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Air-stable magnesium nanocomposites provide
rapid and high-capacity hydrogen storage without
using heavy-metal catalysts
Ki-Joon Jeon1†, Hoi Ri Moon2†‡, Anne M. Ruminski2, Bin Jiang3, Christian Kisielowski4, Rizia Bardhan2

and Jeffrey J. Urban2*

Hydrogen is a promising alternative energy carrier that can
potentially facilitate the transition from fossil fuels to sources
of clean energy because of its prominent advantages such
as high energy density (142 MJ kg−1; ref. 1), great variety
of potential sources (for example water, biomass, organic
matter), light weight, and low environmental impact (water
is the sole combustion product). However, there remains a
challenge to produce a material capable of simultaneously op-
timizing two conflicting criteria—absorbing hydrogen strongly
enough to form a stable thermodynamic state, but weakly
enough to release it on-demand with a small temperature rise.
Many materials under development, including metal–organic
frameworks2, nanoporous polymers3, and other carbon-based
materials4, physisorb only a small amount of hydrogen (typ-
ically 1–2 wt%) at room temperature. Metal hydrides were
traditionally thought to be unsuitable materials because of
their high bond formation enthalpies (for example MgH2 has
a 1Hf∼ 75 kJ mol−1), thus requiring unacceptably high release
temperatures5 resulting in low energy efficiency. However,
recent theoretical calculations6,7 and metal-catalysed thin-film
studies8 have shown that microstructuring of these materials
can enhance the kinetics by decreasing diffusion path lengths
for hydrogen and decreasing the required thickness of the
poorly permeable hydride layer that forms during absorption.
Here, we report the synthesis of an air-stable composite ma-
terial that consists of metallic Mg nanocrystals (NCs) in a
gas-barrier polymer matrix that enables both the storage of a
high density of hydrogen (up to 6 wt% of Mg, 4 wt% for the
composite) and rapid kinetics (loading in <30 min at 200 ◦C).
Moreover, nanostructuring of the Mg provides rapid storage
kinetics without using expensive heavy-metal catalysts.

There have been various efforts to synthesize nanosized
magnesium, such as ball-milling9, sonoelectrochemistry10, gas-
phase condensation11 and infiltration of nanoporous carbon
with molten magnesium12. However, these approaches remain
limited by inhomogeneous size distributions and high reactivity
toward oxygen. Our synthesis for air-stable alkaline earth metal
NC/polymer composites consists of a one-pot reduction reaction
of an organometallic Mg2+ precursor in the presence of a soluble
organic polymer chosen for its hydrogen gas selectivity (Fig. 1).
The Mg NCs/PMMA nanocomposites were synthesized at room
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Figure 1 |Mg NCs in a gas-barrier polymer matrix. a, Schematic of
hydrogen storage composite material: high-capacity Mg NCs are
encapsulated by a selectively gas-permeable polymer. b, Synthetic
approach to formation of Mg NCs/PMMA nanocomposites.

temperature from a homogeneous tetrahydrofuran (THF) solution
containing the following dissolved components: the organometallic
precursor bis(cyclopentadienyl)magnesium (Cp2Mg), the reduc-
ing agent lithium naphthalide, and the gas-selective polymer
poly(methyl methacrylate) (PMMA). Mg nanocrystals are then
nucleated and grown in this solution bymeans of a burst-nucleation
and growth mechanism13 in which lithium naphthalide reduces the
organometallic precursor in the presence of a capping ligand (the
soluble PMMA (Mw= 120,000) acts as a capping ligand for the Mg
nanocrystals)14. Transmission electron microscopy (TEM) analysis
of our reaction mixture before addition of reductant, immediately
thereafter, and at later stages of the growth (Supplementary Fig. S1)
further support this model.
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Figure 2 |Verification of single crystalline Mg nanoparticles. a, High-resolution TEM micrograph of as-synthesized Mg NCs/PMMA composites. Inset:
Histogram and cumulative distribution function of Mg particle size distributions. The average Mg NC diameter is 4.9±2.1 nm. b, Atomic-resolution image
of a single Mg NC. c, Digital diffractogram of the Mg NC in b, revealing the presence of lattice fringes with a separation of 2.789 Å, in agreement with the
(002) interplanar d spacing of hexagonal magnesium (JCPDS 04-0770, 2.7782 Å). Further analysis shows evidence of a slight trigonal distortion in some
of the nanocrystals studied. d, X-ray diffraction patterns of Mg NCs/PMMA composites: as-synthesized (top), and after three days of air-exposure
(middle) with reference diffraction patterns (bottom) of hexagonal Mg (solid black line, JCPDS 04-0770), cubic MgO (dashed black line, JCPDS 89-7746),
and hexagonal Mg(OH)2 (pale grey line, JCPDS 07-0239). Peaks located at 2θ = 32.2◦, 34.4◦, 36.6◦, 47.8◦, 57.4◦ and 63.1◦ are assigned to the (100),
(002), (101), (102), (110), and (103) planes of hexagonal magnesium, respectively. The highest intensity Mg(OH)2 peak after 3 days of air exposure,
occurring at 2θ = 58.6 (110), is 1/30th the intensity of the most intense Mg peak (101), and only two times the intensity of the root-mean-squared baseline
noise intensity.

This synthesis provides a gas-selective polymer barrier for the
Mg NCs, which enables them to absorb and release hydrogen
without oxidizing. This is vital, as magnesiummetal exothermically
(−601.24 kJmol−1) forms oxides on exposure to evenminute quan-
tities of air orwater, resulting inMgOandMg(OH)2 layerswhich, in
addition to not absorbing hydrogen, also actively block penetration
of H2 molecules and H atoms. Thus oxidation deleteriously creates
‘dead’ layers, inactive as storage media. Although nanocrystals
potentially provide a route to boosting the kinetics of hydrogena-
tion in metallic Mg because of the intrinsically short diffusion
paths for hydrogen, no methods have yet been demonstrated to
effectively protect even ligand-passivatedMgNCs fromoxidation15.
For our composites, we chose the polymer, poly(methyl methacry-
late) (PMMA; ref. 16) which shows the ability to mitigate oxy-
gen penetration and damage, with permeabilities for H2 and
O2 of 1.15 and 0.0269× 105molm−1 s−1 Pa−1(3.70 and 0.0863×
1010(cm3(STP) cm)/(cm2 s cmHg), respectively17, resulting in a
H2/O2 permeability ratio of 42.9 at 35 ◦C, far exceeding that of
other commonly available polymers (for example, 1.03 at 35 ◦C
and 8.57 at 25 ◦C for poly(dimethylsiloxane) and polycarbonate,
respectively)16–18. Additionally, it is critical to have a mechanically
flexible polymer, both to optimize volumetric storage capacity by
eliminating ‘dead space’ as well as providing an accommodating
support for the large volume expansion (33% for the Mg to MgH2
transition) thatmetals undergo during absorption cycling19.

TEMmicrographs showed that PMMA embeddedMg NCs have
an approximately spherical morphology (Fig. 2a) with an average
diameter of 4.9± 2.1 nm and are well-distributed throughout the
polymer phase with no evidence of agglomeration (Supplementary
Figs S2 and S3). Although TEM analysis of more than 100 NCs
from more than 12 different syntheses did not reveal larger NCs,
the crystalline sizes of the Mg NCs determined from the X-
ray diffraction (XRD) data are about 15± 2 nm (Supplementary
Table S1), which indicates the possibility of either a bimodal
distribution of Mg NCs (∼5 and ∼15 nm) or agglomeration,
although neither of these has been observed by means of
microscopy. Figure 2b shows an atomic-resolution image of a
particle along the [0001] direction which shows evidence of defects
in the crystal lattice. Digital diffractograms obtained from TEM
images taken of Mg NCs/PMMA composites exposed to air for
two weeks remarkably display diffraction only from hexagonal
crystalline magnesium (Fig. 2c); there is no evidence for detectable
amounts of a magnesium oxide layer. X-ray diffraction patterns
(Fig. 2d) of theMgNCs/PMMA composite taken immediately after
synthesis, and after 3 days of air exposure at room temperature,
display diffraction peaks of single-phase hexagonal magnesium and
exceptionally minute intensity from peaks characteristic of MgO
(ref. 20) and Mg(OH)2, indicating impressive air stability against
oxidation. This synthetic strategy was verified by embedding these
Mg NCs in other organic materials such as hexadecylamine for
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Figure 3 |Hydrogen absorption in Mg NCs/PMMA composites. a, Enhancement in hydrogen absorption properties of Mg NCs/PMMA composites
(absorption at 200 ◦C and 35 bar) in comparison to bulk Mg. The Mg NCs/PMMA composites display a calculated hydrogen absorption capacity value of
5.97 wt% Mg (∼4 wt% total). Inset: Hydrogen absorption/desorption cycling at 200 ◦C. b, The initial growth mechanism of MgH2 in Mg NCs/PMMA
composites. Hydrogen absorption data shown in a (initial 6 min) was used to correlate with a Johnson–Mehl–Avrami model (equation (1)).

comparison, and the resulting X-ray diffraction spectra indicate
immediate oxidation (Supplementary Fig. S4). Thermogravimetric
analysis of the Mg NCs/PMMA composites indicates that 61% of
the total nanocomposite weight is hydrogen storage active material
(Supplementary Fig. S5).

The hydrogen absorption capacity for Mg NCs/PMMA
composites wasmeasured in relation to a known referencematerial,
bulk Mg (44 µm), using a Sieverts PCT-Pro at 35 bar H2 and 200 ◦C
(Fig. 3a). The bulk Mg shows no weight increase on hydrogen
exposure, indicating a lack of MgH2 formation. However, the
Mg NCs/PMMA composites display a sharp weight increase on
hydrogen exposure, with a steep slope of hydrogenation occurring
during the first 6min, which plateaus off to constant mass in
<30min. The differences in slope between the first 6min and the
remainder of the absorption curve are attributed to a change in the
rate-limiting mechanism for hydrogen uptake21. It was found that
the hydrogen absorption capacity of theMgNCs/PMMAcomposite
was well-preserved through three absorption/desorption cycles
(Fig. 3a inset), however slightly decreased dehydriding kinetics
were observed after the third cycle as evinced from the decreased
slope of descent. This marginal degradation is probably due to
material fatigue owing to relaxation of structural defects, but more
detailed investigation is necessary. From the measured absorption
isotherm, a calculated hydrogen absorption capacity value of
5.97wt% Mg (∼4wt% in overall composite mass) is reported.
Thus, these composites absorb 78.6% of the theoretical value of
magnesium. The calculated experimental volumetric hydrogen
capacity of the composites is 55 g l−1 (the theoretical capacity for
the Mg NCs/PMMA composites is 70 g l−1). This value exceeds the
volumetric capacity of compressed hydrogen (10,000 psi, 30 g l−1)
by 180%, demonstrating that Mg NCs/PMMA composites provide
a viable storage alternative to gas tanks. In comparison, bulk Mg
(<37 µm) absorbs only±2%of the theoretical hydrogen absorption
value within 10min at 35 bar, and requires prohibitively high
temperatures (400 ◦C) to do so22.

To verify that hydrogen uptake in this Mg NCs/PMMA
composite is due to metal-hydride formation and not
polymer adsorption, time-resolved low-loss electron energy loss
spectroscopy (EELS) was performed on MgH2 NCs/PMMA
composites using a monochromated and aberration-corrected
transmission electron microscope at 80 kV (ref. 23). Figure 4
displays the time resolved and normalized EELS spectrum of the
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Figure 4 | Time-resolved monitoring of hydrogen desorption from MgH2

NCs/PMMA composites. Low-loss EELS spectra of MgH2 NCs/PMMA
using the TEAM 0.5 microscope at 80 kV. Mg plasmon energy loss: 10.5 eV,
and MgH2 plasmon energy loss: 14.6 eV. All spectra were normalized to the
Mg peak position at 10.5 eV. Note that peaks occurring at a constant
interval of∼10.3 eV (located at 21.0 and 31.3 eV) are Mg plasmon replicas.

MgH2 NCs/PMMA composites. At time 0 s, two distinct, intense
EELS peaks are observed at 10.5 and 14.6 eV, corresponding to the
co-existence of pure Mg and MgH2, respectively24. As the exposure
time to the electron beam increases, the relative intensity of the
Mg peak increases in relation to the intensity of the MgH2 peak.
The intensity ratio (IMgH2/IMg) reduces from 2.04 to 0 during the
5min of beam exposure owing to hydrogen loss from the hydride
phase.Notably, the presence of the characteristicMgOpeak at about
22.3 eV (Supplementary Fig. S6) was not observed in the sample,
further evidence supporting the remarkable oxidative stability of
these composites.

Theoretical calculations indicate that Mg NCs can exhibit more
favourable thermodynamics (that is, lower enthalpies for hydride
formation) than bulk Mg owing to the destabilization of MgH2
formation6,7. Additionally, it is known that the chemical reactivity
of Mg NCs positively correlates to the large metal surface area
and the short diffusion path of hydrogen25. We postulate that
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nanostructuring of magnesium in the nanocomposites obviates
the need for expensive heavy-metal catalysts by reducing the
activation energy for absorption and release of hydrogen11. To
assess this, we have determined an activation energy (Ea) from
analysis of the absorption and release of hydrogen at three different
temperatures (Supplementary Fig. S7). We measure Ea values of 25
and 79 kJmol−1 for absorption and desorption, respectively, which
are comparable to, and in some cases lower than, those obtained
from similarmaterials requiring the use of heavy-metal catalysts26.

Hydrogen absorption in a crystalline solid can either occur
as a result of isotropic diffusion and random nucleation, or
preferential nucleation along certain favourable crystal axes.
Further optimization of these materials requires a physical
understanding of the mechanism of hydride formation in the
nanocomposite, which can be obtained by means of modelling
of the uptake kinetics. Here, experimental absorption data
of the Mg NCs/PMMA composite materials was fitted with
several basic empirical and theoretical kinetic models developed
by Avrami27, which enable characterization of the mechanism
and dimensionality of MgH2 phase formation. Experimental
data from the first 6min of hydrogen absorption in the Mg
NCs/PMMAcomposites was fittedwith the Johnson–Mehl–Avrami
model (equation (1)):

[−ln(1−α)]1/n= kt (1)

where α is the hydrogenated fraction of Mg, k is the phase
transformation constant, t is time, and n is the dimensionality of
MgH2 growth. This model assumes a constant interface velocity
of MgH2 formation21.

By using the dimensionality factor (n) in equation (1) as a
fitting parameter, and solving for the best fit (R2) of the data, the
dimensionality of the growth of the MgH2 phase was determined
to be 1.1740 (R2

= 0.998). There exist numerous growth and
nucleation scenarios consistent with a value of n = 1, including
nucleation and growth along one-dimensional (1D) dislocation
lines and thickening of cylinders, needles, and plates28. We
posit that MgH2 growth in the individual Mg nanocrystals in
the composite occurs nearly one-dimensionally along columnar
defects as they are exposed to H2 gas (Fig. 3b), as consistent
with the high-resolution TEM (HRTEM) observations (Fig. 2b),
although other possible scenarios cannot be excluded at present.
To exclude other competing mechanisms, the MgH2 hydrogen
absorption data was fitted to additional Johnson–Mehl–Avrami
models of varying dimensionality andmechanism (equations 2–4 in
Supplementary Table S2). These additional Johnson–Mehl–Avrami
models (Supplementary Fig. S8) had comparatively poor fits (R2

=

0.914–0.964) compared with the growth model of equation (1),
supporting the hypothesis that hydrogen absorption in the Mg
NCs/PMMA composites occurs bymeans of 1D growth. This novel,
1D growth mechanism is also consistent with our measurement
of rapid kinetics in the Mg NCs, as hydrogen diffusion through
Mg hydride layers is many orders of magnitude slower than the
diffusion of hydrogen atoms through lattice vacancies25,29. Analysis
of HRTEM images of the composites provides evidence for the
existence of defects in the Mg NCs (Fig. 2b). It is known that
hydrogen atoms can more easily diffuse along 1D line defects,
which can act as hydrogen trap sites. Thus, we posit that in Mg
NCs/PMMA composites, hydrogen atoms rapidly nucleate and
accumulate along these defects and form a metal hydride layer
in one dimension, followed by subsequent growth and thickening
from the pure metallic core. This conclusion also corroborates
recent published results on hydride growth inMgH2 fibres19.

In summary, we have developed a new, simple method to
synthesize air-stable crystalline Mg NCs/PMMA composites by en-
capsulation in a polymer with selective gas permeability, protecting

the NCs from O2 and H2O. The Mg NCs/PMMA composites
impressively showed no oxidation in HRTEM diffractograms after
two weeks of air exposure. Rapid uptake (<30min at 200 ◦C) of
hydrogen was achieved with a high capacity (∼6wt% in Mg, ∼4%
overall) in the absence of heavy-metal catalysts, demonstrating
a volumetric capacity (55 g l−1) greater than that of compressed
H2 gas. Theoretical modelling of the experimental data with a
Johnson–Mehl–Avrami model indicates that hydrogenation of Mg
NCs proceeds through 1D growth, which can occur along line
defects in the Mg NCs, as observed by means of HRTEM. On the
whole, this approach of synthesizing nanosized air-sensitive metal
nanocrystals protected in a gas-selective polymer provides new
opportunities in low-cost high-capacity hydrogen storage media,
batteries and fuel cells.

Methods
The Mg NCs/PMMA composites were prepared in an inert atmosphere.
Bis(cyclopentadienyl)magnesium (Cp2Mg) (154mg, 1.00mmol) was reduced
in a solution of tetrahydrofuran (9ml) containing lithium (9mg, 1.29mmol),
naphthalene (120mg, 0.94mmol), and poly(methyl methacrylate) (60mg),
stirring under Ar atmosphere overnight. The resultant product was isolated by
centrifugation, washed with tetrahydrofuran, and dried under an inert atmosphere
prior to performing all characterization and measurements. The hydrogenation
experiments were performed on the composite samples after first annealing in
a helium environment for >24 h to remove solvent and unreacted monomer.
The hydrogenation/desorption tests were performed at 200 ◦C and 35 and
0 bar of H2 respectively.
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