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Hydrogen has the highest gravimetric energy density of any energy Introduction

carrier and it can operateinaclosed cycle with no carbon emissions. Hydrogen storage and
Hydrogen-based materials play a critical partin hydrogen storage transportation

and helped to power the first generation of hybrid electric vehicles. Hydrogen compression
In this Review, we examine several clean-energy applications of Electrochemical energy
hydrogen-based materials. A major focus of researchis hydrogen storage

storage and transportation. Storing hydrogen gas is challenging, but Thermal energy storage

physisorption by nanoporous materials, absorption by metal and Summary and future
complex hydrides, and liquid hydrogen carriers offer viable solutions perspectives

for safe and economical hydrogen storage. For many applicationsin
afuture hydrogen economy, hydrogen gas must be compressed and
metal hydride compressors can achieve the pressures required by

the typelV compressed-gas storage tanks used in the first generation

of commercial fuel cell vehicles. Hydrides are still relevant for

battery technology, including as electrodes in the next generation

of nickel-metal hydride batteries, as electrolytes in future solid-state
batteries, or as liquid electrolytesin new battery types. Hydrides also
show promise as thermal energy storage materials for the utilization

of industrial waste heat and for renewable energy sources such as

solar thermal power plants. We review the status of each of these
technologies, which are at varying stages of implementation, providing
abasis for future research on hydrogen-based materials for energy
storage and conversion.
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Key points

e Short-term, highly reversible hydrogen storage can be achieved by
physisorption of molecular hydrogen on high-surface-area porous
materials.

o Metal hydrides can be used in high-density, long-term hydrogen
storage at near-ambient pressure and temperature.

e Liquid organic hydrogen carriers and ammonia are widely considered
as possible, safe hydrogen carriers for long-distance transport and
large-scale hydrogen storage.

o Metal-hydride-based compressors can reach the high pressures
required for type IV tanks without needing the moving parts of
conventional mechanical compressors.

o Metal hydrides are the basis of a range of batteries, from the
nickel-metal hydride batteries still in widespread commercial use
through to novel solid- and liquid-state magnesium and calcium
batteries.

e Compared with current thermal energy storage technologies, metal
hydrides have high heat storage capacities and can reduce the system
size for heat storage in concentrated solar plants or for waste heat
utilization.

Introduction
Effective use of hydrogen-based materials and liquid hydrogen carriers
could accelerate the transition to a zero-emission society’. Increased
use of renewable energy sources, such as wind and solar, demands the
development of cost-efficient energy storage technologies and energy
carriers. Hydrogen-based materials play an important partin such
applications, including hydrogen storage and transportation, hydrogen
processing (asin efficient hydrogen compressors and hydrogen purifi-
cation) as well as thermal energy storage and electrochemical energy
storageinbatteries. Furthermore, hydrogen-based materials have the
advantage of being multifunctional, making them useful for isotope
separation, as superconductors, catalysts, sensors and so forth? (Fig. 1).
Hydrogen can bind to materials by forming either physical or
chemical bonds®. In nanoporous materials, such as metal-organic
frameworks (MOFs) and nanoporous carbons, hydrogen molecules
interact physically with surfaces via weak van der Waals forces. Cryo-
genictemperatures, typically 77 K, are therefore required for hydrogen
storage, and a large amount of hydrogen adsorption requires a high
accessible surface area®*. In metal hydrides, H, molecules dissociate
into H atoms on the surface and absorb into the bulk of the material.
Chemical bonds between the H atoms and surrounding elements are
formed that can be ionic, covalent or metallic. Intermediate types
can occur as well, such as MgH,, with mixed ionic and covalent bond-
ing. Metallic hydrides comprise a wide variety of stoichiometric and
non-stoichiometric compounds in which H acts as a metal and occu-
pies interstitial positions between the host metal atoms in the crys-
tal structure’®. Complex hydrides are salts with hydrogen-containing
anions or ahydride anion. They usually contain more than one type of
bond, for example, both ionic and covalent, and more than one type
of metal or metal cation®®, Formation of a metal or complex hydride

is typically an exothermic process: releasing energy while absorbing
hydrogenand requiring the addition of heat or energy to subsequently
release hydrogen.

Among liquid-state hydrogen carriers, liquid organic hydrogen
carriers (LOHCs) — including hydrocarbons, alcohols and aqueous
formate solutions — and ammonia (NH,) are the most promising for
hydrogenstorage and transport’.In contrast to liquid hydrogen, which
requires cryogenic temperatures below 30 K, LOHCs can be stored
under ambient conditions and the hydrogen sorption process occurs
via a catalytic reaction. Ammonia contains 17.6 wt% hydrogen and is
therefore an attractive hydrogen carrier, in particular for long-distance
transportation.

Research into hydrogen-based materials for energy storage and
conversion continues to develop. For hydrogen storage and transpor-
tation, advances in balancing the volumetric and gravimetric capaci-
ties of MOFs have been reported'’; scaled-up metal hydride stores,
incorporating thermal management systems, have been developed";
and new low-enthalpy LOHCs have been investigated'?, together with
novel ammonia synthesis and decomposition approaches™". The use
of metal hydrides for hydrogen compression has seenadvancesinthe
modelling of metal hydride compressors™¢ and the development
of systems suitable for compression to pressures >700 bar'®, New
complex hydride-based electrolytes for solid-state batteries (SSBs)
have been reported” and hydride-based heat storage systems have
been developed to demonstrate the practical utility of metal hydrides
for thermal energy storage®.

In this Review, we discuss different classes of hydrogen-based
materials and their applications in clean technology. The main focus
will be on hydrogen storage and transportation, for which three
different classes of materials are considered: nanoporous materials,
metal and complex hydrides, and liquid hydrogen carriers. We will
thendiscuss hydrogen compression, before covering electrochemical
energy storage bothin nickel-metal hydride batteries and in batteries
using complex hydrides as solid and liquid electrolytes. Finally, thermal
energy storage using metal hydrides for waste heat utilization and for
renewable energy sources such as solar plants will be discussed.

Hydrogen storage and transportation

Hydrogen can be stored and transported as a gas, pure liquid or
physically or chemically bound in materials*>*"*>. Compressed-gas
storage at high pressure (up to 700 bar) and liquefied hydrogen at
low temperatures (below 30 K) are mature technologies, but both
methods have disadvantages. Compression consumes energy and
high-pressure (type IV) tanks are expensive, while liquefaction con-
sumes up to 35% of the energy stored in the hydrogen, requires costly
insulated tanks and suffers boil-off losses over time*. Nevertheless,
these storage methods are used for mobile applications, as well as
forlarge-scale hydrogen storage®. Type |V tanks are currently used in
commercial hydrogen fuel cell vehicles, providing gravimetric and vol-
umetric system capacities ofaround 5.7 wt%and 40 g I, respectively.
Liquid hydrogen has a volumetric hydrogen density of 70.8 g1, but
liquid vessels tested in heavy-duty trucks have system storage capaci-
ties of 8.7 wt% and 43.3 g 17" (ref. 25). These storage capacities, on a
system basis, provide valuable benchmarks for alternative hydrogen
storage in solids or liquids. Materials are typically characterized by
gravimetric density and volumetric density on a materials basis. When
includedinasystem with containment, heat managementand insula-
tion, both volumetric and gravimetric system capacities are reduced
compared with the material density, but in some cases, volumetric
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Hydrogen-based materials |_<

Fig.1|Overview of hydrogen-based materials and their applications.
Hydrogen-based materials can be in asolid or liquid state. Liquid-state materials
discussed here include liquid organic hydrogen carriers (LOHCs) and ammonia.
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Solid-state materials are metal hydrides, complex hydrides and nanoporous
adsorbents, each of which exhibit different chemical and physical interactions
with hydrogen. Each material type has multiple applications.

capacity can nearly be maintained since only low-pressure vessels
arerequired”. In this section, storage capacities will be given on a
materials basis, bearing in mind the above benchmarks for storage
systems.

Physisorption by nanoporous materials
Nanoporous materials store hydrogen by physically adsorbing molecu-
lar hydrogen on their large internal surfaces, mainly through van der
Waalsinteractions. This adsorption process is known as physisorption
andresults in a higher density of hydrogen in the pore network, com-
pared with the bulk gas density at the same temperature and pressure.
Physicalinteractions of hydrogen with surfaces are generally weak, so
alargeamount of adsorption requires low temperatures, around 77 K
(Fig.2). Nanoporous materials include activated carbons and MOFs”.
Activated carbons have been used industrially for over a century®,
They are formed by physically or chemically activating organic precur-
sors, to create highly porous materials, with large surface areas and
distributionsin pore size owing to their amorphous or microcrystalline
structure. Activated carbons have been considered for hydrogen stor-
age since the 1970s”. MOFs, meanwhile, are highly ordered materials
synthesized by combining metalions or clusters with organiclinkersto
form extended crystalline porous networks. Hydrogen storage in MOFs
was first reported over 20 years ago and has been studied extensively
since”. Other nanoporous materials include zeolites, microporous
organic polymers, and various types of nanoporous carbon, such as
carbide-derived carbons, zeolite-templated carbons and aerogels, all
of which have been considered for hydrogen storage.

The performance of these materials depends strongly on their
porous properties —including specific surface area (SSA), pore size and
total pore volume —aswell as the chemistry of the material. Gravimetric

hydrogen uptakes scale approximately with SSA (Fig. 2b), as deter-
mined using the Brunauer-Emmett-Teller method with nitrogen (N,)
or argon adsorption isotherms at 77 or 87 K, respectively. All types of
nanoporous material have a range of SSAs — activated carbons from
just a few hundredm? g™ to approximately 3,300 m*g™, with some
MOFs exceeding 5,000 m?g ! (ref. 4). An early focus of MOF research
was to discover new materials with ever higher SSAs*. For hydrogen
storage, thisresearchled toincreased gravimetric capacities, exceed-
ing 10 wt% in some materials with very high SSAs*’. Materials with
high SSAs, however, have open structures, leading to poor volumet-
ric capacities, which results in a trade-off between gravimetric and
volumetric capacity®.

Early studies of MOFs*? and other nanoporous materials, includ-
ing novel carbons®, also tended to report maximum uptake, either the
excess adsorbed quantity or absolute adsorbed quantity measured
at elevated pressure. For practical applications, however, the usable
capacity is more important. Usable capacity is the reversible capac-
ity between the maximum storage pressure and delivery pressure,
typically a few bar, and it defines the amount of hydrogen that can be
delivered fromastore***, Both pressure and temperature swings can
be considered®®. The relationship between the properties of a material
and usable capacity is complex, involving various factors such as SSA,
pore volume, chemistry and the range of temperature and pressure
inoperation.

Balancing gravimetric and volumetric capacity remains acritical
factor in optimizing storage performance'***, Considerable effort has
therefore focused on enhancing volumetric capacity while maintaining
high gravimetric performance, with an emphasis on the importance
of optimizing pore size and structure. In particular, compacting and
shaping materials into monoliths has become central to increasing
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Fig.2|Hydrogen storage in nanoporous materials. a, Cryogenic liquid hydrogen
storage, adsorbent-based hydrogen storage using nanoporous materials, and
conventional high-pressure hydrogen storage, with the pressure and temperature
conditions required for each method shown. b, Left, gravimetric hydrogen
adsorption at 77 K as a function of specific surface area (SSA) for metal-organic
frameworks (MOFs, open circles) and activated carbons (ACs, filled circles).
Centre, relationship between absolute hydrogen uptake on a gravimetric (g kg™)

and volumetric (g1™) basis at 77 K, demonstrating the saturation behaviour of
MOFs. Right, hydrogen release as a function of SSA at different temperatures
(77 Kand 160 K) for MOFs. Plotted data and their sources are tabulated in the
Supplementary Information. ¢, Left, three established approaches to mitigating
boil-off gas losses in liquid hydrogen storage. Right, a novel adsorption-based
strategy for minimizing boil-off gas loss, using MOFs at cryogenic temperatures
(-20K)*.

volumetric capacity**°. This approach allows for denser packing of
adsorbent materials, leading to more efficient use of space within stor-
age tanks. However, achieving such advances requires careful control
over pore size distribution to maximize hydrogen adsorption while
preserving the structural integrity of the materials**.

The advent of MOFsreinvigorated researchinto hydrogen storage
in nanoporous materials, thanks to their very high SSAs and tunable
porosity. A large number of different structures exist, and MOFs can
also exhibit framework flexibility and possess open metal sites*™*.
Framework flexibility can resultin changes inisothermshape, increas-
ing usable capacity**¢, while open metal sites interact more strongly
withhydrogenand canincrease operating temperature*>**. MOF struc-
tures can also interpenetrate, offering the possibility of increasing
volumetric capacity by filling space more efficiently and providing
small pores for stronger adsorption*”**, MOFs also consist mainly of
light elements, thus maximizing gravimetric capacities.

Compared with compressed hydrogen, the presence of an adsor-
bent in a tank lowers the maximum required pressure for storing the
same amount, making storage safer and reducing the energy required
to compress hydrogen. The operating temperature (typically 77 K) is
higher thantheboiling point of liquid hydrogen, thus avoiding the ener-
getic cost of liquefaction**°. In comparison to hydrides, the adsorption
processisalso fully reversible and rapid, whichis desirable in practical
applications.

Materials development for hydrogen storage using physisorption
has progressed, including optimized structures and high capacities,
but scaling up and system integration are now required. Scaling up of
porous materials can be difficult and challenging®’; however, various
companies have started to scale up MOF production®. The field is now
moving towards the stage of demonstration tanks*. Despite the low heat
of adsorption of hydrogen in most nanoporous materials (typically 4
to7 k) mol™), heat management is still an issue during rapid charging,
requiring the inclusion of heat-transfer material in a tank, given that
large temperature changes occur when hydrogen is introduced to a
material bed. Room-temperature storage is the ideal, but no nano-
porous material has so far been discovered that can adsorb hydrogen
to a usable level under such conditions. Reproducibility issues have
hindered progress on porous materials for hydrogen storage®*, but
the proposal®* to use aMOF (ZIF-8), ina pelletized form**, as areference
material is a step towards standardization®.

Physisorption-based hydrogen storage could also be well suited
to long-distance transportation and applications requiring extended
storage durations. Nanoporous materials, such as MOFs, can retain
hydrogen at cryogenic temperatures, reducing the boil-off losses
oftenseeninliquid hydrogen storage (Fig. 2c). Below 33 K, these mate-
rials allow hydrogen molecules to form super-dense layers on their
internal surfaces, achieving storage densities that meet or exceed
those of liquid hydrogen without requiring liquefaction®**’. This char-
acteristic makes advanced cryo-adsorbents particularly effective for
stable, long-term hydrogen storage and cross-continental transport,

offering a practical solution to natural vaporization losses*®. Such
vaporizationreductioninliquid hydrogen tanks was previously only
possible using highly efficient insulation or re-liquefying devices™.
However, the stronger interactions within nanoporous structures at
20 K mean that physisorption can enhance local sorption density,
providing a promising approach to minimizing vaporization with
storage capacity comparable to that of liquid hydrogen inside the
storage tank.

Metal and complex hydrides

Metal and complex hydrides can store hydrogen in the solid state,
with some able to operate at near-ambient temperatures and mild
pressures, below 30 bar”°. High volumetric capacities, up to around
120 g 1! (nearly twice the density of liquid hydrogen) can be achieved
using hydrides, but challenges include cost, reversible gravimetric
capacity, the kinetics and operating temperatures.

Intermetallic compounds of interest for hydrogen storage include
the compositions AB, AB, and AB;, where A and B are typically ele-
ments with high and low H affinities, respectively® ., TiFe (ref. 64),
ZrMn, (ref. 65) and LaNi; (refs. 66,67) are examples. These compounds
form hydrides by hosting H in the interstitial sites of the crystal lat-
tice. Thousands of alloys with partial elemental substitutions on the
A and B sites have been investigated (as in the HyMarc Data Hub),
including sub- and super-stoichiometric compositions. In addi-
tion, medium-entropy alloys with three or four elements of a similar
concentration®® and high-entropy alloys consisting of five or more
elements®’° have been explored as potential hydrogen storage
materials. Examples of high-entropy alloys include TiVZrNbHf" and
Mg, Tig5Vo25Zr01Nby, (ref. 72). Complex hydrides, by contrast, consist
ofananionwith H covalentlyboundto a centralatom, such as [BH,] or
[AIH,], which forms an ionic solid with an alkaline or alkaline-earth
cation. Examples include LiBH,, NaAIH,, Mg(BH,), and Mg,NiH,
(refs.7,8,73).

Intermetallic hydrides typically have modest gravimetric storage
capacities in the range 1-2 wt%. They have moderate decomposition
enthalpies AH, inthe range 25-35 k] mol ™, resulting in hydrogenrelease
at 1bar at near-ambient temperatures with fast kinetics. Desorption
times of afew minutes have been demonstrated””. High-entropy alloys
have similar storage properties, but have awide range of compositional
variation, allowing the thermodynamics of hydrogen absorption and
desorption to be finely tuned®. Using light elements in high-entropy
alloys could alsoincrease gravimetric capacities, compared with inter-
metallics containing relatively heavy components, combined with high
potential hydrogen-to-metal ratios”. By contrast, complex hydrides
tend to have ahigher hydrogen content, for example, 18.5 wt% for LiBH,
(ref. 8), but often require higher temperatures owing to their greater
stability, with AH typically above 35 k] mol™, and they can suffer from
poor reversibility. Approaches adopted to modify propertiesinclude
the addition of catalysts, anion or cation substitutions, nanoconfine-
ment or mixed hydride systems, known as reactive hydride composites.
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When doped with Ti-based catalysts, for example, NaAlH, is reversible
with two decomposition steps below 200 °C (Fig. 3a). Its theoreti-
cal reversible capacity is 5.6 wt%, with nearly 5 wt% demonstrated
experimentally®’®””, Reactive hydride composites such as MgH, + LiBH,
or LiH + Mg(NH,), can lower enthalpies and achieve reversibility in
complex hydrides as a result of the formation of thermodynamically
favourable phases’®”’, Nanoconfinement within inert host materi-
als can also alter both the thermodynamics and the kinetics®° 2,
Magnesium-based hydrides, in particular, have attracted consider-
able interest®®*. MgH, has mixed ionic-covalent Mg-H bonds, char-
acterized by a high AH of 74.5 k) mol™ and a gravimetric capacity of
7.6 wt%>"*, while the complex hydride Mg(BH,), has a hydrogen con-
tent of 14.8 wt%, with areversible capacity of 11.4 wt%, though at high
temperatures and pressures®.

Hydrogenis absorbed and desorbed by metal hydrides via hydrid-
ing and dehydriding reactions. Such reactions are characterized by a
variety of multiphysics processes, including chemical-bond break-
ing, diffusion and phase evolution. These processes are difficult to
deconvolute experimentally yet define the overall reactionrates, aswell
asotherimportant performance factors such as cyclability and initial
activation. Chemo-mechanical effects at the interface boundaries
become important because the reactions typically involve notable
volume changes. Theoretical investigations based on density func-
tional theory, multiscale modelling approaches and machine learning
have provided insights into these governing mechanisms and their
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controlling factors, with a view towards rational materials design
strategies based on sound physical understanding®®¥.

For stationary hydrogen storage, the capital expenditure required
to store a kilogram of hydrogen is a key factor. Storage in hydrides is
in competition with large-scale geological storage in salt caverns and
conventional high-pressure storage vessels, with capital expenditure
costs ranging from less than €10 per kg of H, for geological storage to
€500-1,000 per kg of H, above ground®®. Hydride storage can be cost
competitive with aboveground compressed hydrogen storage and it
has two key advantages — lower storage pressures and reduced system
dimensions (as showninatechno-economic analysis of hydrogen stor-
age for microgrid applications)®’. Commercial AB,and AB; alloys typi-
cally cost €20-80 kg™, depending on whether they contain expensive
elements. Assuming an AB, alloy costing €20 kg ™" has aworking capacity
of 2 wt%, then the material cost would be €1,000 per kg of H,, excluding
the cost of the tank. Most commercial metal hydride tanks therefore
contain cheaper AB alloys, such as those based on TiFe, for which the
price strongly depends on purity and additional elements but are typi-
cally €7 kg™ (ref. 90) or as low as €3 kg " using recycled Fe and Ti (ref. 91).
By contrast, MgH, offers the combined advantage of high gravimetric
capacity (working capacity approximately 6 wt%) and the low cost of
Mg metal, around €3 kg™ (ref. 90). Unfortunately, Mg-based hydrides
typically require temperatures in excess of 350 °C for useful opera-
tional pressures and charging and discharging rates. An important
advantage of solid-state storage with metal hydrides, compared with
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Fig. 3| Hydrogen storage in complex and metal hydrides. a, The differences
between volumetric hydrogen storage capacities for compressed gasat16 g 17,
aliquid hydrogen dewar at 70 g1, acomplex hydride store at 70 g 1! and a metal
hydride store at 105 g I™". NaAIH, has a higher gravimetric capacity than the metal
hydride, but the locations for hydrogen in TiFe are closer together, resulting

in higher volumetric density. The reaction pathway in the complex hydride
example results in two distinct plateaus. Complex hydrides also often require
higher temperatures and pressure to reversibly absorb hydrogen. The TiFe
system has two plateaus representing the monohydride and dihydride phases,
but many common metal hydrides exhibit a single phase change, resultingina
single flat or sloped plateau. Isotherm data for NaAIH, are replotted from ref. 237

and the TiFe isotherm behaviour illustrated using experimental data for
TiFe,gsMn os are replotted from ref. 238. b, Metal hydride stores can be charged
directly from commercial electrolysers with an output pressure of 35 bar
without the energy cost associated with compression or liquefaction. However,
thermal management is required owing to the large enthalpy change associated
with hydrogen storage and release. From left to right: a thermal image of a metal
hydride tank during charging with hydrogen using internal heat-transfer fins
but no active cooling, illustrating the heat management of the system that is
required. The schematics on the right show an example of system integration
considerations when storing hydrogen from an electrolyser and delivering to a
fuel cell, using a TiFe store as an example.
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high-pressure gaseous hydrogen storage, which requires amechanical
compressor, isthat they canbe operated at low pressures such as that
delivered direct froman electrolyser.

Thermal managementisrequired for hydride stores to allow heat
exchange during exothermic and endothermic hydrogen uptake and
release (Fig.3b).Ifapowderbedis used, short distances (1-2 cm) to the
heat-transfer medium arerequired owing to the low effective thermal
conductivity of powders, about 0.1W m™K™. Pelletizing hydrides
with graphite can increase the effective thermal conductivity to
10 Wm™ K™ (ref. 92), although with a weight penalty. These additions
must be considered when optimizing system designs using specific
storage materials”. For stationary storage, system efficiency can be
improved by integrating heat sinks or sources at the installation site.
Forexample, the hydride tank can be combined with a thermal energy
storage system based on phase-change materials, an approach used in
the European-Union-funded HyCARE project to store about 50 kg of
H,in 4 tonnes of a Ti-Fe-Mn alloy"***,

Stationary metal hydride stores can be used in fuel-cell-based
emergency power systems’®, offering advantages such as low physical
footprint and enhanced safety, compared with high-pressure tanks.
Hydrogen desorption from metal hydrides is endothermic, so in the
case of leakage, the hydride bed cools as hydrogen leaves the tank.
Owing to a limited driving force and kinetics, a decreasing rate of
hydrogen evolutionis observed, reducing the required safety distances
compared with high-pressure tanks®”. Hybrid storage combining
pressurized hydrogen with metal hydrides is another interesting
application”, Calculations based on a case study of offshore hydrogen
generationshowed that hybrid storage can offer a volumetric density
up tofive times greater when using less than10% by volume of a metal
hydride, compared with compressed gas alone”.

Mobile metal hydride storage systems are ideal for applications
inwhich systemweight (from the mass of the host metal) is not critical
or is even an advantage (acting as ballast). Such applications include
forklifts'°'%!, submarines'®, rail'® and waterborne transport'®*. In the
latter, hydride tanks offer a simplified refuelling infrastructure and a
substantial cost reduction compared with compressed or liquefied
hydrogen. Hydrogen can also be transported safely at ambient pressure
and temperature using metal hydrides. Tanks containing 15.6 tonnes
of Mg-based alloy pellets, for example, can store 1.1tonnes of H,, fitted
inastandard-size shipping container'®, Reactive hydride composites,
including complex hydrides, have the potential to deliver high-weight-
per-cent hydrogen content at low pressures, which would satisfy most
terrestrial and seaborne transport applications. There is therefore a
continued push towards the discovery of reactive hydride composites
that are reversible at near-ambient temperature.

To scale up hydride-based hydrogen storage, sustainable and
recyclable systems must be demonstrated, while also considering
cost. Itis alsoimportant to work with stakeholders to ensure the social
acceptability'® of the technology'”’.

Liquid hydrogen carriers

Hydrogen can also be stored and transported at ambient tempera-
tures bound in hydrogen-rich liquids. Catalysts are required torelease
hydrogen fromliquid carriers and purificationis generally necessary'®.
A distinction can be drawn between LOHCs and other liquid carriers,
such as ammonia, because LOHCs remain as liquids in both their
hydrogenated and dehydrogenated forms, usually without binding
or releasing gases such as N, and carbon dioxide (CO,) from or to the
atmosphere'®. A key consideration for liquid hydrogen carriersis the

thermodynamics of dehydrogenation, which is generally defined by
the enthalpy of H, release, AH (ref. 45) (Fig. 4a).

Liquid organic hydrogen carriers

LOHCs include hydrocarbons, such as methylcyclohexane'*” and
H18-dibenzyltoluene'?, as well as alcohols' and aqueous formate
solutions . LOHCs can be stored in unpressurized tanks at ambient
temperature for long periods, because hydrogenation and dehydro-
genation take place only within catalytic reactors (Fig. 4b). Choosing
suitably sized tanks and reactors allows flexible decoupling of energy
and power. Gravimetric storage capacities are typically in the range
4-7 wt%, presenting a challenge for onboard hydrogen storage, espe-
cially for light-duty vehicles™*". Volumetric capacities, on a material
basis, vary more widely. Formic acid and aromatic hydrocarbons have
volumetric hydrogen densities of >50 g 1™, around 70% that of liquid
hydrogen (refs.113,114). These properties, together with safety consid-
erations, mean that LOHCs are well suited to large-scale, long-duration
energy storage'™"™,

Homocyclic aromatic hydrocarbons are the most technologi-
cally mature LOHCs'”’, but they have a relatively large AH, around
65 k) mol ™, which reduces the overall energy storage efficiency.
Introducing heteroatoms to the hydrocarbon rings™ can reduce AH.
An example is H12-N-ethylcarbazole™, with a AH of 53 k) mol ™. The
fully dehydrogenated product is solid, however, at ambient tempera-
ture, so complete dehydrogenation is avoided. Low-enthalpy LOHCs,
which could have higher energy efficiency than hydrocarbons, are
beinginvestigated. An exampleis the Na phenoxide/cyclohexanolate
pair'?, with a AH of 50 k) mol™, which undergoes dehydrogenation at
only 100 °C and can be fully hydrogenated using a Ru/Al,O; catalyst
at 150 °C under 30 bar of H,, with a AH of 52 k] mol™. Low-enthalpy
LOHCs could also benefit from the development of low-temperature
catalysts because the energy demand is not dominated by the enthalpy
of reaction.

Alcohols also offer low AH routes for hydrogen storage. Dehydro-
genating ethanol to ethyl acetate, with a AH of 36 k] mol™, has half the
enthalpy of hydrocarbons and a capacity of 4.4 wt% and 35 g I"". Process
modelling has shown that an overall energy efficiency of 88% for the
release and uptake of hydrogen can be achieved for the complete
storage cycle'’, compared with 54-61% for aromatic hydrocarbons"®.
However, if the LOHC has to be moved from a centralized regenera-
tion facility to a remote location, the total round-trip efficiency will
belower. Therefore, such high efficiencies might not be attainedinall
specific use cases. For example, the use of ethanol with a molecular
hydrogenation/dehydrogenation catalyst has been investigated for
seasonal storage of 5,000 kg of H, in a microgrid™’. The volume of
ethanol required (96 m?) was less than half that required to store the
same amount of hydrogen in 250 bar compressed tanks (420 m?).
However, the main obstacle to using ethanol and a molecular catalyst
is the combined heating and cooling requirements associated with
the reflux of vapours being produced. The heating requirements are
more than 200 kW, inaddition to around 190 kW of cooling, to produce
the hydrogen required for 65 kW of electricity to be generated by a
hydrogen fuel cell.

Oneapproachtoreducingthe coolingdemand (tokeep the LOHCin
theliquid phase) isto use analcohol with a higher boiling point, such as
1,4-butanediol (BDO). Process modelling of the y-butyrolactone-BDO
cycle has been performed to compare liquid- and gas-phase dehy-
drogenation of BDO". Although AH for dehydrogenation in the gas
phase, at 35 k) mol™, islower thanin the liquid phase, at 43 k) mol™, this
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Fig. 4 |Hydrogenstorageinliquid hydrogen carriers. a, The range of
temperatures required to release hydrogen from ammonia and liquid organic
hydrogen carriers (LOHCs). Dehydrogenation is favoured by low hydrogen
pressures, so all examples are dehydrogenated at around ambient pressure.

b, Aschematic of an LOHC plant for dehydrogenation, which includes a material
preheater to promote dehydrogenation, a reactor and a separator to collect

thelean LOHC and hydrogen, together with subsequent compression. ¢, The
catalysed chemical step for the release of hydrogen from ammonia. Ammonia
is dehydrogenated by metal (such as Ru) nanoparticles on a carbon or metal
oxide (TiO,, Si0,, Al,05) support at about 500 °C. We note that LOHCs are
dehydrogenated in an analogous manner using different metals/supports.

AH, change in enthalpy. Panel ¢ adapted from ref. 239, Springer Nature Limited.

is offset by the enthalpy of vaporization. Overall energy efficiencies
of 75-78% were reported, regardless of whether liquid- or gas-phase
dehydrogenation was used. Reaction conditions can therefore be
chosen to favour other characteristics such as catalyst performance
orreactor design.

Hydrogen storage using aqueous formate salts, with a AH of
20 k) mol’, is attractive, particularly from the perspective of envi-
ronmental safety. Hydrogenation to formate and dehydrogenation
to bicarbonate can be performed using either thermocatalytic or
electrocatalytic methods, adding to its versatility'*’. High-purity
reagents are not required, withfood-grade baking soda and tap water
providing similar hydrogenation and dehydrogenation profiles to
laboratory chemicals'?. A key factor for successfully commercializing
LOHCs is the stability and selectivity of catalysts"2. Although product
selectivities of >95% appear high, the remaining 5% of products pre-
sentachallengeifthey are not reversible and canlead toanincreased

levelized cost of storage. The levelized cost of storage using the
y-butyrolactone-BDO cycle has been investigated'**and it was found
that a loss of 5% of y-butyrolactone (that is, a catalyst selectivity of
95%) doubled the levelized cost of storage before additional costs
for separation. Multiple cycles compound this: for example, 50% of
the LOHC is lost to by-product formation after just 14 cycles of 95%
selectivity.

LOHCs canalsobe used to purify hydrogen from crude and waste
sources (including syngas and industrial tail gases) that containimpu-
rities such as CO, CO,, light hydrocarbons, N, and water'?**?*, Only
hydrogen binds to the LOHC, but the catalysts used must be toler-
ant of the impurities'®. A Cu-based catalyst, for example, can extract
hydrogen from mixtures of H,, CO, CO,, CH, and N,. H, reacts with an
ester to make an alcohol, that is, y-butyrolactone to BDO, and the CO
and CO, pass through the reactor, separating the H, without the need
foramembrane or other separation methods'**.
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Ammonia

Ammonia is currently being considered as a hydrogen carrier for
long-distance transportation and as a CO,-free fuel for combustion
engines. Ammonia production via the Haber-Bosch process, how-
ever, isresponsible for about 1.4% of global CO, emissions and around
1-2% of global energy consumption'>'?, Depending on the hydrogen
source and production method, CO, emissions per kg of NH; can vary
considerably'?. For example, the specific emission intensity of con-
ventional large-scale ammonia plants in China is >5 tonnes of CO,-
equivalent (per tonne of NH;) when coal is used as the hydrogen source
but <3 tonnes of CO,-equivalent when natural gas is used'”’. These
figures align closely with those published by the International Energy
Agency in2021 (ref. 130). Global emissions from ammonia production
based on coal are estimated to be 3.2-4.5 tonnes of CO,-equivalent, and
even the most efficient steam reforming processes emit about1.6-1.8
tonnes of CO,-equivalent. However, carbon capture could be one way
to reduce emissions to 0.1-0.2 tonnes of CO, (ref. 131).

For ammonia to be a viable future energy carrier, it is essential
to use green hydrogen for production and to develop alternative,
low-energy synthesis routes. Endothermic ammonia decomposi-
tion requires high temperatures for sufficiently high reaction rates
and high-purity hydrogen. As with synthesis, innovative strategies
and novel efficient catalysts must be developed for decomposition.
New approaches for bothammonia synthesis and decomposition are
thereforerequired.

N, is an inert molecule with a N=N bond energy of 942 k] mol ™.
Ammonia synthesis from N, and H,0 or from N, and H, is thermo-
dynamically and/or kinetically difficult. Exploring green ammonia
productiondriven by light, electricity and plasmais at the forefront of
catalysis research™ Promising progress has been made, for example,
inthe electrochemical nitrogenreductionreaction mediated by Li/Li;N
(refs.13,133).

Reducing N, to NH; requires a supply of electrons and protons.
Because the H™ in alkaliand alkaline-earth metal hydridesis an electron
and proton carrier, these metal hydrides are promising catalysts for
green ammonia synthesis™*. Furthermore, alkali or alkaline-earth
metal cations canstabilize -N,H, intermediates, thus lowering kinetic
barriers during transformation. In thermocatalytic NH; synthesis,
an unconventional nitride-hydride catalyst (BaCrNH) and com-
plex hydride catalysts (Li,RuH, and Ba,RuH,) have been developed
that perform well under relatively mild conditions of 300 °C and
10 bar™>"*¢, These electron-rich, multi-component catalysts favour
non-dissociative N, activation and lattice hydride-involved hydro-
genation, whichis adifferent reaction mechanism from conventional
Fe or Ru-based catalysts. In addition, LiH (a semiconductor with a
bandgap of 3.7 eV) undergoes photolysis under ultravioletirradiation,
producing hydrogen and an electron-rich surface. This behaviour
makes LiH catalytically active for photo-driven ammonia synthesis
under ambient conditions™.

In most cases of ammonia synthesis, metal hydrides are used in
combination with transition metals. However, some metal hydrides
have good catalytic activity under moderate conditions without transi-
tion metals. For example, potassium hydride intercalated in graphite
(potassium hydride carbide; KH,C,)"” is active in ammonia synthesis
at300 °Cand 10 bar without atransition metal. Transition-metal-free
catalysts activate N, viaan associative mechanismrather than the dis-
sociative mechanism, hence lowering the overall energy barrier for
ammonia synthesis, because the N, is not dissociatively adsorbed on
the catalytic surface.

Oneoptionto avoid conventional thermal ammonia decomposi-
tion (Fig. 4c) is to use ammonia for direct solid oxide fuel cells. This
approach combinesammonia cracking over aNicatalystand the elec-
trochemical conversion of hydrogen into electricity®. Ammonia can
befed directly into the solid oxide fuel cell, but microstructural defor-
mation of the metallicanode owing to nitridation by the reaction with
ammonia hasbeenreported, which requires engineering solutions'’.
Combined ammonia decomposition and hydrogen separation is also
possible using catalytic membrane reactors. These reactors operate
atlower temperatures compared with conventional crackers but also
at higher pressures, favouring selective separation of hydrogen from
thereactionzone'’, However, the purities of <0.1 parts per million NH,
required for proton exchange membrane fuel cells cannot be realized
without using Pd-based membranes or adsorbents such as zeolite 13X
or clinoptilolite™.

Plasma-assisted hydrogen generation from liquid ammonia is
another technology for large-scale applications, providing acomplete
conversion of ammonia. Different methods of plasma generation, such
as pulsed plasma or dielectric barrier discharges, have been combined
with transition-metal catalysts'*’. Electrochemical decomposition
(electrolysis) of liquidammonia theoretically requires less energy than
water electrolysis'**'**. During decomposition,ammonia is oxidized at
theanodetoN,, while H,0O isreduced at the cathode to H,. The anodic
reaction, however, competes with the side reaction of oxygen evolu-
tion. Electrochemical ammonia oxidation is promising for on-demand
hydrogen production, but efficient, durable catalysts are key to the
process: developments in this area include face sensitivity, alloying,
metal-support interactions, and non-precious metal activation'*.
Mechanisticinsituand/or operando characterization studies of ammo-
niadecomposition reactions arerequired to understand the complex-
ity of the reaction mechanism, depending on the different approaches
and variety of catalysts™™*,

Hydrogen compression

Inadditionto the storage and transportation of hydrogen, other aspects
of hydrogen handling areimportant. Akeyissueisthat hydrogen tech-
nology for storage and transportation often requires high-pressure
hydrogen gas. Fuel cell cars, for example, currently use 700 bar type IV
tanks, so a hydrogen supply over 700 bar is required at refuelling sta-
tions. Metal hydrides offer an efficient alternative to conventional
compressors for achieving such pressures™*'*,

Hydrogen can be compressed using various methods, including
mechanical, electrochemical, thermal and thermodynamic compres-
sion. Mechanical compressors reduce the volume containing the gas
orforce gasinto a smaller volume, thus increasing pressure'™. These
compressorsinclude syringe pumps and reciprocating compressors,
which move a solid piston into the gas space; rotary compressors,
which use a rotating screw to force gas into a pressure chamber; and
ionic compressors™?, which pump an ionic liquid into the gas space.
Electrochemical compressors use a proton exchange membrane that
dissociatesH,at theanode and recombinesit at the cathode atahigher
pressure™, whereas in thermal compression, low-temperature gas
is heated in a fixed volume. Metal hydride compression, by contrast,
uses the thermodynamic properties of a metal-hydrogen system
to absorb hydrogen at a low temperature and release it at a higher
pressure when heated (Fig. 5). Each method has advantages and dis-
advantages. Reciprocating compressors are widely used because
they are simple and relatively inexpensive, but metal hydride com-
pressors have the advantages of no moving parts, no vibrations and
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Fig.5|Hydrogen compression using metal hydrides. Schematic of a single-
stage metal hydride compressor. Low-pressure hydrogen from an electrolyser,
for example, driven by wind turbines or another renewable energy source is fed
into the metal hydride compressor at alow temperature T,,, and hydrogen is
absorbed into the metal crystal structure, forming the alpha () solid-solution
phase. The hydrogen uptake increases, as seen in the plateau of the lowest
temperature isotherm, until the maximum capacity is reached and the absorbed

T

hydrogenisallin the beta (B) hydride phase. Then the metal hydride is heated
using waste or low-grade heat where possible. The hydrogen is released from

the metal at a higher temperature Ty, and a higher pressure Py, suitable for a
hydrogen refilling station or other applications. AH, enthalpy of the a-to-3 phase
transition; AS, entropy of the a-to- phase transition; P, pressure; R, universal
gas constant; T, temperature.

low maintenance. Another advantage is the purity of the compressed
hydrogen, thanks to the absence of oil and other lubricants and to
the trapping of impurities, such as H,0 and O,, by the metal hydride.
Maintaining high hydrogen purity isimportant because fuel cells are
sensitive to impurities and minimum purity standards must be met
to prevent fuel cell poisoning.

When a hydride is formed from a metal and hydrogen gas, heat
is released. Conversely, when a hydride is heated, hydrogen gas is
released. By increasing temperature, pressure can therefore be
amplified (Fig. 5). This amplification can reach several hundred bar,
even if the operating temperature is limited to 150 °C, which can be
provided by steam from waste heat at chemical plants. This heating
requirement is a disadvantage of metal hydride compressors, as is
the need to remove heat generated during the absorption cycle, but
using waste heat and effective thermal management can improve
efficiency and kinetics. For comparison, heating hydrogen gas from
20 °Cto150 °Cincreases the pressure by only 44%, while an exponential
temperature-dependent pressure increase for metal hydride systemsis
approximately 20 times more efficient, allowing pressures exceeding
800 bartobeachieved. Modelling metal hydride compressors to assess
the performance of materials from the viewpoint of the thermodynam-
ics of hydrogen-metalinteractions shows their operation to be feasible
over abroad range of pressures®.

Hydrogen canbe compressed inasingle-stage metal hydride com-
pressor, using two setpoint temperatures (7, and Ty,,;) to compress
hydrogen from Py, to Py, (Fig. 5), or in a multistep process where
two or more compression stages are synchronized™>**®, gradually

increasing pressure fromasetpoint level atambient temperature. For
efficient compression, amaterial should exhibitanisotherm withaflat
plateau, with minimal hysteresis between absorption and desorption,
and a low range of solid solutions in both a and 3 phases. The mate-
rial must also have high cyclic stability, under elevated temperature
and pressure conditions, and exhibit rapid absorption and desorp-
tion kinetics. Cyclic stability is a particular issue for metal hydride
compression because material degradation processes®™’, primarily
disproportionation, where one or more metallic element phases seg-
regate, are more prevalent under pressure at elevated temperatures.
The compressor must also provide aminimum throughput of hydrogen
for the particular application.

Since compressionto different pressuresis required, particularly
in multi-stage compressors, various hydride-forming materials with
different thermodynamic stabilities have been investigated™**'*°,
AB; compounds, typically LaNis and its derivatives, can be used in
low-pressure compressors (up to 100 bar), whereas higher pressures
(100t01,000 bar) can potentially be achieved using AB, compounds,
often Ti-based Laves-phase intermetallics™°. The sensitivity of the
thermodynamics of a metal-hydrogen system to the composition of
the alloy is such that materials can be tuned via partial substitution,
sothattheyabsorb and desorb hydrogeninthe required pressure and
temperature range'°%1%8,

To assess materials, experimental data are typically collected up
to100 bar and at temperatures below 150 °C, and achievable pressures
are estimated using the van 't Hoff equation (Box1). However, research
has been shifting to higher pressures (in the range 700-1,000 bar)
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to satisfy requirements for hydrogen refuelling stations. Measure-
ments must be made with great care at these pressures, because
experimental issues and artefacts such as leaks™”, the internal vol-
umes of valves, and sample volume changes during absorption and
desorption’*'® become even more critical for obtaining reliable data,
as does using the fugacity or hydrogen equation of state to predict
accurate pressures™®'¢2,

As part of the focus on higher pressures, compounds capable of
hydrogen compression up to 800 bar, such as TiygZr,,Fe, (V,,4, have
been identified™ and prototype compressors producing more than
700 bar have been developed'®. For example, asingle-stage laboratory
compressor capable of compressing hydrogen from100 bar to 700 bar
using a Ti-based AB, intermetallic has been reported’®. In addition, a
prototype double-stage metal hydride compressor for amplifying
hydrogen pressure from 150 bar to 875 bar was demonstrated” using
TiCrMn,,Fe,,V,; for the low-pressure stage and Ti, gZr,,Fe; (V, , for
the high-pressure stage. In both cases, the hydrides were mixed with
expanded natural graphite to increase thermal conductivity.

For multi-stage compression, materials must be paired
appropriately™®. A model of a double-stage compressor has been
developed in order to calculate the cycle productivities of the paired
materials, intermediate pressures between the stages, and total
throughput. Results agreed well with those from an experimental
compressor'®. Techno-economic analyses for metal hydride compres-
sors also show that the capital expenditure is comparable to that for
conventional mechanical compressors, butenergy consumption canbe
lower, leading to higher energy efficiency and reduced operating costs,

Box 1|Metal hydride fundamentals

ifwaste heatis available'*'**. In an integrated hybrid system comprising
ametal hydride compressor and an electrochemical hydrogen pump,
more waste heat was available from the pump thanwasrequired for the
compressor, suggesting that operation using only waste heat should
be possible'®. The primary disadvantages of metal hydride compres-
sors are potential material degradation, the slow kinetics (which will
limit throughput) and the need for effective thermal management.
Therefore, both materials development (such as compositional tuning
and improving cyclic stability) and tank design (including thermal
management and efficient waste-heat utilization) should be addressed
inorder to further develop metal hydride compressor technology.

Electrochemical energy storage

Metal hydrides have played a key role in electrochemical energy stor-
age, asreversible negative electrodes in nickel-metal hydride (Ni-MH)
batteries'*®. The proof of concept of Ni-MH batteries was first demon-
stratedin the early1970s. They came to market two decades later'” and
were in widespread use in hybrid electric vehicles by the 2010s>151°,
For mostapplications, Li-ion batteries have now overtaken Ni-MH tech-
nology. Theliquid organicelectrolytesin Li-ion batteries allow the use
of electrode pairsthat provide alarger potential difference thanthose
used withaqueous electrolytesin Ni-MH batteries, but they also intro-
ducesafetyissues, because the organicelectrolyte is flammable. SSBs,
by contrast, offer an alternative with the potential to improve safety,
energy density and sustainability’°. New phenomena that enhance
cationic mobility in complex hydrides for use as solid electrolytes have
beendiscovered, leading to the firstinorganic rechargeable magnesium

Metal hydrides are formed by the direct reaction of hydrogen gas
with a metal®-®°. The resulting bonds can be covalent, ionic or
metallic, depending on the nature of the element or alloy. These
chemical bonds are relatively strong, so hydrides are often formed
at near-ambient temperature or above. When a metal is exposed to
hydrogen, at a given temperature, H, molecules first dissociate on the
surface and then H atoms enter the metallic phase in solid solution,
usually known as the a phase. With increasing pressure, the hydrogen
concentration in the solid solution increases until an ordered,
higher-concentration metal hydride phase, known as the 3 phase,
begins to nucleate. Because a new phase is present, the system
loses a degree of freedom and the pressure remains constant until
all the solid-solution a phase has been transformed to the ordered
B phase. This phase transformation is the origin of the plateau in
pressure-composition isotherms and it has practical consequences
because a small change in pressure results in the material absorbing
or desorbing large quantities of hydrogen.

The plateau pressure at any given temperature T is given by the

van 't Hoff equation®-??,

Py, AH AS
n==-——+—
P, RT R

where P, is the equilibrium pressure of hydrogen, P, is the reference
pressure, usually 1bar, AH and AS are the enthalpy and entropy of
the phase transition, respectively, and R is the universal gas constant.

At high pressures, P should be replaced by fugacity, to account for
non-ideal gas behaviour. Plotting In(P,,/P,) against 1/T gives AH and
AS for the reaction.

Most elements in the periodic table can bond with hydrogen.
Except for a few elements, however, binary hydrides usually
cannot satisfy the conditions required for practical applications,
so intermetallic compounds are often used. In the field of metal
hydrides, intermetallic compounds are usually formed by alloying
a metal that easily forms stable hydrides (A) with another element
that does not (B), leading to different stoichiometries, including
A,B, AB, AB, and AB; (ref. 62). Intermetallic compounds, as well as
compositionally disordered hydrogen-absorbing alloys such as PdNi,
are usually considered distinct from so-called complex hydrides®.
Complex hydrides have the general formula M,N,H,, where M is an
alkali metal cation or cation complex and N is a metal or metalloid.
The bonding is mostly covalent, rather than metallic.

For metal hydrides, when hydrogen enters the metal lattice, the
unit cell volume increases, in some cases by up to 30%°°. Because
this expansion is reversible during hydriding and dehydriding,
intermetallic compounds often decrepitate upon cycling, forming
a fine powder. Another aspect with important implications for
practical applications is the exothermic and endothermic nature of
the hydrogenation and dehydrogenation reactions. Enthalpies of
formation of metal hydrides are relatively high, so heat management
is crucial to achieve absorption and desorption kinetics that satisfy
practical requirements.
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SSBY. Hydrides therefore could be promising for future generations  section considers the improvement of existing Ni-MH technology,
of SSB”. In addition, complex hydrides show potential foruseasliquid ~ developmentsinhydride-based SSBs, and the use of complex hydrides
electrolytes in high-performance Mg- and Ca-based batteries. This  asliquid electrolytes.
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Fig. 6 |Hydrides for electrochemical energy storage. Rechargeable hydride-
based batteries during discharge and charge steps. a, A nickel-metal hydride
(Ni-MH) battery operating with a hydride-forming metal as the negative
electrode, an aqueous alkaline or ionic liquid as electrolyte, and nickel
hydroxide as the positive electrode. b, A magnesium solid-state battery with
an Mg-metal negative electrode, magnesium tetrahydridoborate ammine
(Mg(BH,),.NH,) as the electrolyte and a titanium disulphide positive electrode

where the redox couple Ti*'/Ti** allows insertion of Mg*". ¢, A calcium liquid
electrolyte battery with a Ca-metal negative electrode, calcium monocarborane
(Ca(CByH,,), dissolved in organic solvents as the electrolyte and a copper
sulphide cathode as the positive electrode where the redox couple Cu*/Cu0
allows insertion of Ca*. The corresponding reactions are shown below each
electrode.

Nickel-metal hydride batteries

Ni-MH batteries discharge via two processes (Fig. 6a). At the negative
electrode, ametal hydrideis oxidized to a metal (M), while at the posi-
tive electrode, nickel oxy-hydroxide, NiO(OH), is reduced to form nickel
hydroxide, Ni(OH),. Proton (H') transfer between the electrodes occurs
through a highly concentrated aqueous alkali electrolyte with high
ionic OH™ conductivity (0.5 S cm™at room temperature for 8 MKOH).
Thisaqueous electrolyte providesintrinsic safety and robustness, but
itis corrosive and the narrow electrochemical stability window (1.23 V)
constrains the energy density of Ni-MH batteries. For comparison,
liquid organicelectrolytesin Li-ion batteries can have electrochemical
stability windows exceeding 3 V (ref. 171).

First-generation commercial Ni-MH batteries used multi-
substituted LaNis-type intermetallics as negative electrodes; Co, Mn
and Al partially substitutes Ni, while La is replaced by mischmetal,
a mixture of rare-earth elements with a composition depending on
the ore®”**®, Cycle life was improved, compared with pure LaNis, but
cost was also reduced considerably. The success of metal hydride
electrodes relies on their low potential (-0.95V versus the normal
hydrogen electrode), good gravimetric energy capacity (300 mAh g™),
high electronic conductivity, fast hydrogen mobility at room tempera-
ture (hydrogen diffusion coefficient approximately 108 cm?s™) and
the formation of a stable and ionic conducting surface electrolyte
interphase formed by rare-earth hydroxides and catalytic nanostruc-
tured metals'%. Second-generation commercial Ni-MH batteries'”?
use LaNi;—MgNi, intergrowth alloys, which were developed later, with
capacities approaching 400 mAh g'. Energy density isincreased, while
reducing the use of strategic rare-earth elements'.

Ultimately, using rare-earth-element-free alloys would be the ideal,
particularly those based on lightweight Ti, V or Mg hydride-forming
metals. However, cycle life has so far been poor owing to severe cor-
rosion in alkali media"> Replacing aqueous alkali electrolytes with
less aggressive alternatives while preserving fast hydrogen mobility
is one solution for the next generation of Ni-MH battery technology.
Protonicionicliquids have been proposed and their ability to operate
inbatteries demonstrated using pyrrolidinium acetate [Pyrr][Ac]asthe
ionicliquid”>"°. The electrochemical stability windows of ionic liquids
are much larger than that of water, >2 V, paving the way towards the
implementation of higher-potential positive electrodes approaching
the high energy density of Li-ion batteries.

Complex-hydride-based SSBs

SSBsare onthe current roadmaps of various battery companies and car
manufacturers because they have several advantages over liquid-state
Li-ion batteries”’ . Battery cells consisting only of solids should be
easier to assemble, reducing fabrication cost, and they should be
smaller, lighter and have higher energy density. A solid electrolyte can
eliminate the flammable and unstable liquid electrolyte usedin Li-ion
batteries, improving safety and lifetime. Moreover, these electrolytes
can operate over a larger temperature range and reduce the need for

thermal management, allowing the battery to be operated with fast
chargingand discharging rates and reducing the risk of short circuits'.

SSBs consist of two electrodes (a cathode and anode) and a solid
cation-conducting electrolyte’. The ion-conducting electrolyte is
the central part of the battery and its stability towards anode and
cathode defines the battery chemistry. A challenge when developing
SSBs is to achieve fast cationic conductivity in solid electrolytes, in
particular for divalent cations such as magnesium (Mg?") or calcium
(Ca*)'8°82 Traditional cation-conducting oxides and halides often
have close-packed structures and have cationic conductivity only at
high temperatures owing to defect formation. Derivatives of complex
hydrides withametalionboundto a neutral molecule provide fast cati-
onic conductivity'*'®*7%, Classes of complex-hydride-based materials
have beendiscovered that also have more open and flexible structures
and ‘zero’ electronic conductivity'. These hydrides suggest routes to
creating fast cationic conducting materials for SSBs.

Anammoniaderivative of magnesiumborohydride, Mg(BH,),-NH,,
has been discovered”, which illustrates another phenomenon that
increases the magnesium ionic conductivity, creating a functional
battery material. The structure of Mg(BH,),-NH, is held together by
weak di-hydrogen bonds, B-H%--**H-N. This interaction resembles
the hydrogen bonds in biological matter with a similar interaction
energy, around 20 k) mol™, and bond length, around 2 A. Density
functional theory calculations revealed that the fast cationic conduc-
tivity is due to these weak interactions, flexible coordination of the
BH, complex, and exchange of the neutral molecule (NH,) between
interstitial and framework magnesium. This mechanism is referred
to as ligand-assisted cationic conductivity, and it could be unique to
hydride-based electrolytes”. Boron-based complex hydrides have
low material density and are relatively soft and compressible, form-
ing stable interfaces to the electrodes>*>'*¢, Furthermore, they are
slightly reducing and stable towards metallicanodes, which can further
increase energy density'?.

Thefirstrechargeable inorganic magnesium SSB was assembled
using magnesium borohydride complexed with tetrahydrofuran as
the electrolyte, magnesium metal foil as the anode, and titanium
sulphide as the cathode (Fig. 6b). The drawback is the relatively low
oxidative stability of tetrahydridoborate (BH,"), which allows only
low-potential cathodes providingacell voltage of about 1.2 V (ref.188).
This metal borohydride-based electrolyte system has now been
extended to similar calcium borohydride derivatives with high Ca*
conductivity'®. Further work is needed to develop electrolytes based
on closo-(car)borates, for example, B,,H,,> or CB;H,,” (refs.190-192).
Borates often form anion lattices with dynamic disorder, that is,
rotation and/or vibration of the anions, which further promotes
fast cationic conductivity. Closo-borate anions also have higher
electrochemical stability than tetrohydridoborates and facilitate
formation of high-voltage SSBs'”. Future work could provide analo-
gous calcium electrolytes and open the door to developing similar
calcium-based SSBs.
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Complex hydrides asliquid electrolytes

Using complex hydrides as liquid electrolytes has also emerged as
a strategy to overcome the challenges associated with traditional
liquid electrolytes. Aninitial success was the development of a Mg
battery electrolyte, Mg(BH,), and Mg(CB;H,,), dissolved in ether
solvent**'”*, This electrolyte demonstrated excellent performance
for Mg-metal plating/stripping reactions, exhibiting low overpotentials
and high-quality deposition, making it a strong candidate for Mg bat-
teries. This application highlights the potential of complex hydrides
to addressissues such as high overpotentials and poor cycle stability,
which frequently occur in multivalent cation-based systems™*'”",

In Cabatteries, the complex hydride Ca(CB;;H,,), also shows prom-
ise as an electrolyte. When dissolved in a mixture of solvents, such as
1,2-dimethoxyethane and tetrahydrofuran, Ca(CB,;H,,), provides awide
electrochemical stability window of over 4 V and highionic conductiv-
ity of 4 mS cm™, facilitating reversible Ca plating/stripping at ambient
temperature. This electrolyte improves the stability of liquid electro-
lytes with Ca metal, enabling long-cycle-life Ca batteries'*®. Batteries
using Ca(CB;;H,,),and aCuS cathode (Fig. 6¢) have shown excellent cycle
life and capacity retention, with up to 92% capacity maintained after
500 cycles, making them a potential alternative to Li-ion batteries'”.

Another approachis touse polymer electrolytes, such as gel poly-
mer electrolytes, incorporating complex hydrides. Gel polymer elec-
trolytes consist of aliquid electrolyte immobilized in a polymer matrix.
These electrolytes have improved electrochemical properties and
stability compared with traditional liquid electrolytes, while mitigating
risks such as dendrite formation and short-circuiting®*°. For example, a
gelpolymer electrolyte composed of Li,B,,H,,, propylene carbonate and
poly(methyl methacrylate) (PMMA), had high ionic conductivity and
electrochemical stability?°. Ca(BH,),-based polymer electrolytes also
have high Coulombic efficiency and low overpotentials, advancing the
development of Cabatteries with improved performance and safety”".

Thermal energy storage

Thermal energy storage has a vital role to play in a decarbonized
future?**?®, Around half of global energy consumption is estimated
tobelost as waste heat?** 2%, If even afraction of this can be recovered
and either used directly or stored for future use, it could substantially
reduce worldwide CO, emissions. Moreover, thermal energy storage
can be combined with concentrated solar power plants®”, to address
intermittency and improve the reliability of energy supply?°*?%°. Metal
hydrides have very high heat storage capacities and can be used over
awide temperature range, as required by different thermal energy
storage applications.

Thermal energy can be stored in materials using different
processes?’®?%2!! Sensible heat storage is a physical process that uses
linearincreases and decreasesin the temperature of amaterial, AT, to
store and release heat. Another physical process, latent heat storage,
involves phase transitions®”’. By contrast, a third option, thermochemi-
calenergy storage (TCES)*", exploits reversible chemical reactions such
astheabsorption and desorption of hydrogen by metals***? (Fig. 7a).
Other TCES systems include metal hydroxides and carbonates***",
TCES generally provides higher storage densities than sensible or latent
heat?*®?"®, but some metal hydrides have the highest energy densities
of all currently known thermochemical systems®".

At present, concentrated solar power plants use molten salts to
store sensible heat. Molten salts have gravimetric energy storage densi-
tiesof around 0.045 kWh kg fora AT of100 K (ref. 210).28,000 tonnes
of molten salt is therefore required to store 1,000 MWh, but the same

amount of heat can be stored using 1,100 tonnes of Mg (ref. 214). Metal
hydrides can also cover a wide range of temperatures up to 1,000 °C,
depending on the metal or metal alloy (Fig. 7b). The endothermic reac-
tion associated with hydrogen desorption from the hydride is used to
store heat, which can then be released by reacting hydrogen with the
metal. Heat released during the exothermic reaction s collected using
aheat-transfer medium and delivered to aheat engine, suchasaturbine
or Stirling engine, to produce electricity (Fig. 7a). The hydrogen is not
combusted by reaction with oxygen, asinafuel cell, butactsasaworking
mediumtostore orrelease chemical energy””. If reversible metal hydride
TCES systems are connected to hydrogen sources, such as hydrogen
pipelines, an option would be to use them not only for heat storage, but
also for temporary hydrogen storage in a future hydrogen economy.

Selection of the metal hydride for the required working tempera-
tureis critical for TCES, asis achieving a high cyclic stability under the
operating conditions®”’. The price of the material must also be low
given that this will directly affect the system cost (capital expendi-
ture)?>?, Hydrides being considered for TCES include MgH,, Mg,FeH,
NaMgH;and CaH, and various derivatives, depending on the required
working temperature”>?, In each case, the reaction enthalpy AH
(in moles of H,) determines the working temperature and the gravi-
metric energy storage density in terms of kilograms of reactant (that
is, the weight of hydride, which depends onboth the hydrogen content
and molar mass of the host metal or metal alloy).

At lower working temperatures (up to 400 °C, which includes
high-gradeindustrial waste heat), MgH, is an attractive choice because
of the low price of Mg and its high heat storage capacity. The AH for
MgH, (74.5 k) mol™) corresponds to a gravimetric energy density of
0.78 kWh kg . MgH, was first used to store heat more than 40 years
ago”®, Since then, numerous studies have been performed to opti-
mize its kinetics, storage capacities, heat conductivity and long-term
stability®***. As MgH, has an equilibrium pressure of less than 10 bar
from 350 °Ct0 380 °C, it canbe used under relatively simple technical
conditions. This usability has been shown in a demonstration pro-
ject,commissioned in 2022, using 350 kg of Mg metal — with 5 wt% Fe
powder added as catalyst — to store up to 250 kWh of heat, providing
anenergy density of 0.71kWh kg™, close to the theoretical value. Heat
input and removal was performed with an oil circuit® (Fig. 7c).

For working temperatures up to 550 °C, Mg,FeH, has high cyclic
stability and a AH of 77 k) mol™, corresponding to an energy density
of 0.55 kWh kg . Decomposition of Mg,FeH, releases three moles of
H,, with Mg and Fe metal formed as decomposition products. Mg and
Fe do not form alloys with one another, so the two phases separate.
This separation prevents sintering, which is often observed for other
metal hydrides after long-term cycling”’. NaMgH, has a higher AH
of 86 k) mol™, resulting in a dissociation pressure of about 1bar at
500 °C (ref.213), compared with about 66 bar for Mg,FeH,. However, the
energy density for the first usable reaction step of 0.47 kWh kg *is lower
than for Mg,FeH,. A drawback for NaMgH, is that full hydrogen desorp-
tion results in molten Na-metal segregation with poor kinetics during
hydrogen reabsorption®>. In an effort to find other suitable materials
in the 500-800 °C range, fluorine has been used to stabilize NaH****,
MgH, (refs.222,223) and NaMgH; (ref. 215). Although these materials can
operate up to 775 °C at 150 bar, evaporation of Na must be eliminated
for practical applications®?.

At high temperatures (up to 1,000 °C), CaH, is one of the best
hydrides for TCES.Its AHis 216 k) mol™, corresponding to agravimetric
energy density of about 1.43 kWh kg™. CaH, reaches an equilibrium

pressure of 1 bar at about 1,000 °C, where it is in the molten state®**,
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whichmakes heat transfer more favourable than for apowder. However,
the corrosivity of molten CaH, and the slow kinetics must be over-
come. Systems are therefore being sought to improve the kinetics of
hydrogen absorption and release and to adjust the working tempera-
ture. Adding Al to CaH, reduces operating temperatures to <700 °C
(refs. 225,226), and this CaH,-Al system has good cyclability and low
cost for operation at temperatures between 420 °C and 700 °C. For
example, at 670 °Cand 20 bar, the CaH,~Alsystemhasbeen cycledup to
66 times, although witha drop in capacity of 9%**. Other systems stud-
ied for TCES include CaH, destabilized by halides*”, Al,O, (ref.228),Zn
(ref.229) and Si (ref. 230).

Heat input and output are important criteria for practical
implementation®*®. Depending on the hydride and its working tem-
perature, various options are available. Heat-transfer oils are often
used up to 400 °C (ref. 217). Heat extraction and delivery using
superheated water vapour has been demonstrated for NaMgH; at
temperatures up to 470 °C (ref. 231). Up to 600 °C, molten salts are
suitable, whereas supercritical CO,, molten alkali metals, and heat
conduction through metallic rods are all being investigated for
temperatures >600 °C.

Forimproved TCES systems, new metal hydrides should be investi-
gated and their thermodynamic properties thoroughly characterized.
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Glossary

Absolute adsorbed quantity
Total amount of hydrogen in the
adsorbed phase, that is, the total
quantity of hydrogen adsorbed by a
porous material.

Excess adsorbed quantity
Amount adsorbed over and above the
amount of hydrogen that would be
present in the absence of any gas-solid
interactions.

Intermetallic compound

A long-range-order alloy, with a
structure differing from those of its
constituent elements, which are often
present in stoichiometric quantities.

Type IV tanks

High-pressure gas cylinders, suitable for
storing hydrogen, each consisting of a
polymer liner wrapped in a carbon fibre
composite.

Alloy

A metallic material or solid composed
of a mixture of two or more metals, or

of metals and non-metal or metalloid

elements.

Brunauer-Emmett-Teller
method

The Brunauer-Emmett-Teller method
determines the surface area of materials

Gravimetric density

In the context of hydrogen, the
amount of hydrogen stored per
unit mass.

Green hydrogen

Hydrogen produced from renewable
energy sources, usually by the
electrolysis of water, resulting in very
low or zero carbon emissions.

Mischmetal

A mixture of rare-earth elements, with a
composition depending on the ore used
for its production, often used to replace
pure La in AB; intermetallic compounds.

Usable capacity

Reversible hydrogen uptake between
the pressure at which a hydrogen store
is charged and the discharge pressure.

Type Ill tanks
High-pressure gas cylinders, suitable
for storing hydrogen, each consisting of

Volumetric density
In the context of hydrogen, the amount
of hydrogen stored per unit volume.

by analysing gas-adsorption isotherm
data using a simplified model of
adsorption.

ametal alloy liner wrapped in a carbon
fibre composite.

Heat transfer is crucial for heat storage, as it determines how quickly
and efficiently energy can be transferred (charged) into and removed
(discharged) from the storage unit. Therefore, methods and devices
should be investigated to optimize heat transfer in TCES systems. Itis
now time to move from working with metal hydrides at the laboratory
scale to demonstration projects, with subsequent integration into a
variety of thermal processes.

Summary and future perspectives

Inthis Review, we have examined hydrogen storage and transportation
using nanoporous materials, metal and complex hydrides, and liquid
hydrogen carriers. High-surface-area MOFs can store over 10 wt% of
hydrogen using physisorption, under moderate conditions between cry-
ogenicliquid hydrogen and high-pressure compressed-gas storage. The
rapid and fully reversible adsorption process enables quick filling and
high cyclability, and is best suited to short-termapplications. Hydrogen
storage in metal hydrides, meanwhile, requires only moderate pressures
and near-ambient temperatures. Volumetric hydrogen densities nearly
twice that of liquid hydrogen can be achieved, although gravimetric
storage capacities are low, typically <2 wt%, meaning it is better for
stationary applications. By contrast, liquid hydrogen carriers, such as
LOHCs and ammonia, are best suited to long-distance transportation
and long-duration energy storage. However, they face several chal-
lenges, including efficient LOHC hydrogenation and dehydrogenation
and green ammonia production and decomposition routes.

We also discussed hydrogen compression using metal hydrides,
the current status of metal and complex hydride-based batteries, and
thermal energy storage using hydrides. Metal hydrides canbe used to
compress hydrogen quietly and efficiently, while ensuring a high-purity
supply. Prototypes have demonstrated the feasibility of achieving
pressures >700 bar. Intermetallic hydrides have proved acommercial
success as electrode materials in Ni-MH batteries, but new lightweight
electrode materials and less aggressive electrolytes, such as ionic
liquids, arerequired to compete with recentimprovements in battery
technology. Complex hydrides, meanwhile, have shown promise as

both solid and liquid electrolytes in new types of Ca and Mg battery.
Finally, thermal energy storage is set to have a vital role in the future,
thanksto the quantity of waste heat produced globally and the promise
of concentrated solar power plants for generating renewable energy
in countries with high solar irradiance. Metal hydrides exhibit very
high heat storage densities over awide temperature range, with CaH,
allowing working temperatures up to1,000 °C.

For physisorption-based hydrogen storage, a key challenge is to
increase the volumetric capacity while maintaining high gravimetric
values. This aim could be achieved by optimizing pore structure and
reducing void volumesin powders using monoliths and other structured
forms, with the goal of approaching volumetric densities comparableto
high-pressure type IV tanks. Scale-up of materials productionis needed,
with afocus ongreen chemistry and avoiding harmful solvents (Box 2).
Demonstrationtanksarealso currently being developed, asimplement-
ing practical hydrogen storage systems in tanks for heavy duty vehicles or
stationary storesisimportantinimplementation. Life cycle assessments
of physisorption-based hydrogen storage in different scenarios are also
needed before these systems canbe scaled up for use in practical applica-
tions. At subcritical temperatures, a super-dense molecular hydrogen
layer has been observed to form on special surfaces. Elucidating the
exact structures required for this layer formation will help to increase
the volumetric capacity of cryogenic hydrogen storage systems.

Metal hydride hydrogen storage is especially suited to stationary
applications and heavy-duty transport and could break throughinother
market segments if investment costs become competitive with those for
compressed and liquid hydrogen storage. Circular economy approaches
to producing hydrogen-sorbing alloys using recycled metals with lower
purity could reduce the cost of alloy production, the main driver of the
high capital expenditure for hydride-based storage. Accelerated mate-
rial discovery methods are expected to unveil alloy compositions with
higher gravimetric hydrogen capacities’***, requiring less material to
store agiven amount of hydrogen and thereby lowering costs.

LOHCs and ammonia offer the distinct advantage of being stor-
able and transportable atambient temperature in liquid form, thereby
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avoiding the extreme conditions required to store hydrogen in its
pure form. For LOHCs, efficient hydrogen storage depends on the
low AH of dehydrogenation. For both LOHCs and ammonia, sustain-
able, efficient, stable and cost-effective catalysts for synthesis and
dehydrogenation under mild conditions must be developed. Fur-
thermore, making green ammonia by carbon-dioxide-free synthesis
using renewable energy sources, and developing suitable reactors
and catalysts are important to its broader usage. However, political
and publicacceptance of ammoniawill also be crucial to its successful
introduction as a hydrogen carrier'>?*3*,

For metal hydride compressors, further material developments
shouldinclude understanding better how to flattenisotherm plateaus
andreduce hysteresisbetween absorptionand desorptionisotherms,
toimprove compression efficiency. Using materials and processinfor-
matics, meanwhile, rather than relying simply on trialand error, could
accelerate the search for new materials for compression technology.
Heat management and high-pressure resistance must be considered to
develop systems with high hydrogen flow rates. Improving thermal con-
ductivity using composites should beinvestigated, as well as designing
tanks with internal heat exchange systems. Finally, to enable global dis-
tribution of this technology, international standards under ISO-TC197

Box 2 | Sustainability

(for hydrogen technologies) should be established, as they were for
transportable hydride tanks, which were standardized as ISO16111
(refs. 235,236).

Forelectrochemical energy storage, new electrolytes are required
for next-generation Ni-MH batteries, together with electrodes based
onlightweight Ti, V or Mg hydride-forming alloys, to reduce the use of
strategic rare-earth elements. The large structural and compositional
diversity of metal hydridoborates has provided the electrolytes, includ-
ing Liand Naionic conductors, required for SSBs. New phenomenain
the solid state that enhance conductivity allow rational design, synthe-
sis and discovery of high-performance Mg ionic conductors. Current
research is exploring other divalent metals such as Ca or Zn. New
derivatives of hydrido-closo-(car)borates are expected to have higher
electrochemical stability. Further efforts could result in unexpected
SSBs made of more abundant elements, with higher cell voltages and
greater sustainability, with the aim of ultimately superseding current
Li-ion battery technology.

Heat storage systems based on metal hydrides are among those
with the highest gravimetric thermal energy storage densities. They
are potential systems for combining heat storage and hydrogen stor-
age. Depending on the available temperature range, a large number

A critical aspect of the sustainability of hydrogen storage systems
is their impact on the environment over their lifetime. Life cycle
assessment (LCA) can be used to quantify such impacts*° and

has been widely applied to hydrogen energy systems, particularly
different hydrogen production routes®*'***, LCA has also been
performed for various hydrogen storage options'"?*?%, as well as
for large-scale, long-distance hydrogen transportation using liquid
hydrogen carriers®®*",

An LCA of metal-hydride-based hydrogen storage, for example,
considered the environmental impacts of a storage system for an
auxiliary power unit, developed in the framework of the European
project SSH2S?**, When electricity consumption for hydrogen
compression was included, solid-state hydrogen storage had similar
greenhouse gas emissions and primary energy demand similar
to that of type Ill tanks and type IV tanks. Depletion of resources,
however, is higher for the solid-state system, although inclusion
of the end-of-life and recycling of materials could lead to different
conclusions®*. In another study, the hydride-based hydrogen storage
system developed within the HyCARE project to store about 50kg of
H, was found to produce a lower environmental impact than a low
pressure (~30bar) gas storage system, considering the following
impact categories: climate change, photochemical ozone formation,
particulate matter emissions, acidification, ecotoxicity of freshwater,
and resource use of minerals and metals; in the latter case by more
than 50%. The impact of the investigated system was shown to
be mainly due to its manufacturing process and the associated
resources. In comparison, operational life has a relatively small
impact, owing to the moderate pressures and temperatures at which
metal hydrides operate, which favour long operational life**.

The materials used affect the system sustainability. Critical
raw material use should be minimized, and metal hydride storage
systems are moving away from the use of rare-earth elements,
such as La, towards Ti, Cr, Mn and similar metals. Titanium is now

classified as a critical raw material in the European Union?°->*!

and the USA*?, but its production is more diversified than that of
rare-earth elements. Environmental impacts and the use of critical
raw materials remain open questions for large-scale applications.
Ways of reducing environmental impact include increasing weight
percentage storage capacities, incorporating thermal energy storage
in hydrogen storage systems, and using larger systems in stationary
applications®®. Adopting these approaches, as well as developing
systems based on non-critical raw materials, should help to drive the
technology towards more sustainable solutions. By contrast, LOHCs
can be synthesized from biogenic CO,. However, emissions from all
industrial processes used in growing, harvesting and processing the
biogenic feedstock must be considered, in addition to emissions from
the hydrogenation and dehydrogenation processes. A total of 7kg
CO,-equivalent per kg of H, was found for ethanol as a liquid carrier'™,
similar to emissions from compressed or liquid hydrogen. This impact
could be lowered by more efficient recovery of ethanol during cyclic
hydrogen storage and release.

Research using LCA has offered valuable insights into MOF
sustainability?®*>*°. A cradle-to-gate LCA of CPO-27-Ni, for example,
found that environmental impact is dominated by solvent use, either
in the synthesis or cleaning steps of MOF production®®*. Eliminating
organic solvents from the synthesis process led to a nearly hundredfold
reduction in CO, emissions, and order-of-magnitude reductions in
other impact indicators, including freshwater ecotoxicity and resource
depletion. Similarly, a cradle-to-gate LCA of ten industrially produced
MOFs (including MOF-5, HKUST-1, MOF-74(Mg) and MIL-53), at the
kilogram scale and considering 18 environmental impact categories,
concluded that the impact of the organic solvent is much higher
than the combined impact of all other contributions®*®. Minimizing
or eliminating organic solvent use in synthesizing MOFs is therefore
critical to reducing the overall environmental impact and hence
improving sustainability.
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of metal hydrides are available whose suitability has been proved in
laboratory tests and smaller demonstration plants. The next step must
now be to transfer these results to larger demonstration projects and
integrate theminto existing production processes, as has already been
demonstrated with a heat storage system based on MgH,.
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