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1. Introduction

1.1. Hydrogen in Broader Context

The fate of human kind, is at a cross-road with significant chal-
lenges threatening several concepts that were taken for granted, 
e.g., technological progress will enable us to defeat the general 
laws of nature and grow economic wealth beyond the capability 

As the world shifts toward renewable energy, the need for an effective energy 
carrier is pressing. Hydrogen has often been touted as a universal clean 
energy vector and the fuel of the future. Unfortunately, mass adoption of the 
hydrogen economy is slow due to a lack of incentives and technical difficulties 
in storing hydrogen. Better materials capable of reversible hydrogen uptake/
release with hydrogen capacity surpassing 5 mass% at the ambient must 
emerge. So far, finding such materials has been elusive; alloys capable of 
ambient hydrogen uptake/release have a low storage capacity while high 
capacity hydrides have a very high hydrogen release temperature. From 
metal alloys to complex hydrides, a better understanding of the behavior 
of hydrogen in hydrides is essential to fine-tune their properties toward 
application. Herein, the latest approaches to design hydrogen storage 
materials based on known hydrides are reviewed with the aim to facilitate 
the emergence of alternative thinking toward the design of better hydrogen 
storage materials. Synthetic methods and conceptual approaches to achieve 
particular hydrogen thermodynamics and kinetics are discussed. These 
include metallurgical alloying, mechanochemical modification, chemical 
destabilization, the nanosizing approach, and theoretical modeling and 
machine learning techniques to guide experimental work.
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of our planet.[1] Indeed, we have learnt 
through the greatest minds to master the 
use of fire to drive machines to do work 
for us. We are at the corner of taking these 
machines closer to artificial intelligence 
capability—the so called 4.0 Industry. But 
the idea that such technological advances 
can lead to further wealth and equal rights 
across the planet remains a debate and 
most likely utopia.[2] To date, despite all 
these progress, we are still failing to recog-
nize the limits of our current enterprise in 
terms of the amount of natural resources 
available to us and we are brutally lacking 
imagination and leadership to reinvent our 
societal organization and models to cope 
with the changes ahead (Figure 1a). Some 
call for a “degrowth” economy[3] and a reor-
ganization of economic models; however, 
this is only one aspect of the solution.

Current energy consumption is pro-
jected to double to support the economic 
growth of the emerging economies. Ena-
bling readily access to large amounts of 
energy is thus a paramount. Indeed, the 
viability of our economic models and 

quality of life are directly related to our ability to access energy.[4] 
However, the majority of the energy produced is at present 
consumed by a very small fraction of the world population 
(Figure 1b). Bringing energy fairness cannot be done through 
the use of fossil fuels, but via renewable energy that is widely 
available across the planet. For example, current photovoltaic 
technology could easily support the energy needs of a popula-
tion of ten billion.[5] Nonetheless, the large scale deployment of 
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renewables is still conditioned to the development of an effec-
tive energy carrier. Renewable sources are intermittent and our 
current societies rely on 24/7 dispatchable energy ready for use. 
This could be achieved through the local production of synthetic 
hydrocarbons from renewable energy. However, the overall 
efficiency remains low[6] and in the context of a decarbonized 
economy, the use of hydrogen as the alternative energy carrier is 
a more viable option. Hydrogen has three times the gravimetric 
energy density of gasoline. It is abundant in the form of water 
and can be used to generate electricity with a fuel cell, mechan-
ical work in combustion engines, or heat through catalytic com-
bustion (Figure 2). The idea of substituting current fossil fuels 
with hydrogen is not new[7] but this has been the subject of 
many stop and go policies that have left the impression that the 
technology is not mature.

1.2. The Hydrogen Economy: Quo Vadis?

The drawback in the use of hydrogen as an energy carrier is 
often associated with the lack of methods to effectively store it. 
Hydrogen has a very low volumetric energy density (0.7 kJ L−1 at 
25 °C and atmospheric pressure), and the current mature storage 
technology is through hydrogen compression at 70 MPa. This 

leads to a volumetric energy density of ≈3 MJ L−1 at the system 
level by using composite tanks.[8] These high pressure hydrogen 
tanks are already finding applications within the first hydrogen 
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Figure 1. Current energy related challenges facing society. a) Evolution of largest glacier in France “La Mer de Glace.” In 1903, the touristic attraction 
was to walk over the glacier, which was at the level of the Montenvers station (2013 picture). In 2013, the ice was not visible anymore. Subjected 
to the effects of global warming, the glacier has moved far back. The tension between economic development and the need for new models is 
emerging across many rich countries as demonstrated by the riots in France in November 2018 (image bottom left); b) electricity consumption 
normalized per capita and the average human output of 300 W as function of the latitude. Electricity consumptions were sourced from The World 
Factbook 2016–17 (Washington, DC: Central Intelligence Agency, 2016). A value of 1, a country is consuming the energy that can be produced by 
a single man or woman. The world current electricity consumption is almost equal to 1, i.e., the earth population, but many countries do not have 
access to their share of electricity to ensure economic growth. The over consumption in the rich countries is an average that is not reflecting social 
gaps in access to energy. 
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vehicles being commercialized. However, 
when considering stationary applications the 
use of compressed tanks is not the best option 
owing to their high cost (≈AUD $685 per kg 
H2 at the system level[9]—Figure 3). Metal 
hydrides and in particular those based on the 
early alloys developed, e.g., LaNi5 and TiFe 
and more recently Ti BCC alloys,[10] provide 
new and significant opportunities to effectively 
store renewable energy with a high volumetric 
density at scale (>10 MJ L−1)[11] and in a cost 
effective manner. These metals store hydrogen 
via the simple reaction (1) and thus provide a 
means to safely store hydrogen within their 
structure at low hydrogen pressures.

+ ↔ +M
2

H MH heat2
x

x  (1)

For a long time, further research along 
these alloys has been discouraged in favor 
of the development of new materials to 
meet the targets of sole vehicle applica-
tion. However, with the uptake of renewable 
energy at levels over 20% in some countries, 
the emergence of alternative energy storage 
solutions has become critical. Intermit-
tent renewable energy like wind and solar 
have fluctuations in their output which 
require grid integration with energy storage 

Adv. Sustainable Syst. 2019, 1900043

Figure 2. The hydrogen economy. Illustration of the hydrogen renewable energy chain. 
The difficulty of solid state hydrogen storage remains in the finding of better materials 
meeting competing requirements. LaNi5 as a hydrogen storage material (1.28 mass% H2, 
and 123 g H2 L−1) was taken as the reference material. Upon hydrogen absorption heat is 
released owing to the exothermic nature of the reaction of hydrogen with the metal alloy. 
The storage materials must meet targets of cost, temperature and pressure for hydrogen 
absorption and release as well as high energy density, both volumetric and gravimetric. 
The current cost of hydrogen produced from renewables is estimated at ≈AUD $100-270 
per MWh.[568]

Figure 3. Competitiveness of hydrogen technology for the storage of electricity. a) Cost of electricity per storage technology and b) breakdown cost 
of hydrogen for stationary energy storage applications using solid state hydrogen storage given. All costs are in AUD/MWh and the following conver-
sion rates were used: 1 USD to 1.36 AUD and 1 EUR to 1.60 AUD. The cost of all the storage technologies besides hydrogen were obtained from the 
DOE/EPRI report.[569] Prices of individual components of the fuel cell system were obtained from the NREL report[13b] and were adjusted to include the 
metal hydride prices and production cost of hydrogen from renewable energy technologies. For this calculation, TiMn1.95 was used as the metal hydride 
for the solid state storage of hydrogen. High pressure hydrogen storage tanks for vehicles application cost: AUD $550 per kg H2, which corresponds 
to a system cost of AUD $685 per kg H2,[9] while DOE cost target is AUD $456 per kg H2 for storage system cost.
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materials to provide the required energy supply (Figure 2).[12] 
In the case of stationary applications, hydrogen storage tech-
nologies provide solutions through the integration of three 
technologies: water electrolysis, hydrogen storage, and fuel 
cells for electricity generation. Once stored, the hydrogen 
can then be transported to the point of use or even exported. 
Many feasibility studies and demonstration sites have been 
showcased to validate the benefits of hydrogen technologies 
for on-site energy storage and generation in stationary appli-
cations.[13] However, the understanding of the potential of 
hydrogen as an energy carrier remains limited. Thus to date, 
the current technology considered is that of battery with the 
hope that more mature battery chemistry will be capable of 
“high density energy storage” at relatively low costs.

Detailed cost analysis of hydrogen technologies integrating 
electrolyzers, solid state storage, and fuel cells systems reveals 
that these integrated hydrogen technologies are already 
extremely cost competitive (Figure 3). In particular, when 
considering that currently no large scale manufacturing capa-
bility exists along the hydrogen chain, the potential for the 
technology to become readily accessible as cost goes down is 
immense. Through this analysis it is apparent that the main 
cost remains at the level of the electrolyzer and fuel cell. The 
cost of the storage technology is minimal in comparison. As a 
first approximate, the cost (COA Bx y) of the raw hydrogen storage 
material (AxBy) can be determined from

=
×
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where COA, COB correspond to the cost of the elements A 
and B ($ per kg), x and y are the respective amount of the 

elements A and B, and NA and NB their respective molar mass 
(g mol−1).

By using the tabulated cost of single elements in Figure 4, 
the cost of binary to higher quinary alloys with (non)-stoichi-
ometric compositions, can be determined from Equation (2). 
The cost of typical hydrogen storage alloys is summarized 
in Table 1. With the cost of room temperature (RT) hydride 
≈AUD$10 kg−1, the cost per kg of hydrogen stored in a typical 
hydride with a storage capacity of 2 mass% H2 would be around 
AUD$500, which is comparable to the cost of hydrogen com-
pressed at 70 MPa. However, owing to the lower pressures 
involved, solid state hydrogen storage is safer and offers much 
higher volumetric densities. In the context of competitive mar-
kets, the awareness of the potential of solid state hydrogen 
storage must be raised and practical guidelines must be devel-
oped for matching operating hydrogen pressures, flow, and 
temperatures to facilitate the integration of these hydrides with 
electrolyzers and fuel cells. At the fundamental level strategies, 
which this review aims to summarize, the design and opera-
tion of hydrogen storage materials must be established to con-
solidate and strengthen the existing knowledge and facilitate 
the market penetration of hydrides. The advantages of existing 
low temperature solid-state hydrogen materials lie in their long 
cycle life, improved safety compared to compressed hydrogen, 
and full discharge capability with “no memory” drawbacks. 
Research is needed for the optimization of their operation, 
large scale production, safety, maintenance, and recycling.

1.3. Beyond Current Materials

Current hydrogen storage alloys with capability to store 
hydrogen at the ambient have only a low hydrogen storage 
capacity (typically <2 mass% H2). The challenge in enabling a 
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Figure 4. Price and abundance of elements for designing hydrogen storage materials. Periodic table summarizing the elements forming hydrides, their 
market price (AUD $ per kg), and abundance. Discrepancies arise when multiple processes are involved in extracting the pure elements, and upon 
additional market variations. This summary indicates that Na, Mg, K, Ca, Fe, Al, Si and O are the most common elements found in the earth’s crust. 
Fortunately, metal hydrides such as NaBH4, MgH2, and AlH3 with high hydrogen storage capacities can be formed using such elements.[11]
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wider uptake of hydrogen is in the design of better materials 
with much higher energy densities (>5 mass% H2) to effectively 
displace fossil fuels and enable the transport and distribution 
of renewable energy in a very compact form including vehi-
cles application. Nonmetals like carbon microporous materials 
and highly porous structures like metal–organic frameworks 
(MOFs), covalent–organic framework (COFs) can also be used 
to store molecular hydrogen via physisorption with rapid 
kinetics (Figure 5b).[14] However, in this case the adsorption 
capacity is often too low, typically ≈0.24 mass% H2 for car-
bons[15] and <2 mass% H2 for MOFs;[16] although Morris et al. 
recently claimed a reversible excess sorption of 10.5 mass% H2 
at the ambient in a manganese-based MOF.[17] Liquid organic 
carriers such as those based on NH3 and cycloalkanes are also 
potential alternatives and their potential as hydrogen carrier 
has been summarized in several excellent reviews.[18] However, 
processes based on organic carriers are often energy intensive 
and should be improved in terms of catalyst stability, activity, 
and reversible hydrogen storage capacity. This review does not 
cover recent progress on materials for hydrogen physisorption 
or liquid organic carriers, but rather focuses on materials where 

hydrogen is stored via chemisorption in the form of hydrides. 
Various elements can effectively form hydrides of extremely 
high hydrogen densities (Figures 4 and 5),[19] and thus have the 
potential to deliver a solution to store hydrogen beyond current 
capabilities. For example, light alkali and alkaline earth metals 
form ionic hydrides such as LiH and NaH,[20] where hydrogen 
exists as a hydride (H−). Compounds including LiNH2 and 
NH3

[21] form high hydrogen capacity covalent hydrides, where 
the hydrogen is partially charged positively (Hδ+). In contrast, 
in complex hydrides such as NaAlH4 and LiBH4, the hydrogen 
exists, again with high density, as a negatively charged Hδ− 
(Table 2). In metals such as Pd and Ti forming interstitial 
hydrides, the hydrogen bonding is considered to be metallic 
and these elements in addition to their hydrogen storage prop-
erties can provide a solution for hydrogen catalysis in the high 
hydrogen density hydrides. The variety of existing hydrogen 
bonds can be viewed as an opportunity of finding ways to 
modify the properties of existing hydrides toward specific 
hydrogen storage applications. For example, the combination 
of Hδ+ and Hδ− is a means to facilitate the release of hydrogen 
from mixed compounds involving hydride and protide owing to 
the more favorable thermodynamics.[22]

To date, most of these high capacity hydrides are not suit-
able in their “raw” form for hydrogen storage because they 
only release hydrogen at temperatures way above the ambient 
(Table 2); and often the hydrogen release is not reversible. Fur-
thermore, the release or uptake of hydrogen in these hydrides 
can lead to significant volume changes, which does not simplify 
their integration into real systems. For example, in a typical 
metal hydride, hydrogen desorption/absorption can lead to a 
significant volume expansion owing to the (de)insertion of the 
hydrogen atoms in the crystalline lattice and structural reorgan-
ization of the atomic order.[8] In particular, in intermetallic com-
pounds these volume changes are about 1–3 cm3 mol−1 H.[23] 
In saline hydrides like Mg/MgH2 the expansion is of 30%. This 
can be overcome by leaving some space in the tank for expan-
sion/contraction but it affects the overall hydrogen storage 
capacity at the system level. Complex hydrides also undergo 
various decomposition pathways and changes in volume, 
which depend upon the type of the reaction and the extent of 
melting/foaming of the material. For example, H3BNH3 foams 
upon thermal heating as the result of the large amount of gases 
released in addition to hydrogen.[24] NaAlH4 decomposes into 
Na3AlH6 and Al with 30.3% contraction in the first stage of 
hydrogen release, but in the second decomposition stage of 
Na3AlH6 into NaH and Al a 13.8% expansion is observed.[25]

The current challenge in the use of high hydrogen capacity 
hydrides is thus in the conception of novel fundamental 
approaches to effectively control their properties and to sim-
plify their behavior upon hydrogen uptake/release for facile 
hydrogen sorption near the ambient. This also involves taking 
into account important parameters including: i) the ease of 
activation of the material for the initial hydrogen uptake/
release, ii) the rate of hydrogen uptake/release, iii) the heat 
of formation of the hydride and the management of that 
heat, iv) the hydrogen cycling stability of the material, v) the 
resistance of the hydride to hydrogen gas impurities, vi) the 
safety associated with the use of the hydride, and vii) the final 
cost of the material.[26]

Adv. Sustainable Syst. 2019, 1900043

Table 1. Common metal alloys (AUD$ kg−1 of material) based on the 
current market price of individual elements (not including the manufac-
turing cost of the alloy).

Metal alloys Price of the alloys

AB2 TiMn1.95 5.61

TiMn1.25Cr0.25 6.95

Ti0.9Zr0.1Mn1.4Cr0.45Fe0.15 8.04

TiCrMn 8.42

Ti1.2CrMn 8.59

Ti0.9Zr0.2Mn1.8V0.2Fe0.2 9.19

AB5 La0.8Nd0.2Ni5 23.29

La0.8Y0.2Ni5 20.76

LaNi5 18.83

LaNi4.55Al0.45 18.67

AB TiFe0.7Mn0.2 6.05

TiFe0.88 5.80

SS Ti24V0.45Cr31Mn10 10.11

V0.37Ti0.33Mn.3 14.44

V0.855Cr0.145 24.70

Common hydrides

NaH 43[445]

LiH 237[445]

CaH2 142[446]

MgH2 –

AlH3 87

Common complex hydrides

NaAlH4 45[447]

LiAlH4 355

NaBH4 140[446]

2LiBH4+MgH2 818[445]
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Herein, we review current state-of-the-art in the design of 
hydrogen storage materials and the fundamental understanding 
of hydrogen sorption in these materials with the aim of facilitating 
a rationalization of current approaches. A particular emphasis 
is made on current fundamental understanding of hydrogen 
behavior in hydrides across materials types, from metal 
alloys to complex hydrides; across length scales, from several  
micrometers to the nanoscale; and across phases from nano-
structured to amorphous as well as methods to load/unload 
hydrogen from these materials. Synthesis approaches to reach 
certain hydrogen storage properties are also reviewed as well as 
methodologies for modeling guidance and machine learning 
techniques for materials’ discovery and prediction. Additional 
details of these methodologies can be found in books and a 
range of excellent previous review articles.[8,27] The difficul-
ties with the engineering steps associated with the insertion 
and hydrogen cycling of hydrides in tanks and strategies to 
overcome these difficulties are also discussed. In particular, 
the importance of integrating engineering aspects at the very 
early stages of hydride materials synthesis and design is high-
lighted. The performances of solid state hydrogen tanks are 
directly related to the initial hydrogen storage material design.

2. How is Hydrogen Practically Loaded 
into and Released from Materials?

Due to the nature of the reaction involving hydrogen uptake 
and release in materials (reaction (1)), the most common 
method to drive hydrogen in and out of materials has been by 

tuning temperature and pressure (Figure 6a). Hence at a given 
temperature, by applying a hydrogen pressure above the equi-
librium pressure Peq of the hydride phase (see Section 3.2), 
hydrogen can be loaded in materials. In contrast, by applying a 
pressure below that of Peq, hydrogen is released from the mate-
rial. One of the drawbacks of such an approach is that under 
operating conditions of hydrogen absorption/desorption, Peq, 
which determines the pressure at which hydrogen is released 
or absorbed by the material, is never at a constant value of 
pressure but is always increasing/decreasing because of the 
heat generated by the reaction of hydrogen with the sorption 
material. Accordingly without appropriate heat management, 
hydrogen cannot simply be delivered at a given rate. In this 
case, the hydride must be heated to notably raise Peq, or a 
hydrogen pressure significantly lower than Peq must be applied, 
to sustain a constant flow of hydrogen and compensate for the 
heat consumed by the release of hydrogen from the hydride. 
The reverse applies for the uptake of hydrogen and in this case, 
heat must be removed from the hydride bed to facilitate a rapid 
hydrogen uptake despite the exothermic nature of hydrides 
formation.

For investigating the hydrogen sorption properties of small 
samples (≈mg to g) this is not a major issue; however, for large 
scale systems involving kg of hydrides, heat management 
becomes critical and external systems to drive heat out or in 
must be added to the hydride storage tank (see Section 10). This 
not only adds further complications in terms of system design 
but also significantly impedes the practical hydrogen storage 
capacity at the system level. However, because of its simplicity, 
the use of temperature and pressure as external control of the 
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Figure 5. Current potential solid states hydrogen storage materials. a) Energy density and hydrogen desorption temperature of selected hydrogen 
storage materials versus the US Department of Energy (DOE) targets;[570] and b) typical methods to store hydrogen and associated hydrogen binding 
strength. For practical applications a relatively weak hydrogen bonding strength is needed to reversibly store hydrogen with a minimum energy input.
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Table 2. Summary of the hydrogen gravimetric density, temperature of decomposition (Tdec), enthalpy of formation (ΔH°f), enthalpy of decomposi-
tion (−ΔHdec) and entropy (ΔS) of selected hydrides. The hydrides are classified as a function of the type of hydrogen bonding.

H2 density [mass%] Tdec [°C] ΔH°f [kJ mol−1] −ΔHdec [kJ mol−1 H2] ΔS [J K−1 mol −1 H2] or *[J K−1 mol−1]

Protides

LiBH4 18.5 380[448] −146,[449] −177[450]

−184.7,[451] −190.46[452]

−194.44[118a,450,453]

−95.8[22] *75.9,[450] *128.7[454]

NaBH4 10.7 400[455] −182∼ −188[449]

−183.3,[454] −191[118a]

−94.3[22] *101.3, *126.2[454]

KBH4 7.5 500[455] −229,[118a] −228[449]

−242.3[454]

−120[454] *106, *162[454]

Mg(BH4)2 14.9 323[22] −99[449] −24.8[449] *91.3,[456] *128[457]

Ca(BH4)2 11.6 360, 260 −151[449] −37.8[449] 158[458]

Be(BH4)2 20.5 25[22] 27[118a] 7 –

Al(BH4)3 16.9 150[459] −301.8[454] −50.3[454] *289[454]

Zn(BH4)3 8.5 85[22] −16,[22] −18[449] −4[22] –

Ti(BH4)3 13.1 25[22] – – –

Zr(BH4)4 10.7 250[22] – −10.9[449] –

H3BNH3 19.6 100, 150, 500[460] −21[461] −7[461] –

LiAlH4 10.5 180[22] – 45.4[22] *78.8[462]

Li3AlH6 11.2 220[22] – −76[22] *102.6[462]

NaAlH4 7.4 247[22] – −120[22]

−40[463]

*89.7[462]

Na3AlH6 5.9 268[22] – −178[22] *161.5[462]

KAlH4 5.7 300[22] – −207.4[22] –

K3AlH6 4.0 330[22] – −270.8[22] –

Hydrides

LiNH2 8.7 380 −186.3[464] −186.3[464] –

NaNH2 5.1 400[465] −118.8 −118.8 *76.9

Mg(NH2)2 7.1 350 −374[464] −187[464] *52[464]

Ionic hydrides

LiH 12.5 720[22] −116.3[22] −232.6[22] −134[27m]

NaH 4.2 425[22] −56.5[22] −113[22] −162[27m]

KH 2.5 417[22] −57.7[22] −115.4[22] −168[27m]

MgH2 7.6 327[22] −75.3[22] −75.3[22] −134[27m]

CaH2 4.8 600[22] −181.5[22] −181.5[22] −140[27m]

RbH 1.2 170[22] −52.3[22] −104.6[22] −170[27m]

CsH 0.75 170[22] −54.2[22] −108.4[22] −170[27m]

SrH2 2.2 675[22] −180.3[22] −180.3[22] −156[27m]

BaH2 1.4 − −177[22] −177[22] −144[27m]

Covalent hydrides

B2H6 21.7 40[22] 36.4[22] 12.1[22] –

GaH3 4.1 −15[22] 118[22] 25[22]

78.7[22]

–

BiH3 1.4 −40[22] 217.6[22] 32,[22] 144.6[22] –

Metallic hydrides

LaH2 1.4 600[27m] −210[27m] −210[27m] −152[27m]

YH2 3.2 600[27m] – −225[27m] −144[27m]

TiH2 4 380[22] −126[27m] −126[27m] −100[27m]

VH2 3.8 35[22] −54[27m] 10.8,[22] −54 −108[27m]

PdH0.5 0.47 −78[27m] – −40[27m] −84[27m]
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hydrogen reaction with hydrides is still currently the dominant 
approach.

The possibility of using other means to drive the release/
uptake from solid state hydrogen materials has been inves-
tigated, but apart from the electrochemical methods, all the 
other approaches (e.g., microwave, laser, and ultrasound irra-
diation) also involve the direct or indirect generation of heat 
(Figure 6a). For example, the use of microwave radiation has 
been investigated by several groups because it has the potential 
to provide rapid, energy-efficient heating. Heating by micro-
wave involves electromagnetic radiations in the frequency 
range of 300 MHz to 300 GHz.[28] The interaction of charged 
particles within dielectric materials with the electric field com-
ponent of electromagnetic radiations causes the materials to 
heat up due to the Maxwell–Wagner effect.[29] Several results 
have been reported on the possibility of using microwave to 
drive hydrogen desorption from metal hydrides and complex 
hydrides.[30] For example, hydrogen could be released from 
TiH2 by microwave irradiation but the release was incomplete 
because of low penetration depth of the microwave irradia-
tion in the TiH2 particles.[30a] Transition metal hydrides, such 
as VH0.81, ZrH2, and LaH2.48, also showed a rapid tempera-
ture increase upon microwave irradiation with some hydrogen 
release.[30c]

By using ultrasonic irradiation, it is also possible to gen-
erate shock waves and localized heating by acoustic cavitation. 

Ares et al. reported the possibility of releasing hydrogen from 
MgH2 through this principle.[31] The idea of using a laser was 
also tested. For example, starting with Ti in hydrogen atmos-
phere, the formation of TiH2 was reported upon laser irradia-
tion at 4 J cm−2.[32] Investigations of laser heating of MgH2 and 
Mg2NiH4 + MgH2 were also conducted by Plasma Kinetics 
Corporation. It was reported that ≈80 continuous watts were 
needed to release about 4.5 kg of hydrogen from 119 kg of 
MgH2 at rates of ≈0.9 kg h−1.[33] A temperature of 390 °C 
was reached within 1 ms to enable the decomposition of the 
hydride.

Exposure of hydride materials to UV radiation was also 
proposed decades ago as a means to release hydrogen from 
hydrides, including MgH2,[34] LiAlH4,[35] and AlH3,[36] but this 
led to little amounts of hydrogen. For example, upon UV irra-
diation with an intensity of 280 mW cm−2, 100 mg of MgH2 
powder released 0.008 mass% H2, at room temperature.[37] 
The mechanism for hydrogen release was proposed to be 
associated with an electronic charge and/or energy transfer 
process involving the creation of doubly excited sites.[34b] 
Based on the similar idea of using light to drive hydrogen 
absorption/release, Sun et al. recently proposed an alternative 
method, by using the plasmonic effect of Au nanoparticles 
to generate local heat at the surface of hydride particles and 
thus locally trigger hydrogen absorption/desorption.[38] It is 
expected that by such an approach, the localized generation 

Adv. Sustainable Syst. 2019, 1900043

H2 density [mass%] Tdec [°C] ΔH°f [kJ mol−1] −ΔHdec [kJ mol−1 H2] ΔS [J K−1 mol −1 H2] or *[J K−1 mol−1]

Intermediate

AlH3 10 150[22]

25[27m]

−46[22] −30.6[22]

−8[27m]

–

BeH2 18.2 250[22] – −18.9[22] –

ZnH2 3 90[22] – −5.4[22] –

CdH2 1.75 −20[22] – 26.4[22] –

Unknown

TlH3 1.4 −95[22] 245[22] 164[22] –

CoH0.5 0.84 25 – 0[27m]

30

–

HgH2 1 −125[22] – 55.4[22] –

NiH0.5 0.85 20[27m] – −6[27m]

−58

−116[27m]

FeH 1.76 – – 14[27m] –

MnH 1.79 450–730[27m] – −9[27m]

−22

−116[27m]

PtH 0.5 – – 26[27m] –

Intermetallics

CaNi5 0.99 43[26] – 31.9[26] 101[26]

LaNi5 1.28 12[26] – 30.8[26] 108[26]

TiMn1.5 1.15 −21[26] – 28.7[26] 114[26]

TiFe 1.5 −8[26] – 28.1[26] 106[26]

MmNi5 1.24 −56[26] – 21.1[26] 97[26]

Mg2Ni 3.3 255[26] – −64.5[26] −122[26]

(V0.9Ti0.1)0.95Fe0.05 1.8 36[26] – −43[26] −140[26]

Table 2. Continued.
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of heat can help to minimize the need of additional external 
heat management systems. This is highly desirable because 
it can lead to practical systems of much higher hydrogen 
storage capacity than currently feasible. However, to date 
there are very few investigations on this topic[39] and many 
concern the use of plasmonic effect toward the design of 
hydrogen sensors.[40]

Electrochemical charging/discharging of hydrides is another 
approach, but this is mainly applicable to hydrides with high 
resistance to alkaline corrosion. Accordingly, the application of 
this concept to hydrides of high hydrogen storage capacity such 
as Mg/MgH2 has been limited.[41] Electrochemical charging/dis-
charging relies on the oxidation and reduction of a strong alka-
line electrolyte to generate H atoms that are directly absorbed 
by a metal alloy (M) forming a hydride (MH) (Figure 6b). The 
charging process follows the general reaction

+ + ↔ +− −M H O e MH OH2n n nn  (3)

and the reverse reaction applies during discharging. During 
this process, a nickel counter electrode swinging between its 
oxide hydroxide and hydroxide is used to balance (4)

( ) + ↔ + +− −Ni OH OH NiOOH H O e2 2n n n  (4)

It should be noted that reaction (3) is equivalent to the 
reaction observed upon direct use of temperature and pres-
sure (1). Accordingly both processes are comparable and the 

gas equilibrium pressure Peq and electrochemical equilibrium 
potential Eeq are linked by the relationship[42]

= lneq eqE
RT

nF
P  (5)

where n corresponds to the number of electrons involved, R 
is the universal gas constant (8.314 J mol−1 K−1), and F is the 
Faraday constant (96 500 C mol−1).

However, Peq in excess of 0.1 MPa is not desirable to avoid a 
significant self-discharge of the metal alloy at the ambient and 
the excess formation of hydrogen through the secondary reaction

+ → +− −H O e OH 1/2H2 2  (6)

A Peq comprised between 0.001 and 0.1 MPa at 25 °C is con-
sidered as optimal. In the case of the archetypical LaNi5 alloy 
at the basis of Ni–MH commercial battery, this means that its 
initial Peq of 0.23 MPa at 25 °C had to be modified through the 
substitution of A and B.[42b] For a one electron process, the elec-
trochemical charging capacity (Cel in mAh g−1) is also linked 
to the solid–gas charging capacity (Cgs, i.e., the amount of 
hydrogen absorbed per mol of metal alloy) by

=
3.6

el
gs

C
C F

M
 (7)

where M is the molecular weight of the alloy.
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Figure 6. Principles of methods to store hydrogen. a) Illustration of existing methods to facilitate the loading and unloading of hydrogen in mate-
rials; b) principles of electrochemical hydrogen storage; and c) the various morphologies of hydrogen storage materials. P1 and P2 correspond to the 
equilibrium plateau pressure (Peq) at the temperature T1 and T2. Materials are usually heated to raise Peq and facilitate the release of hydrogen above 
atmospheric pressure to feed a fuel cell, for example.
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It should also be noted that the effectiveness of the method 
used to load/unload hydrogen in hydrides depends on the par-
ticle morphology and the initial state of the hydride particle 
surface (Figure 6c).

3. Hydrogen Storage Properties of Materials: 
Fundamental Principles

Today, most of the hydride materials of high hydrogen gravi-
metric density, e.g., MgH2, LiH, LiAlH4, LiBH4, and H3BNH3, 
have hydrogen storage properties unsuitable for application, i.e., 
temperatures and/or pressures too high for hydrogen absorp-
tion/desorption cycling with often very poor hydrogen rates of 
uptake and release to meet the regimes of an electrolyzer or 
a fuel cell (Table 2 and Figures 5 and 7). Enabling hydrogen 
storage under moderate conditions of hydrogen pressure and 
temperature requires the modification of the heat of reaction 
of these materials with hydrogen as well as their rate of reac-
tion. This necessitates a better understanding of the interaction 
of hydrogen with hydride forming elements and a weakening 
of MH bonds and intrahydrogen pairing (HMH) in these 
elements to improve the thermodynamics of the reaction as 
well as the energy barriers controlling the rate of the hydrogen 
uptake/release. In the context of stationary applications, addi-
tional development of such knowledge, along existing low tem-
perature hydrides, e.g., FeTi, Ti BCC (Table 2), has also become 
critical. In addition to a better understanding of the interaction 
of hydrogen with alloys, the effects of compositional adjust-
ment on the ease of their activation and operating conditions 
must be progressed to effectively facilitate their application in 
the field.

3.1. Current Understanding of the Basic Rules Guiding 
the Rate of Hydrogen Uptake/Release

The rate of reaction of hydrogen with absorbing materials first of 
all depends upon the probability of collision of hydrogen mole-
cules in the gas phase with the material’s surface (Figure 8a). 
In the gas phase, hydrogen molecules have an average thermal 

velocity of ≈1775 m s−1 at 26 °C.[20b] Part of the initial kinetic 
energy is released upon interaction with the surface of the 
absorbing material and at speed of ≈18 Ǻ  ps−1, the van der 
Waals (vdW) interaction comes into play to physisorb hydrogen 
(Figure 8a).[20b] The initial rate of reaction thus depends upon 
the material’s available surface area and any additional activa-
tion barriers for the chemisorption of hydrogen. In particular, 
a high surface area is important when considering the storage 
of hydrogen through physisorption processes on mesoporous 
carbons or MOFs, for example.[15,43] Usually the physisorption 
of hydrogen involves a low energy barrier of ≈1–10 kJ mol−1 
and thus is readily achievable at low temperatures.[27e,44] For 
example, hydrogen physisorption is observed in many porous 
materials including silicas, aluminas, zeolites, graphites, acti-
vated carbons, and carbon nanofibers at −196 °C.[45] For mate-
rials such as Mg absorbing hydrogen, a high surface area is also 
very important as a higher number of available surface sites 
help to improve the rate of hydrogen chemisorption and thus 
the overall reaction. For example for Mg, which is notorious for 
the high hydrogen dissociation barrier (≈432 kJ mol−1 H2)[44] at 
its surface, a reduction of the overall activation energy (Ea) from 
156 to 120 kJ mol−1 has been reported upon a tenfold increase 
in the specific surface area of Mg particles.[46] The absorption 
of hydrogen until the formation of the hydride phase is also 
controlled by many additional barriers involving the penetra-
tion of hydrogen into the subsurface and then further diffu-
sion through the material (Figure 8).[27e] Indeed, assuming the 
formation of an hydride layer at the surface of the material 
upon the absorption of the first hydrogen molecules, the dif-
fusion of hydrogen through the hydride phase becomes slower 
(e.g., 1.5 × 10−16 m2 s−1 in MgH2, instead of 1 × 10−8 m2 s−1 in 
Mg at 350 °C).[44,47]

The rate (k) of the hydrogenation/dehydrogenation reactions 
depends on the activation energy barrier (Ea) following the 
Arrhenius equation

( ) =
−

e
a

k T A
E

RT  (8)

In this equation, A is a pre-exponential factor. For a given 
reaction, the reaction rate k at a given temperature depends on 
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Figure 7. Thermodynamic of a range selected hydrides. Evolution of the enthalpy of decomposition (−Δ °Hdec) of a) common metal hydrides and 
alanates, and b) selected borohydrides, amines and intermetallics as a function of their decomposition temperature (Tdec) for hydrogen release. The 
hydrides with a reasonable hydrogen storage capacity decompose at high temperatures.
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both the pre-exponential factor (A) and the Ea of the reaction 
process, i.e., a higher pre-exponential factor (A) and a lower 
value of Ea favor faster reaction rates.

The physical meaning of A remains elusive.[48] Although 

=
∆

A e
S

R  was proposed by Wert and Zener in 1949 for diffusion 
processes,[49] this was found to be inconsistent with many 
numerical results. A is more often regarded as an empirical 
factor that can be affected by the reactant states, e.g., par-
ticle size and defective sites, and the reaction conditions, e.g., 
microwave aid.[50] The Meyer–Neldel rule, which describes the 
compensation correlation between thermodynamics or kinetics 
factors,[48] has also been used to explain the relationship 
between A and Ea, and their compensation effects observed 
both experimentally and computationally.[50b,51] Nevertheless, 
predictions based on the Meyer–Neldel rule were found to lack 
sufficient levels of accuracy to enable the reliable determination 
of the pre-exponential factor from the activation energy.[48] It is 
noteworthy that in the case of hydrogen storage materials, such 
a correlation has barely been explored owing to the difficulty of 
separating individual energy barriers (Figure 8a). Typical efforts 
have mainly focused on lowering the overall energy barrier (Ea) 
by facilitating the uptake and release of hydrogen along what 
is believed to be the slowest reaction step. For example, in the 
case of the Mg/MgH2 system, Mg is often doped with Pd, Nb, 
or V[27e,52] to recombine/split hydrogen atoms at the metallic 

surface of the storage material, because this is believed to be 
the slowest step. It is possible that defects and grain boundaries 
introduced in hydride materials are positive factors enhancing 
the pre-exponential factor for their reaction with hydrogen.[53] 
However, the interaction of hydrogen with solid materials 
includes several barriers that may become the rate-limiting 
steps as the reaction progresses.

Various models including the Jander[54] and Johnson–Mehl–
Avrami–Kolmogorov (JMAK)[55] models have been used to 
better understand the rate-limiting steps involved in hydrogen 
sorption,[56] with the assumption that individual particles are 
of similar size, shape, surface reactivity, and undergo similar 
growth regimes (e.g., are defect free). These models summa-
rized in Figure 9 include the “shrinking core” models which 
assume that the decomposition starts from the surface and 
proceeds inward,[57] and the “nucleation and growth” models 
based on the assumption of random nucleation and growth pro-
cess within the bulk of the material.[55d] However, it should be 
noted that the interpretations based on these models are highly 
subjective to the quality of the fit. Accordingly, these models 
are often not conclusive owing to the dynamic multistep reac-
tion paths of hydrogen in materials. For example in the case of 
Mg/MgH2, Liang et al. concluded on a 2D growth model as the 
best fit for the rate-limiting step at 300 °C for MgH2 doped with 
transition metals.[58] In contrast, Hanada et al. proposed that the 
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Figure 8. Illustration of the hydrogen absorption/desorption principles in metals. a) Lennard-Jones potential diagram corresponding to the successive 
energy barriers encountered by hydrogen during absorption/desorption in a metal. Ephys: energy for hydrogen physisorption, Edis: energy for hydrogen 
dissociation, Echem: energy for hydrogen chemisorption, Epen: energy for hydrogen penetration in the subsurface, Edif: energy for hydrogen diffusion in 
the bulk, and Enuc: energy for the nucleation and growth of the hydride; b) growth of the hydride phase upon hydrogen absorption through a shrinking 
core; c) hydrogen diffusion in metal leading to an expansion of the lattice structure; and d) examples of models relevant to hydrogen diffusion in 
metals. D is the diffusion coefficient, a the lattice parameter, Sj the elementary jump distance, dj is the jump distance, J(m) is the tunneling-matrix ele-
ment, mH the mass of hydrogen, Ea the activation energy, and vH the vibration frequency of an hydrogen atom ( −v mH H~ 1/2). For Sj > 0, the hopping is 
incoherent. The thermally activated tunneling is considered to be non-adiabatic; which is the case for most hydrides. Reproduced with permission.[27m] 
Copyright 2005, Springer.
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hydrogen desorption reaction from Ni catalyzed MgH2 is of first 
order.[59] In another example, Pourabdoli et al. showed that for 
MgH2-10 wt% (9Ni–2Mg–Y) the difference in the fit correlation  

of the hydrogen desorption rate between the 
2D and 3D JMAK model is about 1%.[60]

The hydrogen kinetics of complex hydrides 
are somewhat more complicated because of 
the multidecomposition steps and reaction 
intermediates involved, the disproportiona-
tion of the initial complex hydride upon 
hydrogen release, and the resulting phase seg-
regation (Figure 10).[61] In this case, the rate-
limiting step of each individual reaction step 
is often modeled by using the classical models 
summarized in Figure 9.[62] However, in addi-
tion to the rate-limiting steps associated with 
the adsorption and diffusion of hydrogen 
within the material, mass transfer leading to 
elemental dissociation or recombination upon 
hydrogen absorption must also be considered. 
An archetypical example of such complexity 
is the Ti-doped NaAlH4 system for which the 
exact reaction paths and rate-limiting steps 
upon Ti doping remain unclear. Considering 
the rehydrogenation from NaH and Al parti-
cles (Figure 10a), Na3AlH6 as the intermediate 
must first be formed at the interface of NaH 
and Al particles, where hydrogen molecules 

from the gas must be “activated” (reaction (7)). The Na3AlH6 
intermediate must then be further reacted with Al and H2 to 
lead to the regeneration of NaAlH4

Adv. Sustainable Syst. 2019, 1900043

Figure 10. Illustration of the hydrogen desorption/absorption principles in complex hydrides. General decomposition path of a) alanates and b) borohy-
drides; c) hypothetic mechanisms for hydrogen release and uptake in complex hydrides and associated Lennard-Jones potential diagram corresponding 
to the successive energy barriers encountered by hydrogen during absorption. Ephys: energy for hydrogen physisorption, Edis: energy for hydrogen dissoci-
ation, Echem: energy for hydrogen chemisorption, Epen: energy for hydrogen penetration in the subsurface, Ediff(ion): energy for ionic diffusion, and Enuc and 
Egrowth: energy for the nucleation and growth of the hydride. In complex hydrides, the reaction is believed to occur at the interface of segregated elements.

Figure 9. Classical rate-limiting step models. Despite their “simplicity” these models have 
been found to be useful in understanding the rate-limiting steps of hydrogen sorption in metals 
and complex hydrides.
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( )↔ + +Na AlH 3NaH Al 1.5H 1.8 mass% H3 6 2 2  (9)

( )↔ + +3NaAlH Na AlH 2Al 3H 3.7 mass% H4 3 6 2 2  (10)

If some Al particles remain trapped within the forming 
Na3AlH6 phase, and transport of Al is limited, then additional 
Al must be added to the system to reach the full regeneration.[63] 
Since Ti is a transition metal, it has been claimed from H2/D2 
scrambling experiments[64] that Ti facilitates the recombination/
dissociation of hydrogen molecules at the material/hydrogen gas 
interface. But this is not sufficient to explain the increase in reac-
tion rate observed because the rate of H2/D2 scrambling is much 
faster than the rate of hydrogen release and uptake of Ti–NaAlH4. 
It has thus been suggested that additional Ti dispersed within the 
material must help with the significant mass transfer involved 
in this reaction,[63,65] and thus the dissociation/recombination of 
coexisting NaH and Al phases.[66] In this context, vacancies have 
also been claimed to play a role.[67] It is noteworthy that despite 
the significant mass transfer involved, the dehydrogenation of 
NaAlH4 and the Ti-doped counterpart have been found to follow 
a simple Arrhenius law (Equation (6)) and lead to a modification 
of both the activation energy and the pre-exponential factor (A).[68] 
At Ti additions >0.9 mol%, the Ea was found to remain constant 
while A increased and was thus solely responsible for the addi-
tional improvement in dehydrogenation rate observed.

A key factor for improving the kinetics is also in the under-
standing of the hydrogen diffusion behavior in materials. For 
example, it is generally admitted that as the hydrogen molecule 
dissociates at the surface of metals into individual atoms, these 
have to diffuse through the metal lattice by occupying inter-
stitial sites within the metal lattice (Figure 8c). This results in 
elastic interactions between the interstitial atoms, phase transi-
tions, lattice strains, and a modification of the electronic and 
magnetic properties as hydrogen migrates from one interstitial 
site to another upon formation of the hydride phase. To diffuse 
through the metallic lattice, the hydrogen atoms have to over-
come the energy barrier generated from the compression of the 
surrounding atoms, as a consequence the diffusion coefficient 
D follows the Arrhenius law[11,27m,69]

=
−

e0

a

BD D
E

k T  (11)

where Ea is the activation energy related to the elasticity of the 
lattice and the size of the atoms, kB is the Boltzmann constant, 
T is the temperature, and D0 is the probability of diffusion, 
which depends upon the frequency of the thermal vibration 
(ω0) of the interstitial atoms of mass (m).

Once in metals the diffusion of hydrogen atoms is rela-
tively fast (e.g., at a rate of 2 × 1012 H jumps per second at 
room temperature in vanadium)[70] as compared to complex 
salts (e.g., 5 × 103 jumps per second at −223 °C in NaAlH4—
which is equivalent to a relaxation frequency of 1011 s−1 at 
room temperature).[71] For example, diffusion coefficient of H 
in Ti1.2Mn1.8 is ≈10−7 cm2 s−1 at 25 °C,[72] while for NaMgH3, 
a diffusion coefficient of ≈10−22 to 10−23 cm2 s−1 has been 
determined for the negatively charged Hδ− and associated 
vacancies.[73] Quantum effects can also be observed because of 

the small size of the diffusing hydrogen atoms and this may 
influence the diffusion process.[27j] The migration of hydrogen 
atoms in metals is believed to occur via different mechanisms 
depending on the temperature (Figure 8d). At low tempera-
tures where the phonon contribution is minimal, hydrogen 
diffuses through coherent tunneling. As the temperature is 
increased the diffusion evolves to incoherent hopping and then 
with the increasing number of phonons available, the resulting 
lattice vibration further facilitates the diffusion of hydrogen 
(Figure 8d). At higher temperatures hydrogen atoms may be 
regarded as classical particles jumping over barriers via thermal 
excitations and if the temperature is further increased the 
hydrogen atoms are free to move as in the gas phase and do not 
remain within the potential wells of interstitial sites (Figure 8d).

The diffusion of hydrogen in metals can be improved by 
minimizing the interactions of H atoms with each other’s 
and the metallic atoms of the host material. At low hydrogen 
concentration in metals, it is believed that the hydrogen occu-
pies octahedral sites in fcc metals, e.g., Cu,[74] Ag,[75] Pd,[76] 
Pt,[77] Al,[78] and Ni.[79] In this case, the two nearest octahe-
dral sites are separated by a gap of ≈2.5–2.9 Å. In bcc metals, 
e.g., Fe,[80] V,[81] Nb,[82] Ta,[81a] Mo,[83] and W,[84] when the 
hydrogen concentration does not exceed the solid–solution 
phase, hydrogen occupies tetrahedral sites with a separation 
of 1.01–1.17 Å. Due to short distances, significant hydrogen 
tunneling is observed and this plays a role in the diffusion 
coefficient and thus results in a lower activation barrier for 
diffusion in bcc metals as compared to fcc metals.[27j,69,72,85] 
Similar to bcc metals, hydrogen occupies tetrahedral sites in 
hexagonal metals like Ti,[86] Zr,[87] Sc,[88] Y,[89] and La alloys;[90] 
however, due to the degree of high concentration range of 
solid solutions especially in rare earth metals ≈20% for La and 
Y at room temperature, the next-nearest neighboring pairs of 
hydrogen condense strongly to form a bridging metal atom  
(in c-axis direction).[27j] In general hydrogen diffusion is not the 
rate-limiting step in metal hydrides. However, considering the 
Mg/MgH2 systems, theoretical calculations have predicted that 
the diffusion of hydrogen in MgH2 can be locally limited by 
the presence of impurities including doping elements such as 
Ti, Fe, and Mn often used as catalysts.[91] In contrast, applying 
external strain has been postulated to enhance hydrogen diffu-
sion within the MgH2 lattice.[92] Diffusion in amorphous phase/
grain boundary is often faster,[93] owing to the broad distribu-
tion of site energies. The diffusion of interstitial hydrogen in 
amorphous materials can be determined from the equation[94]

( )=
∂
∂
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where c is the hydrogen concentration for a distribution of 
site energies, 0

oD  is a prefactor, and Qo is the average activa-
tion energy which is the difference between the constant saddle 
point energy and the average value of the site energy, R is 
the universal gas constant, and μ is the chemical potential of 
hydrogen.

In ionic hydrides, the models above are not valid and the 
release or uptake of hydrogen is often driven by initial and 
significant mass transport of hydride ionic species and not 
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hydrogen itself (Figures 10c and 11). For example, in the case 
of NaAlH4, the diffusion of AlH4

− and/or AlH3
[67b] and their 

recombination at the surface of the NaAlH4 particles into Al 
and H2 is believed to control the desorption rate.[67a,95] Simi-
larly, in the case of borohydrides, translational diffusion of 
BH4

− was found to be dominant upon hydrogen release.[96] As 
a consequence, improving the hydrogen sorption kinetics of 
ionic hydrides strongly depends upon means to improve ionic 
conduction. As discussed above, diffusion of mobile species in 
a crystalline solid needs to overcome energetic barriers across 
two local energy minima. For ionic solids, the ionic conduc-
tivity (σ) can be expressed as[97]

σ µ( )= Ze MN  (13)

where N is the concentration of mobile ions (cationic or ani-
onic), Ze is the ionic charge, and μM is the rate of diffusion of 
the mobile ion per unit of electric field, i.e., the ion mobility. 
Both the ion mobility and concentration of the charge carriers 
are temperature dependent following

N N E k Texp( / )0 f B= −  (14)

E k Tµ µ= −exp( / )M 0 m B  (15)

where N0 and μ0 are the pre-exponential factors, and Ef and Em 
the energies of formation and migration of the mobile charge 
carriers, respectively. The activation energy Ea for the diffusion 
of ions in solids is thus the sum of Ef and Em.

Improving diffusion in ionic compounds depends highly 
upon the amount of interstitials, vacancies and partially occu-
pied lattice sites (Figure 11a), as these provide minimum 
energy diffusion pathways.[98] Interstitials and vacancies sites 
can be created by aliovalent substitution of cations/anions. 
However, this approach often reaches a maximum diffusion 
at the optimum aliovalent substitution. Beyond this optimum, 
the strong lattice distortion induced by the excessive aliovalent 
concentration induces a slower ionic diffusion. For example, Ca 

aliovalent doping in LiBH4 showed an increase in Li-ion con-
ductivity up to a maximum of 4 mol% Ca(BH4)2 doping, then 
the conductivity decreases.[99]

Both ion valency and size can influence ionic conductivity.[100] 
Indeed, a decrease in ionic diffusion can be observed when 
electrostatic interaction between the mobile ionic specie and 
the ion forming the structural skeleton is increased. Similarly, 
increasing the valence of the mobile ionic species as well as 
ionic size reduces mobility. Figure 12 aims to summarize these 
effects for borohydrides, although the trends are less obvious 
than those observed for solid-state battery electrolytes[100] owing 
to the limited number of available data. If the diffusing ion is 
too small it may remain trapped within large electrostatic wells 
of the larger ions forming the skeleton. On the other hand, if the 
diffusing ionic species are too large, they will experience large 
bottlenecks when diffusing between the smaller skeleton ions. 
Therefore, achieving fast hydrogen kinetics in ionic hydrides 
requires a careful balance of often diverging requirements.

A hopping mechanism is generally used to describe the dif-
fusion of ionic species (Figure 11). In this mechanism, ions can 
jump from one site to a neighboring site through vacancies such 
as Schottky defects or via interstitial defects (Frenkel defects) 
as described in Figure 11b. However, it should be noted that 
diffusion mechanisms may take additional forms depending 
upon the material structure and the temperature. For example, 
in the superionic state a caterpillar mechanism (Figure 11b), 
whereby the mobile ion can jump to a neighboring site even 
if occupied, may take place as well as continuous diffusion at 
high temperatures.[101]

Diffusion coefficients of 5 × 10−16 m2 s−1 at 75 °C and 
7 × 10−14 m2 s−1 at 200 °C have been reported for the BH4

− and 
AlH4

− anions, respectively.[102] Li+ conductivity in LiAlH4 was 
found to be of 2.9 × 10−6 S cm−1 at 107 °C.[102] At room tem-
perature the tetrahedral BH4

− unit reorients at a fast rate,[103] 
and a slow Li+ hopping motion has been suggested to occur.[104] 
At higher temperatures (>120 °C), upon the structural phase 
transition of LiBH4 from orthorhombic to hexagonal the dif-
fusion of Li+ is very fast,

[104,105] and this is accompanied with 
a rapid reorientational motion of the BH4

− ions (at a rate of 

Adv. Sustainable Syst. 2019, 1900043

Figure 11. Illustration of ionic diffusion in complex hydrides. a) Progressive evolution of crystal with zero defects up to a superionic conductor; and  
b) models of ionic diffusion.[571] In complex hydrides superionic conduction is expected to occur after the melting of the hydride.



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900043 (15 of 64)

www.advsustainsys.com

≈1013 s−1)[106] suggesting that the fast rotation of the anion is 
facilitating the translational diffusion of Li+. Upon melting of 
LiBH4 at 450 °C (before hydrogen release), both translational 
diffusion of BH4

− (with a diffusion coefficient of 10−9 m2 s−1)[96] 
and Li+ is believed to occur. The fast diffusion of Li observed in 
LiBH4 and its wide electrochemical window has triggered sig-
nificant work toward the use of borohydrides as solid state ionic 
conductors for batteries.[107] For example, a partial substitution 
of the BH4

− ion with I− has shown to lead to a Li+ conductivity 
of ≈10−4 S cm−1 at 60 °C.[108] Similarly, lithium amide-borohy-
drides showed Li+ conductivity of 10−4 to 10−3 S cm−1 at room 
temperature.[109] Similar improvements in conductivity have 
been reported for NaBH4-based electrolytes, and in particular 
NaCB9H10 showed Na+ conductivity of ≈10−2 S cm−1 at the 
ambient.[107f ] However, it should be noted that the improve-
ments of Li+ or Na+ conductivity did not effectively translate 
into better overall hydrogen storage properties of complex 
hydrides, because ionic diffusion is only one parameter among 
the multi-interrelated factors controlling the storage mecha-
nism of hydrogen in complex hydrides.

3.2. Current Understanding of the Basic Thermodynamics  
Rules Controlling the Temperature for Hydrogen Sorption

The Gibbs free energy difference between products and reac-
tants (ΔG) is the driving force of a reaction and it has to be 
negative for the reaction to occur (Figure 13d). Therefore, con-
trolling ΔG is crucial for the thermodynamics of the reaction 
hydrogen with sorption materials. The definition of Gibbs free 
energy is G = H − TS. At a fixed temperature (T)

∆ = ∆ − ∆G H T S  (16)

where ΔH is the enthalpy change of the reaction, while ΔS is 
the entropy change of the system. In the case of hydrogen/
metal systems, ΔS mainly results from the entropy (ΔSgas) of 
the hydrogen gas which is lost upon hydrogen absorption in 
the material. Other entropy effects (ΔSe) as summarized below 
are relatively small in comparison to ΔSgas

[23]

∆ = ∆ + ∆ + ∆ + ∆e H
vib

host
vib el confS S S S S  (17)

where ∆ H
vibS  corresponds to the vibrational entropy of the 

hydrogen atoms in the hydrides, ∆ host
vibS  is related to the vibrational 

spectrum of the host material, ΔSel is due to the difference in the 
electronic heat capacity between the materials and its hydrided 
state, and ΔSconf corresponds to configurational entropy of the 
vacancies in the hydride

Under reference state (25 °C, P°)

G H T S∆ ° = ∆ ° − ∆ °  (18)

also

G RT K∆ ° = − ln eq  (19)

and for a reaction

G G RT Q∆ = ∆ ° + ln r  (20)

where Keq is the equilibrium constant and Qr the reaction 
quotient.

Adv. Sustainable Syst. 2019, 1900043

Figure 12. Ionic diffusion in complex hydrides. Summary of reported values of a) ionic conductivity of Li+, Na+, and Mg2+ in respective borohydrides, 
and b) the associated activation energy for diffusion as function of the cation valency at 25 °C. Activation energy for the ionic diffusion of BH4

− as 
function of c) the cation valency and d) the cation radii of borohydrides. The ions should not be too small or too large.
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For a hydriding reaction, assuming that the rest of the reac-
tants are solids (which is the case for most metal hydrides and 
complex hydrides), the pressure of hydrogen is the only factor that 
needs to be taken into account and thus Keq and Qr take the form

K
P

P
= °

eq eq  (21)

Q
P

P
= °

r
op

 (22)

where Pop is the operating pressure.
Therefore, the Van’t Hoff plot for the reaction can be derived 

from (17)–(19) as

P

P

H

RT

S

R°
= ∆ ° − ∆ °

ln
eq

 (23)

and by associating (19)–(22), the Gibbs free energy of the 
hydriding reaction is

∆ = ln
eq

op

G RT
P

P
 (24)

where P  eq is the equilibrium pressure. Therefore, when 
Pop > Peq, ΔG < 0, the hydriding reaction is thermodynamically 
favored; and the reverse applies for the dehydriding reaction. 

The relation between the equilibrium pressure and operating 
temperature is represented by the pressure composition tem-
perature (PCT) curves as shown in Figure 14a. A hysteresis is 
often observed experimentally between the equilibrium pres-
sure of absorption abs

eqP  and desorption des
eqP  in metallic systems 

(Figure 14a) and this can be expressed as an energy difference 
following

G RT P P( )∆ = ln /hyst abs
eq

des
eq  (25)

The hysteresis observed in metallic systems is often 
explained by the occurrence of irreversible plastic deforma-
tions upon hydrogen absorption and was initially observed in 
the Pd–H system.[110] In some compounds, such as the AB5, the 
hysteresis may decrease after a few cycles, owing to a reduc-
tion of abs

eqP  and this has been attributed to the introduction 
of defects as a result of the significant lattice expansion expe-
rienced by the alloy upon hydrogen insertion.[111] In complex 
hydrides similar hysteresis have also been observed, e.g., in 
LiBH4 + MgH2,[112] and NaBH4 + MgH2 systems.[113] It should 
be noted that sloppy equilibrium plateaux are often assigned 
to inhomogeneity in the alloy composition.[114] However, this 
can also be observed in pure metals and thus the hypothesis is 
that the slope is the result of constraints generated during the 
insertion/deinsertion of the hydrogen atoms in the metal.[115] 
In nanosized metal hydrides, similar sloppy plateau pressures 
have been interpreted along a broader particle size distribution, 
a structural heterogeneity of the nanoparticle, or interfacial 
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Figure 13. Basic tool box for designing hydrogen storage materials. a) Ease of reaction path via H−, H, or H+ for the generation of hydrogen,[22]  
b) enthalpy of formation of various metal hydrides; c) metal hydrogen bond strength of potential catalysts; and d) general principles for adjusting 
the properties of hydrides. Both thermodynamic and kinetics should be improved at the same time. The hydride path is potentially better to release 
hydrogen,[22] although it may lead to irreversibility. Combining unstable and stable hydrides can lead to intermediate enthalpies of reaction with hydrogen.
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stress at the stabilizer/nanoparticle interface.[116] Such a sloppy 
plateau complicates the utilization of hydrides in real systems 
because of the inherent variation of the hydrogen released pres-
sure In addition, the strong stress (≈several GPa) undergone 
by the alloys absorbing hydrogen results in a decrepitation and 
thus a pulverization of the alloy particles.[117]

From the equilibrium plateau pressure measured at different 
temperatures, a corresponding van’t Hoff plot can be generated 
based on the PCT (Figure 14a). At a given operating pressure 
(Pop), there is a corresponding temperature (Top) for hydriding 
and dehydriding reactions. The operating conditions (P ″op and 
T ″op) can be tuned by altering the thermodynamics, i.e., the 
enthalpy and entropy of the reactions, which are related by the 
Gibbs free energy (24). In equilibrium, ΔG equals to zero, and the 
decomposition temperature (Tdec) at 0.1 MPa can be expressed as

=
∆ °
∆ °dec

dec

dec

T
H

S
 (26)

Some of the desorbing temperatures of common hydrides 
are tabulated in several references[26,118] and the most inter-
esting ones, of high hydrogen capacity, require high tempera-
tures for releasing hydrogen (Table 2). Ideally, high capacity 
hydrides should be capable of absorbing and releasing 
hydrogen at near ambient temperature. Assuming a constant 
ΔS (130.7 J mol−1 K−1 of H2, for most metal hydrides),[26] the 
enthalpy of decomposition and thus the strength of the metal–

hydrogen (MH) bond is the main indicator of the thermal sta-
bility of the hydrides. If the enthalpy is high, a low equilibrium 
pressure and high decomposition temperature are expected 
(Figure 13). To achieve an equilibrium pressure of 0.1 MPa and 
room temperature, the enthalpy of decomposition should be 
close to 19.6 kJ mol−1. One approach to achieve this is through 
the combination of elements with opposite bonding strength to 
hydrogen (Figures 13b and 14b). For example, the combination 
of 3/2MgH2 + 1/2MgCu2

[119] and MgH2/Al[120] has been shown 
to lead to some improvement in the thermodynamics, e.g., a 
decreasing in the enthalpy of reaction from 75 kJ mol−1 H2 for 
pristine Mg/MgH2 to 70 kJ mol−1 H2 once Mg is milled with 
Al.[121] However, this occurs with a concomitant decrease in 
hydrogen storage capacity.

One framework to understand the strength of the MH bonds 
is by considering the standard enthalpy of formation (ΔH°f),  
which is related to the enthalpy of atomization of the M ( H∆ °

atom), 
enthalpy of ionization of M ( H∆ °

ioniz), the crystal or lattice energy  
( H∆ °

cryst), and thus according to the Born–Haber cycle[22]

H H H n H( )∆ = ∆ + ∆ + − ∆° ° ° °1.51 eVf atom ioniz cryst  (27)

where n corresponds to the stoichiometry of the hydride (MHn).
From this equation it can be deduced that only stable 

hydrides are formed for ( H∆ °
cryst) significantly larger than 

H H∆ + ∆° °
atom ioniz, which is the case for ionic hydrides of relatively 

low melting point.

Adv. Sustainable Syst. 2019, 1900043

Figure 14. Current approaches for adjusting the thermodynamics of hydrides. a) Pressure composition temperature (PCT) plot (left) and the cor-
responding van’t Hoff plot (right) for hydrogen storage reactions in metals and complex hydrides; b) generalized enthalpy diagram illustrating the 
destabilization of hydrides through: a) alloy formation with less stable hydrides, e.g., Fe, Ni (green); reaction of a hydride, e.g., LiH, MgH2, NaBH4, 
NaAlH4, with a corresponding protide, e.g., LiNH2, NH3 (orange); stabilization of the decomposition products (blue); and nanosizing (pink). To enable 
room temperature hydrogen storage, ΔH should be brought down while ΔS remains constant.
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Since H∆ °
atom and H∆ °

ioniz are correlated to the standard redox 
potential (E°) of hydrides and a correlation exists between the 
decomposition temperature (Tdec) of hydrides and the standard 
redox potential of binary hydrides, Grochala and Edwards 
proposed the use of such a correlation to predict Tdec of ter-
nary hydrides.[22] Accordingly, in a similar manner ΔH can be 
used to design hydride materials of targeted Tdec (Figure 7), 
through an appropriate choice and combination of elements 
forming hydrides with intermediate E°. However, the experi-
mental hydrogen behavior of the ternary hydrides predicted 
by this assumption is often difficult to control owing to the 
multiple decomposition paths of hydrides and their reaction 
intermediates.[122] As compared to binary metal hydrides, con-
trolling the thermodynamics of complex hydrides is much 
more difficult due to their dehydrogenation along multistep 
paths with additional side reactions generating byprod-
ucts.[123] The most common complex hydrides of interest for 
high capacity hydrogen storage are alanates ([AlH4]−1), boro-
hydrides ([BH4]−1) and amides ([NH2]−1). The full decomposi-
tion of alanates is a two or three-step process depending on 
the metallic cation involved. For example (Figure 10a), the 
decomposition of LiAlH4 and NaAlH4 involve the interme-
diate phase [AlH6]3−, while Mg(AlH4)2 decomposes directly 
to MgH2 and Al.[124] Similarly, the decomposition of borohy-
drides can be assumed to be a two-step reaction, including 
the formation of the corresponding metal hydride and boron 
in the first instance and then further decomposition of metal 
hydride (Figure 10b).

As for amides, the decomposition process is even more 
intricate.[125] The direct decomposition of amides alone does 
not lead to the release of hydrogen, but ammonia or nitrogen 
instead.[16a,125,126] Hydrogen released from amides requires the 
aid of metal hydrides[118a]

+ ↔ + +LiNH 2LiH Li NH LiH H2 2 2  (28)

+ ↔ +Li NH LiH Li N H2 3 2  (29)

Mixture of amide and metal hydride of different metals may 
also result in different reaction paths, and thus complexity fur-
ther escalates. Hence to date, it is very difficult to translate an 
successful approach from one hydride to the others.

It is often assumed that the hydrogen sorption behavior of 
complex hydrides mainly depends upon the ΔH of the reaction 
although significant changes in ΔS may also occur, in addition 
to the related changes in ΔS associated with the transition of 
hydrogen from the gas phase to the hydride phases. In fact, the 
entropy of complex hydrides strongly varies during hydrogen 
desorption/cycling and is a function of the decomposition path 
as highlighted below[127]

→ + + ∆ = − −LiBH Li B 2H 219 Jmol K H4 2
1 1

2S  (30)

S→ + + ∆ = − −LiBH LiH B 3/2H 150 J mol K H4 2
1 1

2  (31)

It has thus become crucial to develop tools not only to con-
trol ΔH but also the ΔS of the hydrogen reaction with sorption 
materials (see Section 8.1.3).

3.3. General Principles to Design Hydrogen Storage Materials

By taking into account the above considerations, Figure 13 sum-
marizes the basic “tool box” to design hydrogen storage mate-
rials. First of all, a form of hydrogen, i.e., as atomic (H), hydride 
(H−), protide (H+), or a combination (Figures 13a and 14) believed 
to lead to a low reversible energy path is chosen. This choice is 
further dictated by the requirement of high gravimetric and vol-
umetric hydrogen density of the hydride material, and this not 
only further limits the list of potential candidates but also brings 
an additional level of complexity in achieving low hydrogen 
release and uptake temperatures. Indeed, as discussed above, the 
elements capable of binding large amounts of hydrogen often 
form stable hydrides and thus release their hydrogen at high tem-
peratures (Figures 4 and 7). To overcome such a drawback, the 
common strategy is then to adjust the enthalpy of the reaction by 
combining the chosen hydride with elements forming unstable 
hydrides (Figure 13b). If the rate of hydrogen release and uptake 
is not adequate, the search for a catalyst begins by assessing the 
potential of various transition metals that may help the dissocia-
tive absorption and/or recombination of hydrogen during des-
orption. Figure 13c summarizes some potential catalysts. The 
hydrogen dissociation rate of the catalyst should be high enough 
and its binding strength to hydrogen relatively low to facilitate 
hydrogen release/uptake from the hydride material. Hence, the 
difficulty in adjusting the properties of hydrogen storage mate-
rials is in the requirement of combining strategies for improving 
both thermodynamics and kinetics simultaneously (Figure 13d), 
without “losing” the hydrogen storage capacity. Surprisingly, 
these basic principles/concepts, developed in the very early 
stages of the field of hydrogen storage research, for the design of 
hydrogen storage materials still continue to form the basis of the 
more advanced and recent approaches further discussed below.

4. Metallurgical Synthetic Approaches 
to form Metal Alloys and Alternative 
Phases to Store Hydrogen

With the discovery of hydrogen sorption in Pd[128] and the 
early alloys to effectively store hydrogen at the ambient, initial 
research efforts have focused on metallurgical approaches to 
design better hydrogen storage alloys. Hence, a vast majority 
of the early research efforts has been devoted toward a funda-
mental understanding of the behavior of hydrogen in metals. 
To date, this knowledge is more than relevant as alloys such as 
those based on LaNi5, TiFe and Ti BCC have potential to open 
new applications in the storage of renewable energy. This sec-
tion is thus reviewing current understanding along the modifi-
cation of the hydrogen storage properties of metal alloys as well 
as conventional methods to prepare such alloys.

4.1. Modifying the Thermodynamics of Metal Hydrides

Many metals are known to form hydrides (Figure 4), hence by an 
alloying approach several metal alloy families have been found to 
effectively store hydrogen with altered properties as compared to 
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pure metals. These alloys include intermetallics, e.g., AB, AB2, 
AB5, A2B, and solid solutions.[26] Solid solutions are formed by 
dissolving one or more minor elements (solutes) into a hydrogen 
absorbing primary element (solvent). Examples of solid solutions 
include Ti and V-based solid solution hydrides such as Ti–V–Fe 
(Ti43.5V49.0Fe7.5),[118b] V–Ti–Cr,[129] and V–Ti–Ni,[130] and unlike 
stoichiometric or near-stoichiometric intermetallic compounds, 
solid solutions can also have nonstoichiometric arrangements.

Intermetallic compounds correspond to an intermediate 
phase between A and B. Alloying two elements increases the 
degrees of freedom in the final materials and leads to various 
structural defects including vacancies and antiphase bounda-
ries that may benefit the overall hydrogen storage properties. 
In these families, A is a transition metal or a rare earth with 
a strong affinity for hydrogen and thus of high thermal sta-
bility, e.g., YH2, LaH2, TiH2, and ZrH2. B corresponds to tran-
sition metals forming unstable hydrides, e.g., Cr, Mn, Fe, Co, 
and Ni absorbing hydrogen at very high hydrogen pressures 
only (Figures 4 and 13). Intermetallics synthesized through 
the association of A and B usually form alloys with interme-
diate hydrogen sorption properties. This is typically the case 
for a range of intermetallics including TiFe, ZrV2, and alloys 
of the type CaCu5. For example, LaNi5 has an enthalpy of  
−32 kJ mol−1 H2,[131] while La forms a stable hydride (LaH2) 
with ΔH = −208 kJ mol−1 H2 and Ni forms an unstable hydride 
with ΔH = −6 kJ mol−1 H2.[11]

Table 2 lists elemental hydrides with their respective heat 
of formation, entropy values and decomposition temperature 
values. Using this list, one can calculate the enthalpy of forma-
tion (ΔHf) of ternary hydrides (AnBmHx+y) by using the semiem-
pirical model proposed by Miedema et al.[132a]

( ) ( ) ( )( )∆ = ∆ + ∆ − ∆+A B H A H B H A BfH H H Hx y m n x n y m x y  (32)

where ΔH(AxHn) and ΔH(ByHm) are the heats of formation of 
hydride A and B and ΔH(AxBy) is the heat of formation of AxBy 
alloy. This model known as Miedema’s rule of reverse stability 
was found to work well for ternary hydrides where A (with a 
strong affinity for hydrogen) is the minor phase as compared to 
B (with a low hydrogen affinity).

A more accurate model to determine the enthalpy of 
formation (ΔHf) of ternary hydrides is the semiempirical band-
structure model of Griessen and Driessen[133]

H
y E y E

y y
y y n α β( )∆ = ∆ + ∆

+






+A B H

* *

f A B
A A B B

A B

 (33)

where yi is related to the stoichiometric amount of the metal 
i in the ternary alloy (AyAByBHn), Ei∆ *  corresponds to the 
band structure energy parameter of the scaled density of state 
of the metal i after alloying, and α = 29.62 kJ eV−1 mol−1 H, 
β = −135.0 kJ mol−1 H.

When both metals have the same d-band width but different 
density of states at the Fermi energy, (33) can be simplified as
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where H i n∆ °( H )  is the integral enthalpy of formation for one 
mole of binary metal hydride i, i.e., H H i nn n∆ ° = ∆ °(MH ) ( H )/

, ∅i is the work function and ni the value of density of states at 
the Fermi energy of the metal i.

It should however be noted that as compared to the Miede-
ma’s model, which was designed to describe a wide class of 
alloys, the band-structure model is limited to metal hydrides 
where all hydrogen atoms are surrounded by a fraction of A 
and B atoms. Therefore this model does not apply to disordered  
alloys or intermetallic compounds such as AB2 Laves phases 
which can contain several types of interstitial sites including 
A2B2, AB3, and B4 sites. More recent approaches building 
on data mining and machine learning techniques (see  
Section 9.2.3), e.g., artificial neural network and principal com-
ponent analysis, have also emerged with the aim of providing 
more accurate methods for the prediction of the enthalpy of AB 
intermetallics.[134]

4.2. Tuning the Hydrogen Thermodynamics 
of Alloys by Partial Elemental Substitution

Partial substitution provides a means to adjust the thermody-
namic properties of hydrides, and the approach has been widely 
used to design hydrides with capability for hydrogen storage 
at the ambient and with capacity beyond the hydrogen storage 
capacity of LaNi5 and FeTi, i.e., >1.2–1.9 mass% H2.[135] For 
example, Reilly and Wiswall[136] reported in 1968 that alloying 
nickel with magnesium decreased the enthalpy of reaction with 
hydrogen to −64.5 kJ mol−1 H2 instead of the −75 kJ mol−1 H2 
of the Mg/MgH2 system. This meant a temperature of absorp-
tion of ≈ 240 instead of 400 °C.[46a] However, this was at the 
expense of the hydrogen storage capacity, i.e., it was reduced 
from 7.6 to 3.6 mass% H2. By further tuning of the thermody-
namics via the addition of Ca, the (Mg1−xCax)2Ni alloy displayed 
an enthalpy of −37 kJ mol−1 H2 and thus hydrogen desorption 
at room temperature but with a storage capacity of 1.2 mass% 
H2.[137] This demonstrates the potential of the approach but 
also highlights the difficulty of modifying the properties of 
hydrogen materials by a simple partial substitution.

For some hydrides, a correlation between elemental substi-
tution and P eq has been evidenced and this may help to some 
extent with the adjustment of the thermodynamic proper-
ties. Taking LaNi5 as an example, a partial substitution of the 
Ni leads to a decrease of P eq and a reduction of the storage 
capacity. When Ni is partially substituted with Al, this leads 
to a 50% loss of hydrogen storage capacity owing to the larger 
size of the Al atoms (Figure 15b). Partial substitution with Co 
(>0.25%) can lead to two P eq as the result of the formation of 
an intermediate γ phase.[138] The evolution of P eq has also been 
shown to be linearly correlated to the composition of the alloy 
and thus the evolution of cell volume upon partial substitution 
of La or Ni (Figure 15d).[42a] From this variation, one can thus 
tune P eq to the desired value.

Contrary to MgH2 and LaNi5, a small amount of substitution 
of Mn in TiMn1.5 was found to cause no loss of capacity with a 
notable shift in the plateau pressure.[139] For TiMn1.5, P eq was 
shifted up by substituting Mn with Cu, Fe, and Co; while V and 
Ni led to a reduction of P eq. The potential of partial substitution 
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may thus be an effective means to adjust the plateau pressure 
of hydrides. However, this may also pose problems during 
large scale manufacturing, as a small amount of impurities 
(0.1 by stoichiometric composition) can cause shifts in plateau 
pressure outside the desired range.

4.3. Methods for Making Hydrogen 
Storage Alloys and Intermetallics

The first step to make an alloy of a given composition is to 
check the phase diagram of the elements to be alloyed in 
order to determine possible miscibility issues, phase forma-
tions, and ultimately determine the synthetic conditions, i.e., 
temperature, pressure, and heat treatment. For binary alloys 
the phase diagrams are relatively well known.[140] However, 
the phase diagram of ternary or higher intermetallic com-
pounds are scarce.[141] Therefore in this case, a trial and error 
approach is the only option to achieve the targeted compo-
sition and phase. The phase diagram of La–Ni is shown on 
Figure 15a, as an example. The La atom can be substituted 
by many elements, e.g., 4f elements such as Ce, Nd, and Pr 
owing to the existence of many AB5 compounds.[142] The pos-
sibilities to substitute Ni are more complicated. Ni can be 
fully substituted by Cu, Co, or Pt, but it is also possible to sub-
stitute Ni in LaNi5 with low levels of Al,[143] Mn,[144] or Fe,[145] 
for example.

The level of substitution varies strongly depending on 
preparation method and the duration and temperature of the 
heat treatment process. For example, in LaNi5−xMnx, x can be 
0.99 if the alloy is annealed at 1175 °C and 2 for annealing at 
800 °C.[144,146] The solidification of the alloy phase can occur 
congruently; however, this is not always the case (e.g., FeTi 
exhibits a peritectic solidification). It should be noted that 
depending on the level of deviation from the stoichiometric 
composition, the amount of impurities (e.g., C, N, O), and 
the volatility of the melted elements, additional vacancies and 
structural defects may be created within the alloy lattice. With 
LaNi5 this was not observed. However, in FeTi, an excess of one 
of the atoms (Fe or Ti) was found to lead to a substitution on 
the deficient sublattice.[147]

The common procedure to prepare alloys is through melting 
methods including radiofrequency induction and arc melting. 
Once a homogenous melt is formed, the cooling rate of the melt 
should be carefully controlled to avoid any phase segregation. 
For a small sample size this can be achieved by quenching the 
melt (e.g., at a cooling rate >10 °C s−1) to limit any shift in ele-
mental concentration across the alloy. When the solidification of 
the melt is peritectic, additional annealing in high vacuum or an 
inert atmosphere (to avoid oxidation) is often required to facili-
tate the homogenization of the alloy and remove any microseg-
regation and structural defects. Homogenization is beneficial for 
the hydrogen sorption properties because it often leads to a “flat” 
equilibrium plateau pressure without significant hysteresis.[26]
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Figure 15. Tuning the thermodynamic of intermetallics with LaNi5 as an example. a) Phase diagram of the La-Ni system; b) evolution of the equilibrium 
plateau pressure of LaNi5 upon partial alloying with various elements; c) crystalline structure of LaNi5 structure showing the position of the hydrogen 
atoms (the c-axis has been doubled in length for clarity); and d) linear dependence of the equilibrium plateau pressure of LaNi5 as function of the evo-
lution of the cell volume upon a partial substitution of La by R or Ni by M in LaNi5. Reproduced with permission.[42a] Copyright 2001, Springer-Verlag.  
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5. Mechanical Milling for Making 
New Hydrogen Storage Materials

Following the development of mechanical alloying by high 
energy ball milling technique around 1966 at the Paul D. 
Mercia Research laboratory to produce nickel-based superal-
loys for gas turbines,[148] mechanical milling/alloying emerged 
in the late 1980s as an approach for the synthesis of hydride 
materials. In particular, Ivanov et al. were among the first to 
report the synthesis of Mg-based alloys with Ni, Fe, Co, or Ce 
for hydrogen storage.[149] The nanostructuration by ball milling 
of Mg2Ni[150] and then MgH2

[151] both leading to significantly 
enhanced hydrogen kinetics further established mechanical 
milling as a significant tool for the modification of the prop-
erties of hydride materials.[152] Mechanical milling involves 
a very simple experimental setup and operating conditions, 
and the possibility of producing large quantities of solvent 
free material further contributed to the widespread uptake of 
this technique across research laboratories.[153] Various termi-
nologies are commonly used to describe the different type of 
processes that can be achieved through mechanical milling: 
i) mechanical alloying describes the processing of mixtures 
of metallic powders to form alloys,[154] ii) mechanical milling 
refers to the refinement of powder, iii) mechanochemical syn-
thesis is related to the acceleration of solid state synthetic reac-
tions upon milling between chemical powders, iv) cryomilling 
refers to milling carried out at liquid nitrogen temperature—
usually to facilitate powder refinement and further reduction 
in particle size, v) reactive milling involves the milling of pow-
ders in the presence of chemically reactive solids, liquids, or 
gases (e.g., hydrogen, oxygen, nitrogen, air, etc.)—for example, 
the milling of Mg under hydrogen atmosphere to produce 
MgH2.[155]

During the milling process, the material is subjected to 
different stresses including compression, deformation, attri-
tion, shear, and impact resulting from the milling tools 

(Figures 16 and 17).[153,156] This generates new surfaces and 
cracks but also defects and dislocations resulting in a reduc-
tion of crystallite sizes, a higher number of grain boundaries, 
and a high surface area. All these are supposed to facilitate 
the kinetics of hydrogen release/uptake and diffusion in 
hydrides.[118b,157] Depending on the ductility of the powder, 
agglomeration of particles may also occur upon ball impact by 
cold-welding, mechanical interlocking resulting from rough 
surfaces or chemical reactions between particles.

5.1. Fundamentals of the Mechanical Milling Process

The process of mechanical milling is simple and conducted 
by placing the powder(s) to be refined, alloyed, or reacted in a 
milling vial with balls that are free to impact the powder.[157a,158] 
The vial and/or balls are shaken by various means (Figure 16) 
and the powder is milled upon repeated and intermittent impact 
of the balls until a steady state between cold-welding and frac-
turing is achieved. Instead of balls, cubes, rods, ballpebs, and 
cylpebs have been tried, but the spherical shape of the milling 
balls offers a higher gridding surface area and favors lower 
wear.[159] Several theoretical models have been proposed in an 
attempt to describe the milling process;[160] however, in a first 
approximation, the intensity involved in the milling process can 
be simplified as the product of the kinetic energy (ΔE) released 
in a single impact of a ball and the total number of impacts per 
unit of time (Ni)

I ENiε= ∆  (35)

where ε is a factor comprised between 0 (elastic collision—
no energy transferred) and 1 (perfect inelastic collision), and 

E m v∆ = 1/2 b b
2, with mb and vb corresponding to the mass of the 

ball and its velocity. Accordingly, the overall specific energy (Ws) 
involved in milling the material is given by[161]
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Figure 16. Illustration of mechanical milling tools. Summary of milling conditions for a) attritor mill; b) spex mill; and c) planetary mill.
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=
1

sW
M

It  (36)

where M is the mass of material milled and t = (tb/timp)τ. tb cor-
responds to the ball impulse duration, timp the impulse period 
and τ the grinding duration.

It can thus be concluded from the equation above that Ws 
depends only on intrinsic parameters of the milling process 
including the mass of the grinding balls, the rotation frequency 
of the vials, the ball-to-powder ratio, and the milling time.

The initial particle size of the starting material does not 
matter because upon milling the particle size is rapidly reduced 
to a few μm within the first few minutes of milling as it fol-
lows an exponential decay (Figure 17c).[162] However, the duc-
tility or brittleness of the powder to be milled will significantly 
affect the end results. Upon milling, ductile particles will tend 
to be flattened and cold welded and thus no particle size reduc-
tion occurs but some alloying at the atomic level may happen 
(Figure 17b). In contrast, brittle particles are extensively frag-
mented; however, at very small particle sizes cold-welding 
occurs because the particles then behave in a ductile manner. A 
mixture of ductile–brittle leads to the embedment of the brittle 
particles within the ductile matrix.

The main types of high energy mills found in many labora-
tories are summarized in Figure 16 as well as the velocity of 
the balls, kinetic energy per impact, shock frequency and power 
involved. Spex mills are much more energetic than attritor 
mills. Hence, for the same end result much shorter milling 
times are required with a high energy shaker mill. However, 
a higher energy of milling also involves an increase in the 
milling vial temperature owing to the impact of the balls. It 
has been estimated that only 5–15% of the energy is effectively 

used toward milling, while the remaining energy is dissipated 
as heat.[163] Higher temperatures may facilitate atomic/ionic 
diffusion and thus lead to a better homogenization of the final 
product; but these may also trigger the premature decomposi-
tion of the milled powder and thus be detrimental.

The overall increase in macroscopic temperatures of the 
mill has been found to be moderate, e.g., ≈50 °C for a Spex 
mill,[164] but at the microscopic level upon ball-to-ball or ball-to-
wall collision temperatures have been predicted to be as high as 
350 °C.[164b,165] However, by observing the phase transformation 
occurring on some materials during milling, it was estimated 
that the temperature locally raised to at least 1000 °C during the 
processing of γ-AlO(OH) on a planetary mill, for example.[166] 
To minimize this, mechanical milling can be carried out with 
the aid of a cooling medium including air, water, or liquid 
nitrogen.[167] However, in practice, long milling runs are often 
divided into shorter milling periods paused with cooling breaks 
to dissipate any excessive heat. This is particularly important 
when milling complex hydrides with low decomposition tem-
peratures (Tables 2 and 3).[122,168]

Various grinding materials can also be used and the most 
common milling tools are made of hardened steel, chromium 
steel, tungsten carbide, agate, silicon nitride, and sintered 
corundum. However, the density of the milling balls should  
be high enough to create sufficient impact on the powder to be 
milled. Furthermore, when possible the milling tools should be 
made of the same material as the powder to avoid cross con-
tamination otherwise the milling tools should be harder than 
the powder to mill to avoid excessive cross-contamination. 
Indeed, a drawback of mechanical milling is the contamination 
emerging from the milling tools. In particular, using stainless 
steel in a high energy shaker mill can introduce a large amount 

Adv. Sustainable Syst. 2019, 1900043

Figure 17. Principles of the mechanical milling process. a) Particle fracturing upon ball-powder-ball collision; b) deformation characteristics of ductile 
and brittle hydride materials upon mechanical milling; c) evolution of particle/grain size for brittle materials; and d) flow chart showing the different 
paths for using mechanical milling for preparing hydrides.
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Table 3. Summary of selected hydrides modified or synthesized by mechanical milling. Notations are as follow: Reactant melting point (Rmp), 
hydrogen pressure (PH) used during milling, total milling time (Mt), milling speed (Ms), ball to-powder weight ratio (B:P), ball diameter (Bd), and 
process control agent (PCA).

Compounds Device Reactants Rmp [°C] PH [MPa] Mt [h] Ms [rpm] B:P Bd [mm] PCA Side product Ref.

Binary 

hydride

MgH2 planetary Mg 650 0.066 3 – – 3 – – [466]

MgH2 Planetary Mg 650 2.4 47.5 – – 12 – – [467]

MgH2 Fritsch P6 Mg 650 1–9 18 500 10:1 10 – – [468]

MgH2 Fritsch P4 Mg 650 8 4 400, 800 60:1 12 – – [155]

MgH2 Spex 8000 Mg 650 1 3 – 2:1 – – – [469]

MgH2 Fritsch P4 Mg 650 7 4 400, 800 60:1 12 – – [470]

MgH2 Planetary Mg 650 Ar 35 250 20:1 10 Steric acid, 

toluene

– [471]

MgH2 Uni ball mill II Mg 650 0.5 50 196 44:1 – Graphite MgO [472]

MgH2 Spex 8000 MgH2 327 Ar 10 – 8:1 – MgCl2 MgO [473]

MgH2 Fritsch P5 MgH2 327 Ar 100 – 10:1 10 MgO – [174a]

MgH2 Spex 8000 MgH2 327 Ar(0.6) 10 – 10:1 – Nb2O5 MgxNbyOz, MgO [474]

TiH1.9 Planetary Ti 1668 2.4 5.5 – – 12 – – [467]

TiH1.8 Spex 8000 Ti 1668 0.2 3 – – – – – [475]

TiH2 Fritsch P4 Ti 1668 8 0.16 400, 800 60:1 12 – – [155]

TiH2 Fritsch P4 Ti 1668 30 20 400 50:1 15 – – [476]

TiH2 Fritsch P4 Ti 1668 7 4 400, 800 37.5:1 12 – – [470]

TiH2 Fritsch P5 Ti 1668 – 10 300 10:1 10 Toluene TiHx [477]

VHx Fritsch P5 V 1910 1 0.17 400 30:1 7 – – [478]

Ternary 

hydride

ZrNiH3 Fritsch P5 ZrNi – 2 3 – 30:1 10 – – [220]

ZrNiH Fritsch P7 ZrNi – 0.1 0.08 400 30:1 7 – – [479]

TiNiH3 Rod-mill Ti+Ni 1668, 1445 0.1 200 – 30:1 10 – – [480]

TiVH2.8 Fritsch P5 TiV or Ti+V 1668, 1910 0.4 100 – 20:1 10 – – [481]

LaNi5H0.15 Fritsch P7 LaNi5 480 1 0.08 400 30:1 7 – – [482]

Mg2FeH6 Fritsch P5 2Mg+Fe 650, 1538 1 20 325 4:1 10 – MgH2,Fe [483]

Mg2FeH6 Spex 8000 2MgH2+Fe 327, 1538 0.1 60 – 10:1 10 – Mg,MgO,Fe [484]

Mg2CoH5 BX254E 2MgH2+Co 327, 1495 0.1 10 – 8:1 4 – – [485]

Mg2CoH5 Fritsch P6 2MgH2+Co 327, 1495 0.5 5 400 80:1 – – – [486]

Mg2NiH4 – 2MgH2+Ni 327, 1445 – 60 – – – Graphite – [487]

Mg2NiH4 Fritsch P5 2MgH2+Ni 327, 1445 0.5 22 325 4:1 10 – Mg,MgH2,Ni [488]

Mg2NiH4 Fritsch P4 2MgH2+Ni 327, 1445 7.5 12 400 60:1 12 – MgO [489]

Mg2NiH1.8 Fritsch P7 Mg2Ni – 1 80 400 30:1 7 – [490]

Mg0.8Ti0.2 Spex 8000 Mg, Ti 327, 1668 Ar 16 – – – Graphite – [491]

Mg0.75Ti0.25 Spex 8000 Mg, Ti 327, 1668 Ar 12 – – – Stearic acid – [491]

Al3Mg2 Planetary Al, Mg 660, 327 Ar 10 – – 15 Stearic acid Al, Mg [492]

γ-Mg17Al12 Retsch PM400 Mg, Al 327, 660 Ar 40 300 10:1 – Methanol MgH2, 

MgO,Mg28Al45

[493]

Al3Zr Fritsch P4 Al, Zr 660, 1855 Ar 5 300 20:1 10 Ethanol Al, ZrH2,Zr,ZrC [494]

Ti3Al – Ti, Al 1668, 660 Ar 300 – – – Methanol, 

benzene

– [495]

TixAl1−x Planetary Ti, Al 1668, 660 Ar 100 – 10:1 10 Hexane TiC,TiH2, 

A12Ti4C2

[496]

Sr2AlH7 Fritsch P5 SrH2, Al 1050, 660 Ar 10 150 20:1 10 Stearic acid Sr8Al7, Sr [497]

Quaternary 

hydride

(Mg0.8Ti0.2)0.95Ni0.05 Spex 8000 Mg, Ti, Ni 327, 1668, 1445 Ar 24 – – – Graphite – [491]

(Mg0.65Ti0.35)0.95Ni0.05 Spex 8000 Mg, Ti, Ni 327, 1668, 1445 Ar 28 – – – Stearic acid – [491]

Mg1.9Al0.1Ni Spex 8000 Mg, Al, Ni 327, 660, 1445 Ar 40 – 10:1 12 CCl4 – [498]
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Compounds Device Reactants Rmp [°C] PH [MPa] Mt [h] Ms [rpm] B:P Bd [mm] PCA Side product Ref.

Mg88.5NixLay Planetary Mg, Ni, La 327, 1445, 920 Ar(0.1) 10 200 30:1 – Graphite Mg, MgH2, 

Mg2NiH0.3, 

Mg2NiH4,LaH2

[499]

(TiNi)0.7Mg0.3 Planetary Ti50Ni50, Mg –, 327 Ar 40 400 4.4:1 20 Ethanol Fe2TiO4 [500]

Alanate LiAlH4 Fritsch P5 LiH+Al 692, 660 1 24 400 – 9.5 – Li3AlH6 [501]

Li3AlH6 – 2LiH+LiAlH4 692, 150 – 5 – 30:1-42:1 – – – [296b]

LiMg(AlH4)3 Retsch 3LiAlH4+MgCl2 150, 714 – 3 – 11.3:1 – – LiCl [502]

NaAlH4 Fritsch P7 NaH+Al 300, 660 8.3 4 500 50:1 – – NaCl,Al [503]

NaAlH4 Fritsch P5 NaH+Al 300, 660 0.6 120 350 50:1 10 – Na3AlH6,NaH,Al [504]

NaAlH4 Fritsch P5 NaH+Al 300, 660 1.2 240 230 10:1 10 – NaCl,Al [504]

NaAlH4 Planetary NaH+Al 300, 660 3 60 350 30:1 8 – Na3AlH6,Al [505]

Na3AlH6 Planetary NaH+Al 300, 660 0.5 30 350 30:1 8 – Al [505]

Na3AlH6 Fritsch P4 3NaH+Al 300, 660 10 8 400 90:1 15 – NaCl,NaH,Al [225c]

Na3AlH6 Spex 8000 2NaH+NaAlH4 300, 183 0.2 20 – 10:1 12.7,14.3 – Al [506]

Na2LiAlH6 Spex 8000 NaH+LiH+NaAlH4 300, 692, 183 0.2 20 – 10:1 12.7,14.3 – Al [506]

Na2LiAlH6 Fritsch P4 2NaH+LiH+Al 300, 692, 660 10 4 400 90:1 15 – NaCl [225c]

NaLi2AlH6 Fritsch P4 NaH+2LiH+Al 300, 692, 660 10 4 400 90:1 15 – NaCl,NaAlH4,Al [225c]

KAlH4 Fritsch P7 KH+Al 417, 660 10 10 400 – – – KH,Al [502]

KAlH4 Fritsch P7 KH+Al 417, 660 >17.5 0.5 – – 10,5 – Al [507]

K2LiAlH6 SPEX8000 2KH+LiAlH4 417, 150 – 0.5 – 27:1 – – – [225a]

K2NaAlH6 Fritsch P4 2KH+NaAlH4 417, 183 1 25 150 40:1 – – – [508]

Mg(AlH4)2 Magneto 2NaAlH4+MgCl2 183, 714 0.6(Ar) 40 225 40:1 – – NaCl,Al [509]

Mg(AlH4)2 Fritsch P7 2AlH3+ MgH2 150, 327 0.1 4 400 175:1 10 – AlH3,MgH2,Al [510]

Mg(AlH4)2 Spex 8000 2NaAlH4+MgCl2 183, 714 – 1 – 35:1 7.9 – NaCl [511]

Mg(AlH4)2 Planetary 2NaAlH4+MgCl2 183, 714 – 3 500 60:1 – NaCl [512]

Ca(AlH4)2 Planetary 2NaAlH4+CaCl2 183, 772 1 48 200 40:1 – – CaH2,Al,NaCl [513]

CaAlH5 Fritsch P7 CaH2+AlH3 816, 150 0.1 3 400 80:1 10 – CaH2,Al [510]

Borohydride KBH4 Fritsch P7 2MgH2+KBO2 327, 947 – 2 490 – 13 – MgO [514]

NaBH4 – 4MgH2+Na2B4O7 327, 743 – 2 2750 – 13 – MgO [515]

NaBH4 QM-3C 2MgH2+NaBO2 327, 966 – 4 – 20:1 – – MgO [393]

Mg(BH4)2 Fritsch P7 5MgCl2+4NaBH4 714, ≈500 0.1(Ar) 2 – – 7 – NaCl [516]

Zn(BH4)2 Spex 8000 ZnCl2+2NaBH4 290, ≈500 – 0.5 – 35:1 7.9 – NaCl [517]

Mn(BH4)2 Planetary 3LiBH4+MnCl2 275, 654 – 6 175 32:1 12 – LiCl [518]

Ca(BH4)2 Spex 8000 CaH2+MgB2 816, 830 – 1.5 – 10:1 – – MgH2 [262a]

K2Mn(BH4)4 Planetary 2KBH4+MnCl2 585, 654 – 6 175 32:1 14 – KMnCl3 [231a]

LiZn2(BH4)5 – 2LiBH4+ZnCl2 275, 290 Ar 2 – – – – LiCl [229]

NaZn2(BH4)5 – 3NaBH4+ZnCl2 ≈500, 290 Ar 2 – – – – NaCl [229]

NaZn(BH4)3 – 4NaBH4+ZnCl2 ≈500, 290 Ar 2 – – – – NaCl [229]

MgxMn(1−x)(BH4)2 Fritsch P7 LiBH4,MgCl2,MnCl2 275, 714, 354 – 5.83 600 25:1 15 – LiCl,Li2MgCl4 [519]

Li3MgZn5(BH4)15 Fritsch P7 LiBH4,MgCl2,ZnCl2 275, 714, 290 Ar 5.83 600 25:1 15,12,10 – Li2MgCl4 [230]

Li3MnZn5(BH4)15 Fritsch P7 LiBH4,MnCl2,ZnCl2 275, 654, 290 Ar 3 600 25:1 15,12,10 – Li2MnCl4 [230]

Amide LiNH2 Fritsch P7 LiH 692 0.4(NH3) 2 400 – – – – [520]

NaNH2 Fritsch P7 NaH 300 0.4(NH3) 1 400 – – – – [520]

Mg(NH2)2 Fritsch P7 MgH2 327 0.4(NH3) 13 400 – – – – [520]

Ca(NH2)2 RM-10 CaH2 816 0.5(NH3) 18 – – 7 – CaH2 [521]

Ca(NH2)2 Planetary Ca 842 – 24 – 30:1 – – – [522]

Table 3. Continued.
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of Fe contamination (>5 wt%) into the milled material.[164a] 
Using less energetic milling machines or “softer milling” tools 
can help reduce the level of contamination from the milling 
tools. For example, Ares et al. reported a significant reduc-
tion of contamination by ball milling MgH2 on a planetary  
mill with zirconia milling tools (Zr contamination  
≈0.5 mass%) instead of stainless steel vials and balls 
(Fe contamination ≈ 4 mass%).[169]

Contamination is also influenced by the length of the milling 
process—longer milling times leading to higher levels of con-
tamination—and the size of the balls used and remaining 
empty space in the vial. If the size of individual balls is too large 
as compared to the capacity of the milling vial, then the interac-
tion between ball/powder is going to be low and this leads to a 
low milling efficiency. Similarly, the vial should contain suffi-
cient powder so there is enough ball/powder interaction. If the 
vial is overfilled, then there is not enough space for the balls 
to move. As a rule of thumb the vial should be filled at 50% 
to enable an appropriate milling of the powder and minimize 
direct ball to ball/wall impact leading to some partial fragmen-
tation of the milling tools and a lower milling efficiency. In this 
configuration, the ball to powder mass ratio is often taken as 
10:1 in vials of small capacity (≈50 mL). A larger ball to powder 
mass ratio of 50:1 or 100:1 may be used in a large capacity 
attritor mill. The ball to powder mass ratio has a significant 
effect on the milling time. The higher this ratio the shorter the 
time (Figure 17c).[170]

To limit cold-welding and facilitate further powder refine-
ment, a process control agent can also be added during milling. 
This process control agent can be a solid, liquid or gas and 
it is believed to reduce the surface energy created at freshly 
made surfaces, hence limiting particle agglomeration and thus 
cold-welding upon impact. Several process control agents in 
the form of hydrocarbons, surfactants, and carbon materials 
have been used in the range of 1–5 mass% of the total powder 
charge (Table 3).[171] However, these compounds may decom-
pose during milling and bring oxygen and/or carbon to the 
milled powders resulting in the formation of oxides and car-

bides. Hence the choice of the process control agent depends 
upon the acceptable purity of the final material. In the case of 
materials for hydrogen storage, this choice is critical since this 
may lead to serious deterioration of material’s properties. Exces-
sive surface contamination of the hydride powder may delay 
the hydrogen release/uptake at the core of the particles. In this 
case, hydrogen cycling at high temperatures is required to over-
come the oxide or carbon layers. For example, in the case of 
MgH2,[172] the formation of an oxide passivation layer of ≈4 nm 
delays the hydrogen release by ≈50 °C. Using carbon materials 
may also facilitate the refinement of MgH2 particles but in this 
case this will lead to the release of CO (a poison for PEM fuel 
cells) and C–H contaminants in the hydrogen stream.[173] We 
reported several years ago the use of oxides and in particular 
MgO as effective process control agents leading to very fast 
hydrogen sorption kinetics comparable to the best catalysts 
reported so far with pure hydrogen release only.[174] It should 
be noted that no universal process control agent exists and this 
intrinsically depends upon the chemical nature of the material 
to be milled. Figure 17d summarizes the main steps toward the 
synthesis/modification of materials for hydrogen storage. Fur-
thermore, in the case of hydrogen storage materials, mechan-
ical milling must be carried out under a very well controlled 
atmosphere (inert argon or hydrogen) to minimize the forma-
tion of oxide or nitrides.

5.2. Modification of the Properties 
of Hydrides via Mechanical Milling

By using mechanical milling on materials for hydrogen storage, 
one of the aims is to reduce the hydrogen-metal bond strength 
by making new alloys, nanostructures and/or creating fresh 
surfaces and a large amount of grain boundaries to improve 
the hydrogen kinetics.[157a] An underlying assumption is that 
mechanical alloying can also lead to the formation of meta-
stable phases, i.e., a nonequilibrium state resulting from the 
“energizing and rapid quenching of the nonequilibrium phase” 
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Compounds Device Reactants Rmp [°C] PH [MPa] Mt [h] Ms [rpm] B:P Bd [mm] PCA Side product Ref.

Imide Li2NH Fritsch P7 LiNH2+LiH 390, 692 1 2 400 – 7 – – [221c]

CaNH Fritsch P7 Ca(NH2)2 + 3CaH2 –,816 1 2 400 – 7 – CaH2 [521]

Ca2NH – Ca3N2+CaH2 –,816 – – – – – – – [283]

MgNH – Mg(NH2)2+MgH2 –,714 – 72 – 26:1 10 – – [523]

Li2Ca(NH2)2 Fritsch P7 2LiNH2+CaH2 390, 816 – 1 400 – – – – [524]

Li2Mg(NH2)2 Planetary LiNH2+2MgH2 390, 714 Ar 36 – – – – – [525]

Metal 

amidoborane

LiNH2BH3 Fritsch P7 LiH+NH3BH3 692, 104 – 2 200 40:1 10 – – [526]

NaNH2BH3 Planetary NaH+NH3BH3 300, 104 – – 200 – – – – [236]

Ca(NH2BH3)2 Fritsch P7 CaH2+2NH3BH3 816, 104 0.1 (He) 1 200 – – – – [527]

LiNa(NH2BH3)2 – LiH+NaH+2NH3BH3 692, 300, 104 – – – – – – – [237]

Na2Mg(NH2BH3)2 – NaH,MgH2,NH3BH3 300, 714, 104 – – – – – – – [234a]

KAl(NH2BH3)4 Fritsch P6 KAlH4+ NH3BH3 –,104 12 12 – 30:1 10 – KAlH4,NH3BH3 [235e]

Table 3. Continued.
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upon repeated and severe plastic deformations (Figure 17b).[175] 
With the reports on the drastic improvements of the hydrogen 
kinetics of the Mg/MgH2 systems[150,151b,176] and the demon-
strated hydrogen reversibility in NaAlH4 with Ti doping,[63,65a,177] 
mechanical milling has also been revealed to be an effective 
technique to finely disperse/react transition metals and other 
elements or alloys that are believed to act as catalysts or for the 
synthesis of novel hydride materials.[46c,52a,151a,178]

5.2.1. Nanostructured Hydrides

Nanocrystalline materials, characterized by a crystal size 
<100 nm, can be formed by techniques including vapor conden-
sation,[179] sputtering,[180] thermal decomposition,[181] chemical 
precipitation,[182] and so on.[183] But the advantage of mechan-
ical milling is in the possibility of producing bulk quantities of 
material. However, from a commercial perspective, mechanical 
milling remains an expensive production method and alter-
natives in the forms of high pressure torsions, equal channel 
angular pressing, and cold rolling have been proposed.[184]

Nanocrystalline materials are typically described by a mixture 
of nanodomains composed of lattice atoms with some long range 
order and boundary atoms with a random interatomic arrange-
ment separating individual nanograins. In nanocrystalline mate-
rials, the number of nanocrystalline domain/grain boundaries 
interfaces can be as large as 6 × 1025 m−3 for grain sizes of 10 nm, 
and by assuming that the grains are spherical or cubic, the volume 
fraction of nanocrystalline material (C) can be determined as[185]

δ= 3 /C d  (37)

where δ and d correspond to the average grain thickness and 
diameter, respectively.

This means that the volume fraction of atoms in the grains 
boundary can be as high as 50% for 5 nm grains. Such an evolu-
tion in crystallinity can be determined directly by transmission 
electron microscopy imaging or indirectly from the broadening 
of the diffraction peaks width as observed by X-ray diffraction 
analysis. Assuming appropriate correction from instrumental 
and strain effects, the average grain size can also be calculated 
with the Scherrer equation from the diffraction pattern.[186]

The severe plastic deformation occurring during high energy 
milling generally leads to the formation of nanocrystalline struc-
tures. This has been observed in many materials (e.g., metals, 
intermetallics, and alloys), and thus can be considered as a gen-
eral trend. The exact mechanism leading to nanostructuration 
remains unclear, but it is expected that the disintegration of the 
coarse grains is the result of an increase in the density of disloca-
tions, vacancies and stacking faults within the heavily strained 
regions formed under severe plastic deformation.[187] As these 
relax along the shear bands, nanocrystalline grains randomly ori-
ented and free form dislocations are formed. The energy trans-
ferred from the mechanical milling process to the material can 
then be considered to be stored in the form of atomic disorder 
and/or grain boundaries and follow

( ) ( )( )∆ = ∆ + ∆milling disorder grain boundariesG G G  (38)

It should be noted that the formation of nanostructures 
has mainly been observed in metallic hydrides. For complex 
hydrides such a nanostructuration has not been observed 
owing to the low hardness/ductility of the powder (Table 4).[188] 
During the process, many parameters can influence the prop-
erties of the final products including the milling temperature, 
milling time, grinding ball diameter, ball-to-powder ratio, and 
process control agent. Therefore, the determination of the 
achievable grain size is not straightforward.[153,189] However, Li 
et al. found that in most of the cases, the rate of refinement 
of the grain size roughly shows a power–law relationship with 
milling processing time (Figure 17c)[190]

= −2/3d Kt  (39)

where d is the grain size, t is the milling time, and K is a 
constant.

Mohamed also proposed a dislocation model whereby the 
minimum achievable grain size can be related to the hardness, 
melting temperature, and stacking fault energy of the material 
to be milled.[191] The minimum grain size achievable was found 
to scale with the inverse of the melting temperature of fcc metals 
including Al, Ag, Cu, and Ni. However, no similar trend was found 
for fcc metals with a high melting point and bcc, hcp metals.[192] 
Nanocrystalline materials display higher mechanical strength, 
hardness, and extremely high diffusion rates as compared to their 
microcrystalline counterparts,[164b,185,193] and these are believed to 
lead to unique physical, mechanical, and magnetic properties. In 
the case of metals for hydrogen storage, the lower atomic packing 
density at the grain boundaries can facilitate the hydrogen solu-
bility[194] and diffusion,[27m] and thus provides additional hydrogen 
“paths” for the rapid hydrogenation of materials. This is particu-
larly the case for Pd, Ni, and MgH2.[151a,195] It is, however, important 
to mention that upon the first hydrogen cycling, the nanocrystal-
line structure will undergo a rapid restructuration and crystalline 
growth owing to the annihilation of defects,[46c,174a,196] the crystal-
line structure evolution upon hydrogen uptake and release (e.g., 
30% expansion/contraction upon Mg/MgH2 conversion), and 
the driving force to reduce interfacial energy at grain bounda-
ries. The latter is proportional to the grain boundary area and 
thus is relatively high in nanocrystalline materials, i.e., ≈4 J m−2  
instead of the 1 J m−2 observed in polycrystalline materials.[197]

Typically, upon mechanical milling crystallite sizes can be 
reduced from several μm to ≈10–50 nm.[46c,157a,174] This crystal-
lite size will increase back to >80 nm upon hydrogen cycling,[198] 
and this can affect the hydrogen kinetics of hydrides. For 
example, upon hydrogen cycling, nanocrystalline MgH2 shows 
kinetics in the order of 30 and 120 min for hydrogen release 
and uptake, respectively.[151a,174a,199] However, as the grain 
size grows from 9 to >100 nm, hydrogen kinetics have been 
observed to slow down by a factor 2 to 5 after 100 cycles.[200]

Strategies to maintain the nanocrystalline struc-
ture of metal hydrides remains unclear, although it has 
been claimed that the addition of particles in the form of 
TiH2,[155,201] MgO,[174] or Nb2O5

[202] may reduce crystalline 
growth upon hydrogen cycling. Hence in addition to cata-
lytic activity, reduced forms of Nb2O5 embedded within the 
MgH2/Mg domains may also limit the restructuration of 
grain boundaries.[202c] In contrast, MgO cannot catalyze the 
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dissociation/recombination of hydrogen at the H2/Mg/MgH2 
interfaces and thus its role is purely limited to that of grain 
boundaries stabilization. As observed in several metallic 
nanocrystalline structures,[203] the activation energy for the 
grain growth is comparable to the activation energy associ-
ated with lattice diffusion and isothermal grain growth can 
be modeled following the equation

− =0d d Ktg g  (40)

where d0 is the initial grain size and d is the grain size at time 
t, and at a constant temperature, K is a constant, and g (value 
varying from 2 to 10)[185] the grain growth exponent.

It is also noteworthy that nanostructuration does not seem 
to affect the thermodynamic properties of metal hydrides.[196] 

Considering the high excess energy at grain 
boundaries, a reduction of enthalpy greater 
than 30% should be possible assuming Mg 
particles smaller than 5 nm.[27e] However, 
this has not been observed experimentally 
because of recrystallization occurring upon 
hydrogen cycling. It has also been proposed 
that an excess in vibrational and configura-
tional entropy at grain boundary could pre-
vent grain growth,[197] but this has not been 
observed in hydride systems.

The structure inside the grain is often 
assumed to be the same as that of the ini-
tial micrometer-sized material, although it 
may contain defects such as dislocations, 
twin boundaries and stacking faults.[204] The 
structure of the grain boundaries has been 
the subject of many hypotheses in particular 
to support the enhanced hydrogen kinetics 
observed in the Mg/MgH2 systems and 
alloys. For example, it is often assumed that 
the atomic structure in grain boundaries is 
more random without long range order,[205] 
and this would support models predicting 
faster hydrogen diffusion.[27m] However, it 
remains unclear if the structure of grain 
boundaries in nanocrystalline materials sig-
nificantly differs from that of coarse-grained 
materials.[206]

5.2.2. Catalysts Dispersion for Improved 
Hydrogen Sorption Kinetics

Assuming the right hardness of the powders 
involved, mechanical milling is a very effec-
tive method for the refinement of powders 
and thus the dispersion of catalytic phases 
at the surface of hydride materials. This is 
particularly the case with MgH2 which upon 
milling not only undergoes nanostructura-
tion, but also can be “decorated” with var-
ious catalysts including transition metals 
(e.g., Ni, Ti, Fe, Nb, V),[52b,58–59,178b,207] their 

oxides,[202a,208] or intermetallics (e.g., FeTi, LaNi5).[209] Typically 
a few at% of catalyst is sufficient. However, it should be noted 
that depending on the respective hardness of the powders to be 
milled and the conditions of milling, the catalyst may not only 
end up at the surface of the hydride but also be fully embedded 
within the hydride particles.[202c,207a,210] The embedded catalyst 
is believed to provide additional paths for hydrogen diffusion 
within the nanocrystalline structure.[202c,211] Other archetypical 
examples are complex hydrides and in particular NaAlH4 for 
which ball milling has been revealed to be very effective for the 
dispersion of Ti-based[212] and other additives (e.g., Ce, Pr, Mn, 
Sc, Pr, Zr and Carbons)[213] that are believed to act as catalysts. 
However, in this case, not only the catalyst is finely “confined” 
within the hydride phase but it is also partially or fully reacted 
owing to the strong reducing character of complex hydrides. 
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Table 4. Summary of the hardness of selected elements/compounds relevant for the syn-
thesis of hydrides.

Elements/compounds: hardness [Mohs]a)

Al: 2.2–2.9[529] Al2O3: 8–9[530] N: – NH4Cl: 2[531]

Ag: 2.7[529] AgCl: 2.5[531] Na: 0.5[532] NaF: 2–2.5[531]

Au: 2.5[529] – NaCl: 2[531]

C: 0.5–10[528,533] Graphite: 0.5–1[533a] Nb: 6[534] Nb2O5: 5–6[535]

Ce: 2.5[532] CeO2: 6[536] Ni: 3.5–5[529] NiO: 5.5[531]

Ca: 1.75[532] CaF2: 4[531] Os: 7[529] –

Cd: 2[529] – Pb: 1.5[529] –

Cu: 3[529] CuO: 3.5[530] Pd: 4.5–5[537] –

– Cu2O: 3.5–4[529] Pt: 4–4.5[537] –

Co: 5[529] – Ta: 7[529] –

Cr: 4.5–8[529] Cr2O3: 9[531] Ti: 6[529] TiH2: 7.8[533a]

Fe: 3.5–4.5[529] Fe2O3: 6[531] TiO2 (anatase): 5.5–6[538]

Fe3O4: 6[531] TiB: 9[531]

FeTiO3: 5–6[539] TiC: 8–9[529]

FeAl2O4: 7.5–8[531] Sb: 3[532] –

K: 0.4[532] KCl: 2[540] Si: 7[529] SiO2:6.5–7[531]

La: 2.5[541] LaNi5: 3.5[541] SiC: 9[542]

La2O3:8[536] Sn: 2[529] SnO2:6–7[531]

LaNi3.5CoAl0.5: 5–6[543]a) Sr: 1.5[532] SrTiO3: 6–6.5[544]

LaNi4.5Al0.5: ≈6[543]a) V: 7[532] V2C3: 8[529]

LaNi4Co: ≈6[543] VC:9–10[529]

Li: 0.6[532] LiH:3.5[545] W: 7[529] WC: 8–9[531]

LiNH2: ≈6.5[546] Zn: 2.5[529] ZnO: 4[547]

Mg: 2.5[529] MgH2: 4[198b] Zr: 7–7.5[548] ZrFe2: ≈8.3[546]

ZrO2: 8–8.5[549]

Zr0.2La0.8Ni4.5Al0.5: 5.56[543]a)

MgO: 6[529]

MgSiO3: 5–6[531]

Mn: 7[529] MnO2: 6–6.5[531] Mischmetal MmNi4.6Mn0.4: 5–5.5[550]a)

Mn2O3: 6.5[529] MmNi4.6Mn0.8: ≈5.5[550]a)

Mn3O4:5–5.5[531] – –

a)Converted to Mohs hardness value.[528]
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For example, upon milling TiCl3 with NaAlH4, a metathesis 
reaction occurs

( ) ( )− + → −
+ + + +

1 NaAlH TiCl 1 4 NaAlH
3 NaCl Ti 3 Al 6 H

4 3 4

2

x x x
x x x x

 (41)

Two hypotheses have been suggested concerning the chem-
ical state of Ti species when used as catalyst in alanates: i) Ti° 
is formed during ball milling and the active catalyst is a Ti/
Al alloy, and ii) Ti is substituted within the lattice of the bulk 
hydride.[177,214] Leon et al. identified the reduction of TiCl3 
to Ti° by ball milling NaAlH4 with TiCl3 and Ti was in a dis-
torted state.[214,215] Balde et al. found that the majority (≈70%) 
of Ti occupied interstitial sites in NaAlH4 and the rest of the 
Ti remained at the surface of Al.[216] TiAl3 clusters were also 
observed by Weidenthaler et al. upon heating at 225 °C a 
mixture of Ti-doped NaAlH4.[216,217] To date, the mechanism for 
the substitution of Na by Ti within the lattice of hydride remains 
unclear, but Weidenthaler et al. assumed that the replacement 
of Al atoms seems more plausible since the radius of the Ti+ 
cation is smaller than that of Na+.[217] The exact role of Ti in 
facilitating the release and uptake of hydrogen in NaAlH4 is 
also controversial. First-principles calculations suggest that the  
dehydrogenation of Ti-doped NaAlH4 is rate limited by the 
diffusion of AlH4

− and AlH3 vacancies and Ti has been sug-
gested to facilitate the release of hydrogen from these diffusing 
species.[67a] Ti may also facilitate: i) the catalytic scission of the 
H2 bond at the surface, ii) the catalytic breaking of H-AlH3 
bonds, and/or iii) the nucleation of the Al phase resulting 
from strong Ti-Al bonds and the formation of a coherent TiAl3 
phase.[67b,218]

5.2.3. Synthesis of Novel Hydrides

Mechanical milling has traditionally been used to prepare 
alloys and intermetallic compounds of the desired nano-
structure and phase.[150,219] Early investigations also explored 
the formation of hydrides under low hydrogen pressures.[27i,

149a,220] The development of advanced milling tools including 
high pressure vials equipped with pressure and temperature 
sensors has facilitated the emergence of new approaches to 
mechanochemically synthesize hydride materials, including 
amides, alanates, borohydrides, and reactive composite 
hydrides.[189a]

Metal amides, such as KNH2, LiNH2, NaNH2, Mg(NH2)2, 
and Ca(NH2)2 can be prepared by ball milling alkaline earth 
metal hydrides in gaseous ammonia to form the corresponding 
amides, following the general reaction path[189a,221]

( )+ → +MH NH M NH H3 2 2n nn n  (42)

As a common practice, NH3 is loaded at ≈0.4–0.5 MPa in 
the milling vials containing the desired metal hydride and the 
vials are refilled approximately every 2 h to ensure the pro-
gression of the reaction. An unavoidable problem with the 
practical application of metal amides for hydrogen storage 
is the simultaneous release of NH3 and H2.[213b,222] To limit 
this, metal amides are usually milled with the corresponding  

metal hydride to form imides or nitrides,[213b,222,223] and this ulti-
mately modifies the thermodynamic path for hydrogen release 
through H+ (amides) and H− (hydrides) intereactions.[224]

The important family of alanates (e.g., LiAlH4, NaAlH4, 
Na3AlH6, KAlH4, Mg(AlH4)2, CaAlH5 and Ba2AlH7) can also 
be synthesized by ball milling metal hydrides with Al or AlH3 
under hydrogen pressure.[152] Li3AlH6 and Na3AlH6 have also 
been prepared by milling LiH/NaH with LiAlH4/NaAlH4 under 
hydrogen (Table 3). A few examples on the synthesis of bime-
tallic alanates have also been reported. These include Na2LiAlH6, 
NaLi2AlH6, K2LiAlH6, K2NaAlH6, and LiMg(AlH4)3.[225] For 
example, Na2LiAlH6 and NaLi2AlH6 were prepared by directly 
milling NaH, LiH, and Al or NaAlH4 under hydrogen pres-
sure (Table 3). Similarly, K2LiAlH6, K2NaAlH6 were synthesized  
from KH with LiAlH4 and NaAlH4, respectively (Table 3). In 
contrast, the synthesis of LiMg(AlH4)3 was only achieved by 
an indirect route involving the ball milling of Mg(AlH4)2 with 
LiCl.[225a,226]

The direct synthesis of borohydrides from their elements by 
ball milling is difficult to achieve owing to the high hydrogen 
pressure needed and the difficulty of breaking the BB or 
Bmetal bond in favor of the formation BH. LiBH4 and 
NaBH4 have been successfully obtained by ball milling Li, B, or 
Na, B under 15 MPa hydrogen pressure (Table 3).[227] By using 
diborane (B2H6) as the starting reactant the synthetic route is 
easier and quantitative[228]

( )+ →MH /2B H M BH2 6 4nn n  (43)

where M is the metal and n is the valence.
This approach has been effective for the synthesis of LiBH4, 

NaBH4, Ca(BH4)2, Mg(BH4)2, and Y(BH4)3.[227b,228] However, it 
is not generally applicable, since the formation of the borohy-
dride phase competes with the formation of the corresponding 
boride. For example, in the case of TiH2 ball milled with B2H6, 
the final solid product is not Ti(BH4)2 but TiB2, which is ther-
modynamically more stable.[227a] Bimetallic borohydrides have 
also been prepared by ball milling metal borohydrides with 
alkali metal chlorides or other borohydrides (Table 3). For 
example, Ravnsbæk et al. reported the synthesis of LiZn2(BH4)5, 
NaZn2(BH4)5, NaZn(BH4)3 by ball milling different ratios of 
LiBH4, NaBH4 with ZnCl2, respectively. These new bimetallic 
borohydrides revealed remarkable structural diversity and low 
decomposition temperatures.[229] Similarly, the trimetallic boro-
hydride Li3MZn5(BH4)15 (M = Mg, Mn) was synthesized by ball 
milling a LiBH4, M(BH4)2 and ZnCl2 mixture.[230]

A metathesis reaction approach is a common way to syn-
thesize metal borohydrides and alanates by mechanochemical 
reaction. Usually an n-valent metal chloride or fluoride (NXn) is 
reacted with alkaline metal borohydrides (M(BH4)) or alanates 
(M(AlH4)) to produce a new complex metal borohydride or ala-
nates.[231] The reaction can be simplified as

n n nn n n( ) ( )( ) ( )+ → +NX M BH / M AlH N BH /N AlH MX4 4 4 4  (44)

The advantage of performing such a synthesis by ball milling 
is that the reaction is done at the solid state and thus does 
not involve solvents that may form intermediate complexes. 
However, a purification step involving some solvents may be 
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required at the end of the process to remove the halide and 
intermediate products.

Mixed hydrides, e.g., metal borohydrides/alanates/amides 
have also been synthesized mechanochemically. By tuning the 
ratio in the initial mixtures, different borohydride amides or 
alanate amides can be formed (Table 3). For example, Noritake 
et al. reported the synthesis of Li2(BH4)NH2 and Li4(BH4)
(NH2)3 by varying the ratio of LiNH2:LiBH4 from 1:1 to 3:1.[232] 
Chua et al. found that LiAlN2H2 and Li2AlNH2 were formed 
by the interaction of LiAlH4 with 2NaNH2 and 2LiAlH4 with 
NaNH2, respectively.[233]

Compositional alteration of ammonia borane (AB) by 
mechanochemical milling with metal hydrides to form metal 
amidoboranes has also been investigated by mechanochemical 
synthesis, with the aim of partially substituting its protic Hδ+ 
with a more electropositive metal[234]

( )+ → +M H NH BH M NH BH H1 3 3 1 2 3 2n nn n  (45)

m n
m n

n m

m n( )
( )

( )
+ + +
→ + ++

M H M H NH BH
M M NH BH 2 H

1 2 3 3

1 2 2 3 2

 (46)

where n and m are the valence states of M1 and M2, respectively. 
M1 can be Li, Na, K, Ca, and Sr. In this case, M1M2 is LiNa, KAl, 
and Na2Mg.[235]

Xiong et al. synthesized LiNH2BH3 and NaNH2BH3 by ball 
milling stoichiometric amounts of AB with LiH and NaH, 
respectively.[236] The synthesized LiNH2BH3 and NaNH2BH3 
released ≈11 and ≈7.4 mass% H2 at ≈91 °C, respectively. 
Unlike AB, which releases borazine with H2 at the same time, 
there was no emission of borazine found from LiNH2BH3 
and NaNH2BH3.[236] Na[Li(NH2BH3)2] was found to decom-
pose exothermally between 75 and 110 °C with ammonia as a 
byproduct.[237] A similar approach was also successfully applied 
to hydrazine borane N2H4BH3, a derivative of AB,[238] to syn-
thesize alkali hydrazinidoboranes of formulae MN2H3BH3 
(with M = Li, Na, K).[239] The latter hydrazinidoborane deriva-
tives were found to have much better dehydrogenation prop-
erties in terms of H2 purity, onset temperatures of dehydro-
genation and safety. LiNH2BH3·NH3BH3 as an AB derivative 
has also been synthesized by ball milling under H2 pressure. 
It showed better dehydrogenation kinetics over LiNH2BH3 and 
AB alone. The first-principles study showed that the enhanced 
dehydrogenation property was via the combination of hydridic 
Hδ−(B) from LiNH2BH3 and protonic Hδ+(N) from the adjacent 
AB.[240]

5.2.4. Formation of Other Novel Phases by Mechanical Milling

The intense plastic deformation induced in high energy milling 
can sometimes result in the introduction of disorder to the 
extent of forming an amorphous structure.[164] The mecha-
nism for amorphization is similar to the solid state amorphi-
zation reaction proposed by Schwarz and Johnson.[241] It is 
therefore often observed that upon mechanical milling partial 
or complete amorphization of hydride materials can occur. For 
example, Wang et al. synthesized amorphous Mg–FeTi1.2 with 

enhanced hydrogen absorption kinetics.[242] An amorphiza-
tion can also be observed for complex hydrides. For example, 
ball milling MgB under 10 MPa hydrogen pressure led to 
amorphous Mg(BH4)2.[243] Its decomposition behavior was 
similar to crystalline Mg(BH4)2. The possibility of rapid ener-
gization and quenching during the milling process upon ball 
to powder impact can potentially also lead to the formation of 
metastable phases,[164a] i.e., phases which have a higher free 
energy than the equilibrium phase thermodynamically stable. 
For example, the high pressure metastable γ-MgH2 phase is 
commonly obtained in a low amount (≈2–6%) by ball milling 
MgH2.[46a,52b,174a] Xiao et al. reported a higher amount (≈18%) 
of γ-MgH2 by milling MgH2 with LiCl.[244] γ-MgH2 is believed 
to lead to improved hydrogen diffusions and better thermo-
dynamic properties and thus a lower temperature at which 
hydrogen can be released. However, the rapid restructuration of 
ball milled MgH2 upon the first hydrogen cycling has never ena-
bled the characterization of its hydrogen properties. Recently, 
we reported the electrochemical synthesis of a γ/β-MgH2 mix-
ture with ≈30% γ-MgH2, which enabled for the first time the 
experimental determination of the hydrogen properties of  
γ-MgH2.[245] γ-MgH2 was found to display a reduced enthalpy of 
57.7 ± 5.3 kJ mol−1 H2 instead of the 75 kJ mol−1 H2 of β-MgH2; 
and thus was amenable to fully release hydrogen at 200 °C.

It should also be noted that mechanical milling has also 
shown some potential toward the formation of solid solu-
tions[246] and the alloying of immiscible systems. For example, 
the solubility of Ti in Mg is very small (<0.1 at%). By mechanical 
alloying, under nonequilibrium conditions,[246a] this solubility 
can be extended to 12.5 at% due to a favorable size factor (9%) 
and an isomorphous structure.[247]

The dissolution of the alloying atom through mechanical 
milling can also modify the lattice parameters of the host mate-
rials. For example, Cd, In, Li, Al, Zn, Ag, Ga, Ti, and Sn have 
been found to reduce the Mg lattice parameters by forming a 
solid solution. In contrast, Sc and Pd were found to expand 
the lattice of Mg.[247,248] The formation of Mg-based solid solu-
tions can enhance its hydrogenation and dehydrogenation. 
For example, the bcc solid solution (Nb, Mg)Hx (x < 2) was 
predicted to lead to lower hydrogen desorption temperatures 
(300 instead of 400 °C) as compared to pristine MgH2.[249] In 
contrast, the formation of Mg(Li) solid solution did not lead to 
any improvement in the hydrogen properties of Mg because 
of the formation of the segregated and stable LiH phase upon 
hydrogenation.[248]

6. Metastable and Amorphous Phases: Storing 
Hydrogen through Thermodynamic Instability

A metastable state is a thermodynamically stable state with 
a local free energy minimum which does not correspond to 
the thermodynamic equilibrium state. Metastable phases 
can be crystalline and amorphous and are formed by various 
synthetic techniques including melt spinning,[250] atomiza-
tion process,[251] ball milling,[44] and high pressure torsion.[252] 
For hydrogen storage materials, it is expected that metastable 
hydrides can display lower hydrogen desorption temperatures 
owing to their thermodynamic instability. For example, 
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nanocrystalline TiFe when ball milled with 4 wt% Ti was 
reported to lead to the formation of the nanocrystalline Fe46Ti54 
metastable phase.[151b,253] This not only decreased Peq but also 
flattened the plateau.

Some weakly bound chemical hydrides, e.g., AlH3, NH3BH3, 
and LiAlH4, are also considered as metastable or kinetically 
stabilized hydrides.[254] These compounds have a Peq above 
0.1 MPa at the ambient and thus only decompose very slowly 
at room temperature due to kinetic limitations. However, for 
these compounds hydrogen reversibility only occurs under 
harsh conditions of temperature and pressure, for example,  
8.9 × 103 MPa hydrogen pressure and 600 °C are required to 
recombine hydrogen with Al.[255] We found that after nano-
sizing these materials, some hydrogen reversibility was pos-
sible. Hence, for LiAlH4 nanoconfined in a mesoporous 
carbon, hydrogen uptake and release was achieved at 300 °C 
and under 7 MPa hydrogen pressure.[256] Similarly, upon nano-
sizing NH3BH3, hydrogen reversibility was achieved at 200 °C 
and under 6 MPa hydrogen pressure.[24c]

Amorphous alloys such as TiCu and Ti2Cu may display 
larger hydrogen storage capacity compared to their crystalline 
counterparts.[257] For example, TiCu amorphous alloys were 
reported to absorb about 35% more hydrogen than crystal-
line TiCu.[257] This is because in the crystalline structure, the 
number of interstitial sites within the lattice limit the intro-
duction of hydrogen.[258] However, no evidence of a plateau 
pressure exists for amorphous hydrides owing to the large 
distribution of interstitial site energies (i.e., a large variation 
of sites with different coordination numbers and geometrical 
configurations) available for hydrogen.[27m] The lack of equi-
librium plateau is a drawback for application, since hydrogen 
cannot be delivered at a constant pressure from the amorphous 
alloy. In some cases, the absorption of hydrogen can also result 
in an amorphization of the alloy, e.g., Zr–Rh systems, and 
hydrogen induced amorphization has been observed on many 
intermetallic compounds.[259] The empirical rule of Aoki et al. 
can be used to determine if an alloy can undergo hydrogen 
amorphization. For a Goldschmidt radii RA/RB > 1.37 (with 
R corresponding to the ionic radius of A and B), the alloy AB 
should undergo hydrogen amorphization as a result of its low 
crystal lattice stability.[260] Most amorphous alloys are formed 
by rapid quenching (cooling rate of the melt ≈ 104 °C s−1). By 
mechanical milling, an amorphous phase can also be generated 
and in the case of nanocrystalline materials, it is believed that 
the structure at grain boundaries is amorphous − hence, the 
higher hydrogen solubility and the faster hydrogen kinetics,[151] 
assuming that the temperature of hydrogenation does not 
exceed the recrystallization temperature of the metal hydride.

7. Improving the Hydrogen Properties of Light 
Hydrides via Chemical Destabilization

Light metal hydrides such as LiH and MgH2, and light metal 
complex hydrides such as amides (e.g., LiNH2), alanates (e.g., 
NaAlH4), and borohydrides (e.g., LiBH4), have been at the 
center of many investigations owing to their high volumetric 
and gravimetric hydrogen storage capacities. The challenges 
remain their high thermodynamic barrier and sluggish 

kinetics. The chemical bonding in light metal hydrides is pre-
dominately covalent, ionic, or a mixture. This means that light 
hydrides are thermodynamically stable in comparison to tran-
sition metal hydrides having a delocalized metallic bonding 
within their structures. Covalent, or ionic bonds also result in 
large activation barriers for atomic motion, and this results 
in slow hydrogen sorption kinetics which further restricts the 
hydrogen reversibility. Following the early examples of thermo-
dynamic destabilization of metal hydrides (Figure 14b),[119,136] 
similar ideas have emerged to improve the thermodynamics 
of complex hydrides but this often assumes that the entropy of 
reaction for these hydrides remains constant which is not the 
case.[261]

7.1. The Approach of Reactive Hydride Composites (RHC)

Vajo et al.[112,261] were among the first to demonstrate the con-
cept of RHC based on the idea that the reactions between two 
or more hydrides (MHn and M1Hm) can lead to the formation 
of an unstable hydride phase and/or a more stable product 
(MM1) during dehydrogenation and thus facilitate the release of 
hydrogen (Figure 14b)

+ ↔ +
+

MH M H MM
2

H1 1 2
n m

n m  (47)

The enthalpy of formation of composite hydrides is usually 
exothermic, and this leads to an overall reduction of the dehy-
drogenation enthalpy for the composite hydride, while a high 
hydrogen storage capacity is maintained. The dehydrogena-
tion enthalpy ( H∆ °

deh) in this case is equal to the difference in 
the standard enthalpy of formation between the products and 
starting hydrides

H
n m

H H H
n m( )∆ =

+
∆ − ∆ − ∆° ° ° °2

deh f MM f MH f M H1 1  (48)

Similarly, the entropy of dehydrogenation (ΔS°
deh) is given by 

the difference between standard entropy of the products and 
starting hydrides

( )∆ = ∆ +
+

∆ − ∆ − ∆° ° ° ° °S S
n m

S S S
n m

2
deh H MM MH M H2 1 1  (49)

The enthalpy of formation and entropy of the decomposition 
reaction of some common hydrides that can be used for synthe-
sizing RHC systems are summarized in Table 2.

The LiBH4 and MgH2 mixture is an archetypical example 
of RHC that has been widely investigated owing to the high 
hydrogen capacity of both hydrides, i.e., 18.5 and 7.6 mass% 
H2, respectively. The composite LiBH4/MgH2 is effectively less 
stable than the individual hydrides (Figure 18a) and follows the 
decomposition paths

+ ↔ + +LiBH 1/2MgH LiH 1/2MgB 2H4 2 2 2  (50)

LiH 1/2MgB Li 1/2MgB 1/2H2 2 2+ ↔ + +  (51)
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For Figure 18a, it can be seen that the desorption enthalpy 
of (50), 33 kJ mol−1 H2, is reduced as compared to that of pris-
tine LiBH4 (49 kJ mol−1 H2). In contrast, the entropy of (50), 
112 J K−1 mol−1 H2, was found to be higher than that of pristine 
LiBH4 (97 J K−1 mol−1 H2) but lower than the entropy for MgH2 
(131 J K−1mol−1 H2). Achieving hydrogen reversibly for borohy-
drides was also found to be easier under this approach. Indeed, 
direct rehydrogenation of mixtures of MgB2 and the binary 
hydrides (LiH, NaH, or CaH) led to the formation of LiBH4, 
NaBH4, and Ca(BH4)2.[262] The kinetic barrier for the hydro-
genation reaction starting from MgB2 is believed to be much 
lower than that starting from elemental boron.[262b] Additionally, 
the reactivity of boron in MgB2 is much higher than elemental 
boron, possibly due to: a) the different strength of boron bonding 
(BB = 297 ± 21 kJ mol−1, BH = 340 kJ mol−1),[263] b) the different 
bond lengths (1.77–1.83 Å for icosahedra of elemental boron,[264] 
and 1.78 Å for BB and 2.5 Å for MgB of MgB2

[265]) and c) the 
different coordination numbers in BB, BH, MgBH.

However, as compared to the alloying of metals, reactive 
hydride mixtures involving complex hydrides are much more 
difficult to control owing to the possibility of multiple decom-
position paths. These further depend upon the reaction condi-
tions and the ratio between the two hydrides,[243] and such a 
complexity can lead to very different destabilization effects. For 
example, it was found that the 2LiBH4/MgH2 mixture led to 
production of MgB2 (reaction (50)) under hydrogen atmosphere 
according to the boundary diagram (Figure 18b), and this facil-
itates the destabilization of LiBH4 while stabilizing the dehy-
drogenated state. Through this mixture, the enthalpy of the 
reaction was reduced by 25 kJ mol−1 H2, as compared to pure 
LiBH4,[112] and the dehydrogenation temperature was reduced 
to 225 °C at a hydrogen equilibrium pressure of 0.1 MPa. This 
is significantly lower than the decomposition temperature of 
the single hydrides (Table 2).[112] In contrast, the same 2LiBH4/
MgH2 mixture decomposed under vacuum led to formation of 
elemental Mg and B following (50)

+ ↔ + + +LiBH 1/2MgH Li 1/2Mg B 5/2H4 2 2  (52)

Additionally, enriching MgH2 (up to a mass ratio of 1:4)  
in the LiBH4/MgH2 system was found to result in the forma-

tion of Li–Mg alloys, e.g., the  Mg0.816Li0.184 and the Mg0.70Li0.30 
alloys, following the reaction paths (53) and (54)[266]

+ → + +0.3LiBH MgH 0.3LiBH Mg H4 2 4 2  (53)

+ + →
+ + +

0.3LiBH Mg H 0.78Mg Li
0.52Mg Li 0.3B 1.60H

4 2 0.816 0.184

0.70 0.30 2
 (54)

This also resulted in partial hydrogen reversibility of the 
system under 10 MPa hydrogen pressure and at 400 °C.[266] 
Hence, the formation of MgB2 is not necessary for enabling 
hydrogen reversibility.

The most favorable conditions for hydrogen reversibility 
can be determined from the phase boundary diagram of the 
LiBH4 + 1/2MgH2 system (Figure 18b). Under sufficient 
hydrogen back pressure, direct decomposition of LiBH4 leading 
to formation of elemental boron can be avoided, and thus it is 
possible to alter the reaction path by adjusting the hydrogen 
pressure upon the decomposition of the hydride mixture.[267]

Although the concept of RHC can lead to some enhance-
ment in the dehydrogenation reaction, this does not address the 
kinetic issues which significantly limit hydrogen reversibility 
under moderate conditions owing to slow ionic diffusion even at 
high temperatures.[268] Hydrogen absorption in a metal involves 
multiple steps: physisorption, dissociation, chemisorption, dif-
fusion, phase transition, hydride formation of nucleation and 
growth (Figure 8a). The reverse processes occur during the 
dehydrogenation reaction and the rate of hydrogen sorption is 
governed by the slowest reaction step. Understanding hydrogen 
or ionic diffusion in complex hydrides involves very different 
mechanisms that may evolve during the hydrogen uptake/
release because of the changes in crystalline and amorphous 
structures occurring in reactive hydride mixtures. In this case, 
fast hydrogen desorption kinetics also requires both the mobility 
of hydrogen carrying species (e.g., the BH4

− unit)[269] and the 
metal counter ions. The finite hydrogen flux (jH,i) in the mate-
rial is thus limited by the gradient in chemical potential (∇μH,i) 
for the ions (i) across the different hydride phases as follows[270]

j L µ= − ∇H,i i H,i  (55)
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Figure 18. Thermodynamics of RHC systems with LiBH4/MgH2 as an example. a) Evolution of the ΔH and ΔS as function of the reaction path; and  
b) phase boundary diagram of LiBH4 + 1/2MgH2 determined from theoretical calculations based on the enthalpy and entropy obtained by Vajo et al.[112] 
ΔH and ΔS were determined by using the NIST Chemistry WebBook and NIST-JANAF thermochemical tables. The calculated values of ΔS reported 
here do not correspond to the experimental values reported in equations (30) and (31).
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where Li is the parameter related to the transport mechanism 
within the material, such as the concentration of the hydrogen 
gas and temperature.[271]

For borohydrides, the chemical potential (μH,i) is propor-
tional to ln(P). Thus the diffusion of hydrogen is linearly cor-

related to 



ln eq

P

P
 at the reaction interface.[272] In contrast, 

hydrogen desorption from MgH2 varies linearly with (P − Peq)a, 
with 0.5 < a < 1, assuming that hydrogen diffusion through the 
MgH2 particles is the main limiting step.[178b] Hence, owing 
to the variations in hydrogen desorption regimes, different 
decomposition steps corresponding to the decomposition of 
MgH2 first and then of LiBH4 can lead to a single or double 
plateau pressure.

Experimentally, the Ea for the dehydrogenation of the 
LiBH4/MgH2 system determined by the Kissinger method 
was found to be of 221 ± 5 and 306 ± 10 kJ mol−1 for the suc-
cessive dehydrogenation of MgH2 and LiBH4, respectively.[273] 
These values are higher than the Ea reported for pristine MgH2 
(156 kJ mol−1)[270] and LiBH4 (59 ± 2 kJ mol−1),[274] alone. 
Accordingly, kinetic enhancement through the RHC system 
approach can be limited. A similar observation was made for 
the NaBH4/MgH2 composite. In this case, Ea was found to 
be of 100 ± 4 and 133 ± 13 kJ mol−1, for the decomposition of 
MgH2 and pristine NaBD4, respectively.[270]

The kinetics of RHC systems is controlled by various activa-
tion barriers and also the microstructure of the system and the 
particles/particles interactions as illustrated in Figure 10.[275] 
Modeling the reactions kinetics through the Johnson–Mehl–
Avrami (JMA) approach revealed that the absorption and des-
orption reactions both follow a 3D growth of contracting volume 
with a constant and decreasing interface velocity.[55b-d] This 
means that during the de/rehydrogenation process, the growth 
of new phases starts from the surface and propagates inward 
toward the particles’ center. Therefore under this assumption, 
the nucleation of MgB2 can be a major impediment for the pro-
gress of the reactions in the case of the LiBH4/MgH2 system, 
for example.[268] Indeed, experimentally an incubation period is 
often observed after the decomposition of MgH2 into metallic 
Mg, before the start of the second step, i.e., decomposition of 
LiBH4.[270] Therefore, parameters including phase distribution, 
particles/particles interaction, grain boundaries, and crystallite 
size should be properly controlled to maximize the mobility of 
atoms/ions and promote the reactivity of the complex hydrides. 
For hydrogen absorption, the mobility of Mg, B and Li, as 
well as hydrogen diffusion upon the decomposition of MgB2 
and LiH govern the regeneration of the initial borohydride/
hydride mixture. It has been claimed that hydrogen reaction at 
the MgB2 interface is the rate-limiting step during absorption, 
rather than the diffusion of hydrogen and ions participating in 
the regeneration of LiBH4 and MgH2.[268] This again suggests 
that the microstructure of MgB2 is important for the rehydro-
genation process.

Addition of so called “catalysts” including transition metal 
halides, is a popular approach to further enhance the desorption 
kinetics of RHC, leading in some cases to improved hydrogen 
reversibility.[275a] For instance, it has been claimed that addition 
of Ti additives can act as nucleation seeds and provide effec-
tive growth sites for the MgB2.[276] The kinetics of RHC can 

be further improved via nanoconfinement (Figure 6c). For 
example, 2LiBH4–MgH2 confined within a resorcinol formalde-
hyde carbon aerogel scaffold showed a reduced Ea of 89 ± 2 and 
279 ± 5 kJ mol−1 for the MgH2 and LiBH4 dehydrogenations, 
respectively.[273] This is attributed to the reduced diffusion dis-
tance for hydrogen.

7.2. Metathesis Reaction and Partial Substitution 
to Trigger Low Temperature Desorption

Reducing the energetic barriers to allow the decomposition of 
hydrides under milder conditions involves weakening of MH 
bonds and intrahydrogen pairing (HMH). An alternative 
method to enhance the dehydrogenation and reversibility of 
complex hydrides is through the addition of a second metal to 
partially substitute for the central metal cation (M+) in the com-
plex hydride.[277]

m n

m n
n m

n m n

( ) ( )( )
( )

+ + =
→ ++

1 / M BH M X X Cl,Br,I,etc.

M M BH / MX
4 1

1 4
 (56)

This can be achieved by taking advantage of significant elec-
tronegativity differences between hydrides forming elements 
and thus the partial substitution of M by a more electronega-
tive element M1 (Figure 14b). Archetypical examples of such 
an approach are based on borohydrides for which a correlation 
between the metal electronegativity and the hydrogen decom-
position temperature has been established (Figure 19).[252b] In 
this case, the modification of the hydride and the partial substi-
tution of M are usually performed via mechanical milling with 
the desired metal halide (see section 5.2.3). Examples of this 
include bimetallic borohydrides incorporating Sc and Zn within 
the Group I metal borohydrides (Figure 19a), because Sc(BH4)3 
and Zn(BH4)2 are thermodynamically unstable.[278] By ball 
milling of LiBH4 and ScCl3, LiSc(BH4)4 with a hydrogen storage 
capacity of 14.5 mass% was easily prepared.[279] This new com-
pound showed low temperature hydrogen release; however, no 
reversibility was achieved at 250 °C under 12 MPa hydrogen 
pressure.[279d] The release of hydrogen from LiSc(BH4)4 was 
found to follow multiple decomposition paths (57)–(60) and 
this does not facilitate hydrogen reversibility[279a]

( ) → +
+ + − °

LiSc BH 2/5LiBH 3/10Li B H
ScH 22/5H 128 C

4 4 4 2 12 12

2 2

 (57)

→ + + + − °LiBH 1/10Li B H ScB 29/5H 147 C4 2 12 12 2 2  (58)

→ + + + °Li B H 2/3LiH ScB 20/3H 170 C2 12 12 2 2  (59)

→ + + + → °LiH 4/5ScB 1/5ScB 15H 553 C2 12 2  (60)

In addition the reaction leads to the release of gaseous B2H6, 
and the formation of the thermodynamically more stable inter-
mediates Li2B12H12 and LiH.

Mixed-cation borohydrides are of great interest due to: i) their 
high hydrogen content, ii) the facility to tune their hydrogen 
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sorption properties by adjusting the molar ratios between the 
two reactants, and iii) the variety of crystalline structures that 
can be obtained.[229] However, this approach has several draw-
backs: a) most dual-borohydride cations still release hydrogen 
above 100 °C, b) the synthesis of mixed-cation borohydrides 
often leads to undesired halide byproducts, which reduces the 
available hydrogen content, and c) their instability results in the 
formation of unwanted byproducts (e.g., B2H6) and thermody-
namically stable products, e.g., dodecaborate ([B12H12]2−) and 
transition metal borides during thermal decomposition.[279d] 
This limits the conditions for rehydrogenation.[278] Nanocon-
finement can provide an approach to overcome some of these 
problems owing to the shorter diffusion paths and the likeli-
hood of minimizing the number of side reactions. For instance, 
nanoconfined eutectic composites of borohydrides have shown 
great improvements on the hydrogen release temperature,[280] 
with the possibility of modification of the decomposition 

path.[281] This is often reflected by the suppression of the forma-
tion of volatile gases, i.e., B2H6, upon nanoconfinement, which 
may further improve the reversibility of the materials.

7.3. Destabilization of Hydrides through H+/H− Interaction

Metal hydrides can be classified into three categories, based 
on the bonding between the metal and hydrogen: i) ionic, e.g., 
LiH where the hydrogen existed as a H− ion, ii) covalent, and 
iii) metallic hydrides (Figure 4). In complex hydrides, such as 
LiBH4, the hydrogen exists as a partially negatively charged 
Hδ−. In contrast, hydrogen exist as partially positively charged 
Hδ+ in covalent hydrides, such as LiNH2.[282] A strategy to facili-
tate the release of hydrogen from hydrides is thus through the 
combination of ionic and covalent hydrides, which is equiva-
lent to a Lewis acid/base reaction with Hδ− acting as an electron 
donor, while Hδ+ acts as an electron acceptor with[282]

δ δ+ → +δ− +H H (1 )H2  (61)

+ → +− − −H H H 2e2  (62)

δ+ + →δ δ+ + −H H 2 e H2  (63)

Reaction (61) is easier as compared to the reaction paths (62) 
and (63), which require high temperatures due to the repul-
sive potential between the two positively or negatively charged 
hydrogen ions and the additional need of electron transfer.

One of the first demonstrations of the H+/H− concept was 
with the LiNH2/LiH system.[283] By combining Hδ+ in LiNH2 
and H− in LiH a dehydrogenation temperature as low as 150 °C 
was achieved along the decomposition paths[284]

+ → + °LiNH LiH Li NH H 150 C 6.5 mass% H2 2 2 2  (64)

+ → + °LiNH 2LiH Li N 2H 320 C 9.6 mass% H2 3 2 2  (65)

Further investigation by Hu and Ruckenstein[285] and Ichikawa 
et al.[221c] claimed the formation of intermediates (i.e., NH3). 
Therefore, the destabilization effect could be from the interac-
tion between Hδ+ in ammonia and H− in LiH according to

→ + °2LiNH Li NH NH 374 C 9.6 mass% H2 2 3 2  (66)

+ → + °LiH NH LiNH H 100 C 8.1 mass% H3 2 2 2  (67)

These initial results further inspired the exploration of 
mixing metal amides/imides with hydrides to achieve high 
capacity hydrogen storage materials. For example, the decom-
position of 2LiNH2/MgH2 resulted in the formation of the 
Li2Mg(NH)2 intermediate, with a 4.2 mass% H2 reversibility 
at 200 °C and 3 MPa hydrogen pressure.[286] It is noteworthy 
that Mg(NH2)2 and LiH mixtures with various ratios of amide 
to hydride can lead to formation of different products as 
following[287]

Adv. Sustainable Syst. 2019, 1900043

Figure 19. Adjusting the thermodynamics of complex hydrides. 
Experimentally observed decomposition temperatures for selected  
a) metal borohydrides and bimetallic metal borohydrides; and b) metal 
borohydrides and ammine borohydrides plotted as a function of the 
electronegativity, χp, of the metal cation. The blue dashed line represents 
the linear relationship between the decomposition temperatures and 
electronegativity of metal cation borohydrides.
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n n( ) ( ) ( )+ ↔ + −
+ − °

Mg NH LiH Li Mg NH 2 LiH
2H 140 250 C 5.6 mass% H

2 2 2 2

2 2
 (68)

( ) + ↔ +
+ − °

Mg NH 8/3LiH 1/3Mg N 4/3Li NH
8/3H 140 280 C 7 mass% H

2 2 3 2 2

2 2
 (69)

( ) + ↔ +
+ − °

Mg NH 4LiH 1/3Mg N 4/3Li N
4H 140 520 C 9.1 mass% H

2 2 3 2 3

2 2
 (70)

This concept of H+/H− interaction has also been expanded to 
a large range of hydrides with the use of ball milling as the main 
technique to favor the intimate mixing between both hydrides. 
For example, different ratios between LiBH4 and LiNH2 led to 
quaternary hydride Li3BN2H8,[288] and Li4BN3H10.[289] Li3BN2H8 
has a theoretical hydrogen capacity of 11.9 mass% and this 
compound released 10 mass% H2 with only a small amount of 
ammonia (2–3 mol%) above 250 °C. In this case, the destabiliza-
tion effect was further evidenced by first-principles calculations, 
where the dehydrogenation enthalpy of the LiBH4/2LiNH2 
mixture was reduced from 75 kJ mol−1 H2 for pure LiBH4 to 
23 kJ mol−1 H2. The same concept was also investigated for 
NaBH4,[290] Mg(BH4)2,

[291] and Ca(BH4)2,[292] and similar reaction 
mechanisms were observed. More recent investigations used 
CO(NH2)2—an organic carbonyl diamide—to modify LiBH4 and 
produce LiBH4·CO(NH2)2. This new system was able to release 
8.13 mass% H2 exothermically at temperatures below 250 °C.[293]

Mixing LiAlH4 and LiNH2 can also lead to the formation of 
Li–Al–N intermediates to release hydrogen at reduced tempera-
tures. But once again, the reaction paths significantly depend 
upon the LiNH2 to LiAlH4 ratios[294]

+ ↔ +
− °

2LiNH LiAlH Li AlN 4H
25 600 C 9.6 mass% H

2 4 3 2 2

2

 (71)

2LiNH 2LiAlH 2Li AlNH
5H 50 700 C ~ 8.2 mass% H

2 4 2

2 2

+ ↔
+ − > °

 (72)

+ ↔ + +
+ − °

LiNH 2LiAlH 2Al Li NH LiH
4H 85 320 C 8.1 mass% H

2 4 2

2 2

 (73)

To date, the problem with such an approach remains the 
low hydrogen reversibility. Only 3.5–4.0 mass% H2 is usually 
reabsorbed in LiNH2/LiAlH4 mixtures at temperatures ≈380 °C 
and under 20 MPa hydrogen pressure. An additional drawback 
is the formation of the more stable Li3AlH6 as an interme-
diate, and because the rehydrogenation of Li3AlH6 to LiAlH4 
requires extreme conditions this further impedes hydrogen 
reversibility.[295] The decomposition of these systems toward 
LiH is thus a more thermodynamically favorable path.[296] The 
alternative is to directly mix LiNH2 with Li3AlH6. In this case, a 
higher reversible hydrogen content of 7 mass% was observed at 
moderate conditions (300 °C, 10 MPa).[297]

An additional example of protic–hydridic-based hydrogen 
storage materials is ammonia borane (NH3BH3, AB). AB has 
a very high hydrogen content of 19.6 mass%. The existence of 
dihydrogen bonding in AB between protic (NH) and hydridic 

(BH) hydrogens is believed to lead not only to enormously high 
volumetric and gravimetric density but also to aid the low tem-
perature hydrogen release, e.g., 6.5 mass% of H2 at 100 °C.[298] 
However, the use of AB as a hydrogen storage material is not 
without major drawbacks. The thermal decomposition of AB 
not only leads to the formation of various polymers, e.g., poly-
aminoborane ((NH2BH2)n) and polyiminoborane ((NHBH)n), 
but also volatile gases including ammonia (NH3), diborane 
(B2H6), and borazine (B3N3H6). Moreover, the full decompo-
sition of AB only occurs at a temperature above 1000 °C, with 
formation of the thermodynamically stable boron nitride. This 
means that achieving full reversibility of AB is out of reach. 
Recent investigations focused on modifying the properties of 
AB via its confinement within a wide range of nanoscaffolds 
such as SBA-15,[299] carbons,[300] MOFs,[301] boron nitride,[302] and 
polypyrrole nanotubes.[303] We recently showed the possibility of 
achieving reversibility with a nanosized AB/Ni matrix at 200 °C 
and 6 MPa.[24c] This demonstrates that some paths may enable 
the use of AB derived compounds as reversible hydrogen storage 
materials.

Following the example of AB, attempts have also been made 
to synthesize novel compounds incorporating both hydridic 
and protic hydrogens, through the reaction of NH3 with boro-
hydrides, for example. The possibility to synthesize ammine 
borohydride was reported many decades ago.[304] As illustrated 
by Figure 19b, this strategy leads to a destabilization of boro-
hydrides involving metals of high electronegativity. In contrast, 
borohydrides with metallic cations of low electronegativity were 
found to be more stable. Borohydrides combined with NH3 
have shown hydrogen capacities reaching 17.8 mass%, with in 
some cases the protic and hydridic hydrogen enabling hydrogen 
release at near room temperature. For example, 8.9 mass% of 
hydrogen was released from Zn(BH4)2·2NH3 and 16.8 mass% of 
hydrogen was released from Al(BH4)3·5NH3.[305] However, some 
studies suggested that the thermal decomposition of ammine 
borohydrides causes a loss of ammonia during the hydrogen 
release and this contributes to the irreversibility of these sys-
tems. For example, LiBH4·NH3

[306] and Ca(BH4)2·nNH3 (n = 1, 
2, and 4)[306d,307] mainly release ammonia rather than hydrogen 
below 300 °C under dynamic vacuum. Furthermore, combina-
tions of different amine borohydrides with borohydrides, such 
as Al(BH4)3·4NH3/2LiBH4,[305] LiMg(BH4)3(NH3)/LiBH4,[308] 
Ca(BH4)2·2NH3/LiBH4,

[306d] and Ca(BH4)2·4NH3/Mg(BH4)2
[307a] 

can significantly increase the available amount of hydrogen 
while improving the issue of hydrogen purity.

8. The Nanosizing Approach

To enhance the effects of the basic concepts discussed above, 
intensive experimental work has been carried out in recent 
years on the hydrogen sorption properties of various hydride 
materials upon nanosizing, i.e., a reduction of the hydride 
particle size to a few nm (Figure 6c).[309] Upon nanosizing, 
improved thermodynamics, e.g., ΔH decreasing from 74.5 to 
44.5–66 kJ mol−1 H2 was reported for Mg/MgH2,[309a-d,310] faster 
hydrogen kinetics, e.g., EA decreasing from 116 to 58 kJ mol−1 
H2 for NaAlH4 nanoparticles of 2–10 nm,[183,309q,311] and reduced 
hydrogen desorption temperatures[309f,312] were observed. For 
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example, LiH confined high surface area graphite released 
hydrogen at 350 °C instead of 680 °C.[309f ] Mg nanoparti-
cles with the size of 4 nm incorporated in CMK3 showed a 
remarkable decrease in hydrogen desorption temperature of 
253 °C.[309b] Milder temperatures and pressures for achieving 
hydrogen reversibility[313] have also been reported for some com-
plex hydrides and this was attributed to an alteration of reaction 
pathways upon nanosizing.[309i,314] For example, carbon nano-
tubes confined LiBH4 showed a single decomposition at 140 °C, 
much lower than the temperatures required for bulk LiBH4 
(>400 °C) and some hydrogen reversibility.[313a,314b] Similarly, the 
hydrogen desorption temperature was found to be much lower 
for nanoconfined NaBH4 (150 °C),[313a] LiAlH4 (120 °C),[315] 
NaAlH4 (≈180 °C)[309s] compared to their bulk counterparts.

8.1. Nanosizing for Better Thermodynamics

It is widely accepted that particles at the nanoscale display dif-
ferent physical/chemical properties as compared to their bulk 
counterparts as a result of their higher surface energy.[186,316] 
In this case, when considering a reaction with nanoscale mate-
rials, the Gibbs free energy (ΔGnano) can be expressed as

∆ = ∆ + ∆nano bulk surfG G G  (74)

where ΔGbulk is the reaction Gibbs free energy of the bulk mate-
rial (i.e., the core of the nanoparticle) and ΔGsurf corresponds 

to the excess of surface energy owing to the nanodimension 
of the material and the excess energy arising from unsatisfied 
surface atoms bonds.[27e,316] When considering a hydrogena-
tion reaction, the basic thermodynamic laws described above 
(section 3.2) still apply and

G RT
P

P
∆ = lnnano

nano
eq

 (75)

where nano
eqP  is the equilibrium pressure of the nanosized 

hydride.
Hence, by associating (74) and (75),

=
∆

ln nano
eq

bulk
eq

surfP

P

G

RT  (76)

Thus at a given temperature and assuming sufficient excess 
of surface energy, the equilibrium pressure for the hydriding 
reaction of nanoparticles will be higher than that for the 
bulk material. Hence in principle, the thermodynamics of 
the hydrogen absorption and desorption reactions could be 
tailored by adjusting the surface energy of nanosized hydrides 
(Figures 14a and 20). Further considering Equations (21) 
and (74), the van’t Hoff equation for the hydrogen storage 
reactions at nanoscale takes the form

P

P

H

RT

S

R

G

RT°
= ∆ ° − ∆ ° + ∆

ln nano
eq

surf  (77)
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Figure 20. Thermodynamics of metal hydrides at the nanoscale a) Schematic correlation between ΔH and ΔS of nanosized hydrides and the role of ΔG 
variation (Δ(ΔG)). The correlation between ΔH and ΔS depends upon the variations of ΔG as compared to the variation (Δ(ΔH)). If (Δ(ΔG)) < (Δ(ΔH)) 
a compensation effect is observed and an anticompensation effect is reached for the reverse, i.e., for (Δ(ΔG)′) > (Δ(ΔH)); b) theoretically calculated 
evolution of ΔH for various metal/metal hydrides systems at the nanoscale;[322] c) theoretically evaluated desorption enthalpy for MgH2 clusters with 
both HF and DFT methods as a function of the numbers of Mg atoms.[323c]
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In this equation, the surface Gibbs free energy (ΔGsurf) is a 
function of temperature[317] as observed experimentally[318]

∆ = ∆ − ∆surf surf surfG H T S  (78)

Combining (77) and (78) leads to a new van’t Hoff equation 
for nanoscale materials

P

P

H H

RT

S S

R°
= ∆ ° + ∆ − ∆ ° + ∆

ln nano
eq

surf surf  (79)

Hence through nanosizing, additional factors could affect 
both the ΔH and ΔS of the hydriding reaction. Indeed, for indi-
vidual particles both ΔH and ΔS have been observed to vary at 
the nanoscale.[319]

In the context of hydride materials, it is difficult to predict 
a general trend for ΔH and ΔS as function of particle size, 
since this is highly subjective to the particle size and the nature 
of the reactants and products. An additional factor to consider 
is the long-standing empirically proposed “enthalpy–entropy 
compensation effect” which has been observed for some 
hydrides;[320] although it has been proposed that it may be a 
phantom phenomenon.[27d,321]

8.1.1. Thermodynamics of Nanosized Metal Hydride Systems

By taking into consideration the above, the thermodynamics of 
nanosized hydrides could potentially be controlled by an addi-
tional surface free energy term expressed as[27e,316]
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where VM is the molar volume, r is the particle radius and γ the 
surface free energy per surface unit. The additional energy term 
(Eads) is the result of the difference in surface energy between 
the nonhydrided and hydrided nanoparticle upon hydrogen 
binding.[27e,316]

Therefore, ΔGsurf depends upon the particle size, its nano-
structure, and the surface properties of the nanosized hydride 
as well as Eads. The latter is hard to predict. If ΔGsurf displays a 
positive value, the system will be destabilized. Otherwise, the 
hydride phase will be stabilized.

Theoretical calculations regarding the evolution of ΔH have 
been carried out for various hydrides using the Wulff construc-
tion.[322] As shown in Figure 20b, the enthalpy variation intro-
duced by nanosizing effects differs significantly for different 
M/MH systems and depending on the M/MH system a destabi-
lization or stabilization may occur. However, according to these 
calculations, these effects only occur at extremely small particle 
sizes. Similar conclusions have been suggested by additional 
theoretical calculation on Mg/MgH2 (Figure 20c).[323]

Although theoretical calculations suggest that the par-
ticle size needs to be very small (<5 nm) for any observable 
thermodynamic alteration (Figure 20b,c),[322] or even smaller 
for Mg/MgH2 (<1 nm),[323a,c,d] reduction of enthalpy has been 
commonly reported experimentally for relatively large particles 

(10–50 nm).[182a,309a,d,g,324] The divergence between experimental 
observations and theoretical calculations is possibly explained 
by the fact that theoretical simulations are often simplified and 
performed in vacuum without consideration of the chemical/
physical environment that exists experimentally. Furthermore, 
the experimentally determined thermodynamic parameters are 
significantly affected by measurement methods and the experi-
mental conditions used[126b] − hence, the significant dispari-
ties in experimental observations. It is noteworthy that particle 
size alone is not a determining factor for the reduction of ΔH 
observed (Figure 21a). The experimentally determined ΔH is 
greatly affected by the synthesis method which conditions the 
nanoparticle surface state, structure, and the atomic arrange-
ments at the nanoparticle core.[126b] In an attempt to exclude 
parameters associated with synthetic variations, we investi-
gated the evolution of thermodynamics as a function of the 
particle size reduction of the Mg/MgH2 and LaNi5/LaNi5H6 
systems.[182a,309g] In both cases, the correlation of enthalpy and 
entropy was found to follow the linear “enthalpy–entropy com-
pensation” effect as previously described for other chemical 
systems (Figure 21c,d). A similar trend was reported for Pd 
nanoparticles[325] and other hydrides.[309g,326] Such a compen-
sation effect has also been observed experimentally for several 
chemical systems.[320]

Evolution of the entropy during hydrogen uptake and release 
mainly occurs through the conversion of hydrogen from the 
gaseous phase to its chemisorbed state in the hydride phase. 
This entropic value is often considered to be constant and 
equal to 130 J mol−1 K−1 for many hydrides.[27e] However, for 
nanomaterials, besides the dominant contribution of hydrogen, 
additional effects due to the higher degree of disorder in both 
the starting and final hydride material cannot be neglected and 
thus the effect of the additional ΔSsurf factor in the van’t Hoff 
Equation (79) must be considered.[316]

Owing to the complexity of determining entropic evolution 
by theoretical modeling, there have not been reports on pos-
sible enthalpy–entropy compensation effects by theoretical cal-
culations. However, assuming that the experimentally observed 
“enthalpy–entropy compensation” effects are real, this does 

not favor lower hydrogen desorption temperatures =
∆
∆





1barT

H

S
 

because any targeted reduction in temperature induced by ΔH 
will lead to a similar reduction in ΔS. This in turn limits the 
increase in the equilibrium pressure. This correlation of ΔH 
and ΔS could be reversed through a distinct alteration of ΔG as 
further discussed below (Figure 20a); however, strategies to do 
so have not been found yet.

8.1.2. Thermodynamics of Nanosized Complex Hydrides

The hydrogen absorption and desorption processes of com-
plex hydrides are more complicated as compared to metal 
hydrides systems, since complex hydrides generally involve 
multistep reactions with additional side reactions generating 
byproducts.[123] Accordingly, it is very difficult to predict any 
thermodynamic evolution of the hydrogen properties of com-
plex hydrides at the nanoscale.[16a] In addition, during hydrogen 
release, complex hydrides undergo significant entropic 
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evolution owing to the number of products formed. Another 
typical characteristic of complex hydrides is their melting upon 
decomposition, e.g., LiAlH4 melts at 150–175 °C and this does 
not simplify the behavior of such hydrides at the nanoscale.

There are various models that have been proposed to pre-
dict the melting temperature (Tnano) of nanoparticles.[327] For 
example, for spherical nanoparticles, Qi proposed that[328]

−



T T

d

D
= 1

2
nano bulk  (81)

where Tbulk is the melting temperature of the bulk material, 
d is the diameter of the atom and D is the diameter of the 
nanoparticle.

Therefore, the melting point for nanoparticles is lower than 
that of the corresponding bulk material. For free standing com-
plex hydride nanoparticles, this means that they would melt 
at lower temperatures and if this occurs before the release of 
hydrogen, the molten nanosized hydrides will simply behave 
like their bulk counterparts. One strategy to minimize this 
effect is to confine the nanoparticles within a stable inorganic 
scaffold.[186,329] By doing so, the diffusion of the decomposi-
tion products upon hydrogen release is further restricted and 
this facilitates hydrogen reversibility. Another approach is to 
suppress the melting behavior of complex hydrides through 
elemental doping.[330]

Assuming that the initial hydride nanoparticles retain 
their nanofeatures, the thermodynamics and kinetics of the 
hydrogen absorption and desorption reactions of nanosized 

complex hydrides should deviate from the behavior of their 
bulk counterparts. In this case, the trends described above 
should apply to each reaction step involved in the dehydroge-
nation or re-hydrogenation process. Therefore, for individual 
reaction step at a given temperature a shift of the equilibrium 
pressure should be observed depending on the evolution of 
the nanoparticles and their disproportionation upon hydrogen 
release or uptake.

With NaAlH4 as an example, it has been suggested from 
experimental observations that a shift of the equilibrium pres-
sure occurs upon nanosizing and this leads to a destabilization 
of the hydride and the disappearance of the two step decom-
position mechanism in favor of a single step (Figure 22a,b).[331] 
The theoretically calculated phase diagram and reaction map 
as function of particle size and temperature suggest similar 
assumptions.[332] In this case, the intermediate decomposition 
phase, Na3AlH6, would be destabilized upon nanosizing and 
this would result in a positive ΔGsurf value for the first decom-
position step (NaAlH4 → 1/3Na3AlH6 + 2/3Al + H2) but a 
negative ΔGsurf value for the second step (1/3Na3AlH6 → NaH 
+ Al + 1/2H2)[331] leading to a single step decomposition from 
NaAlH4 to NaH. The actual decomposition process of nano-
sized NaAlH4 is probably more complex than this simplified 
assumption.[332a]

Similar thermodynamic alterations were observed for LiAlH4 
and LiBH4 confined in carbon nanotubes (diameter 2 nm) with 
a single broad hydrogen release peak instead of multiple peaks 
corresponding to the multiple decomposition steps of the bulk 
materials.[314b] LiAlH4 nanoparticles (2–16 nm) synthesized by 
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Figure 21. Thermodynamic properties of metal hydrides at the nanoscale. a) Summary of reported values[182a,309a,b,d,326b] of ΔH for nanosized Mg/MgH2 
as function of Mg particle size; b) particle size dependent hydrogen desorption temperature of MgH2 particles synthesized by chemical reduction;[182a] 
c) particle size dependence of ΔH and ΔS for Mg[182a] and LaNi5[309g] when synthesized using the same method and similar conditions; d) correlation 
of ΔH and ΔS for Mg[182a] and LaNi5.

[309g]
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solvent evaporation with Ti doping also decomposed to LiH, Al 

and H2 directly via a single step ( → + +LiAlH LiH Al
3

2
H4 2).[315] 

However, a single step decomposition is not an inevitable out-
come of nanosizing. For instance, high surface area graphite 
(HSAG) supported LiAlH4 nanoparticles with the size ranging 
from 3–15 nm still followed the three decomposition steps of 
bulk LiAlH4.[256] Once again, the thermodynamic evolution 
upon particle size reduction is affected by the chemical/phys-
ical environment of the nanoparticles. But if such a concept 
could be controlled, nanosizing could potentially lead to a one 
step decomposition of the complex hydrides at low decomposi-
tion temperatures. Another benefit of the nanosizing approach 
is the suppression of side products. For example, the elimina-
tion of diborane (B2H6) release upon borohydride or ammonia 
borane nanoconfinement has been reported.[309i,333]

Evolutions of ΔH and ΔS for complex hydrides upon nano-
sizing are barely reported in the literature due to the difficulty 
of measuring the full equilibrium plateau pressure at varying 
temperatures and the poor stability of nanoconfined complex 
hydrides upon hydrogen cycling. Therefore, the reported ther-
modynamic alterations are often embodied in the better revers-
ibility and changed pathways. Hence, the reversible hydrogen 
storage reported for various complex hydrides, e.g., LiAlH4, 
LiBH4, NaBH4, Mg (BH4)2, Ca (BH4)2,[256,313] upon nanosizing 
assumes an alternation of their thermodynamics.

It should be noted again that the main approach to nanosize 
complex hydrides is through the use of a inorganic porous host, 
and thus the reversible hydrogen capacity of these nanoconfined 

hydride is often too low for application (<1 mass%). This means 
that better approaches to stabilize and confine the nanoparticles 
need to be developed. One possible strategy is via a core–shell 
method.[186] For example, a remarkable reversible capacity of  
5 mass% was achieved for NaBH4–Ni core shell structure.[334]

8.1.3. The Enthalpy–Entropy Compensation Effect

Enthalpy–entropy compensation effect is a phenomenon 
observed for homologous reactions with ΔH and ΔS evolu-
tion following the same trend along the proposed linear 
correlation[320a,335]

α η∆ = + ∆H S  (82)

where α and η are constants. As discussed above, similar 
compensation effects have been observed for metal hydrides 
(Figure 21d) and understanding this phenomenon is critical to 
achieve any significant improvement in the hydrogen sorption 
thermodynamics of nanosized hydrides.

Different hypotheses have been advanced to explain the 
enthalpy/entropy compensation effect observed in chemical 
systems involving solvents or variations in surfactant chain 
length, for example.[320b-d,321a,336] But one approach to better 
describe the observations made to date is by considering the 
interrelation between ΔH, ΔS, and ΔG.[320a] Hence, according 
to Pan et al. by comparing (16) and (82), it can be proposed that 
α and η should have the same dimension as that of ΔG and T, 
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Figure 22. Thermodynamics and kinetics of complex hydrides at the nanoscale. a) Diagram of equilibrium plateau pressure shift observed for NaAlH4 
upon nanosizing. Adapted with permission.[331] Copyright 2010, Elsevier; b) reaction map indicating the thermodynamically favored decomposition 
paths for nanosized NaAlH4 as a function of the particle size and the temperature. Adapted with permission.[332a] Copyright 2010, ACS; evolution of c) 
the hydrogen desorption temperature and d) the activation energy (Ea) of nanoconfined NaAlH4 through pore impregnation[309q] and melt infiltration.[572]
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respectively.[320a] Under these conditions, ΔG and T should have 
distinct values and be constant.

Following this principle, by varying a parameter experimen-
tally (e.g., the particle size of the absorbing hydrogen mate-
rial), the observation of small differences in ΔG at a constant 
temperature upon particle size variation, should then lead to a 
positive slope (η) corresponding to a compensation effect. The 
intercept (α) would correspond to the average of all the small 
variations in ΔG values (Figure 20a). However, if the variations 
in ΔG are large, i.e., very dissimilar values of ΔG are obtained at 
a constant temperature for different particle sizes; a nonlinear 
or curved correlation will be observed (Figure 20a). At larger 
variations of ΔG in comparison to ΔH this would result in an 
anticompensation effect (Figure 20a).

Observation of such enthalpy/entropy anticompensation 
effects has been reported for molecular pairs in solutions and 
the complexation of metal ions,[337] so these are not uncommon. 
Applying this concept to nanoscale hydrides, this means that 
variations of ΔG should be related in the first instance to vari-
ations in ΔGsurf and the correlation between ΔH and ΔS upon 
nanosizing. Achieving anticompensation effects for nanosized 
hydrides is highly desirable because it would lead to a signifi-
cant improvement in the thermodynamics upon hydrogen 
cycling, but to date, methods to achieve this are unknown.

8.2. Nanosizing for Better Hydrogen Sorption Kinetics

While the scenario for nanosizing induced thermodynamics 
evolution is complicated, the kinetics has been universally 
reported to be improved for both metal hydrides[311a,338] and 
complex hydrides[309j,v,316,339] upon nanosizing. Often, the lower 
desorption temperatures reported for nanosized hydrides are 
claimed to be the results of kinetic enhancements. However, it 
should also be noted that the experimental hydrogen desorp-
tion temperatures determined by thermal gravimetric methods 
coupled with mass spectrometry are the result of combined 
effects of thermodynamic and kinetic evolutions and thus not 
conclusive.

Nanosizing has the potential to lead to a reduction of kinetic 
barriers by facilitating the dissociation/recombination of 
hydrogen at the surface and the diffusion of hydrogen (Figures 8 
and 10c). Through nanosizing, the surface-to-volume ratio of 
the material is remarkably increased, which means that more 
atoms are exposed to the surface, and this results in an increased 
number of adsorption and dissociation sites, in the form of 
steps, kinks, corners and edge atoms.[27e,126b] As for the penetra-
tion and diffusion process, the easiness for hydrogen atoms or 
ionic species to diffuse in the material depends upon the nature 
of the atomic organization within the nanoparticle core but 
assuming very small particles a significant reduction of diffusion 
lengths should improve hydrogen kinetics.[195a,338b] For relatively 
small particles, the number of nucleation points for the growth 
of the hydride phase should be limited and thus this should also 
contribute to faster kinetics since the likelihood of forming a 
blocking MH/M layer through which the reactive phases have 
to diffuse is reduced (Figure 8b). Hence, if all these barriers are 
removed, the kinetics of the reaction should be solely controlled 
by the nucleation and growth of the hydride or dehydrogenated 

phase. This last step mainly depends upon the material structure 
and composition as well as the temperature and pressure con-
ditions used to drive the hydrogen absorption/desorption pro-
cess.[44] In complex hydrides, this assumes that during hydrogen 
cycling the decomposition products are easily recombined and 
thus “active” toward hydrogen and ionic mobility as well as 
tightly confined and restricted from diffusing away.

Similar to enthalpy evolution for thermodynamics, the 
kinetics improvement is not strictly determined by the par-
ticle size and often the experimentally obtained Ea values 
may significantly vary depending on the synthesis methods 
and experimental conditions (Figure 23a). However, when the 
chemical/physical environment of the nanoparticles is con-
trolled and restricted, EA appears to depend upon particle size 
reduction, i.e., smaller particles display a lower EA that favors 
faster reaction rates and lower temperatures (Figure 22c,d). 
More remarkably, this seems to hold for both metal hydrides 
and complex hydrides (Figures 22d and 23a).

However, it should be noted that this correlation may be 
affected by the pre-exponential factor (A) (from the Arrhenius 

equation =
−

( ) e
a

k T A
E

RT ) that may vary for different materials. The 
correlation between the pre-exponential factor (A) and Ea for 
hydrogen storage reactions is barely evaluated in literature. With 
Mg as an example, Figure 23b,c summarizes selected experi-
mental results from the literature and existing discrepancies. 
Accordingly the validity of a pre-exponential factor-activation 
energy compensation effect is still to be determined.

8.3. Looking Beyond the Particle Size Reduction 
to Enable Practical Hydrogen Storage

There is now much evidence suggesting that nanosizing is an 
approach that could potentially lead to the design of practical 
hydrogen storage materials with high hydrogen capacity 
and cycling capability near the ambient. These observed 
improvements in hydrogen properties are not the direct con-
sequence of particle size reduction, but the result of interre-
lated parameters including: i) the nanosized hydride surface/
host interaction, ii) the structural and atomic order/disorder 
of the nanosized hydride core and surface, and iii) the nano-
structure/hydrogen properties relationships including atomic 
coordination states, hydrogen bonding sites, and diffusion 
mechanisms. Many of these factors are currently not very 
well understood, including the interaction of hydrogen with 
nanosized materials and this constitutes an important bar-
rier for progress. An obvious limitation is also in the effective 
achievable hydrogen storage capacity through the nanosizing 
approach,[309c,311a,313a,324,340] and alternative approaches must 
emerge to enable the synthesis of nanosized hydrides via 
optimum stabilization methods, where weight, volume, heat 
convection, diffusions paths and distances are appropriately 
managed. Reactant residuals, surfactants or stabilizers, as well 
as the scaffold or support materials for nanoconfinement are a 
dead mass to the hydride material and this leads to a decrease 
of the effective hydrogen storage capacity. The additional 
sensitivity of hydrides to oxidation and exacerbated reactivity at 
the nanoscale is also a challenge, not only in the synthesis of 
the nanosized hydrides but also upon material handling and 
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hydrogen cycling. For example, the reversible hydrogen storage 
capacity demonstrated for some complex hydrides through 
nanosizing tends to decrease with cycling because of the side 
reactions of the hydrides with the host material and/or a loss of 
nanoconfinement. Ideally, the method of confinement should 
retain the nanosized features of the hydride upon hydrogen 
uptake and release, and protect it from any “aggressive” envi-
ronment. Synthetic paths to achieve this have been reviewed 
elsewhere.[126b,186] Along this, a narrowing of the equilibrium 
plateau pressure has also been observed owing to the lower 
number of hydrogen binding sites in metal hydride nanopartic
les,[309g,325] and this would mean that nanosized hydrides could 
potentially display low hydrogen storage capacities because of 
the small “bulk” volume of nanoparticles. Such behavior has 
not currently been observed with complex hydrides, and may 
be overcome by designing nanostructures that can accept more 
hydrogen atoms per site than their bulk counterparts.

9. Designing Novel Hydrogen Storage 
Materials with Modeling Guidance

The outcomes of computer simulations may also contribute 
greatly to the design of hydrogen-storage materials. Computer 
simulations can be used to rationalize the causes behind unre-
solved observations as the systems and processes of interest 
can be accessed at the atomic scale under controlled conditions. 

Indeed, key properties for the design of hydrogen-storage 
materials, which may be difficult to measure in practice, e.g., 
molecular absorption/adsorption energies and kinetic energy 
barriers, can often be estimated accurately with theory. In addi-
tion, from a resource point of view, computer simulations are 
inexpensive. For instance, by using open-source software with 
a standard office computer, one can already simulate complex 
gas-adsorption phenomena and assess the thermodynamic sta-
bility of energetically competitive crystal polymorphs − provided 
that fine interaction models are in use. Consequently, modeling 
of materials can be done systematically and ahead of the experi-
ments in order to provide useful analytical guidance.

The reliability of computer simulations in mimicking real 
systems, however, strongly relies on the simplifications made in 
the adopted methods and structural models. In materials mod-
eling there is a trade-off between structural model reliability 
and computational method accuracy and this is due to practical 
limitations. Hence, if the approach is to employ accurate first-
principles methods (see next sections) then the simulations are 
likely to be performed at zero temperature and by considering 
perfectly ordered atomic/molecular systems, which may result 
in unrealistic conditions as compared to the experimental con-
ditions. Likewise, to study gas-absorption phenomena at high 
temperatures on systems containing large concentrations of 
crystalline defects, the calculations will be preferentially per-
formed with classical interatomic potentials, which may suffer 
from critical transferability issues and in general low predictive 
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Figure 23. Activation energy (Ea) and pre-exponential factor (A) of Mg at the nanoscale. a) Size dependence Ea for Mg synthesized by chemical 
reduction[53a,311a] and electrochemical deposition;[183] b) correlation between A and Ea for Mg nanoparticles. Values were extracted from the literature.[53a,183]



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900043 (41 of 64)

www.advsustainsys.com

power. Fortunately, there are ways of achieving a suitable bal-
ance between computational accuracy and model reliability and 
it is the responsibility of the modeler to balance these require-
ments in order to provide meaningful guidance. In the next sec-
tion, some relevant quantities that can be estimated efficiently 
with computer simulation methods in order to boost and fur-
ther rationalize the design of hydrogen-storage materials are 
discussed. Then, the energy-force methods that can be used to 
calculate such quantities are briefly reviewed by emphasizing 
some of their advantages and limitations.

9.1. Modeling Key Physical and Chemical Properties of Hydrides

9.1.1. Hydrogen Bonding Strength

The strength of hydrogen molecule binding to a material serves 
as a measure of its potential for hydrogen storage applications. 
The hydrogen binding energy is defined as

E E n E E n( )( ) ( )( )= + −H M /2 H MHbind 2 el el 2 el  (83)

where Eel(X) represents the energy of system X calculated by 
considering all atoms perfectly still at their equilibrium posi-
tions, M the material under study, and MHn the same material 
but with n adsorbed hydrogen atoms.

The more (less) positive Ebind is, the stronger (weaker) 
hydrogen is bound to M. In order to meet the target of low 
temperatures for hydrogen release and uptake, the hydrogen 
binding energy of a material should lie within the interval  
0.7 > Ebind > 0.2 eV/H2.[341] Such a binding energy interval, from 
which thermal effects are explicitly excluded, holds both for 
hydrogen absorption and hydrogen adsorption.

Adsorption of hydrogen molecules (that is, H2 binding 
to the surface of a material) also can be simulated directly at 
finite temperatures with Monte Carlo (MC) methods.[342] In MC 
simulations random Markovian moves are used to sample a 
particular statistical mechanical ensemble in order to provide 
averaged quantities (e.g., equilibrium gas uptake and enthal-
pies). Adsorption isotherms, for instance, can be estimated 
in grand canonical MC simulations as the average number 
of uptake molecules, where the temperature and volume of 
the system are maintained fixed while its chemical potential 
is allowed to equilibrate with a gas phase that is not explicitly 
simulated. MC simulations, however, involve the use of large 
simulation cells (≈1000 atoms) and numerous sampling moves 
(>1 000 000), hence normally they are performed with semiem-
pirical interaction models, e.g., force fields (see next section).

9.1.2. Enthalpy of Hydride Formation

As previously discussed, the enthalpy of hydride formation indi-
rectly determines the hydrogen absorption/desorption tempera-
tures and kinetics (assuming a constant entropy). The simplest 
way of hydrogenating a metal (M) is through direct dissociative 
chemisorption (Figure 8a).

The enthalpy of formation ΔHf of the resulting metal hydride 
(MHn) then can be expressed as

∆ = + − + − +( ) ( )
2

( )f MH M H2H E pV E pV
n

E pV
n

 (84)

where the dependence on temperature is implicitly introduced 
via the pV terms.

Since the molar volumes of the metal hydride and metal in 
general are small as compared to that of the gas, the expression 
above can be approximated as[343]

δ∆ ≈ ∆ + ∆ + ∆f el ZPE TH H H H  (85)

where
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Eel represents the energy of the system calculated by consid-
ering the atoms perfectly still at their equilibrium positions; 
EZPE and Evib are respectively the zero-point and vibrational 
energies of the material, which are estimated as
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where the summations run over wave vectors q and phonon 
branches s, Nq is the total number of wave vectors used for inte-
gration within the first Brillouin zone, and ωqs are the phonon 
frequencies of the system.

By following Equations (85)–(89) and using first-principles 
methods for the calculation of zero-temperature energies and 
phonon frequencies (see Section 8.2.), it is possible to estimate 
the formation enthalpy of metal hydrides with reasonable accu-
racy (Figure 24). We note, however, that in this case the level of 
agreement with the experiments may depend somewhat on the 
approximation used for the exchange-correlation energy. This 
effect is explicitly shown for alkaline earth metal hydrides in 
Figure 24, where the enthalpy values obtained with the LDA 
and GGA approximations tend to bound the experimental data 
either by below or above.[343]

9.1.3. Thermodynamic Stability of Polymorphs

The calculation of phonon frequencies also may provide some 
valuable information on the thermodynamic and vibrational 
stability of crystal polymorphs. Phonon frequencies and vibra-
tional modes can be calculated efficiently with several tech-
niques, including linear response theory[344] and the small 
displacement method.[345] For a crystal to be vibrationally 
stable all the phonon frequencies at any arbitrary wave vector 
belonging to its Brillouin zone must be real, i.e., nonimaginary. 
Once the phonon frequencies of a given system are known, one 
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can use the quasi-harmonic approximation to estimate the cor-
responding Gibbs free energy

= + = −hzG F pV H TS  (90)

where Fhz represents the Helmholtz free energy.
In the quasi-harmonic approximation it can be assumed that 

the potential energy of a crystal can be estimated as a quadratic 
atomic-displacement expansion around the equilibrium con-
figuration.[346] The system is then mapped onto a collection of 
noninteracting harmonic oscillators with frequencies ωqs and 
energy levels En

qs = (1/2 + n)·ωqs. The Helmholtz free energy of 
such a system Fharm is analytically known and reads

∑ ω
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By further considering that hydrostatic pressure in a quasi-
harmonic crystal can be estimated as

p
E F

V

( )= − ∂ +
∂

el harm  (92)

the corresponding Gibbs free energy can be determined. Con-
sequently, the thermodynamic stability between different crystal 
polymorphs can be accurately determined upon calculation and 
comparison of their Gs.

The quasi-harmonic approach is particularly well-suited for 
studying materials with a relatively small number of particles 
in their unit cells (≈10 atoms) with first-principles simulation 
methods (see next section). In Figure 25, we show quasi-har-
monic free-energy results obtained for the hydride LiBH4, a 
promising hydrogen-storage and ionic conductor material.[347] 
At ambient pressure, LiBH4 undergoes a first-order phase 

transition from a low-temperature (LT) phase to a high-temper-
ature (HT) phase around 108 °C;[348] upon further heating, it 
is possible to liberate 13.1 mass% H2 via the two-step reaction

↔ + + ↔ + +12LiBH Li B H 10LiH 13H 12LiH 12B 18H4 2 12 12 2 2  (93)

The exact crystal structure of the LT and HT phases in 
LiBH4, however, remain contentious. Experimentally, the LT 
phase has been ascribed by Soulié et al. to an orthorhombic 
Pnma structure and the HT to an hexagonal P63mc.[348] Tekin 
et al. have proposed new candidate structures for the LT and 
HT phases of LiBH4 based on standard first-principles calcula-
tions.[349] At zero temperature, the structures predicted by Tekin 
et al. are energetically competitive with respect to the ones 
resolved in the experiments; however, it has been subsequently 
demonstrated by Shevlin et al. that after considering entropy 
contributions to the Gibbs free energy, the LT and HT phases 
are most likely to be the structures proposed by Soulié et al.[348] 
(Figure 24). This case illustrates the importance of considering 
thermal effects when assessing the relative stability between 
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Figure 25. Calculated low temperature and pressure polymorphs stability 
in LiBH4. a) Density of vibrational states corresponding to the experi-
mentally determined and theoretically predicted low temperature and 
pressure phases, SLT[348] and TLT[349] respectively; b) Gibbs free-energy 
difference between the SLT and TLT structures expressed as a function 
of temperature. The results were obtained within the quasi-harmonic 
approximation using the small-displacement method.

Figure 24. Enthalpy of formation of several alkaline earth metal hydrides 
at room temperature. LDA and GGA points refer to first-principles results 
obtained with local and semi-local density functional theory techniques, 
respectively. The sketched atomic configurations correspond to the rutile 
(left) and contunnite (right) structures rendered by the stable phases of 
small-radius and large-radius metal atom hydrides, respectively. Hydrogen 
(metal) atoms are represented with small (large) spheres. Reproduced 
with permission.[343] Copyright 2008, IOP Publishing Ltd. 
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different structures and assigning the correct crystal symmetry 
to experimentally observed phases.

Another way of assessing the thermodynamic stability of 
a particular structure or system is to simulate it directly with 
molecular dynamics (MD) techniques.[350] In MD simulations 
the trajectories of atoms are determined numerically by solving 
the corresponding Newton’s equations of motion; thermostat-
ting and barostatting techniques can be used along the way 
in order to reproduce specific thermodynamic constraints, 
e.g., pressure and temperature. In contrast to quasi-harmonic 
approaches, anharmonic effects are fully taken into consid-
eration in MD simulations. Nonetheless, large system sizes 
(≈1000 atoms) and long simulation times (≈1 ns) normally 
are required in MD simulations so as to obtain well-converged 
quantities, hence semiempirical interaction models are cus-
tomarily employed. It is worth noting that Gibbs free ener-
gies of crystal polymorphs cannot be accessed directly in MD 
simulations.

9.1.4. Hydrogen Release and Uptake Kinetics

Besides favorable hydrogen binding energy and thermody-
namic stability, it is desirable for hydrogen-storage materials to 
display quick charge and discharge kinetics. In order to assess 
such dynamic features, the harmonic transition-state theory[351] 
can be used to calculate the hydrogen diffusion rate (11). The 
quantity governing the hydrogen kinetics generally is Ea as it 
enters Equation (11) via an exponential. The less (more) positive 
Ea is, the quicker (slower) the uptake/discharge reaction occurs. 
In practice, Ea is calculated by determining minimum energy 
reaction pathways. This is commonly done by using the nudged-
elastic band (NEB) method,[352] in which a number of interme-
diate configurations between the initial (e.g., free H2 molecules 
and unloaded system) and final (e.g., H2-loaded system) states 
are defined and made to interact with their nearest-neighbor 
images through fictitious harmonic springs. The minimum 
energy reaction pathway is then determined by minimizing 
the perpendicular forces along the configuration path. It is 
relatively easy to perform NEB calculations for materials in 
which hydrogen molecules are adsorbed since appropriate inter-
mediate configurations can be guessed easily; by contrast, NEB 
calculations of hydrogen absorption processes involving changes 
in the stoichiometry of the materials may be convoluted.

9.2. Computational Methods Overview

In materials modeling the interactions between atoms normally 
are described with energy-force methods that can be classified 
within two major categories: semiempirical and first-principles. 
In semiempirical approaches, the forces between particles are 
modeled via physically inspired analytical functions known 
as force fields or classical potentials. Force fields contain a 
number of parameters that are set so as to reproduce a certain 
amount of experimental data or the results of highly accurate 
quantum-chemistry calculations. The low computational cost 
associated with semiempirical approaches makes it possible to 
address the study of hydrogen-storage materials within ample 

thermodynamic intervals without sacrificing complexity in the 
adopted structural models. It is even feasible to reproduce 
the breaking and forming of bonds during chemical reactions 
through the use of special reactive force fields.[353] Nevertheless, 
classical potentials may suffer from impeding transferability 
issues as due to the impossibility of mimicking the systems of 
interest at conditions different from those in which the force-
field setups were performed. In this context, first-principles 
methods, also known as ab initio, turn out to be preferable. In 
first-principles approaches no empirical information is generally 
assumed on the derivation of the atomic interactions, as those 
are directly obtained from applying quantum mechanics princi-
ples to the electrons and nuclei in the system. Nonetheless, due 
to their great accuracy, ab initio methods are very demanding 
in terms of computational expense. Consequently, first-princi-
ples calculations generally are restricted to zero-temperature 
conditions and the involved structural models are highly ideal, 
i.e., contain a relatively small number of particles ≈100–1000. 
A third general materials modeling approach exists that is 
gaining a lot of attention at the moment and which is based 
on machine learning techniques. Machine learning modeling 
may combine the best of the first-principles and semiempirical 
worlds, namely, great accuracy at affordable computational cost. 
This third approach is entirely mathematically oriented, that 
is, it employs algorithms and statistical models while leaving 
aside any chemical intuition. For machine learning techniques 
to provide reliable information, the constitutive mathematical 
models need to be built upon extensive “training data” sets usu-
ally generated with first-principles methods; how to construct 
those training sets and generate the desired mathematical 
models, however, is not always a straightforward and self-con-
tained task. Next, we briefly review the basic ingredients in 
first-principles, semiempirical, and machine learning modeling 
of hydrogen-storage materials.[342,354]

9.2.1. First-Principles Methods

The starting point in most first-principles methods is the non-
relativistic Born–Oppenheimer electronic Hamiltonian

∑ ∑∑ ∑∑= − ∇ −
−

+
−≠

1

2

1
el
BO 2H

Z
i

i

I

I iiI i jj iiRR rr rr rr
 (94)

where ZI represent nuclear charges, ri the positions of elec-
trons, and RI the positions of nuclei (which are considered to 
be fixed).

By solving the corresponding Schrödinger equation one has 
access to the many-electron wave function of the system Ψ, 
and hence to all its static properties. In real materials, however, 
such a many-electronic wave function is a tremendously com-
plex function that cannot be determined in practice. The mis-
sion of any ab initio method is to find out a good approximation 
for Ψ, or related quantity, that while being accurate still allows 
for carrying out practical calculations. Examples of first-prin-
ciples methods include quantum Monte Carlo, Moller–Plesset 
perturbation theory, coupled clusters with perturbative excita-
tions, and density functional theory. Of these techniques den-
sity functional theory (DFT) probably presents the best balance 
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between accuracy and computational expense. For this reason, 
the vast majority of computational works done on modeling of 
hydrogen-storage materials involve DFT methods, which we 
briefly review next.

In the sixties, Kohn and Sham developed a pioneering 
theory[355] showing that the exact ground-state energy Eel and 
electronic density n(r) of a system can be determined by solving 
effective one-electron Schrödinger equations involving the 
Hamiltonian

H
n

d Vi ∫ ( ) ( )= − ∇ +
′

− ′
′ +

rr
rr rr

rr rr
1
2

el
eff 2

xc  (95)

where

∑ ψ( ) ( )= σ
σ

2

,

n i

i

rr rr  (96)

and Vxc(r) represents the exchange-correlation potential.
The exchange-correlation energy has a genuine quantum 

origin and, despite representing a small portion of Eel, has a 
crucial role on the bonding between atoms. For most systems 
Vxc is unknown and needs to be approximated: this is the only 
source of fundamental error in DFT methods.

In local DFT approaches (e.g., LDA), the exchange-correla-
tion energy is approximated as

∫ ε[ ] ( ) ( )≈xc xcE n n dl l rr rr rr  (97)

where the adopted exchange-correlation energy functional εl
xc 

is taken equal to that in a gas of noninteracting electrons at 
density n(r), which is numerically known from exact quantum 
Monte Carlo calculations.[356] In semilocal approaches, e.g., 
GGA, the εl

xc functional is made to depend on the electronic 
density and also its gradient in order to fulfil a series of analyt-
ical constraints known from slowly varying n(r) systems. Both 
local and semilocal DFT approaches work reasonably well for 
most bulk systems at equilibrium conditions. However, they 
cannot reproduce long-range electronic exchange or correlation 
interactions, e.g., dispersion forces.

Dispersion DFT methods have been recently developed 
that allow to reproduce satisfactorily long-range correlation 
effects in materials while still keeping the accompanying 
computational loads within moderate levels. One illustra-
tive example is the suite of DFT-D techniques,[357] in which 
an attractive energy term reproducing the asymptotic C6/r6 
interaction between two particles in a gas is added to el

effH  (see  
Equation (95)). Several improvements have been proposed that 
go beyond DFT-D, in which the values of the dispersion coeffi-
cients C6 and other higher-order terms are obtained by taking 
into account the specific environment of the atoms.[358] Other 
more elaborate and computationally intensive dispersion DFT 
approaches exist in which many-electron long-range interac-
tions can be estimated seamlessly without the need of intro-
ducing ad hoc parameters, e.g., vdW-DF[359] and the random 
phase approximation.[360]

We should note that the choice of the exchange-correla-
tion approximation in DFT studies of gas-storage materials 

may have an important effect on the final results.[354a,361] As 
explained in previous sections, molecular physisorption rep-
resents a promising hydrogen-storage route; van der Waal’s 
interactions are critical in this context and thus any DFT work 
attempting to describe H2 physisorption should take into 
account dispersion forces. Ca+(H2)4, a system for which several 
computational benchmark studies have been reported (see, for 
instance[362]) is an illustrative example of how crucial the choice 
of the right exchange-correlation approximation may be. It 
turns out that standard DFT approaches, e.g., LDA and GGA, 
tend to overestimate the cohesion energy of the system by 
≈0.1 eV/H2 as compared to the results obtained with advanced 
dispersion DFT and quantum chemistry methods. Overall, for 
arriving at meaningful conclusions on modeling of hydrogen-
storage materials the blind use of local and semilocal DFT 
approaches is not recommended owing to their inherent limi-
tations in describing long-range exchange and correlations in 
many-electron systems.[354a]

9.2.2. Semiempirical Methods

In semiempirical approaches, the interaction between atoms 
is normally modeled with simple Lennard–Jones (LJ) plus 
Coulomb potentials of the form
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where rij represents the separation between atoms i and j 
having charges qi and qj, and σij and εij are potential parameters 
to be determined.

In semiempirical approaches, pairwise additivity normally is 
assumed when computing total energies and forces. The first 
term in Equation (98) accounts for the short-ranged atomic 
repulsion deriving from the overlapping between electron 
clouds; the second term represents long-ranged atomic attrac-
tion due to dispersive van der Waals forces, and the third is the 
usual Coulomb interaction between atomic point charges. In 
ionic materials the atomic point charges qi typically adopt the 
value of the oxidation state of the ions, whereas in molecular 
systems they are set to reproduce the polarity of the gas mole-
cules, e.g., H2 quadrupole moment, and internal electric fields. 
The value of the LJ potential parameters ε, σ, and q can be 
obtained from different sources, including the fit to thermody-
namic data or highly accurate quantum chemistry calculations. 
Arithmetic averages such as the Lorentz–Berthelot mixing rules 
are usually employed to straightforwardly obtain the value of 
LJ potential parameters corresponding to crossed gas–material 
interactions. Further and more complex terms can be added to 
Equation (98) in order to account for higher-order dispersion 
terms and molecule torsional degrees of freedom.

The low computational expense associated with semiem-
pirical potentials allows explicit consideration of thermal 
and structural disorder/nanostructuring effects, e.g., slit-like 
pores, in the simulation of hydrogen-storage materials (see, 
for instance[342]). Due to the usual light atomic masses and 
weak intermolecular interactions involved in hydrogen-storage 
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materials, quantum nuclear effects (QNE) may also signifi-
cantly affect their gas-uptake capacity at room temperature.[346] 
This is the case, for instance, of the adsorption and diffusion 
of hydrogen molecules on the surface of graphene and other 
related carbon-based nanomaterials.[363] Indeed, by using sem-
iempirical potentials and quantum simulation techniques, 
e.g., path-integral Monte Carlo methods, it has been possible 
to assess quantitatively the non-negligible role of QNE on the 
adsorption of hydrogen and deuterium molecules to the inte-
rior of carbon-based nanotubes with varying radii.[364] Likewise, 
QNE have been shown to be key for understanding the proton 
dynamics in lithium imide Li2NH,[365] a promising hydrogen-
storage material that is able to liberate more than 5 wt% H2 
through the decomposition reaction

+ + ↔ +Li NH LiH H Li N 2H2 2 3 2  (99)

9.2.3. Machine Learning Techniques

As explained in previous sections, many physical quantities 
that are relevant to modeling of hydrogen storage materials 
(e.g., free energy of hydrogen storage/release reactions and 
materials decomposition processes) can be calculated accu-
rately with first-principles methods. However, in order to 
determine the most favorable reaction pathways, adsorption 
sites, chemical structures, and other properties, a number of 
candidate processes and configurations need to be guessed 
first. The guessing of such candidate systems relies entirely on 
chemical intuition hence may be erroneous and/or incomplete 
depending on the complexity of the problem. To deal with such 
“open” problems, one would like to have access to theoretical 
frameworks that automatically, and with acceptable precision, 
could predict the thermodynamically most favorable reaction 
paths, states, and configurations by simply providing the overall 
chemical composition of the system or similar certain informa-
tion. Machine learning techniques come to fill such a modeler’s 
need, leaving aside any chemical intuition in favor of computa-
tional affordability and objectiveness.

In ML, algorithms and statistical models are employed to 
steadily improve the computational performance on a spe-
cific task; in the context of hydrogen-storage materials those 
tasks can be, for example, the prediction of lowest-energy 
configurations and decomposition reaction pathways. The 
analytic approaches that are used to construct ML algorithms 
and models include permutation invariant polynomials, the 
modified Shepard method using Taylor expansions, Gaussian 
processes, interpolating moving least squares, and artificial 
neural networks.[366] ML models, however, need to be trained 
on specific and comprehensive sets of data, usually generated 
with first-principles methods and sometimes difficult to be 
completed. Theoretical ML-based studies of hydrogen storage 
materials have started to appear in the literature and we foresee 
that in the next few years their number will grow steadily due 
to the great versatility that they offer when it comes to screen 
vast numbers of different systems and processes. Examples 
of such ML studies include, the analysis of catalytic activity 
of the hydrogen evolution reaction on nanoclusters,[367] gen-
eration of thousands of new alloy combinations presenting 

favorable enthalpies of formation for the design of high pres-
sure hydrogen compressor materials,[368] and identification of 
the performance limits of physical hydrogen storage of 850 000 
different nanoporous materials.[369]

10. Design of Hydride Tanks toward 
Practical Application

Assuming that materials are designed with the right hydrogen 
storage properties, their practical application relies on their 
integration at the kg scale into a storage tank meeting prac-
tical requirements for the rate of charging and discharging. 
Depending on the reversibility of the hydrogen release, two 
types of systems can be designed: i) one shoot tanks con-
taining hydrides that are hydrolyzed to produce hydrogen, and 
ii) reversible tanks that contain hydrides that can be simply 
regenerated by applying hydrogen pressure. In both cases, tank 
design poses several challenges including careful heat man-
agement, appropriate choice of the tank material capable of 
withstanding pressure, stresses and hydrogen embrittlement, 
and an appropriate management of the slurry (hydrides and 
water mix) as well as the decomposition products in the case of 
hydrolysis tanks.

10.1. One Shoot Hydrogen Delivery Tanks

Chemical hydrides like the much-investigated sodium borohy-
dride NaBH4 and ammonia borane NH3BH3 are traditionally 
not considered for reversible hydrogen storage because of the 
formation of thermodynamically stable residues (i.e., byprod-
ucts). Instead, to extract hydrogen from these compounds sig-
nificant efforts have been devoted to developing methods to 
control their hydrolysis.[370] As discussed below, prototypes have 
been developed for hydrolysis of NaBH4, but to our knowledge 
hydrolysis of NH3BH3 has not been scaled up to date. One may, 
however, cite Keskin et al.’s work that can be seen as a first 
step toward scaling up.[371] They developed NH3BH3 composite 
pellets (10 mm diameter and 1 mm thickness) and based on 
their hydrolysis results, they made recommendations for fuel 
cartridge.

The first prototype using hydrolysis of NaBH4 for on-board 
H2 production was developed by the now-bankrupted company 
Millennium Cell (USA).[372] With an apparently basic design 
(Figure 26), the prototype consisted of a storage tank filled with 
alkaline aqueous NaBH4; for H2 generation, the solution had 
to be pumped onto a tubular catalyst bed.[373] A similar design 
was later developed by other groups. Kojima et al. worked on 
a device of 80 kg with a body size of about 200 L (Figure 27), 
mainly made up of a 2 L stainless steel tank for storing aqueous 
NaBH4 (8.8 mol L−1) and a 4 L stainless steel tank for storing 
the spent fuel.[374] Using a similar concept, Richardson et al. 
focused their attention on the performance of a ruthenium-
based catalytic reactor.[375] Wang and co-workers’ prototype was 
able to feed a 3000 W fuel cell to power an electric vehicle.[376] 
Recently, Gang and Kwon adapted this H2 generator (5.9 L 
H2 min−1) for a portable electric power plant with a specific 
energy density of 211 Wh kg−1.[377] Kim et al. powered a small 

Adv. Sustainable Syst. 2019, 1900043



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900043 (46 of 64)

www.advsustainsys.com

unmanned aircraft (requiring 80 W for cruising and 300 W 
for take-off) with 360 g of a 15 wt% NaBH4 solution using a 
cobalt catalyst.[378] For the same application, Jung et al. reported 
a NaBH4 hydrogen generator based on a cobalt–phosphorus/
nickel foam catalyst. Their system, coupled to a 100 W PEMFC, 
produced H2 at a constant rate for 3 h with a conversion effi-
ciency of 97.8% and a maximum power and energy density of 
95.96 W and 185.2 Wh kg−1, respectively.[379] Gang and Kwon 
took the technology further by successfully constructing an 
integrated hybrid electric power system based on a NaBH4-
PEMFC (300 W h−1) system, a solar cell (80 W h−1) and a battery 
(117 W h−1).[380]

For more compact technologies, miniaturization has also 
been targeted.[381] For example, Lee and Kim developed a H2 

generator for a 1 W fuel cell to be used in 
nanosatellites.[382] According to the authors, 
the specific energy density of their system is 
three times higher than that of a Li-ion bat-
tery. The device is inspired from the afore-
mentioned prototype but it is different by 
the absence of a spent fuel tank (Figure 28). 
Indeed, for compactness, the borates are 
stored, upon reaction, in the fuel tank. They 
confirmed the superiority of the miniatur-
ised NaBH4 cartridges over Li-ion batteries 
for a specific mission of a small unmanned 
vehicle, which had to flight more than 5 h 
with, e.g., a cruise speed of 50 km h−1.[383] 

The power system based on NaBH4 as H2 generator coupled 
to a H2/air PEMFC (gravimetric power density of 400 W kg−1) 
showed an endurance of 7 h versus the 4.8 h achievable with 
a Li-ion battery of 290 Wh kg−1 gravimetric energy density. It 
is worth mentioning that a lithium–sulfur battery (gravimetric 
energy density of 420 Wh kg−1) was found to be a bit more 
enduring with 7.1 h. On a larger scale, Rivarolo et al. com-
pared, from thermodynamic and economic standpoints, tradi-
tional H2 storage in pressurized tanks with H2 storage in the 
from of NaBH4.[384] The model was based on a plant where H2 
is produced from solar (power peak of 1 MW) coupled with 
water electrolysis (alkaline electrolyzer of 1 MW delivering 
hydrogen at 3 MPa). The as-generated H2 is then used to syn-
thesize NaBH4 (600 °C, 3 MPa H2; capacity of 171 kg h−1) from 
its spent fuel NaBO2⋅4H2O using Mg as catalyst. In this model, 
trucks are used to transport NaBH4 to the local usage zone 
and a ruthenium-catalyzed hydrolysis at 80 °C is considered to 
regenerate 36 kg H2 h−1. The spent fuel is recovered and trans-
ferred back to the pant. In this cycle of using NaBH4 as the 
hydrogen carrier, the total cost of the method using NaBH4 was 
found to be 15.5 € kg−1 instead of 22.5 € kg−1 for the approach 
based on compressed H2. Transportation of NaBH4, which is 
safer, is one of the positive features of the technology and this 
makes distribution of hydrogen easy.

The widespread development of the NaBH4-based H2 generator 
discussed above has, however, been hindered by several tech-
nical problems. Most of them have recently been summarized 
in an excellent paper authored by Lapeña-Rey et al. from Boeing 
R&D Europe who tested the technology with a fuel cell-powered 
unmanned aerial vehicle (200 W) using an alkaline solution 
(1 L) of NaBH4 (20 wt%) as a H2 generator (900 Wh).[385] In 
this trial, they used the commercial device sold by the company 
Horizon Energy Systems (Singapore), a device that is compa-
rable to the millennium cell’s generator.[386] The main drawbacks 
were found to be that: i) the catalytic activity unavoidably dete-
riorates after about 8 h of use; ii) the NaBH4 fuel is irritant; 
iii) the fuel requires rapid deployment because of spontaneous 
hydrolysis and H2 generation; iv) the fuel cost is high; v) precipi-
tation of borates in the piping takes place, resulting in system 
clogging; vi) the device thus requires water flushing and tedious 
maintenance after each use to remove the precipitated borate 
byproducts. Few other problems were reported elsewhere. Kim 
et al. detected the presence of Na+ in the water vapor gener-
ated because of the exothermicity of the hydrolysis reaction, and 
such Na+ deteriorates the performance of the Nafion membrane 
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Figure 27. The hydrogen generator based on NaBH4 developed by Kojima 
et al.[374] The two stainless steel tanks used to store the fuel (alkaline 
aqueous solution of NaBH4, 8.8 mol L−1) and the spent fuel (borates in 
aqueous solution) are shown. The system has a body size of about 200 L 
and a weight of 80 kg. With this prototype, the effective hydrogen storage 
capacities would be at best of 2 mass% H2 and 15 kg (H2) m−3, which 
would be comparable to a compressed H2 system at 25 MPa. Reproduced 
with permission.[374] Copyright 2004, Elsevier B.V. 

Figure 26. The hydrogen generator developed by Millennium Cell.[372] The generator is based 
on the use of alkaline aqueous solution of NaBH4 (stored in a tank) that is pumped onto a 
tubular catalytic bed (ruthenium-based). H2 generated by hydrolysis is then separated by the 
spent fuel (aqueous solution of borates) to feed a PEM-type fuel cell. The as-separated spent 
fuel is stored in another tank. Reproduced with permission.[373a] Copyright 2018, WILEY-VCH.
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of a PEM-type fuel cell.[387] Petit et al. found that the generated 
H2 carries borates, and is thus not as pure as what is often 
claimed.[388] This may explain why Kim and Kim used a third 
tank (filled with water), called a “wash tank” (Figure 29),[389] in 
which the generated H2 was bubbled to be cooled down and 
to favor the precipitation-solubilization of the evolving borates. 
Taking into account the aforementioned technical issues, there 
is thus a clear need to mature this technology, as it could be ideal 
for operation in remote areas while avoiding storage systems 
based on high pressures.[385]

10.2. Regeneration of Hydrides from One Shoot Tanks

As discussed above, hydrogen can effectively be released from 
many hydrides through their hydrolysis. However, the draw-
back of such an approach is that once reacted with water, the 
hydrides are fully oxidized and thus cannot be simply regener-

ated. The only option to close the hydrogen cycle is to regenerate 
the oxides through effective chemical synthetic approaches.[373]

10.2.1. Recycling of Hydrolytic Boron Hydrides

The attractive feature of NaBH4 is its ability to spontaneously 
hydrolyze at ambient conditions, the process being accelerated 
and completed with the help of an accelerator like an acid or a 
metal-based catalyst, following the reaction[390]

( )+ → +NaBH 4H O NaB OH 4H4 2 4 2  (100)

The byproduct forming at ambient conditions (<80 °C) is 
sodium tetramethoxyborate NaB(OH)4, one of the hydrated 
forms of sodium metaborate NaBO2.[391] Because the B−O bond 
is as energetic as the C−O bond of CO2, the formation of B−H 
bonds from B−O bonds requires harsh conditions and the use 
of reducing agents. Another issue with NaB(OH)4 and more 

widely with borates (including NaBO2) is 
the absence of suitable solvents (besides the 
protic solvents like water and ethanol into 
which NaBH4 is not stable). For example, 
Kojima and Haga showed that the ball 
milled mixture of NaBO2 and MgH2 can gen-
erate NaBH4 (with a yield of almost 100%) 
if heated at 550 °C for 2 h under 7 MPa of 
H2.[392] With the objective of decreasing the 
overall cost of the process, further works 
focused on improvements by using the 
couple Mg–Si or Mg3La hydrides instead of 
MgH2,[392a,393] ball milling under inert atmos-
phere,[394] and/or substituting Mg by another 
element like Al or Ti.[395]

From a commercial point of view, it is 
preferable to recycle the hydrated form 
of the borate as this is the species that 
forms directly upon hydrolysis of NaBH4. 
Furthermore the formation of NaBO2 by 
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Figure 28. NaBH4-based nanosatellite hydrogen generator. Schematic representation and photography of the power system developed for nanosatel-
lites by Lee and Kim: A membrane is used to separate H2 from the spent fuel that is finally stored in the cartridge of NaBH4. Reproduced with permis-
sion.[382] Copyright 2014, Elsevier Ltd.

Figure 29. NaBH4-based hydrogen generator developed by Kim and Kim. An additional tank 
called a “wash tank” is used to bubble the generated H2 in order to cool the gas stream down 
and trap the evolving borates (by solubilization in water). Reproduced with permission.[389] 
Copyright 2010, Elsevier Ltd.
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dehydration of NaB(OH)4 requires temperatures higher than 
250 °C and is consequently less cost-effective.[396] Adapting 
Kojima et al.’s approach, Chen et al. showed that NaB(OH)4 
can be used instead of NaBO2.[397] It reacts with MgH2 by ball 
milling with a yield of almost 90%

⋅ + → + +NaBO 2H O 4MgH NaBH 4MgO 4H2 2 2 4 2  (101)

Zhong et al. also used NaB(OH)4 that was reacted with Mg2Si 
by ball milling at room temperature and under inert atmos-
phere to regenerate NaBH4.[398] NaBH4 formed with a maximum  
yield of 74%, and was isolated by dissolution in ethylenediamine. 
To date, chemical recycling of NaBO2 or NaB(OH)4 using a 
metallic reducing agent like Mg or MgH2 has been the most 
investigated method.[399]

An alternative approach is to use sodium tetramethoxyborate 
NaB(OCH3)4. Kemmitt and Gainsford synthesized it by methox-
ylation of NaBO2.[400] To regenerate NaBH4 (with a yield higher 
than 80%), NaB(OCH3)4 was refluxed with NaAlH4 (in diglyme)

( ) ( )+ → +NaB OCH NaAlH NaBH NaAl OCH3 4 4 4 3 4  (102)

Although the process appears not to be viable because of the 
high cost of the alanate (Table 3), it can be adapted to the “clas-
sical” industrial synthesis path of NaBH4, namely the Brown–
Schlesinger process (Figure 30).[399a,401] The step 6 of this 
process could be adapted to use directly B(OCH3)4

− and a cheap 
hydride source (cheaper than the aforementioned NaAlH4), or 
even better, to use the acidic counterpart B(OCH3)3 and NaH. 
Note that the aforementioned recycling processes are all based 
on solid-phase reactions; an intimate mixture of the borate and 
of the reducing agent is therefore much important, which can 
only be done by ball milling.

A last regeneration approach that is worth mentioning is 
electrochemical reduction[402]

( ) + + → +− − − −B OH 4H O 8e BH 8OH4 2 4  (103)

Similar to the electrochemical reduction of CO2, this is a high 
energy-demanding process. The standard potential (E°) of the 

reaction (103) is +1.24 V.[403] Hence, all the recycling processes 
developed so far suffer from the need of a significant energy 
input to regenerate NaBH4, and thus the only viable solution is 
to use excess electricity from renewable sources.[399a,404]

Like NaBH4, NH3BH3 has also been considered as a hydro-
lytic hydrogen carrier. To our knowledge, the recycling of 
its hydrolysis byproducts has not been reported so far. Upon 
hydrolysis, the species B(OH)3 (104) and B(OH)4

− (105) form if 
an excess of water is used[405]

( )+ → + +NH BH 3H O NH B OH 3H3 3 2 3 3 2  (104)

( ) ( )+ ↔ +− +B OH 2H O B OH H O3 2 4 3  (105)

Polyborates (B4
−/B5

−-based compounds) form when water 
is used in stoichiometric conditions or if the excess of water 
is extracted.[406] It is preferable to keep the byproducts in 
aqueous solution, and especially at acidic pH values in order to 
favor the predominance of B(OH)3. Kemmitt and Gainsford’s 
approach[400] could be adapted in order to methoxylate the 
byproduct B(OH)3 to form B(OCH3)3 one of the key reactants 
of the Brown–Schlesinger process (Figure 30). In other words, 
the hydrolysis byproducts of NH3BH3 could be recycled to form 
NaBH4, and then NH3BH3 since NaBH4 is its precursor.[373]

10.2.2. Recycling of Ammonia Borane’s Thermolytic Residue

To release hydrogen for ammonia borane, a thermolysis pro-
cess whereby ammonia borane is heated up to 200 °C can also 
be used.[24a,b,300–301,303] In this case, ammonia borane cannot be 
regenerated by simply applying hydrogen pressure on the ther-
molysis. To close the hydrogen cycle, it is essential not to totally 
dehydrogenate the borane into a hydrogen-free residue like 
boron nitride. To achieve its chemical regeneration, the dehy-
drogenation of NH3BH3 by thermolysis should be conceived so 
that less than 2.5 equivalents of H2 are released under heating. 
Under these conditions, a polymeric residue of complex com-
position (mixture of polyaminoborane, polyiminoborane, 
o-polyborazylene, and/or graphitic cross-linked polyborazylene) 
is formed but its exact composition is still unknown.[407]

Regeneration of NH3BH3 has thus been investigated while 
considering only one of the aforementioned polymers.[408] 
Gordon and co-workers considered polyborazylene as a model 
residue.[409] The regeneration method they then developed is 
multistep (Figure 31). By using benzenedithiol, polyborazylene 
is digested and the as-forming reaction intermediate is reduced 
with Bu3SnH or Bu2SnH2 into NH3BH3 with an overall yield 
of 67%. Although efficient, this multistep method is com-
plex, requires the use of several chemicals, and results in an 
average yield. All of these are detrimental to the overall cost of 
the process. Later, the same group reported a much simpler 
approach (Figure 31),[410] whereby polyborazylene was rehydro-
genated with the participation of the reducing agent N2H4 in 
liquid NH3 through a one-step protocol. In this case, NH3BH3 
formed with a yield of 100%. By slightly modifying the condi-
tions, the formation of N2H4BH3 was even obtained and this is 
clearly the most efficient regeneration method reported so far. 
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Figure 30. The Brown-Schlesinger process for the stepwise industrial 
production of NaBH4: from methane CH4 as hydrogen H2 source (step 
1) and sodium chloride NaCl as metallic sodium Na source (step 2), via 
the intermediate sodium hydride NaH (step 5); from borax (step 3) and 
methanol as sources of trimethoxyborate B(OCH3)3 (step 4). NaBH4 is 
obtained by reaction of NaH and B(OCH3)3 (step 6) and the by-product 
NaOCH3 is recovered to be recycled into CH3OH (step 7). Reproduced 
with permission.[401] Copyright 2007, Elsevier B.V.
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However, the N2H4-assisted rehydrogenation can be applied to 
polyborazylene, only.

This approach was also applied for hydrogenating the ther-
molysis residues of LiNH2BH3 and BN-confined NH3BH3.[411] 
For example through this approach, Tang et al. regenerated 
LiNH2BH3 from its dehydrogenated counterpart and the con-
version back to the targeted borane was found to be of only 
63%.[411b] The incomplete conversion is explained by the pres-
ence of a fraction of polymers different from the polyborazylene 
structure.[373] Though targeted, the thermolytic dehydrocoupling  
of BNH compounds does not lead to the selective formation of 
polyborazylene,[407] and other polymers (e.g., polyaminoborane, 
polyiminoborane) are formed. With this in mind, Mertens and 
co-workers developed a generic digestion procedure based on 
the use of the superacid HCl(4 MPa)/AlCl3/CS2 solvent system 
at 80 °C for 12 h.[412] This digestion was successfully applied 
to borazine, polyaminoborane, and crosslinked polyborazylene. 
More recently these authors proposed a more effective super-
acid digestion system based on the trio AlBr3/HBr/CS2.[413] 
Linear polyaminoborane was digested at room temperature 
within 4 h and polyborazylene required a temperature of 80 °C 
(for >12 h). All of these important achievements demonstrate 
that BNH-based hydrogen compounds can potentially be 
used as one-shoot hydrogen generation systems and that a new 
chemical industry could be built to support their commerciali-
zation and regeneration.

10.3. Reversible Hydrogen Storage Tanks

Typically the design of an appropriate storage tank for reversible 
hydrides involves choosing appropriate bed geometries, and 
methods for the simulation of the tank performances to enable 
its optimization in terms of heat management and hydrogen 
flows. The absorption of hydrogen in metal hydride tanks is an 

exothermic process, and the release of hydrogen endothermic. 
As a result, without proper heat management the driving force 
toward the progress of the hydrogen uptake or release reac-
tion decreases as Peq is shifting with temperature (Figure 14a). 
Hence cooling must be provided during hydrogen charging and 
heating during hydrogen discharging to achieve sufficient rates 
of hydrogen uptake and release. The latter can be achieved by 
coupling the low heat generated by a fuel cell to the hydride via 
a heat transfer media.[414] However, the heat transfer across the 
hydride/heat transfer media interface must also be optimized 
in addition to the heat across the hydride bed because of the 
low thermal conductivity ≈0.1 W m−1 K−1 of metal–hydride 
powders.[415] The nonregular shape of the hydride bed particles 
results in additional thermal resistance (contact resistance).[416] 
In order to achieve close contact between the hydride bed and 
the heat transfer fluid, the bed is often compacted with some 
additional powder material enhancing heat conduction.[415,417] 
Heat conduction rather than radiation has been identified as the 
main issue in low temperature hydride (e.g., LaNi5) tanks.[417a] 
In contrast, heat exchange by radiation plays an important role 
in tanks based on high temperature hydrides such as Mg-based 
hydrides.[418] Several strategies can be used to improve heat 
transfer. This includes inserting solid pieces of metals of high 
thermal conductivity including aluminum foams.[419] Finally, 
heat losses can be minimized during hydrogen sorption by 
insulating the tanks walls.[420] Based on this understanding, 
prototypes are then built to evaluate the performance of the 
overall system, i.e., tank and hydrogen storage materials cou-
pled to the desired application, e.g., fuel cells, and validate the 
simulation work for further optimization.

The bed geometry can be planar or cylindrical (Figure 32); 
however, if the storage tank is to be subjected to extensive 
hydrogen pressures, only a cylindrical design, which allows a 
uniform distribution of the stress and heat/mass transfer, is 
possible. For planar tanks, the geometry can be rectangular[421] 
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Figure 31. The possible ammonia borane (NH3BH3) hydrogen cycle. According to the processes proposed by Gordon and co-workers: a) from ref. [409] 
and b) from ref. [410]. Both processes use polyborazylene as model residue (denoted [BNHx] in the scheme, and with the structure associated with 
the *) of the thermolytic decomposition of NH3BH3. Reproduced with permission.[373b] Copyright 2015, WILEY-VCH.
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or that of a disc;[422] however, this comes with the constraint of a 
low degree of freedom for the integration of a heat exchanger. In 
contrast, cylindrical shaped reactors, provide more freedom in 
terms of design and integration of the heat exchanger with the 
metal hydride powder. Bottle-shaped tanks can also be envis-
aged. However, this may be restricted to small scale application 
owing to the difficulty of introducing a heat exchanger within 
the restricted opening of the bottle neck. The use of toroidal 
tanks can also be considered, however, such a design has so 
far been limited to gaseous storage owing to the complexity of 
the design and the intrinsic difficulty of filling such a tank with 
hydride powder.[423]

For modeling, several parameters need to be considered. 
These include: i) hydrogen diffusion through the material’s 
bed, ii) the chemical reaction driving the temperature, pressure 
and rate of hydrogen release, and iii) the effective transfer of 
heat across the hydride bed because this is one of the main fac-
tors affecting the overall performance of storage tanks.[424] To 
build the kinetic model, the dehydrogenation/hydrogenation 
mechanism needs first to be determined. This is often done 
by evaluating the hydrogen sorption kinetics of materials with 
a Sievert’s apparatus and by fitting the reacted fraction (β) to 
determine the general equation rate g(β) (Figure 9). Then by 
using the Equation (106) the kinetic model of the storage tank 
can be determined.[425]

t A f p p gE RTβ β( ) ( ) ( )= × ×−d /d e ,/
eq

a  (106)

where A is the pre-exponential factor, Ea is the activation energy, 
R is the universal gas constant and f(p, peq) is usually described 
as ln(p/peq).

Using this methodology, various kinetic models have been 
developed for tanks based on NaAlH4, for example. This 
includes the optimization of shell, tube, fin-based hydride bed 
systems, and multitubular reactors equipped with fins.[426] For 
example, Na Ranong et al. simulated the effect of the storage 
tank diameter,[427] and scoping models for the evaluation of the 
tank design were also proposed.[428] Additional models were 
also proposed to evaluate the heat removal efficiency of a design 
and couple reaction kinetics with heat and mass transfer across 
the storage tank.[416d,429] Models were also developed to evaluate 
the effect of the compaction of the hydride bed including the 

addition of elements, e.g., expanded natural 
graphite or metal foams, to improve heat con-
duction across the bed.[430] 3D models have 
also been proposed to simulate the effects of 
pressure drop, heat propagation as well as the 
evolution of the equilibrium plateau pressure 
through the sorption process.[431] One diffi-
culty in the simulation of solid state hydrides 
tanks is the prediction of the behavior of the 
hydride bed thermal conductivity, because 
it evolves with many para meters including 
the packing density, bed porosity, particle 
size distribution, hydrogen pressure,[432] and 
hydrogen concentration in the hydride.[433] 
Based on these simulations, various tank 
prototypes have been built by utilizing many  
different types of hydrides such as intermetal-

lics, Mg, and NaAlH4. These are summarized in Table 5, and 
demonstrate that upon appropriate heat management, relatively 
fast filling can be achieved and good overall hydrogen cycling 
performances are maintained.

Practically, the outer diameter of solid state store tanks is 
limited to ensure adequate heat management of the bed, and 
this results in long tanks with small cross section and aspect 
ratios larger than 10.[434] Single tanks can then be bundled to 
reach the required hydrogen storage capacity.[435] The heat 
exchanger module (spiral coils, tube bundles, heat pipes) can 
then be embedded in the metal hydride bed within the tank. 
A phase change material can also be used to collect the heat 
generated during charging and reuse that heat during dis-
charging.[436] To date, the application of reversible solid-state 
hydrogen tanks remains limited despite their vast potential in 
stationary application for long term energy storage or even load 
levelling. Toshiba has commenced demonstration and opera-
tion of the H2One units based on an AB5 alloy (mischmetal 
nickel alloy).[437] The potential of the McPhy system based on 
Mg/MgH2 has also been demonstrated across several projects, 
but large scale implementation remains limited.[438] The rem-
nant barriers are in the lack of understanding of the technology 
by the general community and the misconception around bat-
tery storage and its competitiveness as a mature technology.

11. Conclusion and Outlook

Despite being a young area of research as compared to the more 
traditional fields, e.g., catalysis or battery research, significant 
progress has been made by many groups on hydrogen storage 
materials since the early developments in the 1970s. Focus was 
initially on the interaction of hydrogen with metals and from 
this, fundamental understanding of hydrogen in metal hydrides 
has rapidly emerged. However, with the finding of hydrogen 
reversibility in NaAlH4 significant progress has also been made 
over the last two decades with complex hydrides.

Today, the “art” of material design for hydrogen storage is 
still based on this early understanding of the evolution of the 
hydrogen properties of metal hydrides upon their alloying. Ele-
ments are first selected for their capacity to bind large amounts 
of hydrogen and their properties modified by combining 
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Figure 32. Reversible hydrogen tanks. a) Possible geometry of the hydride tanks (planar/rec-
tangular, cylindrical) and hydrogen diffusion; b) Al-alloy hydrogen tank for NaAlH4. Reproduced 
with permission.[554] Copyright 2014, Elsevier Ltd.
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Table 5. Example of solid state hydrogen storage tanks designed.

Storage material Weight of storage 
material [kg]

Design Capacity of the 
tank [wt% H2]

Operation conditions Kinetics/cycles Purpose/limitations

Sodium alanate-based tank system

NaAlH4 doped with 2 mol% 

(TiCl3-0.3AlCl3) and 5 mol% carbon

8 Tubular reactor with 

porous sintered metal 

tube

3.7 Charging at 125 °C and 

10 MPa H2. Discharging at 

160–175 °C

80% of the 

capacity 

reached in 10 min

Large scale and stationary 

applications[551]

NaAlH4 doped with 4 mol% CeCl3 0.087 Hydride bed reactor 

with flow-thru mode

3.9 Charging at 130 °C and 

10 MPa H2. Discharging 

at 180 °C

– Investigation on operational 

principles[552]

NaAlH4 with Al and 10 wt% 

graphite
4 × 21.5 Modular system of 12 

tubular vessels

3.2 in 10 min Charging at 120–150 °C 

and 5.52-6.89 MPa H2.

40 cycles To be refueled in 10 min 

and to deliver H2 up to 

2.0 g s−1[430b]

NaAlH4 doped with 4 mol% TiCl3 2.7 Stainless steel tank with 

double wounded helical 

coil heat exchanger

2.24 Charging at 135 °C and 

10 MPa H2. Discharging at 

120–180 °C

– To couple with HT-PEM fuel 

cell. Poor thermal conduc-

tivity of the sodium alanate 

leads to low heat transfer[553]

Na3AlH6 doped with 4 mol% TiCl3 0.213 Al-alloy tank with 

bayonet heat exchanger

1.7 Charging at 2.5 MPa. Dis-

charging at 177–180 °C

10 cycles To develop and test 

lightweight Al-alloy storage 

tank[554]

Na3AlH6 doped with 4 mol% TiCl3, 

8 mol% Al and 8 mol% activated 

carbon

1.9 Al-alloy tank with corru-

gated heat exchanger

2.1 Charging at 160 °C and 

2.5 MPa H2. Discharging 

at 180 °C

31 cycles To develop the lightweight 

Al-tank[555]

NaAlH4 doped with 2 mol% 

(TiCl3-0.3AlCl3) and 5 mol% 

expanded graphite

4.4 Ti-alloy tube-and-shell 

system tank

4 Charging at 124 °C and 

10 MPa H2. Discharging at 

120–170 °C

33 cycles Slow hydrogen sorption 

because of the large 

diameter of tank[556]

Metal amide-based tank system

Mg(NH2)2–2LiH–0.07KOH with 

9 wt% ENG

0.098 – N/A Charging at 220 °C and 

8 MPa H2. Discharging at 

220 °C

Desorption dura-

tion of 79.5 min at 

0.6 L H2 min−1

To investigate influence 

of graphite content and 

compaction pressure on the 

desorption rate.[557]

LiNH2–MgH2–LiBH4 3 wt%

ZrCoH3 (in annulus)

LaNi4.3Al0.4Mn0.3 (in core)

0.6 Tubular reactor with two 

materials separated by a 

gas permeable layer

– Charging: 165–170 °C up 

to 0.17 MPa; discharging 

at constant and periodic 

H2 mass flow.

10% hydrogen 

desorption in 

30 min and full 

release in 1 h

To validate a model and 

study effects of the reactor 

concept on desorption 

performance.[558]

LaNi5-based materials

LaNi5 Concentric triple-tube 

tank.

– Hydrogen absorption 

at 3.5 MPa, and 20 °C. 

Desorption at 0.8 MPa, 

and 49 °C

The tank is fully 

charged with 

hydrogen after 

20 s.

Low-temperature hydrogen 

storage[559]

Ti-based hydrogen storage material

Alloy tank based on Ti–Cr–V–Mo 225 Multicylinder hydrogen-

absorbing alloy tanks 

(13 L)

2.5 – 75% of capacity 

reached in 5 min

For high-pressure hydrogen 

storage[560]

Alloy tank based on Ti–Cr–Mn 207 Multicylinder alloy tanks 2.5–3 – 60% of storage 

capacity reached in 

5 min

For high-pressure hydrogen 

storage.[560]

Ti25Cr50V20Mo5 225 Cylindrical tank 2.5 Hydrogen can be supplied 

at low temperature e.g., 

−30 °C.

72% of capacity 

reached in 5 min

For fuel cell vehicles[561]

Mg-based hydrogen storage material

MgH2 doped with 5 wt% TiF4 and 

activated carbon

Cylindrical tank tightly 

packed with four beds 

of MgH2–TiF4–AC 

(≈60.5 g)

4.4 Hydrogen absorption at 

250 °C and 1–1.5 MPa H2.

Hydrogen desorption at 

300 °C with H2 pressure of 

0.1 MPa.

– Gravimetric hydrogen 

capacity decreasing from 

4.46 wt to 3.42–3.62 wt% 

after 15 cycles[562]
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additional elements/compounds that may lead to interme-
diate hydrogen binding strengths toward room temperature 
sorption. The modification of the lattice parameters of the 
hydride or the addition of a catalyst are then used to speed-up 
the rate of hydrogen sorption. This approach has been central 
to the emergence of Ni–MH batteries,[439] getters, hydrogen 
sensors,[440] hydrides for hydrogen purification and compres-
sors,[441] and it remains highly relevant in the current context of 
energy storage for renewable energy. Indeed, many of the room 
temperature hydrides that have been discovered have the poten-
tial to effectively store renewable energy assuming that their 
properties can be adapted for this application. This includes the 
development of: i) advanced manufacturing methods to reduce 
production cost, ii) methods to improve the initial activation 
for hydrogen cycling, iii) a better understanding of the mate-
rials’ evolution upon repeated hydrogen cycles to ensure long 
cycling life (>20 000 cycles), iv) stable hydrogen capacity, resist-
ance to oxidation and hydrogen impurities, and v) facile reac-
tivation upon maintenance of the storage tank and associated 
valving system. The preparation methods of alloys by metallur-
gical synthesis, mechanical milling or high pressure torsions 

and cold rolling[184] can provide new paths to achieve an easy 
manufacturing process. Better control over the properties of 
high entropy alloys could also help in the design of alloys with 
higher hydrogen storage capacities, i.e., >2 mass%.[442]

From this basic understanding of the hydrogen behavior in 
metals, novel ideas have also appeared toward the design of new 
hydrogen storage materials mainly based on light elements and 
complex hydrides. This has been particularly facilitated by the 
emergence of more comprehensive mechanochemistry tools, 
the approach of chemical destabilization and more recently 
nanosizing. Destabilization has the potential to lead to new 
forms of hydrides with adequate properties, assuming that the 
adjustment of a particular hydride’s hydrogen storage proper-
ties is not done at the expense of the storage capacity. This loss 
of hydrogen storage capacity currently remains the main bar-
rier as the approach has demonstrated its potential on many 
hydrides and in particular the amide systems.[443] New ideas 
to achieve chemical destabilization without affecting the final 
hydrogen storage capacity also need to emerge as well as strate-
gies to maintain a long cycling life and avoid hydrogen uptake/
release alongside reaction paths.

Adv. Sustainable Syst. 2019, 1900043

Storage material Weight of storage 
material [kg]

Design Capacity of the 
tank [wt% H2]

Operation conditions Kinetics/cycles Purpose/limitations

MgH2 11.7 Cylindrical 316 stainless 

steel tank

6 Hydrogen absorption: 

starting from 90 °C with 

0.6 MPa H2.

Hydrogen desorption: 

from 370 °C with H2 pres-

sure of 0.1–0.3 MPa

50 cycles For cheap and high 

hydrogen storage capacity. 

Needs effective heat 

management[563]

Other alloy materials

Lm0.85Ca0.15Ni5 

(Lm: La-rich mischmetal)

4,3 Hydrogen tank using 

four shunted reactors, 

made of aluminum alloy 

tubes of 50 mm outer 

diameter and 3 mm wall 

thickness

– Equilibrium pressure 

controlled in the range of 

0.8–1.0 MPa at 25 °C

Full hydrogen 

release in 120 min

For electric bicycles[564]

Ti0.9Zr0.15Mn1.6Cr0.2V0.2 2.9 Hydrogen tank made 

of an aluminum alloy 

tube of 60 mm outer 

diameter and 3:6 mm 

wall thickness.

2.1 Desorption pressure 

0.7 MPa at 25 °C

90% hydrogen 

released in 60 min

For electric bicycles[564]

Lm1.06Ni4.96Al0.04 (Lm: La-rich 

mischmetal)

15 Horizontal vessel 

divided into compart-

ments by metal plates

– – Refueling time: 2 h 

with 2 MPa H2

For hydrogen storage on-

board city transit bus[565]

Fe0.9Mn0.1Ti – Horizontal vessel 

divided into compart-

ments by metal plates

– 50% loading at 50 °C and 

0.75 MPa H2

90% full in 60 min For a commercial John 

Deere Gator utility 

vehicle[565]

MmNi5 metal hydride alloy 85 Horizontal tank – Hydrogen absorption 

1.5–2.5 MPa

Hydrogen desorption 

0.5–1 MPa

Absorption rate of 

11.8 NL min−1

Desorption rate of 

8.1 NL min−1

[566]

Li–Mg–N–H system Cylindrical tank with 

heating and cooling 

jacket

2.45 Hydrogen filling pressure 

6.7 MPa.

Hydrogen release pressure 

0.15 MPa

Maximum filling 

time 15 min. 

70% of hydrogen 

released at 160

°C in 1 h

Integrated with 

HT-PEM fuel cell.[567]

Table 5. Continued.
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Depending on the hydride of interest, a known approach 
cannot simply be translated to another hydride to improve its 
hydrogen storage properties, and this remains one of the major 
difficulties in the field. To date, there are no general rules that 
can be used to unify the behavior of hydride materials. Even, 
within a single family, e.g., borohydrides, different hydrogen 
behaviors are observed. Such diversity significantly hinders the 
translation of concepts from one system to the other, and this 
currently limits progress. In particular, light complex hydrides, 
at the basis of future applications including vehicles, require 
the development of a new fundamental understanding to grasp 
this complexity. New thinking along the control of ionic trans-
port in complex hydrides is needed in addition to effective 
concepts to release/absorb hydrogen along predetermined ther-
modynamic paths. Understanding of the hydrogen interaction 
in ionic hydrides and the stabilization of “active” forms of light 
elements resulting from the decomposition of the complex 
hydrides is also needed to achieve low temperature hydrogen 
sorption.

The approach of nanosizing could potentially help to 
establish general rules since the behavior of hydrides at the 
nanoscale seems to be more consistent. Through a nanosizing 
approach both the thermodynamics and kinetics of hydrides 
can be modified at the same time and this offers new oppor-
tunities to effectively design hydrogen storage materials. How-
ever, one of the challenges is in the synthesis and accurate 
characterization of the properties of nanosized hydrides with 
respect to hydrogen. Current synthetic methods are not well 
established in particular in the making of nanosized hydrides 
stable upon successive hydrogen cycles, although some pro-
gress has been made over the last few years.[126b,186] Precise 
control in the synthetic approach is often overlooked, but this 
is a prerequisite for the exact determination of the behavior 
of hydrogen in the nanostructures without additional artefacts 
due to the oxidation, degradation, and partial reaction of the 
confined hydride within the host material. Beyond this, the 
effective hydrogen storage capacity achievable by the nano-
sizing approach is also limited because of the dead mass of the 
mesoporous host material nanoconfining the hydrides. As dis-
cussed above, this is currently a recurring problem that must 
be tackled through radical concepts. In this respect, theoret-
ical modeling can significantly help but alternative methods 
to run more complex calculations to determine enthalpy and 
entropy evolutions across length scales as well as ways to take 
into account the chemical environment of the hydrides must 
emerge.

New thinking is also needed in the way hydrogen is 
loaded and unloaded in materials. Currently, the preferred 
method relies on variations in hydrogen pressure and tem-
perature to shift the equilibrium plateau to the required 
pressure. This not only complicates the implementation of 
materials in tanks but also brings additional engineering 
challenges for the heat management of the hydride bed 
to ensure reasonable charging/discharging times. If alter-
native methods could be developed where the loading/
unloading of hydrogen in the hydride bed proceeded 
without significant heat evolution, tank engineering would 
be simplified and hydrogen storage capacities at the system 
level improved. We have started to work on alternatives 

where the plasmonic effect of Au can be used to locally con-
trol the release of hydrogen.[38,444] Although this solution 
is not viable for large solid state storage tanks, it may pro-
vide a path for a simpler design of small, portable and light 
hydrogen storage devices.

To date, the early vision of a hydrogen economy is more 
than ever pertinent. Enabling the use of hydrogen as the uni-
versal energy vector will be disruptive but also benefit society 
from multiple perspectives including new means for many 
to locally access energy. Technologies for water electrolysis 
and fuel cells are market ready and further reduction in cost 
will accelerate their uptake. Hydrogen vehicles are now a 
commercial reality, and this coupled with the sharp price fall 
of solar panels are undoubtedly the first enablers of a transi-
tion to the hydrogen economy. The challenge for the scien-
tific community is to facilitate this transition by accelerating 
the pace of thinking along the behavior of hydrogen in mate-
rials, in particular those composed of light elements, and 
by unlocking creativity in the design of new strategies and 
approaches to synthesize, control and engineer hydrogen 
storage materials.
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