DR) equation. n.a. =not available.

nanosized Mg, although it was reported that reduction of
MgCp, with Li*(naphthalenide™) in a solution of polymethyl-
methacryate in tetrahydrofuran afforded round-shaped Mg
nanoparticles.' As for the mechanism of the thermal
decomposition, formation of metal and two CsHs radicals
that might further dissociate or associate to the complex
products, was predicted as an initial step based on the
theoretical calculation.’!! However, in order to verify the
mechanism in our case, further research should be carried out.
By changing the reaction conditions during the deposition
process of MgCp,, such as the duration time and whether or
not a prevacuum state was applied to the reaction vessel, we
could control the loaded amounts of MgCp, in the MOF and
obtained several samples embedded with different amounts

of magnesium nanocrystals (Supporting Information,
Table S1).
The samples, Mg@SNU-90'a, Mg@SNU-90b, and

Mg@SNU-90'c, were loaded with 1.26 wt %, 6.52 wt %, and
10.5 wt% of Mg NCs, respectively, as determined by induc-
tively coupled plasma atomic emission spectroscopy (ICP-
AES) (Table 1). The NMR spectra indicated the absence of
cyclopentadiene (Cp) in the resulting nanocomposites (Sup-
porting Information, Figure S3).

The HRTEM images for various samples of Mg@SNU-9(0'
showed hexagonal-disk-shaped magnesium nanocrystals,””!
which have a diagonal length of hexagon ranging 44-88 nm
(average (60+18) nm) with a thickness ranging 16-61 nm
(average (37+12) nm; see Figure1 and Figure S4 in the
Supporting Information). Although it was reported that
hexagonal-disk-shaped Mg NCs could be formed when Mg
powder was heated at temperatures higher than 500°C,*! in
the present work, they are formed by heating Mg(Cp),@MOF

Figure 1. High-resolution transmission electron microscopy (HRTEM)
images. a) Mg@SNU-90'b. b) A hexagonal-shaped Mg nanocrystal and
c) its edge image showing lattice fringes with a separation of 2.7871 A,
which corresponds to (100) d-spacing of Mg® (2.7782 A, JCPDS 04-
0770). Inset: selected-area electron diffraction (SAED) pattern.
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at only 200°C. The formation of Mg NCs that are much bigger
than the channel size (129 Ax9.6A) of the MOF is
attributed to the agglomerization of nanoparticles by heat
during the thermal decomposition. Alternatively, it is simply
caused by the degradation of the MOF under electron-beam
irradiation during the observation by HRTEM.! The
selected-area electron diffraction (SAED) patterns of
Mg NCs embedded in SNU-90" showed lattice fringes sepa-
rated by 2.7871 A, which is in agreement with the (100) d-
spacing of metallic Mg (2.7782 A, JCPDS 04-0770). The size
distribution of the Mg NCs was found to be very similar in all
of the samples, even though there were significantly different
amounts of Mg NCs embedded in the MOF. When Mg@SNU-
90" was exposed to air for three weeks, the shape of the
Mg NCs changed to a star shape that has a lattice fringe with
a separation of 2.1101 A, which corresponds to the (200) d-
spacing of MgO (2.1061 A, JCPDS 89-7746; Supporting
Information, Figure S4). XPS data of Mg@SNU-90' indicated
that Mg’ and Zn" coexisted in the solid (Supporting
Information, Figure S5).

To verify that the Mg NCs were embedded inside the
channels of the MOF, we performed electron tomography.
From the TEM images that were collected with a 1° interval
with the tilting angle of +40°-—40°, 3D images were
constructed by using the IMOD program.”?¥ When the
sample was tilted, the shape of a Mg NC changed from
hexagon to rectangle and from rectangle to hexagon, thus
indicating that the Mg NCs were indeed embedded in the
MOF (Figure 2 and Supporting Video).

The powder X-ray diffraction (PXRD) patterns showed
that the structure of SNU-90’ was maintained even after the

formation of Mg NCs, the sizes of which were much larger
than the channel size (12.9 A x 9.6 A) of the MOF (Support-
ing Information, Figure S6). To understand this observation,

Figure 2. TEM and electron tomography images of Mg@SNU-90'b.
a) TEM image. b) and c) Tomographically reconstructed images of
Mg NCs embedded in SNU-90" at different angles.
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we calculated the ratio of the volumes of formed Mg NCs and
the network skeleton for Mg@SNU-90'c. Assuming that all
Mg NCs destroyed the network skeleton, the Mg NCs would
destroy a maximum 4.6 % of the network skeleton by volume.
This value is too small to alter the PXRD pattern of the MOF.
It was also previously reported that metal nanoparticles much
bigger than the cavity sizes of the hosts were impregnated by
maintaining the network structures.”!”! The PXRD peaks of
crystalline Mg should generally appear at 20 =32.2, 34.4, and
36.6°, but we could observe only a peak at 36.6°, which is the
strongest peak of Mg (Figure S7). On exposure to air for two
days, however, the PXRD pattern showed the peaks corre-
sponding to MgO, with retention of the framework structure
of SNU-90'".

The adsorption—desorption isotherms were measured for
N, gas at 77K and for H, gas at various temperatures on
SNU-90', Mg@SNU-90'a, Mg@SNU-90'b, and Mg@SNU-90'c
(Figure 3 Table 1). The N, gas sorption isotherms of the four
samples were of type I, which is characteristic for the micro-
porous materials (Supporting Information, Figure S8.).
Despite the presence of the NH, group in the ligand of
SNU-90', the surface area, pore volume, and H, adsorption
capacities of SNU-90" were similar to those of MOF-177.1*
Gas sorption data for various samples of Mg@SNU-90
showed that as the amount of Mg increased, the BET surface
area, pore volume, and H, uptake capacity at 77 K and 1 atm
decreased, because Mg NCs occupied the surface and space of
the pores in the MOF. At 298 K and high pressure, however,
the H, uptake in Mg@SNU-90'a increased by 20%, to
0.54 wt % from 0.45 wt % in pristine SNU-90’, thus suggesting
that Mg NCs provide a positive effect on H, adsorption at
298 K (Supporting Information, Figure S9). The zero-cover-
age isosteric heats of the H, adsorption, which were estimated
from the H, adsorption isotherms measured at 77 K and 87 K,
increased as the amount of Mg increased, up to 11.6 kJ mol™
for Mg@SNU-90'c from 4.55 kJmol™" for SNU-90' (Table 1,
Figure 3).

In order to observe the chemisorption ability of the
embedded Mg NCs, we also measured the H, uptake in
Mg@SNU-90c at 323K, 415K, and 473K under high
pressures (Figure 4). Contrary to the physisorbed MOFs, in
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Figure 3. Physical adsorptions of H, in SNU-90" (black), Mg@SNU-
90'a (blue), Mg@SNU-90'b (green), and Mg@SNU-90'c (red). a) The
H, adsorption isotherms at 77 K (circles) and 87 K (triangles). Filled
shape: adsorption, open shape: desorption. b) Isosteric heats of the
H, adsorption. The samples of Mg@SNU-90'a, Mg@SNU-90'b, and
Mg@SNU-90'c contain 1.26 wt%, 6.52 wt%, and 10.5 wt%, respec-
tively, of magnesium nanocrystals.
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which H, uptake decreases at the elevated temperature, the
H, chemisorption capacities of the present material increase
as the temperature is raised. The H, absorption capacities of
Mg@SNU-90'c were 0.20 wt % at 323 K under the H, pressure
of 80 bar, 0.24 wt % at 415 K under the H, pressure of 40 bar.
At 473 K under 30 bar, the H, uptake capacity of Mg@SNU-
90'c became 0.71 wt% (volumetric H, storage capacity,
3.1gL™"). This value is remarkably higher than that of
Mg@SNU-90'b under the same conditions (Table 1), despite
the former exhibiting a much lower surface area and pore
volume because of the heavily loaded Mg. The fact that the H,
uptake enhances with elevated temperatures and the
increased amount of Mg NCs confirms that the H, uptakes
in Mg@SNU-90" at 323 K, 415K, and 473 K are results of
chemisorption. These chemisorption temperatures are sig-
nificantly lower (by > 200 K) than that (673 K under 10 bar)
of bare Mg powder of 50-100 um in size.” If the H, uptake
capacity of Mg alone is estimated from the data, it is 7.5 wt %
at 473 K and 30 bar. Considering that the H, chemisorption
capacity of pure Mg is 7.66 wt %, 99 % of the Mg NCs in the
sample chemisorb H,, which is much better than any form of
Mg previously reported, such as Mg nanoparticles incorpo-
rated in a polymer" and bare Mg powder.”

The H, desorption properties of Mg@SNU-90'c were
verified by the temperature-programmed desorption mass
spectroscopy (TPD-MS) analysis (Figure 4d). The TPD-MS
results indicated that H, was desorbed at 7> 523 K and 1 atm.
It should be noted that the signal intensities of hydrogen
atoms were exactly twice as strong as those of H, molecules
(Supporting Information, Figure S10). This observation sug-
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Figure 4. Chemical absorption of H, in Mg@SNU-90c. a) H, absorp-
tion kinetics at 325 K and 80 bar. Inset: data with a magnified time
scale. b) H, absorption kinetics at 415 K and 40 bar. c) H, absorption
isotherms at 473 K in Mg@SNU-90'b (green) and Mg@SNU-90'c
(red). Filled shapes: adsorption; open shapes: desorption. d) Temper-
ature programmed desorption mass spectroscopy (TPD-MS) data; m/
e=2, measured under argon.
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gests that all desorbed H, sources were MgH, not from the
MOF at all. The TG mass loss of Mg@SNU-90'c after H,
absorption is also in good agreement with the TPD-MS data
(Supporting Information, Figure S11).

After the H, chemisorption at 473 K and 30 bar, the
HRTEM images of Mg@SNU-90'c indicated that the crystal
morphology of Mg was maintained but the crystal size was
remarkably increased. The SAED pattern indicated the
lattice fringe with a separation of 2.247 A, which is in good
agreement with the (110) d-spacing of p-MgH, (2.257 A,
JCPDS 35-1185, Supporting Information, Figure S12). The
MgH,@SNU-90" shows the crystal size (diagonal length of
hexagon) of average (142 +41) nm and thickness of average
(83 £18) nm (Supporting Information, Figure S12), circa 2.3
times as large as those of Mg NCs. Considering that the
volume of Mg should be increased by 30% on hydride
formation,?® this excessive expansion during the H, chemi-
sorption processes at high temperature and pressure can be
explained by the three-dimensional Ostwald ripening, in
which the larger crystals take up the mobile atoms dissociated
from the smaller crystals.”” In addition, degradation of the
MOF by electron beam during the TEM measurement plays
a role in increasing the size of the MgH, crystal. Even after
the formation of MgH,, the organic ligands of SNU-90" were
not hydrogenated, as evidenced by the 'H NMR spectra
measured for the resulting nanocomposite that was dissolved
in the mixture of DCI and [D¢]Me,SO (Supporting Informa-
tion, Figure S3). When MgH,@SNU-90" was exposed to air,
the PXRD pattern data showed new peaks at 26 =36.8 and
42.8 deg, which correspond to MgO, and a new peak at 26 =
38.0 deg that corresponds to Mg(OH),, (Supporting Informa-
tion, Figure S6).

In conclusion, we have prepared for the first time Mg
nanocrystals in a MOF, and showed that Mg NCs@MOF is
a hybrid-hydrogen-storage material that has both physical
adsorption and chemisorption properties, and exhibits syner-
gistic effects to increase isosteric heat of the H, physisorption
and to decrease the temperatures for chemisorption/desorp-
tion of H,. The present hybrid-hydrogen-storage material
suggests a new strategy for H, storage and transport for the
future. To develop the materials that are able to reach the
DOE target, we are trying to further reduce the size of the
Mg NCs and adjust the amount of loaded Mg in the selected
physisorbed porous materials, such as light-weighted MOFs
or organic COFs.”! In addition, we are trying to develop new
methods to protect the material from oxidation through air.
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