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New Fuel Cell Design Powered by
Graphene-Wrapped Nanoparticles

Thin sheets of graphene oxide (red sheets) have natural, atomic-scale defects that allow hydrogen
gas molecules to pass through while blocking larger molecules such as oxygen (O,) and water (H,0).
Researchers encapsulated nanoscale magnesium crystals (yellow) with graphene oxide sheets to

produce a new formula for metal hydride fuel cells.

Interest in hydrogen fuel for automo-
tive applications has been growing steadily
in the scientific and automotive commu-
nity over the last decade. Recently,
researchers working at the ALS and the
Molecular Foundry developed a promising
new materials recipe based on magnesium
nanocrystals and graphene for a battery-
like hydrogen fuel cell with improved
performance in key areas.

Hydrogen is the lightest and most
plentiful element on Earth and could serve
as a clean, carbon-free, virtually limitless
energy source. However, safe hydrogen
storage remains a formidable scientific
challenge. Metal hydrides—chemical
compounds containing a metal bonded to
hydrogen—used to be the most popular
solution, as they offer ample storage

capacity and do not require cryogens or
exceedingly high pressures for operation.
However, hydrides have now largely

been abandoned because their structures
tend to break down in the presence of
oxygen and they absorb and release
hydrogen slowly.

The solution developed by ALS and
Molecular Foundry scientists enables
stable storage of hydrogen by wrapping
hydrogen-absorbing magnesium nanocrys-
tals with atomically thin graphene oxide
sheets. The graphene shields the nano-
crystals from oxygen, moisture, and
contaminants, while tiny, natural holes in
the graphene’s structure allow the smaller
hydrogen molecules to pass through. This
filtering process overcomes common
problems degrading the performance of

Hydrogen Cars

The US market share for all electric-
drive vehicles in 2015, including
full-electric, hybrids, and plug-in
hybrid vehicles, was 2.87 percent,
which amounts to about 500,000
electric-drive vehicles out of total
vehicle sales of about 17.4 million,
according to statistics reported by
the Electric Drive Transportation
Association, a trade association
promoting electric-drive vehicles.

Hydrogen-fuel-cell vehicles haven’t
yet made major inroads in vehicle
sales, though several major auto
manufacturers including Toyota,
Honda, and General Motors have
invested in developing hydrogen
fuel-cell vehicles. Indeed, Toyota
released a small-production model
called the Mirai, which uses com-
pressed-hydrogen tanks, last year
in the United States.

A potential advantage for hydro-
gen-fuel-cell vehicles, in addition to
their reduced environmental impact
over standard-fuel vehicles, is the
high specific energy of hydrogen,
which means that hydrogen fuel cells
can potentially weigh less than other
battery systems and fuel sources
while yielding more electrical energy.

A measure of the energy storage
capacity per weight of hydrogen fuel
cells, known as the “gravimetric
energy density,” is roughly three times
that of gasoline. This important
property, if effectively used, could
extend the total vehicle range of
hydrogen-based transportation and
extend the time between refueling for
many other applications, too.
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More R&D is needed to realize
higher-capacity hydrogen storage for
long-range vehicle applications that
exceed the performance of existing
electric-vehicle batteries. Other
applications may be better suited for
hydrogen fuel cells in the short term,
such as stationary power sources,
forklifts and airport vehicles, portable
power sources like laptop battery
chargers, portable lighting, water and
sewage pumps, and emergency
services equipment.

metal hydrides for hydrogen storage.
These graphene-encapsulated magnesium
crystals act as “sponges” for hydrogen,
offering a very compact and safe way to
take in and store hydrogen. The nanocrys-
tals also permit faster fueling and reduce
the overall “tank” size.

The tiny size of the graphene-encapsu-
lated nanocrystals, which measure only
about 3-4 nanometers, or billionths of a
meter, across, is critical to the new fuel cell
materials’ fast capture and release of
hydrogen, as the nanocrystals have more
surface area available for reactions than
the same material would at larger sizes.
The graphene also protects the magne-
sium from exposure to air, which would
render it unusable for the fuel cell.

Working at the Molecular Foundry,
researchers found a simple, scalable, and
cost-effective “one-pan” technique to mix
up the graphene sheets and magnesium

oxide nanocrystals in the same batch. They
then studied the coated nanocrystals’
structure using the x-ray absorption near-
edge structure (XANES) technique at ALS
Beamlines 8.0.1 and 4.0.3. XANES allowed
the researchers to investigate different
oxidation states of their samples and to
distinguish the oxidation state near the
surface and in the bulk. The oxidation state
indicates whether the magnesium has fully
absorbed hydrogen or not. ALS data
showed that hydrogen gas pumped into
the fuel cell mixture reacted with the
magnesium nanocrystals to form a more
stable molecule called magnesium hydride,
while locking out oxygen from reaching
the magnesium.

The results suggest the possibility of
practical hydrogen storage and use in the
future and represent a generally appli-
cable approach to stabilizing reactive
materials while still harnessing their
unique activity—concepts that could have
wide-ranging applications for batteries,
catalysis, and energetic materials.

Next steps in the research will focus on
using different types of catalysts—which
can improve the speed and efficiency of
chemical reactions—to further improve
the fuel cell’'s conversion of electrical
current, and studying whether different
types of material can also improve the fuel
cell's overall capacity.
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