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Abstract 

Hydrogen continues to receive increased attention as the most promising energy carrier enabling 

sustainable and eco-friendly energy systems. Despite the various advantages of hydrogen fuel, 

storing hydrogen in a light-weight and compact form is the barrier towards the commercialization 

of the hydrogen technologies. Thus, the availability of a reliable, inexpensive, safe and efficient 

hydrogen storage technology is crucial to support and foster the transition to a hydrogen-powered 

world. Among the possible hydrogen storage solutions, storing hydrogen in the solid-state, such 

as metal hydrides, is the safest and most attractive method for on-board hydrogen storage. The 

metal hydrides can release highly pure hydrogen, via a low-pressure endothermic process, 

suitable to be used directly in the hydrogen fuel cell devices.  

This chapter presents an overview of using Mg and Mg2Ni-based alloys for solid-state hydrogen 

storage. A review of the hydrogen storage technologies is presented first and then the most recent 

developments on Mg and Mg2Ni-based hydrogen storage materials are highlighted.  
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1. Introduction 

To reduce the greenhouse gases (GHG) and to address the environmental concerns of the energy 

generation systems, the increased energy demand of the society should be met using renewable 

energy resources with a reduced carbon footprint. Hydrogen has been promoted as a promising 

fuel capable of satisfying the requirements of eco-friendly energy systems since it is efficient, has 

high energy content, has minimal impact on the environment, and can be extracted from different 

renewable resources. The specific energy of the hydrogen is very high and greater than any other 

chemical fuel. Its internal energy can be released either via burning it, in internal combustion 

engines or via using it in hydrogen fuel cells devices.   

Hydrogen is suitable as a fuel for spark ignition and diesel cycle internal combustion engines. A 

hydrogen-fuelled spark ignition engine has a higher thermal efficiency than gasoline-fuelled one 

[1], [2]. For the diesel engine, adding hydrogen to the fuel mixture reduces both carbon 

monoxide, and carbon dioxide emissions [3]. The hydrogen fuel cells, such as proton exchange 

membrane fuel cells (PEMFCs), are devices that generate electricity using an electrochemical 

reaction between hydrogen and oxygen/air [4]–[7]. The fuel cell has been proposed as an 

alternative to the traditional internal combustion engines allowing for higher efficiency, lower 

noise, and zero carbon dioxide emissions [6], [8]. The hydrogen fuel cells have been used in a 

wide range of applications such as automotive [9], [10], materials handling vehicles [11], aviation 

and aerospace [6], residential [12], electronics [13], [14]. They were also suggested as a 

secondary power source to be coupled with renewable energy systems, such as solar or wind, so 

they can provide adequate energy supply when needed. 

The transition to a hydrogen-powered world is greatly dependant on the availability of effective 

hydrogen production and storage technologies [6]. Developing safe, reliable and cost-effective 

hydrogen storage technology is one of the major keys for the development of hydrogen economy 

[15]. Solid-state hydrogen storage, in the form of metallic hydrides, is projected to be an 

important player in the journey towards hydrogen economy due to its high energy density, light-
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weight, safety and abundance [16]. Nanocrystalline Mg2Ni-based alloys were regarded among the 

most promising materials for storing hydrogen in solid-state due to their combined properties of 

high hydrogen content and good absorption/desorption kinetics. Thus, in this chapter, an 

overview of the recent developments on Mg2Ni-based hydrogen storage materials is presented.  

2. Overview of hydrogen storage technologies 

Generally, the hydrogen can either be stored physically in its gaseous or liquid states without 

bonding with other materials or chemically via combining it with other materials to form 

sorbents, metal hydrides or chemical hydrides. 

The physical storage of hydrogen in its gaseous state is the simplest storage technology [6]. For 

mobile hydrogen applications, metallic and composite tanks are normally used to store the 

gaseous hydrogen at a pressure between 35 MPa and 70 MPa. The main aim of such high 

pressure is to increase the density of the gaseous hydrogen and thus decreasing the size of the 

tank required for a certain amount of hydrogen. Seamless and multifunctional layered vessels are 

the main high-pressure tanks used to store hydrogen in stationary applications such as refuelling 

stations [17]. The light-weight composite vessel is normally used to store the gaseous hydrogen in 

the vehicles [17]. In addition to the tanks, natural underground formations, such as salt cavities 

and aquifers, can also be used as large containers for gaseous hydrogen in the stationary hydrogen 

applications. The main components of the storage system for gaseous hydrogen are the 

compressor and the storage chamber. Thus, the underground hydrogen formations may be 

beneficial in reducing the cost of the storage chamber and they are mainly suitable for large-scale 

hydrogen storage applications.  

For storing hydrogen in its liquid state, the hydrogen should first be liquefied and then stored in 

specially designed well-insulated cryogenic tanks. The liquefaction is one of the greatest 

challenges for the liquid hydrogen storage as it is a very energy-intensive process consuming 30-

40% of the energy content of the stored hydrogen [18], [19]. Today, hydrogen liquefaction is a 
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mature technology with capacities of up to 30 ton per day and with energy consumption of 30–40 

MJ per kilogram of the liquefied hydrogen [20]. The liquid hydrogen storage is a solution for the 

low density of the hydrogen gas as it allows reaching a density of 70 kg/ at the atmospheric 

pressure (almost three times of the compressed hydrogen at 35MPa). However, the temperature of 

the liquid hydrogen should be maintained at −253 °C (20 K) to minimize the evaporation loses 

and this imposes the need for an advanced insulation system. The main insulation systems that 

can be used for liquid hydrogen tanks are spray on foam insulation, multilayer insulation, variable 

density multilayer insulation, and self-evaporation vapor-cooled shield [21]. However, regardless 

of the insulation system, the heat influx into the storage tank in unavoidable and around 2–3% of 

hydrogen will be evaporated every day [22]. Thus, the usage of liquid hydrogen storage is limited 

to the high-tech industries, such as aerospace, which are concerned more with performance than 

cost [22]. 

In the chemical method of hydrogen storage, the hydrogen is combined with other substances 

either via physisorption or chemisorption [22]. Physisorption involves adsorption of hydrogen 

onto the surface of other substance with high surface area, such as and metal-organic framework, 

carbon nanotubes, and zeolites, utilizing van der Waals bonds. In the chemisorption, the hydrogen 

molecules are absorbed by another material and then disintegrate into the hydrogen atoms that 

incorporate into the material lattice to form metal hydrides, such as MgH2, AlH3, and Mg2NiH2, 

and chemical hydrides, such as liquid organic hydrogen carriers.   

Releasing the hydrogen form the hydrides can be achieved via an endothermic reaction, known as 

dehydrogenation, which normally takes place at elevated temperature or low pressure. The 

dehydrogenation processes are often characterised with slow reaction kinetics and poor 

reversibility which form the main challenge for the chemical storage method.  
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3. Recent developments on Mg2Ni based hydrogen storage 

Among the different hydrides, lightweight magnesium-based hydrides, such as MgH2, were 

regarded as the most promising materials for hydrogen storage applications due to their desirable 

hydrogen storage properties such as high gravimetric storage capacity, low cost, low 

environmental impacts, and high availability. 

The MgH2 hydride has very high hydrogen storage capacity per unit weight of around 7.6 wt% 

which is higher than other metal hydrides such as TiFe hydride. The hydrogenation and 

dehydrogenation reactions of the MgH2 can be written as shown in Eq (1) and Eq (2) 

𝑀𝑔 + 𝐻2 → 𝑀𝑔𝐻2 (hydrogenation) Eq (1) 

𝑀𝑔𝐻2 → 𝑀𝑔 + 𝐻2 (dehydrogenation) Eq (2) 

Despite the high hydrogen content of MgH2, the main limiting factors of such hydrides as 

hydrogen storage material are: (a) poor kinetics of hydrogenation and dehydrogenation reactions, 

(b) high desorption temperature (>350 °C), and (c) sensitivity to atmospheric oxygen [23] . The 

slow hydrogenation reaction is due to slow dissociation rate of hydrogen molecules on the Mg 

surface and the formation of thick oxides/hydroxides surface layers caused by the strong affinity 

of Mg to oxygen [24], [25]. In fact, metallic Mg does not react with hydrogen at all at low 

temperatures and reacts only very slowly at high temperatures. The sluggish in dehydrogenation 

kinetics is due to the low diffusion rate of the hydrogen in the MgH2 phase, the strong ionic Mg-

H bond in the MgH2 phase, and the high energy required for combining hydrogen atoms and 

nucleation of Mg on the surface of MgH2.  

Tremendous research efforts were devoted to tackling the reactions kinetic limitations of Mg-

based alloys. It was reported that such slow kinetic behaviour can be alleviated by adopting 

different approaches such as i) nano-structuring or nanocrystallization of Mg, ii) introducing the 

catalyst into the Mg system, and iii) altering the stability of the hydride phases either 

mechanically, via using severe plastic deformation techniques, or thermodynamically [25].  
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Fabricating of nanostructured Mg-based hydrogen storage materials can be accomplished using 

different processing techniques such as ball milling [26]–[28], rapid solidification using melt-

spinning technique [29], and arc plasma [30]–[32]. Nanocrystallization of Mg is considered as a 

very efficient method to enhance the hydrogen sorption kinetics due to the large surface area, 

shortened diffusion length for hydrogen atoms, reduced decomposition temperature and improved 

mass transportation and intermolecular reactions.  

Transition metals, such as Ni, Co and Fe, have been employed widely to enhance the sorption 

kinetics of magnesium-based alloys due to their catalytic effect on the hydrogen dissociation and 

diffusion, good hydrogen gravimetric density and excellent reversible hydrogen absorption 

properties [25]. Such metals were used to form the Mg-based ternary hydrides such as Mg2NiH4, 

Mg2CoH5, and Mg2FeH6.  

Among the different Mg-based ternary hydrides, Mg2NiH4 has received a significant research 

interest since it can readily adsorb hydrogen at temperature and pressure conditions lower than 

those of the other ternary hydrides [25].   

The hydrogenation and dehydrogenation reactions of 𝑀𝑔2𝑁𝑖 can be written as shown in Eqs (3) 

and 4, respectively.    

𝑀𝑔2𝑁𝑖 + 2𝐻2 → 𝑀𝑔2𝑁𝑖𝐻4 (hydrogenation) Eq (3) 

𝑀𝑔2𝑁𝑖𝐻4 → 𝑀𝑔2𝑁𝑖 + 2𝐻2 (dehydrogenation) Eq (4) 

The intermetallic compound 𝑀𝑔2𝑁𝑖 with its hexagonal lattice structure exists in the equilibrium 

binary Mg–Ni system has a theoretical hydrogen capacity of ~3.6 wt%.  

The ball milling process is the main process for nanocrystalline of mg and Mg2Ni-based 

alloys. Khan et al [37] have investigated the hydrogen storage properties of  nanocrystalline 

𝑀𝑔2𝑁𝑖 produced via ball milling of a 2𝑀𝑔𝐻2 −𝑁𝑖 powder followed by compression under a 

pressure of 280 MPa. The obtained 𝑀𝑔2𝑁𝑖 exhibited a very good hydrogen absorption rate at 375 

°C in which around 3.44 wt % hydrogen was absorbed in less than 5 min. 
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Rapid solidification, or rapid quenching, technology was also used in some studies to fabricate 

the nanocrystalline structure of Mg2Ni-type alloys [39], [40]. Yanghuan et al [40] explored the 

hydrogen storage properties of as-quenched Nanocrystalline Mg2Ni alloy in which Ni was 

partially substituted by element Cu. It was found that the newly prepared alloys, via the rapid 

quenching treatment and Cu substitution, have remarkably improved hydrogen absorption and 

desorption kinetics. 

Severe plastic deformation techniques, such as high-pressure torsion [33], equal channel 

angular pressing [34], and cold rolling [35], were used to destabilize hydrides structure 

mechanically which in turn decrease the decomposition temperature and improve the reaction 

kinetics. Such behaviour is attributed to the microstructural refinement and defect accumulation 

as a result of the plastic deformation. Révész et al [33] explored the dehydrogenation-

hydrogenation characteristics of ball-milled nanocrystalline Mg2Ni powders compacted by high-

pressure torsion. The authors reported that the combination of high energy ball milling and high-

pressure torsion techniques is an efficient method that enhances the hydrogen storage behaviour 

of the Mg2Ni alloy. Ueda et al [36] used repetitive rolling and heat treatment techniques for 

preparing Mg-Ni-Mg2Ni composites and investigated their hydrogen storage properties. 

Doping metal elements was also considered as an effective strategy to enhance the hydrogen 

storage properties of Mg-based alloys. Zhong et al [38] investigated the hydrogen storage 

properties of Mg2Ni alloys doped with metal elements of Al, Mn and Ti. These alloys were 

prepared by a solid-phase sintering process. The proposed alloys showed significantly enhanced 

hydrogen absorption and desorption performance compared to the traditional Mg2Ni and Mg 

alloys. Such performance enhancement is due to the formation of new FCC-structure ternary 

intermetallic compounds which have good hydrogen dissolving properties and promote both the 

hydriding and dehydriding behaviour of the alloys [38]. 

In addition to the traditional Mg-Ni alloys, Mg–Ni-RE (rare earth elements) ternary alloys 

were found to have superior hydrogen storage behaviour compared to the other binary metal 
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alloys such as Mg-Ni [41]. Guo et al [42] investigated the hydrogen absorption/desorption 

properties of Mg–Ni–La alloys with different weight ratio including Mg–20La, Mg–20Ni and 

Mg–10Ni–10La (wt.%). It was found that the Mg–10Ni–10La alloy exhibited excellent 

hydrogenation/dehydrogenation behaviour due to the fine microstructures and the uniformly 

distributed Mg2Ni and LaH3 phases.  

Mg-based composite materials were also reported to have significant improvements in the 

hydrogen sorption kinetics [43]. Such composites were prepared by adding small amounts of 

catalysing particles made of transition metals, such as Ni, Co, Fe, or intermetallic compounds, 

such as Mg2NI, to Mg powders [43]. Fadonougbo et al [25] examined the hydrogenation and 

dehydrogenation reaction kinetics of several Mg–Mg2Ni composites with varied Ni content 

prepared via induction melting. It was found that the temperature of the dehydrogenation reaction 

depends on Ni content where the mixture with higher Ni content showed less decomposition 

temperature and faster kinetics. However, the activation energies of the dehydrogenation 

reactions were found to be almost constant and independent of the Ni content. The authors also 

reported that 𝑀𝑔2𝑁𝑖 destabilize MgH2 matrix and this improves both absorption and desorption 

kinetics without the need for additional costly or complicated powder processing [25]. Zaluska et 

al [44] investigated the hydrogen desorption behaviour of magnesium-based hydrides including 

MgH2, Mg2NiH4, and composite of both MgH2 and Mg2NiH4 which are mechanically treated via 

ball milling. It was noticed that the dehydrogenation of mechanically treated MgH2- Mg2NiH4 

composite hydride takes place at temperature 100 °C lower than that of pure MgH2 and all the 

hydrogen desorbs at once in a single-step reaction from both hydride lattices. The authors also 

reported that the ball-milled magnesium-based hydrides with their lower operating temperature 

are promising hydrogen storage materials due to their high hydrogen content, excellent kinetic 

properties, and low operating temperature comparing to the conventional MgH2. The previous 

finding was also confirmed by Montone et al [43] who studied the desorption behaviour of 

composite hydrides containing Mg2NiH4 and MgH2 prepared via ball milling with different 
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conditions. The authors reported that the onset temperature of the desorption of Mg2NiH4 and 

MgH2 mixtures is 150 K lower than that of MgH2. Gupta et al [23] studied the hydrogen 

desorption performance of Mg–Mg2Ni-graphite composites fabricated via accumulative roll 

bonding (ARB). The studied material exhibited enhanced hydrogen desorption behaviour in terms 

of hydrogen content, due to having two hydrogen storage phases including Mg2NiH4 and MgH2, 

and fast desorption kinetics, due to microstructural refinement obtained via ARB.  

Recently, significant research efforts were paid towards producing hydrogen via hydrolysis due to 

the mild generation conditions associated with this technique. Pure Mg is among the materials 

that can generate hydrogen via hydrolysis and it can yield theoretically around 921 mL g-1 of 

hydrogen under temperature and pressure of 273 K and 1 atm, respectively. The hydrolysis 

reaction of Mg can be written as shown in Eq (5)  

𝑀𝑔 + 2𝐻2𝑂 → 𝑀𝑔(𝑂𝐻)2 + 𝐻2 (hydrolysis  ) Eq (5) 

However, the formation of the Mg(OH)2 layer during the hydrolysis reaction of Mg leads to 

undesirable conversion rate and sluggish kinetics. Among the various approaches used to improve 

the hydrolysis performance of Mg-based alloys, using Mg–Mg2NiH4 composite was reported to 

be very promising as it found to be able of enhancing the hydrogen production rate without 

compromising hydrogen generation yield [45]. 

4. Summary 

Lightweight MgH2 metal hydrides are promising hydrogen storage materials for on-board 

hydrogen applications. However, such hydrides are characterised with poor desorption kinetics 

and for this their practical usage is still limited. Intermetallic compound Mg2Ni is used to address 

the reaction kinetics drawback of Mg and to form Mg2NiH4 hydride which has faster hydrogen 

desorption kinetics but less hydrogen capacity compared to MgH2.  

Enhancing the hydrogen storage properties of Mg2Ni can be achieved via several strategies such 

as nanocrystalline, using severe plastic deformation, doping with other metals, and using 

https://www.sciencedirect.com/science/article/pii/S0360319920305516?casa_token=CgsQUiyxgZcAAAAA:XUnk-MQmsd0pniXOUlXzo5vs1TjNAbHmlWr68rKr2AAalt0Wbe0zJPknuvDaUsRfOKAXqR7v0w#!
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composite hydrides. Nanocrystalline changes both the kinetic and thermodynamic properties and 

can be achieved using different processes such as ball milling, rapid solidification, and arc 

plasma. Severe plastic deformation techniques can destabilize the hydrides structure and decrease 

the decomposition temperature thus enhancing the reaction kinetic. Adding metal dopants can 

also decrease the absorption/desorption temperatures of the hydrides. Using composite alloys 

promotes synergic effects between the different materials leading to enhanced hydrogen storage 

properties. 

Despite the recent progress made in terms of improving the performance of metal hydrides, using 

the hydrides as hydrogen storage materials for on-board still require more efforts before 

becoming real.   
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