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· Physical and chemical properties of light metal hydrides are discussed. 

· Research advances in nanostructured light metal hydrides are summarized. 

· Breakthroughs in nanoscaled MgH2 and LiBH4 are highlighted. 

· Challenges and the future research directions are discussed. 
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Nomenclature  RF Radio frequency 
   CNFs Carbon nanofibers 
Symbols  MgBu2 Dibutylmagnesium 
   rGO Reduced graphene oxide 
ΔG Gibbs free energy  NCs Nanocrystals 
T Temperature  NPs Nanoparticles 
Peq  Plateau pressure  PMMA Poly(methyl methacrylate) 
ΔH Changes in enthalpy  CNFox Surface–oxidized carbon nanofiber 
ΔS  Changes in entropy  GNs Graphene nanosheets 
R Gas constant  MC Mesoporous carbon 
Ea Activation energy  MOFs Metal–organic framework 
ΔfH0  Standard formation enthalpy  AC Activated carbon 
χp  Pauling electronegativity  B2H6 Diborane 
   CNC Carbon nanocages 
Abbreviations  MCHSs Mesoporous carbon hollow spheres 
   DLCB Double-layered carbon bowl 
PCIs Pressure–composition isotherms  MTBE Methyl tert–butyl ether 
THF Tetrahydrofuran  TGA Thermogravimetric analysis 
HPMR Hydrogen plasma–metal reaction  FFT Fast Fourier transform 
HCVD  Hydriding chemical vapor deposition  BMAS Ball milling with aerosol spraying 

 

Abstract 

Hydrogen can play an important role in the development of a sustainable energy 

system. However, storing hydrogen in a safe, efficient and economical manner remains 

a huge challenge. Light metal hydrides have attracted considerable attention for 

hydrogen storage owing to their high gravimetric and volumetric hydrogen densities. 

However, the strong covalent and/or ionic bonds between metal atoms and hydrogen 

result in slow kinetics, poor reversibility, and temperatures too high for 

dehydrogenation, hence delaying their practical large–scale applications. Considerable 

efforts have been toward tailoring the thermodynamic and kinetic properties of light 

metal hydride–based hydrogen storage materials for performance improvement, with 

the fabrication of nanoscale particles being a key and effective strategy. This review 
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covers the preparation methods and hydrogen storage performance of nanostructured 

light metal hydrides. The physical and chemical properties and hydrogen storage 

behaviors of reversible light metal hydrides are first summarized, including MgH2, 

borohydrides, aluminum hydrides, amide–hydride systems, and hydride composites. 

The second section focuses on the research progress in nanostructuring for enhancing 

the reversible hydrogen storage properties of these hydrides. Finally, the main 

challenges and the future research prospects are discussed. The combination of 

nanostructuring and nanocatalysis can significantly enhance the performance of these 

hydrides and make them practical hydrogen carriers. 

 

Keywords: energy storage; hydrogen; metal hydrides; nanostructures; thermodynamics; 

kinetics 

 

1. Introduction 

Renewable energy with net-zero emissions is highly desirable for a clean and 

sustainable society [1–8]. Hydrogen, the lightest element in the universe, has the highest 

chemical energy density in mass (142 MJ·kg−1) among all the common fuels [1], 

consequently attracting intense interests as an ideal energy carrier. Moreover, hydrogen 

is abundant on Earth typically in combination with O and C, and it is pollution-free 

when used as a power fuel. However, hydrogen gas at ambient condition has an 

extremely low volumetric energy density, making its safe, efficient, and economical 

storage a significant challenge [9,10]. 
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Compression and liquefaction have been widely employed to store hydrogen [11–

13], but they have high energy costs and the volumetric density is still low. A more 

viable approach is hydride-based solid state hydrogen storage, which originates from 

the fact that some metals and alloys can reversibly react with hydrogen [14–16]. 

Hydride formation provides an important safety advantage over pressurized gas and 

liquid hydrogen storage methods since gas leakage is no longer a concern. Ideal 

hydrides should reversibly store enough hydrogen (> 6.5 wt.% H) at moderate 

conditions (≤ 80 °C) for on–board applications [17]. To address these requirements, a 

variety of hydrides have been explored, particularly interstitial metal hydrides and light 

metal hydrides [18–21]. Most interstitial metal hydrides store hydrogen atoms in their 

lattice interstitial sites via metallic bonding, which readily proceeds at moderate 

temperatures and pressures, but offer a significantly limited hydrogen capacity (< 3 wt.% 

H) owing to their primarily heavy transition metal (e.g., Ti, Zr, V, Cr, Mn, Fe, Co, and 

Ni) or rare earth metal (e.g., La, Ce, Pr, Nd, etc.) composition [22]. Concerning the 

gravimetric density of stored hydrogen, light metal hydrides have a reasonable 

probability of fulfilling the practical requirements, including binary hydrides such as 

MgH2 and complex hydrides such as alanates, borohydrides, amides/imides 

[10,15,18,19,23,24]. Fig. 1 summarizes and compares their theoretical hydrogen 

capacities. They are typically higher than 7.0 wt.% H2. However, the high 

thermodynamic stability and kinetic barriers of these materials require high 

temperatures and pressures, making hydrogen cycling impractical for mobile 

applications. In the last two decades, studies have focused on customizing the 
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thermodynamics and kinetics of the hydrogen storage reactions of light metal hydrides. 

In this review, the recent research progress in light metal hydrides for reversible 

hydrogen storage is summarized with a focus on nanostructuring. It is begun with a 

brief introduction to the hydriding mechanism of light metals, particularly the reaction 

thermodynamics and kinetics. And then, the synthesis, hydrogen storage behaviors, and 

mechanisms of nanostructured light metal hydrides are examined. Finally, the 

upcoming challenges are discussed and the ideas on future research strategies are 

conveyed. 

 
Fig. 1. Theoretical hydrogen capacities of light metal hydrides for reversible hydrogen 
storage. 

 

2. Hydriding/dehydriding mechanisms of light metal hydrides 

The hydrogen storage performance of materials is strongly related to their physical 

and chemical properties, particularly the thermodynamic and kinetic properties [25]. 

Fig. 2 illustrates schematically the hydrogen storage process of a material and the 
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corresponding energy change. In general, the hydriding process includes molecular H2 

adsorption, molecular H2 dissociation to atomic H, atomic H absorption, bulk diffusion, 

and M–H bonding (Fig. 2a) [1,13], whereas dehydriding occurs through a reverse 

process commencing with the breaking of M–H bonds. Such a process must overcome 

a range of activation energy barriers, as depicted by the Lennard–Jones potential energy 

curve (Fig. 2b) [1,25,26]. Specifically, molecular H2 dissociation can occur only when 

the energy input exceeds the activation energy. This is not a concern for interstitial metal 

hydrides, because they mainly comprise 3d transition metals with high catalytic activity. 

However, for light metal hydrides, this is critical because of their low reactivity toward 

H2 owing to the lack of d–electrons in light metals, resulting in harsh conditions, such 

as high temperatures and pressures, for hydriding and dehydriding. Typically, the 

reported formation temperature of LiBH4 from LiH and B is 600 °C under 350 bar H2 

or 700 °C under 150 bar H2, and the LiBH4 dehydriding temperature exceeds 400 °C 

[27,28]. Therefore, it is critical to minimize the activation energy barriers for hydriding 

and dehydriding. 

 
Fig. 2. (a) Schematic hydrogen storage process of a material (green: H2, gray: Metal). 
Adapted with permission from ref. [1], (b) Lennard–Jones potential energy curve for 
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hydrogen binding to a metal. Adapted with permission from ref. [1,25,26,30], (c) 
Typical van’t Hoff plot for the calculation of enthalpy and entropy changes of a 
hydrogen desorption reaction. Adapted with permission from ref. [1,30]. 

 

The primary thermodynamic driving force for the hydriding reaction is the Gibbs 

free energy (ΔG) at certain temperatures and pressures. The hydriding reaction for 

reversible hydrides is typically exothermic (releasing heat), whereas the dehydriding 

reaction is endothermic (requiring heat) [29]. The difference in the internal energy 

between the initial and hydride states is directly proportional to the heat released during 

hydriding, which is reasonably related to the bond energy of H–X (X = metal or non–

metal atom) in the system [26]. In stark contrast to interstitial hydrides, hydrogen is 

ionically or covalently bound to metals such as in MgH2 and alanates or non-metals 

such as borohydrides and amides/imides in the light metal hydrides [10]. Strong 

chemical bonds induce the high temperatures necessary for releasing hydrogen. The 

hydriding and dehydriding processes can be thermodynamically studied by analyzing 

the pressure–composition isotherms (PCIs) at various temperatures (Fig. 2c) [1,29,30]. 

The van’t Hoff equation relates the plateau pressure (Peq) to the changes in enthalpy 

(ΔH) and entropy (ΔS) of the hydriding reaction at a given temperature (T) [15,29]. 

ln eq
H SP

RT R
∆ ∆

= −                                   (1) 

where, R represents the gas constant. Thus, plotting lnPeq vs. 1/T results in a straight 

line with a slope of ΔH/R and an intercept of –ΔS/R. For Peq = 1 atm, the desorption 

temperature can be determined as follows: 

HT
S

∆
=
∆

                                          (2) 
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The entropy change (ΔS) of the hydrogen storage reaction primarily originates from the 

generation and disappearance of dihydrogen molecules, which equals approximately 

130 J·K−1·mol−1 H2 for metal–hydrogen systems [9,30]. Theoretically, MgH2 

dehydriding (ΔH ≈ 76 kJ·mol−1 H2) requires a temperature as high as 311 °C at 1 atm 

of equilibrium pressure, which surpasses the limit for practical applications. From a 

thermodynamic perspective, weakening of the M–H bond is particularly useful for 

reducing dehydriding temperatures. 

 

3. Nanoengineering to tailor thermodynamics and kinetics 

In general, a practical hydrogen storage material should operate at or near ambient 

conditions, specifically 1–10 atm and 0–100 °C [29]. However, owing to their high 

thermodynamic stability and kinetic barriers, light metal hydrides often desorb 

hydrogen at high temperatures and absorb hydrogen at high pressures, which are 

unsuitable for practical applications. Thus, developing effective approaches to balance 

thermodynamic and kinetic improvements against high hydrogen capacity targets is a 

key challenge [5]. This problem can be mitigated in part by decreasing the particle sizes. 

The thermodynamics and kinetics of hydrogen adsorption, diffusion, and bonding are 

improved by nanosizing [6,31–34]. Particle size reduction enhances surface-to-volume 

ratios and decreases diffusion lengths of mass, charge, and heat, yielding a variety of 

intriguing physical and chemical properties [35]. As a result, numerous studies have 

been conducted on nanostructured light metal hydrides, including MgH2, NaAlH4, 

LiBH4, Mg(BH4)2, and metal–N–H (M–N–H), to improve the reversible hydrogen 
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storage properties. These studies are summarized in the following sections. 

3.1 Nanostructured Mg/MgH2 

MgH2, having 7.6% of H content (in mass ratio) and 110 kg·H·m−3 of volumetric 

density, has been extensively studied as a promising hydrogen storage candidate 

[16,36]. More importantly, Mg is the eighth most abundant element in the Earth’s crust, 

with 23% of abundance, and therefore, inexpensive [37]. Unlike LiH and NaH, which 

are treated as ionic hydrides, MgH2 was found to bear both ionic and covalent bonds 

with a charge distribution of Mg+1.91H–0.26 [38]. Considerable theoretical calculations 

have been carried out to explore the size effects on the thermodynamic stability of 

MgH2 [39–47]. An early study predicted a 15% reduction in the formation enthalpy for 

~3–nm sized MgH2 particles owing to the large surface effect (surface atoms: >50%) 

[39]. Chenug et al. indicated a change in the formation heat of MgH2 from –79 kJ mol–

1 to –67 kJ mol–1 of H2 when the particle size was reduced from 2 nm to 0.6 nm [40]. 

In particular, a desorption enthalpy of 37.55 kJ mol–1 of H2 for MgH2 nanowires with 

~1 nm in diameter was predicted, which is only half of the bulk (74 kJ mol–1 of H2) 

[41]. The desorption temperature of 0.63 nm MgH2 nanowire was reduced by 164 ºC 

with respect to the bulk counterpart [42]. Similarly, the decomposition temperature of 

MgH2 thin film was theoretically determined to be lower than 100 ºC when its thickness 

was reduced to 1 nm [43]. Furthermore, a 1.3–nm critical size was predicated to achieve 

a significant decrease in the hydrogen desorption energy of MgH2 [44]. For MgnH2n 

nanoclusters, the average dehydriding temperature was calculated to be ~200 ºC when 

n ≤ 8, 100 ºC lower than that of the bulk MgH2 [45]. Also, a linear behavior in adsorbing 
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the H2 molecules and the binding energy values was recently demonstrated for the 

nanoparticle clusters of MgH2 [46]. With increasing the adsorbing H2 molecules from 

1 to 6, the binding energy per H2 molecule decreased uniformly from 0.15 to 0.12 eV. 

All these results unambiguously indicate that both Mg and MgH2 become much more 

unstable with decreasing size, especially below 1 nm [47]. However, the preparation of 

small nanoparticles for MgH2 or Mg is challenging. Table 1 summarizes the synthesis 

processes and hydrogen storage properties of nanostructured MgH2/Mg. 

3.1.1 Synthesis methods and hydrogen storage properties of freestanding MgH2/Mg 

nanostructures  

Mechanical milling is the most frequently employed technique to decrease MgH2 and 

Mg particle sizes. The sample powders are placed into a milling jar with milling balls 

and then sealed. The mechanical milling operations are conducted on a planetary ball 

mill or a vibration ball mill. In 1999, Zaluska et al. demonstrated the effectiveness of 

ball milling in improving the hydrogen storage properties of MgH2 [50]. Schulz et al. 

reported a 10-times increase in the MgH2 specific surface area after 20 h of milling 

using the SPEX 8000 apparatus [51]. The desorption activation energy decreased from 

156 to 120 kJ·mol−1, enabling significant desorption at 300 °C for the milled sample, 

whereas no desorption was observed for the pristine sample. Unfortunately, mechanical 

milling cannot produce particles below 100 nm in size. This limitation is mainly 

attributed to the continuous fracturing, agglomeration, and cold-welding during ball 

milling [52].  

Moreover, the collision force during mechanical milling is of the order of 
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gigapascals, which can initiate chemical reactions and produce ultrafine nanoparticles 

via mechanochemical synthesis [53]. Paskevicius et al. obtained MgH2 nanoparticles 

below 7 nm in size by mechanically milling an LiH–MgCl2 mixture in a 2:1 molar ratio, 

and the following metathesis reaction occurred owing to favorable thermodynamics 

(ΔG ≈ –75.06 kJ·mol−1) [54]. 

2 22 2LiH MgCl MgH LiCl+ → +                             (3) 

The resultant MgH2 nanoparticles exhibited a 2.84–kJ·mol–1 H2 decrease in the 

decomposition enthalpy change, which is responsible for the 6 °C reduction in the 

desorption temperature operating at a 1–atm equilibrium pressure. On introducing 

graphene nanosheets as a support, Zhang et al. obtained well-dispersed ~3–nm MgH2 

nanoparticles, which displayed a 255 °C of onset dehydrogenation temperature and 

released 5.1 wt.% H in 20 min at 325 °C [55]. Notably, Zhang et al. reported a unique 

ultrasound-driven liquid–solid reaction (3) to fabricate freestanding ultrafine MgH2 

nanoparticles [56]. Using THF as the reaction medium, reaction (3) was readily initiated 

using ultrasound at 30 ºC. The turbulence and microstreaming arising from ultrasonic 

wave exposures enhanced reactant collisions and simultaneously deterred excess 

crystal growth, which facilitated ultrafine particles formation. In addition, the produced 

MgH2 did not react with THF but was surrounded by it, which disrupted the 

agglomeration. The high solubility of LiCl in THF and the higher density of MgH2 (1.45 

g·cm−3) than that of THF (0.89 g·cm−3) eventually induced the precipitation of as-

formed MgH2 from the solution. Fig. 3 shows the morphology and hydrogen storage 

properties of the final products. The resultant MgH2 comprises monodispersed 
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nanoparticles with diameters of 4–5 nm diameter, featuring reversible hydrogen storage 

with a 6.7 wt.% capacity at 30 °C and 50 atm H2. This was the first experiment 

observing that MgH2 can desorb hydrogen at ambient temperature, albeit with very 

sluggish kinetics, thus making MgH2 usable as a potential hydrogen storage medium. 

Moreover, a 10–nm critical size is required to simultaneously tailor the thermodynamics 

and kinetics of hydrogen storage in MgH2. 

 

Fig. 3. Morphology and hydrogen storage properties of non-confined ultrafine MgH2. 
(a) SEM image, (b) TEM image, (c) SAED pattern, (d–e) HRTEM images, (f) TPD, (g) 
isothermal dehydrogenation, and (h) isothermal hydrogenation. Reprinted with 
permission from ref. [56]. 

 

MgH2 nanoparticles were also produced using the thermal decomposition of 

Grignard reagents, which exhibit a strong dependence of morphology and hydrogen 

storage properties on the precursors and reaction conditions. In 1952, Wiberg and Bauer 

first demonstrated the MgH2 preparation from diethylmagnesium pyrolysis under high 

vacuum [57]. Subsequently, Becker and Ashby synthesized MgH2 by hydrogenolysis 
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of Grignard reagents as described as follows [58]: 

2 2 22 2 2  RMgX H RH MgX MgH+ → + +                   (4) 

Where X is a halide. In 2012, Setijadi et al. studied the possibility of generating MgH2 

nanoparticles using Grignard reagents [59]. Fig. 4 displays the TEM images, desorption 

curves and XRD patterns of the hydrogenolysis products. It was observed that di-n-

butylmagnesium produced ~30–nm MgH2 nanoparticles, which released hydrogen 

without any catalyst within 2 h at 250 °C. Hexagonal Mg nanoparticles were 

synthesized by chemically reducing ethyl magnesium chloride and methyl magnesium 

chloride, n–butyl magnesium chloride, and phenyl magnesium chloride with lithium 

naphthalide in anhydrous THF under Ar [60]. MgH2 nanoparticles exhibiting different 

morphologies and sizes were also obtained using liquid–phase thermal decomposition 

of Grignard compounds such as diethylmagnesium, dipropylmagnesium, 

diisopropylmagnesium, di–n–butylmagnesium, di–tert–butylmagnesium, and 

dihexylmagnesium, which adopted spherical shapes, hexagonal structurs,e or nano–

tubes/rods [61]. More importantly, the nanostructured MgH2 synthesized from di–tert–

butylmagnesium precursor could release hydrogen at 100 °C, indicating its potential 

for mobile hydrogen storage applications.  
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Fig. 4. TEM images of the materials obtained via hydrogenolysis of (a–d) the Grignard 
reagents. (e) Hydrogen desorption kinetics of H2–TertbutylMgCl and H2–DibutylMg 
measured under isothermal conditions and at a pressure of 0.1 bar. (f) XRD patterns of 
H2–DibutylMg after hydrogen absorption and desorption. Reprinted with permission 
from ref. [59]. 

 

Nanostructured Mg was successfully synthesized by reducing magnesium precursors 

in organic solutions with alkali or alkaline earth metals (Li, Na, K, Ca, etc.) as reducing 

agents in the presence of electron carriers (e.g., naphthalene and phenanthrene). 

Norberg et al. prepared 25–38 nm magnesium nanocrystals by chemically reducing 

magnesia using potassium and aromatics as reducing agents [62]. The H2 absorption 

rates of the 25–nm particles were more than seven times higher than those of the 38–

nm particles. Similarly, Liu et al. obtained 8–nm Mg particles by the lithium–assisted 

reduction of di–n–butylmagnesium in the presence of naphthalene as an electron carrier 

[63]. This material was observed to absorb hydrogen at temperatures below 150 °C. 

Thermodynamically, the enthalpy and entropy changes were decreased to 63.5 ± 1.8 
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kJ·mol−1 H2 and 118.4 ± 3.1 J·K−1·mol−1 H2, respectively, demonstrating remarkable 

thermodynamic alterations. Mg particle morphology can be modified by regulating the 

reaction medium. For example, well–defined Mg nanofibers having 0.4–4 µm length 

and 40–nm width were obtained by the direct reduction of dibutylmagnesium with 

calcium [64]. The Mg nanofibers exhibited fast absorption kinetics at both 300 and 

350 °C (> 90% hydrogen absorption in 20 min), with a slightly lower enthalpy change 

compared with bulk Mg. 

Physical and chemical vapor deposition techniques, such as hydrogen plasma-

metal reaction (HPMR), pulsed laser deposition, and magnetron sputtering, are 

typically utilized to prepare 1D and 2D nanostructures of Mg/MgH2. In 2007, Li et al. 

prepared Mg nanowires with the diameters of 30–50 nm, 80–100 nm, and 150–170 nm 

using the vapor–transport method, which remarkably enhanced the hydrogen 

absorption/desorption kinetics [65]. Fig. 5 compares their TEM images and 

hydrogenation/dehydrogenation performance. The 30–50 nm nanowires absorbed 2.93 

wt.% hydrogen at 100 °C within 30 min, and hydrogen uptake increased to 7.6 wt.% at 

300 °C within 30 min. During desorption, approximately 3.28 wt.% H was liberated 

from the 30–50 nm sample within 30 min at 200 °C, much rapidly than the 150–170 

nm sample, which released only 0.5 wt.% H under the same conditions. Therefore, 

thinner Mg/MgH2 nanowires are assumed to possess a significantly lower desorption 

energy than thicker nanowires or bulk Mg/MgH2. Zhu et al. reported MgH2 nanofiber 

synthesis via hydriding chemical vapor deposition (HCVD) and observed a strong 

dependence of the product shape, size, and purity on the experimental conditions 



17 
 

[66,67]. Their studies revealed the shape-controlled growth mechanism of MgH2/Mg 

nanostructures, which can aid mass production for hydrogen storage applications.  

 
Fig. 5. Mg nanowires with different diameters were obtained at different Ar flow rates: 
200 cm3 min–1 for sample 1, 300 cm3 min–1 for sample 2, and 400 cm3 min–1 for sample 
3. SEM images of the Mg nanowires: (a–b) sample 1, (c–d) sample 2, and (e–f) sample 
3. (g–h) TEM and (i) HRTEM images of sample 1 with the corresponding fast Fourier 
transform (FFT) pattern (inset). (j–k) Hydrogen absorption and hydrogen desorption of 
the Mg nanowires (sample 1, triangle; sample 2, circle; sample 3, square). Reprinted 
with permission from ref. [65]. 

 

Moreover, nanostructured Mg/MgH2 thin films have been widely studied as model 

systems for understanding hydrogen sorption kinetics [68,69]. It is facile to control thin 

film crystal structures, such as amorphous structure, nanocrystalline, and columnar 

structures. Consequently, thin films are more suitable than other nanostructures for 

studying the influence of thickness, microstructure, and surface state on hydrogen 

absorption/desorption [70]. In 2002, Léon et al. successfully prepared 30–μm thick Mg 
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thin films using thermal evaporation deposition, which evidently exhibited a columnar 

structure and absorbed hydrogen at 350 °C under 10 atm H2 [71]. Furthermore, they 

observed that the [002]–direction Mg films exhibited significantly faster 

absorption/desorption kinetics [72]. In particular, the hydrogen sorption kinetics of Mg 

films prepared using an electron beam source under a high vacuum was nearly twice as 

fast compared with those obtained using resistive heating under low vacuum. Barawi 

et al. studied the influence of the initial thickness and substrate on the hydrogen 

absorption/desorption process in Mg films [70]. Compared with bulk MgH2, films with 

thicknesses <150 nm exhibited slightly reduced temperatures for complete hydriding 

and dehydriding. Shimizu et al. recently reported the epitaxial growth process of single–

phase MgH2 thin films on MgO(100) substrates using reactive magnetron sputtering 

[73]; MgH2 decomposition was observed when the substrate temperatures exceeded 

100 °C. Using the same approach, they obtained MgH2(100) and MgH2(001) epitaxial 

thin films on Al2O3(001) and MgF2(001) substrates, respectively. These findings 

indicate the possibility of adjusting the thermodynamics and kinetics of hydrogen 

storage by MgH2 epitaxial thin films. 

To obtain enhanced hydrogen sorption properties, other studies have focused on 

Pd–capped Mg films because the Pd layer serves not only as a protective layer against 

Mg oxidation but also as a catalyst for hydriding/dehydriding. In 1990, Krozer et al. 

prepared 7.5-nm thick Pd film-coated Mg thin films (380–800 nm) through ultrahigh 

vacuum evaporation deposition [74]. These Pd/Mg films allowed hydrogen sorption 

within the pressure range of 0.01–0.6 Torr, i.e., at 105 times lower pressure than bulk 
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Mg and within the temperature range of 17–97 °C. The enthalpy changes of hydride 

formation and decomposition were determined to be 60.7 ± 6.3 kJ·mol−1 H2 and 71 ± 

4.2 kJ·mol−1 H2, respectively. Similarly, Higuchi et al. observed the absorption of 2.9–

6.6 wt.% H at 100 °C using Pd (25 nm) –capped Mg (200 nm) films prepared by radio 

frequency (RF) sputtering on glass substrates under various sputtering conditions [75]. 

The hydrogenated films accomplished dehydrogenation at temperatures above 190 °C. 

A significant reduction in hydrogen sorption temperature from 397 to 202 °C was 

demonstrated for the Pd–capped Mg thin films prepared using plasma sputter and 

pulsed laser deposition [76]. Two distinct types of films absorbed 4–7.5 wt.% H at 

~197 °C between 2.5–10 atm H2. However, the hydrogen capacity rapidly decreased 

within only a few of cycles, possibly owing to the partial delamination of the topmost 

Pd layer. The three–layered Pd/Mg/Pd films desorbed hydrogen at ~187 °C, but the 

hydrogen capacity decreased to 5 wt.% [77]. Notably, Pd–Mg–Pd thin films prepared 

via magnetron sputtering could absorb hydrogen even at room temperature [78]. The 

cooperative effect of the double Pd layer was responsible for the improved absorption 

and desorption properties. Furthermore, multilayer films, such as Pd/MgAl/Mg/Pd, 

Pd/Mg/Ni/Pd, Pd/Mg/Mg2Ni/Pd, Pd/Ni/Mg/Pd, and Pd/Ti/Mg/Ti, were also prepared 

and evaluated [79–83]. Here, the interlayer served as a catalyst and blocking layer, 

facilitating hydrogenation properties, providing additional diffusion pathways, and 

preventing Mg–Pd intermetallic phase formation. A similar phenomenon was also 

observed in the Cr– and V–interlayers–comprising Pd/Mg/Pd films [84]. 

Although the Pd–capped Mg films exhibited the best hydrogen sorption kinetics, 
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the high economic cost of Pd hinders its scalability. To mitigate this issue, Zhu’s group 

studied a series of Mg/(rare earth alloy) multilayer films and demonstrated that the 

Mg/Mm–Ni multilayer allowed hydrogen absorption commencing at 100 °C and 

desorption at 200 °C [85–88]. The improved hydrogen storage properties were 

primarily attributed to the catalytic role of Nd(La)Ni3 in the Mm–Ni layer and Mg2Ni 

phases [87]. Other metals, including Mn– and Cu–capped Mg films, have been studied 

and reported [89–91]. Notably, the Mg phase in the Mg/Cu multilayer films could be 

completely converted into MgH2 below 200 °C [91]. Recently, a new Mg/polymer thin 

film system demonstrated promising hydrogen sorption properties at low temperatures 

(< 150 °C) with high air stability [92]. However, the presence of polymers significantly 

reduced the hydrogen storage capacity of the film [93], which is unfavorable for 

practical applications. 

3.1.2 Synthesis methods and hydrogen storage properties of nanoconfined and 

supported MgH2/Mg 

Generally, isolated Mg nanoparticles tend to agglomerate during cycling. Moreover, 

the cost- and energy–efficient production of large quantities of nanostructured materials 

remains challenging [16]. Confining nanoparticles within a scaffold is a feasible 

strategy to maintain stability and prevent agglomeration and sintering during cycling 

[31]. Porous materials, including ordered mesoporous silicas, metal organic 

frameworks, and porous carbon materials, have been extensively utilized as scaffolds 

to confine MgH2 [94–100]. For instance, de Jongh et al. successfully prepared 2–5 nm 

Mg nanoparticles by infiltrating nanoporous carbon with molten Mg [101]. The 
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resultant sample exhibited a 15 wt.% loading of Mg on carbon with a good air stability 

because the majority of Mg remained unoxidized after preparation. Similar results were 

observed by infiltrating the carbon aerogel using the dibutylmagnesium (MgBu2) 

precursor solution [99]. MgH2 was obtained by further hydrogenation of the 

incorporated MgBu2. The dehydrogenation kinetics of the incorporated MgH2 

nanoparticles was more than 5 times faster than that of ball–milled MgH2, which 

remained constant over four cycles. Furthermore, Nielsen et al. reported a strong 

dependence of hydrogen sorption kinetics on the pore size distribution of scaffold 

materials [96]. When confining MgH2 into 5–10 nm SBA–15 ordered mesoporous 

silicas using solution impregnation followed by freeze drying and hydrogenation 

treatment, the desorption temperature decreased by 146 and 65 °C relative to that of 

bulk MgH2 and nanoparticles without confinement, respectively [94]. Au et al. further 

confirmed the findings by fabricating 6–20 nm carbon aerogels-supported MgH2 

nanoparticles and demonstrated the size dependence of the hydrogen mobility and 

sorption kinetics [98]. The lowest desorption peak temperature (~275 °C) was observed 

for the 6–nm sample, which was reduced by ~145 °C compared with bulk MgH2. Also, 

Zhao-Karger et al. reported that the nanoconfined MgH2 nanoparticles having diameters 

between 0.7 and 1 nm offered a 52 and 22–kJ·mol−1 reduction in the activation barrier 

compared with those of the bulk and the ball milled MgH2, respectively [103]. Jia et al. 

successfully realized low temperature hydrogen release at 50 °C by utilizing a high 

surface area ordered mesoporous carbon scaffold (CMK–3)–confined MgH2 system 

with 37.5 wt.% loading efficiency [103]. Furthermore, they significantly increased the 
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hydrogen storage capacity and kinetics by functionalizing the ordered mesoporous 

carbon scaffolds using N doping or Ni decoration. The major desorption peak shifted 

from 430 to 350 °C for the N–doped sample [104]. Recently, Ma et al. synthesized a 

novel CoS nanobox–confined MgH2 wherein MgH2 particles were controlled between 

5 and 10 nm in size [105]. Their morphology, component and hydrogen storage 

performance are shown in Fig. 6. The nanosizing effects, catalysis effects, and 

multifunctional role of the CoS scaffold are assumed to synergistically contribute to the 

remarkable reduction in the activation energy (Ea) to 57.4 ± 2.2 and 120.8 ± 3.2 

kJ·mol−1 for hydrogen absorption and desorption, respectively. At 200 °C, the reversible 

hydrogen capacity was determined to be 2.98 wt.%, significantly lower than the 

theoretical value for pristine MgH2. The limitation of nanoconfinement is the massive 

decrease in the practically usable hydrogen capacity of entire systems owing to the dead 

weight of scaffold materials and the low loading efficiency. 
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Fig. 6. (a) Typical bright field TEM image, (b–c) HAADF image and the corresponding 
SAED patterns, (d–e) HRTEM micrographs, (f–i) the corresponding elemental 
mapping of HRTEM micrographs, (j–k) isothermal hydrogenation and 
dehydrogenation for the MgH2@CoS–NBs composite. Reprinted with permission from 
ref. [105]. 

 

When considering the practical hydrogen capacity, graphene should be utilized as 

an optimal support because of its light weight, large specific surface area, and stable 

thermal properties owing to a single layer of carbon atoms. This conjecture was 

supported by Xia et al., who demonstrated that monodispersed Mg nanoparticles 

uniformly self-assembled on graphene [106]. Fig. 7 presents the morphology and 
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hydrogen storage properties of the resultant Mg nanoparticles. Graphene–supported 

MgH2 nanoparticles were fabricated through di–butylmagnesium hydrogenolysis in 

cyclohexane at 200 °C. The average particle diameter of MgH2 was determined to be 

~5.7 nm and the loading amount was dramatically increased to 75 wt.% with 5.7 wt.% 

of practical hydrogen capacity. Specifically, the desorption peak temperature was 

reduced to 247 °C, which was 121 °C lower than that of bulk MgH2. Introducing the Ni 

catalyst further decreased the desorption peak temperature to ~201 °C with 5.4 wt.% of 

practical hydrogen capacity. The significant improvement primarily originated from the 

synergistic effects of nanostructuring and catalytic activity of both the graphene and Ni 

nanoparticles homogeneously distributed within the composite. Saturated 

hydrogenation was achieved at 200 °C under 10 min, and the hydrogenation capacity 

attained a value of ~ 5.1 wt.% when held at room temperature for 300 min. Furthermore, 

a capacity retention of up to 99.2 wt.% was measured within 100 cycles when operating 

at 200 °C, for Ni–containing graphene-supported MgH2 nanoparticles. Cho et al. 

synthesized ~3.26–nm Mg nanocrystals encapsulated by atomically thin and gas 

selective reduced graphene oxide (rGO) sheets, which delivered 6.5 wt.% H and 105 g 

H2 per liter at 300 °C with a stable cyclability [107]. Air–stable Mg nanocrystals (NCs) 

encapsulated in poly(methyl methacrylate) (PMMA) were also synthesized via solution 

impregnation and in situ hydrogenation [108]. Fig. 8 shows high–resolution TEM 

images and hydrogen absorption properties. The average diameter of Mg NCs was 

observed to be 4.9 ± 2.1 nm with 61 wt.% of loading amounts. At 35–atm H2 and 200 °C, 

the prepared Mg NCs/PMMA absorbed ~4 wt.% H in the overall composite mass. The 
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activation energy values were measured to be 25 and 79 kJ·mol−1 for absorption and 

desorption, respectively, which are comparable to those obtained using highly active 

metal catalysts. Similarly, Makridis et al. reported a polymer–stabilized Mg 

nanocomposite prepared using the laser ablation method [109]. TEM observations 

revealed the nanoparticle sizes to be below 7 nm, enabling 5.5 wt.% of hydrogen uptake 

within 20 min at 250 °C, which is comparable to the kinetics and hydrogen capacity of 

Mg NCs/PMMA. In addition, the laser–ablated nanoparticles exhibited excellent 

reversibility under vacuum and at 250 °C, which is a lower temperature than ~330 °C 

corresponding to bulk Mg materials. Liu et al. observed rapid hydrogen desorption of 

5.7 wt.% from bamboo–shaped carbon nanotubes–confined MgH2 nanoparticles at 

275 °C, which is remarkably superior to traditional commercial carbon nanotubes [110]. 

Additionally, densification treatment under 750 MPa enabled a high volumetric 

capacity of up to 65.90 g·L−1, which exceeds that of the DOE targets (5.5 wt.% and 40 

g·L−1, 2025) [17]. Recently, Zhu et al. successfully synthesized MgH2 nanoparticles 

(NPs) anchored on annealed 3D Ti3C2Tx MXene with 60 wt.% MgH2 NPs loading [111]. 

Their morphology and hydrogen storage behaviors are shown in Fig. 9. Superior 

hydrogen sorption performances, including dehydriding from 140 °C and 4 wt.% of 

reversible capacity after 60 cycles at 200 °C, were obtained owing to the nanosizing 

effect resulting from the nanoconfinement and multiphase interfaces between 

MgH2(Mg) and Ti–based MXene, particularly the in situ formed catalytic TiH2. These 

findings shed light on how support materials can improve the hydrogen storage 

performance through nanoconfinement and nanocatalysis. 
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Fig. 7. (a–b) SEM and TEM images of MHGH–75, (c-d) SEM and TEM images of Ni–
MHGH–75, (e) HRTEM image of Ni–MHGH–75, (f) bright field and dark field images 
of Ni–MHGH–75, (g) scanning TEM image of Ni–MHGH–75 and corresponding 
elemental mapping images of carbon (C), magnesium (Mg), and nickel (Ni) in the 
selected area, (h) mass spectra of the as–prepared MHGH in comparison with the 
reference samples, (i–j) hydrogenation and dehydrogenation of Ni–MHGH–75 at 
various temperatures, (k) hydrogen cycling capacities for reversible hydrogen storage 
of Ni–MHGH–75, MHGH–75, and MgH2 NPs at 200 °C. Reprinted with permission 
from ref. [106]. 
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Fig. 8. (a) High–resolution TEM image of the as-synthesized Mg nanocrystals/PMMA 
composites. Inset: Histogram and cumulative distribution of Mg particle sizes, (b) 
atomic–resolution image of a single Mg nanocrystal, (c) digital diffractogram of the Mg 
nanocrystal in b, (d) hydrogen absorption properties of Mg nanocrystals/PMMA 
composites (absorption at 200 °C and 35 bar) in comparison with bulk Mg, (e) the initial 
growth mechanism of MgH2 in Mg nanocrystals/PMMA composites. Reprinted with 
permission from ref. [108]. 
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Fig. 9. TEM images of (a) the as–synthesized Ti–MXene, (b) 35MgH2@Ti–MXene, (c) 
75MgH2@Ti–MXene, and (d, e) 60MgH2@Ti–MXene, and (f) corresponding SAED 
pattern of 60MgH2@Ti–MXene. (g) TPD curves of commercial–MgH2, hydriding-
MgBu2, and 60MgH2@Ti-MXene, (h) isothermal dehydrogenation curves of 
commercial MgH2, hyd–MgBu2, and 60MgH2@Ti–MXene at 250 °C. (i) Isothermal 
hydrogenation curves of commercial MgH2, hyd–MgBu2, and 60MgH2@Ti–MXene at 
175 °C. (j) Isothermal hydrogenation curves of 60MgH2@Ti–MXene at different 
temperatures. Reprinted with permission from ref. [111]. 
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3.2 Nanostructured metal alanates 

As the typical light metal complex hydrides, alanates, especially NaAlH4, have been 

extensively studied for hydrogen storage applications since Bogdanović and 

Schwickardi reported that NaAlH4 could reversibly absorb/desorb hydrogen under mild 

conditions following doping using trace amounts of Ti–based catalysts [112]. NaAlH4 

is a white solid having a 7.4 wt.% of hydrogen content. Hydrogen desorption from 

NaAlH4 was a stepwise process. The change in enthalpy was estimated to be 39.9 

kJ·mol−1 H2 for the first-step decomposition of NaAlH4, which corresponds to ~34 °C 

of operation temperature at 1 atm of equilibrium pressure, therefore being 

thermodynamically favorable [113]. However, the high kinetic barrier (Ea ~120–159 

kJ·mol−1) induces high desorption temperatures, which hinders practical applications. 

Therefore, reducing the activation energy barrier through nanoengineering is of great 

scientific and practical importance. As predicted theoretically, the hydrogen release 

energy of NaAlH4 decreases by 68.3% after being confined inside carbon nanotubes 

[114]. Calculations by Mueller and Ceder revealed that NaAlH4 nanoparticles below a 

certain size decomposed within a single step directly to NaH, Al, and H2, which is in 

stark contrast to the typical two-step reaction for bulk NaAlH4 [115]. More importantly, 

the nanoparticles with 52 nm in size commenced releasing hydrogen at temperatures as 

low as 65 °C. Table 2 summarizes the synthesis process and hydrogen storage properties 

of nanostructured alanates. 

3.2.1 Nanostructured NaAlH4 
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It is generally accepted that the high kinetic barrier of the NaAlH4 system primarily 

originates from the lengthy mass transport distance owing to macroscopic phase 

segregation upon dehydrogenation [117]. Therefore, reducing particle/crystallite sizes 

to the nanoscale should provide an efficient solution for mitigating this issue. In 2000, 

Zaluska et al. demonstrated the effects of mechanical milling on the hydrogen storage 

kinetics and observed that milled NaAlH4 could reversibly store hydrogen at lower 

temperatures in the range of 80–140 °C, with a capacity of between 2.5 and 3.0 wt.% 

[118]. Since then, considerable attention has been given to the use of high–energy ball 

milling to prepare catalyst–modified NaAlH4 because of its unique advantages, 

including the formation of nanocrystalline materials and simultaneous incorporation of 

selective additives [53,119]. Substantial efforts have been focused on supporting and 

nanoconfinement with high–specific–surface–area scaffolds, with no reports on the 

preparation of freestanding NaAlH4 nanostructures possibly due to its high solubility in 

most organic solvents. 

In 2006, Baldé et al. prepared nanosized NaAlH4 particles supported on a surface–

oxidized carbon nanofiber (CNFox) and investigated their hydrogen desorption and 

absorption behaviors corresponding to their structural properties [120]. Fig. 10 

compares their morphology and hydrogen desorption performance. Nanosized 

NaAlH4/CNFox reversibly absorbed and desorbed hydrogen at 160 °C without a catalyst. 

The NaAlH4 loading amount on CNFs was 9 wt.%. By decreasing the loading to 2 wt.%, 

2–10 nm–sized NaAlH4 on carbon nanofibers (CNF) were attained, which 

demonstrated significant lowering of desorption peak temperature and activation 
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energy from 186 °C and 116 kJ·mol−1 to 70 °C and 58 kJ·mol−1, respectively [121]. In 

addition, decreasing the particle size also lowered the pressures required for rehydriding. 

Similar effectiveness was observed by synthesizing Ti–doped nanosized NaAlH4 (∼20 

nm) supported on carbon nanofibers owing to the synergistic effect of the small size 

and higher catalytic activity [122]. By utilizing various carbon materials such as 

graphene nanosheets (GNs), fullerene (C60), and mesoporous carbon (MC), Li et al. 

altered NaAlH4 morphologies from scale–like continuous structures (GN–assisted 

samples) to flower–like structures (C60–assisted samples) and uniform particles (MC–

assisted sample) [123]. Importantly, the onset temperature for NaAlH4 dehydrogenation 

was reduced to approximately 160 °C for the MC–assisted sample. Ko et al. 

demonstrated an even lower onset decomposition temperature of 111 °C when 

depositing NaAlH4 on Ni–containing porous carbon sheets [124]. This was attributed 

to stronger interactions between the Ni catalyst and NaAlH4. 
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Fig. 10. (a) Overview of NaAlH4/CNF samples. SEM micrographs of (A) CNF skin 
prior to impregnation, (B–C) SEM micrographs of “1–10 μm NaAlH4” and (D) SEM 
micrograph of “19–30 nm NaAlH4”. (E) TEM and an EDX elemental mapping of a 
highlighted region (C in red and Al in green) for “19–30 nm NaAlH4” after desorption, 
(F) SEM micrograph of “2–10 nm NaAlH4”, (G) TEM micrographs with Al profile of 
“2–10 nm NaAlH4” after desorption. (b) Temperature programmed desorption profiles 
of H2 of NaAlH4/CNF samples under Ar. Heating rate is 5 °C min–1. (c) Relation 
between particle size and activation energy for hydrogen desorption from NaAlH4/CNF. 
The spread in the particle size reflects the results from different characterization 
techniques, and the error bars in activation energies were obtained from linear 
regression analysis. Reprinted with permission from ref. [122]. 

 

Owing to its high THF–solubility and low melting point (Tm = 181 °C), 

nanoconfinement through melt infiltration and solution impregnation is frequently 
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resorted to prepare nanostructured NaAlH4. In the solution impregnation process, 

NaAlH4 dissolved in THF is soaked into the porous host materials through the capillary 

effect [31]. Melt infiltration is often operated above the melting point under hydrogen 

backpressure. In 2008, Zheng et al. demonstrated ordered mesoporous silica–confined 

NaAlH4 prepared by solution impregnation [126]. Compared with the bulk sample, the 

confined NaAlH4 exhibited a lower temperature and faster kinetics for dehydriding, and 

rehydriding was achieved at 125–150 °C and 35–55 atm H2 owing to the space 

confinement effect. Alternatively, NaAlH4 melt infiltration in microporous activated 

carbon was conducted at 190 °C under 170 bar H2 to prevent its decomposition [39]. A 

decrease of 90 °C was observed between the main decomposition of the nanocomposite 

to that of bulk NaAlH4. Subsequently, a variety of nanoporous scaffolds have been 

investigated, including carbon aerogels [126–128], ordered mesoporous carbon 

[129,130], high specific area carbon [131–135], activated carbon fibers [136], carbon 

nanotubes [137], graphene nanosheets [138,139], metal–organic frameworks (MOFs) 

[140], CeO2 hollow nanotubes [141], and nanoporous Raney Ni [142]. Stephens et al. 

observed reasonable dehydriding kinetics at 150 °C after melt infiltration of NaAlH4 

into 13–nm pore–sized carbon aerogel and ∼85% of rehydrogenation at ∼160 °C and 

100 bar H2 [127]. Nielsen et al. revealed a linear correlation between the pore size and 

crystalline domain size when melt–infiltrating NaAlH4 in resorcinol formaldehyde 

carbon aerogels (pore size: 4–100 nm), which induced a ~90 °C of reduction in the peak 

dehydrogenation temperature [127]. Interestingly, the hydrogen desorption onset 

temperature was further reduced to 33 °C, and the hydrogen desorption attained a 
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maximum rate at 125 °C when doping resorcinol formaldehyde carbon aerogels with 3 

wt.% TiCl3 [128]. This can be ascribed to the favorable synergetic effects between 

nanoconfinement and catalyst addition. When using high specific surface area carbons 

as scaffolds, NaAlH4 loading was increased to 20 wt.%, which also presented a 

significantly improved dehydrogenation behavior with H2 release commencing at 

approximately 110 °C, and attaining its maximum rate at approximately 180 °C [131]. 

N–doping induced a further lowering of the activation energy for H2 desorption by 

nearly 70 kJ·mol−1 [135]. Similarly, NaAlH4 embedded in ordered mesoporous carbon 

exhibited a reduction in activation energy by ∼70 kJ·mol−1 and > 80% high–capacity 

retention after 15 cycles [129]. The activation energies for confined NaAlH4 

dehydrogenation were further decreased to ~22 and 40 kJ·mol−1 when N–doped ordered 

mesoporous carbon with 1–2 nm and 8–10 nm pores were used as scaffolds, 

respectively [130]. This triggered hydrogen desorption commencing at below 50 °C, 

and the peak temperature was approximately 80 °C, which was lowered by 100 °C 

compared with that of bulk NaAlH4. With active carbon fibers and graphene nanosheets 

as host matrices, NaAlH4 loading increased to 48 wt.% and 50 wt.%, respectively. 

Huang et al. successfully encapsulated NaAlH4 nanoparticles in graphene nanosheets 

through a facile solvent evaporation induced deposition method [138]. Results on 

morphology observation, EDS analysis and hydrogen storage performance are shown 

in Fig. 11. Exploiting the uniform distribution of NaAlH4 on graphene with intimate 

contact and the significant reduction of particle size down to ~12.4 nm, the 

nanoconfined sample exhibited an onset temperature of 100 °C, which is 80 °C below 

mailto:22%20and%2040%20kJ%20mol-1%20H2%20when%20using%20and40.15kJmol@1H2,respectively
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that of its bulk counterpart, and hydrogen desorption was significantly accomplished 

below 200 °C [138]. Although a 90 wt.% of NaAlH4 loading was also reported, the 

desorption peak temperature was found to be ~230 °C, significantly higher than that of 

known low–loaded samples [139]. 

 
Fig. 11. (a–b) FE-SEM images, (c) TEM images, (d–f) STEM images of NaAlH4 
encapsulated in 50% graphene (SAH@G–50). (g) Elemental mapping, (h–j) the 
corresponding elemental mapping of Na, Al, and C, and (k) the EDX spectrum of 
SAH@G–50 composite. (l) Mass spectra and (m) thermogravimetric analysis curves of 
the as-prepared SAH@G–50 compared with bulk NaAlH4 and the ball–milled 
composite of NaAlH4 and graphene (NaAlH4/G). (–) Isothermal dehydrogenation of 
SAH@G–50 in comparison with NaAlH4 and the ball–milled NaAlH4/G composite at 
various temperatures. Reprinted with permission from ref. [138]. 
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Nanoporous metal–organic frameworks (MOFs) were also employed as scaffolds 

to confine NaAlH4. Using the MOF HKUST–1 as a template, Bhakta et al. reported that 

NaAlH4 nanoclusters as small as eight formula units were synthesized, which 

dramatically accelerated the desorption kinetics, leading to decomposition occurring at 

∼100 °C lower than for bulk NaAlH4 [143]. The desorption activation energy is barely 

53 kJ·mol−1, which is 60 kJ·mol−1 lower than that of its bulk counterpart [140]. Stavila 

et al. demonstrated that NaAlH4 confined within the Ti–functionalized MOF template 

MOF–4(Mg) nanopores achieved loadings close to 21 wt.% and a hydrogen desorption 

onset of ~50 °C [144]. In particular, Ti is necessary to achieve fully reversible 

rehydriding. Recently, Gao et al. employed CeO2 hollow nanotubes prepared using a 

simple electrospinning technique as functional scaffolds to support NaAlH4 

nanoparticles towards advanced hydrogen storage performance [141]. Fig. 12 illustrates 

the morphology, element distribution and desorption performance of the resultant 

sample. The onset dehydrogenation temperature was reduced to below 100 °C, 

exhibiting only one main dehydrogenation peak appearing at 130 °C. This remarkable 

improvement was mainly attributed to the role of CeO2 hollow nanotubes, which 

functioned not only as a structural scaffold for confining NaAlH4 NPs, but also as an 

effective catalyst for enhancing hydrogen storage performance. Moreover, Li et al. 

synthesized porous Raney Ni with a 3–nm pore size incorporated with NaAlH4 [142], 

enabling one step dehydrogenation commencing at approximately 85 °C with an 

activation energy of barely ~20 kJ·mol−1. The dehydrogenated products were readily 

regenerated back to NaAlH4 at 150 °C and 70 atm H2. Again, these remarkable 
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enhancements were ascribed to the shorter diffusion routes by confining the nanoporous 

supports and abundant catalytic sites of metallic Ni.  

 
Fig. 12. (a) TEM images of CeO2 nanotubes, (b) HRTEM image of CeO2, (c–d) 
NaAlH4@CeO2, (e–i) EDS spectrum and the corresponding EDS maps of O, Ce, Al and 
Na elements for (d) image. (j) MS curves and (k) TG curves for bulk NaAlH4, 
NaAlH4/CeO2, and NaAlH4@CeO2, with a heating rate of 5 °C min−1. Reprinted with 
permission from ref. [141]. 

 

 

3.2.2 Other nanostructured alanates 

In addition to NaAlH4, other alanates such as LiAlH4, Mg(AlH4)2, and Ca(AlH4)2 

have attracted attention owing to their high gravimetric hydrogen density. In 2014, 

Wahab et al. impregnated LiAlH4 into homogeneously dispersed Ni–containing 

mesoporous carbon scaffolds, which decreased the onset desorption temperature by 

84 °C to 66 °C [145]. Zhao et al. also reported an enhanced LiAlH4 dehydrogenation 

performance for supported TiO2/hierarchically porous carbon nanocomposites prepared 

using a one–step solvent method, which commenced releasing hydrogen at 64 °C, 
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approximately 100 °C lower than the corresponding temperature of pure LiAlH4 [146]. 

More encouragingly, the partial reversibility of hydrogen storage in LiAlH4 was 

realized when confined to high–surface–area graphite [148] and N–doped CMK–3 

carbon [148]. Notably, the resultant LiAlH4@NCMK–3 released H2 at temperatures as 

low as 126 °C with complete decomposition below 240 °C, bypassing the usual Li3AlH6 

intermediate observed in the bulk. More importantly, LiAlH4 exceeding 80% was 

regenerated under 100 bar H2 at 50 °C, which is usually perceived to be impossible, 

consequently representing a crucial breakthrough in reversible hydrogen storage using 

LiAlH4. Nitrogen sites are assumed to be critical for these improvements, as no 

reversibility was observed for N–free CMK–3. 

In 2007, Varin et al. synthesized 18-nm nanocrystalline Mg(AlH4)2 via 

mechanochemical reaction between NaAlH4 and MgCl2, enabling hydrogen desorption 

at 125 °C [149]. Using a similar preparation strategy, Mg(AlH4)2 nanoparticles with a 

particle size below 10 nm were successfully synthesized using LiAlH4 and MgCl2 as 

raw materials, together with a LiCl buffering additive [150]. The resultant nanoparticles 

exhibited faster hydrogen desorption kinetics and lower desorption temperatures than 

bulk Mg(AlH4)2. Hydrogen desorption commenced at 80 °C for the Mg(AlH4)2 

nanoparticles, which is approximately 65 °C lower than that for Mg(AlH4)2 

microparticles. Similar changes were observed for Ca(AlH4)2 [151]. Alternatively, Pang 

et al. demonstrated a unique mechanical–force–driven physical vapor deposition 

method for preparing 20–40 nm Mg(AlH4)2 nanorods without any scaffolds or supports 

[152]. Fig. 13 illustrates schematically the preparation process, morphology and 
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hydrogen cycling of the resultant Mg(AlH4) nanorods. The onset dehydrogenation 

temperature of Mg(AlH4)2 nanorods was reduced by 30 °C. Approximately 4.7 wt.% of 

hydrogen was liberated from the Mg(AlH4)2 nanorods within 30 min at 120 °C. In 

contrast, only 0.7 wt.% of hydrogen was released from the microrods under identical 

conditions. Further cycling measurements identified the stability with a 2.2 wt.% 

reversible capacity of the dehydrogenated Mg(AlH4)2 nanorods over the first five cycles. 

Consequently, the reversible hydrogen storage properties of LiAlH4, Mg(AlH4)2 and 

Ca(AlH4)2 require enhancement. 

 
Fig. 13. (a) A schematic diagram of the Mg(AlH4)2 nanorod preparation process. (b) 
SEM image of the resultant product. (c) Hydrogen desorption performance of 
Mg(AlH4)2 microrods and nanorods. (d) Hydrogen desorption/absorption cycle curves 
of Mg(AlH4)2 nanorods. Reprinted with permission from ref. [153]. 

 

3.3 Nanostructured metal borohydrides 

Compared with alanates, metal borohydrides are preferable for hydrogen storage 
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applications because of their higher hydrogen content. However, stronger B–H binding 

and lower reactivity of B toward H2 lead to harsher conditions for reversible hydrogen 

storage. Lithium borohydride, LiBH4, occurs as a white solid at room temperature with 

18.5 wt.% H; therefore, it is regarded as a highly promising solid–state material 

[20,153,154]. However, its standard formation enthalpy (ΔfH0) is –190.8 kJ·mol−1 [155], 

representing a high thermodynamic stability owing to the strong and highly directional 

covalent and ionic bonds within LiBH4 structure [156,157]. This induces LiBH4 

decomposition only above 400 °C. The reported LiBH4 formation from LiH and B 

requires harsher conditions, for example, 600 °C/350 bar H2 or 700 °C/150 bar H2 

[27,28]. This primarily originates from the low reactivity of elemental B toward H2, 

making it very challenging to form B–H bonds. It is necessary to reduce the reaction 

temperature, enhance the kinetics, and improve reversibility by tailoring the 

thermodynamics and kinetics of hydrogen storage in LiBH4 before it can be practically 

used. A considerable number of studies have been conducted to address this problem 

using nanostructuring. Theoretical studies pointed out that the removal of hydrogen 

from the surface of the LiBH4 clusters and nano–whiskers is relatively easier than from 

bulk crystals [158]. The predicted critical sizes of the nano-cluster and nano-whisker 

for α-LiBH4 were 1.75 and 1.5 nm, respectively. Further reaction–energy calculations 

also indicated that only very small clusters (<1 nm) were significantly destabilized in 

comparison with the bulk [159]. In contrast to bulk systems, the calculated pressure–

composition isotherms displayed sloping plateaus for the LiBH4 nanoclusters, possibly 

due to finite size effects on reaction thermodynamics [160]. Table 3 summarizes the 
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synthesis process and hydrogen storage properties of nanostructured borohydrides. 

3.3.1 Nanostructured LiBH4 

Generally, nanostructured LiBH4 is readily obtained by confining it to host porous 

structures. In 2008, Gross et al. reported enhanced kinetics by incorporating LiBH4 into 

a nanoporous carbon aerogel with a 13–nm average pore size [164]. Dehydrogenation 

rates up to 50 times faster than those of the bulk material were observed at 300 °C. The 

measured activation energy for hydrogen desorption was reduced from 146 kJ·mol−1 

for bulk LiBH4 to 103 kJ·mol−1 for nanostructured LiBH4, which resulted in 75 °C 

reduction in desorption temperature. Using the solution impregnation method, Fang et 

al. demonstrated that LiBH4 incorporated into an activated carbon (AC) scaffold having 

a pore size of ~3.2 nm desorbed hydrogen at 220 °C, which was 150 °C lower than 

when bulk LiBH4 did [164]. Moreover, the LiBH4/AC sample desorption rate was one 

order of magnitude higher than that of the bulk LiBH4. Cahen et al. observed a hydrogen 

release of 3.4 wt.% in 90 min at 300 °C for LiBH4 confined in mesoporous carbon 

having a pore diameter of approximately 4 nm, whereas bulk LiBH4 decomposition was 

insignificant at identical temperature [165]. In stark contrast to bulk LiBH4, hydrogen 

release proceeded in a single step without intermediate formation, such as in 

dodecaborane. Such a modification of the hydrogen release mechanism has never been 

reported for confined LiBH4 nanoparticles. 

Ngene et al. demonstrated that hydrogen melt infiltration is an effective method 

for synthesizing LiBH4 incorporated into ordered mesoporous SiO2 (SBA–15) [166]. 

The confined LiBH4 exhibits enhanced hydrogen desorption properties, with desorption 
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commencing at 150 °C. Sun et al. observed rapid hydrogen release of LiBH4 at ∼100 °C 

after confining LiBH4 into SBA–15 with ~9 nm pore sizes [167]. Unfortunately, 

hydrogen uptake was undetected in this case. Liu et al. revealed the pore-size effects of 

nanoconfinement on the structural phase transition, H2 release and uptake, and emission 

of toxic diborane (B2H6) on LiBH4 desorption [168]. Calorimetry signals of both the 

structural phase transition and melting of the nanoconfined LiBH4 shifted to lower 

temperatures and finally vanished below a pore size of approximately 4 nm. With 

decreasing pore size, a monotonic decrease in the desorption temperature was observed 

along with a gradual reduction in B2H6 partial pressure. This represents a breakthrough 

in the reversibility of B–based hydrogen storage systems. A loading of up to 40 wt.% 

of LiBH4 was achieved through melt infiltration into mesoporous aerogel–like carbon, 

which enabled partial rehydrogenation under relatively mild conditions (300 °C under 

100 bar H2 for 3 h) [169]. LiBH4 supported by surface–oxidized single-walled carbon 

nanotube was synthesized using ultrasonication–assisted wet impregnation [170]. 

When hydrogen adsorption/desorption experiments were performed at 100 °C under 5 

atm H2, the highest hydrogen adsorption capacity of 4.0 wt.% was measured in the 

desorption temperature range of 153–368 °C. Melt infiltration of LiBH4 into activated 

carbon nanofibers yielded considerable reductions in the onset and main 

dehydrogenation temperatures to 275 and 305 °C, respectively [171]. Moreover, carbon 

nanocages (CNCs)–confined LiBH4 commenced releasing hydrogen at 200 °C, with a 

desorption peaked at approximately 320 °C [172]. The total hydrogen desorption 

capacity at 550 °C attained 7.18 wt.% of the composite. At 400 °C, 78% of the initial 
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hydrogen capacity was absorbed after five dehydrogenation/hydrogenation cycles. The 

H2–desorption rate of LiBH4@CNCs system was nearly 13.3 times higher at 350 °C 

during isothermal hydrogen desorption, compared with pristine LiBH4. Notably, the 

actual LiBH4 loading was 50%. 

LiBH4 nanoconfinement in the hollow carbon spheres was also tested to assess the 

effectiveness of melt infiltration and solvent impregnation under identical experimental 

conditions [173]. Solvent impregnation could lower hydrogen desorption temperatures, 

and some hydrogen release reversibility was also observed at 300 °C under 6 MPa of 

H2 pressure. The desorption peak temperature of nanoconfined LiBH4 decreased to 

109 ℃, and LiBH4 capacity remained nearly constant after 10 cycles. Wang et al. 

achieved loading up to 70 wt.% LiBH4 with an onset dehydrogenation temperature as 

low as 200 °C [174]. The total desorption capacity was measured to be 8.3 wt.% when 

heated to 400 °C. Approximately 8.1 wt.% H2 was rapidly released within 25 min at 

350 °C. The activation energy was determined to be 129.7 kJ·mol−1, which is far below 

the 179.1 kJ·mol−1 for the bulk LiBH4. Moreover, a unique double-layered carbon 

nanobowl (DLCB)–confined LiBH4 composite with 80 wt.% loading was successfully 

prepared using melt infiltration, which readily desorbed and absorbed ~8.5 wt.% of H 

at 300 °C and 100 bar H2 [175]. Fig. 14 illustrates schematically the melt infiltration 

process, morphology and dehydrogenation properties of the confined products. 

Benefiting from carbon’s nanoconfinement and catalytic function, this composite 

released hydrogen at 225 °C, peaking at 353 °C, with a hydrogen release of up to 10.9 

wt.%. The dehydriding peak temperature was lower by 112 °C compared with that of 
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bulk LiBH4. Xia et al. designed a solid–liquid followed by solid–gas reaction process 

and prepared ~4–nm thick LiBH4 nanolayers anchored on graphene, which 

demonstrated a fast dehydrogenation at 340 °C with a 9.7 wt.% H capacity [176]. A 7.5 

wt.% hydrogen capacity was observed after five cycles at 320 °C, corresponding to an 

80% capacity retention, which was nearly twice that of LiBH4/G mixture after three 

cycles. Furthermore, Zhang et al. synthesized a Ni–decorated graphene–supported 

LiBH4 nanocomposite (LiBH4 nanoparticles: 5–10 nm, Ni nanocrystals: 2–4 nm) and 

achieved reversible desorption and absorption of ~9.2 wt.% hydrogen at 300 °C under 

100 bar H2 [177]. Fig. 15 indicates TEM image, EDS mapping and hydrogen storage 

behaviors of the nano–LiBH4 with 10 wt.% Ni and 20 wt.% graphene, which was named 

as nano–LiBH4/10Ni@20G. The presence of ultrafine Ni nanocrystals effectively 

prevented a stable B12H12
2– cluster formation during hydrogen cycling. After 100 cycles, 

the hydrogen capacity was approximately 8.5 wt.%, corresponding to 92.4% of capacity 

retention, representing stable cyclability. This represents an important breakthrough in 

the long–term cycling of metal borohydrides under mild conditions. This remarkable 

improvement was mainly attributed to the successful suppression of B2H6 by–product 

evolution and enhanced physical contact between LiH and B after dehydrogenation 

owing to the synergistic effect of nanostructuring and nanocatalysis. 
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Fig. 14. (a) Schematic illustration of the melt infiltration procedure. (b–d) SEM images 
of samples with weight ratios of 9:1, 8:2, and 7:3 for LiBH4 to mesoporous carbon 
hollow spheres (denoted as DLCB–1, DLCB–2 and DLCB–3). (e) TPD-MS and (f) 
volumetric release curves of samples with different weight ratios of LiBH4 to 
mesoporous carbon hollow spheres. Reprinted with permission from ref. [175]. 
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Fig. 15. (a) TEM image and (b) EDS mapping images of nano–LiBH4/10Ni@20G. The 
insert in (a) is the SAED pattern. (c) TPD–MS, (d) volumetric hydrogen release, (e) 
non–isothermal hydrogenation, (f) PCI, (g) isothermal dehydrogenation and (h) 
isothermal hydrogenation curves of nano–LiBH4/10Ni@20G and pristine LiBH4. 
Reprinted with permission from ref. [177]. 

 

Moreover, metal–organic frameworks and 2D MXene have also been used as 

scaffolds for the nanoconfining LiBH4. Sun et al. reported copper metal–organic 

frameworks (Cu–MOFs) as scaffolds for loading LiBH4, and nanoconfining LiBH4 in 

the Cu–MOF pores resulted in a significantly reduced dehydrogenation temperature 

compared with that of pristine LiBH4. LiBH4@Cu–MOF dehydrogenation commenced 

around 60 °C, and a total gas release of 0.0048 mol·g−1 was measured after heating up 
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to 200 °C [178]. Zang et al. demonstrated significantly enhanced hydrogen storage 

properties after confining LiBH4 into a novel two–dimensional layered Ti3C2 MXene 

[179]. The initial desorption temperature of LiBH4@2Ti3C2 hybrid decreased to 

172.6 °C and released 9.6 wt.% hydrogen at 380 °C within 1 h, whereas pristine LiBH4 

only released 3.2 wt.% hydrogen under identical conditions. More importantly, the 

dehydrogenated products were partially rehydrogenated at 300 °C under 95 bar H2. The 

nanoconfinement effect resulting from the unique layered structure of Ti3C2 prevented 

LiBH4 particle growth and agglomeration. Ti3C2 offered a superior effect in 

destabilizing LiBH4; the synergetic effect of destabilization and nanoconfinement 

contributed to the remarkably lowered desorption temperature and improved de–

/rehydrogenation kinetics. Similar results were also reported by Fan et al. [180], who 

discovered that the onset dehydrogenation temperature of LiBH4 + 40 wt.% Ti3C2 

composite was 120 °C, and approximately 5.37 wt.% hydrogen was liberated within 1 

h at 350 °C. 

Various novel scaffolds have been synthesized and evaluated to confine LiBH4, 

including porous metal oxides, porous metal sulfides, and even porous metals and 

alloys. In 2013, Guo et al. incorporated LiBH4 nanoparticles into mesoporous TiO2 

scaffolds using a chemical impregnation method [181]. The resultant nanocomposites 

commenced releasing hydrogen at 220 °C, and the maximum desorption peak occurred 

at approximately 330 °C. Moreover, the composite exhibited excellent dehydrogenation 

kinetics, with 11 wt.% of hydrogen liberated from LiBH4 at 300 °C within 3 h. Xian et 

al. prepared a nano–TiO2 decorated porous amorphous carbon-confined LiBH4 having 
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a 60 wt.% loading, which released 7.3 wt.% H within 60 min at 320 °C, and delivered 

5.1 wt.% of reversible capacity after 20 cycles [182]. Wang et al. employed a carbon–

wrapped ultrafine Fe3O4 skeleton to confine LiBH4, which initiated dehydrogenation at 

175 °C and rapidly desorbed 7.8 wt.% H at 350 °C within 30 min [183]. Xu et al. 

demonstrated that porous bimetal oxide as a template significantly reduced LiBH4 

hydrogen desorption temperature and improved its kinetics [184]. The onset desorption 

temperature of nanoconfined LiBH4 in hierarchical porous ZnO/ZnCo2O4 was reduced 

to 169 °C, and the majority of the hydrogen released appeared at 275 °C. In addition, 

8.7 wt.% H was released below 500 °C, and the apparent activation energy (Ea) 

decreased to ~120 kJ·mol−1. The improved dehydrogenation properties were attributed 

to the synergistic effect of nanoconfinement and destabilization by ZnO/ZnCo2O4 

nanoparticles. Similarly, the nanoconfined LiBH4 in porous NiMnO3 microspheres 

released hydrogen at 150 °C, with a maximum desorption temperature of 300 °C [185]. 

Also, the LiBH4@NiMnO3 composites exhibited excellent dehydrogenation kinetics as 

2.8 wt.% hydrogen was released within 1 h at 300 °C with a 129.8 kJ·mol−1 of apparent 

activation energy. With CuS hollow nanospheres as scaffolds, the sample commenced 

hydrogen release below 100 °C, and 80% capacity for LiBH4@CuS was attained within 

~20 min [186]. A novel porous Mg scaffold was synthesized to confine and destabilize 

LiBH4 [187]. The sample exhibited a desorption onset temperature at 100 °C, 250 °C 

lower compared with bulk LiBH4. The melt–infiltrated LiBH4 in porous Al scaffold 

with 56 ± 20–nm pore size exhibited a low onset hydrogen desorption temperature of 

100 °C and enhanced hydrogen desorption kinetics [188]; when heated to 550 °C, it 
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released 5.86 wt.% H. Chen et al. prepared a nanoporous Ni–based alloy by immersing 

Mn70Ni30 alloy in (NH4)2SO4 solution, and then incorporated LiBH4 to construct an 

LiBH4/np–Ni composite at a mass ratio of 1:5 [189]. The composites desorbed 

hydrogen at approximately 70 °C and concluded before 400 °C. The apparent 

dehydrogenation activation energy was found to be only 11.4 kJ·mol−1. However, the 

practical hydrogen capacity was reduced to below 2 wt.% due to the scaffold. Graphene 

entanglement in a mesoporous resorcinol–formaldehyde matrix has also been applied 

to confine LiBH4 [190,191]. The desorption temperature was reduced to 253 °C in 

graphene’s presence, which was further lowered by 10 °C by N–doping. Naresh Muthu 

et al. demonstrated 2.3 wt.% of hydrogen storage capacity at 100 °C for activated 

hexagonal boron nitride supported LiBH4 (LiBH4@Ah–BN) nanocomposite [192]. The 

Ea values were measured to be 19.91 kJ·mol−1 at the desorption temperatures, which is 

sufficiently small for hydrogen desorption. In addition, the onset dehydrogenation 

temperature for LiBH4 decreases by 190 °C when LiBH4 was confined to CeF3–

modified activated carbon (AC-CeF3) [194]. The maximum dehydrogenation rate of 

LiBH4–AC–CeF3 was 288 times higher than that of pristine LiBH4 at 350 °C. 

To maximize the reversible hydrogen capacity, attempts have been made to 

synthesize freestanding LiBH4 nanostructures [153,195–198]. For instance, LiBH4 

nanobelts with widths of 10–40 nm were successfully synthesized using 

[LiBH4(MTBE)]n (MTBE: methyl tert-butyl ether) as the precursor via the mechanical 

force-driven physical vapor deposition method [153]. Hydrogen desorption 

commenced at 60 °C during temperature-programmed desorption measurements, 
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indicating a significant reduction in the dehydrogenation temperature. Using the solvent 

evaporation strategy, LiBH4 nanoparticles with sizes ranging from 10.6 to 147.4 nm, 

stabilized by poly(methl methacrylate), were obtained [194]. The particle size strongly 

depends on LiBH4 concentration in THF. The main peak for dehydrogenation shifted 

from 488 °C for bulk sample to 72 °C for the ∼10–nm sample. These results link the 

dehydriding properties to LiBH4 particle sizes. Wang et al. reported the synthesis of 

LiBH4 nanoparticles through solvent evaporation, which were stabilized using 

surfactants [195]. The growth and stabilization of the LiBH4 nanoparticles were 

reasonably related to the chain length, steric hindrance, and ability of the surfactant 

head group to bind strongly to LiBH4. Although no drastic reduction in hydrogen 

desorption temperatures was observed upon surfactant usage, much hydrogen release 

was achieved below 400 °C, which is an improvement compared with pristine LiBH4. 

Furthermore, using a modified ternary anti–precipitation method, LiBH4 nanoparticles 

were successfully synthesized [196]. Here, the carbon chain length of stabilizing 

surfactant was found to help with particle size control because of the resulting steric 

hindrance. A remarkable decrease in hydrogen release temperature, while transitioning 

from > 500 to 360–440 °C, was observed. Interestingly, Zhang et al. recently reported 

12 wt.% reversible hydrogen storage at 400 °C for LiBH4 hierarchical nanostructures 

prepared using single-pot solvothermal synthesis [197]. The hierarchical 

nanostructured LiBH4 primarily comprised 50–60 nm–sized primary nanoparticles. The 

considerably reduced particle sizes and porous agglomeration structure resulted in the 

dehydrogenation prior to melting and effectively suppressed foaming, consequently 
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facilitating cyclability. 

3.3.2 Nanostructured Mg(BH4)2 

Mg(BH4)2, which has a high gravimetric hydrogen density (14.9 wt.%) and 

volumetric hydrogen density (112 g·H2·L−1), is also regarded as a promising candidate 

for hydrogen storage. According to first-principles calculations, the higher the Pauling 

electronegativity (χp), the weaker the B–H bond strength in M(BH4)n. It is therefore 

believed that compared with Na, Li, and Ca ions (χp = 0.93, 0.98, and 1.00, respectively), 

Mg ions with greater χp (χp = 1.31) should effectively weaken the B–H covalent bonds 

[198]. However, various reports indicated that Mg(BH4)2 starts releasing hydrogen at 

approximately 275 °C and attains its hydrogen release peak when the temperature is 

increased to 375 °C [199,200]. In particular, Mg(BH4)2 formation through directly 

hydriding of MgB2 requires a high temperature of 400 °C and ultrahigh hydrogen 

pressure of 950 bar [201]. Therefore, it is challenging to achieve reversible hydrogen 

storage using Mg(BH4)2 under mild conditions. 

In 2007, Li et al. reported the effects of ball milling on the dehydriding behavior 

of well–crystallized Mg(BH4)2 [202]. Few changes were observed in the samples after 

5 h of ball milling. Furthermore, amorphous Mg(BH4)2 was synthesized in situ by ball 

milling MgB2 under 100 atm H2 or LiBH4 with MgCl2 [203,204]. The onset 

dehydrogenation temperature of the sample obtained using the mechanochemical 

reaction of LiBH4 with MgCl2 was approximately reduced by 156 °C relative to pristine 

Mg(BH4)2 [204]. Similar results were observed for a sample prepared from the reaction 

of NaBH4 with MgCl2 [205]. The dehydriding reaction commenced at approximately 
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227 °C, and a weight loss of approximately 14.4 wt.% was observed up to 527 °C; only 

hydrogen was detected during the measurements. When replacing MgCl2 with MgBr2, 

the reaction time was considerably shorter, and the excess MgBr2 served as an additive, 

lowering the hydrogen release onset temperature from 290 °C to ~220 °C [207].  

Attempts have been made to reduce the Mg(BH4)2 particle sizes by 

nanoconfinement. Nanoconfinement not only limits particle growth and aggregation 

but also generates a shorter diffusion path with a lower energy barrier for hydrogen 

desorption from Mg(BH4)2. In 2009, Fichtner et al. reported for the first time the kinetic 

properties of Mg(BH4)2 infiltrated into activated carbon [208]. A wet incipient 

impregnation procedure was employed to infiltrate Mg(BH4)2 into the voids of pre–

treated activated carbon having a pore diameter under 2 nm. The loading amount of 

Mg(BH4)2 was estimated to be ~44 wt.%. Thermogravimetric analysis (TGA) together 

with mass measurements revealed that hydrogen desorption commenced at 170 °C and 

amounted to 6 wt.% when heated up to 500 °C. Subsequently, ordered mesoporous 

carbon with uniform pores (~3.5 nm) was utilized as a scaffolds to confine Mg(BH4)2 

[208]. A noticeable low–temperature shift was also observed for desorption, wherein 

the onset of hydrogen gas evolution took place at approximately 110 °C and attained a 

maximum rate at approximately 200 °C. By combining nanoconfinement (CMK–3) and 

Ni catalyst, the onset dehydrogenation temperature was reduced to only 75 °C 

(measured by TPD) and peaked at 155 °C, but they exhibited values of 270 °C and 

above 350 °C, respectively, for pure Mg(BH4)2 [209]. The in situ growth of 

nanoconfined and highly dispersed Ni nanoparticles throughout the mesoporous carbon 
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framework further decreased the onset dehydrogenation temperature to ~44 °C with a 

peak temperature of 141 °C, a remarkable reduction of approximately 226 °C relative 

to pristine Mg(BH4)2 [210]. With Ni–Pt core–shell nanoparticles as catalysts, 

Clémençon et al. observed complete hydrogen release from mesoporous carbon–

confined Mg(BH4)2 within 2 h at 350 °C [211]. By ball milling of MgH2 nanoparticles 

supported on carbon aerogel in a B2H6/H2 atmosphere, Yan et al. synthesized 

Mg(BH4)2/carbon nanocomposites, which exhibited a lower kinetic barrier [212]. The 

major hydrogen desorption occurred at 160 °C. More importantly, reformation of 

Mg(BH4)2 was achieved at 200 °C under 80–150 bar H2. Han et al. synthesized micro-

nanostructured hybrids of Mg(BH4)2 and carbon nanotubes [213]. The 50 wt.% 

Mg(BH4)2 loading sample exhibited a nanosized Mg(BH4)2–layer coating with a 

thickness of 2–6 nm on the nanotube surfaces, which commenced releasing hydrogen 

at 76 °C, approximately 200 °C lower compared with that in pure Mg(BH4)2. At 117 °C, 

3.79 wt.% of H was desorbed from this sample within 10 min. The dehydrogenated 

sample absorbed 2.5 wt.% of H at 350 °C under 100 bar H2. These results were recently 

confirmed by Jiang et al. [214]. 

Graphene has also frequently been employed as a scaffold to adjust the Mg(BH4)2 

particle sizes. Zhang et al. synthesized Mg(BH4)2 nanoparticles supported on graphene 

using a space-confined solid–gas reaction [215]. Considering the effects of particle size 

reduction and the graphene–assisted catalysis, graphene–supported Mg(BH4)2 

nanoparticles demonstrated an onset dehydrogenation temperature of ~154 °C, and a 

complete dehydrogenation was achieved at temperatures as low as 225 °C, with MgB2 

https://www.sciencedirect.com/science/article/pii/S0360319918341454?via%3Dihub#!
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as the by–product. More importantly, the dehydrogenated sample absorbed 4.13 wt.% 

H at 300 °C. Recently, Jeong et al. reported nanocrystalline Mg(BH4)2 supported on 

atomically thin reduced graphene oxide (rGO) [216]. The resultant γ–Mg(BH4)2 

product exhibited a two-step decomposition profile, commencing at 150 and 270 °C, 

respectively, with a total weight loss of 10.1 wt.%. The reversible hydrogen storage 

performance of Mg(BH4)2 was effectively improved by uniformly building graphene 

supported heterostructures inside MgH2 nanoparticles [217]. Fig. 16 gives the 

preparation process, morphology observation, component analysis and hydrogen 

desorption curves. By reacting MgH2 nanoparticles with B2H6, homogeneous 

Mg(BH4)2@MgH2 heterostructures with controllable particle sizes were produced, 

along with a simultaneous decrease in the MgH2 particle size, which effectively reduced 

the kinetic barrier. The hydrogen released from Mg(BH4)2@MgH2 heterostructure was 

found to be 6.2 wt.%, with a lower peak temperature of 191 °C. More importantly, the 

reversible capacity attained a value of 5.3 wt.%, and the capacity retention was 91.1% 

after eight cycles. It is believed that building heterostructures provides a good 

opportunity for discovering high–performance hydrogen storage materials for on–board 

applications. 

In addition, Cu2S hollow spheres were used to confine Mg(BH4)2 [218]. After 

confinement, hydrogen was released at a temperature as low as 50 °C and full hydrogen 

release was completed at 300 °C. Approximately 0.5 wt.% of hydrogen uptake was 

measured at 300 °C under 6 MPa H2 by the dehydrogenated Mg(BH4)2@Cu2S. MOFs 

have shown positive effect on the hydrogen storage performance of Mg(BH4)2. 
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Schneemann et al. reported that Mg(BH4)2 incorporated into the pores of a bipyridine–

functionalized MOF, UiO–67bpy, released hydrogen at 120 °C and completed hydrogen 

release at 200 °C [219]. The onset desorption temperature was reduced by 

approximately 150 °C with respect to the bulk material. 

 
Fig. 16. (a) Schematic illustration of the synthesis of Mg(BH4)2@MgH2 NPs on 
graphene. (b–c) SEM, (d) TEM, (e) STEM, and (f) HRTEM images of MBH@MH-2. 
(g) TEM image of Mg(BH4)2/G. (h) Elemental mapping of MBH@MH-2. (i–j) TGA 
results of MBH@MH–1 and MBH@MH–2 at the first and second dehydrogenation 
cycles. Reprinted with permission from ref. [217]. 

 

3.3.3 Other nanostructured borohydrides 

In addition to LiBH4 and Mg(BH4)2, NaBH4 and Ca(BH4)2 have recently been studied 

for their reversible hydrogen storage capabilities. NaBH4 is well–known for its 

hydrolytic hydrogen evolution properties [220–226]. Millenium Cell Inc. successfully 

demonstrated an NaBH4–based hydrogen–on–demand prototype system in the Daimler 

Chrysler’s Natrium fuel cell minivan [226]. However, regenerating the hydrolytic 
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product NaBO2 is energy–intensive [227–230]. Recently, Wang et al. reported the 

synthesis of NaBH4 nanoparticles (approximately 6–260 nm) from NaOCH3 (NaBH4–

SUG) [232]. Unfortunately, it is challenging to eliminate these byproducts. 

Alternatively, NaBH4 nanoparticles can be produced on a carbon support via a 

mechanochemical reaction between LiBH4 and NaCl [232]. Various carbon–supporting 

materials including graphite, graphene oxide, and carbon nanotubes have been studied. 

Major hydrogen desorption from NaBH4 on the carbon supports occurred between 110 

and 200 °C, significantly below the corresponding temperature for pure NaBH4 (above 

500 °C). Li et al. demonstrated monodispersed NaBH4 nanodots (~6 nm) anchored 

uniformly onto freshly exfoliated graphitic nanosheets (GNs) using the mechanical 

force-driven self-printing process [233]. The morphology, microstructure and hydrogen 

storage performance are shown in Fig. 17. These nano–NaBH4@GNs exhibited 

favorable thermodynamics (decrease in ∆H by ~45 %), rapid kinetics (beyond six–fold 

increase) and stable cycling capacity (up to ~5 wt.% for NaBH4) compared with that of 

micro–NaBH4. Highly–ordered Si–based mesoporous scaffolds and their carbon 

replicas have also been employed to nanoconfine NaBH4 [234]. The resulting materials 

displayed two–step gas evolution profiles commencing below 120 °C. The lower 

desorption temperature is attributed to the morphological conditions and 

thermodynamic and kinetic improvements achieved via the nanosizing effect. Moreover, 

NaBH4 nanoconfinement in CuS hollow nanospheres (MBH4@CuS) induced hydrogen 

release at room temperature, with a peak at 60 °C, even lower than the desorption 

temperature observed for confining into carbon nanotubes (NaBH4@CNT, ~100 °C) 
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[186]. NaBH4@CuS could reversibly store approximately 0.6 wt.% hydrogen at 300 °C 

with rapid kinetics within approximately 20 min. Surprisingly, NaBH4@CNT required 

only 150 °C for reversible hydrogen storage, representing the lowest temperature 

reported for NaBH4 so far. 

 
Fig. 17. Morphological verification of NaBH4 nanodots on GNs. (a) TEM image for 
the nano–NaBH4@GNs and the corresponding selected–area electron diffraction 
(SAED) pattern (inset of a). (b–c) TEM images of nano–NaBH4@GNs. The 
corresponding histogram for the particle size distribution of nanodots is shown in the 
inset of b. (d–f) High–resolution TEM image showing well–dispersed nanodots; (g–l) 
Atomic lattice image of the square regions in e and f. (h–k) Fast Fourier transform (FFT) 
digital diffractograms of the nanodomains marked with yellow, green and pink squares 
in (e,f), respectively. (l) TGA curves for the micro–NaBH4 and nano–NaBH4@GNs 
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measured at 5 °C min−1. (m) Isothermal hydrogen desorption curves measured at 500 °C. 
(n) Isothermal hydrogen absorption curves. Reprinted with permission from ref. [233]. 

 

As for Ca(BH4)2, activated mesoporous carbon was often used as a scaffold. 

Ca(BH4)2 confined in the CMK–3 ordered mesoporous carbon pores commenced 

releasing hydrogen at 100 °C [235]. Such improvement was further confirmed by 

Comănescu et al [236]. Moreover, Ca(BH4)2 confined into porous Cu2S hollow spheres 

commenced releasing hydrogen at 50 °C with a main peak ending at approximately 

300 °C and hydrogen release completed at 400 °C, remarkably superior to bulk 

counterpart.  

3.3.4 Nanostructured borohydride–based composites 

Use of a 2LiBH4–MgH2 reactive composite as a reversible hydrogen storage material 

was initiated by Vajo et al. in 2005 [237]. The sample was prepared by ball milling ~1.2 

g mixtures for 1 h with a Fritsch Pulversette 6 planetary mill at 400 rpm. The system 

demonstrated for the first time a 25–kJ·mol−1 of H2 of reduction in the desorption 

enthalpy change owing to MgB2 formation instead of pristine B, that is, thermodynamic 

destabilization. Subsequently, a series of nanostructured 2LiBH4–MgH2 composites 

were designed and fabricated by taking the advantage of nanosizing and reactive 

compositing [238–248]. Nielsen et al. obtained a 90 °C reduction in the hydrogen 

release onset temperature when LiBH4 and MgH2 nanoparticles were embedded within 

a nanoporous carbon aerogel scaffold with a Dmax ~21–nm pore size [238]. Compared 

with the bulk composite, the 2LiBH4–MgH2 confined within the mesoporous carbon 

(CMK–3) scaffold host exhibited significantly enhanced dehydrogenation kinetics, but 

demonstrated a serious loss of hydrogen capacity upon cycling [239]. By direct melt 
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infiltration of bulk 2LiBH4–MgH2 into an inert nanoporous resorcinol–formaldehyde 

carbon aerogel scaffold, Gosalawit–Utke et al. observed the release of 90% of the total 

hydrogen storage capacity within 90 min at T = 425 °C and P(H2) = 3.4 bar [240]. The 

desorption kinetics were further improved by introducing transition–metal catalysts 

[241–243]. For example, nanoconfined 2LiBH4–MgH2–TiCl3 required only ∼1 h to 

release 95% of the total hydrogen content, whereas nanoconfined 2LiBH4–MgH2 and 

bulk material required ~ 2.5 and 23 h, respectively [241]. The presence of 0.13 mol 

TiCl4 significantly lowered the onset dehydrogenation temperature to 140 °C [242].  

In 2015, Ding et al. prepared nanostructured LiBH4 and MgH2 composites using a 

special ball milling with aerosol spraying (BMAS) [244]. Fig. 18 shows the schematics 

of the automated BMAS device, SEM image and desorption curves of the resultant 

samples. The aerosol–sprayed LiBH4 particles were measured to range between 20 and 

100 nm. The nanostructured LiBH4–MgH2 system reversibly released and absorbed 

∼5.0 wt.% H at 265 °C [245], largely superior to the previously reported results. Three 

parallel H2 release mechanisms have been identified: (i) H2 release from nano-LiBH4 

decomposition in addition to the Li2B12H12 decomposition reaction with nano-MgH2 to 

produce H2, (ii) H2 release from nano-Mg(BH4)2 decomposition, and (iii) H2 release 

from nano-MgH2 decomposition [246]. Graphene–supported nanostructured 2LiBH4–

MgH2 composite with 80% loading was also synthesized and characterized [247]. The 

well–defined structural features, including even distribution, uniform particle size, 

excellent thermal stability, and robust architecture, endowed this composite with 

significantly improved hydrogen storage performance. At temperature of 350 °C, a 
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reversible storage capacity of up to 8.9 wt.% H, without degradation after 25 complete 

cycles, was achieved for the 2LiBH4-MgH2 anchored on graphene. Recently, a small 

hydrogen storage tank filled with 2LiBH4–MgH2 nanoconfined in activated carbon was 

fabricated [248]; a temperature gradient within the tank and poor hydrogen diffusion 

through the hydride bed were detected. Consequently, further development of hydrogen 

storage tanks based on 2LiBH4–MgH2 nanoconfined in AC should focus on improving 

the thermal conductivity, temperature control, and hydrogen diffusion. 

 
Fig. 18. (a) Schematics of the automated BMAS device. (b) FESEM images of BMAS 
sample. (c) The dissociation pressure for BMAS sample at 265 °C in comparison with 
the dissociation pressure of bulk MgH2 and LiBH4. Reprinted with permission from ref. 
[245]. 
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Moreover, a ternary LiBH4–MgH2–NaAlH4 hydride composite confined to a 

nanoporous carbon host has also been developed for reversible hydrogen storage [249]. 

The detailed preparation process included three steps: heating the mixture powders to 

310 °C at 5 °C/min under 100 bar H2, dwelling at 310 °C for 45 min, and cooling to 

room temperature. Nanoconfinement resulted in the one–step decomposition of LiBH4–

MgH2–NaAlH4, and also significantly reduced dehydrogenation temperatures. A 

Ca(BH4)2–LiBH4–MgH2 mixture at a molar ratio of 1: 2 : 2 also delivered favorable 

overall hydrogen storage performance, including a relatively narrow temperature range, 

low dehydrogenation completion temperature, significantly low hydrogenation 

temperature, and remarkably reduced dehydrogenation temperature after the initial 

cycle with superior long–term cyclic stability [250]. The hydrogen desorption 

commenced at 320 °C and concluded at 370 °C, releasing approximately 8.1 wt.% H. 

Enhanced hydrogen storage properties were discovered for high-loading nanoconfined 

LiBH4–Mg(BH4)2 in porous hollow carbon nanospheres [251]. Zhao–Karger et al. 

observed that the multistep thermal decomposition pattern of the binary LiBH4–

Mg(BH4)2 was altered into a two–step reaction after infiltration into active carbon, and 

the desorption kinetics were also greatly improved [252]. Similarly, Javadian and 

Jensen demonstrated the enhanced hydrogen reversibility of nanoconfined LiBH4–

Mg(BH4)2 [253]. In addition, nanoconfined LiBH4–NaBH4, LiBH4–KBH4, LiBH4–

Ca(BH4)2, LiBH4–LiAlH4 and LiBH4–NaAlH4 were also developed [254–259]. 

Hydrogen desorption temperature of the LiBH4–NaBH4 nanocomposite was reduced 

by 100 °C compared with its bulk counterpart [254]. LiBH4–KBH4 confined in CMK–
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3 type carbon exhibited a constant hydrogen uptake of 2.5–3 wt.% for at least five 

absorption–desorption cycles [256]. 

 

3.4 Nanostructured metal–N–H combination systems 

In 2002, Chen et al. reported that Li3N absorbed more than 10 wt.% H to form LiNH2 

and 2LiH as potential hydrogen storage systems [260]. Subsequently, a variety of metal 

amide–hydride (metal–N–H) systems have been studied for hydrogen sorption 

applications, such as Li–Mg–N–H, Li–Ca–N–H, Li–Al–N–H, Mg–Ca–N–H and Li–B–

N–H [261-266]. In contrast to conventional metal hydrides, hydrogen desorption from 

metal–N–H systems is believed to originate from a direct solid–solid reaction propelled 

by the strong affinity between Hδ+ in amides and Hδ− in hydrides [267]. However, the 

large kinetic barriers resulted in hydrogen desorption to occur only at temperatures 

exceeding 200 °C [268]. Through ab initio calculations, Yamane et al. reported a strong 

size dependence for the H2 desorption reaction between LinHn clusters and NH3 

molecule [269]. The smallest activation energy value was obtained for n = 2. 

Furthermore, the Mg(NH2)2 nanoparticles possess remarkably enhanced kinetics for 

decomposition because there are states filling the band gap of clusters, in addition to 

the increased surface area [270]. As a result, much effort has been devoted to fabricating 

nanostructured metal–N–H systems with improved hydrogen storage properties. Table 

4 summarizes the synthesis strategies and hydrogen storage properties of 

nanostructured metal–N–H systems. 

3.4.1 Nanostructured Li–N–H systems 
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Studies have revealed that mechanical ball milling greatly improves the desorption 

kinetic performance of LiNH2–LiH system because approximately 5 wt.% H is released 

after 4 h of milling with a lowered on-set hydrogen desorption temperature from 160 to 

120 °C [272]. Low–temperature milling, especially at –196 °C, enabled relatively better 

kinetics compared with ball milling at 20 °C [273]. Further studies indicated 1:1.2 to 

be optimal molar ratio between LiNH2 and LiH [274]. The nanostructured (LiNH2–

1.2LiH) + 5 wt.% Graphite mixture prepared using ball milling for 25 h desorbed/ 

reversibly absorbed ∼5 wt.% H at 325 °C [275]. By using an H2 plasma–metal reaction 

followed by nucleation growth, Yang et al. obtained a new ternary LiNH2–LiH–

xMg(BH4)2 nano–composite with particle size range of 200–400 nm and observed a 5.3 

wt.% hydrogen desorption at 150 °C [276]. Furthermore, 3D porous carbon–coated 

Li3N nanofibers were successfully fabricated via the electrospinning technique, which 

exhibited significantly enhanced hydrogen storage properties, with a stable reversibility 

near the theoretical value of 10 dehydrogenation/rehydrogenation cycles at 250 °C 

[277]. Recently, Wood et al. reported a core–shell Li3N/[LiNH2+2LiH] nanostructure 

[278], where nanosizing altered the hydrogenation and dehydrogenation reaction 

pathways and suppressed undesirable intermediate phases to dramatically improve 

kinetics and reversibility. Fully reversible hydrogenation/dehydrogenation was 

observed, with an uptake of ~4 wt.% H at temperatures up to 250 °C. 

3.4.2 Nanostructured Li–Mg–N–H systems 

The Li–Mg–N–H system composed of Mg(NH2)2 and LiH exhibited moderate 

operation temperatures, substantial reversibility, and a relatively high capacity of 5.6 
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wt.% [261,262]. More importantly, the desorption enthalpy change of the Mg(NH2)2–

2LiH system was found to be ~39 kJ·mol−1 H2, which leads to a desorption temperature 

of ~90 °C at an equilibrium hydrogen pressure of 1 bar; thereby, it is regarded as a 

suitable candidate for on–board applications [279,280]. Unfortunately, a reasonable rate 

of hydrogen desorption was experimentally observed only at temperatures exceeding 

200 °C because of the relatively high kinetic barrier. Consequently, numerous studies 

have been conducted to reduce the activation energy barrier through particle size 

reduction. In 2009, Liu et al. attempted to understand size–dependent hydrogen storage 

performance by synthesizing Li2MgN2H2 [281]. Fig. 19 displays SEM images and 

hydrogen storage curves of the resultant Li2MgN2H2 after different milling treatments. 

The 36–h milled sample with 100–200 nm of particle size commenced absorbing 

hydrogen at only 80 °C, which is 100 °C lower than when hand–milled sample with 

particle sizes exceeding 800 nm commenced absorbing hydrogen. Furthermore, it was 

entirely hydrogenated even at a low operating temperature of 160 °C, and the 

hydrogenated sample exhibited complete dehydrogenation at 215 °C. Xie et al. reported 

a remarkably reduced activation energy (122.2 kJ·mol−1) when mixing LiH with 100–

nm sized Mg(NH2)2 relative to those measuring 500 and 1000 nm in sizes (134.7 and 

182.0 kJ·mol−1, respectively) [282]. Hierarchical porous Li2Mg(NH)2@C nanowires 

were successfully fabricated using a single-nozzle electrospinning technique combined 

with an in situ reaction between the precursors by Xia et al. [283]. The morphology 

observation and hydrogen storage properties are shown in Fig. 20. The fabricated 

Li2Mg(NH)2@C nanowires presented significantly improved thermodynamics and 
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kinetics towards hydrogen storage, e.g., a complete cycle of H2 uptake and release with 

a capacity approaching the theoretical value at a temperatures nearing 105 °C. A similar 

improvement was attained for nanosized Li2Mg(NH)2 particles inside carbon 

nanofibers (CNFs) and space–confined into thin–film hollow carbon spheres (THCSs) 

[284,285]. More importantly, no degradation was observed for Li2Mg(NH)2/CNFs after 

50 de–/hydrogenation cycles at a temperatures as low as 130 °C, indicating excellent 

reversibility.  

 
Fig. 19. (a, b, c) SEM images of Li2MgN2H2 samples after being hand–milled, and ball–
milled for 3 h and for 36 h, respectively. (d) XRD patterns of Li2MgN2H2 samples with 
different treatments. (e) Non–isothermal hydrogenation curves of Li2MgN2H2 samples 
under identical conditions. (f) Hydrogenation/dehydrogenation curves of Li2MgN2H2 
samples with different milling treatments. Reprinted with permission from ref. [281]. 
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Fig. 20. (a) High–magnification SEM image of a single Li–Mg–N–H nanowire. (b) 
TEM image of Li–Mg–N–H nanowires (inset: high–magnification TEM image (scale 
bar 5 nm). (c–d) TEM image and the corresponding elemental mapping of the as-
prepared Li–Mg–N–H nanowires. (e) Mass spectra (top) and thermogravimetry curves 
(bottom) of the carbon–coated Li–Mg–N–H nanowires and bulk Mg(NH2)2/2LiH 
composite after complete hydrogenation. (f–g) Hydrogen desorption and absorption 
curves of the carbon-coated Li–Mg–N–H nanowires at different temperatures, with the 
ball-milled Mg(NH2)2/2LiH composite at 135 °C included for comparison. Carbon was 
not considered as an active component for the hydrogen storage measurements. 
Reprinted with permission from ref. [283]. 

 

4. Discussion and future directions 

Hydrogen offers a promising solution for the realization of low–carbon and zero–

carbon energy systems, especially when hydrogen is produced from renewable 

resources. However, storage of hydrogen remains challenging, especially when it 

comes to large–scale demand and long-distance delivery. Taking consideration of the 

enhanced safety and high energy density, materials–based hydrogen storage is preferred 

over compression and liquefaction. Light metal hydrides hold great potential for 

hydrogen storage, but their high thermodynamic stability and kinetic barriers result in 

high dehydrogenation temperatures, slow kinetics, and poor reversibility. High thermal 

stability is mainly caused by the strong covalent and ionic bonds, and the kinetic 

barriers are primarily related to the low catalytic activity of light metals owing to the 
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lack of d electrons. 

Nanostructuring effectively enhances the surface-to-volume ratio and reduces the 

transport distances of mass, charge, and heat. In this review, recent advances in 

nanostructured light metal hydrides for reversible hydrogen storage are summarized. 

Nanoconfinement is the most frequently employed approach for controlling the particle 

size of the resultant hydrides. Graphene sheets–encapsulated Mg nanocrystals with 

3.26–nm particle size delivered 6.5 wt.% and 105 g H per liter at 300 °C with a stable 

cyclability. Ultra–dispersed MgH2 nanoparticles anchored on 3D Ti3C2Tx MXene with 

a 60 wt.% loading exhibited superior performance, including dehydrogenation from 

140 °C and a 4 wt.% of reversible capacity after 60 cycles at 200 °C. Graphene–

anchored 4–nm thick LiBH4 nanolayers demonstrated rapid dehydrogenation at 340 °C 

with a capacity of 9.7 wt.% H. Ni–decorated graphene–supported LiBH4 

nanocomposite (LiBH4 nanoparticles: 5–10 nm, Ni nanocrystals: 2–4 nm) displayed 

reversible desorption and absorption of ~9.2 wt.% hydrogen at 300 °C, superior to those 

of bulk materials. Nanoconfined hydrides exhibit improved kinetics of hydrogen 

release and uptake, but dramatic change was only observed when the scaffolds have 

pore sizes smaller than 2–3 nm. To resolve this problem, isolated ultrafine metal hydride 

nanoparticles were synthesized. A breakthrough is the formation of freestanding MgH2 

nanoparticles with diameters of 4–5 nm, which delivered reversible hydrogen storage 

with a capacity of 6.7 wt.% at 30 °C under <50 atm H2. Moreover, a critical size of 10 

nm was experimentally confirmed for the simultaneous alteration of the 

thermodynamics and kinetics for hydrogen storage in MgH2. This reveals a new avenue 
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for using MgH2 as a practical hydrogen storage medium, and also sheds light on the 

design and development of nanostructured light metal hydrides. 

Despite the significantly improved properties through nanostructuring, the 

operation temperatures, reaction rates, and reversible hydrogen capacities of light metal 

hydrides cannot satisfy the practical requirements. It remains challenging to balance the 

thermodynamic and kinetic improvements and to achieve high hydrogen capacities. 

Therefore, future studies should focus on: 

• Fabricating isolated ultrafine nanoparticles (< 10 nm) without scaffolds and supports. 

• Understanding the nucleation and growth mechanisms of nanostructures. 

• Elucidating the size dependence of hydrogen storage behaviors on cycling. 

• Developing new strategies to simultaneously achieve nanosizing and nanocatalysis. 

 

5. Conclusion 

This paper reviews the synthesis strategies and hydrogen storage performance of 

nanostructured light-metal hydrides, including MgH2, alanates, borohydrides and 

metal–N–H systems. Mechanical milling is the most frequently used technique to 

reduce particle sizes. However, only limited sizing effect was obtained because 

mechanical milling can hardly produce particles below 100 nm owing to the continuous 

fracturing, agglomeration, and cold-welding. Mechanochemical reaction, 

hydrogenolysis and thermolysis of Grignard reagents as well as physical and chemical 

vapor deposition are effective in the formation of different dimensional MgH2/Mg 

nanostructures, ranging from 0D, 1D, 2D to 3D. As for complex hydrides, 
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nanoconfinement via solution impregnation and melt infiltration is particularly 

effective, due to their high solubility in organic solvents and their relatively low melting 

points. Most importantly, the ultrasound–driven liquid–solid reaction and the hydrogen 

pressure–assisted solvothermal process have been developed recently for the 

preparation of isolated ultrafine nanoparticles of MgH2 and LiBH4, respectively. 

Compared to their bulk counterparts, the nanostructured light metal hydrides feature 

simultaneously destabilized thermodynamics and reduced kinetic barriers. The 4–5 nm 

sized MgH2 nanoparticles without supports delivered reversible storage of 6.7 wt.% at 

30 ºC, representing a significant breakthrough in materials–based solid hydrogen 

storage. These findings help to develop effective methods to tailor the thermodynamic 

and kinetics in light metal hydrides, and provide guidance over further exploration of 

advanced synthesis strategies to improve the hydrogen storage performance, ultimately 

benefiting the development of a carbon–neutral society. 
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Table 1 

Synthesis process and hydrogen storage properties of nanostructured MgH2/Mg 

Synthesis process Raw materials 
Particle 
size 

Desorption 
temperature 
(℃) 

ΔH 
(kJ·mol
–1 H2) 

Ea 
(kJ·mol–
1) 

Hydrogen 
desorption 
performance 

Hydrogen 
absorption 
performance 

Cycle 
numbe
r 

Capac
ity 
retenti
on (%) 

Ref. 

 bulk MgH2 
20–30 
μm 

> 300 70~78 140–160 
5 wt.%–2000 s–
350 ºC 

3 wt.%–2000 s–
300 °C–10 bar 

  
[48,49
] 

Mechanical 
milling 

MgH2 
> 100 
nm 

Tpeak = 380  des: 120 
7 wt.%–600s–
350 ℃ 

7 wt.%–6.5 min–
300 ℃–10 bar 

  [51] 

Mechanical 
milling  

2LiH+MgCl2 7 nm 
ΔTeq = 6 (1 
bar H2) 

des: 
71.22 ± 
0.49  

     [54] 

Mechanical 
milling 

2LiH+MgCl2 with 
graphene nanosheets  

3 nm 
Tonset = 255 
Tpeak = 350 

 
des: 
118.9 

5.1 wt.%–20 min 
–325 ºC 

5.2 wt.%–10 min 
–250 °C–20 bar 

5 100 [55] 

Ultrasound–
driven liquid–
solid phase 
metathesis  

2LiH+MgCl2 4–5 nm 

Tonset = 30 
Tpeak = 84 
Teq = 215 (1 
bar H2) 

des: 
59.5 

abs: 28 
des: 80 

6.7 wt.%–60 h–30 
ºC 

6.7 wt.%–360 
min–30 °C–30 
bar 

50 99.3 [56] 

Thermal reduction 
Bu2Mg under H2 
atmosphere  

30 nm Tpeak = 355   
6.8 wt.%–2 h –
250 ºC 

   [59] 
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Thermal reduction 
Cp2Mg with potassium 
biphenyl 

25–38 
nm 

  

abs: 
115–122  
des: 
126–160 

6.2 wt.%–5 min–
375 ºC 

6.5 wt.%–60 s–
300 °C–10 bar 

  [62] 

Thermal reduction Bu2Mg with lithium 8 nm Tpeak = 355 
abs: 
63.5 ± 
1.8  

 
5 wt.%–100 min–
300 ºC 

0.9 wt.%–5 h–
120 °C –30 bar 

  [63] 

Thermal reduction Bu2Mg with calcium 
0.4–4 
µm/40 
nm 

Tpeak = 360 

abs: 
67.6 ± 
5.3  
des: 
103.1 ± 
2.7 

 
2.4 wt.% –200 
min–350 ºC 

2.3 wt.% H2–20 
min–300 °C–30 
bar 

  [64] 

Vapor deposition Mg 
30–170 
nm 

 
des: 
65.3 

abs: 33.5 
des: 38.8 

3.28 wt.%–30 
min–300 ºC 

2.93 wt.%–30 
min–200 °C–20 
bar 

50 100 [65] 

Thermal 
evaporation 
deposition 

Mg 30 μm    
6 wt.%–140 min–
350 ºC 

6 wt.%–200 min–
350 °C–10 bar 

  [71] 

Vacuum 
evaporation 
deposition 

Mg 
30 μm/5 
cm 

   
7.5 wt.%–100 
min–350 ºC 

6 wt.%–70 min–
350 °C–10 bar 

  [72] 

Mg 
380–800 
nm 

 

abs: 
60.7±6.
des: 
71±4.2 

     [74] 
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Wet impregnation 
and thermal 
decomposition 

di–n–butylmagnesium 
ordered mesoporous silica 
(SBA-15) 

5–10 nm 
Tonset = 127 
Tpeak = 267 

  
3 wt.%–20 h–350 
ºC 

   [94] 

Wet impregnation 
and thermal 
decomposition 

MgCp2 and MOF(SNU–
90) 

44–88 
nm 

    
0.15 wt.% H2–40 
min–52 °C–80 
bar 

  [95] 

Wet impregnation 
and thermal 
reduction 

Bu2Mg 
Nanoporous scaffold  

22 nm 
Tonset = 175 
Tpeak = 368 

      [96] 

Melt infiltration 
MgH2 
Carbon Aerogels 

< 20 nm 
Tonset = 140 
Tpeak = 368 

   
1.5 wt.%–15 
min–300 °C–18 
bar 

4 100 [97] 

Wet impregnation 
and thermal 
reduction 

Bu2Mg 
activated carbon fibre 

< 3 nm Tpeak = 325 
abs: 
63.8±0.
5 

des: 
142.8±2 

5 wt.%–210 min–
290 ºC 

   [102] 

Wet impregnation 
and thermal 
reduction 

Bu2Mg 
ordered mesoporous 
carbon 

1-2 nm 

Tonset = 50 
Tpeak = 350 
Teq = 250 (1 
bar H2) 

abs: 
55.4±3.
1 

des: 
125.3±1.
5 

5.5 wt.%–8 h–300 
ºC 

4 wt.%–7 min–
300 °C–20 bar 

4 100 [103] 

Wet impregnation 
and thermal 
reduction 

Bu2Mg 
N doped CMK–3/Ni doped 
CMK-3 

4.5-10 
nm 

Tonset = 50 
Tpeak = 350 

 

N–des: 
116.2±1.
8  
Ni–des: 
107.6±1.
2 

N–doped: 5 
wt.%–1 h–300 °C  
Ni–doped: 7.5 
wt.%–2 h–300 °C  

Ni: 6.5 wt.%–2 h 
at 200 °C–20 bar. 
N: 7.5 wt.%–2 h–
200 °C–20 bar. 

  [104] 
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Wet impregnation 
and thermal 
reduction 

Bu2Mg 
Mesoporous CoS nano–
boxes scaffold 

5–10 nm Tpeak = 305 

abs: 
65.6 ± 
1.1  
des: 
68.1 ± 
1.4 

abs: 57.4 
± 2.2 
des: 
120.8 ± 
3.2 

1.67 wt.%–1000 
s–300 ºC 

1.67 wt.%–2 h–
175 °C–32 bar 

  [105] 

Solvothermal 
method 

Bu2Mg 
Ni–Graphene 

5.7 nm Tpeak = 201  
abs: 22.7 
des: 64.7 

5.4 wt.%–30 
min–250 ºC 

5.4 wt.%–10 min 
–200 °C–30 bar 

100 99.2 [106] 

Solvothermal 
method 

Cp2Mg 
lithium naphthalenide  
Reduced graphene oxide 

3–4 nm   
abs: 60.8 
des: 92.9 

6 wt.%–60 min–
300 ºC 

6.5 wt.%–2 h–
200 °C–15 bar 

25 100 [107] 

Solvothermal 
method 

Cp2Mg 
lithium naphthalenide 
PMMA 

~5 nm  
abs: 25 
des: 79 

 
4 wt.%–60 min–
200 ºC 

5.97 wt.%–30 
min–200 °C–35 
bar 

  [108] 

Laser–assisted 
ablation 

Mg 
PMMA 

< 7 nm    
5 wt.%–30 min–
250 ºC 

5.5 wt.%–20 min–
250 °C–25 bar 

  [109] 

Solvothermal 
method 

Bu2Mg 
carbon nanotubes 

5–10 nm 
Tonset = 220 
Tpeak = 350 

des: 
74.99 

abs: 
68.92 
des: 
97.97 

5.5 wt.%–30 min–
300 ºC 

5.79 wt.%–5 min–
250 °C–80 bar 

10 100 [110] 
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Table 2 

Synthesis process and hydrogen storage properties of nanostructured NaAlH4 and LiAlH4. 

Synthesis process Raw materials 
Parti
cle 
size 

Desorption 
temperature 
(℃) 

ΔH 
(kJ·mol
–1 H2) 

Ea (kJ·mol–1) 
Hydrogen 
desorption 
performance 

Hydrogen 
absorption 
performance 

Cycle 
number 

Capac
ity 
retent
ion 
(%) 

Ref. 

 bulk NaAlH4 
1–5 
μm 

Tonset = 178 

1 step: 
39.9 
2 step: 
48.5 

1 step: 116.2 
2 step: 149.3 

0.2 wt.%–180 min–
150 ℃ 

   
[113,
116] 

Mechanical 
milling 

NaAlH4 
> 
100 
nm 

   
3 wt.%–120 min–
160 ℃ 

4 wt.%–2 h–
130 ℃–90 bar  

  [118] 

Wet impregnation 
NaAlH4 in THF 
carbon nanofiber 

2-10 
nm 

Tpeak = 70  58     [121] 

Wet impregnation 
NaAlH4 in THF 
mesoporous carbon 

< 2 
μm 

Tonset = 160 

1 step: 
19.9 
2 step: 
17.3 

1 step: 88 ± 10  
2 step: 99 ± 21  
3 step: 136 ± 8 

25~250 ℃, 4.4 wt.%    [123] 

Wet impregnation 
NaAlH4 in THF 
Ordered mesoporous silica 

~10 
nm 

Tonset = 160 
Tpeak = 175 

  
3 wt.%–60 min–
180 ℃ 

2 wt.%–1 h–
180 ℃–55 bar 

  [125] 



108 
 

Melt infiltration 
NaAlH4 
Carbon aerogels 

4–
100 
nm 

Tonset = 75 
Tpeak = 171 

  
30~140 ℃–3.5 
wt.% 

 4 53.8 [127] 

Melt infiltration 
NaAlH4 
TiCl3 doped carbon aerogels 

17 
nm 

Tonset = 33 
Tpeak = 125 

  
25~170 ℃–2.8 
wt.% 

2 wt.%–10 h–
160 ℃–100 
bar 

4 54 [128] 

Melt infiltration 
NaAlH4 
ordered mesoporous carbon 

~3.5 
nm 

  46 ± 5 
5.1 wt.%–40 min–
190 ℃ 

4.8 wt.%–10 
h–150 ℃–70 
bar 

15 80 [129] 

Wet impregnation 
NaAlH4 in THF with N–
doped ordered mesoporous 
carbon 

1–2 
nm 

Tonset <50 
Tpeak = 80 

 
1 step: 114.2 
2 step: 121 

    [130] 

Melt infiltration 
NaAlH4 
Uniform porous carbon 

4 nm 
Tonset = 100 
Tpeak = 153 

 69.7 ± 3.8 
25~170 ℃–3.9 
wt.% 

3.5 wt.%–6 h–
120 ℃–110 
bar 

4 90 [132] 

Melt infiltration 
NaAlH4 
Ti–doped CO2–activated 
aerogels 

< 20 
nm 

Tonset = 25 
Tpeak = 91 

  
30~175 ℃–4.5 
wt.% 

3.5 wt.%–10 
h–160 ℃–90–
93 bar 

4 65.8 [133] 

Wet impregnation 
NaAlH4/LiAlH4 in THF with 
carbon nanotubes 

~10 
nm 

Tonset = 
60/25  
Tpeak = 
220/120 

 45 ± 2     [137] 

Wet impregnation 
NaAlH4 in THF with 
graphene nanosheets 

12.4 
nm 

Tonset = 100 
Tpeak = 153 

 68.23 
5.6 wt.%–40 min–
160 ℃ 

 20 98 [138] 

Melt infiltration 
NaAlH4 

CeO2 hollow nanotubes 
< 50 
nm 

Tonset = 75 
Tpeak = 130 

 76.32 
5.09 wt.%–30 min–
180 ℃ 

   [141] 
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Wet impregnation 
NaAlH4 in THF with 
nanoporous Raney Ni 

3 nm 
Tonset = 85 
Tpeak = 130 

 20 
3.7 wt.% –20 min–
180 ℃ 

3 wt.%–8 h–
150 ℃–70 bar 

15 60 [142] 

Melt infiltration 
NaAlH4 

Titanium–doped MOF 
1–10 
nm 

Tonset = 50  57.4 ± 2.4 
3.5 wt.%–150 min–
180 ℃ 

3.9 wt.%–2 h–
150 ℃–105 
bar 

4 87 [144] 

Wet impregnation 
LiAlH4(liquid) 
Ni–doped mesoporous carbon 
scaffold 

1 nm 
Tonset = 66 
Tpeak = 154 

 39.67 
3.68 wt.%–20 min–
180 ℃ 

   [145] 

Wet impregnation 
LiAlH4 in THF 
TiO2 porous carbon 

< 
100 
nm 

Tonset = 64 
Tpeak = 115 

 47.1 ± 3.5 
4.3 wt.%–40 min–
130 ℃ 

   [146] 

Wet impregnation 
LiAlH4 in ethyl ether  
N–doped CMK–3  

<10 
nm 

Tonset = 126       [148] 
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Table 3 

Synthesis process and hydrogen storage properties of nanostructured LiBH4 

Synthesis process Raw materials 
Parti
cle 
size 

Desorption 
temperature 

(℃) 

Ea 
(kJ·mol–

1) 

Hydrogen desorption 
performance 

Hydrogen 
absorption 

performance 

Cycle 
number 

Capac
ity 

retenti
on 
(%) 

Ref. 

 bulk LiBH4 
50 
μm 

Tpeak = 495 156 ± 20 
1 wt.%–350 min–
300 ℃ 

2.7 wt.%–350 
min–350 °C–100 
bar 

5 ~15.4 
[161,1
62,197
] 

Melt infiltration 
LiBH4 
nanoporous carbon 
scaffolds 

13/2
5 nm 

Tonset = 230 
Tpeak = 381 

103 ± 4 300 ℃, 12.5 wt.%/h  3 >50 [163] 

Wet impregnation 
LiBH4 in THF with 
activated carbon scaffolds 

< 5 
nm 

Tonset = 220  
Tpeak = 300 

 250–300 ℃, 9 wt.%/h 
6.6 wt.%–24 h–
300 ℃–50 bar 

2 ~50 [164] 

Wet impregnation 
LiBH4 in MTBE with 
Mesoporous carbon 
scaffolds 

~4 
nm 

Tonset = 200  
Tpeak = 335 

 
3.4 wt.%–90 min–
300 ℃ 

   [165] 

Wet impregnation 
LiBH4 in THF with 
ordered mesoporous silica 

6.7 
nm 

Tonset = 45  
Tpeak = 92 

 
8.5 wt.%–10 min–
105 ℃ 

   [167] 

Melt infiltration 
LiBH4  
Micro/mesoporous 
aerogel-like carbon 

< 9 
nm 

Tonset = 200 
Tpeak = 310 

  
3 wt.%–3 h–
300 ℃–100 bar 

  [169] 
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Melt infiltration 
LiBH4 
Activated carbon nanofiber 

<20 
nm 

Tonset = 275 
Tpeak = 305 

   4 50 [171] 

Melt infiltration 
LiBH4 
Carbon nanocages 

< 30 
nm 

Tonset = 200 
Tpeak = 320 

113.5 
4.4wt.%–500 s–
400 ℃ 

3.5 wt.%–1000 s–
400 ℃–50 bar 

4 78 [172] 

Melt infiltration 
LiBH4 
Porous hollow carbon 
nanospheres 

< 30 
nm 

Tonset = 200 
Tpeak = 356 

93.9 
8.1 wt.%–25 min–
350 ℃ 

4.3 wt.%–5 min–
400 ℃–100 bar 

5 63 [174] 

Melt infiltration 
LiBH4 
Double–layered carbon 
nanobowl 

< 
100 
nm 

Tonset = 225 
Tpeak = 353 

121.4 9 wt.%–20 h–350 ℃ 
7 wt.%–200 min–
300 ℃–100 bar  

  [175] 

Solid-gas reaction 
and solid-liquid 
reaction 

C4H9Li+H2+B2H6 

graphene 
~4 
nm 

Tonset = 200 
Tpeak = 346 

119.6 
9.7 wt.%–60 min–
340 ℃ 

 5 80 [176] 

Solvothermal 
C4H9Li+H2+C6H15NBH3 

Ni–graphene 

5–
10 
nm 

Tonset = 130 
Tpeak = 285 

106 
9.2 wt.%–175 min–
300 ℃ 

9.2 wt.%–200 
min–300 ℃–100 
bar 

100 92.4 [177] 

Wet impregnation 
LiBH4 in THF with Ti3C2 
MXene 

 
Tonset = 172.6 
Tpeak = 322.8 

94.44 9.6 wt.%–1 h–380 ℃ 
6.5 wt.%–24 h–
300 ℃–95 bar 

3 52 [179] 

Wet impregnation 
LiBH4 in THF with porous 
TiO2 

< 12 
nm 

Tonset = 220 
Tpeak = 330 

 
4.0 wt.%–30 min–
350 ℃ 

2.1 wt.%–60 min–
400 ℃–46 bar 

  [181] 

Melt infiltration 
LiBH4 Core–shell nano–
TiO2 decorated porous 
amorphous carbon 

< 10 
nm 

Tonset = 224 
Tpeak = 318 

91.5 
7.3 wt.%–60 min–
350 ℃ 

 20 61 [182] 

Melt infiltration 
LiBH4 Porous carbon 
wrapped Fe3O4 skeleton 

< 50 
nm 

Tonset = 175 
Tpeak = 325 

108.1 
7.8 wt.%–30 min–
350 ℃ 

7.6 wt.%–60 min–
450 ℃–100 bar 

20 80 [183] 
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Wet impregnation 

LiBH4 in THF with 
Hierarchical porous 
ZnO/ZnCo2O4 
nanoparticles 

< 3 
nm 

Tonset = 169 
Tpeak = 275 

120.22 
7.8 wt.%–30 min–
350 ℃  

   [184] 

Wet impregnation 
LiBH4 in THF with porous 
NiMnO3 microspheres 

< 5 
nm 

Tonset = 150 
Tpeak = 300 

129.8 
2.8 wt.%–60 min–
300 ℃  

   [185] 

Wet impregnation 
LiBH4 in THF with 
nanoporous Ni–based 
alloy 

< 5 
nm 

Tonset = 70 11.4 
9.4 wt.%–5 min–
300 ℃  

8 wt.%–600 min–
450 ℃–80 bar 

2 98 [189] 

Melt infiltration 
LiBH4 Activated carbon 
modified by CeF3 

 
Tonset = 170 
Tpeak = 320 

108 
11.8 wt.%–500 s–
350 ℃  

 4 79 [193] 

Solvothermal C4H9Li+H2+C6H15NBH3 
50-
60 
nm 

Tonset = 190 
147 ± 
2.2 

11.3 wt.%–300 min–
350 ℃  

12 wt.%–350 min–
400 ℃–100 bar 

5 75 [197] 

Mechanical milling 2LiBH4+MgCl2 
> 
100 
nm 

Tonset = 120 
Tpeak = 352 

120.01 
5.5 wt.%–250 min–
350 ℃ 

 4 70 [204] 

Mechanical milling 2NaBH4+MgCl2  
Tonset = 227 
Tpeak = 365 

 14.4 wt.%–25~527 ℃ 
6.1 wt.%–350 
min–270 ℃–400 
bar 

  [205] 

Wet impregnation 
Mg(BH4)2 in diethyl ether 
with activated carbon 
composites 

< 2 
nm 

Tonset = 150 
Tpeak = 317 

176 6 wt.%–170~500 ℃    [207] 

Wet impregnation 
Mg(BH4)2 with Ni–CMK3 
nanoscaffold 

< 3 
nm 

Tonset = 75  
Tpeak =155 

16.18 
4.5 wt.%–40 min–
155 ℃  

   [209] 
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Wet impregnation 
Mg(BH4)2 in THF with Ni-
mesoporous carbon 

< 3 
nm 

Tonset=44  
Tpeak= 141 

21.3 
6 wt.%–20 min–
350 ℃  

   [210] 

Mechanical milling 
MgH2+B2H6 

Carbon 
 

Tonset = 100 
Tpeak = 160 

102 ± 6  
30%–270 ℃–150 
bar 

  [212] 

Solvent method 
Mg(BH4)2  
Carbon nanotubes 

2-6 
nm 

Tonset = 76  
Tpeak = 117 

14.36 
3.79 wt.%–10 min–
117 ℃  

2.5 wt.%–10 h–
350 ℃–100 bar 

  [213] 

Mechanical milling 
2NaBH4+MgCl2 

Carbon nanotubes 

30-
50 
nm 

Tonset = 120 
Tpeak = 150 

130.2 
6.04 wt.%–2000 s–
300 ℃  

2.46 wt.%–2 h–
300 ℃–120 bar 

  [214] 
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Table 4 

Synthesis strategies and hydrogen storage properties of nanostructured metal-N-H combination systems. 

Synthesis process Raw materials 
Parti
cle 
Size 

Desorption 
temperature 
(℃) 

ΔH (kJ·mol–
1·H2) 

Ea (kJ·mol–1) 
Hydrogen 
desorption 
performance 

Hydrogen 
absorption 
performance 

Cycle 
number 

Capac
ity 
retenti
on 
(%) 

Ref. 

Hand milling LiNH2+LiH 
>50 
μm 

Tpeak = 308 65.6 163.76 
200–450 ℃, 
8.1 wt.% 

   [271] 

Mechanical milling LiNH2+1.2LiH 
~10 
nm 

Tonset=183.4 
Tpeak=239.2 

62.4 57.5     
[272-
275] 

Plasma metal 
reaction and 
nucleation growth 

2Li+NH3+LiH+NaBH4+M
gCl2+ diethyl ether 

200–
400 
nm 

Tonset=105 
Tpeak=150 

1 step: 8.4 ± 
0.3  
2 step: 39.4 ± 
0.6  
3 step: 32.4 ± 
1.2 

1 step: 60.7 ± 
4.2  
2 step: 17.8 ± 
1.6  
3 step: 19.0 ± 
1.1 

  3 86 [276] 

Electrospinning Li3N+2H2 
100 
nm 

Tonset=100 
Tpeak=250 

65 25.07 
7.4 wt.%–
120 min–
200 ℃ 

8 wt.%–10 
min–200 ℃–35 
bar 

10 73 [277] 

Wet impregnation 
and thermal 
reduction 

Li + NH3 

Nanoporous carbon 
<3 
nm 

Tonset=150    
2 wt.%–10 
min–250 ℃–
100 bar 

10 100 [278] 
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Mechanical milling 1Mg(NH2)2–2LiNH2 
100–
200 
nm 

Tonset=150  51.6 
50 %–159 
min–160 ℃ 

4 wt.%–50 
min–227 ℃–80 
bar  

  
[281,28
2] 

Electrospinning and 
thermal reduction 

NH4MgCl3+LiN3+H2 
Carbon nanowires 

4 nm 
Tonset=78 
Tpeak=113 

 24.5 
5.5 wt.%–60 
min–135 ℃ 

 20 94.6 [283] 

Electrospinning, 
thermal reduction 
and wet 
impregnation 

Mg(C4H9)2+2H2+2NH3+Li
3N 
Carbon nanofibers 

4.2 
nm 

Tonset=80 
Tpeak=118 

35.7 ± 0.5 37.2 
4.5 wt.%–40 
min–135 ℃  

4 wt.%–20 
min–135 ℃–30 
bar 

50 100 [284] 

Wet impregnation 
and thermal 
decomposition 

3LiN3+MgCl2+H2+2,2–
trifluoroethanol Double–
shelled hollow carbon 
spheres 

9 nm 
Tonset=90 
Tpeak=123 

 47.5 
5 wt.%–60 
min–135 ℃  

4.2 wt.%–20 
min–135 ℃–35 
bar 

20 91 [285] 
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