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Facile and scalable fabrication of ultrafine (<5 nm)

nanoparticles (NPs) as effective catalysts is a key for
enhancing Kinetics in application of most hydrogen storage
materials (HSMs). The direct fabrication of ultrafine NPs in
HSMs is obviously a challenge because of inevitable NPs
agglomeration during thermo-reduction. Here, we
demonstrate a mechanochemical-force-driven procedure
for one-step preparing Ni NPs (2-3 nm) in MgH, matrix,
which capitalizes on the in-situ bottom-up reduction of Ni-
MOF-74 in the presence of MgH, as reducing and
sacrificing agent under room temperature. Both theoretical
calculation and experimental investigations elucidate that
ultrafine Ni NPs are much more effective on catalytic
hydrogenation/dehydrogenation in Mg due to the size effect.
Prospectively, our finding may facilitate the fabrication of
other catalyzed HSMs by using different MOFs as catalyst
precursors.

Hydrogen is an ideal clean carrier for storage and conversion of
energy to meet zero greenhouse gas emission and release the
dependence on fossil fuel. A big challenge for widespread use of
hydrogen is to develop safe, efficient and high-density hydrogen
storage technologies. Magnesium hydride (MgH,) has been attracted
numerous interest for hydrogen storage in the last several decades
due to its high hydrogen capacity (7.7 wt%), excellent reversibility,
abundance, low cost and non-toxicity.1 However, its use as a
practical hydrogen storage material has been impeded by high
dehydrogenation thermal stability (AH=75 kJ/mol H,) and slow
sorption kinetics, leading to that MgH, must be heated to 300-
400 °C to achieve an adequate rate of dehydriding and hydriding.*¢
A number of strategies have been developed to overcome these
disadvantages that are essentially imposed by the strong Mg-H
chemical bonds, such as nanostructuring,”'? catalyzing'*'¢ and
alloying.'?' A wide range of metals" and their alternatives'® have
been demonstrated to be effective for enhancing the
de/hydrogenation properties when ball-milled with Mg to form
nanocomposites. Moreover, a general consensus is that size effect of
catalysts doping plays critical roles in fabricating catalyzed Mg-
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based nanocomposites, including several advantages such as
reducing the fabrication cost (catalysts adding amount and milling
time) and enhancing de/hydrogenation due to increased Mg-catalysts
interfaces.” One of the most notable reported studies was Ni"™
(diameter of several tens of nanometers) doped MgH, composite
prepared by mechanical milling, exhibiting substantially improved
kinetics of dehydrogenation compared to undoped MgH,, which
shows the importance of size effect of doped catalyst."” To further
investigate the size effect of catalyst doping, various carbon
supported metallic Ni nanocatalysts with smaller particles size in the
range of 8-100 nm have been successfully synthesized and utilized to
dope in MgH, matrix via ball milling for enhanced hydrogen
sorption performance.”*** However, most carbon supported metallic
Ni nanocatalysts synthesized by wet chemistry usually require
relative high calcination temperature (500-600 °C) to complete the
reduction process, which will be inevitable to lead to agglomeration
of partial catalyst particles. It is remarkable that such particles
agglomeration may reduce the surface catalytic activity comparing
with smaller metallic catalysts due to the size effect.?

Recently, based on a newly emerging in-situ bottom-up
synthetic method, the metal-organic frameworks (MOFs) self-
assembled by the coordination of metal cations/clusters with organic
linkers have been considered as ideal precursors to fabricate uniform
ultrafine  metallic nanoparticles under proper thermolysis
conditions.”” These as-generated ultrafine metallic nanoparticles
could sever as efficient catalysts in de/hydrogenation process when
they were dispersed in MgH, matrix homogenously. Alternatively,
the mechanochemical synthesis strategy is a low cost and scalable
solution for the synthesis of a wide range of ultrafine nanoparticles
(<4 nm) as catalysts since the nature of mechanochemical synthesis
involves a simultaneous combination of chemical reaction and
materials dispersion.® However, the main hurdle encountering in
current mechanochemical synthesis is that extra inert buffering
material (usually a reaction byproduct phase) needs to be added to
the reagents for enhancing product phase separation to get desired
ultrafine nanoparticles.”® It is noted that the removal of inert
buffering materials may not only increase the fabrication cost but
also lead to nanoparticles agglomeration. Therefore, exploring and
developing novel synthesis methods for preparation and stabilization
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of ultrafine metallic nanocatalysts in MgH, matrix in a single step is
highly desirable for achieving improved hydrogen storage properties
for practical applications.

Herein, in this work, we present a one-step mechanochemical
synthesis method to prepare ultrafine metallic Ni nanoparticles
where were directly dispersed in the active buffering materials,
namely the targeted MgH, matrix (denoted as (Ni-NPs)@MgH,).
The resultant (Ni-NPs)@MgH, capitalized on the in-sifu bottom-up
reduction of Ni-MOF-74 precursor in the presence of MgH, as
reducing and sacrificing agent via mechanochemical ball milling
under room temperature. As a proof of principles, ultrafine Ni
nanoparticles measuring 2-3 nm were successfully prepared and
embedded in crushed MgH, matrix. More importantly, the (Ni-
NPs)@MgH, composite with only 5 wt% Ni-MOF-74 adding
amount showed ultrafast kinetics and very high capacity at low
temperatures. The promoted de/hydrogenation performance is
attributed to the uniform dispersion of in-situ generated ultrafine Ni
nanocatalyst, which was proved by the theoretical calculation and
comparison experiments. Potentially, such a technique may be
extended to prepare uniform and ultrafine nanocatalysts in other
hydrogen storage metal/complex hydrides for scalable synthesis.
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Fig.1 Schematic of mechanochemical synthesis of (Ni-NPs)@MgH,
composite: formation of ultrafine Ni nanoparticles embedded in
crushed MgH, particles by ball milling of Ni-MOF-74 and
commercial MgH,.

Fig. 1 presents a schematic diagram of (Ni-NPs)@MgH,
composite preparation: formation of ultrafine Ni nanoparticles
embedded in crushed MgH, particles. The molecular structure of Ni-
MOF-74 (CgH,0¢Ni,) as a Ni precursor (Fig. 1) presents the unique
advantage of coordinate Ni sites with porous framework structure,
which is expected to benefit in-situ reduction of Ni NPs in the period
of mechanochemical ball milling process due to the large surface
area.”’ Firstly, the BET surface area, micropore volume and
micropore size of Ni-MOF-74 are measured by N, adsorption
isotherms, which are 614 m* g', 034 cm’ g' and 0.93 nm,
respectively (Fig. S1). These data are very close to the values
reported by other groups, suggesting that Ni-MOF-74 was correctly
synthesized.” Afterwards, the as-prepared Ni-MOF-74 as the Ni
precursor was mixed with commercial MgH, powders, and then ball
milled under 1 bar Ar for 2 h in a high-energy ball mill (SPEX 8000)
within a sealed vial by the ball-to-powder weight ratio of 40:1. To
study the evolution of sample phases after ball milling, a batch of as-
milled samples (5, 20 and 50 wt% adding level of Ni-MOF-74) has
been characterized by powder X-ray diffraction (XRD). Based on the
XRD patterns in Fig. 2A, it is noteworthy that the characteristic
peaks of Ni-MOF-74 (pattern a in Fig. 2A) were diminished after
ball milling process. Besides the typical tetragonal f-MgH, (JCPDS
12-0697) and meta-stable orthorhombic phase y-MgH, (JCPDS 35-
1184) phases, a small and broad peak of Ni (111) can be clearly

2| J. Name., 2012, 00, 1-3

identified in the as-milled MgH,+5 wt% (Ni-MOF-74) sample
(pattern b in Fig. 2A). The mean grain size is 3.6 nm estimated by
Sherrer equation. This clearly indicates that ultrafine Ni
nanoparticles were generated due to the in-situ reduction of Ni-
MOF-74 in the period of ball milling process. Furthermore, 20 wt%
adding amount of Ni-MOF-74 (pattern ¢ in Fig. 2A) leads to more
intense Ni peak than that of 5 wt% counterpart, albeit at the expense
of MgO phase observed. More importantly, with further increasing
the Ni-MOF-74 adding amount to 50 wt%, MgH, is completely
oxidized to MgO (pattern d in Fig. 2A), suggesting the control of
adding amount of Ni-MOF-74 is critical to the (Ni-NPs)@MgH,
composite preparation. To further confirm the in-situ reduction
between MgH, and Ni-MOF-74 in the period of ball milling process,
X-ray photoelectron spectrometer (XPS) technique was employed to
investigate into the surface chemical composition of as-milled
MgH,+5 wt% (Ni-MOF-74) composite, to obtain clear valence
evolution of Ni in various states. As shown in Ni-MOF-74 sample
(pattern a in Fig. 2B), the binding energy of Ni 2p;, peak of 855.1
eV coincides with the valence state of Ni (2+) in Ni-MOF-74.
Whereas the major Ni 2ps, peak shifted down to lower binding
energy of 852.1 eV in as-milled MgH,+5 wt% (Ni-MOF-74) sample,
partial Ni 2ps/, peak at 855.1 eV preserved (as shown in pattern b in
Fig. 2B). It is suggested that Ni (0) metal was formed after the
reaction of MgH, and Ni-MOF-74, which is coincided with XRD
results. In order to investigate the microstructure of Ni NPs in as-
milled (Ni-NPs)@MgH, composite, high resolution transmission
electron microscope (HRTEM) and energy dispersive X-ray
spectroscopy (EDXs) techniques are employed. HRTEM image of
MgH,+5 wt% (Ni-MOF-74) sample (Fig. 2C inset) clearly shows
that the ultrafine Ni (111) NPs with particles size of 2-3 nm were
embedded in MgH, matrix. Furthermore, the dispersion of Ni NPs in
MgH, matrix is identified by EDXs in Fig. 2D, which shows Ni
element existing in the different randomly selected spots among the
matrix (Fig. 2C). This suggests that the in-situ reduced ultrafine Ni
NPs (2-3 nm) are uniformly distributed in the MgH, based
composite after mechanochemical synthesis.
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Fig.2 Characterization of as-milled (Ni-NPs)@MgH, composites: (A)
XRD patterns of Ni-MOF-74 and as-milled samples (a) Ni-MOF-74,
(b) MgH,+5%(Ni-MOF-74),(c) MgH,+20%(Ni-MOF-74), (d)
MgH,+50%(Ni-MOF-74); (B) XPS spectra of Ni 2p;, of (a) Ni-
MOFEF-74, (b) as-milled MgH,+5%(Ni-MOF-74); (C) TEM image of
as-milled MgH,+5%(Ni-MOF-74) with inset high resolution TEM
(HRTEM) of Ni NPs and (D) EDXs analysis of selected spots in C.

Fig. 3a and b illustrate the hydrogenation/dehydrogenation
kinetics of the as-prepared (Ni-NPs)@MgH, (MgH,+5 wt% (Ni-
MOF-74)) sample at different temperatures under a hydrogen
pressure of 2 MPa for hydrogen absorption and 1 KPa for
dehydrogenation. As shown in Fig. 3a, the composites can absorb
6.2 wt% hydrogen within only 30 s at a temperature as low as
150 °C. Furthermore, the composite can even absorb 4.4 wt%
hydrogen at 100 °C within only 10 min. More interestingly, even
under room temperature (RT), MgH,+5 wt% (Ni-MOF-74)
composite can still take up 2.7 wt% hydrogen within 10 h (Fig 3a
inset). The ultrafast kinetics for hydrogen absorption at low
temperatures is very significant for practical applications. To our
best knowledge, our result of hydrogen storage under RT is very
close the current best record (store 3 wt% hydrogen within 4 h under
a hydrogen pressure of 2 MPa) reported by Lu et al. using TiH, as
catalyst.” It is remarkable that the additive amount in this work is
much less (5 wt% Ni-MOF-74 vs 16 wt% TiH,) for cutting
fabrication cost and remaining high theoretical hydrogen storage
capacity of the system. With respect to hydrogen desorption, the
MgH,+5 wt% (Ni-MOF-74) composite shows reasonably good
kinetics even at relatively lower temperatures (300, 280 and 260 °C)
as shown in Fig. 3b. The composite can fully desorb 6.2 wt%
hydrogen within just 20 min at 300 °C, and can desorb 4.5 wt%
hydrogen at 280 °C and desorb 3 wt% hydrogen at 260 °C within 20
min, respectively.

Based on the XRD result, MgO will be formed as the by-product
during the in-situ reduction of Ni NPs in MgH, matrix. Therefore,
increasing the adding amount of Ni-MOF-74 precursor may reduce
the hydrogen storage capacity of the composites as more Mg, the
hydrogen sorbent, will be oxidized. As shown in Fig. 3c, it is
observed that the significant decrease of the practical hydrogen
absorption capacity from 4.4 wt% (5 wt% adding level of Ni-MOF-
74) to 2.5 wt% (20 wt% adding level of Ni-MOF-74) at 100 °C (10
minutes). Furthermore, the rehydrogenated (Ni-NPs)@MgH,
samples (5 wt% and 20 wt% adding level of Ni-MOF-74,
hydrogenation under 2 MPa, 1 h, 100 °C) are characterized by XRD
(Fig. S2), it shows that the major content is from f-MgH, (JCPDS
12-0697) in rehydrogenated states, together with a small amount of
residual Mg phase, indicating most of Mg phase has transformed
into B-MgH2 phase at such a temperature as low as 100 °C.
Meanwhile, in Fig 3c, it is not surprising that there is almost no
hydrogen absorption from (Ni-NPs)@MgH, with 50 wt% adding
amount of Ni-MOF-74 even at 200 °C due to the massive formation
of MgO, which is also consistent with XRD results. Additionally, the
existence of increased amount of MgO also inhibits the kinetics in
hydrogen absorption, which is evidenced by better absorption
kinetics of (Ni-NPs)@MgH, with lower adding level of Ni-MOF-74
as seen in Fig 3c. In terms of hydrogen desorption, it is also
interesting that although the desorption practical hydrogen capacity
of (Ni-NPs)@MgH, was reduced from 6.2 wt% (5 wt% adding level
of Ni-MOF-74) to 4.8 wt% (20 wt% adding level of Ni-MOF-74)
within 1h at 300 °C, there is no obvious effect on desorption kinetics
as shown in Fig. 3d. All these results demonstrate that (1) the in-situ
reduced ultrafine Ni catalyst is very active and effective, enabling a
small adding level of Ni-MOF-74 precursor (5 wt%) and superior
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catalytic effect on MgH, de/hydrogenation; (2) increasing adding
mount of Ni-MOF-74 precursor (20 and 50 wt%) will hinder the
catalytic effect in both absorption and desorption due to the
formation of MgO.
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Fig.3 Hydrogen absorption/desorption performance of (Ni-
NPs)@MgH, composites: effect of different temperatures on (a)
hydrogen absorption and (b) desorption kinetics of MgH,+5 wt%
(Ni-MOF-74) sample; effect of different adding amount of Ni-MOF-
74 precursor on (c) hydrogen absorption and (d) desorption kinetics
of (Ni-NPs)@MgH, composites.

To improve hydrogen ab/desorption from MgH,, transition metals
(TMs)-doping have been considered by several groups.®'*
Previously, theoretical calculations indicated that Pd-doping can
significantly reduce the barrier for H, dissociation and diffusion of
atomic H, which are the key factors to determine the
hydrogenation/dehydrogenation kinetics of MgH,.*' With single Pd-
incorporation into Mg(0001) surface, the dissociation barrier is
reduced from 1.05 eV to 0.31 eV.*! Pozzo et al. carried out a more
comprehensive investigation of TMs doping, including Ti, Zr, V, Fe,
Ru, Co, Rh, Ni, Pd, Cu and Ag, and identified the most promising
dopants would be Ni, Fe and Rh based on calculated barriers.>? Most
of these calculations were based on a model with single dopant
replacing magnesium at the lattice site, in which case the diffusion of
single hydrogen atom over dopants cannot be fully investigated. As
strong TM-H may be presented, as a result, hydrogen may hardly
shift from dopants to the magnesium matrix. This would be a big
problem since the active sites of dopants will be covered by
dissociated H atoms quickly and thus be poisoned for following
reactions due to size dependant H diffusion rate on dopants.
Therefore, ideal dopants should offer moderate bonding with
hydrogen and small size. In addition, single-atom incorporation
model may lead to local strain energy and activate the neighbouring
magnesium, leading to artificial improvement.

To rule out such effect, we particularly introduce a cluster Niy on
Mg(0001), as shown in Fig. 4a, followed by full relaxation to release
the strain energy. The reason why such small cluster is employed has
been justified in the supporting information. H, is then adsorbed on
the cluster with dissociated form. We focused on the diffusion of
atomic hydrogen. Fig. 4b presents the energy profile, from which an
energy barrier of 0.41 eV has been identified. In addition, shifting
one hydrogen from Ni-cluster to Mg(0001) only leads to an energy
increment of 0.07 eV, indicating dissociated hydrogen can quickly
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shift from those active sites to pure Mg(0001), and the later shows
excellent performance for surface diffusion (£, < 0.20 eV).>'*? For
dehydrogenation process, hydrogen atoms, after being released from
magnesium matrix, can diffuse to those active sites of dopants
cluster and recombine with a small barrier (0.30 eV). Here, our
results do not generate different conclusions from the model of
single-dopant incorporation. This may be attributed to enhanced H,
dissociation process due to more atomic H dissociated on cluster Niy
model comparing with singe Ni-atom incorporation model, albeit at
the expense of slower H atom diffusion. Following this speculation,
atomic H diffusion on Ni cluster may become the rate limiting step
(RLS) for de/hydrogenation kinetics if the cluster size are not small
enough, which is the basis for fast hydrogenation and
dehydrogenation of MgH, at moderate temperatures.

In terms of the dehydrogenation, besides the size effect,
another possible improvement may be achieved due to the electron
transfer from Mg matrix to Ni-cluster. Recently, we confirmed that a
small part of hydrogen can be released below 80 °C from MgH,
clusters when they are confined in mesoporous carbon, and partially
transferring electrons from Mg-matrix is the key reason for such
improvement.*’ In the case of Ni-adsorption, electrons can also
transfer from Mg matrix to Ni-cluster through the strong Ni-Mg
interaction; as a result, electrons donated from Mg to H will slightly
decrease over those sites close to the Ni-cluster. Such competition
between Ni and H, both as electron acceptor, may bring the similar
improvement for the dehydrogenation of MgH,, as we obtained from
MgH, confined in the carbon-framework.
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Fig.4 (a) Mg(0001) modelled by the (3x3) supercell, with Ni, cluster
adsorbed; (b) Energy profile for atomic hydrogen (white spheres)
diffusing from Niy to Mg(0001) with the structures of initial state
(IS), transition state (TS) and final state (FS). Energy difference
between TS and IS indicates the barrier for such diffusion.

To experimentally study the size effect of ultrafine Ni NPs on
catalytic mechanism of hydrogenation/dehydrogenation in Mg, we
prepared the activated carbon supported Ni nanocatalyst synthesized
by wet chemistry method for comparison.”? The Ni content in Ni-
MOF-74 was determined by TGA analysis as shown in Fig. S3. It is
observed that the TGA curve exhibited a gradual weight-loss step of
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22.5 wt% up to 300 °C, corresponding to the removal of solvent
molecules (water and DMF) from its microporous structure.”’ The
second steep weight loss of 37.5 wt%, between 300 and 350 °C, can
be ascribed to the decomposition of Ni-MOF-74 due to the organic
ligand decomposition. Assuming all the residual (NiO) is from Ni-
MOF-74, it can be calculated that Ni content in as-synthesized Ni-
MOF-74 is 39.1 wt% which is very close to the theoretical value of
37.7 wt% from stoichiometric formula of Ni-MOF-74 (CgH,O¢Ni,).
Therefore, based on the TGA result, 40 wt% Ni loading amount was
selected to prepare activated carbon supported Ni nanocatalyst
(denoted as Ni/AC) in accordance with Ni content in Ni-MOF-74
(39.1 wt%) for comparison, and both adding amount are in the
presence of 5 wt% into MgH,. TEM bright-field image showed that
the particle size of Ni in Ni/AC catalyst was around 10 nm (Fig. S4),
which is similar to previous reports.”*** In the comparative study of
hydrogen storage, as shown in Fig. 5a, (Ni-NPs)@MgH, can absorb
3 wt% hydrogen whereas MgH,+Ni/AC only absorb 1 wt%
hydrogen within 210 s at 100 °C, which is nearly 3-fold faster
absorption rate. In terms of desorption, Fig. 5b shows that (Ni-
NPs)@MgH, also exhibits better catalytic effect as compared to
MgH,+Ni/AC, which is about twice faster (10 min Vs 20 min) to
completely desorb 6.2 wt% hydrogen at 300 °C. Therefore, we
postulate that nanostructuring of Ni catalyst in (Ni-NPs)@MgH,
nanocomposite enhances the kinetics for absorption and release of
hydrogen. To assess this, we have determined the activation energies
(E,) from analysis of the absorption and release of hydrogen at three
different temperatures (Fig. S5). We measure E, values of 32.5 and
80.5 kJ mol” for absorption and desorption in (Ni-NPs)@MgH,,
respectively, which lower than those of MgH,+Ni/AC (43.8 and
110.8 kJ mol™! for absorption and desorption, respectively). To
further elucidate the size effect of Ni catalyst, we plotted and
compared absorption/desorption E, with more different Ni catalyst
dimensions for (Ni-NPs)@MgH, (in situ reduced Ni from Ni-MOF-
74, Ni NPs 2-3 nm, in this work), MgH,+Ni/AC (activated carbon
supported Ni, Ni NPs ~10 nm, in this work), MgH,+Ni/rGO
(reduced graphene oxide supported Ni, Ni NPs ~10 nm, data from
ref”’) and MgH,+NiCNFs (nickel coated carbon nanofibers, Ni NPs
~100 nm, data from ref*) nanocomposites as shown in Fig. 5c. The
overall trend clearly shows that both absorption and desorption
activation energies (E,) significantly decrease with reducing the Ni
catalyst size from 100 nm to 2-3 nm, implying the size effect of
catalyst can significantly promote hydrogen absorption/desorption
kinetics. All these results demonstrate that hydrogen storage
properties of (Ni-NPs)@MgH, composite is superior, which may
ascribe to ultrafine Ni NPs (2-3 nm) uniformly embedded in (Ni-
NPs)@MgH, composite.

This journal is © The Royal Society of Chemistry 2012
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Fig.5 Size effect of Ni-NPs on (a) hydrogen absorption, (b)
desorption performance in (Ni-NPs)@MgH, and MgH,+Ni/AC
with inset arrhenius plot for the dehydrogenation kinetics and (c)
comparison in absorption/desorption activation energies (E,)
and Ni catalyst dimensions for (Ni-NPs)@MgH, (in situ
reduced Ni from Ni-MOF-74, Ni NPs 2-3 nm, in this work),
MgH,+Ni/AC (activated carbon supported Ni, Ni NPs ~10 nm,
in this work), MgH,+Ni/rGO (reduced graphene oxide
supported Ni, Ni NPs ~10 nm, data from ref’®) and
MgH,+NiCNFs (nickel coated carbon nanofibers, Ni NPs ~100
nm, data from ref**) nanocomposites.

Conclusions

In summary, we have developed a one-step mechanochemical
synthesis method to prepare ultrafine metallic Ni nanoparticles
(2-3 nm) in MgH, matrix (denoted as (Ni-NPs)@MgH,). Our
approach capitalises on the in-situ bottom-up reduction of Ni-
MOF-74 precursor in the presence of MgH, as reducing and
sacrificing agent via mechanochemical ball milling under room
temperature. The hydrogen storage properties of the (Ni-
NPs)@MgH, nanocomposite obtained by this technique was
superior to those of other Ni doped counterparts, which is
evidenced by significantly decreased absorption/desorption
activation energies (£,) with reducing Ni particle dimension
from 100 nm to 2-3 nm. Prospectively, this approach of
scalable synthesizing uniform and ultrafine nanocatalysts may
be applied to preparation of other catalyzed hydrogen storage
metal/complex hydrides nanocomposites by using different
MOFs as catalyst precursors.
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