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ABSTRACT: MgH2 nanoparticles with different average sizes have been
prepared as ordered microporous carbon by tuning the Mg amount from
15 to 50 wt %. Ultrasmall particles with mean sizes of 1.3 and 3.0 nm have
been obtained for 15 and 25 wt % Mg contents, respectively. The
hydrogen desorption properties strongly depend on the nanoparticle size,
as evidenced by different thermal analysis techniques. The onset
temperature of hydrogen desorption for MgH2 nanoparticles below 3
nm occurs at a temperature about 245 K lower than for microcrystalline
material. Two distinct hydrogen desorption peaks are noticed for
nanoparticles with mean sizes of 1.3 and 3.0 nm, as confirmed by TDS
and HP-DSC. 1H NMR investigations suggest the presence of two MgH2
populations with enhanced hydrogen mobility, as compared to the
microcrystalline hydride. The short hydrogen diffusion path and the
enhanced hydrogen mobility may explain the increased desorption
kinetics of these ultrasmall nanoparticles.

■ INTRODUCTION

As compared to the bulk state, nanostructured materials offer
larger surface-to-volume ratios, faster transport properties,
altered physical properties, and interesting confinement effects
that are consequences of the combination of their nanoscale
dimensions and interaction with the supports. Due to these
exciting properties, nanomaterials have been extensively studied
for energy-related applications such as catalysis, solar cells,
thermoelectrics, supercapacitors, batteries, and solid-state
hydrogen storage systems.1,2 In this context, remarkable
research efforts have been made worldwide to develop safe,
compact, and efficient solid-state storage devices for hydrogen.
Among many metals and alloys that can reversibly react with

hydrogen, Mg shows great promise since it is nontoxic and
abundant in the earth’s crust, and the related dihydride (MgH2)
possesses high volumetric (110 g·L−1) and gravimetric
capacities (7.6 wt %). However, Mg has unfavorable
thermodynamic properties (high stability that requires the use
of high temperature to deliver 0.1 MPa hydrogen) and slow
reaction kinetics with hydrogen for applications in practical
devices. Theoretical calculations have predicted a reduction of
the thermodynamic stability of MgH2 by downsizing to 1.3 nm
(nanosizing)3,4 and by steric stabilization of such very small
particles through embedding into porous scaffolds (nano-

confinement).5 Indeed, confined Mg-based nanoparticles in
different scaffolds have been demonstrated to improve
hydrogen sorption properties, as frequently reported in the
recent literature.6−13 However, only modest modifications of
thermodynamic equilibrium have been reported by nanosizing/
nanoconfinement since the least-positive value of the enthalpy
of desorption is counteracted by the least-positive entropy
change.10 Therefore, the reported thermodynamic changes
correspond to a decrease in the equilibrium temperature for
delivering 0.1 MPa hydrogen by 6 and 11 K for ∼7 and 3 nm
MgH2 nanoparticles, respectively, as compared to microcrystal-
line MgH2.

10,14

The main progress obtained by nanosizing/nanoconfinement
concerns the significant change in the absorption/desorption
reaction kinetics.10,11,15 The maximum hydrogen desorption
rate of MgH2 nanoparticles with average sizes in the range of
5−20 nm occurs at a 140−150 K lower temperature, as
compared to that of the bulk.11,16 Moreover, the capacity of
nanoconfined MgH2 during hydrogenation/dehydrogenation
cycling shows rather good stability.11,17 Despite these positive
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effects, the desorption kinetics can sometimes become slower
upon cycling,11 suggesting particle agglomeration/recrystalliza-
tion during cycling as recently proven by in situ synchrotron
diffraction experiments.18

Nanosizing/nanoconfinement effects have been examined for
MgH2 nanoparticles with sizes of 5−20 nm.7,9,11,15,16 To the
best of our knowledge, only two previous studies have dealt
with ultrasmall MgH2 nanoparticles (<3 nm) embedded in a
microporous carbon scaffold.10,19 Vajeeston et al. have shown
from small-angle neutron scattering experiments that it is
possible to nanoconfine MgD2 in activated carbon fibers
without further investigation of their hydrogen sorption
measurements.19 Zhao-Karger et al. have reported hydrogen
sorption properties of MgH2 nanoparticles with a size of ∼3
nm.10 However, the hydrogen sorption properties of ultrasmall
MgH2 nanoparticles (∼1 nm) have never been reported
because of a challenging synthesis method and their extremely
high reactivity to air.
The present study reports on the synthesis and hydrogen

sorption properties of MgH2 nanoparticles with average sizes of
1.3, 3.0, and ca. 20 nm confined/supported into an ordered
microporous carbon template (average pore size of around 1.3
nm). The average particle size depends on the amount of metal
inserted into the carbon. For low metal content, ultrasmall
MgH2 nanoparticles of 1.3 nm are formed, whereas for higher
metal content the size of the nanoparticles grows accordingly.
The present report highlights the importance of size effects on
the hydrogen desorption properties of nanoconfined MgH2.
Moreover, 1H NMR investigations confirm the higher hydrogen
mobility within nanoparticles relative to that of microcrystalline
MgH2.

■ EXPERIMENTAL DETAILS
Synthesis of Materials. The ordered microporous carbon

material used in this study has been prepared by a hard-
template method starting from zeolite β, 930NHA (Tosoh
Corporation), as described in previous publications.20−22 The
zeolite pores were filled with propylene by a CVD process at
973 K for 3 h, followed by a thermal treatment in Ar at 1173 K
for 3 h to improve the textural and structural properties of the
carbon. The zeolite template was eliminated by etching with
concentrated HF aqueous solution (40 vol %) and
subsequently with HCl solution (37 vol %). The final carbon
material (CT) was obtained by washing the residue with water
and then subsequent drying. The ordered carbon is micro-
porous with a specific surface area of 2344 m2·g−1 and a mean
pore size of ∼1.3 nm (Figure SI-1). Supplementary details of
the carbon physicochemical characteristics can be found
elsewhere.22

The MgH2@CT composites have been prepared by so-called
bottom-up method.11,23 Briefly, CT is impregnated with a
commercial solution of MgBu2 (Sigma-Aldrich). After solvent
removal by evaporation, the precursor is hydrogenated inside
an airtight sample holder under 5 MPa H2 pressure at 423 K for
12 h. The hydrogenation reaction was monitored by high-
pressure differential scanning calorimetry during constant
heating to 473 K (5 K·min−1) under 2.4 MPa H2 (Figure SI-
2). An exothermic peak is noticed at 408 K which corresponds
to the hydrogenation of the MgBu2 precursor (Bu2Mg@C + H2
→ MgH2@C + 2C4H10↑). The reaction produces MgH2
nanoparticles distributed homogeneously over the carbon
scaffold, as already demonstrated.11,15 Three composites are
synthesized with the following loadings: 15, 25, and 50 wt %

Mg. The samples are further named xMgH2@CT, where x
stands for the wt % values. These materials are extremely
reactive to air and moisture, so we stored and handled them
inside a purified Ar glovebox.

Characterization. X-ray Powder Diffraction. The struc-
tural properties of the composites have been characterized by
X-ray powder diffraction (XRD) using a D8 Advance Bruker
diffractometer (CuKα radiation and Bragg−Brentano geome-
try). All XRD measurements have been performed under an Ar
atmosphere using an airtight sample holder. Experimental XRD
patterns have been analyzed with TOPAS software (Bruker
AXS Topas 4.2) to obtain the lattice parameter from the
position of the diffraction peaks and the crystallite size by line-
profile fitting using the fundamental parameters approach (if
applicable).24

Microstructural Measurements. Microstructural observa-
tions were performed by transmission electron microscopy
(TEM) with a 200 kV FEG TEM (FEI Tecnai F20, point
resolution 0.24 nm). The composites have been transferred
under Ar directly into the microscope by using an airtight
sample holder. All measurements have been performed at 110
K to avoid sample decomposition by beam irradiation. MgH2
particle size distributions and average sizes have been
determined by statistical analyses of several TEM images.

Textural Properties. The textural properties have been
determined by nitrogen adsorption isotherm at 77 K using an
Autosorb IQ Quantachrome instrument. The samples have
been loaded inside an Ar glovebox and transferred to the
instrument under a protective atmosphere. Prior to measure-
ments, the samples have been degassed under vacuum at 473 K
for 12 h. The specific surface area was obtained by the BET
method in the relative pressure range (P/P0) of 0.02−0.15, and
the total pore volume was computed from the amount of gas
adsorbed at P/P0 = 0.97. The microporous volume was
calculated using the Dubinin−Radushkevich (DR) equation in
the relative pressure range of 10−4−10−2, and the mesoporous
volume was determined as the difference between the total and
micropore volumes.25

Thermal Desorption Spectroscopy. The hydrogen desorp-
tion properties have been studied by thermal desorption
spectroscopy (TDS) using a homemade instrument detailed in
a previous report.11 The samples were loaded without air
exposure, and the H2 partial pressure was recorded while
applying a constant temperature rate of 1 K·min−1 from 300 to
700 K. The measurements were made twice to ensure good
repeatatibility of the experiments.26 Thermal desorption
measurements have also been performed with the help of
another setup equipped with a thermal conductivity detector
and working under continuous Ar flow. Similar results have
been obtained by these methods. The onset temperature is
defined as the intersection of the tangent of the peak with the
extrapolated baseline.

High-Pressure Differential Scanning Calorimetry. High-
pressure differential scanning calorimetry (HP-DSC) experi-
ments have been performed under a hydrogen atmosphere
using a Setaram Sensys Evo instrument equipped with a high-
accuracy 3D Calvet sensor. The samples were loaded without
air exposure and heated under hydrogen (0.4 MPa) with a
constant temperature ramp (1 K·min−1) from 300 to 673 K.

NMR Experiments. Solid-state magic angle spinning (MAS)
nuclear magnetic resonance (NMR) spectra were obtained
using a Bruker Avance 500 MHz spectrometer. The samples
were first diluted using crushed quartz glass powder to avoid
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detuning problems from highly electric CT material and packed
into 4 mm zirconia rotors inside an Ar glovebox.27 An airtight
Vespel cap was used for variable-temperature measurements,
and samples were spun at 8000 Hz using dry N2 gas. Typically
1H MAS NMR spectra have been recorded at room
temperature. In situ 1H MAS NMR experiments have been
also performed during heating from room temperature to 473
K. 1H chemical shifts are reported with respect to the
tetramethylsilane (TMS) reference.

■ RESULTS AND DISCUSSION
Structural and Microstructural Properties of MgH2@

CT Composites. XRD patterns of all composites and the
pristine carbon template (CT) are displayed in Figure 1.

The CT shows a very broad peak at around 43° indicating a
low degree of graphitization, in agreement with previous
results.28 For 50MgH2@CT the most intense diffraction peaks
originate from the MgH2 tetragonal phase (JCP no. 01 074
0934). No diffraction peaks from MgH2 can be noticed for
25MgH2@CT and 15MgH2@CT, suggesting that the MgH2
nanoparticles have coherence lengths that are too short to
diffract X-rays. In the case of 50MgH2@CT, the lattice
parameters of MgH2 nanoparticles are a = 4.510 (8) Å and c
= 3.015 (5) Å, in good agreement with the MgH2 phase,

11 and
the average crystallite size is 14(±2) nm, as determined by
XRD refinements.
Although XRD showed the presence of crystalline MgH2

only in the richest Mg composite (50 wt %), TEM
investigations confirm the presence of MgH2 nanoparticles in
all composites as evidenced by well-distributed bright spots in
the dark-field images (Figure 2). The corresponding particles
histograms are also shown, and the statistical average sizes for
the three composites are listed in Table 1.
The MgH2 nanoparticle size distribution strongly depends on

the metal content: the majority of the nanoparticles are below
3, 6, and 20 nm for the composites containing 15, 25, and 50 wt
% Mg, respectively. The particle distributions are unimodal for
15MgH2@CT and 25MgH2@CT with average sizes of 1.3 and
3.0 nm, respectively. For 50MgH2@CT, the particle size
distribution is bimodal with two maxima at 4.5 and 10 nm.
Consequently, proposing a statistical average size based on the
entire particle size distribution seems to be meaningless.

Neither of the two maxima (4.5 and 10 nm) agrees with the
crystallite size found from XRD (14 nm). This is not surprising
since a similar discrepancy was already encountered for other
Mg-based composites.11 Possibly, only larger MgH2 nano-
particles contribute to the coherent diffraction of X-rays, as also
suggested by the lack of diffraction peaks from 15MgH2@CT
and 25MgH2@CT.
It is interesting that, for 15MgH2@CT, the nanoparticle size

distribution and the average value match the pore size
distribution and average pore size of the pristine carbon
(Figure SI-1), suggesting a successful nanoconfinement of
MgH2. For higher Mg content, only small nanoparticles (<2
nm) can be effectively confined in the pores while larger ones
are either supported on the external surface or confined in
enlarged pores that might have experienced wall expansion
and/or structural damage. It is well documented that the
formation of metal particles at the external surface is generally
accompanied by a large particle size distribution.29,30

To discriminate among these hypotheses, N2 sorption
measurements at 77 K have been performed on the MgH2@
CT composites before and after metal removal by HCl leaching
(Figure SI-3). The textural properties before and after metal
removal are listed in Table 1.
The BET specific surface areas and porous volumes of as-

synthesized MgH2@CT composites diminish with increasing
amounts of Mg. This is mainly due to the increase in the total
weight and to the blocking of pores by MgH2 nanoparticles, as
already observed in similar composites.23,31 The loss of
micropore volume (40−57%, from the values relative to the
carbon amount) provides more important insights than the
decrease in mesoporous volume (8−24%). This suggests that
the MgH2 nanoparticles are preferentially filling the micropores,
irrespective of the Mg content.
Figure 3 compares the BET surface area for all as-synthesized

composites and the corresponding materials after metal
removal. The initial BET surface area is not entirely recovered
after HCl treatment. For all composites, the loss of BET surface
area varies between 27 and 35%, suggesting irreversible pore
damage by the in situ formation and growth of the MgH2
nanoparticles. Generally, the mesopores volume is increased by
nanoparticles embedding, in contrast to the microporous
volume. This proves the hypothesis that small MgH2
nanoparticles are confined in the pores of CT, although the
process seems to accompany irreversible pore/structure
damage. The loss of structural ordering with Mg loading is
also confirmed by X-ray diffraction after acid treatment (Figure
SI-4).

Size Effect on Hydrogen Desorption Properties.
Hydrogen desorption properties of the MgH2@CT composites
have been characterized by two thermal analysis techniques:
TDS under vacuum and HP-DSC under a hydrogen
atmosphere. The TDS spectra of the three composites are
compared to the hydrogen desorption properties of micro-
crystalline MgH2 in Figure 4.
The desorption kinetics from MgH2 nanoparticles are

markedly dependent on the average size: the smaller the size,
the lower the temperature of hydrogen desorption. For the
smallest nanoparticles with an average size of 1.3 nm
(15MgH2@CT), the onset temperature of desorption is around
390 K with two maxima appearing at 490 and 530 K. This TDS
profile suggests the presence of two populations of nano-
particles with different desorption kinetics. For MgH2 nano-
particles with an average size of 3.0 nm (25MgH2@CT), the

Figure 1. XRD patterns of the pristine carbon template (CT) and
composites xMgH2@CT, where x stands for 15, 25, and 50 wt % Mg.
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onset temperature of desorption is very close to the previous
value and the peak maximum is around 550 K. However, the
asymmetric shape of the curve also includes a small desorption
peak occurring at lower temperature. This suggests that both
15MgH2@CT and 25MgH2@CT composites contain two
populations of nanoparticles with different desorption kinetics.

Generally, this behavior can be explained either by a bimodal
particle size distribution or by different interactions with the
carbon scaffold. These composites have a unimodal size
dispersion according to our TEM results, so the occurrence
of two hydrogen desorption peaks is unexpected. Thus, we
speculate that different interaction/confinement effect might

Figure 2. Dark-field TEM images (left) and corresponding MgH2 nanoparticle size histograms (right) for 15MgH2@CT, 25MgH2@CT, and
50MgH2@CT from top to bottom, respectively.

Table 1. Chemical and Textural Properties (BET Surface Area and Different Porous Volume) of As-Synthesized xMgH2@CT (x
= 15, 25, and 50 wt % Mg) and after Metal Removal by HCl Leachinga

⟨MgH2⟩ size
(nm)

sample
x Mg content

(wt %)
SBET (m2·g−1) ±

10
Vtot (cm

3·g−1) ±
0.05

Vmicro (cm
3·g−1) ±

0.05
Vmeso (cm

3·g−1) ±
0.05 XRD TEM

CT 2344 1.54 0.93 0.61
xMgH2@CT as-synthesized 15 1252 (1473) 0.89 (1.05) 0.48 (0.56) 0.41 (0.49) 1.3

25 855 (1140) 0.72 (0.96) 0.30 (0.40) 0.42 (0.56) 3.0
50 659 (1318) 0.48 (0.96) 0.25 (0.50) 0.23 (0.46) 14 n.d.

xMgH2@CT after HCl leaching 15 1635 1.33 0.65 0.68
25 1751 1.36 0.69 0.67
50 1566 1.14 0.60 0.54

aAll textural values are given in grams of composite and in parentheses per gram of carbon. The average sizes of MgH2 nanoparticles for 15MgH2@
CT and 25MgH2@CT are also listed, as determined by TEM. The crystallite average size for 50MgH2@CT is given from XRD refinements.
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account for this feature. Interestingly, the desorption from both
15MgH2@CT and 25MgH2@CT is completed at 625 K, which
is close to the onset temperature of desorption from the bulk
state (635 K).
For 50MgH2@CT, the onset temperature of desorption

arises at around 525 K, which is 135 K higher relative to the
two previous cases. The maximum desorption rate occurs at
580 K, which is still lower than for the bulk sample (657 K).
However, this peak is slightly asymmetric, suggesting again two
populations of nanoparticles with different desorption kinetics.
Moreover, a small shoulder arises at high temperature close to
the desorption temperature of bulk MgH2. This might be due
to the presence of external bulklike particles. As discussed
above, this TDS profile is consistent with the bimodal particle
size distribution as shown by the TEM study (Figure 2). The
desorption is not completed at 700 K and is attributed to partial
desorption from bulklike MgH2 and/or desorption from the
carbon scaffold occurring at high temperature.22

It is obvious from the TDS results that the hydrogen
desorption kinetics of all MgH2@CT composites is noticeably
faster than that of bulk MgH2. This can be accounted for by the
shorter diffusion length of hydrogen within the nanoparticles,
compared to the bulk. The temperature for the maximum
desorption rate strongly depends on the average size of the
nanoparticles, in agreement with previous studies.11,16 More-

over, the onset temperature of desorption for MgH2 nano-
particles with sizes below 3.0 nm occurs at a temperature about
245 K lower than for the microcrystalline hydride (390 vs 635
K).
Several thermal desorption analysis methods are employed to

obtain the kinetic parameters, such as the activation energy of
desorption, Edes, a pre-exponential factor, υ, and the order of
desorption, n.32 The most commonly used methods for first-
order reactions are Redhead peak’s maximum from a single
desorption spectrum (eq 1) and Kissinger’s method (eq 233)
that uses a series of desorption experiments recorded at
different heating rates

β= ϑ −E RT T[ln( / ) 3.46]des m m (1)

where Tm is the temperature at the maximum in the desorption
peak, R is the universal gas constant, β is the heating rate, and
ϑ/β is usually 1013 K−1

β = − +T E RT kln( / ) ( / ) lnm
2

des m 0 (2)

where k0 is a reaction constant.
The temperature at the maximum in the desorption peak

(Tm) shifts with the heating rate (β), and this feature is used by
the Kissinger method. Therefore, for the Redhead peak
maximum procedure, the choice of the applied heating rate
(β) is important for an accurate determination of Edes. To
estimate the heating rate to be used in the Redhead method, a
comparative study between the Redhead and Kissinger
methods was conducted on bulk MgH2 (Figure SI-5). The
Edes value, as obtained by the Kissinger procedure, is 180 kJ·
mol−1, in good agreement with previous results for bulk
MgH2.

10,34 For the Redhead method, only the value calculated
for a heating rate of 1 K·min−1 agrees well with the one
determined by the Kissinger method. Therefore, it is
empirically deduced that the Redhead equation may estimate
Edes values with reliable accuracy when our desorption
experiments are recorded with low heating rates. This
methodology has been applied for the determination of Edes
of the MgH2@CT composites from a single TDS spectrum
recorded with 1 K·min−1. For the composite showing two
maxima, the more intense peak has been chosen for the
application of the Redhead method. Thus, the calculated values
of Edes are 137, 150, and 160 kJ·mol−1 for 15MgH2@CT,
25MgH2@CT, and 50MgH2@CT, respectively. As expected,
Edes decreases with the decreasing size of MgH2 nanoparticles.
This result is in good agreement with the reported diminution
of Edes from the bulk (195 kJ·mol−1) to 3 nm MgH2 (142.8 kJ·
mol−1).10 Thus, we propose here a simple method based on the
Redhead equation for the determination of the activation
energy of desorption starting from a single TDS experiment
recorded with a low heating rate.
To confirm this size dependence of hydrogen desorption

properties, HP-DSC experiments during heating under an H2
atmosphere have been performed. The curves from the
25MgH2@CT and 50MgH2@CT composites and bulk MgH2
are plotted in Figure 5. The calorimetric signal from 15MgH2@
CT with the smallest average of the MgH2 nanoparticle size
could not be detected.
The HP-DSC measurements show endothermic peaks for all

samples typical of hydrogen desorption from metal hydrides.
For both composites, two desorption peaks are noticed,
confirming that these composites have two nanoparticles
populations with different desorption kinetics, in good
agreement with the TDS results (see above).

Figure 3. Variation of the BET surface area vs Mg content (wt %) of
the xMgH2@CT composites before and after acid leaching. The error
bar for the surface area is ±10 m2·g−1 (Table 1), and it is therefore
included in the size of the symbols.

Figure 4. TDS spectra of the xMgH2@CT composites with x = 15, 25,
and 50 wt % Mg and bulk MgH2 recorded at a heating rate of 1 K·
min−1.
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The temperatures of the maximum desorption rate from HP-
DSC decrease with the average nanoparticle size from 648 to
633/642 to 629/634 K for the bulk and ca. 20 and 3.0 nm,
respectively. This supports the size dependence of the
hydrogen desorption properties, as shown by TDS. However,
the HP-DSC values are larger than the maxima observed from
TDS measurements. Discrepancies between these methods
during hydrogen desorption from the same material have
already been encountered, with HP-DSC showing a higher peak
maximum than TDS.18 This might be explained by the use of
different sample environments (vacuum for the TDS/hydrogen
atmosphere for HP-DSC) and detection techniques (H2 ions
directly detected by a mass spectrometer working under
vacuum for TDS/difference in the amount of heat required to
increase the temperature of the sample vs a reference for HP-
DSC). We consider that the most reliable technique is TDS
due to the direct measurement of the H2 desorbed signal by a
mass spectrometer under vacuum.
Hydrogen Mobility in MgH2 Nanoparticles. The

hydrogen mobility at room temperature for the 15MgH2@
CT composite has been determined by 1H MAS NMR
spectroscopy and compared to that of bulk MgH2 (Figure 6).

For the 15MgH2@CT composite, two peaks at around 0 and
−2 ppm are observed upfield as compared to that for bulk
MgH2 (3 ppm), suggesting two populations of nanoparticles, in
agreement with our TDS and HP-DSC results. The upfield
peaks might hint at a strong interaction between the MgH2
nanoparticles and the carbon surface. Moreover, despite

additional broadening associated with the presence of the
heterogeneous magnetic susceptibility effect of CT surfaces,
these upfield peaks are narrower than for the bulk material,
which hints at the motional narrowing due to higher hydrogen
mobility in nanoparticles than in the bulk, as also reported for
similar composites containing MgH2 nanoparticles supported
on a porous carbon (melt infiltration method).16

The deconvolution of the signal from 15MgH2@CT into two
peaks (Figure SI-6) indicates that one part of the nanoparticles
(24%) at −2 ppm has a higher hydrogen mobility than the rest
of the particles at 0 ppm. This can be understood in the
following two hypotheses. The first assumption considers that
one part of the MgH2 particles is effectively nanoconfined,
whereas the rest of the particles are present on the external
surfaces of carbon. The second hypothesis is based on the core/
shell model of particles: the outer shell of nanoconfined
particles interacts more strongly with the carbon walls whereas
the core of the nanoparticles is less interactive. The latter
assumption was recently proposed to explain the enhanced
anion mobility of ∼4 nm LiBH4 confined in a porous carbon
scaffold.35 However, it is yet to be further explored which
hypothesis can better account for the two desorption peaks
noticed in the TDS and HP-DSC curves from the 15MgH2@
CT composite. A similar description may be applied for the
other composites.
The thermal variation of the hydrogen mobility within the

15MgH2@CT composite has been determined by in situ 1H
MAS NMR spectroscopy during heating from room temper-
ature to 473 K (Figure 7).

At around 413 K, line narrowing occurs at 0 ppm, which
constantly grows with increasing temperature. This indicates
higher hydrogen mobility in nanoparticles with increasing
temperature. The sharp peak position shifts downfield as the
temperature rises. Such low-temperature behavior was never
observed for microcrystalline MgH2, suggesting that this should
be caused by the effective nanoconfinement of MgH2 within the
pores of microporous carbon. Moreover, the evolution of H2
gas at around 4.2 ppm is observed starting at 373 K and
increases with increasing temperature. The results indicate
hydrogen desorption starting at low temperature, in very good
agreement with our TDS result for this composite material. The
observed enhanced hydrogen mobility and the increased
hydrogen desorption properties of the present MgH2 nano-
particles appear to be common as nanosize/nanoconfinement

Figure 5. HP-DSC curves for 25MgH2@CT, 50MgH2@CT, and bulk
MgH2 recorded under 0.4 MPa H2 pressure with a constant heating
rate of 1 K·min−1.

Figure 6. 1H MAS NMR spectra (center band only) from bulk MgH2
and 15MgH2@CT at room temperature.

Figure 7. In situ thermal evolution of 1H MAS NMR spectra of the
15MgH2@CT composite from 295 to 473 K.
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effects and may be closely related to each other as for the
properties of all MgH2@CT composites.

■ CONCLUSIONS
MgH2 nanoparticles have been embedded into an ordered
microporous carbon. The average nanoparticle size is strongly
related to the amount of metal and can be tuned from 1.3 to 3.0
to below 20 nm for 15, 25, and 50 wt % Mg, respectively.
Unimodal particle size distributions are obtained for 15 and 25
wt % Mg, whereas a bimodal distribution is noticed for the
highest Mg loading. From N2 sorption measurements, nano-
particles preferentially fill the micropores, although this is
accompanied by irreversible micropore damage.
The hydrogen desorption properties are size-dependent, as

clearly proven by TDS and HP-DSC techniques. The maximum
desorption rate and the activation energy of desorption from
nanoparticles are size-dependent: the smaller the particle size,
the faster the desorption. The onset temperature of hydrogen
desorption for MgH2 nanoparticles below 3 nm occurs at a
temperature about 245 K lower than for the bulk. Two
hydrogen desorption peaks are observed for both unimodal
composites (15 and 25 wt % Mg).

1H NMR confirms that hydrogen has a higher mobility
within MgH2 nanoparticles than within microcrystalline MgH2.
Moreover, these investigations suggest two types of MgH2
nanoparticles with different hydrogen mobilities. This result can
be correlated with the two desorption peaks observed by TDS
and HP-DSC.
Finally, the short hydrogen diffusion lengths and the

enhanced hydrogen mobility within particles may comprehen-
sively explain the increased desorption properties of the present
MgH2@CT composites.
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