Nanoconfined light metal hydrides
for reversible hydrogen storage
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Nano-sizing and scaffolding have emerged in the past decade as important strategies to
control the kinetics, reversibility, and equilibrium pressure for hydrogen storage in light metal
hydride systems. Reducing the size of metal hydrides to the nanometer range allows fast
kinetics for both hydrogen release and subsequent uptake. Reversibility of the hydrogen
release is impressively facilitated by nanoconfining the materials in a carbon or metal-organic
framework scaffold, in particular for reactions involving multiple solid phases, such as the
decomposition of LiBH,, NaBH,, and NaAIH,. More complex is the impact of nanoconfinement
on phase equilibria. It is clear that equilibrium pressures, and even decomposition pathways,
are changed. However, further experimental and computational studies are essential to
understand the exact origins of these effects and to unravel the role of particle size, physical
confinement, and interfaces. Nevertheless, it has become clear that nanoconfinement is
a strong tool to change physicochemical properties of metal hydrides, which might not only
be of relevance for hydrogen storage, but also for other applications such as rechargeable

batteries.

Introduction

Solid-state systems provide an attractive option for safe and
compact hydrogen storage. High volumetric and gravimetric
hydrogen densities are realized if hydrogen is allowed to react
reversibly with light metals, such as magnesium, to form met-
al hydrides. However, none of the light metal hydrides meets
all practical hydrogen storage requirements, especially with
respect to having fast release, full reversibility, and an equilib-
rium pressure in the desired range. In the past decade, nano-
sizing metal hydrides using a porous scaffold has emerged
as an effective strategy toward meeting these requirements.'*
In this article, we give a brief overview of the impact of nano-
sizing, especially by employing a nanoscaffold, on the hydro-
gen storage properties of light metal hydrides, highlighting
fundamental aspects, giving practical examples, and discuss-
ing possible future developments.

Particle size effects

It is well known that the physicochemical properties of
materials change if the particle size is reduced to the low
nanometers range. A well-known example is gold, which

changes from a golden colored inert metal into a red colored,
low melting temperature, reactive, and catalytically active mate-
rial once the particle size is reduced below 10-20 nm.’

What can we expect when we decrease the size of metal
hydride particles? In nanoparticles, a significant fraction of
the atoms are located at the surface, while none of the interior
atoms are very far from the surface. This means that we expect
very fast kinetics for hydrogen release and uptake, as these are
surface-mediated processes and typically involve diffusion
through the solid state. Indeed this is generally observed, quite
independent of the exact metal hydride system involved.

Importantly, the equilibrium between metal and hydrogen
on one side and the metal hydride on the other side changes.
For particles 2-20 nm in size, this is mostly related to the sig-
nificant contribution of the surface energy term to the overall
stability of the nanoparticles. If the metal hydride has a much
larger surface energy than the metal, the equilibrium will shift
toward the metal with decreasing size; however, if the metal
has a higher surface energy, the situation is reversed. This
is illustrated in Figure 1, which depicts the theoretically pre-
dicted change in equilibrium hydrogen release temperatures
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Figure 1. The hydrogen release temperature T for nanometer-
sized metal hydride particles is different than the release
temperature T, for micrometer-sized particles. The figure
shows calculated differences for a range of metal hydrides
as a function of particle size. Reprinted with permission from
Reference 6. © 2009 IOP Publishing.

under 1 bar H, pressure as a function of particle size for dif-
ferent metal-metal hydride combinations.® For small clusters,
even the atomic structure often deviates from the bulk struc-
ture, and changes in M—H and H-H interactions can play
an important role. Large changes in equilibrium pressure are
generally expected only below 2—5 nm particle size.*® One of
the earliest systems for which this has been calculated in detail
is the MgH, system, for which the equilibrium temperature
(at 1 bar H, pressure) based on the change in enthalpy of
reaction is calculated to decrease from ~300°C for pm-sized
crystallites to 200°C for 0.9 nm clusters.”

region is not constant, but increases with increasing hydro-
gen content. The amount of hydrogen stored in the interior
of Pd nanoparticles is lower than bulk Pd; however, this can
be compensated for by a larger amount of hydrogen bound at
surface and subsurface sites.

A plausible explanation is based on thermodynamic changes
(enthalpy and entropy of mixing) in nano-sized Pd—H systems.
Yamauchi et al. found that the thermodynamic quantities ~AH,,_,;
(enthalpy of hydrogenation) and —AS,_; (entropy) decrease by
reduction of size (Figure 2b)."" It was argued that the noncon-
stant equilibrium pressure in the two-phase region is induced
by a distribution of size-related surface tensions, interfacial
stresses, or due to structural heterogeneities.!*!!

Confining metal hydride nanoparticles in
carbon scaffolds
Small particles are intrinsically unstable and prone to grow
into larger crystallites. In suspensions, they can be stabilized by
ligands, but in the solid phase, stabilization is typically achieved
by placing the nanomaterial inside a porous host (a “support,”
“scaffold,” or “matrix”). In the case of metal hydride storage
systems, the host should comply with several requirements,
including low weight, low cost, high porosity, and sufficient
chemical inertness to limit reaction with the light metals.'*!*
Porous carbon materials, such as carbon aerogels, high surface
area graphite, and carbon replicas of ordered mesoporous
materials basically satisfy all of these criteria, and hence have
overwhelmingly been investigated as the scaffold of choice.'
Different methods are used to prepare carbon-confined
materials. Two representative resulting carbon-supported metal
nanoparticulate samples are shown in Figure 3. Solution-
impregnation based strategies involve several steps: (1) liquid
impregnation of hosts by solutions of either the metal hydrides

Palladium hydride as a model
system to study size effects
The metal-hydrogen system for which particle
size effects have been studied experimentally
in most detail is Pd—H.*"'? It is not considered
to be a practical hydrogen storage system due to
its low gravimetric hydrogen content (0.65 wt%)
and high cost, but it provides very fast hydrogen
release and uptake, and the hydrogen equilib-
rium pressure at room temperature is close to
1 bar, making it a convenient model system for
interstitial metal hydrides.

The equilibrium pressure-composition-
isotherms show significant size effects
(Figure 2a). The allowed hydrogen content in
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ducing size. Consequently, the miscibility gap
(two-phase region) narrows, and the critical
temperature is lower for smaller particles.' "
Also, the equilibrium pressure in the two-phase

Figure 2. (a) Pressure-composition isotherms at different temperatures (as indicated) for bulk
Pd powder (Pd black), 7.0 nm Pd particles (Pd-L), and 2.6 nm Pd particles (Pd-S). (b) Hydroge-
nation enthalpy derived from the measurements shown in (a). The x-axis (n,/n,) is the ratio of
H to Pd. Reprinted with permission from Reference 11. © 2008 American Chemical Society.
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carbon templates.?2?

Figure 3. Dark-field electron micrographs (with the metal nanoparticles showing as bright .. ..
dots) of (a) Pd nanoparticles and (b) Mg nanoparticles, both embedded in mesoporous addition of transition metals to enhance the

Nanoconfinement of magnesium
hydride to enhance kinetics
Magnesium hydride is the ionic hydride most
studied for hydrogen storage. It has an appre-
ciable hydrogen content (7.65 wt%) but slow
sorption kinetics and high thermodynamic
stability (AH? = —75 kJ mol™" and AS? = —135
J mol™! K"). Nano-sizing and nanoconfine-
ment of MgH, particles significantly improve
the hydrogen desorption/absorption kinet-
ics (Figure 4a), and faster hydrogen release
is observed for smaller pore sizes.!'$20283!
Nanoconfinement can be combined with the

desorption kinetics even further, as they act

themselves or precursors (e.g., NaAlH, or LiBH, in THF,
diethyl- or dibutylmagnesium in diethyl ether, hexane or hep-
tane, palladium chlorides in aqueous solution); (2) if relevant,
in situ reduction to the corresponding metals or hydrogenation
to the respective hydrides (Figure 3a: dark-field TEM image
of Pd nanoparticles in a carbon scaffold); and (3) removal
of the solvent.”?! An alternative synthesis technique is melt
infiltration with either the metal itself (Figure 3b: dark-field
TEM image of Mg nanoparticles in a carbon scaffold), or the
metal hydride (NaAlH,, LiBH,, NaBH,) in an inert or hydro-
gen atmosphere.?>2® Complex metal hydrides generally wet
carbon matrices well and allow almost complete pore filling.
It is more difficult to deposit light metal nanoparticles inside
the pores, in some cases vapor phase transport also plays a
role, and sometimes transition metals are predeposited to
facilitate wetting/nucleation of confined particles.?”*® Another
technique is mechanochemical synthesis via a metathesis
reaction. An example is the reaction between LiH and MgCl,,
for which the final product is a dispersion of MgH, nanopar-
ticles in a LiCl matrix.” Simply ball-milling scaffold and metal
(hydride) generally destroys porous carbon

as hydrogenation catalysts and alloying ele-
ments.?”?%32 MgH, nanoparticles embedded in
porous carbon show rather good hydrogen cycling stability.
The reversible hydrogen capacity is 5.5-7 wt% for more than
10 cycles (Figure 4b).'820

Significant thermodynamic destabilization has been predicted
theoretically for MgH, particles of less than 1-2 nm size.”®
Experimentally, it is difficult to attain such small particle sizes.
MgH, nanoparticles (~7 nm) embedded in LiCl show only
slight thermodynamic changes (-AH;= 71 kJ mol™! and —AS; =
130 J mol' K™").? Smaller MgH, nanoparticles (~3 nm) in
a carbon scaffold show a larger shift in reaction enthalpy (-AH,=
63.8 kJ mol™), but this is counteracted by a shift in entropy
(-AS;=117.2 J mol! K'"), hence the equilibrium temperature
at 1 bar is only 11°C lower than for bulk MgH,.** However,
it should be noted that particle sizes of MgH, after cycling
are seldomly determined, while severe sintering can occur
for Mg nanoparticles during cycling.’? In general, we can
conclude that in the case of MgH,, the kinetics of hydrogen
sorption are greatly enhanced, but only limited thermody-
namic destabilization of the hydride may be achieved by
nanoconfinement.

structures and hence does not result in well-
defined nanoconfined materials.

(=]
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The scaffold is essential to stabilize the

) - A bulk MgH, ( x 0.5) g0
nanoparticles and often facilitates their synthe- 3|+ wmgH,@cT 5 o
sis in the first place. Furthermore, it often has a 3 £ 8: . x .
profound impact on the properties of the con- ® § ;7* * Kk T
fined phases. Physical confinement and chemi- ] g s
cal bonding between the scaffold and active é’ 5 ‘3‘
material can induce mechanical stress and % "'5’ 2:
will certainly influence energetics, shape, and ¢ g 1
size of the active material after preparation e e O T T T T T T T i s
but also during hydrogen cycling.'*'* Whether Temperature (K) Cycle Number
catalytically active metal nanoparticles such as Figure 4. Hydrogen sorption properties for MgH, nanoparticles (mean size ~5 nm)

Pd could significantly increase the hydrogen embedded into a carbon scaffold (MgH,@CT). (a) Hydrogen desorption compared with

uptake of high surface area carbon materials
at ambient temperature due to spillover remains Chemistry.
under discussion.*

bulk MgH, (10°C/min); (b) storage capacity over 13 hydrogen absorption/desorption
cycles.?® Reprinted with permission from Reference 20. © 2011 Royal Society of
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Nanoconfinement of complex metal hydrides with respect to its decomposition products upon nanoconfine-
Sodium alanate, NaAlIH,, is one of the most studied complex ment in carbon hosts, and the formation of the Na,AlH, phase
metal hydrides (see the article by Graetz et al. in this issue). It becomes unfavorable (Figure 5b),* according to both experi-

decomposes in several hydrogen release steps via the hexahy- mental findings and theoretical calculations.?*40+

dride Na;AlH, to NaH, giving a modest hydrogen capacity of A second interesting family of complex metal hydrides
5.6 wt% (or 7.4 wt% if full decomposition to Na, Al, and H, is is the alkali metal borohydrides. LiBH, has received much
considered). Interestingly, the desorption/absorption equilib- attention, as it contains 18.5 wt% hydrogen. However, the

riums under 1 bar H, pressure are in the desired temperature hydride is much more stable than NaAIH, and also decomposes
range for compatibility with proton exchange membrane fuel in several steps, with LiH and Li,B,H,, being reported as very
cells (33°C for NaAlH, and 110°C for Na,;AlH, decomposi- stable phases.* However, the most important impediment for
tion), and it is the only complex metal hydride for which an practical use is the limited reversibility, which is most likely
effective catalyst (Ti-based) has been identified.** related to the inert boron phase being formed upon dehydrogen-
The advantages of combining carbon supports with NaAlH, ation. For bulk LiBH,, partial reversibility has been reported
were first mentioned in a patent application in 2004,* but the only at 600°C and 155 bar H, pressure.
first results in open literature appeared in 2006."> Low load- LiBH, can be deposited in porous hosts from solution,'
ings of NaAlH, on carbon were prepared by impregnation with but almost full pore filling is conveniently obtained by melt
NaAlH, in THF solution. Bulk NaAlH, without a catalyst only infiltration, as first reported by Gross et al.?® Again, hydro-
starts to release a significant amount of hydrogen around the gen release kinetics are largely improved by nanoconfinement
melting point of NaAlH, (~180°C). This essentially prevents in carbon (Figure 6a). This improvement might be related to
reversible hydrogenation of bulk NaAlH,. In contrast, NaAIH, increased ionic mobilities at low temperatures for LiBH, con-
nanoparticles on carbon nanofibers start to release hydrogen fined in nanoporous hosts, as evident from nuclear magnetic
at room temperature, even without a Ti-based

catalyst. A strong particle size dependence of
the hydrogen release temperature was found, |E| Bulk NaAlH, Nanoconfined NaAlH,
with an activation. energy qf only 58 kJ molj] 100} - T e T ] ol " " " S
for 2-10 nm particles, while 120 kJ mol™! is /‘
reported for bulk NaAIH,, and ~80 kJ mol™! in ~ 104 _ ]l ]
the presence of a Ti-based catalyst.* s | 8
Melt infiltration allows high loadings of g 5o i § 1
NaAlH,; it is possible to fill the pores of a g &
carbon host almost completely. Hydrogen o | 3 - .
release in these highly loaded nanoconfined - -
systems generally occurs at higher temperatures 0 0z 04 08 08 10 00 02 04 06 08 10
than for supported nanoparticles of similar Hy Almorbed (nowm) i il
size, and it does not depend strongly on host ‘E
pore size.’” However, very good reversibility &
(>80-90%) under relatively mild conditions is . _ 1601
obtained even without a catalyst, especially if 8 8 1407
care is taken to compensate or avoid side reac- g £ 1201
tions with the host material.***® The scaffold g 2 100
. o o
prevents large-scale phase segregation upon c < 80
decomposition, and most likely the carbon 2 2 60 -
host surface also provides efficient surface- 2 2 40 NaAlH,
mediated transport of metal-based species.*® 20
Furthermore, it has been postulated that carbon - __ye ol : : ,NaH(slj
materials could act as “catalysts” for dehy- 5 100 150 200 250 50 100 150 200 250
drogenation involving electronic effects.” Temperature (°C) Temperature (°C)
Kinetics can be further enhanced by combin- Figure 5. Equilibria for the Na-Al-H system, comparing bulk NaAlH, (left frames) to carbon
ing nanoconfinement with Ti-based catalysts.*’ nanoconfined NaAIH, (right frames). (a) Pressure composition isotherms, with two clear
Nanoconfinement clearly changes the phase decomposition steps (forming first Na,AlH; and then NaH and Al) for the bulk, while for the
e K . nanoconfined sample, a rather continuous hydrogen release is observed (figures courtesy
equilibriums in the Na-Al-H system (Figure 5). of M. Fichtner).®® (b) Bulk phase diagram showing three clearly defined phase regions.
The two-phase equilibrium results in sloping For the nanoconfined sample, an indicative phase diagram is shown, with the markers
rather than flat plateaus in the pressure- representing conditions for which the presence of NaAlH, and the absence of Na,AlH; were
.. . . 20 confirmed by solid-state nuclear magnetic resonance. Reprinted with permission from
composition isotherms (Figure 5a).** The Reference 41. © 2010 American Chemical Society.
NaAlH, phase actually becomes more stable
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behavior in which the heat of H, physisorption
increases to as much as 11.6 kJ mol™', while

[=]

Figure 6. (a) Normalized hydrogen desorption and (b) cycling stability for LiBH,
incorporated in carbon scaffolds. Curve (1) LiBH, mixed with nonporous graphite. Curve
(2) LiBH, incorporated into activated carbon. Curve (3) LiBH, incorporated into 13 nm
carbon aerogel. Curve (4) LiBH, incorporated into 25 nm carbon aerogel. Reprinted with

Temperature (°C)

permission from Reference 23. © 2008 American Chemical Society.
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100k 2 10-e ' '] simultaneously, the release temperature for

: ‘g o8l | chemisorbed hydrogen decreases by >200 K
Y: é @ relative to 50-100 um Mg powder.*

FE: £ 08 & ] Bhakta et al. were the first to demonstrate

z 965 f 04l @ 4 that the 1.3 nm pore MOF Cuy(BTC), (benzene-

% 02l o | tricarboxylate) can be infiltrated with NaAlH,

94t S from a THF solution without framework degra-

100 500 00 00 00 a0 0.0 2 3 dation, forming clusters with only eight formula

units on average.'” The reaction to NaH, Al, and
H, proceeds by a single step, and H, desorp-
tion is dramatically accelerated (the desorption
activation energy is reduced by more than
60 kJ (mol-H,)") relative to the bulk.** This
acceleration of desorption kinetics is observed

resonance measurements.*#¢ The improvement in reversibility
under mild conditions is spectacular (Figure 6b),”* especially
if Ni is added.?” This is mostly attributed to physical confine-
ment, keeping the phases small and with large interfacial areas
during hydrogen cycling. However, suppression of the forma-
tion of gaseous decomposition products other than H, also
seems to play a role.'**

In some cases, specific interactions with the carbon host are
observed. An interesting possibility is the formation of lithium-
doped fullerenes (Li,-CqH,) that are capable of reversibly
storing 5 wt% hydrogen.*’ Furthermore, reversible interca-
lation of Na into the carbon can occur, stabilizing the metal
phase and lowering the equilibrium decomposition tempera-
ture of NaH under 1 bar H, pressure from 425°C to 225°C.>°

Recent developments beyond carbon scaffolds
The carbon hosts discussed until now are rather heterogeneous
materials, and it would be desirable to attain smaller (<1-2 nm)
metal (hydride) particles. Metal-organic frameworks (MOF)
are attractive scaffolds in this respect, because

across a range of metal hydrides. In the case
of LiBH, synthesized by confinement within the pores of
Cu-containing MOFs, the enhanced hydrogen desorption rates
are thought to result from interactions between the hydride and
open coordination sites on the Cu(II) ions in the framework.>
Reactions between confined metal (hydride) clusters and
the metal-organic framework can be an issue. Recently, reversible
cycling of nanoconfined NaAlH, was reported (Figure 7).5+%
Bhakta et al. achieved reversible cycling with only a mod-
est reduction in capacity from 4.1 wt% to 3.6 wt% over four
cycles by melt infiltrating NaAlH, into a titanium-modified
MOF.* This suggests that the open coordination sites stabilize
the catalyst, and the pore dimensions are sufficiently small
to prevent agglomeration of product phases. Hopefully, the
achievement of confining metal hydrides in porous MOFs
and hydrogen cycling them without structural degradation
will open new possibilities to gain a more fundamental under-
standing of particle size effects.
All scaffold materials discussed so far decrease the overall
hydrogen capacity of the systems significantly by their added

their crystalline structure yields highly defined,
monodisperse micropores (<2 nm). Since sys-
tematic tuning of both pore size and chemical
environment is feasible,’' the potential exists
to isolate the effects of particle size from sur-
face chemistry to a great extent.
Wet-chemical methods have been used to
deposit Pd in MOF, showing a synergistic
effect of hydrogen physisorption by the porous
MOF, hydrogen uptake by the Pd, and possi-
bly a contribution from spillover. However,
the effective hydrogen uptake at room tem-
perature is limited (~0.35 wt%).%? In a recent
study, Lim et al. formed Mg nanocrystals by
thermally decomposing bis-cyclopentadienyl
magnesium (MgCp,) after exposing a MOF to
vapors of this organometallic compound. The
resulting hybrid material exhibits synergistic
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Figure 7. NaAlH, confined in the nanopores of a titanium-functionalized metal-organic
framework MOF-74 (Mg) forms clusters of formula units (a) and can reversibly store
hydrogen with minimal loss of capacity. (b) wt% normalized to the NaAlH, loading.
Reprinted with permission from Reference 56. © 2012 American Chemical Society.
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weight. Furthermore, nano-sizing metal particles enhances
not only the kinetics of hydrogenation, but also the risk of oxi-
dation (and hence passivation) as well as evaporation. As an
alternative approach, air-stable Mg nanoparticles (~5 nm)
embedded in a hydrogen gas-selective polymer matrix (PMMA)
were recently described, prepared by a one-pot reduction of
an Mg organometallic precursor. The Mg nanoparticles (~5 nm)
incorporated in a polymer absorb hydrogen relatively fast at
35 bar and 200°C (6 wt% in 60 min).>” Another intriguing
option is a core-shell system. NaBH, particles individually
encapsulated in catalytically active Ni shells give hydrogen
release rates and reversibilities unprecedented for NaBH,.>*

An open question is whether the changes in properties
observed due to nanoconfinement might also be relevant
for other applications. For instance, LiBH, is proposed as a
possible solid Li* conductor for rechargeable lithium batteries.
Generally, the hydrogen and lithium mobilities below the
solid-solid phase transition temperature (110°C) are low.
However, greatly enhanced hydrogen dynamics and lithium
translational mobility are observed if the LiBH, is confined in
the nanopores of a carbon or silica matrix.*4¢

Conclusion and outlook

In the past decade, confining metal hydrides inside nanopores
has emerged as an intriguing strategy to influence the material
characteristics that are essential for reversible hydrogen storage.
Hydrogen release temperatures are lowered substantially
by nano-sizing, and reversibility under mild conditions is
often obtained, even for alkali metal borohydrides, which
are notoriously difficult to hydrogen cycle. The strategy is
also associated with disadvantages, most notably a lower
gravimetric system hydrogen capacity and an increased sensi-
tivity toward passivation by oxidation.

It is clear that particle size, physical confinement, and
interfaces are important tools to change the functional char-
acteristics of light metal hydrides. We have just started to
explore and unravel the physical origin of the impact of nano-
confinement on fundamental physical-chemical properties.
Nevertheless, the improvement in practical performance that
has been achieved in such a short time span is impressive and
holds great promise for future developments.
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